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ON THE COVER: Analytical chemistry methods generally involve measurement of a signal (gravimetric, spectrophotometric, potentiometric,
chemiluminescent, etc) that varies in proportion to the concentration of analyte (Europeans prefer the term, “measurand”). The relationship
between the signal and analyte concentration is often linear within certain limits of concentrations that define the “linear range” of the method.
Deviations from linear behavior may occur at very low and very high concentrations. However, in some analytical methods —most notably
immunoassays, where ligand concentration is measured by its relationship to the relative amounts in the bound and free fractions—the asso-
ciation between signal and analyte concentration is nonlinear and requires mathematical tools appropriate for fitting nonlinear calibration data.
In this issue of Laboratory Medicine, Peter McPherson of Ulster University in the UK reviews the medical laboratory applications of nonlinear
mathematical curve fitting to enzyme-linked immunosorbent assays.
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EDITORIAL

The FDA’s proposed rule on laboratory-developed tests:

what happens next?
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On December 4, 2023 , the public com-
ment period for the US Food and Drug
(FDA)

rule to regulate laboratory-developed

Administration’s proposed
tests (LDTs) as medical devices closed,
with approximately 6700 comments
submitted."” The Biden Administration
subsequently indicated an April 2024 po-
tential timeline for a final rule in its uni-
fied agenda,™" and while the FDA is not
bound by this schedule, it is consistent
with recent actions to proceed expedi-
tiously. Concordantly, the FDA denied nu-
merous requests for an extension of the
public comment period,” and it has not
signaled any plans to host public hearings
or workshops on the proposed rule.

As described in an Office of the Fed-

eral Register guide to rulemaking, a fed-

eral agency should “base its reasoning and
conclusions on the rulemaking record,
consisting of the comments, scientific data, expert opinions, and facts

6
”” Several or-

accumulated during the pre-rule and proposed rule stages.
ganizations (including our own) submitted comments emphasizing that
there are material errors in both the economic and clinical assumptions
used within the FDA’s regulatory impact analysis on which many of the
conclusions and cost benefit analyses are based.”” Will the regulatory
impact analysis be reconsidered and corrected? Will the FDA incorpo-
rate common sense practices—such as grandfathering of existing tests
and allowing for common test modifications under CLIA—or will it stick
with a manufacturer-oriented regulatory approach that is ill-suited to

clinical environments?

It is also likely that any final rule will be challenged in court. Given
that LDTs are not mentioned in the Medical Device Amendments of
1976," it is possible that the FDA’s final rule may not withstand judi-
cial scrutiny, particularly in the context of a Supreme Court that is in-
creasingly resistant to broad claims of administrative authority."" Legal
challenges could take years to resolve, during which laboratories may
face difficult decisions to potentially discontinue patient care activities if
anticipated compliance costs exceed available financial resources. Most
importantly, if the rule is finalized and survives judicial review, what
would be the future impact to patient care?

Laboratory-developed tests have often filled gaps in commercially
available FDA-cleared assays, particularly in the setting of rare diseases.
Examples include the serotonin release assay for diagnosis of heparin-
induced thrombocytopenia and ADAMTS13 activity for diagnosis of
thrombotic thrombocytopenic purpura. These tests are considered
standard of care and are required for rapid diagnosis to prevent poten-

tially fatal thrombotic complications,'”"

yet FDA-cleared alternatives
are not available. If the financial and administrative burdens stemming
from additional regulations are too high, the proposed rule may limit pa-
tient access to essential diagnostic testing—a concerning prospect in any
clinical scenario, especially for conditions that may be clinically urgent.

The proposed rule would create numerous other problems for clinical
laboratories and patients. For example, if the number of laboratories of-
fering a given assay decreases, patients may not be able to obtain testing
from a local or regional laboratory, thus leading to delays in testing and
decreased laboratory integration into local health systems. Decreased
integration may limit laboratory contributions to local quality improve-
ment and patient safety initiatives, which are an important principle of
laboratory practice. Market consolidation is also likely to result from the
proposed rule," and industry consolidation typically leads to increased
prices as well as amplification of supply chain risk. Finally, loss of LDTs
could contribute to erosion in longitudinal expertise and training in clin-
ical laboratories. In a profession already challenged by staffing shortages,'
it would be more difficult to ensure that the technical knowledge required
to develop and maintain complex assays is passed on to the next genera-
tion of laboratory professionals in local and academic laboratories.

In conclusion, we anticipate numerous challenges to clinical
laboratories resulting from the FDA’s proposed rule for regulation of
LDTs. We are encouraged by the skill, dedication, and compassion for
patients exhibited daily by our clinical laboratory colleagues, and we
hope that the FDA pauses its efforts and more thoroughly evaluates
the likely negative impacts of the proposed rule on patient care in the
United States.

© The Author(s) 2024. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, please e-mail:

journals.permissions@oup.com
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ABSTRACT

Nonlinear curve fitting is an important process in laboratory medicine,
particularly with the increased use of highly sensitive antibody-based
assays. Although the process is often automated in commercially
available software, it is important that clinical scientists and physicians
recognize the limitations of the various approaches used and are able
to select the most appropriate model. This article summarizes the key
nonlinear functions and demonstrates their application to common
laboratory data. Following this, a basic overview of the statistical com-
parison of models is presented and then a discussion of important
algorithms used in nonlinear curve fitting. An accompanying Microsoft
Excel workbook is available that can be used to explore the content
of this article.

Introduction

A fundamental step in any analytical process is selecting an appropriate
function to describe the observed data. In its simplest form, the rela-
tionship between an independent (x) and dependent (y) variable can be
described as y = f(x) where the function, f, can, in principle, have any form
such as alogarithmic, exponential, trigonometric, or higher-order function.
In the context of laboratory medicine, diagnostic assays are often designed
to produce a linear response to changes in the independent variable; in this
case, we see that the function is based on the well-known linear regression

relationship, y = mx + c. However, some assays, particularly those using

antibodies or enzymes, can display a nonlinear response to changes in the
independent variable, and so a more complex model is required.

The first step in interrogating a plot of 2-dimensional data involves
constructing a line that intersects most points. In all but the most trivial
of cases, this will involve least squares analysis. In this method, values
that satisfy the coefficients (parameters) of a best fit curve are selected
so that when x-axis values are substituted into the best fit equation, the
square of the differences between the calculated and observed y-values
is minimized. The a priori assumption in this method is that all errors
are incurred in the y-axis values. These errors are most likely to be in-
determinate in nature—for example, Johnson-Nyquist noise." In prac-
tice, determinate errors are also likely in x-axis values, particularly in the
preparation of standards for a calibration curve.

The selection of an appropriate equation to fit experimental data is
often a “black box” exercise, with software analyzing data and offering
potential options. However, these options can vary widely in their
form and function, and it is therefore important to understand the
advantages and limitations of nonlinear least squares analysis. This is
complicated to some extent by the range of commercial software that
is available, each with their own idiosyncrasies that can be challenging
for those new to the field. For example, Galitzine and co-workers used
an open-source R package, MSstats, to perform nonlinear fits to mass
spectrometry data.” Even without importing MSstats (or similar), the R
program is well suited to nonlinear regression,” although there can be a
steep learning curve until one becomes familiar with the input language
used in R. In this article, I discuss the main nonlinear equations, their
statistical comparison, and the underlying algorithms that are used in
the analysis. Unlike many established approaches, I highlight the use-
fulness of Microsoft Excel in analyzing such data and have provided an
Excel workbook in the Supplementary Materials. This will allow readers
to explore the impact of the curve fitting parameters on the nonlinear fit

using a platform, which is in all likelihood more familiar to them.

Hyperbolic Functions

From elementary biochemistry, most will be familiar with nonlinear
functions as applied to enzyme kinetics (the Michaelis-Menten curve)
or ligand-receptor binding (the Hill-Langmuir plot). These functions
usually follow the form of a rectangular hyperbola and can be described

by the general equation

ax
z+x 1)

© The Author(s) 2023. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, please e-mail:

journals.permissions@oup.com
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where a corresponds to the upper asymptote and z is the value of x that
is equal to 0.5a. Originally, the nonlinear nature of these functions
was addressed by transformation into linear forms and then treated
under the framework of linear regression. However, the use of linear
transformations such as Lineweaver-Burk and Scatchard plots is now
largely obsolete due to the availability of curve fitting software.” This can
be viewed as a significant advantage, as in some instances Hill-Lang-
muir plots do not follow a rectangular hyperbola but instead adopt an
S-shaped appearance. Such relationships are not readily linearizable
and instead are more appropriately modeled using a family of equa-
tions based on the logistic function. The importance of nonlinear curves
for enzyme-based assays was recently highlighted by Pant.” In that
case report, the result for a creatine kinase measurement was initially
underreported due to a failure to inspect the progress curve (absorb-
ance vs time) for the analysis. Had this been done, it would have been
clear that the substrate was depleted much more rapidly than the line-
arity of the assay permits. Had the progress curve been presented in its
raw form (ie, a hyperbolic plot), the issue would not have been resolved,
as the substrate depletion would have been hidden within the clustered
data points close to the origin. For this reason, all clinical chemistry
analyzers that operate in kinetic mode will seek to transform data to
avoid clustering of data points. Similar issues can present with crea-
tine kinase measurement in icteric samples, where substrate is rapidly

consumed due to supraphysiological levels of the enzyme.®

The Logistic Function

The logistic function forms the foundation of many nonlinear equations
and can be regarded as an admixture of an exponential and a power
function. It was first proposed by Adolphe Quetelet and his student,
Pierre-Francois Verhulst, in 1838 as a means of modelling population

growth.”® The most common presentation of the logistic function is

a

flo) = 1+exp[—b(x—c)] o)

where a is an upper limit that no value exceeds (the supremum), b is the
gradient of the curve, and c is the x-value at the point of inflection. In the
special case of eqn (2), wherea=1,b =1, and ¢ = 0, we obtain the general

logistic function (FIGURE 1, solid line):

1
fx)= T+ o) -
and from this we see that as x changes, the function increases mon-
otonically between its lower and upper bounds. Such functions are
characterized by an initial lag, followed by an exponential increase, and
finally, a plateau and are often styled as being S-shaped or sigmoidal in

their appearance. The first derivative of eqn (3) is readily obtained,

/XZiexp(x) =fx)|(1—-f(x
)= e s = A0~ ) “

which produces a density function that is symmetrical, with a max-
imum corresponding to the point of inflection on the associated dis-
tribution curve (FIGURE 1, dashed line). Identifying the point of
inflection is an important step in nonlinear curve fitting, as the cor-
responding value on the x-axis can be used as an initial guess for the
¢ parameter. Approaches to obtaining an approximate first derivative

are discussed at the end of this article. Such nonlinear functions are
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FIGURE 1. Plot of the logistic function (solid line) and its first
derivative (dashed line). Note how the maximum of the first
derivative corresponds to the inflection point of the sigmoid
curve.
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ubiquitous in nature and can be used to model (inter alia) the baro-
receptor reflex,’ lipoprotein oxidation,'’ microbial growth,"" and the
spread of infection.'?

The Verhulst equation can be expanded by including additional
parameters, creating a family of nested functions.” In eqn (5), a
fourth parameter, d, has been added that specifies the lower asymp-

tote:

- d—a
y=a 1+exp[—b(x—c¢)] (5)
A limitation of eqns (4) and (5) is that there is an inherent assump-
tion that the functions are symmetrical about the point of inflection.
In these cases, the midpoint value and point of inflection are indis-
tinguishable (ie, ¢ = xi), which can be of benefit when providing initial
guesses for curve fitting algorithms. However, with improvements in
assay design, we often see that the trade-off for increased sensitivity and
reduced signal-to-noise ratio is a more asymmetric calibration curve.'*
For this reason, the fit of visibly asymmetric curves can be improved
by introducing a fifth parameter, g, which governs on which side of the
inflection point the slope will be greatest. For a symmetrical function,

g=1

d—a
R E ey s ®

Common Calibration Curve Functions

Given that there cannot be a known standard at every possible concen-
tration of analyte, one of the most common applications of nonlinear
functions can be found in establishing calibration curves. As an example,
consider the measurement of an analyte by ELISA in which standards
are prepared in the range 1 - 1000 pg/mL. An initial plot of signal vs
antigen concentration is shown in FIGURE 2. At first glance, the in-
experienced could be forgiven for assuming that a hyperbolic relation-
ship exists between signal and concentration and that eqn (1) could be
applied. Indeed, the correlation between the measured and calculated
curve is good (R? = 0.9631), but when we plot the 95% Cls, we see that

there is a significant deviation from the measured data. We also note
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FIGURE 2. Plot of sandwich ELISA data fitted by eqn (1) with
95% CI (gray shading). Curve fitting parameters: a = 4.350;

z = 88.06. Insert: Semilogarithmic plot highlighting sigmoid
shape of the curve.
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that at the lower end of the curve, the data points are tightly clustered.
When we view the same data on a semilogarithmic plot (FIGURE 2 in-
sert), we see that the calibration curve takes on a sigmoid appearance,
which suggests that logistic functions would be better suited to fit this
data. Note that logarithmic transformation of x-values does not affect
the curve fitting process, as this is based on vertical y-distances of the
curve from the measured data points. Viewed another way, this example
highlights a key assumption about nonlinear curve fitting: the data must
be truly nonlinear. There are situations that can arise in which outliers
can make linear data appear nonlinear.

Although eqns (2), (5), and (6) could be used for this calibration
curve, it is customary to take the natural log of the denominator to pro-
duce a new family of nested functions, eqns (7) through (9), the simplest

of which is the 3-parameter logistic function:

a

=—=

1+ (%) ™
When we apply eqn (7) to the ELISA calibration curve, we obtain the line
of best fit shown in FIGURE 3. We see in this case that the 3-parameter

y

logistic function does not adequately model the lower and upper ends
of the curve and has wide 95% Cls, despite having an acceptable R? (see
TABLE 1). The performance of eqn (7) can be improved by the inclusion

of the d-parameter,'” producing the 4-parameter logistic equation
d—a
1+ ()
: ®)

When this is applied to our data, we obtain FIGURE 4, from which we
see a significantly improved fit with much narrower 95% CI. Although

y=a-+

the calibration curve does not appear particularly asymmetric, it can be
worthwhile using eqn (9), often known as the Richard’s equation,16 to

verify whether an additional parameter is required:
d—a
b8
14 (%
i ) o
The fit of this equation to the ELISA data is shown in FIGURE 5. On

visual inspection, there appears to be no real difference between the

y=a+

4- and 5-parameter functions (apart from a very slight improvement in

95% CI), and so in this case we would rely on interpretation of statistical
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FIGURE 3. Plot of sandwich ELISA data fitted by eqn (7) with
95% CI (gray shading). Curve fitting parameters: a = 4.00; b =
1.841; c = 5.065.
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tests to compare the 2 functions (see later). However, as has been noted
elsewhere, if a curve is truly asymmetrical about its inflection point, the
4-parameter equation can in some instances provide a better fit."” This
is because the benefits of using a 5-parameter equation are dependent
on having a large amount of high-quality data; otherwise, the CIs can be

wide and any increased precision is lost.

Statistical Considerations
The likelihood that the curve fitting parameters will produce a curve
that is identical to the true curve can be evaluated by computing the

weighted sum of squares error (SSE):

SSE = EN: ! i —:)°

= o e (10)
where 0 is the standard deviation of the observed data, y, is an observed
value, and Ji is the corresponding value predicted by the model. The dif-
ference, i — Ji, is often referred to as the residual, a plot of which (vs
fitted values) should give a random spread of points following a hor-
izontal plane. By including a weighting, the curve fitting parameters
are adjusted to make the predicted curve closest to the y value with the
smallest variance (ie, the most certain points), and looser around those
with the largest variance.

In principle, the predicted curves can be compared against the
observed data using any suitable statistical test. In most cases, assuming
that the data observes a normal distribution (which can be verified via
the D’Agostino K” test), the SSE can be considered analogous to the ¥?
statistic with degrees of freedom equal to the number of curve points
minus the number of parameters. However, the % test should be used
with caution, as it depends on how accurately the standard deviation is
known. For small data sets, this is unlikely, and so interpretation of the
X2 statistic can be misleading; that is, is the P value due to differences in
the measured vs calculated data, or is it due to an inaccurate standard
deviation?

The Pearson coefficient of correlation (R?) is extensively used in
linear regression functions, but many authors caution against its use for

nonlinear functions.'® A suitable compromise is the adjusted R,

S i —90)°/ (N —k)
S Gr—w)’/ (N —1)

Adjusted R> =1 —
1m
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TABLE 1. Summary statistics for curve fitting using eqns (1) and (7) through (9) for the ELISA data

! Equation df : Sy.x R : Adjusted-R? . AlCc
L) 11 | 0.2790 0.9631 | 0.9597 | -26.69
I N R no 04258 | 09140 0962 | 571 |
e e 00688 | 09982 | 09976 | 5601 |
0 A 00723 09982 | 09973 | 4866 |

AlCc, Akaike’s information criteria; df, degrees of freedom; R? Pearson correlation coefficient; Sy.x, standard deviation of the residuals.

FIGURE 4. Plot of sandwich ELISA data fitted by eqn (8) with
95% CI (gray shading). Curve fitting parameters: a = 4.195; b
=1.342; c = 2.066; d = 0.5546.
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where N is the number of data points and k is the number of parameters.
Interpretation of the adjusted R’ follows the same principle as the
standard correlation coefficient: the calculation returns 0 < R* < 1 and as
the value approaches unity, the stronger the correlation. Often we must
rely on the third or fourth digit of a correlation coefficient to discern any
difference, which is in itself problematic.

If 2 nonlinear models are nested, the F-test can be used to select

which provides a better fit for the data. It is computed as

(SSE, — SSEy) / (df, — dfy)
SSE, /df; 12)

where df is the degrees of freedom (as previously described) and

the subscripts 1 and 2 relate to the function with the least and
greatest number of parameters, respectively. For comparison to the
F-distribution, df1 - df2 and df2 degrees of freedom are used. If models
are not nested, then alternative goodness-of-fit criteria, such as the
second-order variant of Akaike’s information criteria (AICc) should be

used:

2k (k+1)
N—-—k—-1 13)

where N is the number of data points and k is the number of parameters.

SSE
AlCc = {Nln (W) + Zk] +

This approach has its foundation in information theory, whereby it seeks
to estimate the amount of information lost by the modeling process.'® It
is not associated with probabilities or statistical significance in the same
way as other comparisons. However, if 2 functions are being compared
that are not nested, then only the information criterion approach can
be used. In this case, the lower the value for AICc, the better the fit of
the model.
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FIGURE 5. Plot of sandwich ELISA data fitted by eqn (9) with
95% CI (gray shading). Curve fitting parameters: a = 4.226; b
=2.071; c = 1.269; d = 0.5639; g = 1.161.
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If we apply these statistical approaches to eqns (8) and (9) used for
the ELISA calibration data (TABLE 1), we see that the R? values are
equivocal, and that for the adjusted R? we need to rely on the fourth
decimal place, which is in itself unreliable. Using the F-test to compare
these 2 nested models, in which the null hypothesis is that the simpler
model is more favorable, we obtain F = 0.0601 (FO(it =0.0042; P > .05,
o = .05), which confirms that eqn (8) provides the more reliable fit, al-
though the curve is slightly asymmetrical (g-parameter = 1.161). If we
were comparing 3 or more nested models, a 1-way analysis of variance

would be more efficient.

Curve Fitting Algorithms

The most technically demanding step in curve fitting is adjusting the
parameters so that the SSEs are sufficiently minimized. Commercial curve
fitting software such as SigmaPlot, GraphPad, and those preloaded onto
instruments such as microplate readers, use the Levenberg and Marquardt
(LM) method to optimize the parameters.”” This is based on 2 separate
numerical minimization algorithms. The first is the gradient descent
method, which iteratively reduces the SSEs by changing the parameters
so that the gradient is minimized (ie, it reaches a local minimum). The
second algorithm is the Gauss-Newton method, which assumes a quad-
ratic relationship for the SSEs and seeks to minimize this quadratic. As the
LM method requires the use of partial derivatives of the function at each
data point, this approach cannot be easily replicated in generic software
such as Microsoft Excel; however, more sophisticated software, such as
Mathematica, has preloaded code for implementation of this method. Like-
wise, editable Python scripts are readily available from online repositories,

such as GitHub, for those with some experience of coding.”!
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For general use, a simpler alternative to the LM method is the
generalized reduced gradient (GRG2) algorithm, which is available in
Microsoft Excel via the Solver Add-in (see Supplementary Material).
This process uses Newton-Raphson iterations to determine the root
of the gradient of a function and as such uses numerical differenti-
ation.”” In general, the greater the number of parameters, the more
likely the GRG2 algorithm is to experience difficulty in arriving at ac-
ceptable solutions. This is due to a statistical phenomenon referred to
as ill-conditioning; when the SSE has virtually an infinite minima, the
algorithm cannot distinguish between local and global minima. In other
words, the region where the SSE is truly at a minimum is surrounded
by an area where SSE is almost constant. For example, if a 5-parameter
logistic equation is used and it is found that a > d, then b < 0 and the
data will fall within the lower asymptotic region. When the algorithm
attempts to find solutions, the iterations continue until a and ¢ become
so large that a completely unacceptable fit is obtained. In this case, it
would be preferable to use a model with fewer parameters.

Being able to locate the point of inflection with precision is a crucial
step in fitting a logistic function, as it is often one of the curve fitting
parameters. In most cases, the first derivative cannot be determined an-
alytically, and so it is approximated by taking finite differences, for ex-

ample, using the 5-point stencil formula:

1
zﬁ[ff(x+2h)+8f(x+h)78f(x7h)+f(x72h)] 14)

f' (%)
For a function f, eqn (14) calculates the gradient on either side of a point
x in increments of h. If the data are relatively noise free, then this ap-
proach is fairly robust, although inevitably some accuracy is lost due
to loss of significant digits on numeric subtraction. This is particularly
problematic when the 2 numbers being subtracted are approximately
equal. Another common approach to numerical differentiation is to use

a Savitzky-Golay filter, for example,

1

100~ 15

[1Xy,278Xy71+0><y+8><y171><y2] (15)

This is based on a set of convolution coefficients that are obtained from
low-degree polynomials.”® Another feature of the Savitzky-Golay filter
is that it can be used for smoothing data. To highlight this useful fea-
ture, FIGURE 6 shows a plot of experimental data to which random
Gaussian noise of unit standard deviation and zero mean has been
added. This has then been processed by a 15-point Savitzky-Golay filter
using the convoluting coefficients -78, -13, 42, 97, 122, 147, 162, 167,
162,147,122, 87,42, -13, -78, and a normalizing factor of 143.” As we
can see from the second plot in FIGURE 6 (insert), the filtered data has
significantly less noise. The obvious disadvantage of the Savitzky-Golay

filter is that it truncates the data at each end of the curve.

Conclusion

If Occam’s razor were applied to nonlinear curve fitting, it would lead
us to conclude that the simplest function is most likely the best option.
As was demonstrated for the sandwich ELISA, it is easy to mistake the
simplest function (a hyperbolic equation) for the most accurate, eqn (8).
However, that aside, it remains true that the simplest accurate function
should be used; functions with fewer parameters are more stable with

respect to least squares analysis, and statistically there are more degrees

www.labmedicine.com

FIGURE 6. Sigmoid curve (solid line) with added Gaussian
noise (open circles). Inset: Curve after application of
Savitzky-Golay filter.
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of freedom, which is important when the measured data set is small.
This highlights the need for careful consideration of accompanying sta-
tistics when viewing nonlinear relationships. If these are not automat-
ically provided by commercial software, they are easily computed using

spreadsheets such as Microsoft Excel, or even by hand.

Supplementary Material

Supplementary material is available at Laboratory Medicine online.
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ABSTRACT

Objective: Personnel costs are the largest single budget item in the
clinical laboratory, other major expenses being equipment, analyzers,
blood and blood components, and cost of day-to-day consumabiles.
This report describes our experience with developing a long-term re-
lationship with a single major vendor as a paradigm shift from the tra-
ditional multiple vendors, multiple contracts, and recurrent extended
negotiations. Our objective was to develop a long-term approach for
replacement of effete equipment and upgrades to operations in a
pathology and laboratory medicine department in collaboration with
vendors providing equipment and services.

Methods: Major vendors were invited to visit the department to analyze
the workload and workflow and suggest integrated solutions to meet
the goals of the department. Multiple iterations of the proposals were
evaluated, and a recommendation made to the medical center leader-
ship. The vendor, the medical center, and the department jointly devel-
oped a 15-year partnership plan to improve the operations of pathology
services. The agreement encompasses a range of management and
performance criteria for both sides. The salient items discussed were
laboratory staffing, turnaround time, workload change, test insourcing,
reference laboratory costs, and scholarly productivity and teaching.

Results: The agreement reduced laboratory staffing by 21%,
eliminated stat tests by reducing the turnaround time for routine tests
to less than 45 minutes for 90% of tests, with an increase of 9.1% in
the number of tests, Cost avoidance in salary and reference laboratory
costs was $3,424,136/year against an expected target of $2 million
in total savings, despite not including cost avoidance from promoting
appropriate use of laboratory testing for inpatients and increase in rev-
enue from increase in ambulatory testing. Vizient score in laboratory
utilization improved from the 94th to 76th percentile. Scholarly output
increased by more than 100%.

Conclusion: This model of a long-term alliance with a chosen vendor
led to improvements in quality and efficiency.

Introduction

Years of declining reimbursement have put enormous fiscal pressure
on pathology and laboratory medicine services. The passage of the Pa-
tient Access to Medicare Act and the resulting changes to the Clinical
Laboratory Fee Schedule were projected to reduce Medicare reimburse-
ment for high-volume laboratory testing by 50% over the next 5 years,
threatening profit margins and the survival of many laboratories.”” The
choices can be particularly stark for smaller laboratories as well as ter-
tiary care academic medical centers, which already carry a dispropor-
tionate share of costs for nonreimbursed medical care while having to
continuously invest in evolutionary and revolutionary technologies as
part of their educational and research mandates.>" The ability to reduce
operating costs by 15% to 20% in a sustainable fashion may be essential
for long-term health and mission fulfillment for academic clinical and
anatomic pathology laboratories.’

The national shortage of clinical laboratory scientists has affected
our ability to provide quality care in a timely manner. The shortage of
laboratory personnel provides an added incentive to improve efficiency
of operations, through promotion of optimal utilization of laboratory
services, automation, and consolidation of functions.

The formation of strategic partnerships between health care organ-

izations and industry vendors has long been suggested as an approach
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to improve the quality of patient care while lowering costs.® The appli-
cation of such a model to pathology and laboratory medicine services
presents challenges and opportunities, as various divisions of services
are usually supplied and equipped by multiple vendors using a variety
of arrangements, such as purchase, lease, reagent rental agreements,
etc. This entails a continuing struggle to ensure the most current test
modalities and technology and constantly upgrading platforms and
instruments due to attrition or changes in technology. It is often im-
practical to coordinate these efforts with multiple vendors, each of
which may present varying timelines for contract dates, upgrades, re-
placement of instruments and introduction of new technologies. An
added difficulty includes coordination with medical center leadership
and procuring funding in competition with other departments. Strategic
multispecialty partnerships in the laboratory space have been reported
before, but not in the context of a tertiary academic center.” Potential
drivers for total laboratory cost and cost-per-test savings can stem from
the multiple factors listed in TABLE 1.

Pathology and Laboratory Medicine at Augusta University
Health

The Department of Pathology serves the two hospitals of Augusta
University (AU) Health, namely AU Medical Center (hospital for adult
patients) and Children’s Hospital of Georgia (CHOG). The adult hospital
has 478 beds and serves as the level 1 trauma center for a 13-county
region and CHOG supports 154 beds. There are 88 outreach clinics.
During the period of pathology alliance implementation, the number of
beds and total inpatient discharges remained constant at 632 beds and
about 20,000 discharges per year. The medical centers perform 18,000-
20,000 surgeries per year. However, with the implementation of out-
reach clinics, the number of visits increased by 21.3%

The Department of Pathology is part of the Medical College of Georgia
at AU. The Medical College of Georgia operates 2 campuses and enrolls
260 new medical students per year. The department has 2 conventional
major divisions, Anatomic Pathology and Clinical Pathology/Laboratory
Medicine. The Clinical Pathology Division is staffed by 4 full-time equiv-
alent pathologists, 2 Doctorate in Clinical Laboratory Sciences (DCLS)
advanced practitioners, and 122 technical and administrative personnel.
Twelve to 14 residents and fellows are in training at a given time.

The Pathology and Laboratory Medicine Department at AU Health
has over 400 different analyzers and supporting equipment such as
chemistry and immunochemistry analyzers, hematology, coagulation
and flow cytometry analyzers, water baths, centrifuges, refrigerators,

an automation line, point-of-care (POC) instruments, tissue processors,

TABLE 1. Potential drivers of cost savings

Standardization of instrumentation and middleware

Continuous performance improvement programs, maximization of automation, and
! innovation
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microbial culture and sensitivity analyzers, molecular testing,
microscopes, apheresis equipment, and the like. Keeping all these
items in top working condition and current with changing technologies
through interactions with multiple vendors is a logistical challenge.

AU Health previously negotiated a long-term alliance with Philips
Corporation to provide consulting services, medical technology
purchases, and maintenance for imaging and other related tasks. This

model was modified and applied to pathology and laboratory medicine.

Methods

Innovation in Process

The Department of Pathology and Laboratory Medicine, in collabora-
tion with AU Health, explored innovative ways to address the issue of
replacement of outdated analyzers, the automation line, laboratory mid-
dleware, and introduction of new technologies. We did not follow any
formal model for change but relied on our collective experience.

Much before this opportunity presented itself, the laboratory leader-
ship developed a rapport with the staff by listening, formal recognition of
their achievements at the monthly quality management meeting, taking
all new employees to off-campus lunches, funding celebration parties
after important events such as College of American Pathologists inspec-
tion, and celebrated national holidays such as Independence Day and
year-end holidays. When the opportunity came for a transformational
change, laboratory managers, supervisors, and bench CLS personnel
were consulted from the beginning. They attended the vendor presen-
tation, provided input for the selection of the vendor and instruments,
were part of the site visit teams to evaluate the 2 finalists, and worked
with the architects for design of the laboratory. The bench personnel
and supervisors evaluated the new design through dry runs and “spa-
ghetti diagraming” to ensure an efficient operation. The final product was
their creation and was recognized at formal presentations by the depart-
mental, medical center, medical school, and university leaders.

The laboratory leadership has continued similar cordial interactions
with the staff after the activation of the renovated core laboratory. A par-
ticularly noteworthy act during COVID-19 exigency and the additional
staff shortages was performed by the administrative director by taking
on bench work duties, especially for the night shift in microbiology, to ad-
dress the added workload for processing COVID-19 tests. Even the med-
ical director made a token contribution to COVID-19 testing benchwork.

The department invited major vendors of equipment and services to
assess its current state and present their proposals for a comprehensive,
multiyear agreement to renovate, upgrade, and maintain the equipment
and software. All the vendors were provided equal access to the depart-
ment, data, and facilities and given the same goals. The key goals are
listed in TABLE 2.

Within the department and medical center, there was an under-
standing that the improvement in efficiency of operations would not
result in reduction in force, that is, layoffs. There would be reduction in
manpower through attrition and duties of the staff may be revised as
needed. This commitment to the staff, in addition to the abovementioned
participation by the laboratory personnel in this transformation, were
critical to obtaining the buy-in for such a change and efficient execution
of the process for the change.

The aging of chemistry instruments and the need for replacement of
these items was the key driver for the project. The initial intent was to
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TABLE 2. Key goals presented to vendors

| Address all sections of the department.

The turnaround time for all routine tests should be less than 45 minutes for more
 than 90% of the samples so that the need for stat tests could be eliminated.

Develop a plan to have a long-term agreement lasting up to 15 years.

renovate the core sections of Clinical Pathology, that is, hematology and
chemistry only. The medical and administrative directors of clinical pa-
thology services sought to expand the scope of the renovation to include
all sections of Clinical Pathology in a phased process. As the process
evolved, Anatomic Pathology and informatics issues were added.

At the outset, it was expected that the core section of Clinical Pa-
thology would undergo renovation in its existing space and the
vendors were advised to include the cost of construction or structural
alterations, modifications of swing space, and related logistical issues in
their proposals. About a year after the process began, the medical center
made new space available in an adjoining building. The new space, on
the third (top) floor of an old building, had been gutted to the studs and
sufficient space was available to accommodate all sections of Clinical Pa-
thology. The transformation was expected to be executed in 3 phases.

In phase 1, the core laboratory, consisting of clinical chemistry, he-
matology, coagulation, urinalysis, immunology, toxicology, POC, and
reference laboratory testing, was the initial target for change. Initial
funding was limited to renovation for the core laboratory only.

In phase 2, the next step was expected to be the relocation of the mi-
crobiology and human leukocyte antigens (HLA) laboratories to space
contiguous to the core laboratory, with extension of the automation
line to microbiology. The space vacated by the microbiology and HLA
laboratories was expected to allow accommodation of histology and cy-
tology laboratories and bring these functions from a different building
to space adjacent to other anatomical pathology functions.

In phase 3, the blood bank, apheresis services, and offices for medical
and administrative leadership were expected to be relocated next to the
core laboratory in 1 large open space. The configuration was expected to
allow cross coverage among different sections and make 24-hour cov-
erage of microbiology functions possible. The space vacated by transfu-
sion medicine services was to be used for expansion of operating rooms,
emergency medicine, and hospital administrative functions.

(Our best-laid plans were interrupted by lack of funds for phases 2
and 3. With the construction of a new hospital in an adjoining county
getting underway, it was unclear when funding would become available
for the last 2 phases.)

Invitation to Vendors

Representatives of the vendors serving Clinical Pathology were briefed
about the plans for renovation of the core section of Clinical Pathology
and requested to evaluate the current state of Clinical Pathology and
develop proposals to meet the goals stated above. The medical director
of Clinical Pathology contacted the major vendors at the 2015 annual
meeting of the American Association for Clinical Chemistry (AACC)
and solicited their participation. Four vendors with the capability of

addressing multiple sections of a clinical laboratory were invited. All 4
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vendors expressed interest in the proposal for renovation of Clinical Pa-

thology.

Initial Meeting with Vendors
The medical and administrative directors, along with managers and
supervisors, met with the representatives of the vendors and the fol-

lowing issues were discussed:

1. Goals of Clinical Pathology for the outcomes of the renovation:
each vendor was provided with a printed copy of the goals.

2. The vendors were invited to analyze the workload, time flow of
workload, flow of specimens, storage and retrieval of specimens,
processing of specimens for send-outs, opportunities for in-
sourcing tests, consolidation of workstations, integration of
other Clinical Pathology sections, and anticipated changes in
technology, including informatics. This turned out to be an it-
erative process, especially for the 2 finalists, who presented
proposals with increasing detail.

3. The need for the ability of Clinical Pathology to track, retrieve,
and analyze the data without seeking involvement of the main
information technology vendor for the medical center, was
emphasized. To reiterate, the vendors were charged with pro-
viding software to address not only the operations of Clinical
Pathology but also to facilitate retrieval and meaningful clinical
analyses of the data for performance improvement and scientific
publications.

a. Turnaround time: by making changes to the workflow, the
core section had already achieved a turnaround time of less
than 60 minutes for nearly 90% of automated tests. The
vendors were charged with reducing the turnaround time for
all routine tests to less than 45 minutes from the time of re-
ceipt of specimen in the laboratory. The vendors were advised
of the prior experiences of the members of Clinical Pathol-
ogy and the anticipated problems were outlined along with
suggestions by Clinical Pathology, for example, to allow re-
lease of part of a panel of test results or some of the tests
requested on a given sample.

4. Automation line: a wish list for automation line included
a. a hopper to receive all properly bar-coded samples and feed

the samples to the automation line,

b. automated recording of specimen receipt and time stamping
for various processes,

c. in-line centrifugation with capacity to alter g-force and cen-
trifugation time for specific tests and samples,

d. adecapper, an aliquoter, labeling of aliquots, and output sta-
tion for send-out samples,

e. multiple lanes for samples to bypass analyzers not involved
with analysis of a given sample,

f. output stations for samples flagged by analyzers for manual
processing in hematology and chemistry,

g. recapping and stockyard for 7-day inventory of samples and
easy retrieval of samples for add-on tests,

h. automated purging of effete samples,

i. an option to extend the automation line to other sections,
with integration of microbiology, HLA-immunogenetics, and
blood banking,

j. the ability to install analyzers on both sides of the line,
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k. and front end loading; in case of automation line down time,
it was expected that all analyzers would have the option of
front-end loading without causing undue delay in turnaround
time.

5. Third-party analyzers:

a. Although related to the automation line issues described
above, this item was addressed separately due to its im-
portance to both the department and even more so to the
vendors. A key requirement was that the automation line ac-
commodate analyzers from third parties.

b. It was emphasized that the chosen vendor would be the pri-
mary supplier of instruments and services and the depart-
ment would use the vendor for about 70% of its needs. The
70% figure refers to the number of instruments that the
vendor markets and the laboratory needs to procure an instru-
ment with similar functions. The Department of Pathology
and AU Health reserved the option of choosing third-party
instruments if such analyzers have clearly superior features,
performance, menu, and efficiency.

c. The item under this heading was not part of the initial
discussions but evolved after the choice of vendor. It was
decided, in consultation with the vendor, that any third-
party analyzers would be selected in consultation with the
vendor, with the laboratory Clinical Laboratory Improvement
Amendments director having the final say. The vendor would
be responsible for procuring the analyzers or services and in-
clude the costs in the charges to the medical center.

6. Point-of-care analyzers:

a. It was agreed that judicious use of POC analyzers may be
cost-effective for AU Health even though it may be more ex-
pensive for the laboratory. The vendors were requested to in-
clude use of POC analyzers in their plans.

b. It was specified that POC analyzers must be ready for inter-
face with the medical center electronic medical record.

7. Phasedintegration: the vendors were advised to develop a timeline
for phased integration of microbiology, HLA-immunogenetics
and blood bank in their plans.

Evaluation of Proposals

The process of interaction with vendors and evaluation of proposals was
conducted jointly by the department and the medical center and lasted
about 23 months.

The proposals took the form of initial presentations by the vendors
addressing the current state of operations, workload and workflow, and
suggested choice of equipment to meet the workload. The next set of
proposals included drawings with proposed layout for the automation
line and placement of analyzers. Some of the vendors included a project
manager in their presentations to address the issue of transition from
current state to renovated state and timelines for implementation.

The vendors were queried by the technical staff about operating char-
acteristics of the analyzers, including on-board reagent and quality con-
trol storage, final step of water purification, on-board storage of samples
for add-on tests, on-the-fly change of reagents, stability of calibrations,
daily and weekly maintenance requirements, timeliness of service calls,
remote monitoring of the performance of analyzers, and ability for remote
trouble shooting. An issue of special concern was the frequency of recalls

by the Food and Drug Administration, number of vendor notifications

120 Laboratory Medicine

about malfunctions, and ease of replacement of parts like lamps needing
periodic replacement. The manpower needed to operate during off-hour
operations and the ability to monitor multiple analyzers from a single
command center were emphasized. Footprint of the analyzers was a con-
sideration to promote the efficient use of the available space.

The supervisors and technologists were free to voice their experiences
with the various vendors and their concerns about the reliability of
instruments by various vendors was an important criterion in the eval-

uation.

Scalable Analyzers

Clinical Pathology has satellite laboratories in the Georgia Cancer
Center, Family Medicine Clinic, and pediatrics outpatient area. Availa-
bility of smaller analyzers using the same methods and same reference
ranges as the main laboratory analyzers was emphasized.

Site Visits

Once the choice of vendors had been narrowed to 2 candidates, visits
to 2 sites, 1 each chosen by the vendors, were executed. The site visits
were geared to learn firsthand about the performance characteristics
of the main analyzers from each vendor. The visits were populated by
supervisors and senior medical technologists.

The two finalists were given the opportunity to revise their proposals
before the final decision.

The evaluation criteria included (1) the depth and breadth of equip-
ment and services included in the proposals, (2) flexibility to accommo-
date third-party equipment seamlessly in areas where the chosen vendor
may not have products or if the product of a different vendor was judged
to be appreciably better in the judgment of the department, (3) the prac-
ticality of the transition plan for laboratory renovation and inclusion
of any construction that may be needed for optimal operations, and
(4) long-term commitment and support of the corporate leadership. A
formal scoring mechanism was not used; rather, we relied on consensus
among the evaluating parties. The evaluators included bench technical
personnel, supervisors, managers, and administrative and medical

directors of the laboratory.

Partnership Award Details

Based on the extensive process and thorough evaluation, the depart-
ment selected Beckman Coulter Diagnostics and other diagnostic
companies of Danaher, parent company for Beckman Coulter, as the
strategic partner. The terms and conditions were negotiated by the med-
ical center departments of finance, legal affairs, facilities management,
and the Medical Executive Committee, with strong support from the
president of Augusta University.

Final approval was provided by the Board of Directors of AU Health.
The partnership agreement was signed by the presidents of Beckman
Coulter and Augusta University at a ceremony during an annual meeting
of AACC in Philadelphia, PA. The transition to a new core laboratory
was implemented in February 2019. Key features of the agreement are

presented in TABLE 3.

Governance
The joint working groups—based governance is a unique feature of the al-

liance. The 5 working groups focused on innovation, technology, service,

2024;55:117-126 | https://doi.org/10.1093/labmed/Imad071

Gz0z Atenuged /| uo1senb Ad 8yHEEZ ./ | 1/Z/SS/PI0IME/PaWGE]/W0o"dNo"olWapEdE//:SA)Y WOy Pepeojumod



performance, and finance are each co-chaired by 1 representative each
from AU Health and Danaher companies (FIGURE 1).

All working groups report to the Joint Oversight Committee. The
governance model ensures that the performance requirements of each
functional area achieve or exceed the requirements of the agreement. It
serves as the escalation point for all critical business and performance
issues, provides monthly performance reports on key performance
indicators and milestones, ensures that all actions agreed to by the Joint
Oversight Committee are executed, and identifies areas for collabora-

tion and continuous improvement.

Implementation

Fortuitously, while the renovation of Clinical Pathology was being
considered, it was noted that the current space did not have the infra-
structure to complete the project. The medical center decided to relo-

cate and centralize the laboratories in a new space. This opportunity was

TABLE 3. Key features of the agreement

15-year master services alliance.

Equipment management according to the TMP (technology management plan),
eliminating the need for transactional contracting. The TMP outlines which pieces of
! equipment are to be installed per contract year (FIGURE 1).

Single payment—AU Health issues a monthly payment that provides predictable
 spending and budgeting with an annual true-up.

Performance Partnership resources to guide implementation of the continuous im-
provement in AU Health pathology and laboratory medicine operations based on the
principles and tools of Danaher Business Systems. The progress of the initiative is

i measured using dynamic and static key performance indicators (KPI), which capture
productivity improvements and cost savings.

Alliance governance based on working groups with equal representation from both
AU Health and Danaher companies (FIGURE 1).

seized and led to the development of a comprehensive alliance with a
vendor. The relocation was expected to facilitate colocation of all lab-
oratory medicine/clinical pathology operations in 1 open space. The
relocation was expected to allow 24-hour coverage for all services, in-
cluding microbiology and the transplantation laboratory. Cross-training
and cross-coverage among the various sections of Clinical Pathology
were expected to add to the efficiency of the operations. Cross-coverage
among the various sections of the core laboratory was only implemented
because this was feasible due to the core laboratory being 1 large open
space. The improvement in efficiency was realized as demonstrated by
reduction in turnaround time, adding about 100 new tests, and no in-
terruption of any service even during the COVID-19 emergency despite
sickness and allowing people to work from home, as needed.

The comprehensive plan for the new core laboratory layout was devel-
oped by the laboratory staff with training and under guidance from the

Performance Partnership experts from Beckman Coulter Diagnostics.8

Specimen Transport

As the new laboratory was to be in a different building than the main
hospital, the medical center agreed to extend and update the pneumatic
tube specimen transportation system linking the various sites in the
medical center to the laboratory. It was fully appreciated that reducing
the turnaround in the laboratory by 15 minutes would be meaningless if
the specimen transport time increased by a larger amount. The required
extension of the pneumatic tube specimen transport was executed be-
fore testing at the new location was activated. A clarification may be
needed for the actions taken regarding pneumatic tube system. Initially
the core laboratory was expected to be renovated in existing space and
equipped with a pneumatic tube. The move to an adjoining building

came later in the planning process, hence, the stipulation was made with

FIGURE 1. Committee structure for oversight and planning. The Joint Oversight Committee (JOC) is tasked with ensuring

the goals and objectives of the agreement are implemented according to the agreement and the guiding principles and

the evolving strategic directions of both parties. The JOC also recruits members for the committees reporting to it. The
Finance and Operations Working Group (FWG) is responsible for the management of the unitary payment covered under this
agreement. they ensure that any changes to the unitary payment based on changes to the technology management plan (TMP),
key performance indicators (KPI), or services are communicated to the JOC. This group is responsible for monitoring and
managing the annual forecasted consumables and for the “annual true-up” of the unitary payment. The Innovation and Alliance
Demonstration Group (AIDG) is responsible for the continuous AU Medical Center/Beckman collaboration in the areas of
product and service commercialization and public relations. This group coordinates the launch of clinical innovation pilots and
other master service agreement-related events to promote AU Medical Center as a center of excellence and to demonstrate
the outcomes of the alliance structure. The Technology and Testing Working Group (TWG) is charged to ensure that software
and equipment installation and replacement is scheduled appropriately and all the necessary resources are made available.
The TMP is reviewed as part of the annual planning process. Acceleration or deceleration of equipment replacement in the
TMP is discussed and voted on by TWG. The Services Working Group (SWG) is responsible for tracking and reporting the
performance metrics (uptime and preventative maintenance) to the JOC quarterly. This group also tracks the usage of service,
labor, and materials reserve. The Performance Improvement Working Group (PIWG) is the forum for identifying strategic,
performance, and process opportunities and is the channel for AU Medical Center executives and administrators to request
consulting support for specific strategic, operational, and change management initiatives. This group monitors all KPIs as

described in the agreement.
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the medical center that the core laboratory would be relocated only after

the pneumatic tube extension being fitted to the new space.

Additional Change

While we were executing the above alliance/collaboration, an additional
opportunity presented itself that fit into our plans for a paradigm shift.
In collaboration with Rutgers University, we offered residency training
to 2 candidates for DCLS. (The first DCLS graduate in the US trained with
us and was 1 of the 2 DCLS staff members.) The 2 DCLS managers were
instrumental in our response to COVID-19, expanding the in-house test
menu, and dramatically reducing the reference laboratory costs through

judicious stewardship and promotion of appropriate utilization.

Expected Outcomes
The medical center expected to realize a savings of about $2 million per
year over the course of the contract compared with current costs.

The turnaround time on more than 90% of routine tests would be
less than 45 minutes.

The new laboratory would be better able to support the needs of the
new hospital to be built in the adjoining county.

Consolidation of the Clinical Pathology laboratories in 1 location was
expected to free up space to allow consolidation of anatomic pathology,
histology, cytology, and electron microscopy laboratories in 1 contig-
uous space to be vacated by the microbiology and HLA-immunogenetics
laboratories.

Relocation of the blood bank in the final phase would provide space
for the medical center to expand other services as needed, such as oper-
ating rooms or emergency medicine services.

Colocation of all Clinical Pathology sections was expected to facili-
tate cross-coverage and provide 24-hour coverage for microbiology and
HLA-immunogenetics.

The choice of the vendor and the resources of the parent company
were expected to allow upgrades to anatomic pathology, including im-
plementation of digital pathology and an advanced specimen tracking
system.

Training of pathology residents was expected to be enhanced due
to colocation of the various sections of Clinical Pathology/Laboratory
Medicine. There was an expectation of improvement in the scholarly

output of the Laboratory Medicine Division.

Results and Discussion

The process designed for the department has been fully implemented
for the core laboratory only. Fiscal exigencies, life, and COVID-19 have
stalled the 2 remaining phases for the Clinical Pathology Division reno-
vation. Some items have been implemented in anatomic pathology, but
digital transformation remains in process. The new hospital construc-
tion in the adjoining county is also in process. The outcomes for the core
laboratory are given below.

The core laboratory is operating with 21% lower staffing, that is,
32.5 fewer full-time equivalent (FTE) personnel, for a cost savings of
$2,762,500/year ($85,000/FTE for 32.5 FTE). Despite personnel sav-
ings, the laboratory still implemented the following improvements in

service and scholarly activities:

1. Elimination of stat tests through judicious use of POC analyzers

and reducing the turnaround time for tests that could be ordered
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stat to less than 45 minutes. The average turnaround times for
comprehensive metabolic profile and complete blood cell count
improved from 42 to 39 minutes and 38 to 28 minutes, respec-
tively.”

2. The core laboratory is performing 9.1% more tests per year with
21% fewer staff.

3. About 100 new tests have been implemented in-house, thereby
reducing the reference laboratory costs from $4.64 million per
year to $3.98 million per year (a 14.25% reduction) despite a
more than 9% increase in test volume. The stated cost savings
accounted for the expenses of doing tests in-house. A list of the
tests brought in-house is given in TABLE 4. This reduction in
costs was in considerable measure due to the efforts of DCLS staff
members, prospective review of test requests, and promotion of
appropriate utilization.

4. The ranking of the medical center in laboratory utilization
improved from the 94th percentile to the 76th percentile. This
measure was provided by Vizient using data derived from aca-
demic medical centers using this company for analytics and advi-
sory services. The lower percentile ranking reflects better or more
appropriate laboratory utilization. This was achieved through
vigorous efforts by the laboratory at improving appropriateness
of utilization, a usual cause of discord between bedside providers
and the clinical laboratory.

5. An important fringe benefit was improvement in the training of
pathology residents in laboratory stewardship.

6. The number of publications in which pathology residents
participated increased from 7 in 4 years (2016-2019) to 10
in 3 years (2020-2022), an improvement of 107%. The total
publications from the core laboratory improved from 13 in the
first 4 years to 22 in the latter 3 years, an improvement of 125%.

7. Extramural support increased from $30,000 in the first 4 years to
$251,000 in the latter 3 years.

8. For the sake of simplicity of accounting, we did not estimate
the cost avoidance due to improvement in appropriateness of
laboratory utilization for inpatients and the additional revenue
generated from an increase in testing volume of ambulatory
patients. Thus, our estimate of cost savings is, if anything, con-
servative. No additional personnel were added to accommodate
the additional workload from either insourcing of reference labo-
ratory tests or from increase in ambulatory testing, a testament
to the improved efficiency of the new way of operations.

Additional Positives

The following challenges and opportunities provided a great test for the
enhanced abilities of the laboratory and synergistic response of the al-
liance.

Improvements in laboratory workflow and increase in efficiency were
instrumental in the vigorous response to COVID-19 exigency for patient
care. Despite staff shortage, the DCLS staff members spearheaded the
effort to provide COVID-19 testing to the State of Georgia and later de-
veloped a strong working relationship with the Augusta National Golf
Club and supported the annual tournaments. It has been a matter of
pride for the institution that the governor of Georgia selected Augusta
University over other prestigious institutions in the state to support the
state response to COVID-19.
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TABLE 4. Tests brought in-house to the core laboratory

| 1,25-(OH)2 Vitamin D ! Insulin | Rhizopus spp IgE

Adosterone  lgdam " mwea
CAmondlgE Mapele | ROMPlusfeta membrane rupture test |
AtemaraspplgE NVDW(monocytedistrbutonwidthy  Schi/lldrug compliance panel
Cmtcce " Measesle  lsdwom
Aspergilus fumigatus'gE Mkl lsesameseedlE |
Aspergilus niger'gEMtochondrialAb | Setomelanomma (Helmithosporium) spp IgE |
CBahalE " Mouseepithelum/serum/urinelgE  ShimplE |
Beechlgf " muworssplE  smta
Beta-2glycoproteinlg6  MumpslG  isomelgt
Beta-2gycoproteinlgM  MyeloperoidaseAb  Soyeanlgt
CBchlE Netelgt  issam

Blatella germanica (German cockroach) IgE

| Burmuda IgE | Pecan IgE

: Tramadol

! Calprotectin | Pecan nut IgE | Trichophyton spp IgE
CandidasplEPeniciumspplgE  w6lA
CardiolipinigA  Pnegt  wGl&
CCardiolpnlgs  PasmalowH®  Tualg
CCardiolpmnigd  poteinase3  umwem
CCashewnutlgE QuantiferonGoldPlus, TBtest  Wanutnutlgf |
CCatdanderlgERagweed,commonlgE  Wheatlt
CCedrlgE " Ragweed,gantlE wilwlt
CentomereAs Renn

An additional positive outcome of the alliance has been the leading
role by the Laboratory Medicine Division in implementing a biomedical
advanced research and development authority-supported program for
the prediction of sepsis. Implementing a new test for monocyte distribu-
tion width and artificial intelligence driven analysis of data are expected
to improve timely identification of patients at risk for sepsis.

Implementation of chromogen assay in the core laboratory for factor
Xa allowed us to rigorously test 3 different POC instruments using the
activated clotting time test for intraoperative monitoring of heparin
dosing and choosing the optimal instrument. The results of this investi-
gation led to a publication that was deemed to be the coagulation paper
of the year by the cardiothoracic anesthesiologists.*

In addition to contribution to peer-reviewed publications originating
from the department, the departmental residents have been the
recipients of the Cooper Travel Award from the Southeastern chapter of
AACC for the last 4 award opportunities. Performance of the residents
on in-service examination improved significantly due to improved
learning environment.""

Although microbiology and the blood bank have not undergone
renovations, these sections have benefited from analysis of workflow by
experts from Danaher. In particular, the urine culture process was re-
vised through the on-site guidance of Danaher experts to streamline the
workflow and reduce turnaround time. The blood bank benefitted from
installation of Griffols equipment for automation of blood grouping and

compatibility testing.
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An unquantifiable benefit has been the marked improvement in the
work environment for laboratory personnel and a remarkable positive
change in their morale. These enhancements contributed to the improve-
mentin efficiency as documented by a 9.1% increase in test volume, adding
about 100 new tests, and improvement in client satisfaction scores while
operating with 21% fewer personnel. There was no formal measurement
of morale in the before and after circumstances. The improved morale is
mostly a subjective impression based on virtually nonexistent unsched-
uled absenteeism, laboratory staff covering for each other and essential
services without being told to do so by supervisors, lack of complaints
about schedules or workload, absence of employee in-fighting, the cheer-
fulness observed by the medical director in daily interactions with the
staff, and voluntary participation in quality improvement and investi-
gative activities of the laboratory. Improved morale and improved work
environment are interrelated, and both contributed to increased output.
The collegiality, cooperation among the staff, including cross-coverage,
and engaged attitude and dedication of the staff have been commented
on by outside parties, for example, vendor representatives and members
of accreditation inspection teams.

Critique of Cost Savings

Prior to this agreement, the medical center purchased the capital equip-
ment and had separate contracts for service and supplies. Under this ar-
rangement, the laboratory had to compete with other departments for

capital budget and it often resulted in delays in the acquisition of new
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equipment and prolonged delays in improvements. In the new system,
the vendor is responsible for acquisition and installation of equipment
and providing service and reagents for testing. There is along-term plan
for replacement of equipment at the end of useful life, as described in
FIGURE 1 and TABLE 5. This issue is reviewed quarterly among the 5
working groups and the Joint Oversight Committee and changes made
to address any new issues. The vendor bills the medical center a fixed
unitary payment each month with an annual adjustment or true-up.
Thus, it was impractical for us to compare total costs under the old and
new systems. The conservative estimate of cost savings exceeded the
target.

For the sake of argument, we posit that even if there had been no
cost savings with the new system, the improvements in the performance
of the laboratory alone would have made the new system worthwhile, as
the old system was untenable due to a national shortage of laboratory

scientists.

Laboratory Size

It is worthy of note that we may have benefited from an appropriately
sized laboratory for such an endeavor. A similar transformation at a
smaller or larger laboratory may require different approaches. With a
staffing of about 200 people, it is not impractical for the leadership to
know all the employees personally and establish rapport with them.
Off-campus lunches with new employees include extant employees as
well and an effort is made to invite members of different sections for
such socialization. Personal involvement of this type may be impractical

at a larger laboratory.

Unrealized Potential

In keeping with Linus’ Law (There is no heavier burden than a great po-
tential), several potential enhancements have gone unrealized. The most
important failure has been to implement phases 2 and 3 of the proposed
renovation. Had this renovation occurred on the planned schedule, the
laboratory would have provided 24-hour microbiology coverage rather
than leaving about 4 hours uncovered at night. Timely processing of
blood cultures turning positive during the unstaffed period could have
reduced hospital length of stay and promoted more appropriate utiliza-
tion of antibiotics for sepsis patients. Similarly, having cross-coverage
for the blood bank would have allowed us to operate the blood bank
with lower staffing at night while having the capability of responding to
emergencies such as massive transfusion protocol activation.

For an academic medical center, lack of dedicated research and devel-
opment resources is a major hinderance to the scholarly activities of the
faculty. Although the focus of the alliance was improving patient care
and efficiency of the laboratory, an opportunity to transform the de-
partmental support for scholarly activities has not been realized to any
meaningful extent. An extension of this failure has been the inability of
Laboratory Medicine to secure National Institutes of Health funding for
its investigative activities.

The Clinical Pathology Division had anticipated greater ability to lev-
erage the faculty and graduate trainees in advancing thematic investiga-
tion. Although there has been an impressive improvement in scholarly
activities, the full potential has not been realized, in part due to lack of
resources as indicated above and partly due to the inability of leadership
to change the culture.

Despite remarkable progress in some areas, such as toxicology
testing, enhanced ability to support allergy immunology services, and

www.labmedicine.com

introducing advanced flow cytometry, slow progress in expanding the
technological advancements of the alliance partner, such as next gen-
eration hematology, has been a lost opportunity. The alliance has pro-
vided an unprecedented opportunity for introducing new investigative
methods to clinical care; however, the progress has unfortunately been
at a snail’s pace.

Conclusions

The lamented inability to realize all the potential notwithstanding,
the alliance has been a paradigm-shifting force for the operations
of Laboratory Medicine at this medical center. A 9.1% increase in
output with 21% fewer staff is worthy of note. Adding 99 new tests
has reduced costs for send-outs and shortened the turnaround time.
Elimination of stat tests through improved turnaround time for all
tests has improved client satisfaction and workflow. Even more im-
portant has been the improvement in employee satisfaction and mo-
rale in the laboratory.

The total cost savings of $3,424,136/year against an expected target
of $2 million per year is remarkable. The cited cost savings are a conserv-
ative estimate, as we did not include the decrease in cost for inpatients
due to improvements in diagnostic stewardship or additional revenue
from increase in testing for ambulatory patients. The increases in schol-
arly activity and extramural funding, although modest, are nonetheless
remarkable for the limited resources at the disposal of the Clinical Pa-
thology Division. Improvement in graduate medical education has been
an important added benefit of this endeavor.

This collaboration is continuing and although we have not
implemented phases 2 and 3, other sections of Clinical Pathology have
benefited from the alliance and expertise provided by Danaher. For ex-
ample, a Danaher team worked on-site and advised the microbiology
laboratory in streamlining urine cultures that resulted in using more ap-
propriate specimens and shortening the turnaround time. Partnership
with Danaher also facilitated getting newer equipment and supplies per-
tinent to the high demand for COVID-19 testing.

This model of long-term alliance and shifting from purchase of equip-
ment to vendor providing the equipment has obviated the need for cap-
ital equipment funds and having to compete with other hospital services
such as radiology and cardiology for a capital equipment budget. The
vendor has updated instruments without the need for entering into
negotiations for each procurement. The Technology Working Group
has been particularly successful in proactively addressing the needs for
equipment and other services.

We are hopeful that phases 2 and 3 will be implemented. (The re-
cently announced merger with WellStar Health System and the promise
of investment by the partner is expected to revive the renovation.)

This model of a long-term alliance is eminently transferable to other
institutions and other vendors.
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ABSTRACT

Objective: The aim of this study was to ascertain whether red cell
distribution width-to-albumin ratio (RAR) is associated with survival
in hepatitis B virus (HBV)-associated decompensated cirrhosis (DC)
patients.

Methods: A cohort of 167 patients with confirmed HBV-DC was
enrolled in our study. Demographic characteristics and laboratory
data were obtained. The main endpoint was mortality at 30 days. The
receiver operating characteristic curve and multivariable regression
analysis were used to assess the power of RAR for predicting prog-
nosis.

Results: Mortality at 30 days was 11.4% (19/167). The RAR levels
were higher in the nonsurvivors than the survivors, and elevated RAR
levels were clearly associated with poor prognosis. Moreover, the pre-
dictive powers of RAR and Model for End-Stage Liver Disease score
were not obviously different.

Conclusion: Our data indicate that RAR is a novel potential prognostic
biomarker of mortality in HBV-DC.

Hepatitis B virus (HBV) infection is the most common cause of cirrho-
sis in Asian-Pacific countries.” Liver cirrhosis is a dynamic condition
that changes from a compensated to a decompensated stage at a rate
of 5% to 7% per year. The clinical outcome of decompensated cirrhosis
(DO) is poor, with a 5-year survival of only 15%.”* Liver transplanta-
tion can markedly improve the survival of patients with HBV-associated
DC (HBV-DC), but its clinical application is not extensive because of a
shortage of liver sources.”® Therefore, finding novel effective and accu-
rate biomarkers that can predict patient prognosis is of paramount im-
portance to help clinicians to identify severe disease at an earlier stage,
provide an optimal therapeutic strategy, and consequently reduce mor-
tality in these patients.

Red cell distribution width (RDW) is widely applied as a parameter in
the differential diagnosis of anemia. Currently, numerous studies have
demonstrated its value as a diagnostic and prognostic indicator in vari-

7-10 s : 1 -
including liver diseases.”” Serum albumin is

ous clinical conditions,
synthesized in the liver, always shows a decrease with a decline in liver
synthetic function, and represents one of the important indicators in
the assessment of liver function. Therefore, we hypothesized that a
combined assessment of RDW and albumin may provide more mean-
ingful prognostic information for patients with liver diseases. In recent
years, high RDW-to-albumin ratio (RAR) has emerged as a simple nega-
tive predictor for outcomes in patients with aortic aneurysm,12 stroke,™
burn surgery,14 diabetic ketoacidosis,® and heart failure.'® To the best
of our knowledge, no studies to date have investigated the relationship
between RAR and the outcomes of HBV-DC. Here, our research aimed to
ascertain whether RAR is a reliable predictor for the prognosis of these

patients.

Methods

Study Population

We retrospectively analyzed the data of HBV-DC patients who were
treated in the Department of Hepatology at our hospital from March
2020 to September 2022. Decompensated cirrhosis was characterized by
the development of clinical symptoms including ascites, gastrointestinal
bleeding, encephalopathy, or hepatorenal syndrome.” All participants
had persistent hepatitis B surface antigen for >6 months. We excluded

patients who met the following criteria: (1) coinfection with other

© The Author(s) 2023. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, please e-mail:

journals.permissions@oup.com
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viruses, (2) complication with other liver diseases, (3) hepatocellular
carcinoma, (4) hematological diseases, and (5) age >75 or <18 years. The
main study outcome was 30-day mortality. The research was carried out
according to the Helsinki Declaration and approved by the Institutional
Ethical Committee.

Data Extraction

Data for baseline clinical, demographic, and laboratory parameters were
extracted from the electronic medical records, including total protein,
albumin, age, gender, alanine transaminase, aspartate transaminase,
blood urea nitrogen (BUN), total bilirubin, creatinine, international
normalized ratio (INR), hemoglobin, platelets, and RDW in the first
24 hours. The RAR was calculated as RDW/albumin. Liver disease se-
verity was assessed using the Model for End-Stage Liver Disease score
(MELDS). The MELDS was calculated from the laboratory data using
the following formula: MELDs = 3.8 x In (total bilirubin) + 11.2 x In
(INR) + 9.6 x In (creatinine) + 6.4."7

Statistical Analysis

Statistical analysis was conducted using SPSS 20 software and
MedCalc 19.0.6 software. The significance level was P < .05. The variables
were reported as median (range) or number. Comparisons between the
survivors and nonsurvivors were analyzed using the y? test and Mann-
Whitney test. Correlations between RAR and MELDS were examined
using Spearman’s correlation. Prediction of poor 30-day survival was
evaluated by logistic regression analysis. The predictive powers of RAR
and MELDS were evaluated by receiver operating characteristic (ROC)
curve to calculate the area under the curve (AUC). Survival analyses for

30-day mortality were performed by the Kaplan-Meier method.

Results

Population Characteristics

FIGURE 1 shows the detailed patient recruitment process. Based on
the inclusion and exclusion criteria, 167 patients were included in the fi-
nal selection. These patients comprised 132 males (79%) and 35 females
(21%), with a median age of 54.0 years (range: 46.3 to 62.8 years). Many

patients had more than 1 complication of DC, with the most frequent

FIGURE 1. Flow chart of enrolled participants. HBV-DC,
hepatitis B virus-associated decompensated cirrhosis; HCV,
hepatitis C virus.

HBV-DC patients were
screened (n = 211)

Excluded:

¢ Alcohol-related liver
diseases (n = 12)

¢ Drug-related liver
diseases (n = 5)

.| ® Co-infection with HCV
or HIV (n =14)

e Autoimmune liver
disease (n = 4)

e Tumors (n = 5)

¢ Hematologic disorder
(n=4)

Eligible for
study (n = 167)
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being ascites (75%), followed by variceal rebleeding (45%) and enceph-
alopathy (11%). Median RAR was 5.38 (range, 4.58 to 6.63). A positive
correlation was seen between RAR and MELDS (r = 0.427, P = .001).

At the 30-day follow-up, 19 patients had died (11.4%). Patients were
classified as survivors and nonsurvivors. Baseline clinical laboratory and
demographic variable comparisons between survivors and nonsurvivors
are given in TABLE 1. The nonsurvivors had higher RAR than the
survivors (median: 7.02 [6.15-7.83] vs 5.30 [4.50-6.36], P < .01). In ad-
dition, RDW, creatinine, total bilirubin, INR, BUN, albumin, and MELDS
also showed marked difference between the 2 groups (P < .01 for all).

Predictors for Mortality

We identified the potential risk factors for mortality in HBV-DC patients
using univariate and multivariate analyses. Univariate analysis revealed
that albumin, MELDS, RDW, and RAR were correlated with mortality.
After adjustment for variables, we found that RAR and MELDS remained
independent predictors for mortality (TABLE 2). In the ROC analysis,
sensitivity was 63.2% and specificity was 87.2% when the MELDS cut-
off value was 17.6. Meanwhile, sensitivity was 79.0% and specificity was
68.9% when the RAR cutoff value was 6.12 (FIGURE 2). The predictive
powers of RAR and MELD score had similar discriminatory power to
predict mortality, which is reflected by the similar AUROC (0.773 in RAR
vs 0.830 in MELDs; Z = 1.182, P = .237). Furthermore, patients with
RAR <6.12 had higher 30-day survival than patients with RAR >6.12 (P
<.001; FIGURE 3).

Discussion
Due to the high mortality in HBV-DC patients, early and accurate prog-
nostic indicators are of considerable importance to clinicians for the
management of HBV-DC. Traditional scores for assessment of disease
severity, such as the MELDS, are calculated using serum total bilirubin,
creatinine, and INR, and are frequently used in such situations but may
lack satisfactory accuracy for the prediction of short-term mortality."®
This may arise because the MELDS does not incorporate some impor-
tant factors (portal hypertension, ascites, nutritional status, inflam-
mation) that can affect its prognostic performance.19 The present work
sought to determine whether RAR can be used as a useful marker of
mortality in HBV-DC. Our data showed that the mortality group had
higher RAR than the survival group and that RAR was significantly pos-
itively correlated with MELDS, suggesting that increased RAR may be
closely linked with the prognosis of HBV-DC. A multivariate analysis
further identified MELDS and RAR as independent predictive factors for
worse survival, and the predictive power of MELDS was similar to that
of RAR. Because the RAR assessment requires only 2 simple variables, it
is more convenient than the MELDS for clinical applications. It is note-
worthy that prior studies identified associations between some easy-to-
perform noninvasive biomarkers and poor outcomes of end-stage liver
disease, including INR-to-albumin ratio,”” monocyte-to-high-density
lipoprotein cholesterol ratio,”’ and hemoglobin-to-RDW ratio.”” Our
study suggests that RAR may similarly serve as a risk factor for HBV-DC.
Several factors were considered to explain the relationship between
elevated RAR and worse outcome in HBV-DC. On the one hand, our data
showed that RDW was obviously higher in the mortality group than in
the survival group. Inflammatory response is considered to be a predic-
tor for adverse outcomes in severe liver diseases.”””* Numerous studies

have identified RDW as an indicator of chronic inflammation and it has
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TABLE 1. Patient characteristics at baseline®

i All patients (n = 167) Nonsurviving patients (n =19) { Surviving patients (n=148) Pvalue

' Sex (female/male) § 35/132 6/13 ‘ 29/119 ‘ 363
Aey) | 540463628 | 600(03668 | 53060-620) | 102 |
Totalprotein @) | 6155646700 | 564500658 | 61676672 | 087 |
CMbumin(d) . 311(@e6347 | 286@4s3010) 315274323 . 002 |
Manine aminotransferase (J1) . 300(170-503 . 410253593 | 205(17.0495 | 145 |
Aspartate aminotransferase (U1) | 46.0(280-740) 5703951335 40080723 | 062 |
Seumcreatinine (umoll) | 730(603-858 | 1000 (67.8-1240) | 720595835 | 002 |

| Serum creatinine (umol/L)

11.4 (6.7-16.5)

| Hemoglobin (g/L) | 104.0 (86.0-120.8)
! Platelets (x10%L) | 66.0 (43.0-114.8)
! BUN (mmol/L) | 5.70 (4.25-7.55)
| RDW (%) | 16.0 (14.9-18.2)
| RAR § 5.38 (4.58-6.63)

18.4 (14.4-22.9) 10.6 (6.2-14.9)
93.0 (77.8-110.3) 105.5 (86.0-121.0) 11
72.0 (54.3-171.3) 66.0 (42.5-113.0) 416
8.50 (7.10-14.70) 5.35 (4.10-7.20) <.001
192 (16.1-21.1) 15.9 (14.8-17.9) 004
7.02 (6.15-7.83) § 5.30 (4.50-6.36) § .001

#Data are expressed as number or median (range).

BUN, blood urea nitrogen; INR, international normalized ratio; MELDS, Model for End-Stage Liver Disease score; RAR, red cell distribution width-to-

albumin ratio; RDW, red cell distribution width.

TABLE 2. Factors associated with mortality in HBV-DC patients identified by logistic regression analysis

Univariate Multivariate

P Ee Oddsratio L 95%cl P Oddsratio - 95%Cl L Pvalue
MELDS 1.230 1.121-1.351 <.001 1.215 1.098-1.346 <.001

BN . 1004 | ogssiozt 7 L
Aee . 10% | o09e-1os8 . BT 2 R
CMbumn . 0876 | 0798-0961 | -2
RW . 1282 | 11061485 ot
RAR 185 1a32481 <ot . 1e4 | 142249 06

BUN, blood urea nitrogen; HBV-DC, hepatitis B virus-associated decompensated cirrhosis; MELDS, Model for End-Stage Liver Disease score; RAR, red cell
distribution width-to-albumin ratio; RDW, red cell distribution width.

FIGURE 2. Receiver operating characteristic analyses to

determine the prognostic value of Model for End-Stage
Liver Disease score (MELDS) (AUC = 0.830) and red cell
distribution width-to-albumin ratio (RAR) (AUC = 0.773)

for hepatitis B virus—associated decompensated cirrhosis

patients. AUC, area under the curve.
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been related to the development and progression of various diseases.
In terms of liver disease, abnormal RDW has been demonstrated to be
associated with different disease states in HBV-infected patients. For in-
stance, Lou et al”® found that elevated RDW was linked with worse sur-
vival in HBV-infected patients, whereas Chen and colleagues® showed
that RDW can act as an inexpensive and simple predictive indicator for
hepatic fibrosis in chronic HBV infection. A recent study showed that
RDW is an effective marker for evaluation of severity and outcomes
of patients with HBV-associated diseases.”” Multiple factors lead to
increased RDW in liver disease. First, inflammation is a major con-
tributor to elevated RDW, not only by impairing iron metabolism but
also by altering erythropoietin function or shortening erythrocyte sur-
vival.?® Second, liver cirrhosis renders patients susceptible to anemia,
which can lead to unfavorable outcomes. Recently, Cai et al*” identified
hemoglobin level as a risk factor for clinical adverse outcomes in ad-
vanced liver disease. Our data found that hemoglobin was slightly lower
in the mortality group than in the survival group, suggesting that the
increased RDW may partly arise through an effect of anemia, as newer
and larger reticulocytes may enter into the blood circulation. On the
other hand, serum albumin levels were obviously lower in nonsurvivors
than survivors. Albumin is considered an indicator for malnutrition in-
flammatory syndrome, and hypoalbuminemia is commonly observed in

. . . . . L 130,31
cirrhotic patients and associated with worse survival.””" In our study,
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FIGURE 3. Kaplan-Meier plots of survival probability
according to red cell distribution width-to-albumin ratio
(RAR) value (P < .001).
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RDW and albumin were associated with mortality in the univariate anal-
ysis but not in the multivariate analysis. This may have occurred because
RAR is a compound marker; it might provide more objective and com-
prehensive information about the development and progression of the
disease and thus is more precise than each individual indicator alone.
Furthermore, our data also indicated that HBV-DC patients with a high
RAR had a higher rate of mortality, suggesting that abnormal RAR may
reflect the inflammation, organ dysfunction, and nutritional status and
may be sufficient to indicate the pathophysiological process of liver
diseases, thereby making it a useful prognostic indicator for HBV-DC.

Conclusion

In summary, RAR is closely related to disease severity in HBV-DC and
may serve as an inexpensive and readily available indicator to identify
high-risk HBV-DC patients for mortality. However, the present research
is a single center study and our findings warrant external validation.
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ABSTRACT

Objective: The aim of this study was to ascertain whether red cell
distribution width-to-albumin ratio (RAR) is associated with survival
in hepatitis B virus (HBV)-associated decompensated cirrhosis (DC)
patients.

Methods: A cohort of 167 patients with confirmed HBV-DC was
enrolled in our study. Demographic characteristics and laboratory
data were obtained. The main endpoint was mortality at 30 days. The
receiver operating characteristic curve and multivariable regression
analysis were used to assess the power of RAR for predicting prog-
nosis.

Results: Mortality at 30 days was 11.4% (19/167). The RAR levels
were higher in the nonsurvivors than the survivors, and elevated RAR
levels were clearly associated with poor prognosis. Moreover, the pre-
dictive powers of RAR and Model for End-Stage Liver Disease score
were not obviously different.

Conclusion: Our data indicate that RAR is a novel potential prognostic
biomarker of mortality in HBV-DC.

Hepatitis B virus (HBV) infection is the most common cause of cirrho-
sis in Asian-Pacific countries.” Liver cirrhosis is a dynamic condition
that changes from a compensated to a decompensated stage at a rate
of 5% to 7% per year. The clinical outcome of decompensated cirrhosis
(DO) is poor, with a 5-year survival of only 15%.”* Liver transplanta-
tion can markedly improve the survival of patients with HBV-associated
DC (HBV-DC), but its clinical application is not extensive because of a
shortage of liver sources.”® Therefore, finding novel effective and accu-
rate biomarkers that can predict patient prognosis is of paramount im-
portance to help clinicians to identify severe disease at an earlier stage,
provide an optimal therapeutic strategy, and consequently reduce mor-
tality in these patients.

Red cell distribution width (RDW) is widely applied as a parameter in
the differential diagnosis of anemia. Currently, numerous studies have
demonstrated its value as a diagnostic and prognostic indicator in vari-

7-10 s : 1 -
including liver diseases.”” Serum albumin is

ous clinical conditions,
synthesized in the liver, always shows a decrease with a decline in liver
synthetic function, and represents one of the important indicators in
the assessment of liver function. Therefore, we hypothesized that a
combined assessment of RDW and albumin may provide more mean-
ingful prognostic information for patients with liver diseases. In recent
years, high RDW-to-albumin ratio (RAR) has emerged as a simple nega-
tive predictor for outcomes in patients with aortic aneurysm,12 stroke,™
burn surgery,14 diabetic ketoacidosis,® and heart failure.'® To the best
of our knowledge, no studies to date have investigated the relationship
between RAR and the outcomes of HBV-DC. Here, our research aimed to
ascertain whether RAR is a reliable predictor for the prognosis of these

patients.

Methods

Study Population

We retrospectively analyzed the data of HBV-DC patients who were
treated in the Department of Hepatology at our hospital from March
2020 to September 2022. Decompensated cirrhosis was characterized by
the development of clinical symptoms including ascites, gastrointestinal
bleeding, encephalopathy, or hepatorenal syndrome.” All participants
had persistent hepatitis B surface antigen for >6 months. We excluded

patients who met the following criteria: (1) coinfection with other

© The Author(s) 2023. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, please e-mail:
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viruses, (2) complication with other liver diseases, (3) hepatocellular
carcinoma, (4) hematological diseases, and (5) age >75 or <18 years. The
main study outcome was 30-day mortality. The research was carried out
according to the Helsinki Declaration and approved by the Institutional
Ethical Committee.

Data Extraction

Data for baseline clinical, demographic, and laboratory parameters were
extracted from the electronic medical records, including total protein,
albumin, age, gender, alanine transaminase, aspartate transaminase,
blood urea nitrogen (BUN), total bilirubin, creatinine, international
normalized ratio (INR), hemoglobin, platelets, and RDW in the first
24 hours. The RAR was calculated as RDW/albumin. Liver disease se-
verity was assessed using the Model for End-Stage Liver Disease score
(MELDS). The MELDS was calculated from the laboratory data using
the following formula: MELDs = 3.8 x In (total bilirubin) + 11.2 x In
(INR) + 9.6 x In (creatinine) + 6.4."7

Statistical Analysis

Statistical analysis was conducted using SPSS 20 software and
MedCalc 19.0.6 software. The significance level was P < .05. The variables
were reported as median (range) or number. Comparisons between the
survivors and nonsurvivors were analyzed using the y? test and Mann-
Whitney test. Correlations between RAR and MELDS were examined
using Spearman’s correlation. Prediction of poor 30-day survival was
evaluated by logistic regression analysis. The predictive powers of RAR
and MELDS were evaluated by receiver operating characteristic (ROC)
curve to calculate the area under the curve (AUC). Survival analyses for

30-day mortality were performed by the Kaplan-Meier method.

Results

Population Characteristics

FIGURE 1 shows the detailed patient recruitment process. Based on
the inclusion and exclusion criteria, 167 patients were included in the fi-
nal selection. These patients comprised 132 males (79%) and 35 females
(21%), with a median age of 54.0 years (range: 46.3 to 62.8 years). Many

patients had more than 1 complication of DC, with the most frequent

FIGURE 1. Flow chart of enrolled participants. HBV-DC,
hepatitis B virus-associated decompensated cirrhosis; HCV,
hepatitis C virus.

HBV-DC patients were
screened (n = 211)

Excluded:

¢ Alcohol-related liver
diseases (n = 12)

¢ Drug-related liver
diseases (n = 5)

.| ® Co-infection with HCV
or HIV (n =14)

e Autoimmune liver
disease (n = 4)

e Tumors (n = 5)

¢ Hematologic disorder
(n=4)

Eligible for
study (n = 167)
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being ascites (75%), followed by variceal rebleeding (45%) and enceph-
alopathy (11%). Median RAR was 5.38 (range, 4.58 to 6.63). A positive
correlation was seen between RAR and MELDS (r = 0.427, P = .001).

At the 30-day follow-up, 19 patients had died (11.4%). Patients were
classified as survivors and nonsurvivors. Baseline clinical laboratory and
demographic variable comparisons between survivors and nonsurvivors
are given in TABLE 1. The nonsurvivors had higher RAR than the
survivors (median: 7.02 [6.15-7.83] vs 5.30 [4.50-6.36], P < .01). In ad-
dition, RDW, creatinine, total bilirubin, INR, BUN, albumin, and MELDS
also showed marked difference between the 2 groups (P < .01 for all).

Predictors for Mortality

We identified the potential risk factors for mortality in HBV-DC patients
using univariate and multivariate analyses. Univariate analysis revealed
that albumin, MELDS, RDW, and RAR were correlated with mortality.
After adjustment for variables, we found that RAR and MELDS remained
independent predictors for mortality (TABLE 2). In the ROC analysis,
sensitivity was 63.2% and specificity was 87.2% when the MELDS cut-
off value was 17.6. Meanwhile, sensitivity was 79.0% and specificity was
68.9% when the RAR cutoff value was 6.12 (FIGURE 2). The predictive
powers of RAR and MELD score had similar discriminatory power to
predict mortality, which is reflected by the similar AUROC (0.773 in RAR
vs 0.830 in MELDs; Z = 1.182, P = .237). Furthermore, patients with
RAR <6.12 had higher 30-day survival than patients with RAR >6.12 (P
<.001; FIGURE 3).

Discussion
Due to the high mortality in HBV-DC patients, early and accurate prog-
nostic indicators are of considerable importance to clinicians for the
management of HBV-DC. Traditional scores for assessment of disease
severity, such as the MELDS, are calculated using serum total bilirubin,
creatinine, and INR, and are frequently used in such situations but may
lack satisfactory accuracy for the prediction of short-term mortality."®
This may arise because the MELDS does not incorporate some impor-
tant factors (portal hypertension, ascites, nutritional status, inflam-
mation) that can affect its prognostic performance.19 The present work
sought to determine whether RAR can be used as a useful marker of
mortality in HBV-DC. Our data showed that the mortality group had
higher RAR than the survival group and that RAR was significantly pos-
itively correlated with MELDS, suggesting that increased RAR may be
closely linked with the prognosis of HBV-DC. A multivariate analysis
further identified MELDS and RAR as independent predictive factors for
worse survival, and the predictive power of MELDS was similar to that
of RAR. Because the RAR assessment requires only 2 simple variables, it
is more convenient than the MELDS for clinical applications. It is note-
worthy that prior studies identified associations between some easy-to-
perform noninvasive biomarkers and poor outcomes of end-stage liver
disease, including INR-to-albumin ratio,”” monocyte-to-high-density
lipoprotein cholesterol ratio,”’ and hemoglobin-to-RDW ratio.”” Our
study suggests that RAR may similarly serve as a risk factor for HBV-DC.
Several factors were considered to explain the relationship between
elevated RAR and worse outcome in HBV-DC. On the one hand, our data
showed that RDW was obviously higher in the mortality group than in
the survival group. Inflammatory response is considered to be a predic-
tor for adverse outcomes in severe liver diseases.”””* Numerous studies

have identified RDW as an indicator of chronic inflammation and it has
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TABLE 1. Patient characteristics at baseline®

i All patients (n = 167) Nonsurviving patients (n =19) { Surviving patients (n=148) Pvalue

' Sex (female/male) § 35/132 6/13 ‘ 29/119 ‘ 363
Aey) | 540463628 | 600(03668 | 53060-620) | 102 |
Totalprotein @) | 6155646700 | 564500658 | 61676672 | 087 |
CMbumin(d) . 311(@e6347 | 286@4s3010) 315274323 . 002 |
Manine aminotransferase (J1) . 300(170-503 . 410253593 | 205(17.0495 | 145 |
Aspartate aminotransferase (U1) | 46.0(280-740) 5703951335 40080723 | 062 |
Seumcreatinine (umoll) | 730(603-858 | 1000 (67.8-1240) | 720595835 | 002 |

| Serum creatinine (umol/L)

11.4 (6.7-16.5)

| Hemoglobin (g/L) | 104.0 (86.0-120.8)
! Platelets (x10%L) | 66.0 (43.0-114.8)
! BUN (mmol/L) | 5.70 (4.25-7.55)
| RDW (%) | 16.0 (14.9-18.2)
| RAR § 5.38 (4.58-6.63)

18.4 (14.4-22.9) 10.6 (6.2-14.9)
93.0 (77.8-110.3) 105.5 (86.0-121.0) 11
72.0 (54.3-171.3) 66.0 (42.5-113.0) 416
8.50 (7.10-14.70) 5.35 (4.10-7.20) <.001
192 (16.1-21.1) 15.9 (14.8-17.9) 004
7.02 (6.15-7.83) § 5.30 (4.50-6.36) § .001

#Data are expressed as number or median (range).

BUN, blood urea nitrogen; INR, international normalized ratio; MELDS, Model for End-Stage Liver Disease score; RAR, red cell distribution width-to-

albumin ratio; RDW, red cell distribution width.

TABLE 2. Factors associated with mortality in HBV-DC patients identified by logistic regression analysis

Univariate Multivariate

P Ee Oddsratio L 95%cl P Oddsratio - 95%Cl L Pvalue
MELDS 1.230 1.121-1.351 <.001 1.215 1.098-1.346 <.001

BN . 1004 | ogssiozt 7 L
Aee . 10% | o09e-1os8 . BT 2 R
CMbumn . 0876 | 0798-0961 | -2
RW . 1282 | 11061485 ot
RAR 185 1a32481 <ot . 1e4 | 142249 06

BUN, blood urea nitrogen; HBV-DC, hepatitis B virus-associated decompensated cirrhosis; MELDS, Model for End-Stage Liver Disease score; RAR, red cell
distribution width-to-albumin ratio; RDW, red cell distribution width.

FIGURE 2. Receiver operating characteristic analyses to

determine the prognostic value of Model for End-Stage
Liver Disease score (MELDS) (AUC = 0.830) and red cell
distribution width-to-albumin ratio (RAR) (AUC = 0.773)

for hepatitis B virus—associated decompensated cirrhosis

patients. AUC, area under the curve.
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been related to the development and progression of various diseases.
In terms of liver disease, abnormal RDW has been demonstrated to be
associated with different disease states in HBV-infected patients. For in-
stance, Lou et al”® found that elevated RDW was linked with worse sur-
vival in HBV-infected patients, whereas Chen and colleagues® showed
that RDW can act as an inexpensive and simple predictive indicator for
hepatic fibrosis in chronic HBV infection. A recent study showed that
RDW is an effective marker for evaluation of severity and outcomes
of patients with HBV-associated diseases.”” Multiple factors lead to
increased RDW in liver disease. First, inflammation is a major con-
tributor to elevated RDW, not only by impairing iron metabolism but
also by altering erythropoietin function or shortening erythrocyte sur-
vival.?® Second, liver cirrhosis renders patients susceptible to anemia,
which can lead to unfavorable outcomes. Recently, Cai et al*” identified
hemoglobin level as a risk factor for clinical adverse outcomes in ad-
vanced liver disease. Our data found that hemoglobin was slightly lower
in the mortality group than in the survival group, suggesting that the
increased RDW may partly arise through an effect of anemia, as newer
and larger reticulocytes may enter into the blood circulation. On the
other hand, serum albumin levels were obviously lower in nonsurvivors
than survivors. Albumin is considered an indicator for malnutrition in-
flammatory syndrome, and hypoalbuminemia is commonly observed in

. . . . . L 130,31
cirrhotic patients and associated with worse survival.””" In our study,
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FIGURE 3. Kaplan-Meier plots of survival probability
according to red cell distribution width-to-albumin ratio
(RAR) value (P < .001).
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RDW and albumin were associated with mortality in the univariate anal-
ysis but not in the multivariate analysis. This may have occurred because
RAR is a compound marker; it might provide more objective and com-
prehensive information about the development and progression of the
disease and thus is more precise than each individual indicator alone.
Furthermore, our data also indicated that HBV-DC patients with a high
RAR had a higher rate of mortality, suggesting that abnormal RAR may
reflect the inflammation, organ dysfunction, and nutritional status and
may be sufficient to indicate the pathophysiological process of liver
diseases, thereby making it a useful prognostic indicator for HBV-DC.

Conclusion

In summary, RAR is closely related to disease severity in HBV-DC and
may serve as an inexpensive and readily available indicator to identify
high-risk HBV-DC patients for mortality. However, the present research
is a single center study and our findings warrant external validation.
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ABSTRACT

Objective: The Friedewald equation is the commonly used method of
low-density lipoprotein cholesterol (LDL-C) calculation, requiring reflex
to direct LDL-C measurement when triglycerides (TG) > 400 mg/dL.
Recently formulated Sampson and extended Martin/Hopkins methods
have been validated with TG up to 800 mg/dL and thus have the po-
tential to replace direct LDL-C measurement. Given the growing prev-
alence of childhood dyslipidemia, the objective of this study was to
compare Sampson and extended Martin/Hopkins methods of LDL-C
calculation with the direct measurement in a pediatric cohort with
400 < TG < 799 mg/dL.

Methods: This study retrieved standard lipid panels and correspond-
ing direct LDL-C measurements of 131 patients with 400 < TG <
799 mg/dL from a pediatric population. Following the application of
Sampson and extended Martin/Hopkins calculations, calculated val-
ues were compared with direct LDL-C measurements using ordinary
least squares linear regression analysis and bias plotting.

Results: Both Sampson and extended Martin/Hopkins LDL-C
calculations exhibited a strong correlation with the direct measurements

(Pearson r = 0.89) in patients with 400 < TG < 800 mg/dL. Average
percentages of bias of 456% and 21% were found between the di-
rect LDL-C measurements and Sampson or extended Martin/Hopkins
calculations, respectively.

Conclusion: Both Sampson and extended Martin/Hopkins calculations
are applicable as clinical alternatives of direct LDL-C measurement in
pediatric patients given 400 < TG < 799 mg/dL.

Low-density lipoprotein cholesterol (LDL-C) is the dominant lipid
component of LDL, one of the 5 major classes of circulating lipopro-
tein particles. Due to the well-established connection between LDL-C
and the pathogenesis of atherosclerosis, accurate measurement of
LDL-C concentration is essential in directing the prevention and man-
agement strategies for treatment of cardiovascular diseases (CVD).!
Currently, there are 2 available methods of LDL-C measurement in
a clinical laboratory setting: calculation and direct measurement
methods.” Traditionally, LDL-C is calculated from standard lipid panel
(total cholesterol [TC], high-density lipoprotein cholesterol [HDL-C],
and triglycerides [TG]) using the Friedewald equation (LDL-C = [TC] - [
HDL-C] - [TG/5]).? The principal source of errors in LDL-C calculation,
TG/5, serves as an estimate of very low-density lipoprotein cholesterol
(VLDL-C) where the ratio of TG to VLDL-C (= 5) remains fixed. In 2013,
Martin et al* at Johns Hopkins University formulated an equation that
replaces the fixed TG denominator of 5 used in the Friedewald equa-
tion with an empirical denominator that varies depending on a TG
and non-HDL-C strata (180 cells). The Martin/Hopkins calculation of
LDL-C was validated against vertical density gradient ultracentrifuga-
tion. According to a recent survey conducted by the American Associa-
tion for Clinical Chemistry-Lipoprotein and Vascular Disease Division
(AACC-LVDD), it is a common practice to report a calculated value of
LDL-C concentration instead of direct measurement to avoid the extra
cost and turnaround time of adding direct LDL-C to the lipid panel.’
However, none of the Friedewald and Martin LDL-C calculations is
valid when TG > 400 mg/dL.® Therefore, the custom is to reflex to di-
rect measurement when TG > 400 mg/dL. Recently, 2 new methods

of LDL-C calculation have been formulated with promising accuracy
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when TG > 400 mg/dL. In 2020, Sampson et al® formulated an equa-
tion (LDL-C = (TC/0.948) - (HDL-C/0.971) - ([TG/8.56] + [TG*non-
HDL-C/2140] - [TG squared/16,100]) - 9.44), which was developed
using multiple least-squares regression for VLDL-C estimation with a
TG term divided by a fixed factor. It was proposed to extend LDL-C cal-
culation to triglyceride levels of 800 mg/dL and validated against the
reference LDL-C beta-quantitation method. More recently, an extended
Martin/Hopkins equation was validated for LDL-C up to 800 mg/dL
using a delimited empirical table. These empirical 2-dimensional tables
consist of 240, 560, or 1040 cells, where each cell represent a certain
median ratio of TG to VLDL-C based on the varying values of TG and
non-HDL-C strata.® Therefore, extended Martin/Hopkins equation uses
an adaptable ratio of TG to VLDL-C instead of a fixed term as used in
the Friedewald or Sampson equations. The AACC-LVDD survey revealed
that only a few reference laboratories in the United States have adopted
alternative LDL-C calculations, whereas the majority of hospital-based
laboratories continue to use the Friedewald calculation and reflex to di-
rect LDL-C measurement in cases when TG > 400 mg/dL.”

Cholesterol and lipid testing is recommended in children that
may identify early onset of genetic lipid disorders and obesity-related
dyslipidemias. Early identification of dyslipidemia is important for
initiating early treatment to reduce the risk of developing CVD. In 2011,
the National Heart, Lung, and Blood Institute published guidelines
recommending universal cholesterol (including LDL-C) screening
in children.” Although validated against the reference method and
Friedewald calculation in adult patients,®® no studies have evaluated the
performance of Sampson and extended Martin/Hopkins calculations
in relation to the direct LDL-C measurement in pediatric patients with
hypertriglyceridemia. Therefore, in this study, we performed a compara-
tive assessment of LDL-C measurement between Sampson or extended
Martin/Hopkins calculations and direct tests in pediatric patients with
400 < TG £ 799 mg/dL.

Materials and Methods

Study Design

In this study, a group of standard lipid panels and corresponding direct
LDL-C results (tested on Atellica, Siemens Healthineers) were randomly
retrieved from a pediatric patient population of Children’s Health Dallas
over a 2-year period with 400 < TG < 799 mg/dL or TG < 400 mg/dL.
Sampson and extended Martin/Hopkins calculations were performed
and compared with direct LDL-C measurements. Ordinary least squares
linear regression was performed to test how different estimations of
LDL-C are correlated when TG concentrations are delimited within
400 and 799 mg/dL. Bias of direct measurements were plotted against
Sampson or extended Martin/Hopkins estimations to test how close
direct measurements were to calculations. A total of 131 pediatric

patients’ data were used in this study.

Statistics

Significance of difference between the groups was determined by
1-way analysis of variance (ANOVA) followed by Tukey’s post hoc test.
Statistical mean of different methods, mean difference with direct
measurements, Pearson r value, slope, y—intercept, and x-intercept were
determined. Statistical significance was chosen at a P value less than .05.

Statistical analyses were performed using GraphPad PRISM version 8.

www.labmedicine.com

Results

Sampson and Extended Martin/Hopkins Calculations
Demonstrated Closer Values of LDL-C Measurements to
Direct Method

When TG < 400 mg/dL, Friedewald, Sampson, and Martin calculations
showed similar cumulative and average values of LDL-C to the direct
method. When 400 < TG < 799 mg/dL, Sampson and extended Martin/
Hopkins calculations showed closer values of cumulative and average
LDL-C measurements to the direct method. Friedewald calculation
showed significantly decreased values of cumulative and average LDL-C
measurements compared with Sampson and extended Martin/Hopkins
LDL-C calculations. Of note, extended Martin/Hopkins calculation
exhibited higher values of cumulative and average LDL-C measurements
than the Sampson calculation. Therefore, extended Martin/Hopkins
calculation exhibited closer values of cumulative and average LDL-C
measurements to the direct method compared with the Sampson calcu-

lation (FIGURE 1 and TABLE 1).

Sampson and Extended Martin/Hopkins Calculations
Strongly Correlated With Direct Measurement

Correlation regression analyses were performed to compare the lines of
best-fit among different measurement methods. When TG < 400 mg/
dL, Friedewald, Sampson, and Martin calculations showed similar cor-
relation with direct measurement (r = 0.96, 0.96, and 0.93, respectively;
slope: 0.84) (FIGURE 2A and TABLE 1). When 400 < TG < 799 mg/
dL, both Sampson and extended Martin/Hopkins LDL-C calculations
exhibited a significant correlation of equal level with the direct measure-
ment (r = 0.89 [0.84 to 0.92 at 95% CIJ; P < .0001). Extended Martin/
Hopkins calculation displayed a better best-fit to direct measurement as
compared with that of Sampson calculation (slope: 0.9439 and 0.9093;
y-intercept: 3.1 and 17.8; x-intercept: 3.3 and 19.6, respectively, for ex-
tended Martin/Hopkins and Sampson methods). It is noteworthy that
Friedewald calculation showed a very different correlation with the
direct method (slope: 1.116; y-intercept: -61.29; x-intercept: 54.93)
(FIGURE 2A and TABLE 1).

Sampson and Extended Martin/Hopkins Calculations
Displayed Reduced Percentages of Bias With Direct
Measurement

When TG < 400 mg/dL, mean values of Friedewald, Sampson, and
Martin LDL-C calculations were similar (98.97, 101.8, and 102.9 mg/
dL, respectively). Percentages of bias displayed by Friedewald,
Sampson, and Martin LDL-C calculations with the direct method
were also very similar (28.54%, 23.91%, and 22.33%, respectively)
(TABLE 1). When 400 < TG < 799 mg/dL, Sampson and extended
Martin/Hopkins LDL-C calculations were closer to direct measurement
(128.3, 81.84, 98.8, and 118 mg/dL for direct, Friedewald, Sampson,
and Martin LDL-C calculations, respectively). Sampson and extended
Martin/Hopkins calculations showed percentages of bias of 45% and
21%, respectively, with direct measurement (FIGURE 2C and 2D,
TABLE 1). Because different Food and Drug Administration—-cleared
direct LDL-C methods previously reported a bias between 13% and
46% when compared with the beta-quantification reference method,
currently observed biases of Sampson and extended Martin/Hopkins
calculations with the direct measurement are presumable.” Percent-

age of bias displayed by extended Martin/Hopkins calculation was
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FIGURE 1. Graphical representation of cumulative (A and C) and average (B and D) low-density lipoprotein cholesterol (LDL-C)
measurements by direct, Friedewald, Sampson, and extended Martin/Hopkins methods when triglycerides (TG) < 400 mg/dL
(A and B) and when 400 < TG < 800 mg/dL (C and D) using column bar or box violin. a, b, and c indicate significant differences
from direct, Friedewald, and Sampson methods, respectively, when P < .05. ns, not significant.
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TABLE 1. Results of one-way ANOVA and linear regression analyses

! TG level (mg/dL) : One-way ANOVA | Mean (mg/dL) | Mean difference (mg/dL) : Percent bias (%) : Pearsonr : Regression slope : x-Intercept ' y-Intercept

| T6< 400 ! Direct vs Friedewald {12115 98.97 | 22.42 28.54 09583 | 0.8407 | 3667 | -3.083
| ! Direct vs Sampson [ 121.1vs101.8 | 19.62 23.91 | 0.9609 0.8384 0.003 -0.003
! Direct vs extended Martin | 121.1vs 102.9 | 18.48 22.33 09277 0.8375 -1.497 1.254
400 <TG <799 | Direct vs Friedewald 128.3vs 81.84 46.44 196.52 0.8870 1.116 54.93 -61.29
P <0001 P <0001
Direct vs Sampson 128.3 vs 98.79 29.48 45 0.8898 0.9093 19.62 -17.84
P <0001 P <0001
! Direct vs extended Martin | 128.3vs 118.0 | 10.29 21 0.8872 0.9439 3.28 -3.10
1 1 1 P <0001 P <.0001

ANOVA, analysis of variance.

significantly less than the percentage of bias displayed by Sampson cal-

culation (P < .0001). This demonstrates a better closeness of agreement

between extended Martin/Hopkins calculation and direct measure-

ment as compared with that between Sampson calculation and direct

142 Laboratory Medicine

measurement. Of note, Friedewald calculation exhibited a percentage
of bias of 196.52% with the direct method, which clearly shows the
inapplicability of Friedewald LDL-C calculation when TG level is more
than 400 mg/dL (TABLE 1).

2024;55:140-144 | https://doi.org/10.1093/labmed/Imad047
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FIGURE 2. Ordinary least squares regression analysis of Friedewald, Sampson, and extended Martin/Hopkins calculations with
direct low-density lipoprotein cholesterol (LDL-C) measurement when 400 < TG < 800 mg/dL (A). Absolute bias plot of direct
LDL-C measurements against Friedewald, Sampson, and extended Martin/Hopkins calculations when 400 < TG < 800 mg/dL

(B-D). TG, triglycerides.
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Discussion

Both genetic and acquired factors and a combination of the 2 contribute
to hypertriglyceridemia. With the growing prevalence of obesity and
metabolic syndrome, hypertriglyceridemia is increasingly identified in
pediatric patients.'”"" In addition to hypertriglyceridemia, elevated
level of LDL-C is also an essential indicator for prevention, treatment,
and monitoring of cardiovascular diseases. Although TG level is a com-
ponent of basic lipid panel, measurement of LDL-C is heavily depend-
ent on calculation or direct methods. Considering cost and turnaround
time, calculation of LDL-C is preferred over direct measurement.
Friedewald remains the mainstay of LDL-C calculation methods while
thevalidity of calculation rests on the assumptions that the subject must
be fasting and TG level must be <400 mg/dL.’ Fasting condition and TG
< 400 mg/dL eliminates the possibility of a higher ratio of TG to cho-
lesterol. When TG > 400 mg/dL, LDL-C calculation is underestimated.

www.labmedicine.com
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Therefore, reflex to direct LDL-C measurement is a common

practice in clinical laboratories at TG > 400 mg/dL. Sampson calculation
of LDL-C is similar to Friedewald calculation in terms of subtracting
VLDL-C and HDL-C from the total concentration of cholesterol. Ad-
ditionally, the Sampson equation includes an intercept and allows the
coefficients to vary for each term, which made this equation a better
fit with the beta-quantification reference method than the Friedewald
equation.’ Extended Martin/Hopkins calculation is a modified version
of Martin/Hopkins calculation. Extended Martin/Hopkins calculation
was validated against vertical density gradient ultracentrifugation
for LDL-C up to 800 mg/dL using an empirically defined table of 240
cells of median ratios of TG to VLDL-C based on the varying number
of TG and non-HDL-C strata.® Our study demonstrated a significant
correlation of Sampson and extended Martin/Hopkins calculations

as compared to direct measurement given 400 < TG < 800 mg/dL,
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whereas the extended Martin/Hopkins method exhibited a better best-
fit than the Sampson method. Therefore, we suggest both Sampson
and extended Martin/Hopkins calculations as alternatives to direct
measurement of LDL-C when 400 < TG < 800 mg/dL with a prefer-
ence for the extended Martin/Hopkins method. Fasting mainly affects
TG and therefore is not mandatory for lipid panel screening tests or
cholesterol-related congenital dyslipidemia assessment. With more
practice of nonfasting lipid testing, more patients’ results fall into the
range of 400 < TG < 799 mg/dL that our comparison is applicable to. In
addition to hypertriglyceridemia, low concentration of LDL-C is also a
restricting factor of using the Friedewald calculation. In patients with
low concentrations of LDL-C, the Friedewald calculation tends to un-
derestimate LDL-C. In one-fifth of the cases of LDL-C concentrations
that are less than 70 mg/dL, the Friedewald calculation underestimates
LDL-C concentrations when compared with the measurements
obtained using ultracentrifugation or beta-quantification. This dis-
cordance is most prevalent when low concentration of LDL-C is con-
comitant with elevated level of TG (2200 rng/dL).M’13 In the future,
it would be important to compare Sampson and extended Martin/
Hopkins calculations with direct measurements in the presence of
both hypertriglyceridemia and low concentration of LDL-C. Regard-
ing reimbursement, it is important to mention that direct LDL-C may
not get reimbursed as a direct order. In the United States, per Centers
for Medicaid and Medicare Services, the lipid panel must use a calcu-
lated LDL-C, and a direct LDL-C cannot be substituted as needed but
requires an approved reflex test, which may not be reimbursed by in-
surance carriers. Given the importance of identifying dyslipidemias
early in life, this pilot study lays the foundation for a future compre-
hensive study to confirm whether the Sampson and extended Martin/
Hopkins calculations are in line with direct measurements of LDL-C in

children with dyslipidemia.

Conclusion

Given the limitation of the Friedewald equation, Sampson and extended
Martin/Hopkins methods have the potential to replace direct measure-
ment of LDL-C when TG > 400 mg/dL. Against the backdrop of a growing
prevalence of pediatric dyslipidemia, no study has reported the appli-
cability of these 2 methods in pediatric patients compared with direct
measurement of LDL-C. This study demonstrates that both Sampson
and extended Martin/Hopkins calculations are applicable as clinical
alternatives of direct LDL-C measurement in pediatric patients with a
superior accuracy given 400 < TG < 799 mg/dL.
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ABSTRACT

Objective: The aim of this study was the development of an accu-
rate and quantitative pyrosequence (PSQ) method for paternal RHD
zygosity detection to help risk management of hemolytic disease of
the fetus and newborn (HDFN).

Methods: Blood samples from 96 individuals were genotyped for
RHD zygosity using pyrosequencing assay. To validate the accuracy
of pyrosequencing results, all the samples were then detected by the
mismatch polymerase chain reaction with sequence-specific primers
(PCR-SSP) method and Sanger DNA sequencing. Serological tests
were performed to assess RhD phenotypes.

Results: Serological results revealed that 36 cases were RhD-positive
and 60 cases were RhD-negative. The concordance rate between
pyrosequencing assay and mismatch PCR-SSP assay was 94.8%
(91/96). There were 5 discordant results between pyrosequencing
and the mismatch PCR-SSP assay. Sanger sequencing confirmed
that the pyrosequencing assay correctly assigned zygosity for the
5 samples.
Conclusion: This DNA pyrosequencing method accurately detect
RHD zygosity and will help risk management of pregnancies that are
at risk of HDFN.

Hemolytic disease of the fetus and newborn (HDFN) develops during
pregnancy when maternal red blood cell antibodies pass through the
placenta to induce red cell destruction in the newborn. An HDFN leads
to alloimmune hemolysis, fetal or neonatal edema, peritoneal effusion,
heart failure, and even death in severe cases.”™ Hemolytic disease of
the fetus and newborn is caused by maternal alloimmunization against
red blood cell antigens during the pregnancy."® It is mainly related to
the incompatibility of antigens and antibodies of blood group systems
including RhD, RhE, Rhe, Kell, and ABO, etc.?"8 Although prophylac-
tic Rh immunoglobulin is an efficient method to prevent the disease,
anti-D during pregnancy has been and remains the major cause of severe
HDEN.”™ Thus, it is of clinical importance to develop an appropriate
method to detect the fetal RHD genotype for diagnosis'” and preven-
tion”"® of immune RhD antibody-mediated HDFN.

To date, although noninvasive maternal plasma RHD genotyping of
RhD-negative (RhD-) women has been a practical method to determine
eligibility of Rh immune globulin for the prevention of alloimmunization
leading to HDFN,'* paternal RHD genotyping is also clinically impor-
tant, as it is used to predict the risk of the fetus being RhD-positive
(RhD+) when maternal anti-D is present.w’lS’17 If the father is heter-
ozygous, it is possible that the fetus will be RhD- and further prenatal
testing will be required to determine fetal status. If the father is RHD+
homozygous, it can be predicted that all fetuses will be RhD+. In this
case, further consideration should be taken to manage the risk of HDEN,
especially in the setting of HDEN history.'®

Previously, phenotype frequency assessment, based on the serologic
testing of RhCcEe antigens, which is relatively inaccurate,” has been com-
monly used for detection of RHD zygosity.'®'? More currently molecular
techniques used to detect RHD genotype include quantitative polymer-

1. i 22
single-sperm analysis,

DNA sequence-based genotyping typing,” and other techniques.””’

ase chain reaction (qPCR),20 microsatellite,’

However, these molecular techniques are considered laborious or tech-
nically demanding. Therefore, a more accurate and easy-to-use quantita-
tive technique is needed.

We developed a quantitative DNA pyrosequencing technique to spe-
cifically detect RHD zygosity. This method is based on the polymorphic
sites of the upstream, downstream, and hybrid Rhesus boxes “identity
region.” We also used the mismatch polymerase chain reaction with
sequence-specific primers (PCR-SSP) assay and Sanger DNA sequencing
to verify the results of this DNA pyrosequencing method. This technique
is expected to be a quick and accurate method to predict HDFN.

© The Author(s) 2023. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, please e-mail:

journals.permissions@oup.com
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Materials and Methods

Study Subjects

In this study, 96 unrelated blood samples provided by healthy donors
from Guangzhou Blood Center (Guangzhou, China), Qinhuangdao Blood
Center (Qinhuangdao, China) and Jinzhou Red Cross Blood Center (Jin-
zhou, China) were previously collected and tested for RHD zygosity types
using different methodologies. Genomic DNA was extracted from periph-
eral blood using DNA isolation kits (Qiagen) following the manufacturer’s
instructions, and concentrations of extracted DNA samples were adjusted
to 50 to 200 ng/uL. This study was approved by the Ethics Committee of

Guangdong Provincial Hospital of Traditional Chinese Medicine.

Assessment of Phenotypes

The RhD phenotypes of all 96 healthy blood donors were assessed
using a test tube method with monoclonal anti-D (Immuncor) or using
a microcolumn gel method (BoXun) according to the manufacturers’
protocols. All negative RhD phenotypes were confirmed with improved
anti-human globulin testing. Samples that tested RhD-negative in the
improved anti-human globulin testing were further subjected to an ab-
sorption and elution test with trichloromethane to determine whether

they were DEL phenotype.”

Pyrosequencing PCR
To design primers to assess RHD zygosity genotypes, RH gene sequences

were retrieved according to Wagner and Flegel’s research.”'" The RH

gene contains the upstream and downstream Rhesus boxes with 98.6%
shared homology. Within the upstream and downstream Rhesus boxes,
there is a segment of 1463 bp called the identity region. RhD-negative
individuals are caused by an RHD gene deletion occurring in a 903-bp
breakpoint region, which is a part of the identity region through unequal
crossing over and formed a hybrid Rhesus box. The pyrosequencing PCR
primers were designed according to a previous study reported by Chiu
et al.”’ Both upstream and hybrid Rhesus boxes contain a cytosine (C)
at the polymorphic site of the 5' end of the identity region, whereas the
downstream Rhesus box has a thymine (T) instead; thus, we designed
our PCR primers to cover this polymorphic site and determined the
zygosity of the RHD gene according to the proportion of nucleotides of
the polymorphic site (FIGURE 1A). For the RHD+/RHD+ homozygous
genotype, both upstream and downstream Rhesus boxes will be either C
or T and the theoretical proportion will be C/T = 50%:50%. For RHD+/
RHD- heterozygous genotype, both upstream and downstream Rhesus
boxes could be detected on 1 chromatid, whereas on the other chroma-
tid, a hybrid Rhesus box will occur. This indicates a C/T polymorphism
but the theoretical proportion will be C:T = 66.70%: 33.30%. For the
RHD-/RHD homozygous genotype, only 1 hybrid Rhesus box could be
found on both chromatids, leading to 100% of C to be detected, and the
theoretical proportion will be C/T = 100%:0%.

All primers (TABLE 1) used in this study were designed using the
pyrosequencing technology (PSQ) assay design software (Biotage)
and were synthesized by Sangon Biotech. The reverse primer was

biotinylated at the 5' end and purified using high-performance liquid

FIGURE 1. lllustration of the RH genetic structure (A) and orientation and sequences of the mismatch PCR-SSP primers (B). A,
There are 2 Rhesus boxes (arrows) at both upstream and downstream of the RHD gene within a segment of 1463-bp identity
region (double arrows). The RhD-negative individual is caused by an RHD gene deletion occurred in a 903-bp breakpoint region
(arrowheads), which is a part of the identity region through unequal crossing over and formed a hybrid Rhesus box (arrows).
Both upstream and hybrid Rhesus boxes contain a cytosine (C) at the 5' end of the identity region, but the downstream Rhesus

box consists of a thymine (T) at this polymorphic site.

RHD positive:
A 5' :1463 bp : 3'
RHD TMEM50A RHCE
Upstream Downstream
Rhesus box Rhesus box
RHD negative:
5' :1463 bp: 3
N } - -
s
. | TMEMS50A RHCE
.
I T
» 903 bp i
Hybrid
Rhesus box

Identity region * “ ©

Breakpoint region [J] |
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chromatography. The PCR amplification for these blood samples was
performed in a total of 50 uL volume containing 25 pL Premix Tag
(Takara), 1 pL of 10 pM each primer, 22 pL H O, and 1 pL genomic
DNA at a concentration between 50 and 200 ng/pL on a GeneAmp PCR
System 9700 thermocycler (Applied Biosystems). The PCR parameters
consisted of an initial denaturation step at 95°C for 5 min and then 40
cycles of 95°C for 15 s, 60°C for 30 s and 72°C for 15 s, followed by a final
elongation step at 72°C for 5 min. The PCR products were separated by

2.5% agarose gel electrophoresis.

DNA Pyrosequencing

To pyrosequence these genomic DNA samples, a pyrosequencing re-
action mixture was mixed containing 20 uL PCR product, 2 pL Seph-
arose high-performance beads (GE Healthcare), 40 pL PyroMark
Binding Buffer (Qiagen), and 18 pL ddeO. The DNA samples were
captured by labeling with biotin at the 5' end nucleotides for Sepha-
rose bead separation during washing steps using the PyroMark Q24
Vacuum Prep Workstation (Qiagen). We put the DNA templates into
a 24-well plate containing 25 pL reagents of the sequencing primer
(0.3 pM) and PyroMark annealing buffer (Qiagen) in each well and
incubated the plates at 80°C for 2 min and cooled them at room tem-

perature to allow DNA optimal annealing for the sequencing primers

binding to biotinylated template strands. Pyrosequencing was then
performed on the PyroMark Q24 System (Qiagen) with PyroMark
Gold Q96 reagents, and PyroMark Q24 software was used for analy-
sis, following manufacture’s recommendations. Dispensation order was
5'-GTCTCTGA-3', designed to quantify the proportion of polymorphic

sites under an AQ mode.

Mismatch PCR-SSP Assay

The mismatch PCR-SSP assay was performed according to the method
of Zhou et al’’ (FIGURE 1B). At the 5' end of the identity region, the
downstream Rhesus box differs by 1 bp in sequence from the upstream
and hybrid Rhesus boxes. At the 3' end of the identity region, there is
a 1-bp insertion in the upstream Rhesus box compared with the down-
stream and hybrid Rhesus boxes. For the upstream and hybrid Rhesus
boxes, 2 mismatch sites were introduced at the second and third base
from the 3' end of the forward primer, whereas for the downstream Rhe-
sus box, 1 mismatch site was introduced at the third base from the 3' end
of the forward primer. Additionally, 2 mismatch sites were introduced
at the second and third base from the 3' end of the reverse primer for
the downstream and hybrid Rhesus boxes, and 1 mismatch site was
introduced at the third base from the 3' end of the reverse primer for the

upstream Rhesus box. Primer information was present in TABLE 1. The

FIGURE 1. (cont) B, The sequences of upstream (U), downstream (D) and hybrid (H) Rhesus boxes at the 5’ and 3’ end of the
identity region are shown in detail. UF and UR amplify the identity region of the upstream Rhesus box. DF and DR amplify
the identity region of the downstream Rhesus box. HF and HR amplify the identity region of the hybrid Rhesus box. Allele
specificity is conferred by the mismatch sites (underlined) at the 3’ end of each primer.

Upstream Rhesus box (U)

Downstream Rhesus box (D)

——— e g ————

Hybrid Rhesus box (H)

(U) TGGCCAACAAAACCATTTTTTCCTGATAC
(D) TGGCCAACAAAACCATTTTTTCCTGATAT
(H) TGGCCAACAAAACCATTTTTTCCTGATAC

Primer sequences:

UF: 5'CAAAACCATTTTTTCCTGAGTC3'

DF: 5'CAAAACCATTTTTTCCTGAGATS3'

HF: 5'CAACCACATTTTTTCCTGAGTC3'

www.labmedicine.com

(U) CACAATAATGAAAGCCATTAATTATAGGG
(D) C-CAATAATGAAAGCCATTAATTATAGGG

(H) C-CAATAATGAAAGCCATTAATTATAGGG

UR: 3 TGCTATTACTTTCGGTAATTAATAS'

DR: 3'GCCTATTACTTTCGGTAATTAAS'

HR: 3'GCCTATTACTTTCGGTAATTAAS'
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TABLE 1. PCR primers for pyrosequence, mismatch PCR-
SSP, and Sanger sequence

: Primer Sequence (5'-3') Assay : Product size (bp) '
| RhBox-F | GTCATGGTTGGGAGTGGC  Pyrosequencing | 125 i
| RhBox-R | Biotin-ACCCCTCCCATCACAGGT | Pyrosequencing |
| Seq AAACCATTTTTTCCTGATA | Pyrosequencing |
UF CAAAACCATTTTTTCCTGAGTC | Mismatch i 1509
PCR-SSP
UR ATAATTAATGGCTTTCATTATCGT | Mismatch
| PCR-SSP
DF CAAAACCATTTTTTCCTGAGAT | Mismatch § 1510
| PCR-SSP 1
DR AATTAATGGCTTTCATTATCCG | Mismatch
| PCR-SSP
HF CAACCACATTTTTTCCTGAGTC | Mismatch i 1510
| PCR-SSP ‘
HR AATTAATGGCTTTCATTATCCG | Mismatch
| PCR-SSP
HGH- TGCCTTCCCAACCATTCCCTTA internal control 434
5580-S ! :
HGH- | CCACTCACGGATTTCTGTTGTGTTTC ! internal control
5967-A ! 1
F GTCATGGTTGGGAGTGGC ! Sanger i 125
 sequencing |
'R ! ACCCCTCCCATCACAGGT ! Sanger
: :  sequencing

PCR-SSPF, polymerase chain reaction with sequence-specific primers.

mismatch PCR-SSP amplification mixture was set at 12.5 pL containing
1 pL genomic DNA (50-200 ng/pL), 1x PCR buffer (50 mM KCl, 10 mM
Tris-HCl at pH 8.0), 2.5 mM MgCl , 200 pM dNTPs, and 0.5 U Taq poly-
merase (Takara). The final concentration of PCR primers was 0.2 pM, and
the internal control primers were 0.02 uM. The PCR amplification was
set for an initial denaturation at 95°C for 5 min and followed by 35 cycles
of 95°C for 1 min, 52°C for 1 min, and 72°C for 1 min, and a final step at
72°C for 10 min. The PCR products were then analyzed by electrophoresis

in 2% agarose gel. The gel results were visually inspected and recorded.

Sanger DNA Sequencing

All DNA fragments amplified in pyrosequncing experiments were
sequenced using Sanger sequencing to verify accuracy. Primers used for
Sanger sequencing are shown in TABLE 1. The Sanger DNA sequence

assay was performed by Sangon Biotech.

Statistical Analysis

The amount of C and T for different RHD zygosity types is expressed as
mean + SD and compared with analysis of variance (ANOVA), followed by
Student t-test for the comparison of any 2 RHD zygosity types. A 2-sided
P < .05 was considered statistically significant. All statistical analyses

were performed with IBM SPSS statistics software (version 21.0).

Results

Serological Phenotype
The RhD phenotyping of 96 donors revealed that 36 cases were of RhD+
phenotypes and 60 cases were of normal RhD- phenotypes.

148 Laboratory Medicine

DNA Pyrosequencing for RHD Zygosity Detection

The RHD zygosity types of the 96 samples detected by pyrosequencing
were: 32 RHD+/RHD+ homozygotes, 36 RHD+/RHD- heterozygotes,
and 28 RHD-/RHD- homozygotes. Among the 36 samples with RhD+
phenotypes, 32 were RHD+/RHD+ homozygotes and 4 were RHD+/
RHD- heterozygotes. Of the 60 samples with RhD- phenotypes,
28 were RHD-/RHD- homozygotes and 32 were RHD+/RHD-
heterozygotes.

According to the peak fluorescence signal released by the chemical
reaction of the pyrosequencing assay, specifically, C/T polymorphisms
and percentage of different bases were clearly detected at the polymor-
phic sites (FIGURE 2). The C content (%) of RHD+/RHD+ homozygotes,
RHD+/RHD- heterozygotes, and RHD-/RHD- homozygotes at the
tested loci was 50.84 + 2.08, 66.78 +1.82, and 97.86 + 1.21, respectively.
The ANOVA showed significant differences in C content among the 3
genotypes (P < .001); the t-test for 2-way comparison showed signifi-
cant differences between different zygosity types (P < .001).The T con-
tent (%) of RHD+/RHD+ homozygote, RHD+/RHD- heterozygote, and
RHD-/RHD- homozygote at the loci to be measured was 49.22 + 2.12,
33.22 + 1.82, and 2.14 + 1.21, respectively. The ANOVA showed signif-
icant differences in T content among the 3 genotypes (P < .001); the
t-test for 2-way comparison also showed significant differences between
different zygosity types (P < .001) (FIGURE 3).

The above results show that the distribution of C and T contents in
different zygotes of the RHD gene detected by pyrosequencing was sta-
tistically different. The differences of C and T contents at single nucle-
otide variant (SNV) loci were consistent with the expectation, so the 3
different kinds of RHD gene zygosity could be distinguished.

Comparison of RHD Gene Zygosity Data Detected by
DNA Pyrosequence With The Mismatch PCR-SSP Assay
RHD zygosity of 96 samples detected by mismatch PCR-SSP were: 32
RHD+/RHD+ homozygotes, 39 RHD+/RHD- heterozygotes, and 25
RHD-/RHD- homozygotes. Electrophoresis results of the mismatch
PCR-SSP assay are shown in FIGURE 4.

The concordance rate of the DNA pyrosequence and the mismatch
PCR-SSP assay was 94.8% (91/96, 95% CI: 88.4%-97.8%), indicating
a high concordant detection of these 2 methods, as shown in TA-
BLE 2. Four cases of RHD-/RHD- homozygous samples detected by
pyrosequencing were identified as RHD+/RHD- heterozygotes by the
mismatch PCR-SSP method, whereas 1 case of an RHD+/RHD- hetero-
zygous sample detected by pyrosequencing was identified as an RHD-/
RHD- homozygote by the mismatch PCR-SSP method.

Comparison of RHD Genotype Data Detected by DNA
Pyrosequence with Sanger DNA Sequencing
Sanger DNA sequencing data revealed 28 (29.17%) cases of RHD-/
RHD- homozygotes, and there were 68 (70.83%) total cases of RHD+/
RHD+ homozygotes and RHD+/RHD- heterozygotes (FIGURE 2).

Sanger sequencing accurately identified 28 cases of RHD-/RHD-
homozygotes, the same results as detected by pyrosequencing assay.
For samples detected as RHD+/RHD+ homozygotes and RHD+/RHD-
heterozygotes by pyrosequencing, the nucleotide sequences obtained
by Sanger sequencing were identical. The above results could prove the
accuracy of pyrosequencing data.

Furthermore, we performed a Basic Local Alignment Search Tool
(BLAST) search and the results showed that all of the Sanger DNA

2024;55:145-152 | https://doi.org/10.1093/labmed/Imad051
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FIGURE 2. Comparison of the representative pyrosequencing (left) and Sanger (right) sequencing data on different RHD
zygosity types. The left panels show the pyrograms of RHD+/RHD+ (top), RHD+/RHD—- (middle), and RHD—-/RHD- (bottom).
Different RHD zygosity types are reflected by the proportion of cytosine and thymine in the highlight areas. The x-axis shows
the dispensation order of nucleotides, the y-axis shows the relative light units of light signal. The right panels show the Sanger
sequencing graphs of the RHD zygosity. The RHD-/RHD- homozygosity (bottom) can be distinguished clearly, as there is no
polymorphism detected at the polymorphic site (arrow), whereas the RHD+/RHD+ homozygous patterns (top) and the RHD+/
RHD- heterozygous patterns (middle) can be confused, as the peak height of cytosine and thymine will change in some cases

and make these graphs difficult to distinguish at the polymorphic site in Sanger sequencing.
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FIGURE 3. Results of percentage of different bases detected by pyrosequencing at the polymorphic sites. Asterisks represent
extreme value within each RHD zygosity type. A, The comparison of the amount of cytosine. B, The comparison of the amount

of thymine.
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sequencing data contained the same target genes with the accession
number AJ252311 for the upstream Rhesus box, AJ252312 for the
downstream Rhesus box, and AJ252313 for the hybrid Rhesus box.
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Rh blood group system incompatibility can cause severe, long-lasting,
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FIGURE 4. Determination of RHD gene zygosity using the mismatch polymerase chain reaction with sequence-specific primers
technique with 2% agarose gel electrophoresis. The lanes 1, 4, and 7 show data on the upstream Rhesus boxes; lanes 2, 5,

and 8 report data on the downstream Rhesus boxes; and lanes 3, 6, and 9 represent data on the hybrid Rhesus boxes. Note:
Specific bands are 1509 bp (upstream Rhesus box) and 1510 bp (downstream and hybrid Rhesus boxes), respectively. The
internal control is 434 bp. For the RHD+/RHD+ homozygous genotype, both upstream and downstream Rhesus boxes were
amplified except the hybrid one. For the RHD+/RHD- homozygous genotype, all 3 kinds of Rhesus boxes could be detected,
but only hybrid box can be detected in RHD-/RHD- homozygous samples. M, molecular weight marker.

RHD+/RHD+

1 2 3 B

Specific band R °_ "2}

Internal control SR

TABLE 2. Zygosity testing results determine by
pyrosequencing method and mismatch PCR-SSP assay

Pyrosequencing

PCR-SSP RHD+/RHD+ : RHD+/RHD- : RHD—/RHD- ima' |
| RHD+/RHD+ | 32 § 0 § 0 P32

CRHDsRHD- | o s 4 39 |
RHD-RHD- | | o T u 25 |
Tt 2 % 28 % |

PCR-SSP, polymerase chain reaction with sequence-specific primers

and complete serological typing includes a systematic determination of
Rh antigens of the D, C, ¢, E, and e series. Among the above antigens of
the Rh blood group system, RhD antigen and antibody incompatibility is
the most important cause of alloimmune hemolysis. Accurate detection
of RHD zygosity (genotype) is a prerequisite for the diagnosis and pre-
vention of RhD antibody-associated HDEN."" In this study, an accurate
pyrosequencing method was developed and validated for the detection
of RHD zygosity, which will help management of pregnancies that are at
arisk of HDEN.

The serological results revealed that, among the 96 donors, 36 cases
were of RhD+ phenotypes and 60 cases of RhD- phenotypes. Because
many Chinese individuals with a serologic RhD- phenotype may carry a
DEL phenotype,”® further absorption and elution tests were conducted
to confirm these 60 cases of RhD-negative donors had a true RhD- phe-
notype.

There were significant differences in the proportion of nucleotides
at the Rhesus box polymorphic site of the RHD gene detected by the
developed pyrosequencing method, indicating that pyrosequencing can
accurately distinguish the 3 haplotypes of the RHD gene. A high con-
cordance in detecting the RHD zygosity was observed when compared
with the mismatch PCR-SSP assay, with the concordance rate of the
DNA pyrosequence and the mismatch PCR-SSP assay as high as 94.8%

150 Laboratory Medicine
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2000 bp
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(91/96). There were 5 samples with inconsistent results. Confirmed
by Sanger sequencing, the DNA pyrosequence could correctly detect
RHD zygosity. However, the mismatch PCR-SSP assay didn’t detect
the RHD zygosity correctly. These results indicate that the accuracy of
pyrosequencing method is greater than that of the mismatch PCR-SSP
method.

Validation by Sanger sequencing showed that pyrosequencing
can accurately detect RHD-/RHD- homozygotes. For samples with
pyrosequencing results of RHD+/RHD+ homozygotes and RHD+/RHD-
heterozygotes, Sanger sequencing showed consistent sequence features
with pyrosequencing. Thus, the results of Sanger sequencing could di-
rectly or indirectly prove that pyrosequencing is accurate for detecting
RHD zygosity.

In this study, all the PCR primers designed for these 3 assays to detect
the RHD zygosity were based on the RHD polymorphic sites of Rhesus
box identity region. According to a previous study,”’ the polymorphic
sites are localized at both the 5' end and 3' end of the Rhesus box iden-
tity region. At the 5' end, it is normally a cytosine at both upstream
and hybrid Rhesus boxes, whereas the downstream Rhesus box can be
a thymine. At the 3' end of the identity region, the upstream Rhesus box
differs, with an insertion of adenine from the downstream and hybrid
Rhesus boxes at this position. The DNA pyrosequencing technique could
quantitatively detected this C/T polymorphism by taking advantage of
the 5'-end polymorphic site to determine RHD zygosity. However, the
mismatch PCR-SSP assay must assess both 5'- and 3'-end polymorphic
sites with sequence-specific primers. Another disadvantage of the mis-
match PCR-SSP assay is that it can be affected by many factors. Taki

et al”’

reported that either the number or the position of mismatched
nucleotides introduced in sequence-specific primers may cause false-
positive signals. Pantelidis et al*’ reported that rare polymorphisms in
the general population may also lead to failed amplification. Lara-Armi
and Visentainer™" reported that the amplification condition can lead
to inefficient or no amplification of specific alleles. In the mismatch

PCR-SSP strategy of our study, both the forward primers designed for
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upstream hybrid Rhesus boxes and the reverse primers designed for
downstream hybrid Rhesus boxes use 2 adjacent mismatch sites. These
mismatch sites increase the difficulty of amplification, which may lead
to incorrect amplification results. In contrast, DNA pyrosequencing
is a stable and automation-friendly technique, which can avoid the
disadvantages of the mismatch PCR-SSP assay.

DNA pyrosequencing is a real-time sequencing-by-synthesis tech-
nique and it has always been recommended for resequencing of dis-
eased genes, difficult secondary DNA structure sequencing, and
genotyping.sz’33 In previous studies, the pyrosequencing technique
has been commonly used to detect the SNVs of genomic DNA samples
through different quantities of polymorphic nucleotides.”” It is
also used to distinguish mutant-type alleles from wild-type alleles
by diversified constituent ratios and to detect gene copy numbers
according to multiples of a reference gene.’*™’ Pyrosequencing has
great advantages with less complexity and shorter turnaround time
(the average analysis time, including blood component separation and
DNA extraction, was less than 2 h), involves fewer steps, and has a
superior limit of detection (~5% vs ~20% for Sanger).gsf42 Moreover,
the PyroMark Q24 platform (Qiagen) used for the detection of RHD
zygosity in this study can test 24 or 96 samples at a time flexibly, which
can make it suitable for the detection of clinical specimens in daily
work.

However, the DNA pyrosequencing method does have some
restrictions. For example, it can only detect known gene polymorphisms
(mutations). The RHD genotyping methods are complicated by the
presence of variant RHD alleles that frequently occur in non-White
populations.'®*™** We did not validate the pyrosequencing method es-
tablished in multiple populations; whether detection performance will
be affected by the presence of variant RHD alleles is still to be stud-
ied. The presence of variant RHD alleles will also affect confirmatory
results of Sanger sequencing. Fortunately, the most prevalent RhD- in
individuals is caused by whole RHD gene deletion, whereas variant D
genes of RhD- phenotypes are rare in White persons. In Chinese peo-
ple, less than 0.4% are serological RhD-,* and of those, almost 70%
individuals have a normal RHD gene."” Consequently, the frequency of
detectable RhD- D variants with grossly intact or partial RHD gene in
Chinese persons is considered to be very low. Because the frequency and
occurrence of RhD- D variants is limited in the epidemiological point of
view, the DNA pyrosequencing technique is still useful and applicable to
detect normal RHD zygosity in practice.

In conclusion, this study established an accurate and quantitative
pyrosequencing method to detect RHD zygosity. This proposed robust,
convenient, and efficient pyrosequencing method has very important
clinical significance for genetic counseling and risk management of

HDEFN related to anti-RhD in pregnancy.
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ABSTRACT

Background: While we strive to live with SARS-CoV-2, defining the
immune response that leads to recovery rather than severe disease
remains highly important. COVID-19 has been associated with inflam-
mation and a profoundly suppressed immune response.

Objective: To study myeloid-derived suppressor cells (MDSCs),
which are potent immunosuppressive cells, in SARS-CoV-2 infec-
tion.

Results: Patients with severe and critical COVID-19 showed higher
frequencies of neutrophilic (PMN)-MDSCs than patients with moderate
illness and control individuals (P = .005). Severe disease in individuals
older and younger than 60 years was associated with distinct PMN-
MDSC frequencies, being predominantly higher in patients of 60 years
of age and younger (P = .004). However, both age groups showed
comparable inflammatory markers. In our analysis for the prediction
of poor outcome during hospitalization, MDSCs were not associated
with increased risk of death. Still, patients older than 60 years of age
(odds ratio [OR] = 5.625; P = .02) with preexisting medical conditions
(OR = 2.818; P = .003) showed more severe disease and worse out-
come. Among the immunological parameters, increased C-reactive
protein (OR = 1.015; P = .04) and lymphopenia (OR = 5.958; P = .04)
strongly identified patients with poor prognosis.

Conclusion: PMN-MDSCs are associated with disease severity in
COVID-19; however, MDSC levels do not predict increased risk of
death during hospitalization.

COVID-19 is a battle between SARS-CoV-2 and immune response.
COVID-19 can have different clinical presentations, ranging from no
symptoms to severe pneumonia and multiorgan failure. This gamut
of manifestations implies a diverse host immune response to SARS-
CoV-2. Defining the nature of the immune response that leads to re-
covery rather than severe disease is essential for treating individual
patients. However, the pathogenesis of the divergent disease courses
and outcomes remains to be fully understood.

A pathologically heightened inflammatory response in patients
infected with SARS-CoV-2 is evidenced by elevated blood levels of
cytokines and chemokines, such as IL-1f3, IL-6, IL-8, TNF-a, IL-18, and
I1.-12/1L-23." High levels of inflammatory cytokines were considered in-
dependent predictors of disease outcome.” It has become evident that
profound immunosuppression and persistent inflammation contribute
to the pathophysiology of SARS-CoV-2 infection.” For example, patients
with critical illness who needed mechanical ventilation showed a de-
crease in expression of type I/III interferons (IFNs) and IFN-stimulated
genes, suggestive of an innate immune failure to control viral replica-
tion.*

Marked HLA class II downregulation in monocytes has also been
detected in severe infection, indicating an impairment of antigen pres-
entation to T cells.” An integral T-cell-mediated immune response is
crucial for clearance of viral infection; however, in individuals infected
with SARS-CoV-2, profound lymphopenia with substantially reduced
numbers of CD4" and CD8" T cells was observed in patients who clin-
ically deteriorate during infection.® Lung-infiltrating CD8" T cells from
patients with severe disease have demonstrated transcriptional char-
acteristics of T-cell exhaustion. Conversely, patients recovering from
COVID-19 showed clonal expansion of effector and memory CD8" T
cells, consistent with an effective adaptive immune response.’

The results of some studies have shown that patients with COVID-19
display immunosuppression mediated by myeloid cell populations and
accumulation of myeloid-derived suppressor cells (MDSCs).*? MDSCs are
heterogeneous myeloid cells, composed of phenotypes, predominantly
neutrophilic (polymorphonuclear MDSC [PMN-MDSC]), monocytic
MDSC [M-MDSC], and early MDSC [E-MDSC] phenotypes).'” A fea-
ture common to all MDSCs is their remarkable ability to suppress T-cell
responses. By suppressing T-cell responses, MDSCs can promote virus
survival, driving a highly proinflammatory state. Efforts are continuing
to elucidate the contribution of MDSCs as pathogenic and prognostic
factors, and possibly as therapeutic targets in COVID-19."" In our study,
we investigated MDSCs in the pathogenesis of COVID-19 and explored
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the relationship between MDSCs and their different phenotypes with
COVID-19 disease severity and prognosis.

Methods

Patients

We enrolled 45 patients with confirmed COVID-19 admitted to Cairo
University Internal Medicine Isolation Hospital from December 2020
through February 2021. SARS-CoV-2 infection was confirmed by RT-
PCR testing. Pregnant patients, patients younger than 18 years, and
patients with cancer or autoimmune disease were excluded. We col-
lected clinical data, laboratory parameters, and outcome data through
medical records. In total, 27 healthy individuals were enrolled as control
individuals. The study protocol was approved by the Research Ethical
Committee of Kasr AlAiny Faculty of Medicine, Cairo University. Writ-
ten informed consent was obtained.

COVID-19 disease severity in patients was determined clini-
cally, based on respiratory symptoms and the need for supplemental
oxygen therapy.'” Moderate illness was defined as evidence of lower
respiratory tract disease during clinical assessment or imaging, and ox-
ygen saturation (SpO,) 294% when breathing room air. Patients were
considered to have severe illness if they had SpO, <94% when breath-
ing room air, respiratory rate of >30 breaths/minute, or lung infiltrates
of >50%. Critical illness was defined as having evidence of respiratory
failure, septic shock, and/or multiple organ dysfunction. The study in-
cluded 25 patients with moderate illness and 20 patients with severe
or critical illness. According to the institutional protocol at that time,
all patients with moderate disease were treated with broad-spectrum
antibiotics and remdesivir at the time of study inclusion. Patients with
severe/critical illness received antibiotics, remdesivir, dexamethasone,

and tocilizumab.

Peripheral-Blood Mononuclear Cell (PBMC) Isolation and
Flow Cytometric Analysis

PBMCs were isolated from EDTA-anticoagulated peripheral blood
by density gradient centrifugation (Biocoll Separating Solution,
Bio&SELL). A multicolor panel of monoclonal antibodies was used for
the study of MDSCs via flow cytometry. The panel comprised HLA-DR
PE (Clone Immu-357), CD11b PE-Cy7 (Clone Bearl), CD33 PE-Cy5
(Clone D3HL60.251), CD14 ECD (Clone RMO52), and CD15 FITC
(Clone 80H5) (all from Beckman Coulter). Monoclonal antibodies were
added to 1 x 10° PBMCs suspended in phosphate-buffered saline (PBS)
and incubated for 30 minutes at 4'C in the dark, then washed with PBS.
The stained cells were acquired using a Beckman Coulter flow cytometer
equipped with CXP Software version 2.2.

For defining and estimating circulating MDSCs in patients with
COVID-19 and controls, PBMCs were gated on CD15°/CD14" cells and
cells expressing CD11b", CD33", and HLA-DR™°" were determined to
be PMN-MDSCs. HLA-DR™'" cells expressing CD33 and CD11b were
identified as M-MDSCs if expressing CD14'/CD15 or E-MDSCs if
expressing CD147/CD15.'""® MDSC populations were calculated and
expressed as percentage of PBMCs.

Statistical Analysis
Using the Statistical Package for the Social Sciences (SPSS), version 20
(IBM) and GraphPad Prism, version 8.0 (GraphPad Software), quantita-
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tive variables were compared using nonparametric Kruskal-Wallis and
Mann-Whitney testing. For comparing categorical data, %’ testing was
performed. Correlations between quantitative variables were deter-
mined using the Spearman correlation coefficient. Univariate logistic
regression was performed to detect independent predictors of poor out-
come and death without adjustment for multiple comparisons. P < .05

was considered statistically significant.

Results

Clinical and Laboratory Parameters of Patients with
COVID-19

The characteristics of patients hospitalized with confirmed SARS-
CoV-2 infection are presented in TABLE 1. Patients with COVID-19
were stratified according to disease severity. In total, 20 patients were
severely or critically ill and required admission to the ICU. This group
was compared with 25 patients with moderate illness and 27 healthy
individuals. The age of patients ranged between 25 and 88 years, with
a median of 59 years. Patients with severe or critical disease were older
than patients with moderate disease (P = .001). Most patients with se-
vere and critical illness (95%) had underlying medical comorbidities,
with a median of 2 preexisting comorbidities, the most common being
hypertension (60%), diabetes (45%), and cardiovascular disease (30%).
Asthma was the most common chronic pulmonary disease (15%), and
hepatitis C virus infection was the cause of hepatic disease in 15% of
patients. In total, 14 of 45 patients (31%) died during hospitalization
from COVID-19 complications, comprising 70% of patients with severe
and critical illness.

C-reactive protein (CRP) levels were higher in patients with se-
vere/critical COVID-19 than in patients with moderate COVID-19
(P = .006). Levels of CRP did not correlate with increasing levels
of IL-6 in patients with COVID-19 (r = 0.106; P = .63). High ferri-
tin concentrations were not statistically different between patients
with moderate or severe/critical COVID-19 (P = .61) (TABLE 1). Al-
though not statistically significant, D-dimer levels were 3-fold higher
in patients with severe/critical COVID-19 than patients with moder-
ate COVID-19 (median, 2.42 mg/L vs 0.82 mg/L; P = .16). D-dimer
levels were elevated in 60% of patients in the severe/critical group;
this elevation was associated with mild thrombocytopenia in 20%
of patients. Higher D-dimer levels and lower platelet counts were
detected in patients with severe/critical disease who were older than
60 years, compared with the patients who were younger than 60 years
(D-dimer: 3.33 [1.42-6.65] mg/L vs 0.40 [0.36-1.70] mg/L, P = .045;
and platelets: 145 [69-168] x 10°/pL vs 193 [187-304] x 10%/uL, P =
.048, respectively).

Collectively, our results indicate that age, preexisting comorbidities,
increased CRP, and peripheral blood lymphopenia are linked to se-
verity of disease in patients with COVID-19 (TABLES 1 and 2).
Lymphopenia, defined as a lymphocyte count of <1000/uL, was found
in 80% of patients with severe and critical COVID-19 and 28% of those
with moderate COVID-19 (P = .003) (TABLE 2). This finding was as-
sociated with an increased neutrophil to lymphocyte ratio in patients
with severe/critical disease, compared with patients with moderate
disease (P = .02). Patients with severe and critical disease also showed
lower hemoglobin levels, compared with patients having moderate dis-
ease (P =.01).
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TABLE 1. Clinical and Laboratory Characteristics of Patients with COVID-19

| Variable Moderate COVID-19 (n = 25) Severe/Critical COVID-19 (n = 20) PValue®

Age, y, median (IQR) 51 (46-60) 67 (56-75) .001
CMalesecNo.%) 78 . 100 2
Comorbidities, No. (%) . 8@ . 1eey <001 |
No.of comorbidities, median (R . o@%) . 203 <001 |
D-dimer, mg/L FEU, median (R 0820.44-168 | 24204432 RCI
CCRP.mgL median (R si5@9578 822(3831445 | 006 |

52 (12-239)

! IL-6, pg/mL, median (IQR)

! ALT, U/L, median (1QR) 30 (13.5-45)
LDH, U/L, median (IQR) 310 (226-410)
Creatinine, mg/dL, median (IQR) 1.05 (0.81-1.48)
Invasive ventilation, No. (%) —
 Death, No. (%) § 0

43 (24-84)

18 (13-28)

444 (288-530) 12

1.1(0.84-1.38) 94
20 (100) —
14 (70) —

ALT, alanine aminotransferase; CRP, C-reactive protein; FEU, fibrinogen equivalent units; IQR, interquartile range; LDH, lactate dehydrogenase.

Bold type indicates statistical significance (P < .05).

TABLE 2. Hematological Parameters in Patients with COVID-19

! Variable

Moderate COVID-19 (n = 25)

Severe/Critical COVID-19 (n = 20) PValue®

| TLC, x10%pL, median (IQR)

Absolute lymphocyte count,/uL, median (IQR) 1120 (680-1489) 510 (330-820)

Monocytes, %, medan () . 638 . s7585 o
| Absolute monocytic count,/uL, median (QR) | 1893526920 35 (218-687 6
Neutrophils, %, median (R . 31900 888392 . o
Absolute neutrophil count oL, median (OR) | 6720 (4772-10558) | | 7953 6150-10316) | 80
Neutrophillymphocyte ratio, median (OR) . 714158 | - 14362257 02
Lymphocyte/monocyte ratio, median (QR) 2101538 140926 06
Hemoglobin, g/dL, median (QR) . 124016133 nes2y o
Platelets, x10%L, median (R 203(200-33) 1810133220 | <001 |

8.5 (6.1-12.5)

8.9 (7.0-11.6)

IQR, interquartile range; TLC, total leukocytic count.
“Bold type indicates statistical significance (P < .05).

Patients with Severe/Critical COVID-19 Present an
Expansion in the Proportion of Circulating PMN-MDSCs
We quantified the relative proportions of MDSC populations as a per-
centage of PBMCs in patients with COVID-19, compared with healthy
controls. Circulating neutrophilic MDSCs (PMN-MDSCs), identified as
CD15'/CD147/CD11b"/CD33" and HLA-DR ", were found to be sig-
nificantly higher in patients with severe and critical illness, compared
with patients with moderate illness patients and controls (P = .005;
FIGURE 1A). The median frequency of PMN-MDSCs in patients with
severe/critical illness was 2.02%; meanwhile, the median frequency was
0.48% and 0.51% in patients with moderate illness and controls, re-
spectively.

The relative proportions of monocytic MDSCs (M-MDSCs), defined
as HLA-DR™" and CD11b"/CD33*/CD14"/CD15", did not differ statis-
tically between patients and controls (P = .22; FIGURE 1B). M-MDSCs
increased significantly with increasing PMN-MDSCs in patients with
severe/critical illness (r = 0.713; P <.001) and in patients with moder-
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ate illness (r = 0.565; P = .003), but not in healthy controls (FIGURE
2A-2C).

Circulating early MDSCs (E-MDSCs), defined as HLA-DR "
and CD11b"/CD33'/CD147/CD15, were decreased in patients with
moderate disease than in controls (median, 0.12% and 0.25%, re-
spectively; P = .004) (FIGURE 1C). The early phenotype (E-MDSCs)
increased with increasing PMN-MDSCs (r = 0.387; P = .046) and
M-MDSCs (r = 0.502; P = .008) in healthy controls; however, this posi-
tive correlation was lost in moderate and severe/critical disease (FIG-

URE 2D-2I).

Relationship between MDSC Levels and Clinical
Characteristics in Patients with COVID-19

To understand whether increased PMN-MDSC proportion in se-
vere/critical disease was affected by patient clinical characteristics,
we analyzed PMN-MDSCs in patients stratified by age and sex. Al-
though sex did not influence PMN-MDSC frequency (P = .36), age
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FIGURE 1. Frequency of circulating myeloid-derived suppressor cell (MDSC) phenotypes in peripheral blood mononuclear
cells (PBMCs) of patients with COVID-19. A, A significant increase in the relative proportions of circulating polymorphonuclear
(PMN)-MDSCs as a percentage of PBMCs was observed in patients with severe/critical illness, compared with patients

with moderate iliness and healthy control individuals. B, The relative proportions of monocytic MDSCs (M-MDSCs) did not
differ between the 3 groups. C, Decreased proportions of early MDSCs (E-MDSCs) was observed in patients with moderate

COVID-19, compared with controls.
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of 60 years and younger was significantly associated with higher
PMN-MDSCs, compared with age older than 60 years (median,
6.03% [3.7%-7.5%] vs 1.1% [0.33%-2.1%]; P = .004; FIGURE 3).
This difference in PMN-MDSC proportion between age groups was
not associated with a difference in inflammatory markers (CRP, P =
.79 and IL-6, P = .54), lymphocyte count (P = .12) or the number of
comorbidities (P = .75).

We further studied the relationship between MDSC populations
and markers of inflammation and injury (IL-6, CRP, D-dimer,
ferritin, procalcitonin, lactate dehydrogenase [LDH], and alanine
aminotransferase [ALT] levels) and lymphocyte count in all cohort
patients with COVID-19. Data from our Spearman correlation matri-
ces are presented in TABLE 3. We note that MDSC proportions were
not significantly associated with the concentrations of inflammatory
markers, such as CRP, IL-6, ferritin, D-dimer levels, and procalcitonin
levels. Also, MDSCs did not correlate with decreasing lymphocyte
counts. We observed a weak association between the frequency of PMN-
MDSCs and increasing LDH (r = 0.373; P = .03) and ALT (r = 0.379; P =
.02) levels.
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Levels of MDSCs Are Not Predictive of Death in Patients
with COVID-19

In our cohort, 14 patients died from COVID-19-related complications,
comprising 70% of patients with severe and critical illness. Univari-
ate logistic regression analysis was applied to assess the possibility of
using the level of circulating MDSCs as a predictive marker of poor
outcome in all patients with COVID-19 (TABLE 4). The frequency of
PMN-MDSCs, M-MDSCs, and E-MDSCs was not predictive of death
in COVID-19 (P = .40, P = .27, and P = .54, respectively). Meanwhile,
lymphopenia was a significant predictor of poor prognosis in patients
with COVID-19 (odds ratio [OR], 5.958 [95% CI, 1.090-32.573]; P =
.04). CRP was also significantly predictive of death (P = .04). The OR
for CRP indicated that for each 1-unit increase in CRP, the odds of
death increased by 0.015. Considering that the risk of fatal outcome
in COVID-19 increases with aging, we further selected age 60 years
as the cutoff dividing older vs younger patients, given its use in stud-
ies evaluating the relationship of aging with mortality in COVID-19."
Age older than 60 years was significantly associated with death (OR,
5.625[95% CI, 1.349-23.449]; P = .02). The risk of death also increased
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FIGURE 2. Correlation between the different phenotypes of myeloid-derived suppressor cells (MDSCs) of patients

with COVID-19. A, D, G, controls; B, E, H, moderate COVID-19; C, F, I, severe COVID-19. A, No relationship between
polymorphonuclear (PMN)-MDSCs and monocytic MDSCs (M-MDSCs) was observed in healthy control individuals (r= 0.141;
P = .48). Still, significant correlation was detected in patients with moderate COVID-19 (r= 0.565; P=.003) (B) and in patients
with severe and critical COVID-19 (r= 0.713; P<.001) (C). D, PMN-MDSCs correlated positively with early MDSCs (E-MDSCs) in
controls (r=0.387; P = .046). However, this correlation was not observed in moderate disease (r=0.215; P = .30) (E) or severe
disease (r=0.263; P = .26) (F).
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FIGURE 2. (cont) Similarly, M-MDSCs showed a positive correlation with E-MDSCs in controls (r = 0.502; P = .008) (G) but not in
moderate disease (r = 0.186; P = .37) (H) or severe disease (r= 0.212; P = .37) (I).

G 4,
§ 1.0 1 .
m 0.8 .
o
o\‘Z 0.6-
S 0.4
n
[a]
2 0.2
w
00
00 05 10 15 20 25
M-MDSCs (% of PBMCs)
I 40
3
S o8- .
m
o
kS
X
@
(&)
[72]
[a]
=
w

00 20 40 60 80 100 120

M-MDSCs (% of PBMCs)

significantly with the number of comorbidities (OR, 2.818 [95% CI,
1.435-5.532]; P =.003; TABLE 4).

Discussion

MDSCs are present at very low levels during steady state in healthy
individuals. We observed high percentages of PMN-MDSCs in patients
diagnosed with COVID-19, in association with disease severity; mean-
while, patients with moderate disease showed frequencies of PMN-
MDSCs comparable with those in healthy controls. This expansion of
PMN-MDSCs may represent a regulatory mechanism, critical for mod-
ulation of a highly inflammatory immune response to SARS-CoV-2 to
maintain immune tolerance, tissue repair, and homeostasis. Paradoxi-
cally, higher PMN-MDSCs can dysregulate antiviral immune responses
and exacerbate COVID-19 disease. In this respect, PMN-MDSCs play
dual effects: they exert beneficial effects by limiting severe inflamma-
tion and excessive organ injury associated with potent antiviral immune
response. However, MDSCs inhibit effective immune responses against
the virus, favoring severe disease and worse outcomes.

Confirming their potent T-cell-suppressive function in vivo, PMN-
MDSCs were shown to inhibit SARS-CoV-2 T-cell response in an
antigen-specific manner ex vivo; also, MDSC depletion restored T-cell
functions.®? The T-cell-suppressive activity of PMN-MDSCs in se-
vere disease is potently induced by reactive oxygen species, through

increased expression of genes of the NADPH oxidase system.'> PMN-
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MDSCs from patients with severe disease showed increased expression
of genes associated with granulocyte degranulation and inflammation,
including metalloproteinases MMP8 and MMP9, alarmins of inflamma-
tion ST00A8 and A9, myeloperoxidase, and arginase-1."°

PMN-MDSCs expressing arginase-1 were found to be infiltrating the
lungs of patients who died from COVID-19 complications. Arginase-1
is an enzyme that restricts the availability of L-arginine, an amino acid
which is essential for T-cell proliferation.’” We note that in our study,
the expansion of peripheral blood PMN-MDSCs in patients with severe
COVID-19 was not isolated because it was associated with decreased
lymphocytes, indicating a decrease of adaptive T cells in controlling
SARS-CoV-2 infection. PMN-MDSCs, however, did not directly correlate
with decreasing lymphocyte numbers, suggesting that there are other
pathogenic mechanisms of lymphopenia in SARS-CoV-2 infection. This
finding could be due to migration of T lymphocytes from the peripheral
blood into infected organs, mainly the lungs, attracted by chemokines
released by infected cells at the site of disease.'® It was also shown that
SARS-CoV-2 directly infects and replicates in lymphocytes, leading to
apoptosis of T lymphocytes.'

PMN-MDSCs and M-MDSCs comprised 0.51% and 0.25%, respec-
tively, of peripheral blood mononuclear cells in healthy individuals.
MDSCs were present in low levels in healthy individuals due to the rapid
differentiation of those cells into mature granulocytes and monocytes.”’
Patients with severe/critical COVID-19 infection showed a shift towards

an immature PMN-MDSC profile, together with a relative increase in
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FIGURE 3. Frequency of myeloid-derived suppressor cells (MDSCs) in patients with severe and critical COVID-19, stratified by
age. A, Age of 60 years and younger was significantly associated with higher polymorphonuclear (PMN)-MDSCs than patients
older than 60 years (P = .004). Monocytic MDSCs (M-MDSCs) (P = .08) (B) and early MDSCs (E-MDSCs) (P = .93) (C) did not

show a statistically significant difference according to age.
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TABLE 3. Correlation Between MDSCs and Markers of Inflammation and Injury in Patients with COVID-19°

MDSCs IL-6 CRP D-dimer Ferritin Procalcitonin LDH : ALT :Lymphocyte Count
© PMN-MDSCs, 7 (P value) -0.123 (57) 0.086 (.63) ~0.053 (.74) 0.046 (.81) —0.245 (42) 0.373(03) | 0.379 (.02) ~0.173 (.30)

M-MDSCs,r (Pvalue) | ~0297(0.16) | 0.133(45 | -0057(072) | -0201(30) = -0050(87) . 0255(15 | 0207(20) . 0078(64) |
CEMDSCs,r (Pvalie) | 0073(73) | 0008(97) | 0030(85) | 0024(%) | -0132(67) | 0009(96) | 0138(40) |  0001(99)

ALT, alanine aminotransferase; CRP, C-reactive protein; E-MDSCs, early MDSCs; FEU, fibrinogen equivalent units; LDH, lactate dehydrogenase; MDSCs,
myeloid-derived suppressor cells; M-MDSCs, monocytic MDSCs; PMN-MDSCs, polymorphonuclear MDSCs.

Bold type indicates statistical significance (P < .05)

mature neutrophils in the peripheral blood. This profile is promoted
by emergency myelopoiesis, which is identified as a hallmark of severe
COVID-19.”" Severe inflammation can induce emergency myelopoiesis,
particularly granulopoiesis and monopoiesis, with a suppressive func-
tion.”” It seems that massive exposure of myeloid progenitors to SARS-
CoV-2 prompts the activation of immunosuppressive programming in
myeloid cells, leading to the rapid development of MDSCs.

Also, we detected high levels of CRP, which was shown to promote
the expansion of MDSCs.”® CRP is an acute phase reactant in the IL-6
pathway. There is a critical requirement for IL-6 and STAT3 signaling

in expansion of MDSCs in infection.”® When we plotted levels of this

www.labmedicine.com

inflammatory cytokine, which we found to be upregulated, against
percentages of different MDSCs, we did not observe a significant
correlation. Other factors that induce MDSC expansion in COVID-19
remain partly defined but include a variety of factors, such as hypoxia,
granulocyte and granulocyte-macrophage colony-stimulating factor,
TNF-0, vascular endothelial growth factor, IL-1f3, damage-associated
molecular patterns, proinflammatory molecules such as alarmins
S100A8/9, checkpoint regulators such as PD-1/PD-L1, and pathogen-
associated molecular patterns.”

Clinically, lymphopenia, increased neutrophil/lymphocyte ratio, and

high levels of CRP distinguished severe from moderate disease. Our

Gz0z Atenuged /| uo1senb Aq 8/8G02./€S /Z/SS/PI0IME/PAWIGE]/W0S"dNO"oIWSpEdE//:SARY WOy POpeojumod

159



TABLE 4. Prediction of Poor Outcome and Death by Different Parameters in Patients with COVID-19

! Variable

Age >60y

| E-MDSCs

Univariate OR (95% Cl) © PValue®
5.625 (1.349-23.449) L2

0.420 (0.026-6.693) L 54

CRP, C-reactive protein; E-MDSCs, early MDSCs; M-MDSCs, monocytic MDSCs; MDSCs, myeloid-derived suppressor cells; OR, odds ratio; PBMCs,

peripheral blood mononuclear cells; PMN-MDSCs, polymorphonuclear MDSCs.

Bold type indicates statistical significance (P < .05).

findings indicate that PMN-MDSC expansion during COVID-19 infec-
tion is also a biomarker of disease severity. We found that PMN-MDSCs
correlated with increasing ALT and LDH levels, signifying the associa-
tion with disease severity and effects on multiple organ systems.

Elevated circulating LDH is a marker of pyroptotic cell death, a highly
inflammatory form of cell death induced mainly by inflammasome-
mediated IL-1f and IL-18 production.” The extent of inflammasome
activation was shown to correlate with COVID-19 disease severity.”®
This pathway also activates the coagulation cascade; thrombotic events
are common in patients with severe disease.”’ In addition to signifi-
cant pulmonary complications, 60% of patients with severe and criti-
cal COVID-19 illness manifested with increased D-dimer levels and
unchanged or modestly decreased platelet count. The D-dimer eleva-
tion signifies hyperfibrinolysis and increased inflammatory burden in-
duced in SARS-COV-2 infection. Also, PMN-MDSCs can directly activate
platelets by decreasing L-arginine, providing a different role of PMN-
MDSCs in severe COVID-19 than previously assumed.*®

It is evident that the outcome of infection with SARS-CoV-2 var-
ies broadly. In our cohort, 14 patients died from COVID-19-related
complications, comprising 70% of patients with severe and critical ill-
ness. In our analysis to estimate risk factors associated with death,
the expansion of PMN-MDSCs was not associated with increased
risk of mortality, although it is a distinctive characteristic of severe
COVID-19. Contrary to study findings suggesting a prognostic poten-
tial of MDSCs for fatal outcomes in COVID-19,° a study showed ex-
pansion of PMN-MDSCs that was delayed and transient in survivors
of severe disease, but such expansion was not observed in those who
had died.”

Although we did not investigate serial monitoring of MDSCs in
assessment of patients with COVID-19, it is possible that during se-
vere COVID-19, the early expansion of PMN-MDSCs may suppress
T-lymphocyte response to the virus. In contrast, the expansion of PMN-
MDSCs occurring at a later time in infection may promote homeostasis
and tolerance. MDSCs in the lungs, the site of infection, can also influ-
ence the prognosis. We could not assess MDSCs in the lungs; thus, we
focused on circulating MDSCs, on the basis that MDSCs are produced
in the bone marrow, first migrating to the peripheral blood and then
reaching the lungs. Despite the increasing understanding of COVID-19

immunopathogenesis, the complex multiorgan, comorbidity, and age-
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dependent nature of the disease and evolving nature of the virus may
direct the different COVID-19 disease courses.

The clinical course of our patient cohort is similar to those in earlier
reports, in which elderly patients with preexisting medical conditions
experienced more-severe disease and higher mortality.”” Age was a
strong independent risk factor for death in COVID-19. The devastat-
ing clinical outcome in older age raises the implication of age-related
changes of the immune system in determining COVID-19 severity
and mortality. An important feature of the aging immune system is
inflammaging, a systemic and chronic inflammatory state.” Increased
inflammation with age is indicative of reduced immune regulatory func-
tion. Severe COVID-19 disease in individuals aged older and younger
than 60 years was associated with distinct PMN-MDSC frequencies,
being predominantly higher in 60 years and younger adults. Mean-
while, both age groups had comparable inflammatory markers, includ-
ing acute phase reactants, contributing to the clinical outcome. This
finding corroborates MDSCs as regulators of the immune response in
COVID-19.

These observations suggest that progression to severe disease and
death in COVID-19 may proceed by different immunologic mechanisms
in younger vs older patients and thus present the possibility of age-based
immunomodulating treatments. It remains to be assessed whether
PMN-MDSCs could be superior to clinical markers for monitoring treat-

ment response in COVID-19.

Conclusion

In the present study finding, there was a significant association be-
tween PMN-MDSC levels and disease severity. Given the role of MDSCs
in COVID-19, a consequent question is whether there is a means to
therapeutically balance increased inflammation and immunosuppres-

sion to improve outcomes in hospitalized patients with COVID-19.
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ABSTRACT

Objective: To investigate the association of immune response with
vaccination adverse effects at peak anti-receptor-binding domain
spike subunit 1 (anti-RBDS1) IgG after full vaccination with Comirnaty,
Spikevax, or Vaxzevria.

Methods: Anti-RBDS1 IgG concentrations after vaccination were de-
termined in healthy adults vaccinated with the Comirnaty, Spikevax,
and Vaxzevria vaccines. The association of reactogenicity and peak
antibody response after vaccination was tested.

Results: Anti-RBDS1 IgG values were significantly higher in the
Comirnaty and Spikevax group, compared with the Vaxzevria group
(P < .001). Fever and muscle pain were found to be significant in-
dependent predictors of peak anti-RBDS1 IgG in the Comirnaty and
Spikevax groups (P = .03 and P = .02, respectively). The multivariate
model, adjusted for covariates, showed that no association between
reactogenicity and peak antibody concentrations was found in the

Comirnaty, Spikevax, and Vaxzevria groups.

Conclusions: No association between reactogenicity and peak
anti-RBDS1 IgG after vaccination with the Comirnaty, Spikevax, and
Vaxzevria vaccine was found.

Global efforts to develop immunity at the population level, after the
World Health Organization (WHO) declared COVID-19 a pandemic in
March 2020, resulted in an unprecedentedly rapid development of safe
and effective COVID-19 vaccines. Vaccines against SARS-CoV-2 have
proved to be a valuable tool in the prevention and mitigation of SARS-
CoV-2 infection.'™

The new generation of mRNA vaccines encoding the SARS-CoV-2
spike (S) protein with lipid nanoparticle delivery systems, and the
DNA vaccine encapsulated in nonreplicating adenoviral vectors
encoding SARS-CoV-2 S protein, induce the production of high levels
of S antigen in the host cells. These signals activate S protein-specific
memory T and B cells that circulate along with high levels of anti-
SARS-CoV-2 antibodies, to provide protection against SARS-CoV-2
infection.™”

The antibody response after viral infection or vaccination in labo-
ratory practice is measured by serological assays. The clinical value of
SARS-CoV-2 serological testing is in the identification of viral expo-
sure and previous infection. However, with the advent of mass immu-
nization programs, antibody testing has been used as a valuable tool
for establishing and monitoring vaccine immunogenicity, in terms of
antibody development, peak concentration, and the decline of these
variables over time.®’

Vaccine reactogenicity refers to reactions that occur soon after vac-
cination; it represents a physical manifestation of the inflammatory
response to vaccination.” Reactogenicity symptoms develop early after
vaccine administration and are generally mild, localized, and without
serious medical consequences. Understanding these factors is impor-
tant for the individual receiving the vaccine, as well as for the health
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care professionals recommending and administering the vaccine. This is
particularly applicable to new vaccines (ie, COVID-19 vaccines) because
compliance to vaccination strategies and higher vaccine acceptance are
associated with the type and number of adverse effects experienced af-
ter vaccination.®

Reactogenicity symptoms associated with SARS-CoV-2 vaccines
include varying degrees of adverse effects that might occur in
individuals after COVID-19 vaccination. Reportedly, these symptoms
comprise mostly mild to moderate local or systemic side effects (eg,
pain and redness at the injection site, fever, headache, fatigue, my-
algia, chills, nausea, and diarrhea) that disappear 3 to 5 days after
inoculation.”’ Serious adverse effects with unexpected outcomes are
very rare.'*"

Global vaccination against SARS-CoV-2 has revealed heteroge-
neity in reported individual immune responses and adverse effects.’
In an effort to broaden the understanding of immunogenicity and
reactogenicity of different SARS-CoV-2 vaccines in individuals with
no previous COVID-19 infection, we aimed to quantify the immune
response at peak antibody concentrations after full vaccination with
the Comirnaty (BNT162b2; Pfizer-BioNTech), Spikevax (mRNA-1273;
Moderna), or Vaxzevria (AZD1222; Oxford-AstraZeneca) vaccine and to
document vaccination adverse effects and frequency. Our primary aim
was to investigate the possible association of vaccination adverse effects
and peak antibody response after vaccination with all 3 of the aforemen-
tioned COVID-19 vaccines.

Methods

Study Design

This cross-sectional investigation was part of a large prospective, ob-
servational, longitudinal study carried out in a cohort of volunteers,
fully vaccinated (prime-boost vaccination) with the Comirnaty,
Spikevax, and Vaxzevria COVID-19 vaccines. Participants were
recruited from January 2021 through February 2022 in our tertiary
care hospital.

The original study cohort included apparently healthy adult
volunteers (218 years old) who were employed in our hospital or
recruited from the general population (FIGURE 1). The participants
were invited via oral communication or by email invitation. The only in-
clusion criteria was full vaccination, per vaccination protocol, with 1 of

the 3 most frequently administered COVID-19 vaccines in the European

FIGURE 1. Flowchart of participant enroliment.

Healthy adult volunteers (>18 years old) vaccinated
either with the Comirnaty, Spikevax, or Vaxzevria
COVID-19 vaccine (n = 234)

Excluded (n = 117)
e COVID-19 infection prior
or during the study period
(ie, 35 days post vaccination)
¢ Antibody measurement up to
35 days from the second dose
not available
¢ Incomplete questionnaire

Study cohort (n = 117)

www.labmedicine.com

Union (EU): Comirnaty, Spikevax, or Vaxzevria. No exclusion criteria
were applied for the original cohort.

All participants were asked to complete a standardized written
questionnaire, including questions on baseline demographics and
SARS-CoV-2 epidemiologic history, and COVID-19 vaccination details,
including postvaccination adverse effects (reactogenicity). The reported
adverse effects were selected from those already reported and were as-
sociated with the second vaccine dose. All participants from the origi-
nal cohort were invited to attend quantitative monitoring of antibody
concentrations on a monthly basis after full vaccination for 1 year (or
until inoculation with a booster vaccine dose).

The investigation was conducted in accordance with the Code of
Ethics of the World Medical Association (Declaration of Helsinki) for
experiments involving humans and was approved by the hospital Ethics
Committee. All participants agreed to participate by signing written in-

formed consent documentation.

Subjects

A total of 234 participants met the inclusion criteria for the original
cohort. For the purpose of this investigation, we initially excluded
from final analysis all participants with a history of COVID-19 infec-
tion before and up to 35 days after vaccination (as confirmed with
a positive result via SARS-CoV-2 reverse transcription polymerase
chain reaction testing). To detect the peak antibody concentration af-
ter full vaccination, the final analysis included only participants with
antibody concentrations measured up to 35 days from the second in-
oculation dose, which comprised 1 measurement per participant (ie,
a single measurement taken no later than 35 days after the second
vaccine dose per participant). Further, participants with incomplete
questionnaires were also excluded from further analysis, leaving a to-
tal of 117 participants in the final study group (70 in the Comirnaty
group, 14 in the Spikevax group, and 33 in the Vaxzevria group;
FIGURE 1).

Quantitative Determination of Anti-RBDS1 IgG Antibodies
A venous blood specimen was taken from each participant in the fi-
nal study group within the first 35 days after the second vaccine dose.
Participants were not required to be fasting. Blood was collected into
tubes containing serum clot activator without gel separator (Vacuette
4 mL, Greiner Bio-One International). Tubes were mixed according to
manufacturer recommendations and left in an upright position for 10
minutes. Specimens were then centrifuged for 7 minutes on the 2800g
setting. After centrifugation, concentrations of anti-receptor-binding
domain spike subunit 1 (anti-RBDS1) IgG antibodies were measured
using the chemiluminescent microparticle immunoassay (CMIA) on
the ARCHITECT i2000SR analyzer (Abbott) with proprietary reagents
(SARS-CoV-2 IgG II, Abbott Laboratories). The manufacturer assay cut-
off for positivity is set to 250 AU/mL. The analytical performance of the
SARS-CoV-2 IgG II assay was previously evaluated; these results con-
firmed high sensitivity and specificity (98% and 100%, respectively, >14
days after positive molecular testing).'”'® Further, our test performance
was verified using the external quality assessment (EQA) scheme of the
Reference Institute for Bioanalytics (RfB). All of the EQA specimens met
the criteria of the organizers and were correctly classified.

Finally, based on our professional experience and available data from
the literature, we defined a peak antibody response as the concentration
of anti-RBDS1 IgG antibodies >10,000 AU/mL when measured up to 35
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days from the second vaccine dose. This value is 200-fold higher than the

cutoff for seropositivity defined by the manufacturer."*'®

Statistical Analysis

The primary end point of this investigation was the peak concen-
tration of anti-RBDS1 IgG antibodies; the secondary end point was
vaccine reactogenicity. Normality distribution was tested using the
D’Agostino-Pearson test. Continuous variables were presented as me-
dian (interquartile range [IQR]) and as number (percentage) in the case
of categorical variables. Age in years was presented as median (range).
Differences between multiple groups were measured using the Kruskal-
Wallis test paired with the Dunn post hoc test; categorical variables
were measured using the X2 test. The association of vaccination adverse
effects and peak antibody response after vaccination was tested using
univariate and multivariate logistic regression analysis. The dataset was
developed in a Microsoft Excel spreadsheet, version 2013 (Microsoft).
Statistical analysis was performed using MedCalc software (version
20.008; MedCalc Software). The level of statistical significance was set
at P < .05.

Results
The median age of our cohort was 40 years (range, 22-70 years). Most of
the participants enrolled were female (93/117 [79.5%]). The second vac-
cine dose was administered after a median (IQR) of 27 (22-29) days, 28 (28-
42) days, and 56 (55-83) days from the first dose for Comirnaty, Spikevax,
and Vaxzevria, respectively. The demographic characteristics of the study
group are presented in TABLE 1. No statistically significant differences
were found comparing sex, age, body mass index (BMI), and autoimmune
disease among the Comirnaty, Spikevax, and Vaxzevria groups.

TABLE 2 presents peak anti-RBDS1 IgG antibody concentrations

and the time elapsed from the second vaccination dose. Anti-

TABLE 1. Demographic Characteristics of Study Participants

RBDS1 IgG antibody concentrations were significantly higher in the
Comirnaty and Spikevax group, compared with those found in the
Vaxzevria group. Further, the percentage of participants with anti-
body concentrations >10,000 AU/mL was the highest in the Spikevax
group of vaccine recipients. In the Vaxzevria group, none of the
participants showed antibody concentrations >10,000 AU/mL (the
median concentration measured in this group was 1223 AU/mL).
Finally, other than heterogeneous anti-RBDS1 IgG concentrations
found in comparing each vaccine group, we observed a heterogeneous
response within each group, as demonstrated by the wide IQR of an-
tibody concentrations.

The self-reported vaccine adverse effects associated with the sec-
ond dose are presented in TABLE 3. Of the 117 participants, 104
(88.9%) reported at least 1 adverse effect after full vaccination. The 13
participants reporting no adverse effects after vaccination were only
from the Comirnaty group of vaccine recipients. Statistically significant
differences in reported frequencies of adverse effects were observed
for redness/swelling at the injection site, fever, headache, and muscle
pain. When comparing reported adverse effects according to individual
vaccine subgroup, redness/swelling at the injection site and headache
were the most common in recipients of the Spikevax vaccine; fever and
muscle pain were mostly reported after vaccination with Vaxzevria. No
statistically significant differences in the reported frequency of pain at
the injection site, fatigue, and nausea/vomiting after second vaccination
with Comirnaty, Spikevax, and Vaxzevria were observed. Serious local or
systemic adverse effects were rare: 2 participants reported loss of con-
sciousness and facial weakness after second-dose vaccination (with the
Comirnaty vaccine and the Vaxzevria vaccine, respectively). No allergic/
anaphylactic reactions were reported after full vaccination with either
of those vaccines.

The association of adverse effects after second vaccination with the
Comirnaty and Spikevax vaccines and peak antibody concentrations

: Characteristic

. All Vaccines (n = 117) : Comirnaty (Pfizer-BioNTech) (n = 70) : Spikevax (Moderna) (n = 14) : Vaxzevria (AstraZeneca) (n = 33) : PValue® :

Age, y, median (range) 40 (22-70) 42 (22-65) 46 (31-65) 26 (24-70) .10
sex female,No.) | By 8829 13929 . 2667 | 07 |
CBMI kg/m?, median (OR) | 2522y | 5227 w42y 2312 | 09 |
Autoimmune disease, No. ) | 9(77) | st o 100 a7
BMI, body mass index; IQR, interquartile range.

%P < .05 is considered statistically significant.

TABLE 2. Peak Antibody Concentrations per Vaccine Administered®

Variable Al(lnv=ac1c1i;;es §00mirna2{l (:f7i20§r(-1B)ioNTech)§ Spik?:a=X1(‘I1V;o(g;erna) Vaxzev(rlia=(§:s3;r(a32)eneca) PValue" %Post Hoc
Time from the second dose, d, mean (IQR) | 19 (11-35) 21 (11-35) 21 (14-35) 15 (12-35) <.001 M2)1/(3)
Peak antibody concentration, (AU/ 110,969 (2669-21,406) 16,489 (9568-27,652) | 18737 (10,869-34,246) = 1223 (675-1676) <001 | (@AY
: mL), mean (IQR) ! !

Participants with antibody concentrations | 63(539) ! soi4 1329 o . <ot —
: >10,000 AU/mL, No. (%)

 Participants with antibody concentrations - e T 21636 | = =

i >1000 AU/mL, No. (%)°

IQR, interquartile range.

“Differences between multiple groups were tested using the Kruskal-Wallis test paired with the Dunn post hoc test. Proportions were tested using )(2 testing.

bp < .05 is considered statistically significant.
Calculated only for the Vaxzevria group.
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TABLE 3. Self-Reported Adverse Effects After the Administration of the Second Vaccine Dose®

::Cgﬁidmct All Vaccines (n = 117) °°"‘i’“a‘y(fr2’7"53i°"T°°") Spikevax (Moderna) (n = 14) Vaxzevria (AstraZeneca) (n = 33) Va:: o
Pain at the injection site 89 (76.1) 53 (75.7) 13 (92.9) 23 (69.7) .23
;7hréariérsisr/rsi\;\}élrlirr]é’7art”thiéiiﬁrjé;”§ """""" %(22 . 13¢8e) . 76000 6(181) | 03 |
 tion site ‘

Fagee sT@en . 3wsn 5@ 20606 | 22 |
CFever . s2@44 . 1agsn 11788 30909

' Headache 30 (25.6) Bey 76000 842
Nauseahomitng . 10@e . s T 5(52 | 21
Musclepan . 49@19 . 18@n 6429 250758 | <001 |
CLossof consciousness . 1090 108 o o
Facial weakness 1009 o o 160 . 28
' Alergic reaction/anaphylaxis o o o o s

#Data are given as No. (%).
bp < .05 is considered statistically significant.

TABLE 4. Prediction of Peak Antibody Concentrations >10,000 AU/mL Using Vaccination Adverse Effects for Comirnaty and

Spikevax®

Univariate Logistic Regression Results

Multivariate Logistic Regression Results”

Adverse Effect
! OR (95% ClI)

PValue®

Pain at the injection site 0.53 (0.14-2.06)

Redness/swelling at the injection site 1.45 (0.42-4.94)

! Fatigue 1.39 (0.50-3.81)

 Headache 2.59 (0.68-9.85)

Nauseawomitng . o
Musclepan 510(1.00-23.93)
lossofconsciousness . o

OR (95% Cl) * PValue®

@Comirnity is manufactured by Pfizer-BioNTech; Spikevax is manufactured by Moderna.
bAdjusted for age, sex, body mass index, presence of autoimmune disease, and time from second dose.

°P <. 05 is considered statistically significant.

are presented in TABLE 4. All of the participants were included (those
who did and did not experience adverse effects), comprising a group
of 84 participants eligible for this analysis. The association of adverse
effects and peak antibody concentrations in the Vaxzevria group (n =
33) was analyzed separately because of the obtained lower antibody
concentrations in comparison with the Comirnaty and Spikevax vaccine
groups (TABLE 5).

In the Comirnaty and Spikevax groups, the results of univariate logistic
regression analysis showed that fever and muscle pain were significantly
associated with peak antibody concentrations as long as 1 month after vac-
cination. These values in both groups have been shown to be significant
independent predictors of peak antibodies >10,000 AU/mL during the
observed time period (OR [95% CI] for fever, 4.42 [0.94-20.83], P = .03; for
muscle pain, 5.10 [1.09-23.93], P = .02). When fever and muscle pain were
combined into a multivariate model adjusted for covariates (ie, age and
sex, BMI, presence of autoimmune disease, and time from second dose),
none of the independent predictors remained statistically significant (P =
.15 and P = .23 for fever and muscle pain, respectively). Since the univar-
iate logistic regression analysis for the Vaxzevria vaccine showed no asso-
ciation with peak antibody concentrations >1000 AU/mL in the observed
time period, the multivariate analysis was not performed (TABLE 5).

www.labmedicine.com

Discussion
The anti-RBDS1 IgG peak antibody concentrations in our study were
higher in individuals vaccinated with mRNA vaccines (Comirnaty and
Spikevax). Despite the difficulties we experienced in directly comparing
immunological results obtained from studies with different designs and
methodologies used (ie, serological assays used for quantification of an-
tibody response), we state that our results confirm previous findings
on more-robust antibody responses to S antigens found in recipients of
mRNA vaccines.”* ™
Dakovi¢ Rode et al” performed a prospective longitudinal study
(January 2021-September 2021) in a Croatian cohort of health care
workers with similar demographic characteristics to those of our co-
hort (82% female participants, with a mean [range] age of 42 [19-67]
years), and measured the dynamics of anti-RBDS1 IgG antibodies up to
6 months after full vaccination with the Comirnaty vaccine, using the
same methods utilized in our study. One month after full vaccination, in
a cohort without a history of COVID-19, the researchers measured me-
dian (IQR) anti-RBDS1 IgG concentrations of 9927 (5461-17,414) AU/
mL. These results are lower than our results (in the Comirnaty group),
which once more outlines the variability of early humoral response

(found even in vaccine recipients inoculated with the same vaccine).
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TABLE 5. Prediction of Peak Antibody Concentrations >1,000
AU/mL Using Vaccination Adverse Effects for Vaxzevria®

: Univariate Logistic Regression Results

Adverse Effect ; : :

; : OR (95% Cl) ' PValue®
' Pain at the injection site § 0.67 (0.14-3.27) L6l
Redness/swelling at the injectionsite |~ 0.21(003-1.39 | 09 |
Fagee U 116027493 | 84 |
CFever U 400032-4660) | 26 |
Headache | 025005120 | 07 |
Nauseahoming | 250(025-2631) | 39 |
 Muscepan L qo7021554 | 94 |
' Facial weakness T o D5

aVaxzevria is manufactured by AstraZeneca.
bP < .05 is considered statistically significant.

Various determinants influencing the immune response after vaccina-
tion are still poorly understood.'*!

Immunogenicity data (apart from those obtained in clinical trials) or
comparative investigations of multiple vaccines, including the Vaxzevria
vaccine, are scarce.””” We found that anti-RBDS1 IgG peak antibody
concentrations in the Vaxzevria group of vaccine recipients were sub-
stantially lower, compared with those values in recipients of Comirnaty
and Spikevax, which is in line with previous results.”’

The research group van Gils et al’* presented a head-to-head com-
parison of binding (and neutralizing) activity after vaccination with
BNT162b2 (ie, Comirnaty), mRNA-1273 (ie, Spikevax), AZD1222 (ie,
Vaxzevria), or Ad26.COV2.S (ie, Janssen). Similar to our results, these
researchers reported that mRNA vaccines were superior to the ade-
novirus vector-based vaccines at inducing binding (and neutralizing)
antibodies at the time of their expected peak of immunity.

Several factors could explain the marked differences found in peak
anti-RBDS1 IgG concentrations. First, Vaxzevria encodes for wild-type
S glycoprotein; Comirnaty and Spikevax, however, encode a proline-
modified S protein stabilized in its prefusion configuration, which
improves immunogenicity.”>”* Further, apart from the differences found
in the vaccine immunogen, other differences pertaining to adjuvants
found in the vaccine formulation and differences in dosing intervals
might also play a role in triggering a different humoral response after
vaccination.! This information should be taken into account when de-
signing vaccination strategies.

After administration of COVID-19 vaccines, similarly to all other
vaccines, unwanted reactions are expected to occur.’ Our investigation re-
vealed that 89% of the participants reported at least 1 adverse effect after
full vaccination. The most frequent local adverse effect after full vaccina-
tion, irrespective of the COVID-19 vaccine administered, was pain at the
injection site; fatigue and fever were the most frequent systemic adverse
effects reported. In general, our results are comparable to frequencies
reported in clinical trials of COVID-19 vaccines.”®*® After analyzing ad-
verse effect profiles corresponding to individual vaccines, the most fre-
quent adverse effects reported after vaccination with Comirnaty were
pain at the injection site, fatigue, and muscle pain; with Spikevax, pain at
the injection site, fever, and headache; and with Vaxzevria, fever, muscle
pain, and pain at the injection site (adverse effects listed by frequency).

Further, the individual vaccine reactogenicity profiles found in our

investigation were somewhat similar to previously obtained results;

166 Laboratory Medicine

however, we found that participants in the Spikevax and Vaxzevria
groups reported fever more frequently than in previous ]reports.w’31
Conversely, the Comirnaty group reported fever less frequently than
previously described.*' >

Vaccination is associated with a common belief, namely, that adverse
effects after vaccination are desirable because they indicate that the vac-
cine is working—ie, it is inducing immune response to generate protec-
tion from a specific disease. In this context, limited data are available
to support the association of reactogenicity of COVID-19 vaccines with
their immunogenicity.”**

We investigated the association of adverse effects reported after
vaccination with the Comirnaty, Spikevax, and Vaxzevria vaccines, and
their corresponding peak anti-RBDS1 IgG antibody response. We found
that fever and muscle pain were independent predictors of peak anti-
body responses >10,000 AU/mL up to 1 month after vaccination with
the Comirnaty and Spikevax vaccines. After adjusting the multivariate
model for covariates (age, sex, BMI, presence of autoimmune disease,
and time from second dose), no adverse effects were found to be predic-
tive for high peak antibody concentrations.

Similarly to our study, Coggins et al’* investigated the association
of adverse effects caused by vaccination with Comirnaty and the mag-
nitude of vaccine-induced antibody concentrations in a cohort of health
care workers. Their results showed no correlation between vaccine-
related adverse effects and the magnitude of vaccine-induced antibody
concentrations, which is in agreement with our findings. Further, our
results showed no association of reported adverse effects and peak an-
tibody response >1000 AU/mL up to 1 month after vaccination with
Vaxzevria. To our knowledge, this lack of association has not yet been
reported in the literature.

Our investigation has certain limitations. We did not assess
neutralizing antibody activity or cellular immunity, both of which re-
flect protective immunity after vaccination. Instead, we used a quantita-
tive anti-RBDS1 IgG assay to assess the immunogenicity of the vaccines
we investigated. Although these quantitative measurements could be
regarded as surrogate indicators of neutralizing activity, the cutoff an-
tibody concentration required for protection after vaccination is still
unknown. This factor prevented us from making any inferences on pro-
tection after vaccination.

Another limitation of our investigation is that the majority of our co-
hort consisted of female participants aged 22-70 years (although the age
distribution between vaccine groups was homogeneous). Because previous
investigations emphasized the role of sex and age in antibody response af-
ter infection and vaccination, this factor could have impacted our results.
Indeed, women and girls have been shown to display higher antibody re-
sponse, whereas older individuals (>60 years) display decreased antibody
titers and reactogenicity due to immunosenescense.” "

Although we adjusted for sex and age, the wider transferability of our
results is limited. Further, the limited number of participants and the
difference in size of the groups inoculated with the vaccines investigated
should be addressed. The difference in number of participants per
group reflected the real-world scenario (ie, the vaccine recipients were
inoculated with the vaccine available at the time of vaccination). The
limited numbers of vaccine recipients included in the Spikevax and
Vaxzevria groups limits the reliability and generalization of our results,
which should be confirmed in sufficiently powered future investigations.
The adverse effects after vaccination were self-reported and thus subjec-

tive (ie, susceptible to a range of factors, including perception of pain
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and mood). Finally, the influence of new SARS-CoV-2 variants that
emerged during the period of our investigation, with possible impact on
vaccine-induced immunity, has not been investigated.

In conclusion, our results contribute to the knowledge concern-
ing reactogenicity and immunogenicity of COVID-19 vaccines. Pre-
vious studies mainly focused on 1 or 2 vaccines; herein, we present
results from a real-world, direct comparison of data from recipients
of 3 COVID-19 vaccines. Immunogenicity, measured by the peak con-
centration of anti-RBDS1 IgG antibodies, was found to be superior for
mRNA COVID-19 vaccines, in comparison with Vaxzevria. Whether
the observed difference in peak antibody concentrations translates
into different duration of immune responses after vaccination remains
to be elucidated.

Further, our results confirmed that frequency of reported adverse
effects from Comirnaty, Spikevax, and Vaxzevria were comparable to
those described in clinical trials; also, reactogenicity profiles were similar
to those reported from real-world investigations. These data strengthen
the confidence in the moderate reactogenicity of COVID-19 vaccines and
support public health vaccination policies.

Although fever and muscle pain were independently associated
with peak antibody concentrations 1 month after vaccination with
the Comirnaty and Spikevax vaccines, when adjusted for covariates,
the model showed no association between vaccination adverse effects
and peak anti-RBDS1 IgG antibody response after vaccination with the
Comirnaty, Spikevax, and Vaxzevria vaccines. Thus, irrespective of the
vaccine adverse effects experienced, all 3 COVID-19 vaccines should pro-

vide a robust immune response.
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Data are available from the authors on reasonable request.
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ABSTRACT

Objective: Acute bronchiolitis (AB) is one of the most common res-
piratory diseases in early childhood and is still an important health
problem worldwide. The systemic immune-inflammatory index (Sll) is
thought to have potential to be a new-generation inflammatory bio-
marker. We sought to investigate the value of SlI for severity assess-
ment in children with AB.

Methods: A total of 74 AB patients were included in a prospective
observational study. Patients were classified into 3 AB groups accord-
ing to this classification: mild (1-5 points), moderate (6-10 points), and
severe (11-12 points). Complete blood count, C-reactive protein, and
procalcitonin tests were carried out. Modified Tal score was evaluated
to determine severity. The performance of parameters to predict the
severity of AB was assessed using the receiver operating character-
istic (ROC).

Results: Whereas neutrophil count (P = .037), neutrophil-to-
lymphocyte ratio (P = .030), and SlI (P = .030) values increased sig-
nificantly with disease severity, red cell distribution width (P = .048)
values were higher in the moderate AB group. The Sl was found to
have the highest area under the curve in the comparison of the mild-

moderate groups combination and the high group on ROC analysis
(P =.009).

Conclusion: The Sl values of pediatric patients hospitalized with the
diagnosis of AB were significantly higher in the high-severity group.
The Sl may offer additional severity stratification in children with AB.

Acute bronchiolitis (AB) is an acute lower respiratory tract disease
characterized by tachypnea, intercostal retraction, and wheezing.
Acute bronchiolitis is predominantly seen in children under 2 years
and is mostly caused by viral agents." As a matter of fact, 50% of AB
cases are caused by the respiratory syncytial virus alone.”” Bronchioli-
tis is characterized by diffuse inflammation and edema of the airways,
increased mucus secretion, necrosis of epithelial cells, and ciliary dys-
function. The binding of the virus to the epithelial cells of the lower res-
piratory tract causes epithelial necrosis and ciliary dysfunction. As the
destruction of cells triggers the inflammatory response through the pro-
liferation of polymorphonuclear cells and lymphocytes, mucus secretion
increases, and edema develops in the lower airways.”*’

The number of neutrophils in the blood increases during the inflam-
matory processes, whereas lymphocyte count decreases due to increased
apoptosis. Although the platelets are involved in homeostasis and co-
agulation, the proliferation of megakaryocytic series and platelet count
also increases during chronic inflammatory processes.’

There are many publications in the literature on the role of various
biomarkers in inflammatory conditions observed during childhood.
One of these biomarkers, C-reactive protein (CRP), is a frequently
used marker to indicate acute and chronic inflammation. Neutrophil-
to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR) are
cost-effective parameters studied in the context of many systemic in-
flammatory conditions. There are also many studies on the relationship
of red cell distribution width (RDW) with chronic inflammation. The
systemic immune-inflammatory index (SII), a new-generation inflam-
matory biomarker, has been created by including all these parameters
under a single parameter. Accordingly, SII is calculated by divid-
ing the product of the neutrophil count and the platelet count by the
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lymphocyte count.”” Compared with PLR and NLR, which have been
associated with many disease activities in recent studies, SII stands out
as a much more promising marker in showing inflammation and im-
mune response. High SII values were reportedly associated with the se-
verity of disease and poor prognosis in the context of many diseases
and malignancies.'”"® However, most of the studies on the efficacy of
SIT have been conducted with adult patient populations, and only a few
have addressed pediatric patient populations. A thorough review of the
literature revealed only 1 study that addressed the relationship between
SII values and malignancy in a pediatric patient population.'* Apart
from this study, other studies available in the literature on the efficacy
of SII in pediatric patients featured children with obesity, myocarditis,
and appendicitis.>’

It is very difficult to determine the severity of AB based on the
results of laboratory tests or pulmonary function tests only. Therefore,
various scoring systems have been developed to assess the severity of
AB, including Tal,'® modified Tal,* Lowell,”° Wang,21 and Liu? scoring
systems. The use of many different scoring systems causes difficulties in
the comparative interpretation of clinical results. Moreover, the com-
plexity of some clinical scoring systems makes it difficult to apply and
repeat the respective measurements and include them in routine clin-
ical evaluations. Hence, a single valid scoring system that can be used
worldwide is needed. For this purpose, McCallum et al* reviewed the
scoring systems designed to determine the severity of AB in children
and suggested that modified Tal score (MTS) as the most convenient and
straightforward system for clinical use.

This study was carried out to investigate the relationship between SII

values and disease severity in pediatric patients with AB.

Material and Methods

Research Setting and Study Population

The population of this single-center prospective study consisted of pediat-
ric patients aged 1 to 24 months who were hospitalized with the diagnosis
of AB in Bursa Faculty of Medicine, City Training and Research Hospital
Pediatric Emergency Service, a tertiary hospital in Turkey, between Janu-
ary and June 2022. Ethical approval was obtained from the university eth-
ics committee (2019-KAEK-140 2022/01-18). Written informed consent
was obtained from the parents of the participants involved.

The children included in the study were diagnosed with AB based
on the definition that AB is an acute infection of the lower airway
characterized by increased respiratory effort (tachypnea [more than 50
respirations per minute] or use of accessory respiratory muscles) and
expiratory wheezing or crackles. Patients with immunodeficiency and
other infectious or chronic disease predisposing to severe bronchioli-
tis (asthma, recurrent [more than 2] wheezing episodes, cystic fibro-
sis, bronchopulmonary dysplasia, congenital heart disease, etc) were
excluded from the study.

The patients were clinically evaluated after they were admitted to the
emergency department and followed up during their hospital stay until
they were discharged. Blood samples were taken from each patient after
admission to the emergency room.

The MTS" was used to assess the clinical severity of AB. The MTS
consists of 4 specific components: respiratory rate, accessory muscle
use, wheezing or crackles, and room air arterial O2 saturation (SpOz)

. s - 18
measurement, which replaces “cyanosis” in the original Tal * score. Each

170 Laboratory Medicine

component is scored between 0 and 3 points; hence, the total score from
MTS will be between 0 and 12 points. Respiratory rate was counted over
60 seconds. Accessory muscle use was defined as non, mild, moderate,
or severe and scored 0, 1, 2, or 3. The degree of wheezing or crackles was
defined as expiration only, during inspiration and expiration, or heard
without stethoscope, and scored between 0 to 3. According to the level
of oxygen saturation in room air, the patient was scored 0, 1, 2, or 3
for O2 saturation 295%, 92% to 94%, 90% to 91%, and <89%. If SpO2
was <89%, oxygen was immediately provided to the patient and 3 points
given for the SpO, component. The higher the MTS score, the more se-
vere the bronchiolitis. The patients included in this study were divided
into 3 groups based on their MTS scores. Patients with <5 points, 6 to
10 points, and >11 points were placed in the mild, moderate, and severe

AB groups, respectively.

Data Collection

Patients’ age, gender, and birth week information, as well as their
preadmission complaints and the duration of these complaints, were
recorded. In addition, patients’ signs and symptoms related to AB, vi-
tal signs, type of radiological findings, and other physical examination
findings were recorded at admission. Furthermore, oxygen support,
mechanical ventilation, intensive care unit (ICU) needs,and treatment

outcomes were recorded.

Laboratory Measurements

Blood samples were obtained from all AB patients at admission. Com-
plete blood count, CRP, and procalcitonin tests were performed using
the blood samples at the biochemistry laboratory of the hospital where
this study was conducted. The NLR was calculated by dividing the abso-
lute neutrophil count by the absolute lymphocyte count. The PLR was
calculated by multiplying the platelet count by the absolute lymphocyte
count. Finally, SII was calculated based on the following formula: SII =

platelet count x neutrophil count/lymphocyte count.”’

Statistical Analysis

The descriptive statistics obtained from the collected data were
expressed as numbers (n) and percentage (%) values in the case of cate-
gorical variables and as mean + SD or median and minimum-maximum
values, whichever were appropriate, in the case of continuous variables.
Pearson’s y” test or Fisher’s exact test were used to compare qualitative
variables. Multiple group comparisons were made using the Kruskal-
Wallis test. Tamhane post hoc analysis was applied when necessary.

The prognostic power of biomarkers in predicting AB severity was
evaluated using the receiver operating curve (ROC) analysis. To this
end, 95% CI of the area under the curve (AUC) values were calculated.
Sensitivity, specificity, and positive and negative predictive values of
biomarkers were calculated for each cut-off value. Statistical analyses
were performed using the SPSS 22.0 (Statistical Product and Service
Solutions for Windows, Version 22.0, IBM) software package. A P £.05

was deemed to indicate statistical significance.

Results
Characteristics of the Study Group

The median age of the 74 pediatric patients hospitalized with the

diagnosis of AB was 8 (minimum: 1, maximum: 24) months. There
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were 49 males and 25 females in the study group. The male-female
ratio was 1.96. Whereas 79.7% of the patients presented to the hos-
pital with a complaint of cough, 36.4% presented with shortness of
breath, and 31.0% presented with respiratory distress. The most com-
mon clinical finding was rales or rhonchi, which was detected in 71.6%
of the patients, whereas the most common radiological finding in
posteroanterior chest radiographs was peribronchial infiltrates, which
was detected in 41.8% of the patients. Detailed baseline clinical and ra-
diological characteristics and treatment data of the patients are shown

in TABLE 1.

Severity of Acute Bronchiolitis
The MTS was used to determine the severity of AB. Median MTS was
2 (minimum: 0, maximum: 12) points. Accordingly, 57 (77.0%), 10
(13.5%), and 7 (9.5%) patients were classified into the mild, moderate,
and severe AB groups, respectively.

There were no significant differences between the groups in terms
of age or sex (P = .12 and P = .17, respectively). On the other hand, the
groups significantly differed in neutrophil count, NLR, RDW, and SII val-

TABLE 1. Patient characteristics®

i . Acute
: - ‘bronchiolitis :
Characteristic patients |
! (n=174)
Demographics

Inhaled bronchodilators

?Data are given as No. (%) except where indicated.

www.labmedicine.com

ues. The distribution of the median values of laboratory measurements
by the MTS groups is shown in TABLE 2.

The ROC analysis revealed that SII had the highest AUC in
differentiating the severe AB group from the mild and moderate AB
groups compared with other biomarkers (FIGURE 1). The optimal cut-
off value of SII was 408.01 (sensitivity: 85.7%, specificity: 40.3%) (TA-
BLE 3).

Clinical Outcomes

The median length of hospital stay was 4 (minimum: 2, maximum: 34)
days. The median duration of providing oxygen support was 3 (mini-
mum: 1, maximum: 15) days. Nine (12.2%) patients were required to be
transferred to the ICU. Of these patients, 4 (44.4%) required high-flow
oxygen therapy and 2 (22.2%) needed nasal continuous positive airway
pressure therapy. No complications were observed in any of the patients.
Median length of stay in the ICU was 5 (minimum: 3, maximum: 15)

days.

Discussion

The findings of this prospective single-center study indicated that
the SII values of pediatric patients hospitalized with the diagnosis of
AB were significantly higher in the severe AB group. Recently, SII has
been associated with poor clinical outcomes, especially in adults with
malignancies.' The correlation of SII values with poor clinical outcomes
in adults with coronary artery diseases, Behcet’s disease, and obesity
with concomitant chronic inflammation has also been investigated in
different studies.”*”® In the last 5 years, a number of studies have been
carried out on the relationships between SII values in adult patients, but
few have been carried out in pediatric patients. To the best of our knowl-
edge, there is only 1 study that addressed the relationship between SII
values in pediatric cancer patients. That study was conducted by Ertan et
al'* with 97 children with malignancy and 97 healthy children. There was
no significant difference between cancer patients and healthy children
in SII values. However, further analysis of malignancy patients revealed
that the SII values of children with solid tumors were significantly higher
than children with tumors originating from the central nervous system.
In a study conducted with 35 healthy children, 20 children with over-
weight, 47 children with obesity, and 92 children with morbid obesity,
it was reported that SII values increased gradually from 381 to 538."°
In another study conducted with 106 pediatric patients diagnosed with
myocarditis, Yaradilmus et al'® reported a significant increase in SII val-
ues from 351 to 1927 in fulminant myocarditis patients compared with
nonfulminant patients and significantly higher SII values in patients
with myocarditis due to multisystem inflammatory syndrome in child-
ren than in patients with myocarditis caused by active COVID infection
or other viral agents. Kart et al'’ reported a significant increase in SII
values in children diagnosed with acute appendicitis than in healthy
control subjects (2597 vs 353).

Using SII enables assessing the 3 hemostatic system markers in-
volved in the inflammation process together. High platelet and neutro-
phil counts may imply inflammation, whereas low lymphocyte counts
may imply an uncontrolled inflammatory pathway. The groups stratified
according to the severity of AB significantly differed in neutrophil count,
NLR, RDW, and SII values. Accordingly, although neutrophil count, NLR,

and SII values increased significantly with disease severity, RDW values
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TABLE 2. Levels of biomarkers according to severity groups®

Biomarkers sn(::iggz)up M(il:d:’g;l;p MOd(T_I ra=te;g)roup Sev(t:‘ re=g7r)oup Pvalue® Pvalue® Pvalue® %Pvalue"
WBC count (x1 09) 12.03 (4.60-32.59) 11.52 (5.90-32.59) 12.48 (4.66-24.08) 15.91 (4.60-30.26) .245

' Neutrophil count (x10% | - 440(019-269) | 372(019-2696) | 652(080-1335) | 880(230-1950) | 037 | 740 | 011 | 138 |
Lymphocyte count (x10% | 4.91(0.55-24.20) 508 (160-1585) | - 479(066-11.14) | 271(055-24200 | 168 . |
MR 083(0.04-1648 | 069004800 | | 083(0.28-1648 | 3240681169 | 030 | 157 | .008 & 450 |
PR 87.21(669-536.36) | 84.66(13.56-200.67) | 77.53(31.15-257.58) | 16653 (6.60-536.36) | 204 | . | |
* Platelet count (x10%mm®) | 380.00 (48.00-816.00) | 379.50 (144.00-842.00) | 36150 (48.00-514.00) | 34650 (162.00-40800) | .195 . . | |
wevey 930(830-1230) | 945(830-1130) | 955(850-1230) | 920010-11.00 | 808 . . . |
CROW®%) | 1380(1220-21.30) | 1310(1220-18.80) | 1570 (1230-2130) | - 1420(1280-1960) | .048 = .023 = 986 | 093 |
CCRPmL) 4300109560 | 375(0.10-9560) | 390(060-27.70) | 15.40(060-3450) | 289 | . . |
Procalcitonin (ugl) | 010(0.03-1264) | 010(0.03172 |  012(0.06500 | 010(0.05-1264) | 62 | . |
SI 33616 (2047-5504.27) | 295.03 (20.47-4304.00) | 312.60 (88.11-2802.42) | 1175.64 (136.83-5594.27) . .030 | 766 . <.001 | .002 |

CRP, C-reactive protein; MPV, mean platelet volume; NLR, neutrophil lymphocyte ratio; PLR, platelet lymphocyte ratio; RDW, red cell distribution width;

Sll, systemic immune-inflammatory index; WBC, white blood cell.

“Data are expressed as median and minimum-maximum values. Bold values indicate statistical significance (P < .05).

bKruskal-Wallis test.

CSignificance between Mild and Moderate group.
9Significance between Mild and Severe group.
Significance between Moderate and Severe group.

FIGURE 1. Receiver operating characteristic curves for
neutrophil count, neutrophil-to-lymphocyte ratio (NLR),
red cell distribution width (RDW), and systemic immune-
inflammatory index (Sll) to differentiate high-severity
pediatric acute bronchiolitis from mild and moderate
severity, classified by modified Tall score.
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were higher in the moderate AB group. The results of the ROC analysis,
which was designed to show the relationship of biomarkers with disease
severity, indicated that SII had the highest AUC in predicting patients
with high disease severity.

In a meta-analysis, Yang et al'® suggested 560 as the optimal cut-off
value for SII in predicting overall survival in 22 adult malignancy pa-

tient populations. Yaradilms et al'® suggested 1378 (sensitivity: 68.8%,
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specificity: 94.4%) as the optimal cut-off value for SII in predicting ful-
minant myocarditis in pediatric patients. Kart et al'’ suggested 651.47
(sensitivity: 95%, specificity: 98%) as the optimal cut-off value for SII
in predicting acute appendicitis in pediatric patients as a result of ROC
analysis. In comparison, in this study, the optimal SII cut-off value for
differentiating patients with severe AB from those with mild and mod-
erate AB was determined to be 408.01 (sensitivity: 85.7%, specificity:
40.3%).

Study Limitations

The single-center design of this study constituted its primary limitation.
Second, given the strict exclusion criteria, the sample size was relatively
small. Third, biomarker levels were measured only at admission. Serial
measurements of biomarker levels might have given a better correlation
with the clinical course of the disease. Fourth, a conclusion about the
usefulness of biomarkers in predicting the etiology of AB could not be
drawn because the etiology could not be identified in a significant pro-
portion of the study population. Finally, the fact that only inpatients
were included in this study might have resulted in more exacerbated
results than expected if outpatients had been included in the study sam-

ple.

Conclusion

The findings of this study indicate that the SII values of pediatric
patients hospitalized with the diagnosis of AB were significantly higher
in the severe AB group than in the moderate and mild AB groups. The
fact that SII can be assessed immediately within the scope of routine
hemogram tests may enable clinicians to predict adverse outcomes
earlier in severe AB cases. To the best of our knowledge, this is the first
study to assess the efficacy of SII in predicting AB severity in pediatric
patients. Nevertheless, further large-scale studies, which should also
include outpatients, are needed to corroborate the findings of this

study.
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TABLE 3. Receiver operator curve evaluating parameters in predicting severe acute bronchiolitis patients

| Parameters Cut-off value Sensitivity (%) Specificity (%) AUC (95 % CI) ' Pvalue
Neutrophil count (x10°) 5.72 85.7 29.9 0.789 (0.614-0.964) : i
R 106 &7 03 0800 (0.649-0950) | .009
RW® . e 002 55 0408(0227-0638) | 678
I R w801 &7 03 0830 (0607-0.999) | .009 |

AUC, area under the curve; NLR, neutrophil lymphocyte ratio; RDW, red cell distribution width; Sll, systemic immune-inflammatory index.
Bold values indicate statistical significance (P < .05).
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ABSTRACT

Objective: To evaluate the performance of nitrate reductase assay
(NRA), a rapid, colorimetric method for the determination of methicillin
resistance in Staphylococcus aureus isolates obtained from the cul-
ture collection of the Akdeniz University Hospital Central Laboratory,
Antalya, Turkiye.

Materials and Methods:
at the species level was performed via matrix-assisted laser desorp-
tion/ionization-time of flight. Isolates were tested with NRA for meth-
icillin resistance. The cefoxitin broth microdilution (BMD) method
recommended by the Clinical and Laboratory Standards Institute was
used as the reference method in the study. S aureus ATCC 29213 and
S aureus ATCC 43300 strains were used for quality control.

Identification for all 290 S aureus isolates

Results: According to Food and Drug Administration criteria, the cat-
egory agreement between NRA and BMD was found to be 100%. The
essential agreement between both methods was determined to be
96.20%. There is no minor, major, or extremely major discrepancy be-
tween both methods.

Conclusion: The results show that NRA is a rapid, practical, and reli-
able colorimetric method for detecting MRSA.

Staphylococcus aureus is a commensal microorganism found in the skin,
oral cavity, gastrointestinal tract, upper respiratory tract, and lower
urogenital tract in humans." It is an opportunistic pathogen that can
cause infection because of its ability to adapt to different hosts and en-
vironmental conditions. This pathogen, which can be community- and
hospital-acquired, is concerning for clinicians because it can develop
methicillin resistance. Moreover, methicillin-resistant S aureus (MRSA)
is more difficult to treat than methicillin-susceptible S aureus (MSSA)
strains.”™

In the early 1940s, the antibiotic penicillin worked therapeutically
for staphylococcal infections. With the emergence of penicillin-resistant
S aureus strains in the hospital and community, new drug candidates
were investigated.” In 1959, a semisynthetic beta-lactam antibiotic
called methicillin replaced penicillin. However, after a short time,
staphylococci developed methicillin resistance. Later, when it was re-
ported that these strains were also resistant to cefoxitin, oxacillin, and
other beta-lactam antibiotics, the strains with this resistance profile
were named MRSA."%7

The most important property of MRSA is that it exhibits a hetero-
geneous pattern with different levels of resistance under routine grow-
ing conditions. This heterogeneous profile is present in most clinical
isolates.® Heterogeneous strains consist of 2 bacterial populations: one
is relatively susceptible and the other is highly resistant. Therefore, only
a few of them (one in 10%-10%) express the phenotype.” Heterogeneous
resistance to methicillin in S qureus isolates arises due to variations in
the expression of the mecA gene or alteration of constitutive penicillin-
binding protein (PBPs).'° However, factors such as incubation tempera-
ture and salt concentration, as well as other genes, affect the expression
of mecA, resulting in heterogeneous resistance.' Heterogeneous expres-
sion of methicillin resistance may complicate the precise determination
of the resistance phenotype. Therefore, detection of mecA by molecular
methods such as polymerase chain reaction (PCR) remains the criterion

standard.'?

© The Author(s) 2023. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, please e-mail:
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Methicillin resistance in staphylococci is caused by a penicillin-
binding protein 2a (PBP2a), encoded by mecA (mecA is part of the
staphylococcal cassette chromosome [SCCmec] and is a mobile genetic
element), which is responsible for methicillin resistance.®™® Today,
MRSA can be detected by amplification- and probe-based methods that
detect specific gene regions.

PBP2a antibody agglutination tests are another testing method used
in MRSA detection. MRSA treatment worldwide has improved signifi-
cantly due to molecular diagnosis. Because molecular methods provide
faster results, the treatment can start more quickly.'***'> However,
these methods are not always easily accessible because their implemen-
tation is expensive and requires the use of technical equipment. There-
fore, they cannot be used in every laboratory.

Another preferred option for determining methicillin resistance is
culture-based conventional methods. The broth microdilution (BMD)
method is the reference method for the determination of the minimum
inhibitory concentration (MIC) of cefoxitin and oxacillin. Still, cefoxitin
disk diffusion and oxacillin salt agar screening tests can also be used to
determine methicillin resistance. All 3 methods are recommended by
the Clinical and Laboratory Standards Institute (CLSI).

An incubation period of 16-24 hours is required for the results of
these culture-based susceptibility methods.'® However, when culture-
based methods are combined with some colorimetric methods, suscep-
tibility results are obtained more quickly. Resazurin microtiter assay
(REMA), nitrate reductase assay (NRA),Y dimethyl thiazole diphenyl
tetrazolium bromide (MTT),"® Quicolor ES Agar (QC agar; Salubris),*’
and StaResMet (AYCMED Medical and Medical Devices Industry and
Trade)™ are colorimetric test methods used for rapid detection of meth-
icillin resistance in S aureus.

Using these colorimetric methods, methicillin resistance can be
detected in approximately 4-7 hours. Among these methods, NRA is a
biochemical test generally used to distinguish Mycobacterium tubercu-
losis from other mycobacteria. According to the working principle of
the test, when live bacteria are present, their nitrate reductase enzyme
converts nitrate to nitrite. Then, Griess reagent is added to the medium,
and if bacteria are present, a purple-violet color is formed.”?* The NRA
method is also used to detect methicillin resistance in mecA-positive and
-negative S aureus isolates."” In this study we evaluatde the performance
of NRA, a rapid colorimetric method for the detection of methicillin re-

sistance in S aureus isolates.

Materials and Methods

Bacterial Isolates

In our study, 290 S aureus specimens were isolated from various clini-
cal specimens (urine, blood, catheter, and pus), for which species-level
identification had been performed with the matrix-assisted laser de-
sorption/ionization-time of flight MS Microflex LT, version 5.0 (Bruker
Daltonik), and were tested. All isolates were obtained from the culture
collection of Akdeniz University Hospital Central Laboratory, Anatalya,
Turkiye.

S aureus ATCC 29213 (methicillin-susceptible) and S aureus ATCC
43300 (methicillin-resistant) strains were used as control strains. Ac-
cording to CLSI recommendations, the cefoxitin MIC 1-4 pg/mL QC
range for S aureus ATCC 29213 and the cefoxitin MIC >4 pg/mL QC
range for S aureus ATCC 43300 were used.'®

www.labmedicine.com

Antimicrobials and Chemicals

Cefoxitin, sulfanilamide, N-(1-naphthyl) ethylenediamine dihydro-
chloride and potassium nitrate were purchased in commercial powder
form. For the cefoxitin antibiotic, stocks were prepared at a final concen-
tration of 4096 pg/mL. The antibiotics were stored in aliquots at -80°C
until use. For the Griess reagent used in NRA, 1 unit of concentrated
hydrochloric acid, 2 units of 0.2% sulfanilamide, and 2 units of 0.1%
N-1-naphthyl-ethylenediamine dihydrochloride were combined.'” The
reagent was prepared fresh on a working day and added to the plates.

Preparation of Media

Commercially available cation-adjusted Mueller-Hinton broth (CAMHB;
Becton, Dickinson and Company; calcium: 20-25 mg/L, magne-
sium: 10.0-12.5 mg/L) was used for the preparation of BMD and
NRA test plates. The media were prepared according to manufacturer
recommendations. In the preparation of NRA plates, potassium nitrate
at a concentration of 1000 pg/mL was added to the medium. Bacteria
were grown on blood agar medium; the medium was prepared according

to manufacturer recommendations.

Preparation of Bacterial Inoculum

Fresh bacterial cultures grown on blood agar were used for all test
methods. Bacterial inoculums were prepared via the direct colony sus-
pension method. Bacterial inoculums were adjusted to McFarland No.

0.5 turbidity. The same bacterial inoculum was used for both methods.

Preparation of BMD and NRA Plates
Cefoxitin concentrations to be tested for BMD were determined accord-

L.'® The cefoxitin was diluted

ing to breakpoints specified by the CLS
with CAMHB. Two-fold serial dilutions were made in 96-well U-bottom
microplates with 6 different concentrations in the range of 0.5-16.0
pg/mL. The prepared plates were stored at -80°C until use. Plates were
brought to room temperature before use.

For NRA plates, the cefoxitin was diluted in sterile distilled water.
It was prepared at the final concentration (0.5-16.0 pug/mL), and 100
pL was distributed on 96-well U-bottom microplates. Then the plates
were lyophilized with a Freeze Dryer (Labconco). After lyophilization,
cefoxitin plates were stored at 4°C until use. In both methods, a growth
control well (positive control) and a sterility control well (negative con-

trol) were included.

Susceptibility Tests

BMD

The BMD method recommended by CLSI was used as the reference
method to determine the MIC of cefoxitin.’® Bacterial suspension
adjusted to McFarland standard No 0.5 turbidities were diluted 1:100
with CAMHB. We inoculated 100 pL into all wells except the sterility
well. Plates were incubated for 16-20 hours at 35 °C + 2 °C. After incuba-
tion, the lowest antibiotic concentration with no visible growth was re-
corded as the MIC value. According to CLSI criteria, strains with an MIC
of cefoxitin <4 pug/mL were methicillin-susceptible; strains with a MIC of

cefoxitin >8 pg/mL were considered methicillin-resistant.

Nitrate Reductase Assay
CAMHB containing 1000 pg/mL potassium nitrate was added as 100
uL to all wells. After the addition of the medium to the lyophilized

cefoxitin plates, the concentration of cefoxitin in the wells was in the
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range of 0.5-16.0 pg/mL. We inoculated 5 pL of the prepared bacte-
rial suspensions into all the wells except the sterility well. Plates were
incubated for 5 hours at 35 °C + 2 °C. After 5 hours of incubation, 50
uL of Griess reagent was added to all growth control wells. After the
instant violet-purple color change in the growth control wells, Griess
reagent was added to all wells, and the color change was recorded.
The MIC was defined as the lowest drug concentration without color

change.

Analysis of Results

Results were analyzed according to US Food and Drug Administration
(FDA) criteria.”® In the analysis, minor, major, and extremely major
discrepancies and category and essential agreement were determined

comparatively.

Results
S aureus ATCC 29213 (methicillin-susceptible) and S aureus ATCC
43300 (methicillin-resistant) strains were used as control strains.
MIC values in both methods were determined to be 4 pg/mL for S
aureus ATCC 29213, and MIC was determined at 8 pg/mL for S aureus
ATCC 43300.

According to the BMD test method used as the reference method
in the study, cefoxitin MICs were determined as >16 pg/mL for 153
isolates, 16 pg/mL for 3 isolates, 4 ug/mL for 128 isolates, 2 pg/mL for
4 isolates, and 1 pg/mL for 2 isolates. According to CLSI criteria, 156
isolates were defined as MRSA and 134 isolates as MSSA (FIGURE 1).

According to the NRA method, cefoxitin MICs were determined as
>16 pg/mL for 114 isolates, 16 ug/mL for 33 isolates, 8 ug/mL for 9
isolates, 4 pg/mL for 96 isolates, 2 ug/mL for 36 isolates, and 1 pg/mL
for 2 isolates. According to CLSI criteria, 156 isolates were defined as
MRSA and 134 isolates as MSSA (FIGURE 1). In our study, according

to FDA criteria, category agreement between the reference method and
NRA was found to be 100%, and the essential agreement was 96.20%.
There is no minor, major, or extremely major discrepancy between both

methods (TABLE 1).

Discussion

Rapid and precise identification of MRSA is a prerequisite for the con-
trol of nosocomial infections. Rapid detection of methicillin resistance
presents the clinician with the chance to start treatment on day of iden-
tification. Today, MRSA using amplification-based molecular methods
such as BD GeneOhm MRSA, BD GeneOhm StaphSR (Becton, Dickin-
son and Company), Xpert (Cepheid), and IsoAmp Rapid Detection kit
(BioHelix) can be performed directly.14 For PCR-based assays, sequence
changes in the S aureus chromosome and the instability of SCCmec
elements pose a challenge.

Methicillin resistance is determined very rapidly with these methods.
However, their high prices limit their use, especially in low-income
laboratories. In total, 16-24 hours are required for the detection of
methicillin resistance with conventional culture-based methods. In this
case, colorimetric test methods seem appropriate in terms of time and
cost.

In the NRA, nitrate is reduced to nitrite by the nitrate reductase en-
zyme in the bacteria; then, Griess (a specific reagent) reagent is added
to the medium. If bacteria are present in the medium, a purple-violet
color is formed.”"”” BMD was used as the reference method in the study
and was performed according to CLSI recommendations. NRA is a newly
developed method, which is aimed at evaluating the performance of this
new method in our study.

NRA was also performed in CAMHB with KNO, based on the broth
microdilution test. The antibiotic concentrations used were the same as
for BMD. However, the number of bacteria used in NRA was more in-

tense, and Griess reagent was added at the end of the test to evaluate the

FIGURE 1. Scatterplot comparing nitrate reductase assay (NRA) and broth microdilution method (BMD; reference method) for
cefoxitin minimum inhibitory concentration (MIC) values (A) filtered by isolate type variable (B).
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TABLE 1. FDA Criteria for Discrepancies and Agreement Between BMD and NRA for Cefoxitin Susceptibility of Staphylococcus

aureus

j o — Discrepancies with BMD, No. (%) Discrepancies with BMD, No. (%) :

i Category Essential Minor Major ' Extremely Major |
NRA | 290/290 (100%) 279/290 (96.2%) | 0 | 0 | 0

BMD, broth microdilution method; FDA, Food and Drug Administration; NRA, nitrate reductase assay.
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test. The NRA was evaluated by color change. The obtained results were
compared with the BMD (reference method) results. Category agreement
between NRA and reference method was found to be 100%. The essential
agreement between both methods was determined to be 96.20%. This
value is above the level recommended by the FDA.”® There is no minor,
major, or extremely major discrepancy between the 2 tested methods.

Coban'’ applied NRA and REMA for the cefoxitin MIC of a total of
275 S aureus clinical isolates, containing 151 MRSA and 124 MSSA, and
compared the test results with those from BMD. The category agreement
of both methods with BMD was found to be 100%, and the essential
agreement was 99.6%. All 3 test methods were found to be 100% com-
patible with PCR results for mecA. In our study, in addition to applying
the findings of the Coban study, we used NRA after the antibiotic
cefoxitin was lyophilized in 96-well plates. Lyophilized cefoxitin plates
were used in this study because preparing a lyophilized plate confers an
advantage in shelf life.

In 2014, Coban et al”* investigated the effectiveness of NRA based
on breakpoint susceptibility testing for rapid detection of methicillin
resistance. A total of 135 S aureus isolates were tested at a single con-
centration (4 mg/L cefoxitin) via the breakpoint testing method. One
of the tubes contained 1 mL of medium with fresh cefoxitin, and the
other tube was lyophilized. In their study, the specificity, sensitivity, and
positive predictive values and negative predictive values of NRA were
determined to be 100%. NRA results were found to be 100% compatible
with BMD and PCR results. The results of that study also demonstrate
the advantages of combining the cefoxitin antibiotic in lyophilized form
into colorimetric NRA.

Niveditha and Sistla® determined the MIC of oxacillin with BMD
and NRA for the detection of methicillin resistance. They found 99.4%
category agreement and 89.7% essential agreement between the 2
methods for 155 isolates. The essential agreement in their study is be-
low the level recommended by the FDA.

Niveditha and Sistla”® reported that 5 S aureus isolates did not show
positive growth at the fifth hour of incubation and therefore were not
included in the evaluation. We faced the same problem. In our study, a
total of 19 S aureus isolates containing 16 MRSA and 3 MSSA did not
show any color change at the fifth hour of incubation. These 19 S au-
reus isolates that did not show positive growth were not included in the
evaluation. In routine practice, as considered in the Niveditha and Sistla
study, there may be some slow-growing isolates for which this test can-
not be applied. The isolates tested in the study were taken from the cul-
ture collection of a central laboratory. In the absence of color change
in these 19 isolates at the fifth hour, they were identified as coagulase-
negative staphylococcus in further tests, to see if they were S aureus. For
this reason, we excluded those isolates from the study.

In addition, NRA is a biochemical test often used to distinguish M
tuberculosis from other mycobacteria. Thanks to the ability of M tuber-
culosis to reduce nitrate to nitrite, the presence of nitrite in the medium
can be detected with Griess reagent. NRA is used for the detection of M
tuberculosis and rapid determination of drug susceptibilities.”"**”°

Today, there are other colorimetric methods developed for the rapid
detection of methicillin resistance. One of them, StaResMet, is a rapid
antibiotic susceptibility kit based on the colorimetric test method.
Methicillin resistance can be detected in S aureus isolates at the sixth
hour of incubation with the StaResMet kit. MRSA can be detected on the
same day of identification. In a multicenter study by Milletli Sezgin et
al,”” 217 MRSA and 252 MSSA isolates were tested using the StaResMet

www.labmedicine.com

kit. The susceptibility results of the isolates are 100% compatible with
VITEK-2, BD Phoenix, and PCR (for the detection of mecA). Cefoxitin
MICs of all isolates were determined at the sixth hour of incubation with
the StaResMet kit.

More-rapid susceptibility results can be obtained with both col-
orimetric test methods, compared with conventional culture-based
methods. However, although methicillin resistance can be determined
instantly after the addition of the reagent at the fifth hour of incuba-
tion with NRA, resazurin should be added at the fifth hour of incubation
with REMA and incubated for 1 more hour for color change. The advan-
tage of NRA is that the color change is instantaneous, and susceptibility
results can be obtained immediately. In our study, NRA was applied on
test plates containing lyophilized cefoxitin. In this way, we were able to
store the plates at 2°-8°C until the end of the study.

The lower MIC values in the NRA in some isolates are probably due
to the shorter incubation period. Category agreement compatibility is
observed in these isolates. However, for this reason, the essential agree-
ment was determined to be 96.2%.

For rapid detection of MRSA, NRA application on lyophilized
cefoxitin plates yields the most advantageous, easy-to-use, reliable
result among the existing colorimetric test methods. In this study,
the modification made is the use of lyophilized plates. By preparing a
lyophilized plate, an advantage is conferred in shelf life. The NRA is easy
to use and time-saving because such rapid colorimetric methods can also
determine methicillin resistance on the same day as the identification of
S aureus. Considering that MRSA is an important nosocomial infection

on a global scale, NRA has great potential for clinical use.
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ABSTRACT

Objective: This study aimed to evaluate the impact of short-term in-
cubation (STI) protocol on clinical outcomes of bloodstream infection
(BSI) patients.

Methods: A total of 1363 positive blood culture records from January
2019 to December 2021 were included. The main clinical outcomes
included pathogen identification turnaround time (TAT), antimicrobial
susceptibility testing (AST) TAT, and length of total hospital stay.

Results: The TAT of pathogen identification and AST significantly
decreased after implementing the ST protocol (2.2 vs 1.4 days and 3.4
vs 2.5 days, respectively, with P <.001 for both). Moreover, for patients
with Gram-negative bacteria (GNB)-infected BSls, the length of total
hospital stay decreased from 31.9 days to 27.1 days, indicating that
these patients could be discharged 5 days earlier after implementing
the STI protocol (P < .01).

Conclusion: The protocol led to a significant reduction in TAT and
improved clinical outcomes, particularly for GNB organisms. The
findings suggest that the STI protocol can improve patient outcomes
and hospital resource utilization in the management of BSls.

Introduction

Bloodstream infection (BSI) is a potentially life-threatening condition and
may develop into sepsis or septic shock with high mortality. The incidence
varies from 113 to 204 per 100,000 person-years in North America and Eu-
rope, and the estimated case fatality rate is about 12%-30% worldwide."™
Previous studies have shown that delay in administering appropriate and
effective antimicrobial agents to sepsis patients led to increased mortality
by 0.3%-7.6% for each hour delay.””’ Early adequate antimicrobial therapy
improves patient prognosis, especially for sepsis or septic shock patients,
based on guidelines and direct examination of all available samples.® Blood
cultures are considered the standard and most common method to iden-
tify BSIs in clinical settings. However, prolonged turnaround time (TAT) of
blood culture delays the diagnosis and treatment for BSL

Molecular techniques and matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS) currently play an im-
portant role in identifying pathogens in the suspected cases. Although
technology innovation and process optimization in clinical microbiology
laboratories shorten the overall TAT, it takes at least 3 d in the overnight
subculture conventional method with MALDI-TOF MS. Given the high cost
and limited target pathogens of multiplex molecular techniques, modified
MALDI-TOF MS methods were developed from different studies. It has been
shown that aerobic Gram-negative (GN) and Gram-positive (GP) bacteria
were identified at genus level after 4 h of subculture incubation on solid me-
dium with an accuracy of 95.2%-98.0% and 48.9%-92.2%, respectively.”

Our microbiology laboratory previously established a short-term in-
cubation (STI) protocol and achieved 96.1% and 97.4% identification ac-
curacy after 4.5 hour subculture from GP and 3.5 hour subculture from
GN bacterial samples, respectively.

As more powerful tools or methods for positive blood culture identi-
fication are available, further research on clinical outcome and economic
impact is needed to understand the effectiveness of rapid diagnostic
testing. Studies have demonstrated that patients with positive blood
culture may benefit from molecular rapid diagnostic testing in terms of
an earlier approach to optimal therapy, decreased broad-spectrum anti-
biotic use, and reduced length of stay.'*"'® Therefore, this study aimed

to evaluate the clinical outcomes of the STI protocol implementation.

Materials and Methods

Study Design
This retrospective study was a before and after quasi-experiment
conducted at the Chi-Mei Medical Center (Tainan, Taiwan), a 1288-bed

© The Author(s) 2023. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, please e-mail:
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hospital that provides comprehensive health care services, with 10,090
outpatients and 3900 admissions monthly. The institutional review
board, with a waiver consent (IRB NO.111-03-009), approved the study.
This study aimed to evaluate the clinical outcomes of BSI patients (20
years old) after implementing the STI protocol. Collected samples (BD
BACTEC Plus Aerobic/F culture vials and BACTEC Lytic/10 Anaerobic/F
culture vials) were incubated with the BD BACTEC FX blood culture sys-
tem (Becton Dickinson). Gram staining and subculturing were followed

after the culture system flagged the bottle as positive.

Conventional Method

The BAP/EMB bi-plate (BBL Trypticase Soy Agar with 5% sheep blood/
Levine EMB Agar, BD) was applied for the incubation at 35°C with CO, over-
night. The bacterial colonies were subsequently identified by MALDI-TOF
MS with the Bruker Biotyper reference database (Bruker Daltonik) followed
by the disk diffusion antimicrobial susceptibility testing (AST) system.

Short-Term Incubation Protocol

The STI protocol was to subculture the positive blood culture samples for
3.5 hours for GN and 4.5 hours for GP without any intermediate process,
followed by MALDI-TOF MS analysis. Criteria for the preliminary report
were achieved at 21.7 (genus level), and afterwards the sample was used for
an AST test with the BD Phoenix M50 system. The original plate continued
to incubate overnight to ensure no slow-growing organisms or polymicrobial
samples. This protocol was previously developed and validated and has been

used in our microbiology laboratory since July 2020."

Data Collection and Outcome Measures

We reviewed the electronic medical records (EMRs) of adult patients
with positive blood cultures from January 2019 to December 2021. The
first positive blood culture was used in the study for each patient per
admission. Patients were excluded if the positive blood cultures showed
polymicrobial infection, fungus infection, or no growth until 72 hours
after subculture.

In addition to demographic features (age, sex), this study extracted
blood culture reports (TAT, Gram, stain and pathogen reports), diag-
nostic codes (International Classification of Diseases, ICD-10), previous
baseline characteristics, admission time, discharge time, all-cause 30-day
mortality, and total hospitalization cost to evaluate the clinical outcomes.
Based on the previous study, ICD-10-CM codes determined sepsis. Other
codes used were patients with a discharge diagnosis of septic shock (ICD-
10-CM: R6521), severe sepsis (ICD-10-CM: R6520), nonsevere sepsis,
organism-specific sepsis (ICD-10-CM: A409, A412, A4101, A4102, A411,
A403, A414, A4150, A413, A4151, A4152, A4153, A4159, A4189, A021,
A227, A267, A327, A400, A401, A408, A4181, A427, A5486, B377),
and nonsevere sepsis, unspecified, specified (ICD-10:A419).>” Outcome
measures included pathogen identification TAT, AST-TAT, length of total
hospital stay, length of intensive care unit (ICU) stay, ICU admission rate,

30-day all-cause mortality, and 14-day all-cause readmission rate.

Statistical Analysis
All analyses were performed using SAS software, version 9.4 (SAS In-

stitute). The descriptive analysis delineated the characteristics of the
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FIGURE 1. Study design and flowchart of the study
population.

Positive blood cultures
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—| Repeat tests per
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variables of interest. Either 2-sample t-test or Mann-Whitney U test
was used to compare continuous variables between 2 groups as appro-
priate. The ) test or Fisher’s exact test was used to compare categorical

variables. A P value less than .05 was considered statistically significant.

Results

A total of 3986 positive blood cultures from January 2019 to Decem-
ber 2021 were initially extracted from the EMR, and 1363 records were
eligible for the study (FIGURE 1). Among the 1363 records, 703 were
diagnosed using the conventional method and 660 after STI protocol
was implemented. TABLE 1 shows the patient demographics, clini-
cal characteristics, and comorbidities. The mean age was 64.4 + 14.6
years in the conventional group and 64.9 + 15.1 years in the STI proto-
col (P = .24). Cancer was the most common underlying disease in both
groups, accounting for more than 40% of all conditions. Most of the clin-
ical features were similar between the 2 groups except for a lower per-
centage of cerebrovascular disease (3.6% vs 6.8%, P = .01), and diabetes
(10.5% vs 15.2%, P = .01) in the conventional group.

The overall TAT of pathogen identification and AST time decreased
after implementing the STI protocol, from 2.2 days to 1.4 days (P < .001)
and 3.4 days to 2.5 days (P < .001), respectively. In addition, the STI
protocol shortened the average length of total hospital stay by 2.3 days
(29.6 days vs 31.9 days, P = .06), and other clinical outcomes, including
the 30-day all-cause mortality rate, 14-day all-cause readmission rate,
and length of ICU stay decreased in the STI group, although no signifi-
cant difference was detected (TABLE 2).

The GN bacilli (GNB) (50.6%) and GP cocci (GPC) (43.0%)

represented the major types of identified organisms from all blood

2024;55:179-184 | https://doi.org/10.1093/labmed/Imad057
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TABLE 1. Patient demographics, clinical characteristics, and
comorbidities

: Conventional method ;| ST protocol P
‘ (n =703) (n = 660) ;
Demographics
© Agemean(SD)y | 644(146) | 649(151) | 24 |
Female, n (%) 257 (36.6) 243 (36.8)
:"'i&:ﬁé&rﬁ{s’s’i’dﬁ'r&éj'n"('n}.,')""""" """"" 173246 iﬁ’(z’éﬂi{”}".'4'6'}
'''''''''''''''''''''''''''''''''''' 1868 | 2438 | 01
R 276 (418)
Diabetes, n (%) C107(152) | 69(105)
. Lverdisease,n (s | 98(139 | 85(129) | 57 |
©Mild Iver disease,n %) | 93(13) | 82(124) | 66 |
 Moderate or severe liver disease, 14200 | 10(15) 78
n (%) ‘ L
© Remaldisease,n(s) | 95(135 | 1010153 | 35 |
CSepsisne) 01048 M5(7.4) | 12|
© Charlson comorbidity index, | 209 2(1-14 03
median (range)
© Polymicrobial raten %) | 5054 6573 | .09 |
ICU, intensive care unit; STI, short-term incubation.
TABLE 2. Clinical outcomes of all patients with blood
infections
. Conventional method | STI protocol : p
i (n =703) . (n=660) : ‘
Pathogen identification TAT, mean 2.2(0.87) 1.4(0.73) <.001
' (sD).d ‘ ‘ ‘
Final AST-TAT, mean (SD),d | : 34037 25098 | <001 |
' Length of ICU stay, mean (SD),d | 2890224 | 283(193) | 48 |
Length of total ospitalization 319618 296(46) | 06 |
. stay, mean (SD), d |
' 30-dayall-cause mortali,n (%) | 179255 | 160(242) | 58 |
14-dayall-cause readmission, | 101(144) | 89(135 | 67 |

LN (%)

AST-TAT, antimicrobial susceptibility testing turnaround time; ICU, inten-
sive care unit; STI, short-term incubation.

culture samples in the study. TABLE 3 shows that TAT of pathogen
identification was shorter for the GNB organisms in the STI group
(GNB: 1.2 days vs GPC: 1.5 days). Compared with the conventional
method, the STI protocol decreased about 42.8% and 37.5% of identi-
fication time for GNB and GPC, respectively (P < .001). Moreover, the
length of total hospital stay decreased from 31.9 days to 27.1 days for
patients with GNB-infected BSIs, suggesting that patients could be
discharged nearly 5 days earlier after implementing the STI protocol
(P<.01).

Positive blood cultures with sepsis ICD-10 codes were analyzed to
determine the impact of the STI protocol on the sepsis population. The
length of ICU stay decreased by 1.2 days (27.0 days vs 28.2 days, P = .84),
the length of total hospital stay increased by 1.1 days (30.3vs28.9d,P =
.67), 30-day all-cause mortality rate decreased from 31.7% to 27.0% (P =
.45), and 14-d all-cause readmission rate decreased from 11.9% to 7.0%
(P =.21), in the STI group. However, these differences did not reach sta-
tistical significance. For patients whose infection did not develop into
sepsis, the length of total hospital stay decreased by 3.1 days (29.4 days
vs 32.5 days, P =.007) (TABLE 4).

Discussion

This study retrospectively evaluated the clinical impacts of implementing
a STI protocol for positive blood culture samples. Compared with
the conventional method, the STI protocol decreased about 36.4% of
pathogen identification TAT and 26.4% of AST-TAT. The length of total
hospital stay was 2.3 days shorter after implementing the STI protocol
despite no statistical difference. In addition, the length of total hospi-
tal stay decreased from 31.9 days to 27.1 days in the subgroup of GNB-
associated BSIs, suggesting that patients could be discharged nearly 5
days earlier after implementing the STI protocol (P < .01).

The rapid diagnosis of BSIs still remains a critical unmet need in the
urgent care field. However, according to our previous study, anaerobic
bacteria and coagulase-negative Staphylococcus did not meet the val-
idation criteria for using the immature subculture samples to provide
preliminary identification and AST reports; therefore, these 2 types
of organisms have been identified in our laboratory using the conven-
tional method.’® Furthermore, the Taiwan Antimicrobial Resistance
Surveillance Annual Report indicated an increasing trend of antibiotic-

resistant GNB in both community and health care-associated infections

TABLE 3. Clinical outcomes of patients infected by different types of bacteria

Gram-negative bacilli

Gram-positive cocci

Conventional method (n =368) STI protocol (n =322) P . Conventional method (n =308) STl protocol (n=278) | P
Pathogen identification 21(0.7) 1.2(0.7) <001 ! 2.4(1.0 1.5(0.6) ! <.001
i TAT, mean (SD), d
Final AST-TAT, mean 3.6(1.1) 2.4(0.9 <.001 3.5(1.1) 2.7(0.8) <.001
(SD), d
Length of ICU stay, mean 30.7 (24.6) 27.8 (19.1) 21 27.1(20.0) 27.9(18.9) 40
(SD), d
! Length of total hospitali- 31.9(33.5) 27.1(21.2) 01 32.2(29.7) 33.2(27.8) 33
| zation stay, mean (SD), d
! 30-day all-cause mortal- 97 (26.4 68 (21.1) 11 74 (24.0) 68 (24.5) 90
ity, n (%)
! 14-day all-cause read- 55 (14.9) 13 (13.4) 55 41(13.3) 39 (14.0) 80
| mission, n (%)
AST-TAT, antimicrobial susceptibility testing-turnaround time; ICU, intensive care unit; STI, short-term incubation.
www.labmedicine.com
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TABLE 4. Clinical outcomes of patients with sepsis

: Sepsis Nonsepsis

Conventional method STI protocol p Conventional method STI protocol p
‘ (n=101) (n=115) ; (n = 602) (n = 545) ; ‘
Length of ICU stay, mean (SD), d 28.2(27.0) 27.0(18.5) .84 29.1 (21.4) 28.6 (19.5) .84
' Length of total hospitalization stay, mean (SD),d | 289269 | - 03245 | o7 250624 20448 o7
' 30-dayallcause mortaliy,n (%) 2El) sero a5 ureas 129037 | 77
4-dayall-cause readmission,n (%) 12019 | 8@o | 2 go(148 | 810149 | 97 |

ICU, intensive care unit; STI, short-term incubation.

after 2016, including Escherichia coli, Klebsiella pneumoniae, and Pseu-
domonas aeruginosa. In contrast to GNB, methicillin-resistant Staphylo-
coccus aureus has decreased stably from 60% to 50% since 2016."° The
various prevalence of antimicrobial-resistant GNB and GPC may influ-
ence the decision making in antimicrobial prescribing for clinicians,
who may be more vigilant with regard to potential antibiotic-resistant
GNB infections, thus leading to faster modification of antibiotics and a
shorter hospitalization time.

Many studies have verified the value of rapid pathogen identification
from blood cultures with different diagnostic tools used in suspected BSI
cases. Most rapid blood culture identification assays were based on the
molecular method. The Accelerate Pheno blood culture detection system,
which uses fluorescent in situ hybridization, allows for the identification
of pathogens in just 1.5 hours. Dare et al'® showed that hospital length
of stay improved, with discharge being 1.8 days earlier for GNB and
GPC-related BSIs. Moreover, Roth et al’’ indicated a hospital discharge
6.6 days earlier after implementing Accelerate Pheno blood culture de-
tection system use for GNB identification. Other molecular assays also
led to similar outcomes. Felsenstein and colleagues'” implemented use
of the BC-GP assay (Nanopore) in a pediatric hospital, and the outcome
showed a reduction in the length of stay in general pediatric admissions
for all GPC organisms and S aureus-related BSIs (1.5 days and 5.6 days,
respectively).

Our study showed an average of 30 days of hospitalization, but
this may be due to the severity of illness in the medical center and
because a 14-day hospitalization for each BSI patient is covered by
national health insurance in Taiwan. Researchers found that the pos-
itive effects on health care delivery would continue to grow when
rapid diagnostics shorten the TAT of test results with reduced finan-
cial burden.” It was reported that the median inpatient cost for an
episode of GN-BSI was US$12,939 (interquartile range [IQR], $6205-
$38,278) and the median hospital stay was 10 days (IQR, 5.5-23.0
days) for patients with multidrug-resistant GNB,”” with an aver-
age cost of $1293.9/d. This study found the length of total hospi-
tal stay to be 4.8 days shorter for patients with GNB infection after
implementing the MALDI-TOF MS-based STI protocol. Accordingly,
it saved about US$6210.7 for each patient and $2.8 million, with an
average 450 BSI patients annually, for the hospital where the study
was conducted.

Our findings suggested no difference between the conventional
method and the rapid molecular assay, consistent with those in the
studies of ICU length of stay, in-hospital mortality, and 30-day all-cause
hospital readmission rate."***?*?* On the other hand, a meta-analysis
found a significant reduction in mortality associated with rapid molecu-

. . . . . . 26
lar testing combined with direct communications to clinicians.
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Studies have shown de-escalation rates in septic patients ranged from
19.6% to 43%.”"”® It has been estimated that antibiotic de-escalation
rates remained at approximately 25% before and after implementing

the STI protocol. Gonzalez et al*

reported that reasons for no de-es-
calation were lack of microbiological documentation, initial appropri-
ate antibiotic therapy that could not be de-escalated, inadequate initial
antibiotics, and clinical worsening despite appropriate antibiotic ther-
apy. Further study will be required to understand the factors that influ-
ence de-escalation rates in septic patients and to identify strategies to
improve these rates over time.

Previous studies found a relationship between a longer hospital stay
and delayed treatment in bacteremia resulting from the lack of an appro-
priate advocation program, timely pharmacist intervention, and prompt
physician action.’*?" Therefore, it is imperative to report the results to
the clinical team, who could change therapies based on the laboratory
results. Laboratory professionals have pursued faster TAT in pathogen
identification and antimicrobial susceptibility testing by implementing
new techniques, adjusting working shifts, and adopting process opti-
mization for years. Nevertheless, cost-effectiveness has not been fully
achieved and the positive impact on patients not properly appreciated.

Our facility had been dedicated to promoting antimicrobial steward-
ship programs (ASP) since 2013. This strategy has led to an average of
8.0 mL blood volume in blood culture bottles, 90% of sample sent for
incubation within 2 hours of blood draw, and a less than 2% contami-
nation rate. Furthermore, it helped lay the foundation for successfully
implementing the STI protocol by optimizing the laboratory workflow
and prioritizing identification practices. For years, our laboratory has
been monitoring contamination rate, adhering to the procedure manual
based on guidelines, and providing antibiograms to disclose suscepti-
bility patterns within the institution. The values of the ASP have been
reported previously. Pliakos et al*’
MALDI-TOF analysis with an ASP vs conventional laboratory methods
without an ASP. The analysis found that MALDI-TOF analysis with an
ASP was the most cost-effective strategy, preventing 1 death per 14

compared the cost-effectiveness of

patients tested and resulting in the highest savings per quality-adjusted
life years gained.

Furthermore, a meta-analysis, primarily of observational studies,
demonstrated a mortality benefit when blood culture diagnostics were
used in conjunction with stewardship programs.™

This study was a retrospective study, and it limited the selection of
patient demographics and preexisting comorbidities. Also, the study
lacked antibiotic use data, such as time from positive Gram stain to first
active antibiotic, first de-escalation or escalation of antibiotics, time
to optimal therapy, and duration of antimicrobial treatment to meas-

ure the primary outcomes. Further studies will be needed to monitor
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real-time antibiotic modifications after reporting the result to combat

antimicrobial resistance.

Conclusion
The implementation of the STI protocol benefited patients with BSIs by

not only improving the pathogen identification and antimicrobial sus-

ceptibility testing TAT but also reducing the length of hospital stay.
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ABSTRACT

Cystic fibrosis (CF), an autosomal recessive disease, is caused by
variants in both alleles of the CF transmembrane conductance regulator
(CFTR) gene. A new assay based on allele-specific polymerase chain
reaction and high-resolution melting analysis was developed for the de-
tection of 18 CF-causing CFTR variants previously identified in Cuba
and Latin America. The assay is also useful for zygosity determination
of mutated alleles and includes internal controls. The reaction mixtures
were normalized and evaluated using blood samples collected on filter
paper. The evaluation of analytical parameters demonstrated the speci-
ficity and sensitivity of the method to detect the included CFTR variants.
Internal and external validations yielded a 100% agreement between
the new assay and the used reference tests. This assay can comple-
ment CF newborn screening not only in Cuba but also in Latin America.

Introduction
Cystic fibrosis (CF) is the most common autosomal recessive genetic

disease in the White population. It affects over 90,000 individuals

heterogeneously distributed worldwide. The ¢.1521_1523delCTT is the
most prevalent CF-causing variant, affecting approximately 82% of the
CF population.

Cystic fibrosis causes an accumulation of mucus in exocrine- and
exocrine-associated organs. The main symptoms include a persistent
cough that produces mucous, recurrent lung infection, intestinal ob-
struction, malabsorption, nasal polyps, rectal prolapse, pancreatitis,
increased blood sugar level, and growth hormone disorders.”

Although rare, CF is among the most common genetic disorders that
shorten lifespan. Symptoms often appear in infancy, such as intestinal
obstruction or meconium ileus in newborns.” As it is a progressive and
incurable disease, its early diagnosis enables the establishment of appro-
priate treatment, adequate follow-up, and timely genetic counseling,”

The disease is caused by variants in the CF transmembrane con-
ductance regulator (CFTR) gene that encodes a 1480 amino acid pro-
tein forming an ionic channel in the apical epithelial cell membrane.” To
date, more than 2000 disease-associated variants in this gene have been
reported (www.genet.sickkids.on.ca/cftr).

A diagnosis of CF can be made if the sweat chloride value is 260
mmol/L in individuals presenting with a positive newborn screen, clini-
cal features consistent with CF, or a positive family history.®®

The goal of molecular diagnostic testing is to provide genetic char-
acterization of individuals with clinical suspicion of CF in the presence
of consistent clinical symptoms, a family history of CF, or a similar con-
dition. The benefits of CFTR variant testing include early and definitive
diagnosis, personalized treatment, clarification of atypical and indeter-
minate cases, and counseling on recurrence risk and fertility options.”'’

Cystic fibrosis is the second-most frequent autosomal recessive he-
reditary disease in Cuba' with an estimated incidence of 1 in 9862 live
births, and it is considered a public health issue.™

Whereas in Latin America, the most frequent CFTR variants are
¢.1521_1523delCTT (46.69%), c.1624G>T (5.08%), ¢.3909C>G (1.65%),
€.3846G>A (1.13%), and ¢.3484C>T (0.96%),"* Cuba presents some
differences in the spectrum of CF-causing variants. According to a study
by Armas et al'* in a cohort of Cuban CF patients, higher frequencies are
found for ¢.1521_1523delCTT (35.9%), c.1000C>T (7.4%), c.1624G>T
(7%), ¢.1519_1521delATC (5.8%), ¢.3484C>T (2.7%), c.254G>A (1.9%),
c.1657C>T (1.6%), and ¢.2988 + 1G>A (1.2%).

At present, CF carrier screening panels are very expensive and
do not contain all the variants identified in Latin America. This ar-

ticle describes the development and performance evaluation of an
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affordable assay based on allele-specific (AS) polymerase chain reaction
(PCR) and high-resolution melting analysis (HRMA) for the detection
of 18 CFTR variants frequently found in Cuban and Latin American

populations.

Materials and Methods

Samples
A total of 250 whole blood samples (dried blood spots, DBS), obtained
by finger or heel (newborns) puncture and collected on Whatman BFC
903 filter paper cards (Whatman International), were provided by the
National Center of Medical Genetics (CNGM). Thirty of them came from
patients with some respiratory symptoms but whose clinical criteria had
ruled out CF. The others were specimens from patients diagnosed with
CE. In a part of this latter group, some CFTR variants had been already
found either by using automated DNA sequencing'” or with the CNGM
panel.**'® The CNGM Ethics Committee obtained written informed con-
sent from all patients or their parents.

Two samples donated by the Brazilian Neonatal Screening Pro-
gram and carrying ¢.3196C>T and ¢.3846G>A variants, not previously

described in the Cuban CF population, were also included.

Primers

The Oligonucleotide Synthesis Group of the Center for Genetic Engi-
neering and Biotechnology carried out synthesis and purification of all
primers. The synthesized primers were diluted in nuclease-free water to
50 pmol/L.

DNA Extraction
Genomic DNA was extracted from DBS according to a modification of
the procedure described by Kain and Lanar."” Three 3 mm blood discs
per sample were perforated with a P51 manual puncher Immunoassay
Center) and placed into a 1.5 mL tube. After addition of 1 mL nuclease-
free water, samples were incubated for 30 minutes and centrifuged
at 16,500g for 2 minutes at room temperature (20°C-25°C). Approxi-
mately 970 uL of the supernatant were gently aspirated from the surface
without reaching the bottom and then discarded. The paper discs were
left inside the tubes. A volume of 170 pL 5% Chelex-100 resin (Sigma-
Aldrich) (w/v) was added to the remaining 30 pL, followed by incuba-
tion at 56°C for 20 minutes. Specimens were then shaken for 10 seconds
and incubated at 100°C for 8 minutes. Samples were shaken again for
10 seconds and centrifuged at 16,500g for 2 minutes at room tempera-
ture. The supernatant with the extracted DNA was transferred to a fresh
1.5 mL tube. The DNA concentration of each sample was determined
using the NanoDrop UV-Vis spectrophotometer (Thermo Fisher Scien-
tific). Specimens were stored at -20°C until use.

Prior to PCR, extracted DNA samples were tempered to room tem-
perature, shaken for 10 seconds, and centrifuged at 16,500g for 2

minutes at room temperature.

Characterization of Samples

Specimens from CNGM were evaluated with the commercial CF
StripAssay 4-410 panel (ViennaLab Diagnostics) for the identifica-
tion of 34 variants and 1 polymorphism in CFTR by PCR and reverse-
hybridization (according to the instructions for use, CF StripAssay
4-410, 2020).
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A panel of carrier controls was formed with samples presenting all
available variants with homozygous, compound heterozygous, and sim-
ple heterozygous genotypes. Specimens from patients without clini-
cal criteria for CF and in which no mutations could be identified were

selected as noncarrier controls.

Design and Evaluation of Primers for the Detection of 18
CFTR Variants and Zygosity Determination

Three PCR primers were designed for detecting each variant: 2 AS
primers (to identify the wild type and mutant genotypes, wt and mut,
respectively) and a common primer, running in the opposite sense to
the previous ones. The target mutant points on the gene (nucleotides)
were identified by means of the CFTR database (www.genet.sickkids.
on.ca/cftr). For each AS mutant primer, the nucleotide of the 3'-OH
end was modified according to the base change described. In some AS
primers, an extra mismatch was introduced adjacent to the terminal
3' nucleotide to achieve greater specificity when amplifying. All primer
sequences were analyzed with the Oligo Primer Analysis Software v.5
(DBA Oligo). Primer sequences are available on request to the corre-
sponding author.

The specificity of each primer trio was evaluated by comparing paral-
lel AS real-time PCRs (wt and mut) using noncarrier controls. Reaction
mixtures contained 12.5 pL 2X ABsolute qPCR SYBR Green Mix (Thermo
Fisher Scientific), 0.25 pL of each primer prediluted at 50 umol/L, and
nuclease-free water to a total volume of 22 pL. Finally, 3 pL extracted
DNA was added. Reactions were run in triplicate in capped 8-well tube
strips (4titude, Brooks Automation) by using the SLAN-96P real-time
PCR system (Shanghai Honshi Medical Technology). The program was
95°C for 15 minutes and 32 cycles: 95°C for 10 seconds, 59°C for 15
seconds with fluorescence reading at 510 nm, and 72°C for 25 seconds.
The ACt (cycle threshold) was calculated between the average values of
mut and wt reactions of each region of interest (ACt = Ctmut-Ctwt) to

determine the specificity of the AS primers."®

Determination of the Average Melting Temperature Value
of the AS PCR Products

Simple AS PCRs (mutated) were carried out to amplify each of the 18
target regions in the CFTR by evaluating the performance of every
pair of primers (mutated AS and common) in the presence of a con-
trol carrying the corresponding DNA variation. Three replicates per re-
action were made. The reaction mixtures and PCR were performed as
described above. The average melting temperature (Tm) value of each
of the 18 resulting DNA fragments was determined in a final HRMA
step between 65°C and 95°C with a ramp rate of 0.01°C/s and capture
of fluorescence at 510 nm. Melt curves were analyzed with commercial
SLAN-96P software, version 8.2.2 (Shanghai Honshi Medical Technol-
ogy). The HRMA pre- and postmelting values were set between 72°C and
73°C and 82°C and 83°C, respectively, for fluorescence normalization.
To establish a temperature range for the detection of each amplified
product, the average Tm value and its SD were calculated when HRMA

was completed.

Preparation and Evaluation of Primer Mixes for AS
Multiplex PCR

Four primer mixes (A, B, C, and D) were prepared for mutated AS mul-
tiplex PCR and HRMA. According to the Tm ranges obtained for every

single DNA fragment and to avoid melt peaks overlapping, primer pairs
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(mutated AS and common) were selectively added into mixtures. Each
mix was composed of 6 puL of each primer prediluted at 50 pmol/L and
nuclease-free water to a total volume of 300 pL.

Each primer mix was evaluated by using 5 control samples carrying
the corresponding variants in the CFTR (TABLE 1) and 20 noncarrier
controls. Three replicates per reaction were made. The composition of
each reaction mixture was 12.5 pL of 2X ABsolute gPCR SYBR Green
Mix and 7.5 pL of primer mix (A-D). Finally, 5 pL extracted DNA
was added. The program performed in the SLAN-96P thermal cycler
was 95°C forl5 minutes; 26 cycles of 95°C at10 seconds, 59°C for 15
seconds with fluorescence reading at 510 nm, and 72°C for 25 seconds,
and a final HRMA step of 68°C to 85°C. Melt curves were analyzed with
SLAN-96P software, version 8.2.2. All the inflections obtained in the
standard melt curve (Raw Melt) for each mixture were identified, and
the corresponding Tm values were determined using the derivative
melt curve (Melt Peak). From the results, the working concentration
of primer pairs in the mixtures was readjusted and the evaluation was
repeated with the same control samples until their proper performance

was verified.

Inclusion of an Internal Amplification Control in B and C
Primer Mixes

An internal amplification control was included in B and C primer mixes.
Two wt AS primers designed for the detection of changes in the se-
quence of bases that occupy positions ¢.1519_1523 of the CFTR gene
were selected for both amplifying an internal control and determin-
ing the zygosity pattern of samples carrying ¢.1519_1521delATC and
¢.1521_1523delCTT. The Tm of the resulting 58-bp DNA fragment was
predicted by means of the Tm Tool v1.7b (https://dna-utah.org/tm/
tool.html) to avoid interference with other Tm values in mixes A through
D. The chosen primers were added to B and C mixes at a final concen-
tration of 1 pmol/L. Those mixtures were retested by using 10 carrier
controls: 4 with homozygous genotype (2 for ¢.1519_1521delATC and
2 for ¢.1521_1523delCTT), 2 with compound heterozygous genotype
(c.1519_1521delATC/c.1521_1523delCTT), and 4 with simple hetero-
zygous genotype (2 ¢.1519_1521delATC and 2 ¢.1521_1523delCTT). In

addition, 20 carrier controls with other genotypes were analyzed. The

TABLE 1. Genotype of the samples selected as controls for
the evaluation of the primer mixes for multiplex polymerase
chain reaction®

. Primer .
P Carrier controls
. mixes

A €.1000C>T/c.2988 + 1G>A; c.1521_1523delCTT/c.3909C>G;
: €.1521_1523delCTT/c.1624G>T; ¢.1657C>T/c.3909C>G;
¢.1000C>T/ ¢.1000C>T

B | ¢.1521_1523deICTT/c.37140-26A>G; ¢.1521_1523delCTT/c.2057- |
‘ | 2052d6lAAINSG; ¢.1521_1523delCTT/c.3276C>A; ¢.1519_1521del |
‘ ATC/c.3484C>T: ¢.254G>A/C.3484C>T ‘

'c | €.1519_1521delATC/c. 2657 + 5G>A; ¢.254G>A/c.1585-1G>A; |
: | €.1397C>G/wt; ¢.1521_1523delCTT/c.3196C>T; c.254G>A/ |
: ¢.1521_1523delCTT :

‘D ! €.1000C>T/c.1519_15210elATC; ¢.3484C>T/c.3718-2477C>T:
‘ | €.3846G>A/c.3909C>G; c.1521_1523delCTT/c. 1657C>T;
.1657C>T/c.3718-2477C>T

?The samples donated by the Brazilian Neonatal Screening Program are
marked in bold. Alleles relevant to each primer mix are indicated in italics.
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amplification and detection were performed as described in the "Prep-
aration and Evaluation of Primer Mixes for AS Multiplex PCR" section.
Once the HRMA was finished, the internal control average Tm value and

its SD were determined.

Preparation and Evaluation of Primer Mixes for Zygosity
Determination

Sixteen primer mixes (wt) were prepared to determine by PCR-HRMA
the zygosity pattern of an equal number of variants. To include an in-
ternal amplification control in these mixtures, a new primer pair (sense
and antisense) was designed and synthesized, which also amplifies a 58-
bp fragment. The Tm Tool v1.7b allowed us to predict the Tm of the
amplified fragment and to know whether it could interfere with the rest
of the products.

All wt primer mixes were made up of a wt AS primer and its common
primer plus the internal control primer pair. Each mixture was com-
posed of 0.45 L of each primer prediluted at 50 pmol/L and nuclease-
free water to a total volume of 7.5 pL.

Mixes were evaluated with specific carrier heterozygous controls
for 16 variants and with homozygous controls for ¢.1000C>T and
c.1624G>T variants, as these were the only homozygous genotypes
available. The PCR-HRMA mixes were prepared with 12.5 puL 2X ABso-
lute qPCR SYBR Green Mix, 7.5 uL wt primer mix, and 5 pL extracted
DNA. The PCR-HRMA program described in the "Preparation and Eval-
uation of Primer Mixes for AS Multiplex PCR" section was used.. Each
mixture was analyzed according to the presence of 1 (homozygous) or 2

peaks (heterozygous) in the corresponding curves.

Evaluation of the AS Multiplex PCR Assay for the
Detection of 18 CFTR Variants

Repeatability

By using 5 control samples (TABLE 1) for each mixture (A-D), 8 PCR-
HRMA replicas were made for each variant under study. The average Tm
value, its SD, and the confidence interval (temperature) for each DNA
fragment (variant) were determined by using the MINITAB Release 14

statistical program (Pennsylvania State University).

Agreement Analysis

Two-hundred and thirty samples were analyzed by the AS multiplex
PCR assay (including zygosity determination when needed, ie, suppos-
edly simple heterozygous specimens without ¢.1519_1521delATC or
¢.1521_1523delCTT variants), including those donated by the Brazilian
Neonatal Screening Program. The reference tests were CF StripAssay
4-410 and automated DNA sequencing, the latter for some specific
cases. This study allowed us to determine the clinical and analytical
specificities of the developed assay and the percentage of agreement

with the reference methods.

External Validation

The Molecular Biology Department of the CNGM performed this evalu-
ation. Ninety-four DBS were obtained and collected as described above.
In 69 samples from patients diagnosed with CF, some CFTR variants
had been already found, either by using automated DNA sequencing'® or
with the CNGM panel.""'® Twenty-five specimens came from patients

with some respiratory symptoms but whose clinical criteria had ruled
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out CF. The 2 samples donated by the Brazilian Neonatal Screening Pro-
gram were included to analyze at least 1 carrier sample for each vari-
ant. Both presumed noncarrier and partially genotyped samples were
scanned with the CF StripAssay 4-410 panel.

All samples were analyzed in 6 experiments (16 samples per ex-
periment) with the AS multiplex PCR assay (including zygosity deter-
mination when needed, ie, supposedly simple heterozygous specimens
without ¢.1519_1521delATC or c.1521_1523delCTT variants), and
the results were compared with those reported by the CNGM and with
those obtained with the CF StripAssay 4-410 kit. By using 2 samples of
a known genotype and with alleles relevant to each primer mix (4, B, C,
and D), 4 PCR-HRMA replicas were made in a repeatability test.

Results

Characterization of Samples
Genomic DNA was extracted from DBS collected by the CNGM. The
resulting DNA concentration was between 10 and 50 ng/uL (data not
shown). The variant ¢.2657 + 5G>A was detected through the evalua-
tion with the CF StripAssay 4-410 panel, which constitutes the first
finding of this variant in Cuban CF patients. None of the 34 variants
identified by the commercial assay were found in the 30 samples from
patients without CF, so these could be used as noncarrier controls.

A set of control samples carrying 18 CFTR variants was formed:
8 common to CNGM and CF StripAssay 4-410 panels (c.254G>A,
¢.1000C>T, ¢.1519_1521delATC, ¢.1521_1523delCTT, ¢.1624G>T,
c.1657C>T, c.2988 + 1G>A, and ¢.3484C>T); 7 from the CF StripAssay
4-410 panel and described in the Cuban population (c.1585-1G>A,
¢.2051_2052delAAinsG, ¢.2657 + 5G>A, c¢.3140-26A>G, c.3276C>A,
€.3718-2477C>T, and ¢.3909C>G); 1 described in the Cuban population
(c.1397C>G), and 2 frequently found in Latin America (¢.3196C>T and
c.3846G>A).

Evaluation of PCR Primers for the Detection of CFTR
Variants and Zygosity Determination

The designed primer trios for each CFTR variant were evaluated by
comparing parallel AS PCRs (wt and mut) with noncarrier controls. TA-
BLE 2 provides the average Ct values of the wt and mut reactions and
the corresponding ACt for each region of interest. For all cases, a ACt>3

was considered an appropriate specificity of the AS primers.

Determination of Average Tm of the Mutated AS PCR
Products and Normalization of Primer Mixes for Multiplex
PCR

TABLE 3 shows the average Tm and SD values corresponding to each
DNA fragment. A temperature interval of 1°C was empirically estab-
lished for the identification of DNA fragments (variants) from their
average Tm + 0.5°C (TABLE 3). Conditioned by the average Tm value
of each DNA fragment, 4 primer mixes for mutated AS multiplex PCR
(A-D) were prepared. TABLE 3 shows the distribution of primer pairs in
every mixture and thus the CFTR variants intended to detect.

All melt peaks (variants) were detected within the predetermined
Tm range but with varying differences in height. From this result, a
peak height interval (8<-d(Rn)/dT<50) was empirically set to limit the
effect of the DNA concentration on the interpretation of the final re-
sult.

The use of the SLAN-96P software allowed us to differentiate the
DNA melt profiles of mixtures by color: A in green, B in red, C in yel-
low, and D in blue. The example presented in FIGURE 1A is the melt
curve resulting for a sample carrying ¢.1521_1523delCTT variant (mix-
ture A), whereas FIGURE 1B shows its corresponding derivative melt
curve, from which the Tm value of the amplified DNA fragment can be
determined.

Samples with 2 detectable variants in the same pool were carefully
analyzed. For the ¢.1000C>T/c.2988 + 1G>A and ¢.1521_1523delCTT/
¢.3909C>G genotypes (mixture A), HRMA yielded 2 peaks per case.

TABLE 2. Cycle threshold (Ct) values obtained in the wild-type (wt) and mutant (mut) genotype reactions during the evaluation

of the primer trios using noncarrier controls

i Region (variant) Average Ct wt

Average Ct mut

| ¢.254G>A

| €.3909C>G
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TABLE 3. Final composition of the primer mixes for allele-specific multiplex polymerase chain reaction (A-D) for the detection
of 18 CFTR variants®

i Mix : Variant : Tm = SD (°C) : Interval (°C) . Concentration (umol/L) :  Amplicon length (pb)
A § ¢.3909C>G § 74.86 + 0.04 § 74.36-75.36 ‘ ‘ 206

€.2988 + 1G>A 75.94 = 0.01 75.44-76.44

c.1624G>T 77.10 +0.01 76.60-77.60

€.3140-26A>G 75.73 £ 0.02 75.23-76.23

€.3276C>A 77.56 = 0.05 77.06-78.06

€.2051_2052delAAinsG 79.08 = 0.06 78.58-79.58 170
""""""" c34csT | 8069=007 . 80198119 . 06 . 20
c oA 74272006 B4z 04 u5
; O cMSEs1GA 7599017 75497649 . 08 . 9
 c257456A 7729007 76797779 02 205
""""""" c1397c>6 . 78772015 7827-7927 . 065 . 184

€.3196C>T 81.05+0.09 80.55-81.55

94
€.3718-2477C>T 76.83 = 0.09 76.33-77.33 152
c.1657C>T § 77.92+0.08 77.42-78.42 291
C.3846G>A § 80.16 = 0.09 § 79.66-80.66 178

?An interval of 1°C from the average melting temperature (Tm) values was established for the detection of each amplified fragment. The final concentration
of each primer pair and the length of the amplified fragments (amplicons) are shown.

FIGURE 1. Standard (A) and derivative (B) melt curves obtained by denaturing a DNA fragment obtained from a sample with
genotype c.1521_1523delCTT/wt (mix A). In the standard melt plot, the inflection around 78°C corresponds to the presence of
variant c.1521_1523delCTT; parallel lines to the right and left of the melting point delimit the pre- and postmelting intervals,
respectively, for normalization of fluorescence values; and Rn is the normalized reporter intensity. In the derivative melt plot,
the peak corresponding to the detected fragment is shown and parallel lines delimit the temperature range where variants can
be detected.
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However, the samples with genotypes ¢.1521_1523delCTT/c.1624G>T cannot accommodate. Nonspecific amplifications or false-positives were
(FIGURE 2) detectable in A and ¢.1657¢>T/c.3718-2477C>T detecta- not evidenced.
ble in D, exhibited 2 consecutive inflections in the standard melt curve All variants were detected in the predetermined temperature range.
but a single peak in the derivative melt curve. This occurs due to the For the noncarrier controls evaluated, no inflections or peaks were
proximity of the inflections in whose narrow temperature range 2 peaks observed (data not shown).
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FIGURE 2. Standard (A) and derivative (B) melt curves obtained by denaturing DNA fragments obtained from a sample with
genotype c.1521_1523delCTT/c.1624G>T (mix A). In the standard melt plot, 2 consecutive inflections observed between 77°C
and 79°C indicate the presence of c.1624G>T and c.1521_1523delCTT variants in that order; parallel lines to the right and left
of the melting point delimit the pre- and postmelting intervals, respectively, for normalization of fluorescence values; and Rn is
the normalized reporter intensity. In the derivative melt plot, a single peak is observed in the presence of both variants whose
detection intervals are contiguous; and parallel lines delimit the temperature range where variants can be detected.
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Internal Amplification Control

An internal amplification control was included in mixtures B and C ac-
cording to the theoretical Tm value obtained in both mixes (72.2°C). For
all the ¢.1519_1521delATC/c.1519_1521delATC, ¢.1519_1521delATC/
¢.1521_1523delCTT, and ¢.1521_1523delCTT/c.1521_1523delCTT
samples, the internal control was negative whereas the specimens with
different genotypes exhibited a peak before 73°C, which corresponds to
the Tm interval defined for the internal control.

FIGURE 3A and 3B show the results of 2 homozygous samples for
¢.1521_1523delCTT and 1 ¢.1519_1521delATC/c.1521_1523delCTT
(blue/green), respectively, where the internal control was negative (red
and yellow for mixtures B and C, respectively). FIGURE 3C shows an
example where the genotype of the sample was determined from the
presence of the internal control. An average Tm value of 71.45°C was
obtained, and its detection interval was set between 70.5°C and 72.4°C.
A fluorescence interval (8<-d(Rn)/dT<50) or acceptable peak height was
arbitrarily established for the interpretation of the final result. Under
these conditions, the assay’s quality parameters were set according to
the genotype of the analyzed sample. A result is valid for genotypes
¢.1519_1521delATC/c.1519_1521delATC, c.1519_1521delATC/
¢.1521_1523delCTT, and ¢.1521_1523delCTT/c.1521_1523delCTT
when the internal control in mixes B and C yields -d(Rn)/dT<8. For
the rest of the genotypes, the result is valid when the internal control
reaches an acceptable peak height; otherwise, it is recommended to re-

peat the test.

Zygosity Determination

In specimens in which only 1 variant was detected, it was necessary to
determine its zygosity pattern. The predetermined Tm range for the
identification of DNA fragments was also assumed for the amplicons
resulting from the zygosity study. In the evaluation of these mixtures,

the internal control was detected before 72°C, which validates the used
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primer pairs. For all heterozygous samples, a second peak was obtained
after 73°C, which demonstrates the presence of 1 wt allele for the
analyzed variant. For the homozygous samples evaluated, only the inter-
nal control peak was obtained. Peaks were higher than those yielded by
reactions of mixtures A through D; therefore, no limits for peak height
were set in the reactions of the 16 primer mixes for zygosity determi-
nation.

FIGURE 4 provides the results of 3 evaluated samples with different
genotypes: 2 heterozygous for ¢.2988 + 1G>A (yellow) and ¢.1624G>T
(blue) variants and 1 homozygous for ¢.1000C>T (pink). For this last
specimen, no wt peak between 80.19°C and 81.19°C (Tm range for the

aforementioned variant) was observed.

Repeatability Study

The 95% confidence interval for each DNA fragment’s average Tm
presented in FIGURE 5 confirms that there is no peak overlap in the
mixtures and that the composition of primer mixes for multiplex PCR was
correct. The closest peaks correspond to variants ¢.1521_1523delCTT
(77.75°C to 78.08°C) and ¢.1624G>T (77.01°C to 77.10°C) in mixture A
and ¢.3718-2477C>T (76.80°C to 76.92°C) and ¢.1657C>T (77.83°C to
77.96°C) in mixture D.

Agreement Analysis

Once the parameters of the assay developed for the detection of 18 CFTR
variants had been established, 230 samples were analyzed and their
results regarding 16 variants were confirmed using the CF StripAssay
4-410 test or by comparing with previous scanning in the case of 2
samples of the known genotype that carried ¢.1397C>G and ¢.3196C>T
variants. In 88 samples, at least 1 CFTR variant was detected, of which
53 had 2 variants (34 compound heterozygous and 19 homozygous) and
the remaining 35 had 1 variant. TABLE 4 presents the 141 mutated
alleles identified.
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FIGURE 3. Derivative melt curves obtained for 2 homozygous c.1521_1523delCTT samples (green) with negative internal

control in mixes B (red) and C (yellow) (A), a sample carrying c.1519_1521delATC (blue) and c.1521_1523delCTT (green) variants
with negative internal control in mixes B (red) and C (yellow) (B), and a sample carrying c.1000C>T variant (green), with positive
internal control in mixes B (red) and C (yellow) (C). Parallel lines delimit the temperature range where variants can be detected.
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FIGURE 4. Derivative melt curves of the study of the zygosity pattern. In contrast to samples heterozygous for the variants
c.2988 + 1G>A (yellow) and ¢.1624G>T (blue), the homozygous specimen for c.1000C>T variant (pink) showed no peak after
73°C. Note in each case the peak before 72°C corresponding to the internal control. The color pattern used in these curves was

random.
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FIGURE 5. Graph showing the 95% confidence intervals for each DNA fragment’s mean melting temperature obtained in the
evaluation of allele-specific primer mixtures (A-D) for multiplex polymerase chain reaction. 1: ¢.3909C>G; 2: ¢.2988 + 1G>A; 3:
c.1624G>T; 4: ¢.1521_1523delCTT; 5: c.1000C>T; 6: ¢.3140-26A>G; 7: ¢.3276C>A; 8: ¢.2051_2052delAAinsG; 9: ¢.3484C>T; 10:
c.254G>A; 11: ¢.1585-1G>A; 12: ¢.2657 + 5G>A; 13: ¢.1397C>G; 14: ¢.3196C>T; 15: ¢.1519_1521delATC; 16: ¢.3718-2477C>T; 17:

¢.1657C>T; 18: ¢.3846G>A.
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Results agreed 100% with those obtained by the reference tests
and demonstrate that the AS multiplex PCR assay can detect these 18
CFTR variants with high specificity. Each variant was detected in only
a single mixture (A, B, C or D) with no cross-reactions between them
for 100% analytical specificity. The 142 samples in which no mutation
was detected were shown to be noncarriers, confirming a clinical spec-
ificity of 100%. The most-detected variants were ¢.1521_1523delCTT,
c.1000C>T, and ¢.1624G>T, whereas ¢.2988 + 1G>A, c.3276C>A,
€.2051-2052delAAinsG, ¢.1397C>G, and ¢.3846G>A variants were only
detected in 1 sample. In this study, the c¢.3196C>T variant was identified

for the first time in a Cuban CF patient, which represents an advance

192 Laboratory Medicine
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in the diagnosis of this disease in the country. To confirm this finding
in that sample, the exon 20 of the CFTR gene was sequenced, and the
change of cytosine per thymine was detected at position ¢.3196 of 1 of

its alleles (data not shown).

External Validation

The study of 96 DBS with AS multiplex PCR assay followed by zygosity
determination yielded 71 samples with at least 1 CFTR variant, of which
49 had 2 variants (32 compound heterozygous and 17 homozygous) and
the remaining 22 had 1 variant. TABLE 4 presents the 120 mutated
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TABLE 4. Mutated alleles found in the evaluation of samples with the allele-specific multiplex polymerase chain reaction assay

followed by zygosity determination®

" Mix A

Variants (number of alleles)

Mix B Mix C Mix D
€.3909C>G (2/4) €.3140-26A>G (2/3) C.254G>A (4/2) €.1519_1521delATC (8/8)
o988 +16sAD) cRTCAMT) L c1585-16-A(32) C3TIB-ATTCT(@2)
c164GT(14712) | c2051_2052delAAINnSG(1/7) 02657 +565A() c1657CsT @14) |
Cci521153deCTT 67/5T) caagacsTO) ciorcs6(y c3B4BGA(/T)
Cclo00CST(BAS) caeC>T)

@The variants of each primer mix are sorted according to the intervals of melting temperature values. The numbers of mutated alleles found in the evalua-
tion of 230 samples in the agreement analysis are indicated in bold. The numbers of mutated alleles found in the evaluation of 96 samples in the external

validation are indicated in italics.

alleles identified. The 25 samples in which no mutation was detected
were shown to be noncarriers. Results agreed 100% with those obtained
by the reference tests and confirmed that the assay has analytical speci-
ficity and clinical specificity of 100%.

In the AS multiplex PCR assay, the internal control was positive
in all the samples with genotypes other than ¢.1519_1521delATC/
¢.1519_1521delATC, ¢.1519_1521delATC/c.1521_1523delCTT, and
¢.1521_1523delCTT/c.1521_1523delCTT, so there was no enzyme
inhibition in any case. For most of the samples (90/96), the peak
height of the internal control in mixes B and C was within the accept-
able interval, which indicates that the genomic DNA concentration in
the evaluated samples was adequate for amplification. In cases where
the peak exceeded this range, the samples were diluted 10-fold for
reevaluation.

The repeatability test demonstrated that the assay is reproducible.
The Tm values of all peaks were within the temperature interval deter-

mined for each variant.

Discussion

Cystic fibrosis is an autosomal recessive disease caused by mutations
in both alleles of the CFTR gene."” The CFTR genotype correlates with
several key features of CF, including sweat chloride concentration, se-
verity of pancreatic exocrine disease, and variation in severity of lung
disease.”” Complete analysis of the CFTR gene is too laborious and ex-
pensive. A general rule would be that most common variants that have
been observed in the national or regional populations are those that are
routinely screened. A typical cut-off would be to screen for all variants
having a frequency of 0.5% or higher. In most European countries, when
screening for the most frequent variants (>0.5%) in a given population,
a variant will be identified in 90% to 95% of the CFTR genes derived
from CF individuals.”' In large heterogeneous regions, such as North
America, a recommendable standard is that a variant should be present
in at least 0.1% of CF patient chromosomes.”"””

This work describes the development and validation of an AS PCR
and HRMA assay for the detection of 18 disease-causing variants. It
aimed at extending the molecular screening of CF in Cuba.

For inclusion of variants in the assay, we first considered the avail-
ability of carrier samples to validate the method and demonstrate that
these variants can be detected with the highest possible specificity. After
guaranteeing this premise, the most frequent variants in Latin America
and in Cuban patients were considered: ¢.1521_1523delCTT, ¢.1624G>T,
¢.3909C>G, and c.3484C>T with frequencies >1%; and c.1000C>T,
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c.254G>A, c.1657C>T, ¢.3718-2477C>T, c.1585-1G>A, ¢.2988 + 1G>A,
c.1519_1521delATC, ¢.2657 + 5G>A, ¢.2051_2052delAAinsG, and
¢.3276C>A with frequencies between 0.1% and 1%, according to data
1."° Regarding ¢.2657 + 5G>A, a variant described

for the first time in Cuba in this work, Pérez et al*®

published by Pérez et a
indicated it has an
overall frequency of 0.21% in Latin America, according to reports of its
presence in Argentina, Brazil, Colombia, and Uruguay.

The ¢.3846G>A and ¢.3196C>T variants account for frequencies of
1.13% and 0.14%, respectively, in Latin America,” and despite not having
been found in any Cuban patient prior to this work, were included due
to the donation of carrier samples from Brazilian CF individuals. The
¢.1397C>G and ¢.3140-26A>G variants were incorporated in the new as-
say because they had been previously identified in Cuban CF patients, ac-
cording to data published by Barbén et al” and Armas et al,' respectively.

Because the presence of ¢.1397C>G and ¢.3196C>T variants could
not be confirmed by using the reference CF StripAssay 4-410 test,
specimens with homozygous or compound heterozygous genotype
(other variants) were considered as noncarrier controls during the eval-
uation of the AS primers for the detection of both variants. “Complex
alleles” are very rare; that is, those with more than 1 CF-causing vari-
ant,”* which justifies the use of CF samples with both alleles affected as
noncarrier controls for other variants.

Allele-specific real-time PCR is a simple procedure that does not re-
quire additional processing of the product formed, which minimizes the
risk of contamination by amplification.” It is based on the inability of
the Taq polymerase enzyme to add nucleotides to a primer when there is
no correct pairing between the last base of the 3'-OH end of the primer
and the template DNA strand to which it binds. As these bases cannot
match, amplification does not occur or is significantly reduced.” Given
this principle, 2 primers were designed for each variant: 2 AS (wt and
mut) and a common primer oriented in the opposite direction to the
previous ones. The last base of the 3'-OH end of each mutated AS primer
was modified according to the nucleotide change described. In some
primers, the penultimate base was further changed to increase speci-
ficity during amplification. The incorrect pairing between the penulti-
mate base of the 3'-OH end of the primer and the template chain reduces
the possibility of binding the last base to the chain itself, unless there is
complementarity of Watson-Crick-type bases in this position.”’

Given the proximity of some variants in the CFTR gene, a few primers
were intended for more than 1 amplification reaction. This was the case
of the wt AS primer for the ¢.1521_1523delCTT variant, which can act
as a common primer for the ¢.1397C>G variant. Similarly, the same

common primer was used for the ¢.1585-1G>A and ¢.1624G>T variants.
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Regarding the simplicity of its use as well as its absorption-emission
spectrum, 2X ABsolute qPCR SYBR Green Mix was selected for per-
forming real-time PCR and HRMA. The identification of the amplified
DNA fragments was based on the comparison of their melting curves by
means of HRMA. This post-PCR technique allows genotyping of a large
number of samples with a high level of precision.”®

After synthesizing the primer trios for each region of interest of the
CFTR gene, their specificity was determined by comparing wt and mut
AS real time-PCRs and calculating ACt between both reactions. This ap-
proach constitutes the basis for quantitative PCR and has been applied
in genotyping studies”® and even for the detection of CFTR variants.'®*’

Detection and zygosity determination of every CFTR variant were
possible once the specificity of the primer trios had been verified. How-
ever, using 2 reactions to determine the presence of a single variant
would make the testing of a sample a complex and expensive process.
To analyze the 18 proposed variants, no less than 36 reactions would be
needed, with a higher consumption of reagents and excessive handling
by the analysts. In contrast, the AS multiplex PCR strategy would suc-
cessfully detect several variants in the same reaction.

Given the number of variants to be included in the assay, several
primer mixes for mutated AS multiplex PCR combined with HRMA were
created for the detection of no more than 7 variants per mixture to pre-
vent nonspecific amplifications due to primer dimer interference. For
this, it was necessary to predetermine the average Tm value of each of the
18 amplified fragments containing the corresponding CFTR variants. The
empirically established temperature interval of 1°C was used to examine
the effect of the initial DNA concentration or background fluorescence
on the denaturation temperature of the DNA fragment, as recommended
by Erali et al*" for the performance of HRMA. As the obtained Tm values
were between 74°C and 81°C, the temperature range of the analysis was
reduced to shorten the execution time of the test.

The presence of a single melt peak per reaction demonstrates that
primer pairs do not undesirably amplify other regions of the human ge-
nome. As the melt peaks of DNA fragments with similar Tm (different
base sequences) could overlap in HRMA, the sets of primers (mut and
common) that amplify those segments were put in different mixes. In
addition, other aspects were considered before adding the primer pairs
to a given mixture. Taking advantage of the proximity of some variants,
some of the designed primers were used to amplify more than 1 target.
For example, ¢.1519_1521delATC and ¢.1521_1523delCTT are adjacent
deletions, and they have in common the loss of a cytosine in the cod-
ing position 1521 of the CFTR gene. Additionally, the ¢.1397C>G var-
iant is also found in exon 11 and its common primer is, at the same
time, the wt AS primer for ¢.1521_1523delCTT. It was also considered
that the ¢.1585-1G>A variant in the last base of intron 12 of the CFTR
gene and ¢.1624G>T and ¢.1657C>T variants in the contiguous exon
12 are positioned very close in the CFTR gene. The ¢.1585-1G>A and
¢.1624G>T variants share the same common primer, as mentioned. Fi-
nally, it was considered that the c.3140-26A>G variant is located in in-
tron 20 of the CFTR gene, followed by exon 20 containing ¢.3196C>T
and ¢.3276C>A variants (http://www.genet.sickkids.on.ca/cftr).

The proximity of the variants is advantageous in mutation screening
methods, even if this means that they cannot be properly identified.”
In this study, their closeness complicated the design of the primer mixes
and made it necessary to detect them separately to avoid the occur-
rence of unwanted amplification with the accumulation of nonspecific

products.
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According to the previous analysis, 4 primer mixes (A, B, C, and D)
were formed for mutated AS multiplex PCR combined with HRMA. In
every mixture each melt peak is associated with a specific CFTR variant.

Primer mixes A thorough D were evaluated by using both carrier
and noncarrier controls. For the normalization of the mixtures, control
samples with homogeneous DNA concentration values were selected,
thus regulating the amplification of each variant.

In HRMA, the area under the peak is proportional to the concentra-
tion of double-stranded DNA.** From the results of each variant, and
given that all the control samples had homogeneous DNA concentration
values, an acceptable range of peak height was established between 8
and 50 fluorescence units (8<-d(Rn)/dT<50). Readjustments were made
in the concentrations of the primer pairs for which the peak height was
not within this interval. Afterwards, the analysis of each mixture was
repeated and the correct detection of each of the variants was verified.

As some samples carried 2 detectable variants in the same mixture, 2
inflections were observed in the melt curve. When these 2 inflections had
differences in their Tm values of more than 3°C, 2 peaks were observed
in the derivative melt curve (for example, c.1000C>T/c.2988 + 1G>A
and ¢.1521_1523delCTT/c.3909C>G). In contrast, for samples in which
2 consecutive inflections (contiguous variants in the mixture) were
obtained in a narrow temperature range, a single peak was obtained in
the derivative melt curve, with an intermediate Tm value between the
intervals of the variants involved. This could be verified in the samples
with genotypes ¢.1521_1523delCTT/c.1624G>T, ¢.254G>A/c.1585-
1G>A, and c.1657C>T/c.3718-2477C>T. As it is easier to determine the
value of Tm through a peak than from an inflection, the use of the de-
rivative melt curve is usually more frequent in HRMA.** However, the
results of this study suggest identifying the variant (s) in the standard
melt curve first (inflections) and, once confirmed, switch to the deriva-
tive melt curve to determine their Tm value.

The correct selection of the primer pairs for the mixtures A through D
enabled us to generate, in each case, a specific HRMA profile, which was
able to distinguish a given DNA fragment (with a CFTR variant) from
its denaturation temperature. However, as Erali et al®! demonstrated,
an internal amplification control was required to identify false-negative
results produced by insufficient extracted DNA, inadequate collection or
preservation of the sample, possible enzyme inhibition, or expiration of
the reagents.

For the selection of a sequence as internal control of the test, it was
considered that it should have a lower Tm value than the rest of the
fragments to avoid overlapping with the peaks obtained by the pres-
ence of variants. The solution could be a short, low-GC-content DNA
sequence.

About45% of CF patientsarehomozygousforthec.1521_1523delCTT
variant,” so the detection of this genotype guarantees the definitive di-
agnosis of a good part of them. This precedent motivated the search for
a common solution for the determination of the c.1521_1523delCTT/
¢.1521_1523delCTT genotype and the inclusion of an internal ampli-
fication control. The wt AS primers designed for zygosity determina-
tion of ¢.1519_1521delATC and c.1521_1523delCTT variants were
selected for the amplification of the internal control. The use of this
pair (sense and antisense) to amplify a 58-bp region and detect the
loss of cytosine at position 1521 of the CFTR gene at the same time
would provide a solution to the problems raised. Thus, the internal
amplification control would also allow determining the zygosity pat-
tern of ¢.1519_1521delATC and ¢.1521_1523delCTT variants, which
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means that when identifying ¢.1519_1521delATC/c.1519_1521delATC,
¢.1521_1523delCTT/c.1521_1523delCTT, and ¢.1519_1521delATC/
¢.1521_1523delCTT genotypes in mixes A, D, or both, there would not
be amplification of internal control in mixes B and C. As the internal
control primer pair identifies the wt sequences of these variants, it
had to be excluded from mixtures A and D, in which the primer pairs
for the detection of the mut genotypes of ¢.1521_1523delCTT and
¢.1519_1521delATC are respectively found, or the unwanted amplifica-
tion of fragments would constantly occur, regardless of the presence of
these variants. These homozygous genotypes are recognized by means
of the internal amplification control without requiring additional detec-
tion steps, which would instead be necessary to determine the zygosity
pattern for the rest of the variants.

The theoretical value of Tm for the internal control was lower than
all of the variant-bearing fragments, which also supported its inclu-
sion in mixes B and C. In mixture C, only the addition of the sense
primer was required, as the corresponding antisense (wt primer for
¢.1521_1523delCTT) is the common primer for ¢.1397C>G variant.

The height of the peak can be used as an indicator of the DNA con-
centration in the evaluated sample.’® Therefore, establishing a peak
height interval for the internal control could check the effect of the
DNA concentration of the sample on the final result, as suggested
by Erali et al,”" during the normalization of an HRMA-based assay. A
peak height between 8 and 50 fluorescence units (8<-d(Rn)/dT<50)
was empirically established as an acceptable range for the internal
control. For -d(Rn)/dT<8, the internal control was considered nega-
tive. On the other hand, for -d(Rn)/dT>50 it was determined that it
would be necessary to dilute the sample before reevaluation due to
excess genomic DNA. Thus, small peaks resulting from nonspecific
amplification that could be misinterpreted as variants in the sample
were ruled out.

The inclusion of the internal amplification control allows defining
the quality parameters of the assay, giving the analyst the reference to
use to accept or reject the results. This control also guarantees that am-
plification occurs in at least 1 of the mixtures, even if the sample does
not carry CFTR variants, thus allowing early detection of any failure dur-
ing assay execution.

Unlike some variants that cause the disease, most are found at such
low frequencies that for some researchers it is impractical to seek them
in both alleles of the gene. Genetic analysis of the parents of an individ-
ual with CF clinical patterns can also confirm the presence of the same
variant in both alleles of the CFTR gene.”” Despite these considerations,
it was decided to include the zygosity determination for the rest of the
variants.

High-resolution melting analysis has been used in many studies for
discrimination between heterozygotes and homozygotes through the
identification of DNA sequences that differ by only 1 base due to small
variations in the resulting curves.”® However, HRMA using SYBR Green
is classified as not very robust due to its low sensitivity for the detec-
tion of small changes in the nucleotide sequence. Also, not all equip-
ment designed for HRMA has the required resolution for detecting small
changes in a sequence,” so the design of the assay in these cases must
be thorough.

During this study, it was found that the PCR-HRMA system used
(SLAN-96P) does not detect variations at this level of sensitivity be-
cause it can yield different Tm values for fragments that have the same

base sequence. Even for a repeatedly analyzed sample, different Tm
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values are obtained. This disadvantage was also considered for the inclu-
sion of internal controls, a possible alternative for HRMA systems with
lower resolution according to Herrmann et al.* Therefore, it was con-
venient to determine the zygosity pattern of the variants by identifying
amplified DNA fragments from a predetermined Tm interval, a similar
strategy to that followed in this study for the detection of CFTR variants.

The sequences of the mutated and wt fragments corresponding to
a given region only differ by 1 or 2 bases; therefore, their Tm values
should be almost identical. The same predetermined temperature range
(in mixes A through D) was assumed for each amplified DNA fragment
in the wt AS reactions. It was considered that in wt mixtures, the am-
plification and detection of a specific fragment would correspond to
the presence of at least 1 wt allele of the variant under analysis. On the
contrary, the absence of amplified product in a determined wt mixture
would be equivalent to the presence of the homozygous genotype for a
mutation in the analyzed sample. However, the lack of amplified prod-
uct due to other causes (enzyme inhibition, procedural failures) could
be interpreted in the same way, so it was decided to also include an in-
ternal amplification control in all primer mixes for wt AS PCR. To am-
plify an internal control in these mixtures, 2 wt AS primers (sense and
antisense) different from those used in mixtures B and C were selected.
These primers also generate a 58-bp fragment that, due to its length and
base composition, has a lower Tm than the rest of the AS fragments. The
evaluation of these mixtures was carried out with the use, in each case,
of samples with the corresponding variants.

Normalization of wt mixtures was performed by using classified
samples. Although our work was limited because of the unavailability of
samples for most of the homozygous genotypes, this did not hinder the
study. As already demonstrated from comparisons relative to Ct, the wt
AS primers recognize the sequences without genetic changes; therefore,
in the presence of the corresponding variant in both alleles of the CFTR
gene, their possibilities of generating amplified product are minimal,*’
thereby yielding amplicons undetectable by HRMA.

The CF StripAssay 4-410 reference panel identifies wt genotypes in
the same reactions as mutated ones. Sequences of 1 type or another are
detected by inverse hybridization with specific complementary probes,
fixed in different parallel bands on a strip. The absence of wt productin a
given band indicates homozygosity of the corresponding mutated allele.
Other available assays for the characterization of the CFTR gene such as
INNO-LiPA CFTR 19 follow the same strategy."'

Two batches of the test were produced after establishing the working
conditions of the primer mixes for the detection of 18 CFTR variants and
for their zygosity determination. The assay was validated by evaluating
analytical parameters (clinical and analytical specificity) in accordance
with Food and Drug Administration guidance."”

As in a study published by Pugliese et al,"’ an interval graph
was used for the comparison of the Tm intervals of each mixture.
It was found that the closest Tm intervals correspond to variants
c.1521_1523delCTT and ¢.1624G>T in mixture A, and ¢.3718-
2477C>T and ¢.1657C>T in mixture D. The evaluation of samples
with these combinations allowed to verify that those variants can be
differentiated, although for these cases a single melt peak is obtained
only.

The repeatability study validated the initially established Tm range
of 1°C for the detection of variants in mixes A through D, with the excep-
tion of the ¢.1624G>T and ¢.1521_1523delCTT variants. Although the

confidence intervals of these 2 variants did not overlap, the separation
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between their average values was only of 0.83°C, so it was decided to re-
duce the Tm interval for them. Thus, to identify the c¢.1624G>T variant,
a Tm value up to 77.5°C is considered, whereas higher values correspond
to ¢.1521_1523delCTT. However, if Tm values are obtained within
+0.1°C from this value (in samples that do not carry both variants), it is
recommended to analyze whether the peak height of the internal con-
trol is on range and, consequently, to perform a new extraction of DNA
from the sample.

In the agreement analysis, 230 samples were analyzed by the de-
veloped assay and by the reference methods, CF StripAssay 4-410 and
automated DNA sequencing, the latter for some specific cases. More
than 150 of these samples had an unknown genotype (blind evalua-
tion). The validation analysis yielded a 100% agreement of the test with
the reference methods. Similar results were obtained by Van der Stoep
and collaborators** when comparing an HRMA-based method for the
detection of variants in the BRCAI (breast cancer 1) gene with DNA
sequencing, both with 100% specificity. The CFTR variant ¢.3196C>T
was detected for the first time in the Cuban population, specifically
in a patient who had an incomplete CF genotype until then. This find-
ing was confirmed by sequencing exon 20 of the CFTR gene in CNGM.
Other variants such as ¢.1585-1G>A and c.2657 + 5G>A, identified dur-
ing the characterization of samples at the beginning of this work, were
also found in other Cuban CF patients. Analytical sensitivity and clinical
sensitivity of 100% were obtained, parameters that are decisive in the
standardization of tests for the determination of genotypes as described
by Norambuena et al*® during the evaluation of a similar HRMA-based
method.

The assay was externally validated by the Molecular Biology De-
partment of the CNGM. The study of 96 DBS confirmed the analytical
parameters obtained in the first performance evaluation of the test, pro-
viding further evidence of the reliability of the assay’s results.

In Cuba, current diagnosis of CF is led by the CF National Commis-
sion based in the clinical characteristics of the disease and a positive
sweat test (260 mmol/L).'® Since January 2019, a CF newborn screening
program based on an immunoreactive trypsin (IRT)/IRT/DNA algorithm
was extended throughout the country.*® The detection of CFTR variants
is carried out by the CNGM by using denaturing gradient gel electropho-
resis and single stranded conformation polymorphism, time-consuming
and laborious techniques, so the introduction of this new test would be
very advantageous in saving time and reagents. In addition, the use of
an expanded mutation panel (CF StripAssay 4-410) for the study of 129
Cuban CF individuals detected 65.9% of mutated alleles,'* in contrast to
the 55.5% sensitivity for 153 Cuban CF patients of the CNGM panel.'®
Therefore, the method presented in this work for the detection of 18 CF-
causing CFTR variants will be more suitable for the demographic charac-
teristics of our country’s population. It will also enable the evaluation of
a greater number of cases and the study of healthy carriers to reduce the
risk of CF in their offspring.

This assay can complement CF newborn screening not only in Cuba
but also in Latin America. As it was validated with DBS, it benefits from
the advantages of this sample support, widely used for the collection of
samples in newborn screening of inherited metabolic diseases.

A limitation of this study is that only 1 thermal cycler (SLAN 96P)
was used to evaluate the samples and perform the assay validation. This
will be corrected in the future by carrying out a validation process with
equipment from other commercial vendors for providing greater ro-

bustness to the molecular assay. Another limitation is that there were
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insufficient samples for some of the CFTR variants evaluated, such as
¢.2051_2052delAAinsG, ¢.1397C>G, c.3846G>A, and c.3276C>A, for
which only 1 sample was available, because they have a frequency of
<1% in Cuba.

Conclusions

In summary, the proposed assay is a novel, effective, rapid, and afford-
able method for the detection of 18 CF-causing CFTR variants based
on AS PCR and HRMA. It significantly expands the spectrum of CFTR
variants to be detected in Cuban patients with suspected CF and is also
suitable for Latin America, a large region with a heterogeneous ethnic

makeup.
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ABSTRACT

Background: Transfusion services aim to maintain sufficient blood
inventory to support patients, even with challenges introduced by
COVID-19.

Objectives: To review blood usage and wastage before, during, and
after COVID-19 surges, and to evaluate effects on inventory.

Methods: In a retrospective review, we evaluated the association
between time periods corresponding to the initial wave of COVID-19
(pre—COVID-19, quarantine, and postquarantine) and blood usage/
wastage. Data were stratified by period, and ;2 testing was used to ex-
amine the association between these time periods and blood usage/
wastage.
Results: In the period before COVID-19, the transfusion service
used more units, and in the period after quarantine, more units went
to waste. Across all time periods, the most-used product was RBCs,
and the most wasted product was plasma. A statistically significant
association existed between usage (; [6/3209 (0.2%))) = 24.534; P
<.001; Cramer V = 0.62), wastage (4 [6/775 (0.8%)]) = 21.673; P =
.001; Cramer V = 0.118), and time period. The postquarantine period
displayed the highest wastage costs ($51,032.35), compared with the
pre-COVID-19 period ($29,734.45).

Conclusion: Changes in blood inventory use and waste are signifi-
cantly associated with the onset and continuation of COVID-19.

Blood products have direct therapeutic and life-saving effects." More
than 85 million units of blood are transfused annually worldwide, in
treatment of conditions including cancer, blood disorders, and blood
loss due to major operations or trauma.”> Commonly transfused blood
components include packed red blood cells (RBCs), plasma, platelets
(PLTs), and cryoprecipitate (CRYO), each with their own separate hand-
ling and storage p]rotocols.‘l’5 To retain sufficient inventory, ensure
proper stewardship, minimize costs, and guarantee traceability, trans-
fusion services must manage and track the utilization and wastage of
these products.

Waste is an important consideration for transfusion services.
Wastage in the health care system in the United States accrues costs as
high as $910 billion per year, with blood products accounting for approx-
imately 1% of total hospital expenditures.®’ In addition to the financial
burden, wastage jeopardizes blood availability for all patients. Common
reasons for wastage include broken bags and seals, expired units, clotted
blood, and/or products returned late to storage."

Emergency preparedness relies on hospitals having the necessary
tools, supply, and procedures to meet patient needs.® Maintaining suf-
ficient blood inventory requires adjustments by transfusion services
as the supply changes. Reasons for fluctuations in blood availability
include seasonality of supply, natural disasters, emergency situations,
and pandemics.”™ Modern transfusion services have experienced
pandemics in the past but none as influential as COVID-19. One drastic
impact of the COVID-19 pandemic has been a severe reduction in the
blood supply due to donor center constraints, including staffing, donor
availability, and donation site availability.lo’12 These circumstances, as
previously observed in other outbreaks, such as SARS in 2003 and Ebola
in 2014, cause a unique set of problems for transfusion services working
to maintain blood product inventory.

The unique scenarios brought on by COVID-19 require transfusion

services to reevaluate inventory management strategies. To begin this
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evaluation, transfusion services must review how COVID-19 has af-
fected blood inventory, utilization, and wastage. At our academic med-
ical center, the University of Texas Medical Branch in Galveston, we
performed a review of blood product usage and wastage data from 2017
through 2019. The results showed similar blood product usage patterns
for those years but increased wastage in 2019, which prompted the need
for this pilot study.

The purpose of this study was to quantify and categorize the usage
and wastage of blood products at our academic medical center during
the pre-COVID-19 period and the time periods during quarantine
and after quarantine (referencing the quarantine from the initial
wave of SARS-CoV-2). By doing so, we aimed to determine whether
there was a significant association between usage or wastage and
time period. We also quantified the dollar amount of wastage, to de-
termine differences among time periods and to identify cost-savings

opportunities.

Methods
We performed a retrospective review of blood utilization and wastage
records from the multiple transfusion service locations of our academic
medical center. Data collected included blood-product type, quantity in
units, date of use or waste, and reasons for waste (if applicable). Data
were stratified into the following time periods: pre-COVID-19, during
quarantine, and postquarantine. Pre-COVID-19 was defined as March
17-April 21, 2019; during quarantine was defined as March 17-April
21, 2020; and postquarantine was defined as March 17-April 21, 2021.
All of these time periods corresponded to the initial wave of COVID-19
(at the time known only as SARS-CoV-2). The dates of the quarantine
period correspond to the pausing of elective surgical procedures (ESPs)
due to an executive stay-at-home order by the State of Texas, Galveston
County. ESPs were cancelled on March 17, 2020, and resumed on April
22, 2020. Similar periods in the preceding and following year were
selected for the pre-COVID-19 and postquarantine time frames, to ac-
count for any potential seasonal variation.

A total of 3984 blood units were included in this study. We used
y? testing to examine the association between blood-product usage
or wastage and the different time periods related to COVID-19 (ie,

TABLE 1. Usage of Blood Products

pre-COVID-19, during quarantine, and postquarantine). Data analysis
was conducted using SPSS software, version 28.0.1.1 (IBM). P < .05 was
considered statistically significant.

We also calculated the dollar amount of wastage for each time
period. We retrieved acquisition costs for each blood product from
the 2019 National Blood Collection & Utilization Survey (NBCUS).**
To calculate potential cost-savings opportunities, we multiplied the
number of blood products wasted by the cost of each product, for
each study period. The institutional review board (IRB) approved this
project as a quality assessment/quality improvement project that did
not require IRB approval or oversight because this study did not use
any patient data and did not pose any harm or threat to any human

subjects.

Results

Blood Product Usage

The different blood products included in this study were RBCs, plasma,
PLTs, and CRYO. Across all time periods, 3209 blood products were used,
with RBCs being the most used product, followed by plasma. During
the pre-COVID-19 period, PLTs were the least utilized product. How-
ever, during the quarantine and postquarantine periods, CRYO was the
least-utilized product. In TABLE 1, we show the breakdown of products
and the number of products utilized for each period. A Pearson ¥ test
was performed, which revealed a significant association between blood
product usage and COVID-19 time periods: XZ (6/3209 [0.2%]) = 24.534;
P <.001; Cramer V = 0.62.

Blood Product Wastage

Across all time periods, 775 units were wasted, with the most-
wasted product being plasma, followed by PLTs, RBCs, and CRYO.
In TABLE 2, we show the breakdown of products and number of
products wasted for each period. Pearson ¥’ testing was performed,
which revealed a significant association between product wastage and
COVID-19 time periods: X2 (6/775[0.8%]) = 21.673; P = .001; Cramer
V = 0.118. Product wastage was defined as expired, having a hole in

! Blood Product

Pre-COVID-19, No. of Units

During Quarantine, No. of Units

Postquarantine, No. of Units

 Red blood cells

944

| Platelets

92
| Cryoprecipitate 115
' Total 1281

TABLE 2. Wastage of Blood Products

! Blood Product Pre-COVID-19, No. of Units During Quarantine, No. of Units Postquarantine, No. of Units Total
 Red blood cells | 10 28 | 21 | 59
Plasma o s . w 298
Platelets s s 7. T 19%
CCyopreciptte .3 7o R 2
Tt 2 % s 7
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the bag containing the product, returned warm/not used, clotted, or
other reasons of low occurrence such as a recall notification, returned
in cooler incorrectly packed/late, entered into the laboratory log and
not used, or laboratory accident.

Across all time periods, the most common reason for wastage was
product expiration, with 202 units expiring in the pre-COVID-19
period (88.6%), 250 units expiring during quarantine (94.0%), and
262 units expiring in the postquarantine period (93.2%). We listed
reasons for blood product wastage for the 3 studied COVID-19 periods
in TABLE 3. A detailed description of the number of products wasted,

with reason for wastage for each period, is shown in FIGURE 1.

Cost Analysis

We performed a cost analysis of wastage to demonstrate where possible
savings could have occurred. The highest waste in dollars occurred in the
postquarantine period ($51,032.35), followed by the quarantine period
($48,966.95). The lowest waste in dollars was found in the pre-COVID-
19 period ($29,734.45). An itemization of the cost of each wasted
product is listed in TABLE 4. The most expensive product wasted was
apheresis PLTs, costing $473.65 per unit, followed by pooled CRYO,
costing $295 per unit. RBCs cost $194.65 per unit, and plasma was the

least expensive product at $38 per unit.'*

TABLE 3. Reasons for Blood Product Wastage®

Discussion

Our study results showed a statistically significant association be-
tween blood product usage and COVID-19 time periods (P < .001).
The pre-COVID-19 period had the most transfusions (1281 units),
followed by the postquarantine period (1151 units), and the quar-
antine period had the fewest transfusions (777 units). Others have
also observed decreased transfusions during the same period.'”"’
Our observed drop in utilization may potentially be attributed to the
statewide stay-at-home order enacted in Texas in early to the middle
of March 2020 that resulted in cancellation of ESPs. To confirm this
hypothesis, our study identified the number of surgical procedures
performed in the pre-COVID-19 period (1448 cases), during quar-
antine (585 cases), and the postquarantine period (1376 cases); its
results revealed that the number of procedures was severely affected
by the lockdown mandate.

Cancellation of ESPs may be expected to reduce utilization be-
cause large surges in RBC transfusion have been attributed to surgical
bleeding, and trends in RBC utilization have been associated with sur-
gical volume.'®"” The results of a study of 72 institutions found that
after the Centers for Medicare & Medicaid Services alert to discon-
tinue ESPs, RBC and platelet utilization declined significantly, with
the lowest use occurring in April 2020.?° Even without a mandate,

COVID-19 surges may result in fewer ESPs being performed because

. Reason Pre-COVID-19, No. (%) of Units

During Quarantine, No. (%) of Units Postquarantine, No. (%) of Units

' Expired 202 (88.6)

262 (93.2)

15 (6.6)

! Hole in bag

“Percentages may not total 100 because of rounding.
bIncludes reasons that rarely occurred (ie, recall notification, returned to cooler incorrectly, packed late, entered into medical log and not used, or labora-
tory accident).

FIGURE 1. Wastage by blood product and reason. Blood product wastage for pre-COVID-19, during quarantine, and
postquarantine periods. Categorized by blood product and wastage reason. CRYO, cryoprecipitate; PLTs, platelets; RBCs, red

blood cells.
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TABLE 4. Cost Analysis of Blood Product Wastage'®

i . Pre-COVID-19 During Quarantine Postquarantine

. Blood Product UTMB Cost Estimate - - -

: No. of Units Cost No. of Units Cost No. of Units Cost

Red blood cells $194.65 10 $1946.50 28 $5450.20 21 $4087.65

| Plasma $38.00 172 $6536.00 156 $5928.00 170 $6460.00

Pooled cryoprecipitate $295.00 3 $885.00 7 $2065.00 12 $3540.00

Apheresis platelets $473.65 43 $20,366.95 75 $35,523.75 78 $36,944.70
Total $29,734.45 $48,966.95 $51,032.35

UTMB, University of Texas Medical Branch.

procedures may be cancelled due to lack of bed availability, COVID-
19 caseloads, and reduced blood availability."’ Reduced quarantine
utilization may also be due to the reduced transfusion needs of most
patients with COVID-19, compared with other hospitalized patients.”*
The severity of COVID-19 illness also affects utilization, with mild or
moderate cases requiring less blood than severe cases, indicating that
the percentage of severe cases may be important in determining in-
ventory needs.”

We found that the most-used blood product across all periods
was RBCs, followed by plasma, which matches previously reported
patterns.”> CRYO was the least-utilized product, and its utilization was
not different when comparing all 3 time periods. However, unlike in
other study reports, we found that PLTs were the least-utilized compo-
nent during the pre-COVID-19 period."" It is not immediately clear
why CRYO and PLT utilization were reversed in this period. Possibly, this
was due to high outlying CRYO utilization in a single case or a limited
number of cases. This reversal also surprised us in that it occurred in the
pre-COVID-19 period, as opposed to the quarantine period. Although
the rates of RBC, plasma, and PLT transfusion are lower in patients with
COVID-19, compared with other hospitalized patients, the rate of CRYO
transfusion is similar.”’

We found a statistically significant association between product
wastage and COVID-19 time periods (P =.001), with the highest amount
of waste occurring in the postquarantine period and the next-highest
in the quarantine period. The least waste was accumulated in the pre-
COVID-19 period. We were not surprised that more waste accumulated
in the quarantine period, compared with the pre-COVID-19 period. Pre-
vious inventory par levels and blood supply orders likely did not antici-
pate the cancellation of ESPs and associated decrease in demand. Other
study reports, including Kracalik et al,” also spoke of an increase in RBC
and platelet discards after cancellation of ESPs. This finding was unex-
pected because the number of surgical cases was similar between the
pre-COVID-19 and postquarantine periods.

Rajbhandary et al'’ found a greater number of hospitals reporting
component waste in May 2020 (54%), compared with March 2020
(25%). However, that number declined to 4.5% by the end of June
2020 and remained low throughout the rest of the year. Other study
reports, such as one by Lu et al,”® also show that waste was trending
to baseline after the initial COVID-19 surge. Our study results include
the unique finding of persistently higher waste 1 year after the initial
COVID-19 surge. Because others have not reported the same trend to
date, to our knowledge, this change may or may not be related to the
pandemic.

In our study, plasma was the most-wasted product across all time
periods. However, other studies have found RBCs or PLTs to be the

www.labmedicine.com

most-wasted products.”” Our differing result may be due to the prac-
tice of our transfusion service of always maintaining prethawed plasma
available in preparation for any massive transfusion protocol (MTP) ac-
tivation, in accordance with the recommendation of the American Col-
lege of Surgeons.”® Once thawed, these plasma units expire within 5 days
and must be discarded if not used.”””®* MTP activations are resource-
intensive and often have high rates of waste.””*" During the pandemic,
some institutions adopted changes to their MTP, such as altered ratios,
to address supply-related and wastage concerns.”!

PLTs were the next-most-wasted product in our study findings,
followed by RBCs. PLT waste may have been lower than plasma in part
due to the practice of our institution of utilizing pan-genera detection
testing to extend PLT expirations from 5 days to 6 or 7 days. Results
from a previous single-center study”” demonstrated a 58% reduction in
platelet waste after implementation of this strategy.

Transfusion services have the difficult responsibility of balancing
optimal blood inventory while maintaining minimal waste.”> For
all 3 studied time periods, we found that the most common discard
reason by far was product being out of date, as also found by other
researchers.’*®* Our most-wasted product, plasma, has an expiration
date of 5 days once thawed; this situation may have contributed to
our high number of outdated products because thawed plasma was re-
quired at all times for any potential MTP activation.”’”” Although they
made up a much smaller percentage of waste, the next-most-common
reasons for discard included holes in bags containing components and
components not used/returned warm. Units discarded due to holes
in the bag were exclusively frozen plasma components. Due to the
freezing process used to prepare these products, the bags are suscep-
tible to breakage.

A cost analysis of waste was performed, revealing increasing wastage
costs each year. Waste in dollars was highest in the postquarantine
period ($51,032.35), followed by the quarantine period ($48,966.95),
then the pre-COVID-19 period ($29,734.45). The pattern of waste in
our study does not appear to be solely related to pandemic cancellation
of ESPs. We suspect that a significant portion of plasma waste in our
study was due to use of prethawed plasma for MTP readiness. One po-
tential solution is the use of liquid plasma, which has alonger expiration
date of 26 days.

To address broken bags, appropriate and timely communication to
suppliers allows blood centers to make changes to manufacturing or
shipping practices that may reduce this occurrence.’® Extending platelet
outdates to 6 or 7 days may have an effect on platelet waste during the
study period, but appropriate interventions regarding platelet policy
should be explored because all platelet wastage we uncovered was due

to product expiration.
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Other institutions have explored cold storage platelets, which have
a longer 14-day outdate, to help address waste and availability issues
associated with the short shelf life of room temperature platelets.*’
Although they constitute a small portion of our overall waste, effec-
tive interventions, for units returned warm or improperly stored after
being issued, include educational measures targeted to clinicians and
improved transportation options.?’8

Lastly, as part of emergency preparedness, optimal staffing levels at
transfusion services and blood centers is a critical component to under-
standing the effect on blood utilization and wastage. During any pan-
demic, the demand on the workforce and the blood supply are almost
doubled."” In our institution, it was hypothesized that staffing levels in the
transfusion services and blood center fluctuated, especially during 2019,
and this may have an influence on our blood utilization and wastage.

There were some limitations to our study. It was conducted at a single
academic medical center with 4 local hospital campuses and may not be
generalizable to other locations or populations. The exact data on staffing
levels during the study time period were not available for analysis. Also,
our study evaluated waste based on number of products, rather than a
normalized ratio of waste to products issued, and only evaluated poten-
tial cost savings based on the acquisition price of products.

In conclusion, our study findings revealed how a pandemic may
seriously impact blood use and waste in the transfusion service. Our
findings showed a significant association between time period and the
usage or wastage of blood products, with the pre-COVID-19 period
utilizing the most blood products and the postquarantine period
yielding the largest amount of waste. Our findings also identified signif-
icant potential cost savings in reducing blood product waste. Given our
unexpected finding that waste was higher in the 2021 postquarantine
period, future studies on the long-term effects of the pandemic on

waste are needed.
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ABSTRACT

Objective: Intellectual developmental disorder (IDD) type 5 is an
autosomal dominant (AD) disorder and is characterized by intellec-
tual disability (ID), psychomotor developmental delay, variable au-
tism phenotypes, microcephaly, and seizure. IDD can be caused by
mutations in the SYNGAPT gene, which encodes a Ras GTPase-
activating protein. This study revealed a novel de novo nonsense var-
iant in SYNGAP1. The identification of such variants is essential for
genetic counseling in patients and their families.

Methods: Exome sequencing implicated the causative variant.
Sanger sequencing and cosegregation analyses were used to confirm
the variant. Multiple in silico analysis tools were applied to interpret the
variant using the American College of Medical Genetics and Genomics
and the Association for Molecular Pathology guidelines.

Results: The de novo NM_006772.3(SYNGAP1):c.3685C>T variant
was identified in an 11-year-old boy with severe intellectual disability,

neurodevelopmental delay, speech disorder, ataxia, specific dysmor-
phic facial features, and aggressive behavior.

Conclusion: The current study findings expand the existing knowl-
edge of variants in SYNGAPT that have been previously associated
with nonsyndromic intellectual disability and autism, extending the
spectrum of phenotypes associated with this gene. The data have
implications for genetic diagnosis and counseling in similar pheno-
typic presentations.

Introduction
Intellectual disability (ID) is defined as the inability to mature cognitively
and reach an age-appropriate IQ level with onset before 18 years of age.
It affects 2% to 3% of the world’s population.’ The classification working
group on ID in the World Health Organization’s International Classifi-
cation of Diseases (ICD) presented the term intellectual developmental
disorders (IDD) as a group of developmental conditions characterized by
a significant deficiency in cognitive functioning accompanied by limita-
tions in learning, adaptable behavior, and life skills.” A person with IDD
has both an “intellectual disability” (defined as an IQ of below 70 at age
5 years or older)>* and a “global developmental delay” (term used at an
age younger than 5 years, defined as deficits in 2 or more developmental
domains, eg, fine/gross motor skills, speech, and interaction).’ IDD has
a diverse etiology and has been categorized as a meta-syndromic con-
dition by the ICD Working Group. However, genetic etiologies are the
most common cause of IDD® and represent up to 50% of IDDs, ranging
from chromosomal abnormalities to single gene defects.” To date, more
than 1000 types of IDD have been identified with a genetic origin. Au-
tosomal dominant IDD was previously known as AD mental retardation
(MRD), which is a group of about 69 disorders (ie, MRD1-69).2

In this context, MRD5 (OMIM #612621) is characterized by ID
and psychomotor developmental delay, in addition to autism spectrum
disorder (ASD), microcephaly, and seizures. It is caused by mutations
in SYNGAPI at 6p21.3.” SYNGAP1 encodes a 140 kDa brain-specific
cytosolic SYNaptic GTPase activating protein (SYNGAP1) localized
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to dendritic spines of neocortical pyramidal neurons and negatively
regulates Rap, Ras, and the a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid receptor trafficking to the postsynaptic membrane to reg-
ulate synaptic plasticity and neuronal homeostasis."’ It functions as a
component of the N-methyl-D-aspartate receptor-mediated signaling
complex. The SYNGAP1 protein plays a vital role in the establish-
ment of morphology, function, and plasticity of synapsis excitatory
glutamatergic neurons, and therefore haploinsufficiency of SYNGAP1
increases the number of mushroom-shaped dendritic spines during
brain development, leading to disorders of brain development and
function.” Investigations and discovery of disease-causing SYNGAP1
variants may further elucidate genotype-phenotype correlations.

In this study, we report a novel de novo pathogenic SYNGAPI variant in
an 11-year-old boy with severe intellectual disability, neurodevelopmental
delay, speech disorder, ataxia, and aggressive behavior. The whole exome
sequencing (WES) technique was used to identify the causative mutation
and lead to the confirmation of the diagnosis of MRD5 and expand the
mutational and clinical knowledge of the SYNGAP1 gene.

Materials and Methods

Case Presentation and DNA Extraction

The patient’s medical history was obtained through genetic counseling,
and the pedigree was drawn by using Progeny software. Peripheral blood
was collected after obtaining informed written consent from the legal
guardian. DNA extraction was performed using the DNSol Miniprep Kit
provided by Rojetechnologies, Tehran, Iran. This study was approved by
the ethics committee of the Isfahan University of Medical Science, Is-
fahan, Iran (Ethics code: IR.MUIL.MED.REC.1400.042).

Exome Capture, Whole Exome Sequencing, and Variant
Prioritization

Exome capturing was performed using xGen Exome Research Panel v2
(Integrated DNA Technologies). WES was performed using NovaSeq
6000 (Hllumina), and sequence alignment was done to the Genome
Reference Consortium Human Build 37 and revised Cambridge Ref-
erence Sequence of the mitochondrial genome. Variant interpretation
was performed using EVIDENCE software™ to prioritize variants and
interpreted based on the guideline recommended by the American Col-
lege of Medical Genetics and Genomics (ACMG) and the Association for
Molecular Pathology.'” Only clinically significant variants relevant to
the patient’s primary clinical symptoms at the time of variant interpre-
tation were considered. Exome capture, WES, and variant prioritization

were performed by 3Billion, Seoul, Korea.

Sanger Sequencing and Cosegregation Analysis

The candidate variant was confirmed using Sanger sequencing, and
cosegregation analysis was performed on the family. Specific primers for
the variant were designed using the Primer3 online tool (Primer3web,
version 4.1.0) and validated by online tools such as Primer-BLAST,*®
MFEprimerS.l,14 and SNPCheck (gene tools, SNPCheck V3). The used
primer sequences are listed in TABLE 1.

In Silico Analysis

We used the Genome Aggregation Database (gnomAD v2.1.1), Iranome
(http://www.iranome.com/), and GTAC domestic databases for population

www.labmedicine.com

allele frequency analysis. The potential pathogenicity of the variants was
assessed using the following prediction tools: FATHMM-MKL (Functional
Analysis through Hidden Markov Models [FATHMM] [v2.3], http://fathmm.
biocompute.org.uk), BayesDel (addAF and noAF) (https://fengbj-laboratory.
org/BayesDel/BayesDel.html), EIGEN (http://www.columbia.edu/~ii2135/
eigen.html), LRT (http://genetics.wustl.edu/jflab/Irt_query.html),
MutationTaster (https://www.mutationtaster.org/). The Combined Annota-
tion Dependent Depletion (CADD) scores (https://cadd.gs.washington.edu/
snv) were obtained. The CADD-SV scores on the Phred scale range from 0
(potentially benign) to 48 (potentially pathogenic), indicating the position of
the novel variant within the gnomAD-SV score distribution.'” The National

and

Center for Biotechnology Information Constraint-Based Multiple Alignment
Tool (COBALT) server was used to analysis of conservation (https://www.
ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi?CMD=Web).

Results

Subject

The proband was an 11-year-old boy with severe ID with a history of
delayed milestones. He was not ambulatory until 5 years of age and
experienced 1 seizure at 4 years of age. He had ataxia while walking
(ataxic gait). He showed aggressive behavior and speech problems.
He did not show skeletal abnormalities, but subtle dysmorphic facial
features included prominent eyebrows, short philtrum, broad mouth
with diastemata of the upper teeth, cupid bow upper lip, hypertelorism,
full nasal tip, and small pointed chin. His parents are first cousins once
removed (FIGURE 1A). There was no family history of ID, but a female
cousin died for an unknown reason at birth and a mother’s cousin had
amovement disability (FIGURE 1A; the IV:9 member in the pedigree).

Sequencing Findings

Exome sequencing revealed a de novo deleterious variant (TABLE 2),
NM_006772.3:c.3685C>T (p.GIn1229Ter), in the SYNGAPI gene re-
lated to AD IDD type 5. Sanger sequencing confirmed the variant in the
patient, and cosegregation analysis confirmed the variant is in de novo
condition and represents no observation of the variant in nonaffected
members of the family. Thus, the patient carried a de novo heterozy-
gous NM_006772.3 (SYNGAP1):¢c.3685C>T (p.Gln1229Ter) variant con-

firmed by Sanger sequencing.

In Silico Findings

The variant was not found in the gnomAD, Iranome, or other public or
domestic databases. Multiple in silico analysis tools showed deleterious
effects of the candidate variant on the encoded protein. TABLE 2 shows
in silico analysis of the candidate variant. The prediction tools, such as
BayesDel addAF, BayesDel noAF, EIGEN, EIGEN PC, FATHMM-MKL,
LRT, and MutationTaster showed damaging and disease-causing effects
of the variant. The CADD-SV score on the Phred scale was 40, which is
categorized as potentially pathogenic. The COBALT server showed the

locus of the variant was highly conserved in multiple organisms.

TABLE 1. The specific primers used for Sanger sequencing

| Primer name Sequence . Product size
SYNGAP1-F CCATGGCAGGGTCTTCTCAA 402 bp
SYNGAP1-R CTCACCTGCCAATGATGCTC
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FIGURE 1. A, The pedigree of the studied family. B, Electropherograms of the Sanger sequences of the proband and his

parents that show de novo occurrence of the identified variant.

A

:4 Ii:5

1day IV:i2 IV:3 V4 [IV:5 IVi6 IV:7 IV:8 IV:9

IV:1

/v ov2 V3 va

TABLE 2. In silico data on the identified variant
| SYNGAP1
| Chr6-33414454-C-T (GRCh37)

: NM_006772.3:.3685C>T

: NP_006763.2:p.GIn1229Ter

: Gene

Variant genomic position
cDNA position
! Protein change

! Type of mutation  Nonsense

! Allele frequency in L N/A

! gnomAD exome :

! Allele frequency in /A

| gnomAD genome ‘

! Allele frequency in N/A

i gnomAD (South Asian) :

Iranome i N/A

| CADD Phred 40

! Bioinformatics tools ! BayesDel addAF, BayesDel noAF, EIGEN,

| showing damaging results | EIGEN PC, FATHMM-MKL, LRT, MutationTaster

CADD, Combined Annotation Dependent Depletion; N/A, not available.

According to the ACMG guideline of variant classification,” the
identified variant was classified as pathogenic due to these criteria for
pathogenicity: PVS1(null variant), PP5 (ClinVar classifies this variant as
Pathogenic), PM2 (variant not found in gnomAD), PS2 (de novo in a
patient with no family history), and PM1 (located in a critical domain).

Discussion and Conclusion
MRDS is classified as a rare nonsyndromic ID. It is a condition caused
by mutations in SYNGAPI that affect the central nervous system, is
characterized by moderate to severe ID, and presents in the first few
years of life. Some patients may also experience seizures. Autism spec-
trum disorders may be observed in some cases. Almost all reported cases
are due to de novo mutations in the SYNGAPI gene. Loss-of-function
mutations causing haploinsufficiency have been implicated in damaging
the development of the forebrain glutamatergic neurons.'***

The SYNGAPI gene codes for a Ras GTPase activating protein, a
member of the NMDA receptor complex. The N-terminal domain of
the protein contains a Ras-GAP domain, a pleckstrin homology do-

main, and a C2 domain possibly involved in calcium and phospholipid
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FIGURE 2. Proportion of different types of reported mutation
in the SYNGAP1 gene based on the nonprofessional Human
Gene Mutation Database.
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binding; the C-terminal domain contains 10 histidine repeat regions,
serine, and tyrosine phosphorylation sites and a T/SXV motif required
for postsynaptic scaffold protein interaction.'” This gene includes
9 transcripts, the largest consisting of 1343 residue and encoding
19 exons. Mutations in SYNGAPI were first identified in patients
with nonsyndromic ID and ASD, followed by the discovery of its im-
portant role in the development and epileptic encephalopathies in
2013."%2%2! This study revealed a novel de novo nonsense mutation

(NM_006772.3:c.3685C>T (p.Gln1229Ter)) in the SYNGAP1 gene in

2024;55:204-208 | https://doi.org/10.1093/labmed/Imad064
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FIGURE 3. Protein sequence alignment of the SYNGAP1 protein using the National Center for Biotechnology Information
Constraint-Based Multiple Alignment Tool server. Conservation analysis in 5 different organisms showed highly conserved
residues in most regions of the protein; red regions downstream of the identified variant show highly conserved sequences on

the SYNGAP1.
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TABLE 3. Downstream mutations of the ¢.3685C>T variant in the SYNGAP1 gene and phenotypic findings

. Molecular consequence

Variant Protein Change ' ) Related condition Clinical features Reference
; ; ; of mutation : ‘
NM_006772.3(SYNGAP1):c.3706C>T p.GIn1236Ter Nonsense Intellectual disability, autosomal domi- Seizures, intellectual disability, 2
: nant 5; inborn genetic diseases global developmental delay,
autistic behavior
NM_006772.3(SYNGAP1):c.3718C>T p.Arg1240Ter Nonsense Intellectual disability, autosomal | Severe cognitive impairments, | %%
dominant 5; inborn genetic diseases; seizures :
i complex neurodevelopmental disorder
! NM_006772.3(SYNGAP1):c.3732_3735del p.Ser1244fs Frameshift Intellectual disability, autosomal N/A %
: dominant 5
NM_006772.3(SYNGAP1):c.3788_3794del p.lle1263fs Frameshift Intellectual disability, autosomal Moderate intellectual disability, 24
: dominant 5 . seizures, speech delay
NM_006772.3(SYNGAP1):c.3795-1G>A — Splice acceptor Intellectual disability, autosomal Global developmental delay, 2
dominant 5 seizure, ADHD, motor stereo-
i typy, abnormal social behavior
NM_006772.3(SYNGAP1):c.3811G>T p.Glu1271Ter Nonsense Intellectual disability, autosomal N/A 24
dominant 5
NM_006772.3(SYNGAP1):c.3834dup p.Ala1279fs Frameshift Intellectual disability N/A 24

N/A, not available.

an 11-year-old boy with severe ID, neurodevelopmental delay, speech
disorder, ataxia, and aggressive behavior. To date, 228 mutations have
been reported in SYNGAPI based on the nonprofessional version of the
Human Gene Mutation Database (HGMD) that are related to ID, ASD,
developmental delay, and encephalopathies. As FIGURE 2 shows, ac-
cording to the nonprofessional HGMD, most of the mutations are
missense/nonsense and small deletions, but other types of mutations
were reported frequently related to pathogenicity of the disorder.
The identified NM_006772.3:c.3685C>T (p.Gln1229Ter) variant is
located in exon 17 and caused by a premature stop codon in this exon
and loss of downstream coding regions (2 later exons). It is located
in encoding regions of the coiled-coil domain, which is associated
with the RasGAP domain and the C2 domain.”? According to protein
alignments data in 5 organisms, almost all regions of the gene, and
especially the downstream regions of the variant location, are highly
conserved (FIGURE 3). This implies an important role for the coiled-
coil domain, and downstream domains, which were highly conserved in

the evolutionary process. Numerous studies had reported pathogenic

www.labmedicine.com

mutations on downstream regions of the NM_006772.3:c.3685C>T
(p.GIln1229Ter) variant (TABLE 3 lists some downstream mutations
of the variant and phenotypic findings) that confirms the critical role of
the last exons in the protein function. Almost all reported downstream
variants were related to ID, ASD, seizures, developmental delay, and ab-
normal social behavior. Thus, loss of the last exons should be considered
in the pathogenicity of related disorders. As in the Vlaskamp et al®®
study, the patient in our current study also had specific facial dysmor-
phic features such as full slightly prominent eyebrows, hypertelorism,
full nasal tip, short philtrum, cupid bow upper lip, broad mouth with
diastemata of the upper teeth, and small pointed chin. Thus, these dys-
morphic facial features can be considered for differential diagnosis and
genetic counseling.

The findings in this study not only advance the understanding of how
SYNGAPI variants can be implicated in phenotypes associated with ID,
developmental delay, speech disorder, ataxia, and behavior problems but
also allow for more diagnostic accuracy and improved quality of genetic

counseling in further cases with similar variants.
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ABSTRACT

Objective: The objective of this study was to assess oxidative stress
in small for gestational age (SGA) newborns and their mothers by
evaluating intra- and extracellular thiol homeostasis and the quantifi-
cation of major oxidants and antioxidants.

Methods: A total of 75 mothers and their 75 newborns (43 SGA)
were enrolled in this study. Thiol-disulfide homeostasis, serum
myeloperoxidase, catalase, total oxidant, and antioxidant status were
analyzed. Additionally, erythrocytic glutathione (GSH) homeostasis
was measured.

Results: Although native and total thiol levels were decreased, disulfide
levels were increased in SGA groups. Additionally, myeloperoxidase
activity and total oxidant status levels were significantly elevated
whereas total antioxidant status levels and enzymatic antioxidant sys-
tems were diminished in SGA groups. Similarly, intra-erythrocytic GSH
homeostasis was shifted in favor of oxidants in SGA groups.

Conclusion: Our results demonstrate that insufficient antioxidant sys-
tems in mothers and a robust source of oxidative stress in SGA might
contribute to the pathophysiology of SGA births.

Introduction
Newborns who are born with weight below the 10th percentile are de-
fined as small for gestational age (SGA) newborns. There are various
underlying factors that have been established to be causes of SGA,
including nutritional, hormonal, vascular, and genetic factors.™ The
birth weight and length of infants are important predictors associated
with health-related outcomes later in life.” According to recent studies,
infants diagnosed with SGA may have a higher risk of experiencing
various health problems later in life, including peri- and postnatal
morbidity, persistent short stature, and metabolic disorders.” Interest-
ingly, these risks are particularly high in healthy term SGA newborns
who rapidly “catch up” to non-SGA newborns in terms of postnatal
growth.>®

Oxidative stress is associated with pregnancy-related disorders.
During pregnancy, changes in the immune response and increased en-
ergy demands lead to elevated production of reactive oxygen species
(ROS). The placenta is regarded as a major source of oxidative stress;
however, under normal circumstances, maternal antioxidants are ex-
pected to counteract the elevation in ROS levels, thereby maintaining
balance. Elevated oxidative stress leads to adverse outcomes for both
mothers and newborns.”® A recent hypothesis suggested that placental
insufficiency, which is considered to be a cause of fetal growth restric-
tion, is associated with oxidative stress originating from trophoblast in-
vasion in the placenta as a result of high energy demands for metabolic
activity, cellular growth, and proliferation.® Mohn et al’ revealed that
peripubertal children who were born with SGA continued to experience
high levels of oxidative stress, which is a component of SGA pathophys-
iology. This finding suggests that oxidative stress could serve as an early
indicator of metabolic and cardiovascular dysfunctions in the adulthood
of individuals diagnosed with SGA at birth.” Our objective was to per-
form a comprehensive investigation of oxidative stress by evaluating

intra- and extracellular oxidant-antioxidant homeostasis, as well as
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major oxidant and antioxidant molecules in SGA newborns and their
mothers.

Material and Methods

Study Population

A total of 75 newborns and 75 mothers were included in the study.
The population consisted of 43 mothers with 43 SGA newborns and
32 mothers with appropriate for gestational age (AGA) newborns. The
newborns were classified as AGA when birth weight was between the
10th and 90th percentile, whereas SGA was defined in newborns with
a birth weight of <10th percentile.” Inclusion criteria were (1) having
uncomplicated singleton gestation at full term, (2) not being diagnosed
with metabolic or chronic diseases, (3) not receiving any regular
treatment(s), and (4) being defined as “healthy newborns” without hy-
poxemia, chromosomal disorders, malformations, or acute illnesses.
Additionally, those diagnosed with intrauterine growth retardation and
mothers with a history of smoking were excluded. After delivery, birth
weight, birth length, head circumference, 1st- and 5th-minute Apgar
scores, and ponderal index (weight/ [length]3 x 100) of all newborns were
recorded. The mothers provided written informed consent for the use
of medical data in this research on behalf of themself and their babies.
All procedures performed in studies involving human participants were
in accordance with the ethical standards of the institutional and/or
national research committee and with the 1964 Helsinki Declaration
and its later amendments or comparable ethical standards. The present
study was approved by the ethics committee of Ankara Yildirim Beyazit
University, Faculty of Medicine (Approval number 26379996/220).

Blood Samples

Whole blood samples of mothers were drawn into EDTA-containing and
serum separator tubes by venipuncture immediately after delivery. The
whole blood of newborns was obtained from the umbilical cord vein and
was drawn from the double-clamped segment of the umbilical cord. Sera
of all subjects were obtained by centrifuging serum separator tubes at
1500g for 10 minutes. All samples were aliquoted and stored at -80°C

until examination.

Measurements in Serum Samples

An automated spectrophotometric method developed by Erel and
Neselioglu'® was used to determine extracellular thiol-disulfide home-
ostasis. Myeloperoxidase (MPO) activity was measured according to
the modified Bradley method."" An enzymatic method by Siotto et al'’
was used to measure ferroxidase activity. Total antioxidant status (TAS)
and total oxidant status (TOS) were assessed with commercial kits (Rel
Assay Diagnostics). Catalase (CAT) activity was measured by Goth’s
method.’® Albumin and ischemia-modified albumin (IMA) were deter-
mined with automatized methods based on the reports by Doumas et
al'* and Bar-Or et al,™® respectively. All parameters were measured on a

Roche cobas ¢501 chemistry autoanalyzer (Roche Diagnostics).

Preparation of Whole Blood Samples for Intracellular
Analysis

Intracellular erythrocytic glutathione (GSH) homeostasis is primarily
based on GSH levels within erythrocytes, as GSH is the most abundant

antioxidant molecule inside these cells. Whole blood samples drawn into

210 Laboratory Medicine

EDTA tubes were used to perform erythrocyte lysis. After centrifugation
to separate plasma, the plasma fraction was removed and erythrocytes
were washed 3 times with a 0.9 % NaCl solution. Following the washing
procedure, erythrocytes were lysed by addition of distilled water to elute
the GSH content of erythrocytes. Then the supernatant fraction of lysed
samples was obtained by centrifuging at 1500g for 10 minutes. The su-
pernatant fraction was used for intracellular erythrocytic GSH homeo-

stasis tests.

Intracellular Erythrocytic Glutathione Homeostasis
Measurement

Intracellular erythrocytic GSH homeostasis was assessed according to
the method put forth by Alisik et al.'® In this method, the measured
parameters are GSH and total GSH (GSH + oxidized GSH [GSSG]),
whereas the GSSG value is calculated from these values. The GSH and
total GSH (GSH + GSSG) levels were measured with an automated system
using a Roche cobas ¢501 chemistry analyzer (Roche Diagnostics). The
GSSG levels were calculated by subtracting GSH levels from total GSH
(GSH + GSSG) levels and by dividing the result by 2. Hemoglobin levels

were determined by using a Siemens Advia 2120i Hematology System.

Statistical Analysis

SPSS software version 20.0 was used for all statistical analyses. The
Kolmogorov-Smirnov test was performed to determine the distribution
characteristics of continuous variables. The variables are summarized
as follows: mean + SD were used for parametric continuous variables
and medians (interquartile range) for nonparametric continuous
parameters, whereas absolute and relative frequencies (n and per-
centage) were used for categorical variables. The independent samples
t-test and Mann-Whitney U were performed to assess differences be-
tween groups, depending on parametric assumptions. Categorical
variables were analyzed by the Pearson  test or the Fisher’s exact test.
Correlation analyses were performed with Spearman’s correlation anal-
ysis. All comparisons were 2-tailed, with P values of <.05 considered to

be statistically significant.

Results

Maternal clinical and demographic characteristics are summarized in
TABLE 1. Gestational age was similar in the AGA and SGA groups (P =
.328). As expected, birth weight, birth height, and head circumference
were significantly different between AGA and SGA newborns (P < .001
for all). First and 5th minute Apgar scores were lower in SGA newborns
than in AGA newborns (P < .001 for all) as shown in TABLE 2.

Native thiol, total thiol, and native thiol/total thiol index levels were
higher in the maternal AGA group than in the maternal SGA group (P <
.001, P = .004, and P < .001 respectively). In the maternal SGA group,
disulfide levels, disulfide-native thiol percent, and disulfide-total thiol
percent index levels were higher than the maternal AGA group (P < .001
for all). Whereas CAT activity and TAS levels were significantly higher
in the maternal AGA group (P < .001 for both), IMA levels and MPO ac-
tivity were significantly higher in the maternal SGA group (P < .001 for
both), as shown in TABLE 1.

The AGA newborns had higher levels of native thiol, total thiol, and
native-total thiol index (P < .001, P = .008, and P = .002, respectively),
whereas disulfide levels, disulfide-native thiol percent, and disulfide-

total thiol percent index levels were increased in SGA newborns (P <
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TABLE 1. Comparison of maternal AGA and SGA groups with regard to demographic and clinical characteristics and oxidative
stress parameters

‘ AGA (n = 32) SGA (n = 43)  Pvalue
 Maternal age, y 26 (22.2-30.8) 25 (23-29) o751
Matemalheight,em 163(159-168 . 16l(s5-168 . 222 |
Matenalweight kg 76 (02898 7366800 043 |

| Maternal weight, kg

Caesarean section, No. (%) 14 (43.8) 24 (55.8)

Nativethiol, ymol . 3852 . 289x602 | <001
Total thiol, pmot. . 3«58 . 339=639 | .004 |
Disufide,pmott. 136+525 . 295777 <001 |
Disufide/mative thiol % 399197 9008+427 | <001 |
Disuffide/total thiol % se4xt6l 750270 | <001 |
Native thiolfotal thiol, % %6316 849+538 | <001 |
maABSU 0s0+006 . 0435+006 | <001 |
CMbumingd . 30069349 . 278228323 | .015 |

! Albumin, g/dL

| Myeloperoxidase, U/L

167 = 446
T0S,mmolH202EQL 1005@-116 . 108(03-160) . .035
TS mmoiTolox . 1m@2614 1070937-130) <001
CGSHmo . eotesar 6284698 003
CGSH+GSSGpmOl 3+131 010175 268
essGumol . 1ge02 . 27601 <001
Hemoglobin,gal . 185204 133149 | 622 |

AGA, appropriate for gestational age; GSH, glutathione; GSH + GSSG, total GSH; GSSG, oxidized GSH; IMA, ischemia-modified albumin; SGA, small for
gestational age; TAS, total antioxidant status; TOS, total oxidant status.

.001, P = .003, and P = .002, respectively). The MPO activity and TOS
levels were higher in SGA newborns than AGA newborns (P < .001 for
both), whereas, TAS levels were lower in SGA newborns (P < .001), as
shown in TABLE 2.

The GSH levels in the maternal AGA group were higher than in the
maternal SGA group (P = .003). The GSSG levels in the maternal SGA
group were higher relative to the maternal AGA group (P < .001). He-
moglobin levels were similar in the maternal AGA and SGA groups (P =
.622) (TABLE 1).

The GSH and GSH+GSSG levels were higher among AGA newborns
than SGA newborns (P = .011 and P = .001, respectively). In SGA
newborns, GSSG levels were significantly increased compared with AGA
newborns (P < .001). Hemoglobin levels were similar in AGA and SGA
newborns (P =.778) (TABLE 2).

The directional relationships between anthropometric measurements
and oxidative parameters in newborns are summarized in TABLE 3.
Whereas GSH levels were not associated with birth weight, height, or
head circumference (P > .05 for all), native thiol levels were positively
correlated with birth weight and gestational age (P = .044 and P = .004,
respectively). Additionally, oxidant molecules were negatively correlated

with all anthropometric measurements.

Discussion
Dynamic thiol-disulfide homeostasis represents the levels of thiols
(-SH groups) and disulfide bonds (-S-S) and can be measured in both

www.labmedicine.com

intra- and extracellular compartments. This crucial homeostasis is in-
fluential on several physiologic processes, including maintenance of
protein structure, regulation of enzyme activity and transcription, and
chaperone functions. Dysregulation of thiol homeostasis is associated
with the pathophysiology of various diseases.'”

Our results showed that SGA was associated with oxidative stress in
both newborns and their mothers. To our knowledge, this study is the
first to assess oxidative stress in both SGA newborns and their mothers
(after delivery) by measuring intra- and extracellular thiol homeo-
stasis. We revealed that extracellular thiol-disulfide homeostasis was
dysregulated in both SGA newborns and their mothers, as illustrated
by decreased native and total thiol levels and increased disulfide levels.
Recently, a study evaluating SGA newborns after delivery reported sig-
nificantly decreased native and total thiol levels alongside increased di-
sulfide levels, which show a shift in oxidative balance favoring oxidative
stress in these newborns.” In parallel with our results, impaired oxi-
dative balance was dominant in SGA newborns.'® There are few studies
about SGA and thiol-disulfide homeostasis in newborns with SGA and
their mothers. However, some studies examined thiol-disulfide homeo-
stasis in fetal growth restriction, implying an underlying mechanism for
the development of oxidative stress. These studies briefly reported that
impaired thiol-disulfide homeostasis was shown in patients with intrau-
terine growth restriction as demonstrated by lower native thiol and total
thiol levels compared with controls; however, disulfide levels were sim-
ilar.”? Additionally, it has been reported that native thiol, total thiol, and

disulfide levels were decreased in patients with fetal growth restriction,
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TABLE 2. Comparison of AGA and SGA newborns groups with regard to anthropometric measurements, clinical and

demographic characteristics, and oxidative stress parameters

] AGA (n = 32) SGA (n = 43)
' Birth weight, g 3390 = 473 2435 = 491
' Birth height, cm 50.42 = 1.91 4516 =1.29

| Gestational age, wk

Apgar 5 min

10 (10-10)

Ponderal index 2.66 = 0.30 2.68 = 0.511

Head croumstance,cm s45(36351) @123
Natwvethiol,pmo. s6+347 74t
CTotalthiol,ymott. wox328 376+368
Disulfide,ymo . 16s+629 . 48«78
Disufide/native ol % . 57;2etst . 79«38
Disulfideftotal thol,% . siet20 . eri=2st

89.8 +2.43

! Native thiol/total thiol, %

! Ferroxidase, U/L

86.6 + 5.04

58.9 (54.8-63.0) 57.1(51.2-63.4)
CCatgseut @755 86.1(65.8-1225
Myeloperoxidase UL 791185 16326
T0S,mmolW202EQL 1208026-165 170112225
TS mmolTolox 1470138059 110078140
CesHpmol o<1 Mets
CGSH+GSSGumOL . 133=166 . 1073x163
N 126+801 206671
Hemoglobin,gol . 69085180 1650159181

AGA, appropriate for gestational age; GSH, glutathione; GSH + GSSG, total GSH; GSSG, oxidized GSH; IMA, ischemia-modified albumin; SGA, small for

gestational age; TAS, total antioxidant status; TOS, total oxidant status.

TABLE 3. Correlation analyses between anthropometric characteristics and oxidative stress parameters in newborns

Native thiol Disulfide MPO : CAT TAS : T0S Ferrox GSH GSSG
 BW, g r=0.245 r=-0438 | r=-0372 | r=0121 r=0434 | r=-0292 r=0289 | r=0227 | r=-0302'
P=.015 P=.08 |

r=0.114
P=.412

r=20.160
P =.234

BH, birth height; BW, birth weight; CAT, catalase; Ferrox, ferroxidase; GA, gestational age; GSH, glutathione; GSSG, oxidized GSH; HC, head circumfer-
ence; MPO, myeloperoxidase; TAS, total antioxidant status; TOS, total oxidant status.

suggesting that the thiol content of the placenta could be insufficient
to maintain optimum thiol-disulfide homeostasis.”” We showed that
intra-erythrocytic GSH homeostasis in SGA was dysregulated in both
the mothers and the SGA newborns in our study. Whereas GSH levels
were decreased, GSSG levels were significantly increased. In agreement
with our study, a recent report quantified GSH and GSSG levels in in-
trauterine growth retardation patients. The authors showed decreased
GSH-GSSG ratio, lower GSH-related antioxidant enzyme activity, and
decreased gene transcriptions in patients with intrauterine growth re-

tardation compared with healthy controls.?*

212 Laboratory Medicine

During pregnancy, physiological changes due to increased demand
for energy for the growing fetus causes excessive ROS production in the
placenta. Especially after the second trimester, placenta tissue can adapt
to environmental circumstances and, in concert with maternal antioxi-
dant capacity, it can neutralize free radicals and lipid peroxidation.?? Ox-
idative stress has been related to various clinical courses in pregnancy.”
Unbalanced oxidative stress may cause poor pregnancy outcomes, as
fetuses and newborns are prone to oxidative hazards due to the imma-
turity of their antioxidant defense systems.”* We showed that oxida-

tive indicators, including IMA, MPO, and TOS levels, were significantly

2024;55:209-214 | https://doi.org/10.1093/labmed/Imad065
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increased in SGA newborns and their mothers, except IMA levels, which
were similar in SGA and AGA newborns. Throughout pregnancy, which
is a physiologically oxidative state, maternal antioxidant systems gain
importance for illuminating a possible relationship between SGA patho-
physiology and oxidative stress. We measured some components of the
antioxidant system, including CAT, ferroxidase activity, and TAS levels
in serum. The CAT activity and TAS levels were significantly lower in
the maternal SGA group; however, only TAS levels were lower in SGA
newborns. Similarly, Gveric-Ahmetasevic et al” revealed that SGA
newborns and their mothers had increased malondialdehyde (MDA)
levels and decreased maternal antioxidant capacity. Elevated oxida-
tive stress in SGA newborns and their mothers was sustained on the
third day after delivery, suggesting that the lipid peroxidation caused
by the placenta could have been primarily responsible for oxidative
stress, and therefore, could be playing a role in SGA pathophysiology.
Ashina et al’®
molecules than control infants. We showed that disulfide, GSSG, and
TOS levels were negatively correlated with birth weight, birth length,

reported that SGA infants had higher reactive oxidative

and head circumference, whereas TAS levels had positive correlations
with these parameters. Therefore, it can be stated that oxidative stress
may be crucial player in SGA pathophysiology and severity of oxidative
stress may result in smaller birth size. Another study has reported that
SGA infants had elevated TOS, IMA, and MDA levels and decreased TAS
levels compared with AGA infants.”” The SGA infants, especially those
with symmetric SGA, were under significant oxidative stress compared
with AGA infants. They concluded that in utero and postnatal antioxi-
dant protection were insufficient in SGA newborns, yielding increased
oxidative stress due to several factors that could not be controlled.”” In
parallel with our findings, TOS levels in that study were higher in the
maternal SGA group than in the maternal AGA group. Additionally, they
suggested that IMA may be a useful marker for following-up SGA infants
with regard to neurological developmental delay.”” Rossi et al”® found
elevated IMA levels during the first trimester among pregnant women
who delivered SGA newborns. Also, Papageorghiou et al”’ investigated
the clinical importance of IMA in the pathophysiology of SGA and found
elevated IMA levels in their maternal SGA group compared with AGA.
They speculated that increased IMA might be a result of pregnancy-
related oxidative stress.”” In our study, IMA levels were significantly
decreased in the maternal SGA group compared with the maternal AGA
group. However, there were no significant differences between SGA and
AGA newborns.

Pregnancy causes alterations in the mother’s antioxidant defense sys-
tems. One of the most important immune cell types is the neutrophil, for
both innate and adaptive immunity. An important study reported that
MPO levels were similar in pregnant and nonpregnant women; however,
they found that the localization of MPO was different.’® In pregnant
women, MPO activity accumulated at the neutrophil surface, whereas
in nonpregnant women, MPO activity was localized primarily in the in-
tracellular space of neutrophils. Differences in localization might cause
variations in neutrophil functions between pregnant and nonpregnant
women. Ceruloplasmin is responsible for the regulation of neutrophil
function and regulates ROS production capacity in neutrophils during a
healthy pregnancy.’’ In our study, MPO levels were found to be signifi-
cantly higher in SGA newborns and their mothers; however, there was
no significant difference between the AGA and SGA groups in terms of
ferroxidase activities. Elevated MPO activity supports findings showing

the presence of oxidative stress in SGA newborns and their mothers.

www.labmedicine.com

Considering our results, it might be feasible to suggest that ferroxidase
activity was insufficient to neutralize MPO activity in SGA newborns
and their mothers. Lee et al*” assessed the antioxidant defense system
in their study comparing AGA and SGA infants. The SGA infants showed
significantly diminished antioxidant activity, including CAT activity,
GSH levels, and vitamins E and A. Similarly, it was reported that CAT
and GSH peroxidase activities and the levels of vitamins E, C, and A were
significantly decreased in the cord blood of SGA newborns compared
with AGA newborns.*

It should be stated that there are some limitations in our study. Our
results reveal dysregulated oxidative balance in both intra- and extra-
cellular compartments at birth. However, if the same studies had been
performed at later time points, it could have been more useful and might
have demonstrated variations. Also, the lack of analysis of placenta
tissue might be a limitation of our study design. However, the com-
parison of oxidative homeostasis using a novel concept that assesses
thiol-disulfide and reduced or oxidized GSH levels concurrently through
the measurement of intra- and extracellular thiol-GSH homeostasis in
newborns with SGA and their mothers was a primary strength of the
current study. To the best of our knowledge, this is the first study of its
kind in the literature.

In conclusion, SGA newborns and their mothers appear to be af-
fected by a considerably high level of oxidative stress. The enzymatic an-
tioxidant system was similar among SGA and AGA newborns; however,
nonenzymatic antioxidants (thiols, GSH, and total antioxidant levels)
were significantly decreased in SGA. Also, oxidant molecules and enzymes
were significantly higher in SGA newborns and their mothers. Intra- and
extracellular homeostasis of thiols is a very important indicator for the
redox state, and our results demonstrate that SGA is closely associated

with impaired redox state and ineffective antioxidant defense systems.
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ABSTRACT

Objective: Nonalcoholic fatty liver disease (NAFLD), which is an
emerging global chronic liver disease, has a close association with
insulin resistance. We aimed to determine whether the Gly1057Asp
(rs1805097) polymorphism of the insulin receptor substrate 2 (IRS2)
gene is associated with NAFLD.

Methods: Using the polymerase chain reaction-restriction frag-
ment length polymorphism method, 135 patients with biopsy-proven
NAFLD and 135 controls underwent /RS2 genotype analysis.

Results: Genotype and allele distributions of the IRS2 gene
Gly1057Asp variant conformed to the Hardy-Weinberg equilibrium in
both the case and control groups (P > .05). The Asp/Asp genotype of
IRS2 gene Gly1057Asp polymorphism compared with Gly/Gly geno-
type was associated with a 2.1-fold increased risk for NAFLD after
adjustment for confounding factors (P = .029; odds ratio = 2.10, 95%

Cl = 1.23-3.97).

Conclusion: Ourfindings revealed for the first time that the Gly1057Asp
Asp/Asp genotype of the IRS2 gene is a marker of increased NAFLD
susceptibility; however, studies in other populations are required to
confirm the results.

Introduction
Nonalcoholic fatty liver disease (NAFLD), which has recently become
a major global health problem, is typified by ectopic lipid accumu-
lation in the liver (more than 5% of hepatocytes) without excessive
drinking. NAFLD ranges in severity from simple steatosis to nonalco-
holic steatohepatitis (NASH), fibrosis, and cirrhosis. In spite of the high
prevalence of NAFLD worldwide (approximately 1 in 4 adults), its exact
pathogenesis has still largely remained unsolved.' However, previous re-
search has demonstrated that insulin resistance (IR)** and obesity4 are
the main contributors in the etiology of NAFLD. NAFLD is also linked
with type 2 diabetes (T2D),* hype]rinsulinernia,5 impaired glucose tol-
erance,’ high deposition of visceral adipose tissue,” dyslipidemia,* and
high blood pressure.” Peripheral IR modifies lipid metabolism, and vis-
ceral and peripheral fat content facilitates the generation of IR in the
hepatocytes and NAFLD development.® Consistently, the intensity of
IR in NASH patients is higher vs subjects with simple steatosis,” and
NAFLD patients with IR have higher circulating liver enzymes than
patients without IR.?

During insulin signaling, insulin binds to its receptor, insulin re-

ceptor, leading to its phosphorylation, which in turn results in the

© The Author(s) 2023. Published by Oxford University Press on behalf of American Society for Clinical Pathology. All rights reserved. For permissions, please e-mail:

journals.permissions@oup.com

www.labmedicine.com

Gz0z Aenuged /| uo1senb Ad Z8¥622./S | 2/Z/SS/PI0IME/PaWGE]/W0o" dno olWapede/:sd)y Woly pepeojumod

215



phosphorylation and activation of the substrates of the insulin receptor
or insulin receptor substrates (IRSs), including IRS2. This initiates a cas-
cade of second messengers, such as PI3K and Akt, which eventually leads
to the regulation of glucose and lipid metabolism. IRS2 is a scaffolding
protein that is heavily involved in the insulin signaling pathway and
in pancreatic -cell development and survival. It controls downstream
signaling of insulin-like growth factor 1 (IGF1) and its receptor. At mo-
lecular levels, the impairment of the IRS2- phosphatidylinositol 3 kinase
(PI3K)-protein kinase B (AKT) pathway has a key role in hepatic IR
The IRS2 gene appears to be implicated in the development of some met-
abolic disorders; significant associations have been detected between
single nucleotide variants (SNVs) in the IRS2 gene and IR, T2D,%1°
and obesity.'>'” Finally, significant associations between NAFLD risk
and some polymorphisms in the insulin pathway genes of INSR and
IGF1 have been found.>'® This study aimed to determine the possible
effect of the IRS2 gene Gly1057Asp (rs1805097) variant on the suscep-
tibility to NAFLD. This SNV was chosen on the basis of its usage in prior
genetic association studies, its position in the gene, and its high degree

of heterozygosity.

Materials and Methods

Study Population

A total of 270 genetically unrelated participants including 135 patients
with biopsy-proven NAFLD (age range, 31-79 years) and 135 controls
(age range, 30-76 years) were enrolled in this case-control study. The
study protocol was permitted by the Ethics Committee of the Research
Institute for Gastroenterology and Liver Diseases of Shahid Beheshti
University of Medical Sciences (Tehran, Iran), and all the subjects were
informed about the study’s aim and their consent was obtained before
entering the study. The study adhered to the principles of the Decla-
ration of Helsinki and subsequent amendments. Self-administered
questionnaires were used to obtain general characteristics of the
participants who had the same ethnic background. In this study, NAFLD
patients were enrolled on the basis of the following criteria for the diag-
nosis of NAFLD: (1) detection of hepatic steatosis on ultrasonography;
(2) considerable rise in the circulating liver enzymes levels; (3) absence
of secondary causes of hepatic fat accumulation, including history of al-
coholism (alcohol intake of more than 70 g/week for women or 140 g/
week for men), hepatitis B or hepatitis C virus infection, Wilson’s disease,
autoimmune hepatitis, or medication-induced liver steatosis; and (4)
liver biopsy evidence of NAFLD provided by an experienced pathologist
whose analyses of the biopsy samples were in accordance with Brunt’s
criteria. The grades of steatosis and necroinflammation were from 0 to
3, and the stages of fibrosis were from 0 to 4. We recruited the control
group from students of Shahid Beheshti University of Medical Sciences
or the staff of the Research Institute for Gastroenterology and Liver
Diseases. The controls consisted of individuals without abnormalities in
abdominal ultrasound imaging. They all had normal serum liver enzymes
levels, and none of them had a viral hepatitis infection, were addicted to
alcohol, or were prescribed regular medications. Body mass index (BMI)
was computed as weight divided by height squared."”*’

SNV Genotyping
The laboratory assistants conducted the experiments blinded to

the participants’ clinical data. Peripheral venous blood (5 mL) was

216 Laboratory Medicine

collected in anticoagulative tubes containing EDTA and kept refrig-
erated at 4°C. We extracted the DNA of each individual from their
blood samples using phenol chloroform extraction and ethanol pre-
cipitation protocol and stored it at -20°C until use. Genotyping
of the exon 1 variant of the Glyl057Asp in the IRS2 gene was
done by the polymerase chain reaction (PCR)-restriction fragment
length polymorphism (RFLP) method. In brief, genomic DNA was
amplified by using the primers 5-AGCTCCCCCAAGTCTCCTAA-3' and
5'-GGCCACACCAAAAGCCATCT-3' to discover the genotypes of the
IRS2 gene. The PCR conditions were as follows: (1) predenaturation
at 95°C for 10 minutes; (2) 35 cycles for denaturation at 95°C for 45
seconds, annealing at 59°C for 35 seconds, and extension at 72°C for
40 seconds; and (3) a final extension at 72°C for 10 minutes. We used a
negative control for each experiment. The PCR products (291 bp) were
then analyzed by using RFLP: overnight digestion with the restriction
enzyme of Hhal (Fermentas) at 37°C in a water bath. Electrophoresis
was performed on 3.5% agarose gel stained with ethidium bromide and
then the RFLP products (291 bp, 221 bp, and 70 bp) were visualized
using ultraviolet light transillumination. The Gly allele of the IRS2
Gly1057Asp SNV had bands of 221 bp and 70 bp, whereas its Asp al-
lele had a band of 291 bp; thus an individual with band(s) at 221 bp
and 70 bp, at 291 bp only, or at 291 bp, 221 bp, and 70 bp was defined
as the Gly/Gly homozygotic genotype, Asp/Asp homozygotic genotype,
and Gly/Asp heterozygotic genotype, respectively. Fifteen percent of
the samples were retested randomly to check the reproducibility of the

genotyping.

Statistical Analysis

Data were analyzed by SPSS software, version 25.0. For comparing
continuous variables, such as age and BMI, which were expressed as
mean (SD), the Student t-test was used. To compare categorical clinical
variables of sex and smoking status, which were presented as number
(%), the ¥? test was applied. Identified genotype distributions of the
IRS2 gene Glyl057Asp variant in the case and control groups were
also analyzed separately using the ¥ test to see if they met Hardy-
Weinberg equilibrium (HWE) requirements. This test was used to as-
sess the potential differences in the allele frequencies between the 2
groups. Logistic regression analysis was performed to evaluate the pos-
sible associations between the genotype frequencies and susceptibility
to NAFLD as well as for adjusting confounding factors, including age,
BM]I, sex, smoking history, systolic blood pressure, and diastolic blood
pressure. The odds ratios (ORs) with their 95% ClIs were calculated to
assess the strength of the genetic associations. A significant difference
was defined as P < .05.

Results
The characteristics of the study population are described in TABLE 1.
The age (P < .001), BMI (P < .001), smoking rate (P = .036), sex ratio
(male-female) (P < .001), systolic blood pressure (P < .001), and diastolic
blood pressure (P < .001) in the NAFLD group were significantly higher
than those in the control group. Compared with the control subjects,
the NAFLD patients had significantly higher serum levels of aspartate
aminotransferase (P < .001), alanine aminotransferase (P < .001), and vy
glutamyl transferase (P < .001).

TABLE 2 depicts the genotype and allele frequencies of the IRS2
gene Glyl057Asp variant in the study population. Genotype and allele

2024;55:215-219 | https://doi.org/10.1093/labmed/Imad066
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TABLE 1. General characteristics of the populations studied®

i Patients : ‘
Characteristics (?1 o:t:gl:) ‘ N‘KiFtIIjD Pvalue®
‘ : . (n=135) :

| Age,y L 312(71) | 375090 | <001
Body mass index,kg/m® | 253(34) | 288(2) | <001 |
Sex ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
CMae 73641 (04 |
 Female 620459 | - 40208 | <001 |
Csmokng

Former 9(6.7)

14 (10.4)
""" Curet . 762 . 15(111) . 036 |
' Systolic blood pressure, mmHg | 1150 (129) 1226 (142) | <001 |
' Diastolic blood pressure, mmHg | 688(81) | 73569 | <001 |
' Aspartate aminotransferase, UL | 208(76) | 385(17.0) | <001 |
' Aanine aminotransferase, UL 19.7(10.2) | 708(386) | <001 |
' Gamma glutamyl transferase, UL | 17.8(77) | 574(305) | <001 |

Steatosis

Grade 0

Grade 3

Necroinflammation

""" Grade0 . aa@e
""" Gradet 4@y
""" Grae2 . #@@3
""" Grae3 . 3@y
CRboss
""" Stge0 . 0618

Stage 1

NAFLD, nonalcoholic fatty liver disease.
Variables are presented as mean (SD) or number (%).
P value less than .05 was considered statistically significant.

distributions of this SNV conformed to the HWE test both in the case
and control groups (P > .05). This implies that, in this study, we used a
representative sample population. Analysis of the IRS2 gene Gly1057Asp
polymorphism showed a significant difference between the patients
and the controls. The Asp/Asp genotype of IRS2 gene Gly1l057Asp var-
iant compared to the Gly/Gly genotype was significantly more frequent
in the cases with NAFLD than the controls even after adjustment for
confounding factors such as age and BMI (P = .029; OR = 2.10, 95% CI
=1.23-3.97).

Discussion

In this study, we found further evidence of the role of IRS2 gene in
NAFLD. Carrying the Gly1057Asp Asp/Asp genotype of the IRS2 gene
was associated with a 2.1-fold rise in NAFLD risk.

www.labmedicine.com

TABLE 2. Insulin receptor substrate 2 (IRS2) gene rs1805097
polymorphism in patients with nonalcoholic fatty liver
disease (NAFLD) and controls and logistic regression
analysis®

§IR$2(rs1805097) gf:ﬂ";'; (::':1"??5)  OR(@5%Cl) ivalflehi
 Genotype-wise comparison | ;

66 [ 57(422)  46(341) | 10(eference) . |
G 61452 620459 . 133(0.75290) 617 |
M 17(126) | 27(00) | 210(123397) | 029 |
GAandAA | 78(57.8) | 89(65.9) | 1.48(0.67-324) . 208 |
Musothes | 17(126) | 27(200) | 1.71(064311) | 305 |
Alele-wise comparison -
6 175048 154(57.0) . 10 (eference) . |
Y 95(35.2) | 116(43.0) | 1.36(0.70-247) | 175 |

\Variables presented as number (%).

bAdjusted for age, body mass index, sex, smoking history, systolic blood
pressure, and diastolic blood pressure in genotype-wise comparisons. P
value less than .05 was considered statistically significant.

A better comprehension of NAFLD pathogenesis will assist in the
development of personalized treatments. Search for NAFLD genes has
remained challenging due largely to the fact that the nature of NAFLD
is supposed to be multifactorial and it derives from the interactions be-
tween multiple genes and environmental factors. Detecting the genes,
however, is difficult due to, for example, the observed inconsistencies
in association studies, which in turn stem from diversity in disease def-
inition, diet, lifestyle, genetic background, or statistical analyses.”**
Familial clustering and ethnic diversity in NAFLD prevalence are due
to genetic predisposition to the disease. Considering the fact that IR
and obesity are very often among the main characteristics of NAFLD
and IR is the key mechanism in the development and progression
of NAFLD, the genes involved in IR are presumably candidate genes
for NAFLD. The insulin signaling pathway regulates metabolism of
lipids, and IR is closely linked to hepatic lipid accumulation and ad-
vanced fibrosis in NAFLD patients. IRS2 has a key role in the prox-
imal insulin pathway, regulation of glucose homeostasis, and control
of bodyweight.*>*®

To date, there is only 1 study that investigated the role of the
IRS2 gene in susceptibility to NAFLD. Dabiri et al*’ showed that the
rs2289046 3'-UTR polymorphism of the IRS2 gene might contribute to
the pathogenesis of NAFLD. In accordance with their finding, this study
suggested that the Asp/Asp genotype of the IRS2 gene Glyl1057Asp
variant was a risk factor for NAFLD when compared with the Gly/Gly
genotype. The IRS2 gene is located on chromosome 13934 with nu-
merous polymorphisms, including Glyl057Asp, which is a common
nonsynonymous SNV with significant associations with various
diseases. The Glyl057Asp variant causes an amino acid substitution
of Gly to Asp at codon 1057 in the IRS2 gene. Apparently, this amino
acid substitution, which is in the proximity of 2 putative tyrosine phos-
phorylation sites at positions 1042 and 1072, may make a change to
the tertiary structure and function of the IRS2 protein, which in turn
leads to impaired signal transduction. Thus, this SNV, by introducing a
charged amino acid (Asp) in place of a neutral one (Gly), may affect the
insulin signaling pathway and alter the downstream signaling through

IRS2.'*?® Prior investigations have also indicated that subjects with the
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Gly1057Asp polymorphism have a higher grade of obesity-independent
IR™ and reduced pancreatic B-cell function.'® The Gly1057Asp variant
interacts with obesity to affect pancreatic 3-cell function and under
conditions of obesity or high circulating levels of nonesterified fatty
acids, has a detrimental effect on B-cells.”” In comparison with the
Gly/Gly+Gly/Asp genotype, the Asp/Asp genotype of the Glyl057Asp
variant increases the susceptibility to T2D by interacting with obe-
sity."*'® Individuals with the Asp/Asp genotype also have a higher
serum C-peptide concentration, which is probably linked to lower in-
sulin sensitivity.'® Consistent with the above literature, we showed that
the IRS2 Gly1057Asp Asp/Asp genotype was a risk factor for NAFLD.
More evidence corroborates the hypothesis that IRS2 might be in-
volved in NAFLD pathogenesis. Insulin resistance with deficiency of
IRS2-associated PI3K activity leads to a rise in intracellular fatty acid-
derived metabolites. Metformin, by ameliorating the hepatic IRS2-
PI3K-Akt pathway improves IR. Eugenol, which has hepatoprotective,
anti-hyperglycemic, and anti-inflammatory properties, modulates
insulin sensitivity and improves IR by upregulating IRS2 in rats with
NAFLD. Previous reports have also demonstrated that the effects
of miR-190b as a microRNA on IR is mediated via IRS2-PI3K-Akt
signaling.""*° TRS2 also participates in preadipocyte differentiation
through the upregulation of specific transcriptional factors like peroxi-
some proliferator-activated receptor y.'” Finally, the disruption of IRS2
in knockout mice results in metabolic defects in liver, hepatic IR, fatty
acid accumulation in hepatic cells, steatosis, beta-cell failure, reduced
B-cell mass and insulin secretion, and diabetes.”*>?*?? Consequently,
there is accumulating evidence suggesting that the IRS2 gene might
contribute to NAFLD development and progression; however, the
mechanism of action remains to be clarified by further research.

Some limitations of this study must be reported. A limitation is
that circulating concentrations of insulin and glucose as well as suffi-
cient genetic marker sites were not obtained; this was because of lim-
ited funding. The other limitation of this study was its modest sample
size, also mostly due to budget limitations. The strengths of this report
also warrant attention. The design was good and multicenter research
was carried out. In addition, the gold standard method (liver biopsy)
was applied and NAFLD diagnosis was not based primarily on ultrason-
ographic results. Finally, this study put forward some interesting and
novel findings that were in accordance with prior publications.

In summary, the Glyl057Asp Asp/Asp genotype of the IRS2 gene
might predict susceptibility to NAFLD, but future larger studies are
needed to confirm this finding.
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ABSTRACT

Objective: There are well-described impacts of biological rhythms
on human physiology. With the increasing push for routine blood
tests for preventative medical care and clinical and physiological re-
search, optimizing effectiveness is paramount. This study aimed to
determine whether it is feasible to assess diurnal variations of pe-
ripheral lymphocyte prevalence using finger prick blood in a small
sample size.

Methods: Using polychromatic flow cytometry, the prevalence of
lymphocytes was assessed using 25 pL fingertip blood samples at 8
AM and 5 PM from 8 participants.

Results: TH cells and B cells showed significantly higher percentages
in the 5 PM samples, whereas NK cells demonstrated a significantly
higher morning percentage. T cells, leukocytes, and cytotoxic T cells
showed no significant changes.

Conclusion: The detection of diurnal variations demonstrates that
small blood volumes can be used to detect lymphocyte variations. The
lower blood volume required provides a new testing method for clinical
and research settings.

Introduction

Diurnal Variation

Many physiological events, including immune responsiveness, are
linked to the circadian rhythm. Diurnal changes are a form of biological
rhythms that show variations synchronized with the time of day."” Di-
urnal variation is observed across many areas in human physiology and
immunology, including hormone secretion and heart rate.”” In addition
to physiological responses, diurnal variation can also be observed in in-
dividual cells. Circulating blood leukocyte counts have demonstrated
peak numbers in humans, mice, rats, and hamsters during the be-
havioral rest phases.”'” The diurnal pattern of leukocytes in murine
models has been linked to the egress of cells from hematopoietic organs
into the blood and the immigration of cells to peripheral organs.”'” The
same molecular mechanism for the cell-intrinsic clock is present in both

. . . . 14-20
innate and adaptive murine, rat, and human immune cells.

Volume of Blood Commonly Used in the Assessments of
Physiological Diurnal Variation

Previous studies of physiological lymphocyte diurnal variation have pre-
dominantly used venipuncture to assess cell prevalence. An early study
by Miyawaki et al”’ used 2 mL of blood drawn via syringe from the me-
dial cubital vein for each timepoint. More recent studies by Boukelia
et al’? and Beam et al”® used similar volumes of 8 mL and 5.5 mL, re-
spectively, drawn using venipuncture. The studies by Lévi et al”* and
Mazzoccoli et al” used larger venous blood draws of 40 mL and over
100 mL, respectively. Other studies have not specified the volume drawn
and used but have stated that venipuncture was used to collect periph-

eral blood samples.”®?’

Blood Testing

There is an increasing use of blood testing in medical practice, extending
beyond solely diagnosis, with emphasis also on preventative medicine.
In normal practice, a relatively large volume of blood is drawn (usually
>10 mL). However, modern machines and testing equipment have be-
come so precise that volumes in the microliters are all that is required
for widespread assessments. This means future blood testing may draw
far less blood, making tests faster and with less impact on patients. In

addition, small volumes of blood can be assessed from finger-prick, from
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TABLE 1. Summary of reagents from the IMK Simultest Kit

! Reagent Specificity Clone Conjugation Cell ID Concentration (pg/mL)
i 2D1 FITC Leucocytes 25
"""""""""""""""""""" MgPO . PE . Monocyes . 125 |
o ox0 e Nonspecific Fc receptors | 125 |
xe E Nomspecific Fc receptors . 125 |
A e co3TcR 5
e E Bl a1
s e co3TR . 25
s e HelperTacel 5
skt
Y PE Cytotoxic T8 cell 6.25
o e 3R .25
T R PE . NKcellandneutopnl | 625
CD56 Cown E AINKcellsand 5% of CD3cells 125 |

FITC, fluorescein isothiocyanate; NK, natural killer; PE, phycoerythrin.

the ear, or other accessible points on the patient’s extremities.”® This
will be less painful and a safer and easier process than the normal use of
venipuncture. Furthermore, there is a possibility that time of day may
affect the interpretation of peripheral lymphocytic assessments, as the
prevalence of lymphocytes may vary in peripheral blood. Although both
lymphocyte detection in small blood samples from large sample sizes”
and lymphocyte diurnal variation have been established, it has not been
determined whether significant variations in lymphocyte prevalence can
be detected through small blood volume samples in a small sample size.
As such, by determining whether a variation can be detected using small,
finger prick blood samples, the methodology for clinical blood tests and
physiological research can be improved, leading to better participant ac-
ceptability, a less invasive sampling technique, and an increased under-

standing of normal variations in lymphocytes.

Study Rationale

The time of day is often a consideration in both human population
biology research and clinical assessments of allergies, autoimmune
diseases, and immune-mediated inflammatory issues. However, when
coupled with physiological analyses, this is often performed by drawing
relatively larger volumes of serum and blood than required by the
testing equipment and methods. The aim of this study was to assess
whether this diurnal variation can be detected in small-volume blood
draws from a small sample size and whether this is a potential future
technique for the assessment of immune cells. The identification of
these variations in small, finger-prick blood volumes will expand on
the current literature surrounding lymphocyte diurnal variations and
provide information on whether they are an important factor in finger-
prick blood collections in both clinical practice and laboratory research.
The outcome will be whether it is feasible for a finger-prick volume of
blood to be taken and assessed in place of typical venipuncture volumes,
leading to improvements in blood draw methodology and contributing

to the current research into physiological diurnal variation.

Materials and Methods
Participants were recruited from a local university and all aged between

18 and 25 years. Eight healthy volunteers participated (5 males and 3

www.labmedicine.com

females), with blood samples being taken from each person at 2 time
points, 8 AM and 5 PM, on the same day. Unlike red blood cell testing,
pathology laboratories and blood test reference ranges do not take the
patient’s sex into account for the assessment of lymphocytes.’ As such,
males and females were grouped in this study. This number of subjects
and the practice of merging sexes for white blood cell analyses are also
commensurate with similar recent research in this area.”>****
Participants were not required to fast. During the collection proce-
dure, participants had warm water applied to their fingertips to increase
localized blood flow, and this was allowed to dry. A minimum of 225 pL
of finger-prick blood was collected using safety lancets into two 200-
uL Microvette, K3 EDTA tubes (Sarstedt Group). When possible, all
collection was completed using a single fingertip. An IMK Simultest:
Lymphocyte Kit (Becton Dickinson) was used for analysis with a meth-
odology adapted from the relevant manual volume (BD Biosciences) to
account for the reduced blood. Although other reagents are available,
this kit is a commonly used and commercially available kit, with a long
shelf life and ready-to-use reagents to conduct lymphocyte assessments.
TABLE 1 outlines the reagents provided with the kit. Additionally, 2
single stain controls were used, CD11a fluorescein isothiocyanate (FITC)
mouse anti-human antibody (Exmax 494 nm/ Emmax 520 nm) and CD86
phycoerythrin (PE) mouse anti-human antibody (Ex 496 nm/Em__
578 nm). To account for the lower blood volume, all volumes stated in the
manual were divided by 4, resulting in 25 pL blood and 5 pL reagent. Fol-
lowing conjugate antibody staining for 20 minutes at room temperature,
red blood cells were lysed for 10 minutes at room temperature using 500
pL 10x red blood cell lysing solution. After centrifugation (4°C at 200g)
and discarding the supernatant, the samples were washed with 500 pL
phosphate buffered saline (PBS) (Sigma Life Sciences). Following cen-
trifugation and discarding the supernatant, samples were resuspended
in 125 pL solution (PBS without calcium, chloride, or magnesium, with
2% fetal bovine serum and 0.1% sodium azide). All samples, excluding

unstained, and FITC and PE were mixed with 2 pL of propidium iodide.

Flow Cytometry
Samples were analyzed on a BD FACSVerse cytometer (Becton Dickinson).
Gating and compensation were conducted using FlowJo v10.8.1 software

(Becton Dickinson). Lymphocyte gating was conducted individually for
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FIGURE 1. Gating method for samples. A, Lymphocytes are first selected based on forward scatter area (FSC-A) and side
scatter area (SSC-A) parameters. B, Peridinin chlorophyll protein-cyanine5.5 (PerCp-Cy5.5) vs FSC-A dot plot showing gating
for live cells following lymphocyte gating. Singlet gating is performed using FSC-weight (W) vs FSC-height (H) dot plots (C)
and SSC-W vs SSC-H dot plots (D). E-J, Cell staining examples using fluorescein isothiocyanate (FITC) and phycoerythrin (PE)
conjugated antibodies for one participant following lymphocyte, live cell, and singlet gating.
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each participant with forward scatter-area (FSC-A)/side scatter-area (SSC-
A) parameters. Propidium iodide live/dead cell gating using propidium
iodide conjugated with peridinin
(PerCp-Cy5.5) (EXmax 482 nm/. Emmax 695 nm) was next performed with

chlorophyll protein-cyanine5.5

ESC-A/ PerCp-Cy5.5 parameters. Finally, singlet gating was conducted
using sequential forward scatter-height/forward scatter-width and side
scatter-height/side scatter-width gates. Samples were then analyzed using
FITC and PE quadrants to identify surface markers and cell type.

Statistics

Data collected from this study was analyzed using Prism v9 (GraphPad
Software). A paired Student 2-tailed t-test was used to analyze the
morning and afternoon lymphocyte prevalence counts. A P value of less

than .05 was considered significant.

222 Laboratory Medicine

D
250 250
’g 200—: ’g 200
= ] = ]
X 150 Sing%lesf/ells X 150_:
T 1003 ' T 100
8 1 8 ] Single cells
L 50 9 50 /@ =
S 0
0 50 100 150 200 250 0 50 100 150 200 250
FSC-W (x1000) SSC-W (x1000)
G H
Q2 10°Ja1 Q2
0.099% 30.73% . 40.9%
CD19+ P 4% cDa+
CD3+ 10*]cps-. -5 cpa+
8 10°]

PE CD19

5 s
: 8 10°] % . :
A 'cD19- Jcpa-iz S cD4-
] A CD3+ , jcp3-if A% CD3+
10 Jaa Q3 10 Ja4 " Q3
38.26%: 77.3% J23.5%" © 34.8%

e
-10° 0 10° 10* 10°
FITC CD3

|||I|III I|||I IIIIIII| T III.III|. T IIIIIII| T
-10° 0 10° 10 10°
FITC CD3

Ethics

Ethics was approved by the university human research ethics
committee. A written explanatory statement was provided to all
participants involved, outlining the details of the project, methods of
data collection, analysis confidentiality and the contact details of the
study supervisor for any potential queries. Written informed consent
was also obtained from all participants before the collection of the

morning blood sample.

Results
Both volumes of blood, 100 pL and 25 pL were processed by the flow
cytometer without error. FIGURE 1 demonstrates an example of the

gating technique used for a 25 pL sample.
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TABLE 2. Comparison reference ranges (BD Biosciences IMK Simultest Lymphocyte manual) and original (100 pL) vs modified
(25 pL) methodologies as percentages of total gated lymphocytes®

100 pL

25 pL 95% Reference range

| CD3+ (T) cell, %

| CD3*CD4" (T-helper) cell, %

CD3*CD8" (cytotoxic) T cell, %

| CD16* 56" (NK) cell, %

72 (59-85)

46 (31-61)

25 (11-38)

14 (5.6-31)

aSamples taken from 1 participant. Reference ranges obtained from BD Biosciences IMK manual.

Assessment of Low-Volume (25 pL/Reagent) Blood
Compared With Standard Practice (100 pL/Reagent)

An initial assessment using a single volunteer was completed to confirm
the viability of using a smaller volume of blood based on the premise
outlined in the study by Moro et al.”® Both 100 pL and 25 pL of blood re-
ported similar results within the reference ranges (TABLE 2). As such,
from this point, the smaller volume of blood was used to assess diurnal

variation.

Assessment of Diurnal Variation

Helper T cells (CD4+) showed a significantly (P = .0023) higher percentage
in the afternoon sample, with a mean difference between the morning
and afternoon samples of 10.48% (n = 8, FIGURE 2). B cells (CD19+)
showed a significantly (P = .0123) higher percentage in the afternoon
sample with a mean difference of 4.62% (n = 7). NK cells (CD56+/CD16+)
showed a significantly higher percentage in the morning (P = .0462) with
a mean difference of 1.64% (n = 8). Lymphocytes (CD3+) showed no sig-
nificant difference between samples (n = 8). T cells (CD3+) (n = 7) and
cytotoxic T cells (CD8+) (n = 8) also showed no significant changes.

Discussion

Feasibility and Use of Low-Volume Blood Collection
Methods

Typical assessment using a BD Biosciences IMK Simultest Lymphocyte
Kit use 100 pL blood per reagent, totaling a minimum collection of 900
pL, excluding potential clotting, in comparison to the adapted method-
ology of 25 L per reagent, totaling a minimum of 225 pL. Collecting
over 900 pL of blood is not viable from a finger-prick, requiring veni-
puncture. In comparison, 225 pL blood can be collected from a fingertip
blood sample before clotting occurs. Although this study investigated the
effect of diurnal variation on lymphocytes, the successful use of fingertip
blood to assess the prevalence and variation of these cells demonstrates
a potential new technique for peripheral lymphocytic assessments. Fur-
thermore, this study also demonstrates that this technique is feasible
to detect significant variations in lymphocyte prevalence with a small
sample size. Although previous studies are largely dated and present
varying results, the significant variations detected do correlate with
some previous results with 2 circadian assessments determining signif-
icant B-cell peaks in the afternoon and evening.”*' However, 1 of these
studies attributed the changes to individual variations, rather than cir-

cadian variation,” requiring further research to establish the effect of

www.labmedicine.com

diurnal variation on B-cell levels. Five of 7 studies also demonstrated that
helper T cells predominantly display peaks in the afternoon and late eve-
ning.”**"*® The lack of significance present in T cells, cytotoxic T cells,
and general lymphocyte levels may occur due to small sample sizes and as
such, further research is needed to determine whether these variations
can be detected accurately using this method. This demonstrates that this
technique can accurately detect daily variations in B cells and helper T
cells, in line with the literature, within a small sample size.

For similar applications in science and medicine, where blood draws
from small groups are required, this technique can be used to identify
variations in lymphocyte counts. For people adverse to venipuncture, the
use of finger-prick blood sampling may present a less invasive method of
analyzing immune cell levels. In addition to general fears of venipuncture,
there are several reported complications with this method,”* meaning
that the use of low-volume blood collection methods presents a safer
technique for blood collections, especially in situations where a person
is having to undergo frequent or routine blood draws. Additionally, there
are many groups of the population where venipuncture is not appro-
priate. For example, people who put regular strain on their arms, such as
kayakers and weightlifters, may not be able to use venipuncture and as
such finger-prick blood collections for immunological assessments may be
far more appropriate.”® Although there are limited opportunities for veni-
puncture around the body, the need to only require 25 pL of blood for each
cell of interest opens far more locations for blood extraction in the body,
including from fingertips, toes, and ears. Therefore, the ability for lower
volumes of blood to conduct peripheral lymphocytic assessments, even
in limited sample sizes, provides a new, minimally invasive method which
can be used in future studies of peripheral immunological assessments or

in clinical settings where blood tests are commonplace.

Potential Importance of Diurnal Variation

Although it is unclear whether diurnal variation of lymphocytes
presents any biological significance, diurnal variation is a methodolog-
ical problem in both population biology and clinical biology. In popula-
tion biology, daily variations of immune cells can lead to variances in
results, which do not relate to the topic being studied. The significant
variations seen in this study from a small sample size also highlight po-
tential impacts on some clinical tests, such as those that analyze lym-
phocyte prevalence to monitor HIV and lymphoma progression and
treatment. As such, blood draws in a clinical setting should consider
time of day in these assessments to ensure accurate interpretation of
peripheral lymphocyte results. The immunological roles of lymphocytes

may correspond with the variations that were observed. The increase of
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FIGURE 2. Individual values and mean + SEM (line) for morning (9 AM) and afternoon (5 PM) blood samples (A, C, E, F: n = 8; B,

D: n = 7). ns, not-significant, *P < .05, ** P < .005.
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helper T cells, specifically regulatory T cells, and B cells in the afternoon
may be due to their regulatory and anti-inflammatory function, with
their mechanisms enhancing the environment to allow for tissue repair

and regeneration during the nighttime rest phase.”
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In clinical settings, the time-dependent changes of lymphocyte

subsets observed may be responsible for the variation of immune

responses in autoimmune diseases, allergies, and immune inflamma-

tory conditions. Although diurnal variation in autoimmune disease
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symptoms has been reported,’”

there is still a lack of clarity re-
garding the link between symptom presentation and cell variation. Due
to the wide range of immune cell and lymphocyte subsets and their
intertwining roles, it is currently not possible to fully establish the effect
of immune diurnal variation autoimmune disease symptoms. However,
it is possible that a dysregulation or disruption of circadian rhythms
may lead to the presence of autoimmune disease symptoms by creating
an inflammatory environment due to abnormal immune cell levels.*’
Additionally, the decreased B-cell levels in the morning sample may
correspond with increased reporting of autoimmune disease allergic
and asthmatic symptoms in the morning. In particular, as regulatory
B cells regulate the immune response and restrict excessive inflamma-
tion, a decrease of these cells may correlate with the increased morning

- - P PN
symptoms of immune conditions related to excessive inflammation.

Limitations

This study used a small sample size, which can limit the applicability
of statistical significance measured. Due to the small sample size,
differences from individual factors can be shown that may not be fully
attributable to diurnal variation. Additionally, when comparing with
previous studies that have analyzed diurnal variation to corroborate
results, most of the studies are dated and display varied times for peak
lymphocyte levels. As such, future research is needed with a second co-
hort and larger sample sizes to further establish whether significant
diurnal variations can be accurately detected when using small blood

volumes.

Conclusions

Although previous studies have shown that lymphocytes can be detected
in small blood samples from large sample sizes and that lymphocyte di-
urnal variation occurs, this study demonstrates that significant daily
variations in lymphocyte counts can be determined in a small sample
size from a small volume fingertip blood sample. Although it is unclear
in the literature whether this variation is physiologically significant, it
is possible that the physiological immune roles of the lymphocytes link
to their functions. The effective use of a small fingertip blood volume
in a limited sample size to detect these variations demonstrates that
this technique can be applied in both physiological research, including
lymphocytes and clinical practice during blood tests to identify var-
iations present in lymphocyte prevalence. The use of this technique
presents a less invasive and more acceptable technique for participants
and patients. This study demonstrates small fingertip blood volumes,
even when taken from small sample sizes, can detect significant lym-
phocyte diurnal variation, with this influencing future methodologies
and considerations in clinical practice in addition to physiological and

immunological research settings.

Conflict of Interest Disclosure

The authors have nothing to disclose.

REFERENCES

1. Dunlap JC, Loros JJ, DeCoursey PJ. Chronobiology: Biological Time-
keeping. Sinauer Associates; 2004.

2. Refinetti R. Circadian Physiology. 3rd ed. CRC Press; 2016.

www.labmedicine.com

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Cui S, ChenY, Guo Y, Chen D. Clock genes and gastric cancer.

Biol Rhythm Res. 2022;53(11):1720-1734. https://doi.org/10.1080/
09291016.2021.2020993

. Tsujino N, Sakurai T. Circadian rhythm of leptin, orexin and ghrelin.

Jpn J Clin Med. 2012;70(7):1121-1125.

. Sato T, Ida T, Kojima M. Role of biological rhythms in the perfor-

mance of physical activity. J Sports Med Phys Fitness. 2017;6(3):125-
134. https://doi.org/10.7600/jpfsm.6.125

. Kostis JB, Moreyra A, Amendo M, Di Pietro J, Cosgrove N, Kuo

P. The effect of age on heart rate in subjects free of heart disease:
studies by ambulatory electrocardiography and maximal exercise
stress test. Circulation. 1982;65(1):141-145.

. Reynolds V, Marriott F, Shawkat F, Eggerman M, Nikolaou V. Heart-

rate variation, age, and behaviour in elderly women. Ann Hum Biol.
1989;16(3):265-273. https://doi.org/10.1080/03014468900000382

. Born J, Lange T, Hansen K, Mdlle M, Fehm H-L. Effects of sleep and

circadian rhythm on human circulating immune cells. J Immunol.
1997;158(9):4454-4464. https://doi.org/10.4049/jimmunol.158.9.4454

. He W, Holtkamp S, Hergenhan SM, et al. Circadian expression of mi-

gratory factors establishes lineage-specific signatures that guide the
homing of leukocyte subsets to tissues. Immunity. 2018;49(6):1175-
1190.€e7. https://doi.org/10.1016/j.immuni.2018.10.007

Pelegri C, Vilaplana J, Castellote C, Rabanal M, Franch A, Castell M.
Circadian rhythms in surface molecules of rat blood lymphocytes.
Am J Physiol Cell Physiol. 2003;284(1):C67-C76.

Pick R, He W, Chen C-S, Scheiermann C. Time-of-day-dependent
trafficking and function of leukocyte subsets. Trends Immunol.
2019;40(6):524-537. https://doi.org/10.1016/}.it.2019.03.010

Prendergast BJ, Cable EJ, Patel PN, et al. Impaired leukocyte
trafficking and skin inflammatory responses in hamsters lacking a
functional circadian system. Brain Behav Immun. 2013;32:94-104.
https://doi.org/10.1016/j.bbi.2013.02.007

Lucas D, Battista M, Shi PA, Isola L, Frenette PS. Mobilized he-
matopoietic stem cell yield depends on species-specific circadian
timing. Cell Stem Cell. 2008;3(4):364-366. https://doi.org/10.1016/j.
stem.2008.09.004

Arjona A, Sarkar DK. Circadian oscillations of clock genes, cytolytic
factors, and cytokines in rat NK cells. J Immunol. 2005;174(12):7618-
7624. https://doi.org/10.4049/jimmunol.174.12.7618

Baumann A, Gonnenwein S, Bischoff SC, et al. The circadian
clock is functional in eosinophils and mast cells. Immunology.
2013;140(4):465-474. https://doi.org/10.1111/imm.12157

Ella K, Csépanyi-Kémi R, Kaldi K. Circadian regulation of human
peripheral neutrophils. Brain Behav Immun. 2016;57:209-221. https://
doi.org/10.1016/j.bbi.2016.04.016

Keller M, Mazuch J, Abraham U, et al. A circadian clock in
macrophages controls inflammatory immune responses. Proc Nat/
Acad Sci USA. 2009;106(50):21407-21412. https://doi.org/10.1073/
pnas.0906361106

Nguyen KD, Fentress SJ, Qiu Y, Yun K, Cox JS, Chawla A. Circa-
dian gene Bmal1 regulates diurnal oscillations of Ly6Chi inflamma-
tory monocytes. Science. 2013;341(6153):1483-1488. https://doi.
org/10.1126/science.1240636

Silver AC, Arjona A, Hughes ME, Nitabach MN, Fikrig E. Circadian
expression of clock genes in mouse macrophages, dendritic cells,
and B cells. Brain Behav Immun. 2012;26(3):407-413. https://doi.
org/10.1016/j.bbi.2011.10.001

Wang X, Reece SP, Van Scott MR, Brown JM. A circadian clock in
murine bone marrow-derived mast cells modulates IgE-dependent
activation in vitro. Brain Behav Immun. 2011;25(1):127-134. https://
doi.org/10.1016/j.bbi.2010.09.007

Miyawaki T, Taga K, Nagaoki T, Seki H, Suzuki Y, Taniguchi N. Circa-
dian changes of T lymphocyte subsets in human peripheral blood.
Clin Exp Immunol. 1984;55(3):618-622.

Boukelia B, Gomes EC, Florida-James GD. Diurnal variation in phys-
iological and immune responses to endurance sport in highly trained

Gz0z Aenuged /| uo1senb Ad |28/22./022/2/SS/PI0IME/PaWGE]/Woo"dno olWapede/:sdiy Woly pepeojumod

225



23.

24.

25.

26.

27.

28.

29.

30.

31.

runners in a hot and humid environment. Oxid Med Cell Longevity.
2018;2018:3402143. https://doi.org/10.1155/2018/3402143

Beam CA, Wasserfall C, Woodwyk A, et al. Synchronization of the
normal human peripheral immune system: a comprehensive circa-
dian systems immunology analysis. Sci Rep. 2020;10(1):672. https://
doi.org/10.1038/s41598-019-56951-5

Lévi FA, Canon C, Touitou Y, et al. Circadian rhythms in circulating T
lymphocyte subtypes and plasma testosterone, total and free cortisol
in five healthy men. Clin Exp Immunol. 1988;71(2):329-335.

Mazzoccoli G, De Cata A, Greco A, et al. Opposing circadian rhythms
of CD3+, CD4+ and CD3+, CD8+ lymphocyte subpopulations in
healthy humans. Biol Rhythm Res. 2011;42(2):111-118. https://doi.
org/10.1080/09291011003726631

Mazzoccoli G, Bianco G, Correra M, et al. Circadian variation

of lymphocyte subsets in health subjects. Recenti Prog Med.
1998;89(11):569-572.

Sennels HP, Jorgensen HL, Hansen AL, Goetze JP, Fahrenkrug J.
Diurnal variation of hematology parameters in healthy young males:

the Bispebjerg study of diurnal variations. Scand J Clin Lab Invest.
2011;71(7):532-541. https://doi.org/10.3109/00365513.2011.602422

Moro C, Bass J, Scott AM, Canetti EFD. Enhancing capillary blood
collection: the influence of nicotinic acid and nonivamide. J Clin Lab
Anal. 2017;31(6):e22142. https://doi.org/10.1002/jcla.22142

Srisala S, Pongsakul N, Sahakijpicharn T, Hongeng S, Chutipongtanate
S, Apiwattanakul N. Capillary blood as an alternative specimen for
enumeration of percentages of lymphocyte subsets. BMC Res Notes.
2019;12(1):633. https://doi.org/10.1186/s13104-019-4659-4

AACB: Australasian Association for Clinical Biochemistry
and Laboratory Medicine. White Blood Cell Count. https://
pathologytestsexplained.org.au/learning/test-index/wbc

Carmichael K, Abayomi E. Analysis of diurnal variation of lymphocyte
subsets in healthy subjects in the Caribbean, and its implication in
HIV monitoring and treatment. Afr J Med Med Sci. 2006;35:53-57.

226 Laboratory Medicine

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Bertouch JV, Roberts-Thomson PJ, Bradley J. Diurnal variation of
lymphocyte subsets identified by monoclonal antibodies. Br Med J
(Clin Res Ed). 1983;286(6372):1171-1172. https://doi.org/10.1136/
bmj.286.6372.1171

Ritchie AW, Oswald I, Micklem HS, et al. Circadian variation of lym-
phocyte subpopulations: a study with monoclonal antibodies. Br Med
J (Clin Res Ed). 1983;286(6380):1773-1775. https://doi.org/10.1136/
bmj.286.6380.1773

Buowari O. Complications of venepuncture. Adv Biosci Biotechnol.
2013;04:126-128. https://doi.org/10.4236/abb.2013.41A018

Li J, Tan J, Martino MM, Lui KO. Regulatory T-cells: potential reg-
ulator of tissue repair and regeneration. Review. Front Immunol.
2018;9(585). https://doi.org/10.3389/fimmu.2018.00585

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. Molecular
biology of the cell. 4th ed. Ann Bot. 2003;91(3):401-401. https://doi.
org/10.1093/aob/mcg023

Cutolo M. Chronobiology and the treatment of rheumatoid arthritis.
Curr Opin Rheumatol. 2012;24(3):312-318. https://doi.org/10.1097/
BOR.0b013e3283521c78

Reinberg A, Gervais P, Levi F, Smolensky M, Del Cerro L, Ugolini C.
Circadian and circannual rhythms of allergic rhinitis: an epidemiologic
study involving chronobiologic methods. J Allergy Clin Immunol.
1988;81(1):51-62. https://doi.org/10.1016/0091-6749(88)90220-5

Durrington HJ, Farrow SN, Loudon AS, Ray DW. The circadian clock
and asthma. Thorax. 2014;69(1):90-92. https://doi.org/10.1136/
thoraxjnl-2013-203482

Sutton CE, Finlay CM, Raverdeau M, et al. Loss of the molecular
clock in myeloid cells exacerbates T cell-mediated CNS autoimmune
disease. Nat Commun. 2017;8(1):1923. https://doi.org/10.1038/
s41467-017-02111-0

Yang M, Rui K, Wang S, Lu L. Regulatory B cells in autoimmune
diseases. Cell Mol Immunol. 2013;10(2):122-132. https://doi.
org/10.1038/cmi.2012.60

2024;55:220-226 | https://doi.org/10.1093/labmed/Imad062

Gz0z Aenuged /| uo1senb Ad |28/22./022/2/SS/PI0IME/PaWGE]/Woo"dno olWapede/:sdiy Woly pepeojumod



Droplet digital polymerase chain reaction to measure
heteroplasmic m.3243A>G mitochondrial mutations

Shinya Matsumoto, PhD,"° Takeshi Uchiumi, MD, PhD,"** Nozomi Noda,” Yasushi Ueyanagi, PhD," Taeko Hotta,’

Dongchon Kang, MD, PhD?

"Department of Clinical Chemistry and Laboratory Medicine, Kyushu University
Hospital, Fukuoka, Japan, Departments of 2Clinical Chemistry and Labora-
tory Medicine and ®Health Sciences, Graduate School of Medical Sciences,
Kyushu University, Fukuoka, Japan. Corresponding author: Shinya Matsumoto;
matsumoto.shinya.544@m.kyushu-u.ac.jp

Key words: droplet digital PCR; mitochondrial DNA; m.3243A>G,
heteroplasmy; mitochondrial disease; peripheral blood

Abbreviations: ddPCR, droplet digital polymerase chain reaction; mtDNA,
mitochondrial DNA; WT, wild-type; MELAS, mitochondrial encephalomyopathy
with lactic acidosis and stroke-like episodes; MIDD, maternally inherited
diabetes and deafness; PCR-RFLP, PCR-restriction fragment length
polymorphism; dPCR, digital PCR; LMPCR, ligation-mediated PCR; PNA, peptide
nucleic acid; MERRF, myoclonic epilepsy with ragged-red fibers

Laboratory Medicine 2024;55:227-233; https://doi.org/10.1093/labmed/Imad063

ABSTRACT

Objective: Different mitochondrial DNA genotypes can coexist in
a cell population as well as in a single cell, a condition known as
heteroplasmy. Here, we accurately determined the heteroplasmy levels
of the m.3243A>G mutation, which is the most frequently identified
mutation in patients with mitochondrial diseases, using droplet digital
polymerase chain reaction (ddPCR).

Methods: The m.3243A>G heteroplasmy
heteroplasmy controls mixed with various proportions of wild-type and
mutant plasmids were measured using ddPCR, PCR-restriction frag-
ment length polymorphism, and Sanger sequencing. The m.3243A>G
heteroplasmy levels in DNA, extracted from the peripheral blood of
patients with suspected mitochondrial disease and healthy subjects,
were determined using ddPCR.

levels in artificial

Results: The accuracy of the ddPCR method was high. The lower
limit of detection was 0.1%, which indicated its higher sensitivity
compared with other methods. The m.3243A>G heteroplasmy levels
in peripheral blood, measured using ddPCR, correlated inversely
with age at the time of analysis. The m.3243A>G mutation may be
overlooked in the peripheral blood-derived DNA of elderly people,
as patients >60 years of age have heteroplasmy levels <10%, which

is difficult to detect using methods other than the highly sensitive
ddPCR.

Conclusion: ddPCR may be considered an accurate and sensitive
method for measuring m.3243 A>G heteroplasmy levels of mitochon-
drial DNA.

Introduction
Mitochondria have extranuclear genomes that are common to all
vertebrates. Human mitochondrial DNA (mtDNA) is circular and
encodes 13 proteins, 22 tRNAs, and 2 rRNAs, all of which are essen-
tial for assembly of the mitochondrial respiratory chain, which produces
most of the cellular adenosine triphosphate. The number of mtDNA
mutations listed as pathogenic is currently close to 100 and is still
growing." A single cell may contain hundreds or thousands of mtDNA
molecules. Both wild-type (WT) and mutant mtDNA can coexist in
a cell population, as well as in a single cell—a condition referred to
as heteroplasmy. Mitochondria are not functionally affected until the
percentage of mutant mtDNA exceeds a particular value (threshold).
Therefore, affected tissues often have a high percentage of heteroplasmy
whereas other seemingly unaffected cells in the same individual have a
very low percentage of heteroplasmy or no detectable mutation.

Mutations in mtDNA can be divided into 2 main categories:
rearrangements (deletions and duplications) and point mutations.
Among point mutations, the A>G mutation at m.3243 in the human
mitochondrial tRNAVUR) gene (m.3243A>G) is the most commonly
identified. This mutation is associated with a wide range of clinical
manifestations, including mitochondrial encephalomyopathy with lactic
acidosis and stroke-like episodes (MELAS) and maternally inherited di-
abetes and deafness (MIDD).>™

Determination of m.3243A>G heteroplasmy levels would contribute
to the knowledge of its relevance in clinical presentations, sensitivity
of genetic diagnosis, and genetic counseling for disease transmission.
The percentage of cells containing mtDNA with the heteroplasmic
m.3243A>G mutation varies across tissues and may be the highest in
affected tissues, such as muscle and brain, in cells that are postmitotic,e’7
However, peripheral blood cells, which are noninvasively accessible

and routinely used for clinical testing, usually have a low percentage
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of heteroplasmy.® In an earlier study, the m.3243A>G mutation was
detected in the blood of only 5 out of 10 patients, but in the muscle
cells of all the patients.’ Low levels of heteroplasmy in peripheral blood
samples lead to false-negative results, such as when polymerase chain
reaction-restriction fragment length polymorphism (PCR-RFLP) and
Sanger sequencing methods are used. Therefore, a sensitive and quanti-
tative method for accurate measurement of m.3243A>G heteroplasmic
levels is very much desired.

Digital PCR (dPCR) is a third generation PCR that allows abso-
lute quantification through partitioning the reaction. Highly sensitive
and accurate in molecular detection, this technology has been used in
applications such as detection of trace DNA, rare mutations, and copy
number variations.'’™” Thus, dPCR can amplify multiple DNA samples
using simultaneous reactions in microspheres of several thousand
nanoliters, thereby increasing reliability and sensitivity of the data. In
real-time PCR, the arithmetic mean can be commonly calculated after
performing a reaction multiple times. In dPCR, because thousands of
reactions are performed simultaneously, highly accurate absolute quan-
tification of nucleic acid targets can be obtained without the need for
standard curves. Droplet dPCR (ddPCR) aims to amplify very small
amounts of DNA and analyze the relative number of microspheres
with or without the template. In the first step, the reaction mixture is
separated into 20,000 droplets in a specially prepared oil solution. After
amplification, a special module based on the principle of flow cytometry
is used to record the fluorescence signal at the final point, and the result
is expressed as the absolute number of DNA copies.*

This study was aimed at developing an accurate and quantitative
method based on ddPCR that would allow the analysis of heteroplasmy
of m.3243A>G mutation and comparing its accuracy and reliability
with those of Sanger sequencing and PCR-RFLP analyses using artificial

heteroplasmy controls.

Material and Methods

Patient Collection and Genomic DNA Extraction

This study was approved by the ethical review board of the Graduate
School of Medical Sciences, Kyushu University. Informed consent was
obtained by the attending physicians from all participants following
explanations of the aim of the research and guaranteeing privacy. Pe-
ripheral blood DNA was extracted using the QIAamp DNA Blood Mini
Kit (QIAGEN), following the manufacturer’s instructions.

Creation of Artificial Heteroplasmy Controls
DNA samples from a patient identified with m.3243A>G mutation
with approximately 30% heteroplasmy were amplified with the for-
ward primer Mt3243F1 (5-CGATGTTGGATCAGGACATC-3’) and the
reverse primer Mt3243R1 (5-AGTTTGATGCTCACCCTGATC-3"). The
PCR was conducted with 30 cycles of denaturation at 94°C for 5 seconds,
annealing at 65°C for 20 seconds, and extension at 72°C for 30 seconds.
The PCR products were cloned into the pGEM-T easy vector
(Promega). Two clones, WT and the mutant, were constructed.
Concentrations of the WT and mutant plasmids were measured with a
Qubit dsDNA BR assay kit (Thermo Fisher Scientific) and adjusted to
1 ng/pL (approximately 2.58 x 10® copies/pL). The control plasmids were
mixed to generate gradient control samples with the m.3243A>G muta-

tion in the range of 0% to 100% mutation.

228 Laboratory Medicine

ddPCR Assay

The ddPCR mixture consisted of 1 uL DNA (containing 1 pg genomic
DNA from peripheral blood sample), 10 pL 2x ddPCR Supermix for
Probes (no dUTP) (Bio-Rad Laboratories), WT and mutant allele-specific
probes at a concentration of 0.25 uM, primer mixtures at a concentration
of 0.9 uM for the target gene, 2 U/reaction Alul enzyme (New England
Biolabs), and nuclease-free water in a final volume of 20 pL. All primers
and probes were obtained from Bio-Rad Laboratories. Sequence and
other information about primers and probes are available at www.bio-
rad.com with the following Assay ID: dHsaMDS556387941. Droplets
were generated using the Bio-Rad QX200 system (Bio-Rad Laboratories)
following the manufacturer’s instructions. The reaction mixtures were
transferred to a nonskirted 96-well PCR plate (Eppendorf) for PCR
using the Veriti 96-well fast thermal cycler (Thermo Fisher Scientific)
under the following conditions: activation of the enzyme at 95°C for
10 min, followed by 40 cycles of a 2-step protocol consisting of incu-
bation at 94°C for 30 seconds and then combined annealing/extension
at 55°C for 1 min. The 96-well plate was next transferred to a QX200
Droplet Reader (Bio-Rad Laboratories), and fluorescence of each droplet
was analyzed separately using a 2-color detection system (set to detect
FAM [mutant allele] and HEX [WT allele]). The fluorescent droplets were
counted to provide an absolute quantification of WT and mutant copy
numbers in m.3243 in digital form using the QuantaSoft software 1.7
(Bio-Rad Laboratories).

Sanger Sequencing

Amplicons that were amplified under the same conditions as those used
to create the control plasmid were subjected to direct sequencing using
the Big Dye Terminator v3.1 Cycle Sequencing Kit and the 3500xL Ge-
netic Analyzer (both from Thermo Fisher Scientific).

PCR-RFLP Assay

The 692 bp PCR products, amplified with Mt3243F1 and Mt3243R1,
were digested with Apal (Takara Bio, Shiga, Japan) at 37°C for 1 h and
stained with ethidium bromide after electrophoresis on a 2% agarose
gel. The mutated DNA was digested into 433 and 259 bp fragments
whereas the WT (692 bp) remained undigested.

Results

Optimization of ddPCR Conditions

We determined the optimal PCR annealing temperature for accurate
m.3243A>G heteroplasmy measurements using a 1:1 mixture of WT and
mutant control plasmids. The annealing temperature was varied from
50°C to 65°C in 5°C increments (FIGURE 1). At 50°C and 55°C, positive
droplets of both FAM and HEX were clearly separated. However, at 60°C,
fluorescence intensity of the positive droplets was weak, and thus, they
could not be clearly separated from the negatives. At 65°C, no DNA was
amplified and no positive droplet was observed. Based on these results,

we used an annealing temperature of 55°C for all our experiments.

Determination of the Accuracy of m.3243A>G
Heteroplasmy Measurements in ddPCR

To confirm accuracy of ddPCR for the m.3243 A>G heteroplasmy assay,
we diluted the mutant control with WT control and compared the meas-

ured values with the theoretical values of m.3243A>G heteroplasmy

2024;55:227-233 | https://doi.org/10.1093/labmed/Imad063
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FIGURE 1. Optimization of annealing temperature for determination of mitochondrial DNA m.3243A>G heteroplasmy levels
using droplet digital polymerase chain reaction (ddPCR). A 1:1 mixture of wild-type (WT) and mutant plasmids was subjected
to ddPCR assay. A, 50°C. B, 55°C. C, 60°C. D, 65°C. Vertical axis shows the fluorescence intensity of FAM (channel 1) and the
mutant probe and horizontal axis shows the fluorescence intensity of HEX (channel 2) and the WT probe. Blue, green, and
orange dots indicate positive droplets only, for the mutant, WT, and both the probes, respectively. Black dots indicate negative
droplets for both the probes.
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FIGURE 2. Determination of the accuracy of droplet digital polymerase chain reaction (ddPCR). A, Wild-type and mutant
control plasmids were mixed in various proportions, and the m.3243A>G heteroplasmy levels were measured using ddPCR.
Theoretical and measured values were plotted thereafter (y = 0.99x - 0.079; R? = 0.9998). B, The averages of the theoretical and
measured values are shown. All experiments were performed in triplicate.
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levels. For a mutation rate of 5%-100%, there was little difference be-

tween theoretical and measured values (FIGURE 2). This observation
suggested that the ddPCR method has notably high accuracy.
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Investigation of the Lower Limit of Detection

We compared the lower limit of detection of m.3243A>G heteroplasmy
among ddPCR, Sanger sequencing, and PCR-RFLP using WT and
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FIGURE 3. Lower limit of detection of m.3243A>G mutation. Polymerase chain reaction (PCR) products amplified from a
mixture of wild-type and mutant controls in various proportions were subjected to direct Sanger sequencing (A), PCR-
restriction fragment length polymorphism (B), and drop digital PCR (C). A, Chromatograms of the sequences in various
heteroplasmy levels are shown, and arrows indicate the position of m.3243. The lower limit of detection was 10%, which was
the point at and before which the G-peak was not visible. B, The 692 bp PCR products were electrophoresed as described

in the “Material and Methods” section. The mutated DNA was digested into 433 and 259 bp fragments. The lower limit of
detection was 10%, which was the point at and before which neither of the 2 bands could be identified. M indicates a DNA
ladder. Numbers on the right are the sizes (in bp) of the DNA ladder components. C, Error bars represent the mean 2.6 SD (n =
5). The lower limit of detection was 0.08%, which is the minimum value at which +2.6 SD of the mean of the theoretical value of

0% did not overlap with -2.6 SD of the measured value.
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mutant controls. In Sanger sequencing, the peak of G mutation could
be identified at a mutation rate of 10% but was difficult to distinguish
from the background at a mutation rate of 5%; therefore, the lower limit
of detection was set at 10% (FIGURE 3A). In PCR-RFLP, a truncated
short band was visible at 10% heteroplasmy; therefore, the lower limit
of detection was set at 10% (FIGURE 3B). In ddPCR, the minimum
mutation rate that did not overlap with the average value +2.6 SD of
the WT control was 0.08% (FIGURE 3C); therefore, the lower limit of
detection was set at 0.08%. Overall, the results suggested that ddPCR
could measure m.3243A>G heteroplasmy with relatively higher sensi-
tivity than other methods.

Comparison of ddPCR with Sanger Sequencing
Next, we compared the heteroplasmy levels determined using

ddPCR with those determined using Sanger sequencing for DNA
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extracted from the patients’ peripheral blood. In Sanger sequencing,
heteroplasmy levels were calculated from the ratio of the heights of
A and G peaks (FIGURE 4A). Although the results were confirmed
over a wide range of m.3243A>G heteroplasmy levels, from low to
high, no significant difference was found between ddPCR and Sanger
sequencing (FIGURE 4B). Heteroplasmy levels inferred from the ratio
of peak heights in Sanger sequencing were considered accurate to some

extent.

Measurement of Healthy Subject Samples

The m.3243A>G heteroplasmy levels were measured in 15 healthy donor
samples using ddPCR (TABLE 1). All values were below 0.1%, with the
highest value being 0.092%. In previous studies measuring heteroplasmy
using ligation-mediated PCR (LMPCR), 0.01% heteroplasmy was
detected in peripheral blood cells from approximately 50% of the
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FIGURE 4. Correlation between Sanger sequencing and drop digital polymerase chain reaction (ddPCR). A, Heteroplasmy

levels in Sanger sequencing were calculated from ratio of the heights of A and G peaks. B, Heteroplasmy levels were measured

using Sanger sequencing and ddPCR using DNA extracted from peripheral blood of patients harboring m.3243A>G mutation (y

= 1.05x - 0.016; R? = 0.993).

AACAGAGT CTC

G: 2 mm

A: 8 mm

Heteroplasmy:
2 mm/(8 mm + 2 mm) x 100 = 20%

TABLE 1. m.3243A>G heteroplasmy levels in peripheral blood
of healthy subjects

i Sample No. : Heteroplasmy (%) :

Values are the average of 2 measurements.

healthy individuals and diabetes mellitus patients; however, no healthy
individual had >0.1% heteroplasmy.'* Murdock et al'® reported that the
m.3243A>G mutation does not typically accumulate above 0.1% with
age, even in muscle and brain tissues. Therefore, the presence of >0.1%
heteroplasmy may be diagnostically significant, and ddPCR was found to

be sensitive enough to detect it.

Heteroplasmy Levels in Peripheral Blood Samples of
Patients With m.3243A>G Mutation

The m.3243A>G heteroplasmy in DNA extracted from the peripheral
blood of patients with suspected mitochondrial disease was meas-
ured using ddPCR. Correlation between the heteroplasmy levels of

patients who were positive for the mutation and their age was examined
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FIGURE 5. Correlation between heteroplasmy levels of the
m.3243A>G mutation in peripheral blood and age during
genetic analysis. Closed circles indicate affected patients
and open circles indicate unaffected family members (n = 35)
(v = -0.90x + 63.73; R? = 0.828).
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(FIGURE 5). An inverse correlation was observed, with heteroplasmy
levels decreasing with increasing age. Family members who had not yet
developed the disease were suggested to be in the same correlation equa-
tion as the patients who had already developed the disease. According to
the correlation equation, heteroplasmy level was less than 10% in the
50- to 60-year-old age group, implying that it would be difficult to detect
using Sanger sequencing because this method has a lower limit of detec-
tion >10%. In fact, some cases could only be detected using ddPCR. This
suggested that the m.3243A>G mutation may have been overlooked in
the peripheral blood-derived DNA of older adults.

Discussion
For many years, a sensitive method to determine heteroplasmy

of the m.3243A>G mutation has been under investigation. This is
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because some diabetic patients have reported to show less than 1%
heteroplasmy in peripheral lymphocytes despite having more than
30% heteroplasmy in muscle,’® and 1.3% of diabetic patients have
0.01% to 0.1% m.3243A>G heteroplasmy.'* Previously, the RFLP
assay was the most commonly used method for detecting m.3243A>G
mutation in blood leukocytes. As shown in this article, the method
showed only a faint band at m.3243A>G mutation load above 10%,
below which it was undetectable. Although radiolabeled PCR is a highly
sensitive method, it can detect <1% heteroplasmy.'” Denaturing high-
performance liquid chromatography has a limit of 3% to 10% for
heteroplasmy detection.'® The limit of heteroplasmy detection using
quantitative methods based on pyrosequencing has reached 2%.
Pyrosequencing showed a small difference between the measured
and actual values of accuracy, from which a third-order polynomial
curve was derived.” Quantitative real-time PCR based on TagMan-
MGB probes was used to screen a large number of samples for the
m.3243A>G mutation, with heteroplasmy higher than 4%.”° LMPCR
was able to detect up to 0.01% of m.3243A>G heteroplasmy in periph-
eral blood samples, but the value was close to that for a qualitative
method.” A combination of peptide nucleic acid (PNA) and allele-
specific PCR had a lower limit of detection of 0.1%, the same as that in
the ddPCR method used in this study, but required a calibration curve,
and the calibration points had large increments (100%, 10%, 1%,
0.1%, and 0%), which were not sufficient for accurate quantiﬁcation.21
Highly sensitive methods for identifying m.3243A>G heteroplasmy
are both expensive and time-consuming. Therefore, to date, there has
been no method that satisfies both accuracy and detection sensitivity.
In this study, ddPCR was shown to be accurate and sensitive in meas-
uring m.3243A>G heteroplasmy, with heteroplasmy levels measured
using ddPCR of artificial heteroplasmy control mixtures being almost
identical to the theoretical values (FIGURE 2) and with a lower limit
of detection of 0.08% (FIGURE 3).

A few reports have described the quantification of the heteroplasmy
of mtDNA mutations; however, the mtDNA copy number has been
quantified using ddPCR in several studies. Measurement of mtDNA
copy number in cerebrospinal fluid using ddPCR confirmed that patients
with symptomatic Alzheimer’s disease have a significantly lower number
of mtDNA copies.”” The estimated mtDNA copy number values from
ddPCR vs shotgun sequencing of the same samples were significantly
correlated, and the mean mtDNA copy number values were similar.”
The ddPCR method can quickly and reliably detect circulating cell-free
mtDNA in plasma with a prior DNA extraction step.”*

We investigated the correlation between heteroplasmy levels in
peripheral blood and age using genetic analysis. In the scatter plot
(FIGURE 5), age at the time of genetic analysis and heteroplasmy in
peripheral blood showed a clear negative correlation. Although sev-
eral studies have found only a weak correlation between mutation
load in the blood and clinical phenotype,” the degree of m.3243A>G
heteroplasmy has often been reported to correlate with the age of
onset of MIDD and severity of hearing loss. Both blood and urine
heteroplasmy levels have been suggested to be significantly negatively
correlated with age, although muscle heteroplasmy is not correlated
with age; age-adjusted blood m.3243A>G mutation load may be an
indicator of disease burden.”® In contrast, another study showed that
m.3243A>G mutant DNA decreases with age in muscles, urine, and
hair follicles.”” The heteroplasmy levels in DNA samples from periph-
eral blood of 18 individuals carrying the m.3243A>G mutation showed
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a decrease on aging, with an average change of -0.69 + 0.61% per year.”

A significant negative correlation was found between body mass index
and heteroplasmy, and a significant positive correlation was found
between hemoglobin Alc levels and heteroplasmy.” A high degree of
mutant heteroplasmy, male sex, and age were found to increase the se-
verity of hearing impairment.* Suzuki et al’' showed the age of onset
of diabetes and deafness to be negatively correlated with heteroplasmy
levels in leukocytes and the heteroplasmic concentrations of the
mutation in leukocytes to be significantly higher in patients with
encephalomyopathy, basal ganglia calcifications, and neuropsychiatric
disturbances. In addition to m.3243A>G, other mitochondrial DNA
mutations (m.3271T>C and m.14530T>C) also showed a negative cor-
relation between blood heteroplasmy levels and age at the onset of di-
abetes.*” Sunde et al® reported that low blood heteroplasmy rates of
m.3243A>G may lead to late-onset MELAS, suggesting that accurate
and sensitive measurement using ddPCR may be useful in detecting
MELAS. On the contrary, the degree of heteroplasmy of mitochon-
drial tRNAY* mutations, such as m.8344A>G identified in myoclonic
epilepsy with ragged-red fibers (MERRF), was reported to be high in
both symptomatic and asymptomatic cases. There was no inverse cor-
relation with age, unlike with m.3243A> G,** and therefore, the sensi-
tivity of ddPCR for heteroplasmy measurements might not be adequate
in MERREF.

Similar to our results, the proportion of m.3243A>G has already
been reported to decrease with age in the blood cells of unaffected fa-
milial carriers, as well as in patients with diabetes.”® The results suggest
that with early genetic testing, the likelihood of detecting mutations is
greater not only in patients but also in their unaffected family members.
The high sensitivity of ddPCR may be very beneficial in confirming
the possibility of inheritance of the disease if the patient is affected
by m.3243A>G and their family members do not have threshold
heteroplasmy levels and the m.3243A>G phenotype is not absent.
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ABSTRACT

Objective: With the recent reports of additional alleles of the CYP2C19
gene with decreased or no function, the clinical utility of real-time pol-
ymerase chain reaction (PCR)-based testing that detects only a small
number of variant targets needs to be evaluated.

Method: We retrospectively reviewed 7-year data for real-time PCR
test records from a single hospital and analyzed CYP2C19 genotypes
from publicly available whole-genome or whole-exome data from a
healthy Korean population.

Results: Of the 2327 test results in this hospital, the *1 allele was
most common (60.5%), followed by *2 (28.0%), *3 (10.1%), and *17
(1.4%). Among 5305 healthy Korean individuals, the frequencies of
the *2, *3, and *17 alleles were 28.6%, 9.9%, and 1.0%, respectively,
which were not statistically different from those of the hospital data (P
=.4439, P = .6025, and P = .1142, respectively). Interestingly, the total
frequency of additional nonfunctional alleles (*4, *6, *22, and *24) that
could not be detected using real-time PCR was only 0.1%, with a total
allele count of 8.

Conclusion: Our study shows that the clinical utility of real-time
PCR for CYP2C19 genotyping remains satisfactory. However, cau-
tion should be exercised because the test can miss patients with
decreased CYP2C19 function.

Introduction

The CYP2C19 gene, located on chromosome 10q24, is a member of
the CYP2C subfamily and plays a key role in metabolizing commonly
prescribed drugs. CYP2C19 genotyping is widely used to guide the
dosage of drugs affected by CYP2C19, including clopidogrel, tricyclic
antidepressants, selective serotonin reuptake inhibitors, proton-pump
inhibitors, and voriconazole.' ™ Only 4 alleles of the gene, *1, *2, *3, and
*17, have been annotated for the CYP2C19 phenotype, so individuals with
*2 or *3 alleles have been classified as intermediate or poor metabolizers
requiring consideration of alternative antiplatelet treatment, according
to previous guidelines on clopidogrel and CYP2C19 published in 2013.°
Previous studies have shown that intermediate or poor metabolizers are
associated with higher rates of major adverse vascular events and signifi-
cantly elevated P2Y12 reaction units in the clopidogrel platelet reactivity
test.”” Several real-time polymerase chain reaction (PCR) kits targeting
these 4 alleles have been developed and evaluated.®'° However, the
most recent guidelines, which were updated in 2022, include the addi-
tional decreased function allele *9 for phenotypic prediction.” In addi-
tion, the clinical functions of other novel alleles have also been annotated
in PharmVar; the *9, *10, *16, *19, *25, and *26 alleles are annotated as
decreased function alleles, and the *4, *5, *6, *7, *8, *22, *24, and *35
alleles are annotated as no function alleles (TABLE 1).!! Therefore, it is
necessary to confirm whether it is acceptable to continue to use the real-
time PCR kits that do not contain these newly identified alleles. The geno-
type distribution of CYP2C19 in Korea has been previously described in a
limited number of healthy individuals (<500 individuals).’*** Therefore,
a large number of healthy individuals must be screened for the CYP2C19
genotype to evaluate the clinical utility of a real-time PCR method that
detects only a small number of variant targets. In this study, we analyzed
CYP2(C19 genotypes using publicly available whole-genome or whole-
exome sequencing data from a healthy Korean population of more than
5000 individuals. In addition, we retrospectively reviewed 7-year data
from real-time PCR test records from a single hospital and compared the

allele frequencies with those obtained from the public data.

Methods
All results of the patients tested with CYP2C19 genotyping were
reviewed between January 2016 and December 2022 at a university-

affiliated hospital in Seoul, Korea. Genomic DNA samples were extracted
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using the AccuPrep Genomic DNA Extraction Kit (Bioneer), and the
extracted DNA was amplified using the Real-Q CYP2C19 Genotyping Kit
(Biosewoom). The allelic profile of each sample was determined based
on the presence of the following variants: c.681G>A, c.636G>A, and
¢.806C>T. These variants were annotated as *2, *3, and *17, respectively.
The predicted phenotypes of the patients were annotated according
to current guidelines.” Clinical and demographic data were obtained
from patients’ electronic medical records. We also analyzed CYP2C19
genotypes from publicly available whole-genome or whole-exome data
from a healthy Korean population using the Korean Variant Archive
(KOVA) for a reference database of genetic variations in the Korean pop-
ulation (https://www.kobic.re.kr/kova/ )1 Single-nucleotide variants of

alleles with altered function according to the PharmVar scheme (https://

TABLE 1. The signature variants of alleles with altered
function annotated by PharmVar

. Allele name Signature variants (NM_000769.4) : Predicted function :
CYP2C19*2 332-23A>G, 681G>A No function
oectes 6366-A Nofunction
octed we Nofunction
owecies . teresT Nofunction
omcies s956-A Nofunction
opc1e7 g194215A Nofunction
cpctes sseT>C Nofunction
omciee 4316A  Decreased function |
owcie0 680C>T  Decreased function
| R S '
oecie7 806C>T  Increased function |
octete 151A>6  Decreased function
omcioz 5576-C  Nofuncton
opcio4 . 100465A . Nofunctn
owpcies 134406 Decreased function
owpciee 7666A Decreased function
omciels 332246 Nofuncton

www.pharmvar.org/gene/CYP2C19) were searched against KOVA and
are depicted in FIGURE 1. The frequency of each allele was assumed
from the frequency of signature variants of each allele in TABLE 1.
x? tests were performed to compare allele frequencies using the free
MedCalc statistical calculator (https://www.medcalc.org/calc/). This
study was approved by the Institutional Review Board of Sanggype Paik
Hospital, which waived the need for written patient consent (2023-03-
005).

Results

During the 7 years, a total of 2327 samples were submitted for CYP2C19
testing in this hospital. The mean age of the patients tested for the
CYP2(19 genotype was 69 years, and 58.6% of the patients were men.
Most of these tests were requested by the neurology department
(96.2%) followed by neurosurgery (2.0%) and internal medicine (0.9%)
departments. Patients referred from the neurology department were to
be evaluated for antiplatelet therapy. Nineteen (86.4%) internal medi-
cine patients were prescribed proton pump inhibitors for gastrointes-
tinal bleeding (16 patients) or peptic ulcers (3 patients). Overall, the
frequencies of the *1, *2, *3, and *17 alleles were 60.5%, 28.0%, 10.1%,
and 1.4%, respectively. Of the 2327 genotype results, 46.2% and 15.0%
were predicted to be intermediate and poor metabolizers, respectively.
In contrast, only 1.8% and 0.1% were predicted to be rapid and ultrarapid
metabolizers, respectively (TABLE 2).

Among 5305 healthy Korean individuals, the allele frequencies of
the *2, *3, and *17 alleles were 28.6%, 9.9%, and 1.0%, respectively.
Comparison of the allele frequencies of the general population with
those observed in the hospital showed that the results of none of the 3
alleles were statistically different (P = .4439, .6025, and .1142, respec-
tively). Among the other alleles with an altered function that were not
detected using real-time PCR, *4 was the most common, with an al-
lele count of 5 in the Korean population, and 5 Korean individuals had
this allele as heterozygous. The others were *6, *22, and *24, with allele
counts of 1. All 4 detected alleles, *4, *6, *22, and *24, were predicted
to have no function. No other alleles with altered functions were found
in KOVA.

FIGURE 1. The single nucleotide variants of alleles with altered function. CYP2C79 NM_007294.3. Upper arrows indicate
variants of alleles with increased (blue arrow) and decreased function (yellow arrows) and lower arrows indicate those with no
function (red arrows). All variants detected in the Korean Variant Archive (KOVA) for a reference database of genetic variations

in the Korean population are displayed in a box.
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Discussion

In a retrospective review of 7 years of CYP2C19 genotyping records,
the distribution of genotypes from 2327 patients was similar to that
of the KOVA data from over 5000 healthy Korean individuals. The al-
lele frequencies from this hospital and the KOVA data were similar
to those reported in other studies™ ** of the CYP2C19 genotype in
the Korean population (TABLE 3). As shown in this study, the pro-
portion of intermediate and poor metabolizers requiring adjustment
of antiplatelet therapy was much higher in Asia at 45.5% and 12.2%,
respectively, than that in the other regions at 23.0% and 29.1% and
1.8% and 3.1%, respectively, according to the meta-analysis.'® There-
fore, CYP2C19 genotyping is particularly important in the Asian

region.

TABLE 2. Characteristics of the patients who underwent
CYP2C19 genotype testing

Value
L 70 (61-79) |

i Characteristic

Median age (interquartile range), y

The frequencies of some recently annotated rare alleles in Asians
also deserve attention. Although only a few studies have been
published, they suggest that these frequencies are very low. In an In-
dian study of 2000 individuals, rare alleles other than *2, *3, and *17
were found in only 1 case of *6 (0.05%) and 2 cases of *8 (0.1%)."” Sim-
ilarly, additional alleles affecting gene function were observed in less
than 0.1% of the alleles from the KOVA data, with the highest value for
the *4 allele being 0.05%. This study demonstrates the robust distri-
bution of the CYP2C19 genotype in the Korean population. However,
larger screening studies are required to identify the rare genotypes in
the Korean population.

Almost all patients with CYP2C19 genotyping were from the
neurology or neurosurgery departments. CYP2C19 genotyping in
these patients could be attributed to clopidogrel dose adjustments.
Gastrointestinal bleeding and peptic ulcer were the most common
diagnoses in patients in the internal medicine department. In these
patients, proton pump inhibitors may have been associated with
CYP2C19 genotyping. However, CYP2C19 genotyping also affects the
recommended dosage of tricyclic antidepressants, selective serotonin
reuptake inhibitors, and voriconazole."*® Therefore, increased aware-
ness regarding CYP2C19 genotyping is required for services that pri-
marily use these drugs.

Recently, several CYP2C19 alleles have been reported to affect
drug dosing in the context of CYP2C19 metabolism. However, only
a few major alleles have been observed in more than 0.1% of the
healthy Korean population: *2, *3, and *17. A Chinese study showed
that antiplatelet therapy guided by CYP2C19 genotyping, targeting
only the *2 and *3 alleles but with a short turnaround time of 48
hours, reduced major adverse events in patients with acute coro-
nary syndrome.'® The addition of some rare allelic targets may have
clinical advantages. However, notably, increasing the number of
primer-probe pairs in real-time PCR can be a technical challenge in
the assay and may affect the accuracy of the results. Increased re-
source consumption may be the issue, considering the frequencies of
the rare alleles. In addition, although an increased number of alleles
may affect the clinical utility of real-time PCR kits, the transition to
sequencing inevitably increases the burden of interpretation in clin-
ical laboratories. Considering the genotype distribution in the Korean
population, turnaround time, accessibility to devices, and conven-
ience, real-time PCR kits are still clinically useful in Korea; however,
continuous monitoring of the prevalence of novel alleles affecting
CYP2(19 function must be performed.

However, real-time PCR may fail to detect rare nontarget alleles.

Clinical laboratories should inform physicians regarding the limitations

TABLE 3. Allele frequencies (%) from the previous studies of CYP2C 19 genotyping in the Korean population and this study

 Alleles Lee etal (n = 377)"° Lee et al (n = 463)'* Kim et al (n = 271)"' - KOVA (n = 5305)
L 64 60.6 60.0 § 60.4° ‘
e T 2 209 %4 . 288
s e s 01 99|
7 Nottsted . Nottesed . 5 10
Othes . Nottested . Nottesed . Nottested | 01 |

KOVA, Korean Variant Archive.

5.1% of the alleles in the KOVA (https://www.kobic.re.kr/koval) data that do not carry c.991A>G are considered to be *38, the legacy label of which is *1A.

Therefore, they were counted as *1.

5The other alleles included 5 *4 alleles, 1 6 allele, 1 *22 allele, and 1 *24 allele.
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of real-time PCR testing and the clinical implications of undetected rare
alleles, including *4, *6, *22, and *24 in the comments of test reports.
The limitation of real-time PCR could be mentioned in the test report
as follows: “This test may not detect rare nonfunctional alleles, which
are present in approximately 0.1% of the Korean population. When
using typical doses of clopidogrel, sequencing may be indicated if altered
clopidogrel activity is clinically suspected.” In some cases of recurrent
vascular events or aberrant P2Y  reaction unit value on platelet reac-
tivity monitoring, a rare allele not detected by real-time PCR may be
suspected,”*** and sequencing analysis could be considered in collabo-
ration with the clinical laboratory.

Our study was limited by its retrospective nature; no residual samples
were available for sequencing to confirm the allelic profile. In addition,
alleles such as *36 and *37, which are copy number variations (CNVs)
of CYP2C19 were not investigated. Therefore, further studies using
CNV detection tools, such as CNV prediction using next-generation
sequencing data and multiplex ligation-dependent probe amplification,
are required to determine the frequency of these alleles.

In conclusion, we report that the clinical utility of real-time PCR for
CYP2(19 genotyping is still satisfactory, considering the extremely low
frequency of alleles affecting CYP2C19 gene function other than the *2,
*3, and *17 alleles. However, caution should be exercised considering

patients with decreased CYP2C19 function may be missed.
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ABSTRACT

Objective: A detection method with high efficiency and accuracy is
urgently needed in clinical work. The purpose of our study was to de-
termine the diagnostic accuracy of the Xpert MTB/RIF assay for intes-
tinal tuberculosis (ITB).

Methods: We searched PubMed and 4 other databases from their es-
tablishment to July 19, 2022, for published essays of diagnostic perfor-
mance in which Xpert MTB/RIF was used to test patients with clinically
suspected ITB. An assessment of the quality of the selected literature was
conducted using QUADAS-2. We built forest plots by MetaDiSc software.

Results: The pooled Xpert MTB/RIF sensitivity was 48%, and the
specificity was 99%. Moreover, the positive likelihood ratio for ITB di-
agnosis was 21.61. The negative likelihood ratio was 0.54. There were
substantial variations between the study estimates of sensitivity (Z =
87.6%) and specificity ( = 82.4%).

Conclusion: Intestinal TB is detected with limited diagnostic sensi-
tivity by Xpert MTB/RIF but with high specificity. An Xpert-positive re-
sult may facilitate the rapid identification of ITB cases. Nevertheless, a
negative result has less certainty in excluding the disease.

Introduction

With HIV infection and the utilization of anti-immunosuppressive drugs,
the scope of tuberculosis (TB) infection is expanding daily. As an im-
portant extrapulmonary TB (EPTB), intestinal TB (ITB) accounts for ap-
proximately 30% of extrapulmonary tuberculosis cases." In India, where
the burden of TB is highest, 20% of TB cases are extrapulmonary, with
peritoneal TB accounting for nearly 13%.” Pakistan has the fifth largest
burden of TB, and a study in Pakistan showed that EPTB accounted for
nearly 30% of all open TB cases, with 21% of EPTB originating in the
abdomen.” The most common cumulative site of peritoneal TB is the
gastrointestinal tract, accounting for 43% to 65% of all cases of peri-
toneal TB.*"

countries. Intestinal TB can cause diarrhea, abdominal pain, abdominal
8

With high incidence, ITB occurs frequently in developing

mass, constipation, and a series of nonspecific clinical manifestations,’
which leads to its clinical diagnosis being controversial and challenging.
In addition, there are significant challenges in separating Crohn’s dis-
ease (CD) from ITB, resulting in high morbidity and mortality due to
misdiagnosis or delayed diagnosis.'® As a qualitative assay, Xpert MTB/
RIF is a timely polymerase chain reaction (PCR) kit that detects both
Mycobacterium tuberculosis and rifampicin (RIF) resistance simultane-
ously. Furthermore, RIF resistance can be an indication for MDR-TB
(multidrug resistant TB, refers to resistance to both isoniazid [INH] and
RIF).” That is to say, this assay can assist in determining MDR-TB by
detecting the presence or absence of RIF resistance, assuming that there
is INH resistance. At present, although there has been widespread appli-
cation of Xpert MTB/RIF for detecting pulmonary TB, it is rarely used
for ITB. A meta-analysis was conducted to assess the diagnostic accuracy
of Xpert MTB/RIF in ITB.

Methods

Sources of Data and Strategies for Retrieval

A total of 5 databases were used, including PubMed, Embase, Web Of
Science, the Cochrane Library, and the China National Knowledge Infra-
structure (CNKI), from the time they were founded to July 19, 2022. The
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accuracy of Xpert MTB/RIF in ITB detection was evaluated by retrieving
published articles. The search was performed by searching MeSH terms
and EMTREE terms obtained by “Xpert MTB/RIF” and “intestinal tu-
berculosis” in PubMed and Embase. We also further explored possible

candidate studies from the references to the included articles.

Inclusion Criteria

Our inclusion criteria were as follows: (1) articles that evaluated
Xpert MTB/RIF detection as an ITB diagnostic tool; (2) cohort studies
conducted prospectively or retrospectively; (3) reference criteria
were clearly defined and suitable for our study; and (4) complete and
extracted data: true positive (TP), false positive (FP), false negative
(FN), and true negative (TN). Studies with too few samples (<10) con-
ference summaries, articles without complete 2 x 2 contingency table
data, and articles written in languages other than English and Chinese

were excluded.

Standard of Reference

The study used composite reference criteria (CRS) or Mycobacterium
culture as references. Composite reference criteria include clinical
manifestations, histopathology, biochemical test results, smears, cul-
ture, other nucleic acid amplification tests, and treatment response to

anti-TB drugs.

Filtering and Selection of Literature

Two investigators independently completed the process of searching
relevant literature, reviewing the abstract, reviewing the full text of
the article, and extracting data from the 2 x 2 contingency table. The
2 investigators then checked whether the extracted data were con-
sistent, and if they were not, the above steps were repeated. Only when
the data were consistent were the analysis of the data and the creation
of the figures performed. A third investigator was consulted to resolve
the differences between the 2 investigators. All reviewed articles in this

study underwent this review process.

Data Extraction

Among the data we extracted were author, year, study design, country,
specimen origin, TP, FP, EN, and TN values as well as reference criteria
(mycobacterial culture and CRS) and type of specimens. In the same
manner, the necessary information was independently extracted by 2
investigators from each included article and resolved through discussion
with a third researcher. In the papers that we reviewed, the 3 studies from
China give the complete 2 x 2 contingency table data directly in the article
for us to extract. The other 5 studies from India provide partial data as well
as sensitivity, specificity, positive predictive value, and negative predictive

value, which allows us to calculate the 2 x 2 contingency table data.

Assessment of Study Quality

QUADAS-2, a quality assessment tool to assess the accuracy of selected
articles, was used to ensure quality and avoid the possibility of bias,
which was controlled by 2 investigators separately. There are 4 domains
in QUADAS-2: patient selection, index tests, reference standards, and

flow and timing.
Data Analysis

The TP, FP, FN, and TN values for each included article were obtained

as well as the combined sensitivity, and specificity estimates and 95%

www.labmedicine.com

CI for Xpert MTV/RIF were calculated. We graphically generated the
results by mapping the sensitivity and specificity of forest figures. The
area under the curve (AUC) was calculated from summary receiver op-
erating characteristic (SROC) curves. To assess heterogeneity between
studies and benchmarks, I statistics were used. We used MetaDiSc soft-
ware to build pooled forest figures for overall diagnostic sensitivity and
specificity (95% CI) for each study.

Results

Identification of Studies

Through the retrieval strategy, 119 candidate articles were retrieved
from the databases mentioned above. Thirty-one studies were included
for full-text article assessment after scanning abstracts and titles and
eliminating duplicate articles. Based on the inclusion criteria, 8 articles
qualified for inclusion (FIGURE 1 shows a flow diagram of study identi-
fication and inclusion), including 4 prospective studies and 4 retrospec-

. . 2128
tive studies.

Characteristics of the Study

TABLE 1 summarizes the characteristics of the trials and participants
included in the study. By carefully reviewing all the included literature,
we concluded that “colonic biopsy” and “colonoscopic tissue samples”
are essentially the same, both being biopsies taken from intestinal tissue
during colonoscopy. The reason for the different presentation in TABLE
1 is that we adopted a different presentation for each of the included

studies. Similarly, “intestinal mucosal biopsy” and “intestinal tissue”

FIGURE 1. Flow diagram of study identification and
inclusion.
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CRS, composite reference criteria; MTB, Mycobacterium tuberculosis.

essentially both refer to biopsy on the mucosa of intestinal tissue for the

same reasons as above.

Study Quality

A QUADAS-2 quality assessment was used to evaluate the included
studies, and the results are presented in FIGURE 2. Four areas of the
included articles were examined in QUADAS-2: patient selection, refer-

ence standard, index test, and flow and timing.

Diagnostic Accuracy of ITB Detected by Xpert MTB/RIF
Eight studies compared 1063 samples with the reference standard, and
arange of 8% to 71% sensitivity and 78% to 100% specificity was found
for Xpert MTB/RIE. The combined sensitivity and specificity of the Xpert
MTB/RIF assay were 48% (95% CI, 42%-53%) with ? = 87.6% and 99%
(95% CI, 98%-100%) with I* = 82.4%, respectively (FIGURE 3). More-
over, the positive likelihood ratio (PLR) for ITB diagnosis was 21.61
(95% CI, 4.40-106.24). The negative likelihood ratio (NLR) was 0.54
(95% CI, 0.38-0.78) (FIGURE 4). FIGURE 5 shows the diagnostic odds
ratios (DORs) for individual studies and the pooled DORs along with
95% CI. Compared with the reference criteria, sSROC for Xpert MTB/RIF
can be used to explain continuous diagnostic test results (FIGURE 6).

Discussion

Previous studies have noted the importance of making a rapid and accu-
rate diagnosis for ITB because it has nonspecific clinical manifestations
and is easily confused with Crohn’s disease, leading to misdiagnosis and
missed diagnosis. Rapid details and information on drug resistance
make Xpert MTB/RIF a valuable diagnostic method. Considering that
many national programs that address TB of the lungs and lymph nodes
have already adopted Xpert MTB/RIF and the challenge of ITB diag-
nosis, we proposed the idea of using Xpert MTB/RIF to detect ITB. There
have been systematic reviews and meta-analyses of Xpert MTB/RIF for
the diagnosis of abdominal TB, but none are specific to ITB.

Some limitations of the study included the limited number of
studies conducted on ITB in just 1 region (India or China). Another
reason for the low number of studies may be related to the difficulty
of obtaining materials and the need for clinical enteroscopy. In ad-
dition, there was considerable heterogeneity in our study, because
some studies were prospective whereas others were retrospective.
Thus, there was methodological heterogeneity. Reference standard
differences can also contribute to heterogeneity in study. To deter-
mine whether the results would be considerably affected by a par-
ticular study, sensitivity analysis was also carried out, eliminating 1
study at a time and combining the other studies. We found that when
Xiong et al’s study®® was excluded, the sensitivity of the combination
fluctuated greatly. We considered that this was because the samples
used in this study were from stool. By reviewing the original article,”*
we found that the exact location of the surgery was not specifically
elaborated; we think that for the purpose of this assay, this ambiguity
and potential difference in sampling location are likely not signifi-
cant. The pathological changes of ITB mostly occur in the submucosa
of the intestinal wall, and due to mucosal swelling, the endoscopic
biopsy tissue tends to be smaller and the sampling area shallow and
small, which may lead to false-negative results from Xpert MTB/RIF.
In contrast, surgical pathological resection is more extensive and may

reduce the possibility of missed diagnoses. Therefore, we tabulated

2024;55:238-244 | https://doi.org/10.1093/labmed/Imad072
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FIGURE 2. Quality assessment of the included studies. A, Overall quality assessment of included studies. B, Quality

assessment of the individual studies.
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FIGURE 4. Forest plots of positive likelihood ratio (LR) (A) and negative LR (B).
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biopsy and surgery separately in the text. Regarding the distinction

» «

between “small intestine,” “colon/large intestine,” and “stool,” we re-
gret that we cannot elaborate on it in more detail at present because
there are few studies on ITB.

According to our meta-analysis, the sensitivity of Xpert MTB/RIF
for ITB detection has varied widely in different studies selected. There-

fore, the pooled sensitivity (48% [95% CI, 42%-53%]) was not very

242 Laboratory Medicine

TZ

=0.9470

high. The limited pooled sensitivity suggests that a negative Xpert assay
for ITB has less certainty in excluding the disease. For better diagnosis
and elimination of disease, PLR greater than 10 and NLR less than 0.1
are generally considered clinically significant.”® We found that the PLR
value and NLR value of ITB diagnosed by the Xpert MTB/RIF method
were 21.61 (95% CI, 4.40-106.24; P < .001) and 0.54 (95% CI, 0.38-
0.78; P < .001).

2024;55:238-244 | https://doi.org/10.1093/labmed/Imad072
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FIGURE 6. Forest plots of the summary receiver operating
characteristic curve. Area under the curve (AUC) = SE =
0.8474 + 0.0777; Q* + SE = 0.7787 = 0.0731.
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Conclusion

Overall, Xpert has limited sensitivity but high specificity for the de-
tection of ITB. Based on the data mentioned above, Xpert MTB/RIF is

promising as an earlier, faster, and more accurate method for detecting

ITB than other tests.
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ABSTRACT

Background: Double trisomies are rare findings among products of
conception and are often lethal to the developing embryo or fetus.

Methods: Here we describe a double trisomy case with symptoms of
threatened miscarriage at 9 weeks gestation. Ultrasound revealed an
anembryonic pregnancy. Pregnancy was terminated by dilation and
curettage at gestational age 11 weeks and 6 days. Histologic exam-
ination and chromosome microarray were performed on a formalin-
fixed product of conception (POC) sample to identify the cause of the
anembryonic pregnancy.

Results: Chromosome microarray analysis revealed a female chro-
mosome complement with double trisomies 10 and 20, arr(10,20)x3,
consistent with a karyotype of 48,XX,+10,+20.

Conclusion: To the best of our knowledge, this is the first reported
case of double trisomy 10 and 20 in a POC. Due to nonspecific his-
topathological findings, chromosomal microarray is a powerful tool in
identifying and differentiating chromosomal aneuploidies.

Greater than 50% of miscarriages have been described as having
abnormalities of their chromosome complement, with single trisomy

being the most common."” Double trisomies (trisomy of 2 separate

chromosomes) are rare, with most studies finding incidence rates be-
low 3% in products of conception (POC)."* Only a few hundred double
trisomies have been reported to date, with the most commonly reported
combinations being chromosomes 2 and 16, 16 and 21, and 18 and
21.* Double trisomy usually results in miscarriage, although rare cases
of liveborn neonates with double trisomy have been reported, includ-
ing combinations of autosomes 13, 18, and 21 with sex chromosomes
X and Y. This suggests the lethality of the double trisomy depends on
which chromosomes are involved,®* and notably, double trisomies
typically involve the presence of additional copies of low gene den-
sity chromosomes. Indeed, to date there are no reports of double tri-
somy involving chromosome 19, which has the highest reported gene
density." Here, we present the first reported case of double trisomy of
chromosomes 10 and 20, known to have intermediate gene densities.’
We discuss related ultrasound and histopathologic findings, the differ-
ential diagnosis of a nonviable pregnancy, and patient follow-up after

miscarriage with unique chromosome microarray result.

Clinical History
This study was approved by the University of Texas Medical Branch In-
stitutional Review Board. A 40-year-old Hispanic G4P1203 woman at
approximately 9 weeks gestation by last menstrual period presented
to the emergency department (ED) with vaginal spotting and abdomi-
nal cramping. The patient had a history of pregestational diabetes and
chronic hypertension. Beta-human chorionic gonadotropin (beta-hCG)
level was 34,099 mUI/mL at presentation, and ultrasound revealed
gestational sac diameter of 1.46 cm. Six days later, a beta-hCG level of
35,000 mUI/mL was observed. This low incremental increase prompted
additional ultrasound studies in the following 2 weeks, which indi-
cated no expansion of the gestational sac, the largest observed diame-
ter being 1.87 c¢m, and no discrete yolk sac or fetal pole. A diagnosis of
anembryonic pregnancy was made, and at 11 weeks and 6 days gesta-
tion, the patient underwent a dilation and curettage procedure.
Histologic examination of the POC revealed enlarged and dysmorphic
chorionic villi with occasional central cisterns and syncytiotrophoblast
hyperplasia (FIGURE 1A and 1B). These nonspecific findings were con-

sistent with a genetically abnormal and nonviable pregnancy.

Laboratory Role in Diagnosis
Chromosomal microarray analysis (CMA) is used to determine copy

number variants in a sample and has become a first line assay for
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FIGURE 1. Histologic examination and chromosome microarray analyses of the product of conception (POC) sample. A and
B, Histologic examination of the POC sample. H&E stain of the sample shows hydropic chorionic villi with syncytiotrophoblast
hyperplasia (A) and dysmorphic villi with central cisterns (B). C, Whole genome view of chromosome microarray analysis. The
result is a female with double trisomy 10 and 20, arr(10,20)x3, consistent with a karyotype of 48,XX,+10,+20. Chromosome
microarray was performed using Affymetrix OncoScan microarray (Thermo Fisher Scientific).

Log2 ratio

Allele difference

BAF

12

prenatal chromosomal analysis.®” There are 2 major types of CMA: com-
parative genomic hybridization, which returns information about DNA
copy numbers, and single nucleotide variant (SNV), which returns in-
formation about copy number as well as base pair genotypes using SNV
probes.** In this case, CMA was performed on the formalin-fixed POC
sample using Affymetrix OncoScan microarray (Thermo Fisher Scien-
tific). The result of the SNV CMA was arr(10,20)x3, consistent with a
karyotype of 48,XX,+10,+20 (FIGURE 1C).

Although SNV CMA can provide limited information about the
unique polymorphisms presents in a sample, it is not ideal for deter-
mination of parental origin of trisomy. Parental origin is typically de-
termined by short tandem repeat testing. Short tandem repeat testing
identifies the numbers of a tandem repeat in parental samples, which
can then be compared to those present in the POC sample to determine
origin. Parental samples were not available in this case, and short tan-
dem repeat testing was not performed.
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Discussion

Incidence rates of double trisomy among miscarriages with chro-
mosomal abnormalities have been found to fall between 0.21% and
2.8%, although the incidence may be higher among extremely early
miscarriages that occur prior to awareness of pregnancy.l";’12 The
mean gestational age of cases of double trisomy is lower than cases
of single trisomy (8.7 + 2.2 weeks vs 10.1 + 2.9 weeks),** suggesting a
more severe impact on viability and development. Indeed, the double
trisomies that are reported typically involve chromosomes with low or
low-intermediate gene density, such as chromosomes 13, 16, 18, and
21. Few cases of double trisomy involving chromosomes with inter-
mediate or high gene density have been reported, indicating a selec-
tion bias towards lower gene doses.”* The lethality of double trisomy
is hypothesized to be related to the triplosensitivity of involved genes.
Triplosensitivity is a term indicating whether the presence of a third

copy of a gene in a diploid organism results in pathogenicity. Although
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a triplosensitivity score is typically assigned to a specific gene, the
density of genes across an entire chromosome can indicate the like-
lihood of pathogenicity in the event of aneuploidy, and chromosomes
with fewer genes tend to have more favorable outcomes. Notably, rare
cases of liveborn neonates with double trisomy universally involve
combinations of autosomes 13, 18, and 21—all of which have low or
low-intermediate gene density—with sex chromosomes X and Y.** To
the best of our knowledge, our case is the first reported double trisomy
of the intermediate gene density chromosomes 10 and 20 in a POC
sample.

Previous studies of parental origin in double trisomy have indi-
cated a maternal predominance and an association with advanced ma-
ternal age.”"” The most common mechanism implicated in trisomy is
meiotic nondisjunction, in which homologous pairs of chromosomes
or sister chromatids fail to separate in meiosis I or meiosis II.
Mechanisms associated with meiotic nondisjunction include certain
patterns of homologous chromosome recombination, which may dis-
rupt the adhesion and separation of chromosomes and chromatids;
reduced cohesion between sister chromatids due to degradation of
cohesion proteins; meiotic spindle assembly dysfunction associated
with decreased expression of assembly checkpoint proteins; and
increased histone acetylation leading to impaired chromatin conden-
sation.'® Our patient’s age of 40 years is associated with an increased
risk for the aforementioned factors and may have played a role in the
pathogenesis of this case.

Double trisomies present with a spectrum of ultrasound mor-
phological findings, ranging from empty gestational sacs to devel-
oping embryos and fetuses, although findings trend towards empty
gestational sacs.>" The finding of an empty sac without an identifiable
embryo may be a result of more severe gene imbalance that is incom-
patible with embryo and fetal development; however, given the rarity
of double trisomies, there are limited data to base conclusions on. Sim-
ilarly, histopathological examination of POCs with double trisomies
is rarely reported in the literature. One case of 48,XXX,+18 was found
to have enlarged chorionic villi with trophoblastic pseudoinclusions,"
yet these findings are nonspecific, and there is no characteristic
histomorphology or imaging finding that reliably distinguishes aneu-
ploidy from other aberrances of chromosome complement. Therefore,
further workup with genetics and genomics assays is a necessity to de-
termine the genetic complement of the POC. Chromosomal microarray
analysis is ideally suited to determine copy number differences and can
provide definitive evidence of aneuploidy, although it is not sufficient
to determine parental origin. In this case, CMA determined double tri-
somy of 10 and 20.

Determining the exact genetic abnormality present in POC is critical,
as this can have significant consequences in the postpartum period for
the patient. Molar pregnancies, whether complete or partial, are asso-
ciated with a higher risk of gestational trophoblastic disease, in which
abnormal trophoblastic cells proliferate in an uncontrolled fashion.'®
Gestational trophoblastic disease can be either benign or malignant,
but successful treatment relies on early detection. Patients that carry a
molar pregnancy must be followed closely in the postpartum period to
ensure that levels of beta-HCG are downtrending. Thus, differentiating
between a molar pregnancy and an aneuploidy such as double trisomy is
critical. In our patient, the level of beta-HCG was tracked for 2 months
following her miscarriage, with no evidence of gestational trophoblastic

disease.
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In conclusion, double trisomy is a rare finding in POC, present in a
minute percentage of cases. We present the first reported case of dou-
ble trisomy 10 and 20, which is notable for the relatively higher gene
density of these chromosomes than is typically observed in double tri-
somy. Consistent with the hypothesis of greater triplosensitivity and
gene density producing greater pathogenicity, this case featured an
anembryonic gestation and dysmorphic chorionic villi. Although suspi-
cious for a genetically abnormal pregnancy, these nonspecific findings
were further investigated with CMA, and a diagnosis of double trisomy

was made.

Case Follow-up

The patient’s postoperative period was uncomplicated, with beta-
hCG values gradually decreasing to normal levels over the course of 2
months. The subsequent 6 months also showed negative beta-hCG val-

ues, indicating that there were no complications.
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