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1 | INTRODUCTION

The incidence of hip fractures continues to increase, along with the
global expansion of aging population observed secondary to improved
healthcare and quality of life." Subtrochanteric fractures are defined

Abstract

Background and Objectives

A critical appraisal of the literature helps to assess the strength and weakness of
the research and suggests ways to improve future research. Our aim was to
critically appraise the knowledge, attitude, and practice (KAP) studies conducted in
India for blood donation.

Materials and Methods

Of 70 articles identified in our search on PubMed, Scopus and Google Scholar, 32
were assessed for quality using an appraisal tool for cross-sectional studies (AXIS)
and questionnaire items.

Results

Quality assessment revealed that only 6 of 32 studies had acceptable reporting
(=80% score on the AXIS tool). The most frequently identified shortcomings were
failure to address the non-responders, lack of justification for sample size,
assessment of outcome variables and demographic results for the survey. Our
evaluation of questionnaires revealed that knowledge for need for blood donation,
its benefits and site/place for blood donation were assessed by very few studies.

Conclusion

Most published KAP studies for blood donation in India were not appropriately
described, especially the methodology and result section. These deficiencies could
have led to suboptimal interpretation of the prevalent issues. Use of an open-
ended and validated KAP questionnaire with a problem-based approach and
inclusion of participants from various socio-cultural

KEYWORDS
KAP, Blood, Transfusion, Donor, Medecine

as fractures encountered between the inferior border of lesser tro-
chanter and 5 cm distal to it.2 They represent a complex subset of
injuries surrounding the hip, which are most commonly managed with
intramedullary (IM) nailing.3* However, their moderate blood supply
and being subjected to high concentration of stresses®® meant these

This is an open access article under the terms of the Creative Commons Attribution License, which permits use and distribution in any medium,

provided the original work is properly cited
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have long been the standard method to assess iron status. However,
haemoglobin levels can remain sufficient for some time, even when
iron stores are dwindling; this is known as iron deficiency non-
anaemia.!

In contrast to haemoglobin, serum ferritin levels reflect the
amount of stored iron. Therefore, they are increasingly used to
assess individuals' iron stores when these are at risk, for instance after
traumatic blood loss, during pregnancy, or in blood donors.® Sanquin,
the national blood service in the Netherlands, started measuring ferri-
tin levels in each new donor, and subsequently after every fifth dona-
tion, in October 2017. Donating blood has a substantial impact on
ferritin levels. Ferritin levels are lower among blood donors than in
the general population: cross-sectional studies report lower ferritin
levels in donors with a higher number of whole blood donations and a
large randomised trial showed that ferritin levels indeed decline with
more frequent blood donations.*> Among new donors, large variation
in ferritin levels is observed.* It is well established that individual char-
acteristics such as sex and age are relevant: women in general, but
pre-menopausal women in particular, have considerably lower ferritin
levels than men.*®” Higher body mass index (BMI) is associated with
higher ferritin levels.® In recent decades, many other factors that
affect iron status have been identified: diet,”'° genetics,**''?
ethnicity,*® and iron supplementation, which is mostly studied among
blood donors.2#%

Ferritin is also a known acute-phase protein that is elevated in
inflammatory conditions, complicating its diagnostic value in individ-
uals with conditions such as inflammatory bowel disease or chronic
heart failure.*® This could also explain the association between BMI
and ferritin levels, as adipose tissue is known to promote systemic
inflammation.>” Additionally, exposure to environmental pollutants

1819 and ambient par-

has been linked to disordered iron homeostasis,
ticle matter (PM) concentration is correlated with ferritin levels.r” The
biological mechanism behind this is still unclear, but it is postulated
that iron attaches to the PM rather than to cell nuclei, effectively cre-
ating a functional deficiency.*®? In turn, mechanisms start upregulat-
ing iron uptake and recycling in an attempt to meet the iron
requirement of the cells, thereby altering iron homeostasis. Another
suggested mechanism is that when pollutants enter the lungs, iron is
transported away from the surface of the lung tissue and stored in
ferritin complexes, in order to avoid chemical reactions between iron
and the pollutant.*® Other potential environmental determinants are
neighbourhood characteristics, including population density and
socio-economic status, which are consistently shown to be related to

t2° and blood parameters.??

body weigh

Previous studies on ferritin levels have focused on studying the
association with variables in a limited setting, for example, characteris-
tics such as age and BMI, donation-related variables, or environmental
pollutants. In this paper, we propose a novel framework that inte-
grates multiple settings, using a structural equation model. By group-
ing relevant explanatory variables into constructs, we describe
relationships with ferritin on a more general level. This enhances the
insight into various mechanisms that influence ferritin levels, which is

valuable to those who use these as a diagnostic tool. We explore

associations between ferritin levels and individual characteristics,
donation behaviour and environmental factors, in a large group of

newly registered and active whole blood donors.

2 | METHODS

For this cross-sectional study, data collected by Sanquin and the
Geoscience and health cohort consortium (GECCO) were analysed.
Sanquin is by law the only blood service in the Netherlands, collect-
ing over 400 000 whole-blood donations each year, with collection
sites geographically well-distributed throughout the country. Several
eligibility criteria exist to ensure the safety of the donors and recipi-
ents and the quality of the blood product. Donors must be aged
between 18 and 79 years old, and a pre-donation screening visit
takes place before the first 500 ml whole blood donation, which
includes blood sampling for blood type and infectious disease test-
ing, as well as initial haemoglobin and ferritin measurements. We
will refer to these prospective donors, who have not donated yet,
as ‘new donors’.

Before every donation, a donor screening is performed, including
a donor health questionnaire and measurements of blood pressure,
pulse rate and haemoglobin levels to assess whether the donor is eligi-
ble to donate. Haemoglobin levels need to be at least 7.8 mmol/L for
women and 8.4 mmol/L for men. This is measured by point-of-care
testing with a photometer (HemoCue, Angelholm, Sweden). Ferritin
levels, are measured in serum samples, using the Architect i2000
(Abbott Diagnostics, Chicago, IL), after the pre-donation screening
visit and after every fifth whole blood donation. As such, ferritin mea-
surements are only available in case of successful whole blood dona-
tions, and for new donors whose venous samples are taken as part of

the pre-donation screening visit.

21 | Data

This study included all new and active whole blood donors who gave
consent to the use of their data for scientific research (consent given
by >99% of all donors) and for whom ferritin measurements were
available between 1 October 2017 and 31 December 2019. If multiple
ferritin measurements were available for a donor, only the first mea-
surement was used. Information on donors and donation histories
was extracted from the blood bank information system (ePROGESA,
MAK-SYSTEM International Group, Paris, France). Variables used
were sex, age, height, weight, time since previous successful donation,
the number of successful donations in the previous 2 years, donor sta-
tus (new or active donor), and ferritin levels. BMI was calculated from
self-reported donor height and weight. Sanquin does not register
donor ethnicity, but Duffy negative phenotype was included to func-
tion as a proxy for sub-Saharan African descent.

Environmental exposure variables of various characteristics were
obtained from the Geoscience and health cohort consortium

(GECCO).22 The exposure data were operationalised based on publicly
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TABLE 1  Grouping of variables into constructs for each model
Variable Model A Model B
Age Individual characteristics
Weight
Height
BMI

Duffy phenotype

Time since previous donation? Donation history

Number of previous donations®
Population density Environment
Temperature

Socio-economic status

Ozone Pollution
PM2.5

PM10

Soot

NO,

Individual characteristics

Environment

- WiLE Y-

Model C Model D

Individual characteristics Individual characteristics

Donation history

Environment Environment

Pollution

Note: All models contain the same observed variables but differ in how these are grouped into latent constructs.

#Only available for active donors.

available data. Data from 30 weather stations in the Netherlands—
obtained from the Royal Netherlands Meteorological Institute
(KNMI)—were used to estimate temperature at a spatial resolution of
1 km. Three options for the measurement level were considered (mini-
mum, average, and maximum daily temperature), as well as three time
spans (day, week or month before donation), resulting in nine options
in total. The combination that showed the highest correlation with
ferritin was included in the final model.

Daily concentrations for particulate matter (PM) 2.5, PM10, NO,,
ozone and soot levels were obtained via the Dutch National Institute
for Public Health and the Environment (RIVM), for the vyears
2017-2019. These variables were imputed on a spatial resolution of
1 by 1 km. Neighbourhood socio-economic status (SES) scores and
population density from 2017-2019 were acquired from Statistics
Netherlands (CBS), both available on 6-digit postal code level. SES
scores are based on percentiles of income, education level and voca-
tional history of households, with a score of O being exactly the
national average, and positive scores being above average. All spatio-
temporal variables were matched with donor and donation data based
on donation date and donor postal code. Lastly, the date and time of
each donation were included as potential factors to account for sea-
sonal and diurnal variation, as they are known to affect haemoglobin
levels and may also affect ferritin levels.

To check for a possible confounding effect of smoking on envi-
ronmental variables, we analysed the correlation between the per-
centage of smokers per municipality (data from Statistics Netherlands)
and all environmental variables described in the above paragraph.

There were no missing data for environmental datasets from the
RIVM and CBS. Donors with no ferritin measurement were excluded
from the analysis. There were no missing data for the other donor or

donation level variables.

2.2 | Statistical analysis
Structural equation modelling (SEM) was used to investigate which vari-
ables relate to serum ferritin and to what extent. Briefly, observed vari-
ables and latent constructs are distinguished in SEM. Latent constructs
cannot be measured or observed directly, but are inferred from the
observed variables. One or more hypothesized sets of relationships and
correlations between variables and constructs are specified a priori and
shown in a path diagram. For each relationship, a parameter is esti-
mated that indicates its strength. Estimates are obtained by numeric
optimization of a fit criterion, using maximum likelihood estimation.
A more detailed overview of this method is provided in Appendix A.

We compared four ways to divide the 15 variables included in the
analysis into latent constructs, as shown in Table 1. Date and time of
the donation were added to the model separate of the constructs, and
as such are not included in Table 1. Model A contains four latent con-
structs, and in models B, C and D different sets of constructs are com-
bined. Confirmatory factor analysis (CFA) was used to test the validity
of the specified measurement models, that is, the hypothesized rela-
tionships between the latent constructs and their observed variables.
The overall fit of the models was assessed by the Tucker-Lewis Index
(TLI) and the root mean square error of approximation (RMSEA).
A rule of thumb is to exclude variables for which the absolute value of
the standardised factor loading is below 0.4, but at sample sizes larger
than 300, if the overall model fit is good, exclusion is not necessary
and should be judged separately for each variable based on sensible
background knowledge.?®

Pairwise residual correlations between observed variables were
calculated to identify whether any covariances needed to be added to
the model. Of the four specified models, we continued our analysis
with the best fit according to CFA, based on the TLI and RMSEA.
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TABLE 2 Distribution of explanatory variables by donor status and sex

N

Age (years)

Height (cm)

Weight (kg)

BMI (kg/m?)

Time since previous donation (days)
Number of previous donations®
Population density (inhabitants per km?)
Duffy phenotype (proportion)
Temperature (°C)°

Socio-economic status

Ozone (pg/m?3)

PM2.5 (pg/m°)

PM10 (pg/m°)

Soot (pg/m3)

NO; (pg/m°)

1173 (425-2617)
0.25

11.4 (6.4-16.6)
0.04 (-0.21 to 0.22)
46.9 (45.6-48.8)
10.7 (9.7-11.6)
18.2(16.8-19.3)
0.66 (0.54-0.78)
17.6 (14.9-21.6)

1246 (477-2936)
0.17

11.7 (6.6-16.7)
0.02 (—0.24 to 0.22)
46.8 (45.5-48.7)
10.7 (9.8-11.6)

18.2 (16.9-19.3)
0.66 (0.55-0.78)
17.8 (15.1-21.8)

827 (322-1855)
0.28

10.4 (6.0-16.0)
0.10 (—0.10 to 0.25)
47.2 (45.9-49.2)
10.5(9.6-11.5)

0.63 (0.52-0.75)
16.8 (14.2-19.7)

New donors Active donors

Women Men Women Men

40 172 19 424 39 085 39 233
26 (21-37) 28 (23-37) 47 (31-58) 53(39-62)
170 (166-175) 183 (178-188) 170 (166-175) 183 (178-188)
68 (62-77) 82 (74-90) 0 (64-80) 85 (78-93)
24 (21-26) 24 (22-27) 24 (22-27) 25(23-27)
NA NA 154 (132-217) 139 (71-147)
NA NA 3(2-4) 5(4-7)

(

814 (320-1824)
0.16

10.4 (5.9-16.0)
0.12 (—0.07 to 0.26)
47.2 (45.9-49.1)
10.6 (9.7-11.6)
18.0(16.7-19.1)
0.65 (0.54-0.76)
16.9 (14.3-19.6)

Ferritin (ng/ml) 47 (28-75)

118 (79-170)

(
(-
(
(
18.0 (16.6-19.0)
(
(
30(

0 (17-47) 34 (20-56)

Note: Data are presented as medians (interquartile range) due to non-normal distributions of the variables.

AWithin 2 years before the ferritin measurement.
bThe maximum temperature recorded on the day of donation.

To the model with the best fit, we added the structural compo-
nent, which contains the relationships between the latent variables
and ferritin, the outcome variable. A multiple group SEM was carried
out with parameters estimated separately for male and female donors,
and for new and active donors. Because the assumption of normality
of the explanatory variables does not hold in our data, a different esti-
mator than the default maximum likelihood estimator was used: the
‘mean and covariance adjusted weighted least squares estimator’,
which is robust against violations of the normality assumptions in a
multivariate setting.?*

The same model was fitted in all four groups, although the vari-
ables belonging to the donation history construct (see Table 1) are not
available for new donors, as they do not (yet) have a donation history.
The overall fit of the SEM model was assessed using the TLI and
RMSEA, as well as the R? measure.

All analyses were conducted using R programming language and
environment for statistical computing version 4.0.3,> with package

26 for pre-processing environmental data, and lavaan®” for CFA and
SEM analyses. Path diagrams were created with yEd Live Graph Editor.?®

3 | RESULTS
3.1 | Sample composition

Table 2 shows descriptive statistics of the study population by sex

and donor status. The size of each of the groups was comparable,

except for the group of new male donors, which was only half the
size of the other groups. Between new and active donors, age dif-
fered considerably, new donors being younger than active donors
by 17 years on average (p < 0.001 using a two-sample t-test). In
both new and active donors, men were older (by 6 years on aver-
age, p <0.001) and heavier (by 13 kg on average, p < 0.001) than
women. p-values were obtained using two-sample t-tests. The time
since last donation is higher in women than in men, and the number
of prior donations is higher in men than in women. These differ-
ences are due to differences in the minimum required donation
interval: for women, there must be 122 days between two dona-
tions with a maximum of 3 donations per year, while for men, the
minimum is 57 days between two donations with a maximum of
5 donations per year. Differences in ferritin levels between the
groups are as expected from previous studies: men have higher fer-
ritin levels than women, and repeat donors have lower ferritin levels
than new donors.

For pollution and environmental variables, there was little differ-
ence between the groups, any differences between new and active
donors were most likely due to the different age and geographical dis-
tribution of the groups. None of these differences were statistically
significant.

We found a weak correlation between the percentage of smokers
and SES score (Pearson's r = —0.4) and a moderate correlation
between the percentage of smokers and population density
(Pearson's r = 0.5). No correlation was found for any of the other

environmental variables.
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3.2 | Model selection

CFA did not provide support for the environment construct as defined
by the three variables temperature, population density and socio-
economic status. These variables did not share a high proportion of
their variance and consequently there was no convergent validity,
effectively ruling out models A and C. In models B and D, variables
Duffy phenotype, temperature, SES and height were omitted due to
very low factor loadings (<0.05). The factor loading for variable age
was also low (0.35) but this variable was not excluded, as it is
expected that this factor loading would be small, considering the other
variables in the construct (weight and BMI) are much more closely
related. All other factor loadings were above the suggested threshold
of 0.6. All latent constructs (individual characteristics, donation history
and environment) showed convergent and discriminant validity in
models B and D. Variables time and day of year, which were added to
the model outside the constructs, were also dropped due to very low
factor loadings (<0.05).

The presence of a donation history construct was the only differ-
ence between models B and D, and since new donors do not yet have
a donation history, the models only differed for active donors. Model
B had a TLI of 0.961 and RMSEA of 0.063, while model D had a TLI of
0.932 and RMSEA of 0.083. Based on these fit measures, model B fit
the data best, and was therefore used in the remainder of the
analyses.

Based on inspection of the pairwise residual correlations
between all observed variables, two covariance terms were added to
the model: one for PM2.5 and PM10 (residual correlation 0.092-
0.102, depending on sex/donor status), and one for age and popula-
tion density (residual correlation —0.151 to —0.149, depending on
sex/donor status). We also added one covariance term for weight
and BMI, as BMI was calculated using weight and was therefore

inherently dependent.

3.3 | Parameter estimates
Figure 1 shows the structure of the final model and the parameter
estimates for new donors. Parameter estimates were similar for both
sexes, but factor loadings for variables belonging to the individual
characteristics construct were higher for women than for men, indicat-
ing more shared variance. Factor loadings in the environment construct
did not differ between sexes, showing that the covariance structure
of those variables was not dependent on sex. The parameter esti-
mates for the regression coefficients show the relative importance of
each latent construct for the outcome variable. Table 3 shows the per-
centage of variance in ferritin levels that is explained by each con-
struct for each model, adding up to the total percentage of variance
explained.

Figure 2 shows the final model for active donors. As in new
donors, factor loadings in the individual characteristics construct
were higher for women than for men, and they were also higher

for new donors than for active donors. The relative importance
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FIGURE 1 Final structural equation model for ferritin

determinants in new donors, with parameters estimated separately
for men and women. All parameter estimates are standardised so that
the variance of each observed variable and latent construct equals 1

TABLE 3 Relative contribution to explanation of variance of
ferritin levels per model

New donors Active donors
Construct Women Men Women Men
Individual characteristics 23% 23%  20% 17%
Donation history NA NA 14% 25%
Environment 2% 2% 5% 4%
Total % of variance explained  25% 25%  39% 46%

of individual characteristics and donation history was opposite for
both sexes: for men, donation history was correlated with ferritin
levels more strongly than individual characteristics (0.66 vs. 0.45),
while this was reversed for women (0.43 vs. 0.61). The regres-
sion coefficient of the environment construct is 0.15 for women
and 0.10 for men. The environment construct explains twice as
much variation in ferritin levels in active donors as in new
donors.

As for overall model fit, with a TLI of 0.981 and 0.979 and
RMSEA of 0.052 and 0.042, for new and active donors respectively,
both models fit very well when compared to commonly used thresh-
olds (TLI > 0.95, RMSEA < 0.06).2° R? was calculated separately by
sex: for new donors, R? was 0.251 for men and 0.252 for women, and

for active donors, 0.458 for men and 0.393 for women.

85U8017 SUOLULLIOD BATE81D 3(dedl|dde ayy Aq peusencb a.e s9[olle O ‘88N Jo sejni Joj AIq1 8UIUQ A8]IM UO (SUORIPUOD-PUR-SWLBIAL0D" A8 1M ARe.q1|BU[UO//SANY) SUONIPUOD PUe SWLB | 8L 88S *[5202/20/TZ] Uo A%id18uluo A8|IM eSsuopu| A0id 1N Aq Z06ZT SWY/TTTT 0T/I0p/wW0d A8 |im Afeiq1jeuluo//Sdny Wwolj pepeoumoq ‘Z ‘€202 ‘8rTESIET



VINKENOOG ET AL.

s Ly

? +0.88 FIGURE 2 Final structural equation
4 +0.81 model for ferritin determinants in active
donors, with parameters estimated
separately for men and women. All
; Number of Time since parameter estimates were standardised
/ > Age Weight BMI donations* prev. donation so that the variance of each observed
Q +0.48 ? +0.20 9-0.85 \ 2 +0.67 variable and latent construct equals 1
d +0.49 d +0.39 d-0.84 d +0.59
Individual
haracteristics
? +0.
?-0.21 / 21;;
F<015 g +0.45 d +0.
Ferritin
? +0.15
? +0.50 g +o0.10 2 +0.87
Population
s i J+0.87| PMaj
ensily . \9 +0.80
= ] /o" +0.81
Ozone |9-0.82 ? +0.90 PMio

? +0.97

NO2 d+0.93 o +0.97 Soot

4 | DISCUSSION

This study investigated the impact of individual and environmental
determinants on ferritin levels in Dutch individuals, using SEM. The
model was able to explain 25% of ferritin level variance in new donors
for both sexes, and 46% and 39% in active donors for male and female
donors, respectively.

We found the construct composed of individual characteristics
(age, weight, and BMI) to be the most important determinant of ferri-
tin in female active donors, followed by donation history (time since
previous donation, number of donations in the past 2 years). For male
active donors, this was the opposite: donation history was a more
important determinant than individual characteristics. In both sexes,
environmental factors are associated with ferritin levels, albeit to a
lesser degree than individual characteristics and donation history.

The relationship between ferritin levels and anthropometric char-
acteristics is well-documented, and the positive correlations we found
for ferritin with age, weight and BMI are consistent with those found
in other studies.**>3° Men have much higher ferritin levels than
women in general and show a larger decrease in ferritin levels after
repeated donations. As a result, ferritin levels in active donors are sim-
ilarly low for women and men.* The donation history construct
explained more variance in ferritin levels in men than in women.
Although often not explicitly mentioned, this discrepancy is also found
in previous studies, with stronger relationships between variables

regarding donation history and ferritin for men than for women.*®

A reasonable explanation for this is that men commonly display more
variation in donation history variables due to the possibility of more
frequent donations: in many blood services, men are allowed to
donate more often than women and are usually less frequently
deferred for low haemoglobin levels.3!

From previous epidemiological studies, we know that environ-
mental factors may play a role in iron metabolism, and that certain
pollutants can disrupt iron homeostasis.>> Our study shows that
although environmental factors are less strongly associated with ferri-
tin levels than individual characteristics and donation history, their
effects are far from negligible. Because of the wide reach of environ-
mental exposures over geographic areas, even a relatively small influ-
ence on individuals can result in a large effect on the population level.
As this study includes only data from the Netherlands, which is a rela-
tively small country, associations between environmental variables
and ferritin levels were not very strong, as was expected. Repeating
this study on a larger, or even global, scale may result in finding a
more substantial effect.

Higher values for all but one environmental factor (ozone) were
positively correlated with higher ferritin levels. These findings support
the hypothesis that air pollution causes higher ferritin levels. The under-
lying mechanism may be that when certain pollutants enter the lungs,
iron is transported away from the lung tissue surface and stored in fer-
ritin complexes to avoid chemical reactions between iron and the pol-
lutant.*®32 This would imply that using serum ferritin as a proxy for

total body iron is less reliable when there is significant air pollution.
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The environment construct was more strongly associated with fer-
ritin level in active donors than in new donors. In new donors, envi-
ronmental factors explain 2% of variance in ferritin levels, while in
active donors this increases to 4%-5% depending on sex. This indi-
cates that environmental factors are more important for ferritin recov-
ery after blood loss than for naive ferritin level. A plausible
explanation for this difference is that since both exposure to air pollu-
tion and donating blood causes significant disruptions to iron homeo-
stasis, these disruptions may interact and together have a larger effect
than simply additive.

SEM is a technique well-suited to test hypotheses on how differ-
ent factors interact and correlate with a specific outcome like ferritin
levels, especially when there are many factors to consider. Compared
to multiple (linear) regression, more complex models can be tested,
and for each variable measurement error is taken into account.>*
Moreover, the percentage of variance explained by groups of related
variables can be calculated and compared. The stratified approach in
this study also adds to the model validity: parameter estimates can be
compared across groups, allowing discovery of implausible results.
Our analyses show that the convergent validity of the individual char-
acteristics construct is lower for active donors than for new donors.
This may indicate that new donors are a more homogenous group
than active donors, which is likely due to the more narrow age range
of new donors. Other strengths of this study are its large sample size
and collection of data throughout the country.

Two main limitations of this study should be noted: its generaliz-
ability and its restricted scope. One might be tempted to generalise
the results of new donors to the general Dutch population, as these
donors have never donated blood before. However, even new
donors form a very specific, generally healthier subgroup of the gen-
eral population, which means that selection bias has likely been
introduced. We can speculate that less healthy individuals would
show a higher rate of inflammation, which may cause higher serum
ferritin levels. On the other hand, iron deficient or anaemic individ-
uals are likely underrepresented in our sample. As this selection bias
most likely reduced variance in ferritin levels, this may have attenu-
ated our results.

Regarding the scope, data on some other potentially important
determinants of ferritin levels were not available in this study, the two
most important being genetics and diet.”*° Several genetic polymor-
phisms that have an effect on iron pathways have been identified, and
these are likely to play a role in the recovery speed of ferritin levels
after blood donation.*>®>=%” Dietary behaviour, and in particular
heme iron intake, is also a determinant of iron status in donors.”*’
Information on iron supplementation was also not available for this
study. Sanquin does not prescribe oral supplementation of iron to
donors, and only a small minority (8.7%) uses iron supplements.’ Infor-
mation on donors' smoking status is also expected to add value to the
model. Had these determinants been available for our analysis, the
proportion of variance explained in donor ferritin levels would likely
have increased.

This study presents a model to explain variance in ferritin levels in

individuals with or without donation history, based on three types of

- WiLE Y-

determinants. The model explained a relatively large part of the vari-
ance, especially in active donors. Individual characteristics and dona-
tion history form the most important determinants of ferritin levels.
Although environmental factors accounted for less variance than the
individual and donation history constructs, their contribution is mean-
ingful and statistically significant. When clinicians or researchers use
serum ferritin as a proxy for total body iron, they should be aware of
this potentially confounding effect.

For blood services that are considering implementing ferritin test-
ing for their donors, these results are of particular value. The results
can be of use while the blood service is deciding on a sensible thresh-
old for donation: rather than implementing a one-size-fits-all thresh-
old, environmental conditions in the country can be taken into
account. If there is a high level of air pollution, ferritin levels are likely
to be overestimated, and thus a higher threshold for donation may be
desired. It could even be taken further to make ferritin thresholds
more tailored to a specific donor, by taking into account a donor's
individual characteristics.
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APPENDIX A

Al

| STRUCTURAL EQUATION MODELLING OVERVIEW

Structural equation modelling (SEM) comprises a set of statistical

methods that enables researchers to assess the support for hypothesized

relationships between variables of interest. Its purpose is to account for

variation and covariation of the variables in the model. Many different

techniques are included in SEM, this appendix explains the approach

taken in this particular study. In SEM, observed variables and latent con-

structs are distinguished. Observed variables are variables in the tradi-

tional sense, which are observations in the data set that have been
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collected by the researcher. Latent constructs are theoretical concepts
that cannot be measured, but must be inferred from the observed vari-
ables; a well-known example is the latent construct intelligence that can-
not be measured directly, but can be inferred from observed variables
such as scores for an 1Q test. Intuitively, observed variables that belong
to a latent construct represent the same underlying concept, and latent
constructs form in a way a dimensionality reduction of the observed var-
iables. Mathematically, latent constructs represent shared variance of
the observed variables related to the construct they belong to.

SEM is composed of two main model components: the measure-
ment model, which shows how observed variables are divided among
latent constructs, and the structural model, which shows the relation-
ships between latent constructs and outcome variable(s). First, the
measurement model is specified, and test its validity using confirma-
tory factor analysis (CFA). Often, several measurement models are
tested and compared to see which division into latent constructs best
fits the data. When the measurement model is considered to have a
good fit, the structural part of the model is added, and the model fit is
assessed for the full SEM model.

A.1.1. | Measurement model

The validity of the latent constructs must be measured in two ways:
each construct must have convergent and discriminant validity. Conver-
gent validity occurs when the observed variables belonging to the
latent construct share a high proportion of their variance. This is
assessed by the factor loadings of the observed variables onto the
latent construct: the higher the (absolute value of the) factor loading,
the stronger the indication that this variable belongs to this construct.
Very generally speaking, factor loadings greater than 0.4 are acceptable
for including a variable within a construct, but this threshold depends
greatly on the hypothesized interpretation of the latent variable. Vari-
ables with low factor loadings are excluded from the construct.

The discriminant validity of a latent construct is a measure for
how well the construct can be distinguished from the other constructs
in the model. It is measured by the covariances between latent con-
structs. A high covariance between two constructs can indicate that
these constructs are (partly) overlapping, and thus have no discrimi-
nant validity.

If convergent and discriminant validity are satisfactory, model fit
indices can be calculated for the measurement model. Commonly
used indices are the chi-square test, comparative fit index (CFI),
Tucker-Lewis index (TLI) and root mean square error of approximation
(RMSEA). The CFI and TLI are both relative measures of fit, and com-
pare the fit of the tested model against a null model, which in CFA
means that the means and variances of each variable are freely esti-
mated, but no correlations are included. CFl and TLI are on a scale
from O to 1, with higher values indicating a better fit of the hypothe-
sized model relative to the null model. The TLI is always more conser-
vative (lower value) than the CFI, because the TLI includes a harsher
penalty for the number of parameters estimated. Because the two fit

indices are highly correlated, only one should be reported. We chose

N WiLEy-L

the TLI because of its more elegant penalty for complexity. Values
higher than 0.95 indicate good fit.

The RMSEA is an absolute measure of fit that is not sensitive to
large sample sizes, unlike the chi-square test. It uses the covariance
matrix of the entire data set and of the fitted hypothesized model,
and calculates the differences between these two. This results in a
measure between 0 and 1, with lower values indicating smaller differ-
ences and better model fit. Cut-offs of 0.08, 0.05, and 0.01 indicate
mediocre, good, and excellent fits, respectively.

If multiple measurement models are compared, as in this study,
the best fitting model is selected, based on the fit indices described
above. If these indicate sufficient model fit, the analysis can be contin-
ued with inspection of residual correlation between observed vari-
ables. If the pairwise residual correlation between two variables is
high (absolute value of 0.1 or higher is a common cut-off), this indi-
cates that these two variables share more variance than is currently
captured in the model. If this occurs, the researcher needs to decide
whether a covariance term for these two variables should be included
in the model. However, this should only be done if there is sufficient
theoretical support for an interpretable correlation between these
variables. Otherwise there is a risk of overfitting the model to the
data; after all, in confirmatory factor analysis we build upon a set of
relationships that are hypothesized by the researcher. It is not a data-
driven method of finding the best set of relationships. If such an
approach is desired, exploratory factor analysis (EFA) can be applied
instead of CFA.

A.1.2. | Structural model

The structural component is added to the model once the latent con-
structs are defined, variables with low factor loadings are removed,
and necessary covariance terms are added. The structural component
consists of the relationships between latent constructs, or between
latent constructs and outcome variable(s). With this, we now have

three types of parameters for which an estimate must be calculated:

1. Factor loadings (observed variable — latent construct).
2. Covariances (observed variable < observed variable).
3. Regression coefficients (latent construct — latent construct or

outcome variable).

Each parameter adds one degree of freedom to the model, and
the number of parameters determines the identifiability of the model.
Parameter estimates can only be obtained when the number of free
parameters (the number of ‘unknowns’) is equal to or smaller than the
number of independent elements in the covariance matrix of the data
(the number of ‘knowns’), which is equal to k(k + 1)/2, where k is the
number of observed variables in the model. If there are more
unknowns than knowns, the model is under-identified and no solution
can be found. If the numbers are the same, the model is just identified,
and a unique solution can be obtained. If there are fewer unknowns

than knowns, we have an over-identified model, which means that
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there is no unique solution but multiple, and we can select the best
solution based on fit measures. An over-identified model is desired.

In most software packages parameter estimates are obtained by a
maximum likelihood estimator by default, but alternative estimators
can be chosen as well. In this study most observed variables did not
follow a normal distribution, which violates maximum likelihood esti-
mator assumptions. Therefore, the diagonally weighted least squares
(DWLS) method was used instead, which is more robust and provides
more accurate parameter estimates in case the normality assumption
is violated.

If the model is over-identified, fit measures can be reported along
with the parameter estimates. Again, TLI and RMSEA are used to
assess model fit, with the same thresholds as seen in the CFA
(TLI > 0.9, RMSEA < 0.08). If the model fit is acceptable the parameter
estimates can be interpreted. The interpretation of the parameter esti-
mates depends on the specification of the model. By default, one fac-
tor loading in each latent construct is set to 1, to fix the scale of the
latent construct. However, in order to compare factor loadings across
constructs it is useful to consider standardized parameter estimates.

The variance of the latent construct is then set to 1 and factor load-
ings are interpreted in terms of a change in variance. In this study, we
look only at the standardized parameter estimates, as we are inter-
ested in the relative importance of each observed variable and latent
construct.

Factor loadings indicate how much variance of an observed vari-
able is shared with the variance of its latent construct. Higher abso-
lute values indicate more shared variance, and the sign of the factor
loading specifies the direction of the association. Covariance terms
provide the same information for two observed variables, which can
belong to the same construct or to different constructs. If they belong
to the same construct, a high covariance term indicates that these
two variables share more variance with each other than can be
explained by the latent construct. Regression coefficients indicate
how much variance of the outcome variable is explained by the vari-
ance of the latent construct. To find the relative effect of a single
observed variable on the outcome variable, its factor loading must be
multiplied by the regression coefficient that connects the latent con-
struct to the outcome.
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1 | INTRODUCTION

1.1 |

Concept of rebalanced haemostasis

Abstract

Patients with chronic liver disease (CLD) and cirrhosis present a rebalanced
hemostatic system in the three phases of haemostasis. This balance is however
unstable and can easily tip towards bleeding or thrombosis. Management of both
spontaneous bleeding and bleeding during invasive procedures remains a challenge in
this patient population. Transfusion of blood products can result in circulatory over-
load and thereby worsen portal hypertension. As an alternative to fresh frozen
plasma (FFP), prothrombin complex concentrates (PCC) may have merit in patients
with liver disease because of their low volume. The impact of PCC in in-vitro spiking
experiments of cirrhotic plasma is promising, but also warrants cautious use in light
of thromboembolic risk. The majority of existing studies carried-out in CLD patients
are retrospective or do not have an adequate control arm. A prospective study (the
PROTON trial) was set up in 2013 to investigate the utility of PCC in patients under-
going liver transplantation. However, the study has never recruited the planned num-
ber of patients. Robust data on PCC safety in CLD is also required. The limited
existing evidence does not seem to indicate an excessive thromboembolic risk. Cur-
rently, the utilisation of PCC in CLD cannot be routinely recommended but can pro-
vide an option for carefully selected cases in which other measures were not

sufficient to control bleeding and after delicately weighing risks and benefits.

KEYWORDS
bleeding, chronic liver disease, cirrhosis, prothrombin complex concentrate, thromboembolic risk

Willebrand factor.?® The study of platelet function is much more com-
plex and conflicting reports exist.*> Some describe decreased platelet
function®” while others report enhanced platelet activation.>® Fibrin-

ogen plays a role in both primary haemostasis (platelet aggregation)

Currently, the concept of rebalanced haemostasis is widely accepted
for patients with chronic liver disease (CLD) and cirrhosis. Multiple
procoagulant and anticoagulant perturbations give rise to a fragile bal-
ance, elevating both hemorrhagic and thrombotic risk. The three
phases of haemostasis are affected: primary haemostasis, coagulation
cascade and fibrinolysis (Figure 1).! Thrombocytopenia is common in

CLD patients but seems to be counterbalanced by an increase in von

and coagulation (fibrin formation). Levels of fibrinogen can be ele-
vated in early liver disease but hypofibrinogenemia is often seen in
more advanced stages, leading to reduced clot formation potential.t
Qualitative defects (hypersialated fibrinogen, high carbonyl content)
have been described.?'° The majority of coagulation factors is synthe-
tized by hepatocytes except for factor VIII which is predominantly

produced by liver sinusoidal endothelial cells.** A decrease in factor
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Enhanced platelet function by
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Decreased plateletfunction

FIGURE 1 Rebalanced hemostatic
system in liver disease patients. The three
phases of haemostasis are concerned:
primary haemostasis (green), coagulation

Elevated FVIII
Prothrombotic fibrin clot
structure
Decreased antithrombin, protein
C, protein S

L High PAI-1, low plasminogen J

Rebalanced hemostasis

Decreased coagulation factors I,
V, VI, IX, X, X1, XII
Hypo/dysfibrinogenemia
Vitamin K deficiency

cascade (orange), fibrinolysis (blue). tPA,
tissue plasminogen activator; TAFI,
thrombin activatable fibrinolysis inhibitor;
PAI-1, plasminogen activator inhibitor-1.

- High tPA, low a2-antiplasmin,
low factor XIII, low TAFI

Procoagulant
drivers
promoting
THROMBOSIS

11, V, VII, IX, X, XI and XlI but an increase in factor VIl is observed in
patients with liver disease. The natural anticoagulants antithrombin,
protein S and C decrease progressively with disease severity.*?
Hyperfibrinolysis is often described in CLD.?®* However, changes in
both pro-and anti-fibrinolytic drivers are recognised: increased tissue
plasminogen activator, decreased alpha 2-antiplasmin, FXIIl and
thrombin activatable fibrinolysis inhibitor increase fibrinolytic poten-
tial whereas high plasminogen activator inhibitor type 1 and
decreased plasminogen levels decrease fibrinolytic capacity. This can
lead to a rebalanced system.>#

Routine haemostasis tests, for example prothrombin time
(PT) and activated partial thromboplastin time, are only sensitive for
procoagulant proteins and only reflect 5% of the total amount of
thrombin generated during coagulation.'® Important information
on the anticoagulant pathway is therefore not provided. Viscoelas-
tic tests, like ROTEM and TEG, better reflect this rebalanced
hemostatic system than conventional testing but also have their
drawbacks. A normal viscoelastic test may be useful to select
patients that do not need preprocedural prohemostatic treatment.
However, an abnormal viscoelastic test may still not require cor-
rection, since existing viscoelastic tests underestimate coagulation
capacity (no activation of protein C, insensitivity to von Willebrand
factor).'® The European Association for the Study of the Liver
(EASL) recommends that routine use of viscoelastic tests presently
cannot be recommended for predicting post-procedural bleeding
but that it needs further exploration. Because of rarity of bleeding
events documented, studies are often not able to show an associa-
tion between viscoelastic tests and bleeding events.?” Plasma-
based thrombomodulin-modified thrombin generation, in which
exogenous thrombomodulin activates protein C, provide a good
appreciation of rebalanced haemostasis.*® They are however not

readily available in clinical laboratories. The predictive value for

Anticoagulant
drivers
promoting
BLEEDING

procedural or spontaneous bleeding of thrombin generation assays
(TGA) is unknown.

Whereas hemostatic changes may contribute to bleeding or
thrombosis in patients with cirrhosis, other important factors may
also play a role in hemorrhagic and thrombotic risk in CLD patients.
Variceal haemorrhage is primarily due to portal hypertension.'?
Reduced portal blood flow can lead to portal thrombosis. Recently,
Turon et al. demonstrated that hypercoagulability likely plays a
minor role in development of portal vein thrombosis.?° Renal dis-
ease, bacterial infection and inflammatory changes in endothelial
cells can further impair haemostasis, and thereby contribute to
bleeding risk.

1.2 | Prothrombin complex concentrates

Non-activated prothrombin complex concentrates or PCCs are virally
inactivated, low-volume prohemostatic products containing non-
activated vitamin K-dependent coagulation factors: factor Il, (factor
VIl), factor IX and factor X. Some concentrates also contain anticoagu-
lants protein S, protein C, protein Z, antithrombin or heparin. They
were originally designed and intended for use in haemophilia B
patients. Nowadays, PCC are primarily used for the rapid reversal of
oral vitamin K antagonist-related bleeding.?! Other indications are
congenital or acquired factor deficiencies where purified factor con-
centrates are not available. The concentration of coagulation factors
is on average 25 times higher than in FFP.22 Multiple 3 (FII, FIX, FX)
or 4 factor (FII, FVII, FIX, FX) PCC formulations are available globally:
Cofact® (Sanquin, Amsterdam, The Netherlands), Confidex® (CSL
Behring, Marburg, Germany) and Octaplex® (Octapharma, Brussels,
Belgium), Beriplex® (CSL Behring), Uman Complex® (Kedrion, Barga,
Italy), Kcentra® (CSL Behring), Prothrombinex™-VF® (CSL Behring),
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FIGURE 2 Absolute ETP values from thrombomodulin-modified thrombin generation testing in controls and patients with compensated, or
acutely decompensated cirrhosis (AD) or acute-on- chronic liver failure (ACLF). Vlla = factor Vlla, Cofact = 4-factor PCC; PNP: pooled normal

plasma. Reproduced from Lisman et al. Liver Int. 2018;38(11):1988-1996.

and Profilnine SD® (Grifols Biologicals, Barcelona, Spain). The only
activated PCC available is FEIBA (Baxter Healthcare Corporation,
Westlake Village, CA). This procoagulant agent has a recognised use
as a bypassing agent in haemophilia patients with inhibitors. In this
review only non-activated PCCs will be discussed.

In contrast to PCC, FFP has several drawbacks. Large volumes of
plasma are needed to significantly improve the PT.2% This can lead to
volume overload and elevation in portal pressure in liver disease
patients. Thrombin generation, that is often normal in CLD patients,

P.2% Beside volume

does not improve considerably after infusion of FF
overload, there are allergic, immunological and infectious transfusion
risks associated with plasma transfusions. Thawing FFP takes time,
which can be an issue in urgent situations. PCC could be a low volume
alternative to FFP as it contains both procoagulant and anticoagulant
factors.

In this review we aim to provide an concise overview on existing

evidence of PCC use in CLD patients.

2 | MATERIALS AND METHODS

We used the PUBMED database searching for the following key ele-
ments: “liver diseases” [MESH] and “PCC” [MESH]. References in arti-
cles were also screened. All types of articles including case reports

and conference proceedings were considered.

3 | PCCINCLD

3.1 | Impact of PCC on “in vitro” haemostasis

A thrombomodulin-modified TGA enables us to study the effect of
different procoagulant agents on the ability to generate thrombin. Lis-
man et al. performed TGA on normal patient plasma and plasma from
cirrhotic patients with differences in severity: compensated, acutely
decompensated and acute-on-chronic liver failure.?> Plasma was
spiked with procoagulant agents: normal pool plasma (to mimic FFP),
recombinant factor Vlla (rFVIla) and PCC (Figure 2).

The effect of rFVIla was minimal, especially in acutely decompen-
sated and ACLF patients. FFP only marginally increased endogenous
thrombin potential (ETP) in compensated and acutely decompensated
patients, further corroborating the hesitant approach towards FFP use
in liver disease. Tripodi et al already underlined the small effect of FFP
on thrombin generation in compensated liver disease patients.?® The
American Gastroenterological Association (AGA) practice guidelines
on coagulation in cirrhosis state that the utility of FFP is very limited
in cirrhotic patients.?” In concordance to this, the American Associa-
tion for the Study of Liver Disease (AASLD) and EASL guidelines
advice against preprocedural use of FFP.1417

Interestingly, PCC enhanced thrombin generation to a larger
extent in cirrhotic plasma compared to plasma from healthy individ-

uals and this enhanced effect was proportional to disease severity.
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Cautious use may therefore be warranted in light of thrombotic risk in
these acutely ill patients. Conservative dosage may have to be applied.
This is an important finding: high dosing could be tempting when
attempting to correct PT values.

A similar spiking experiment has been done by Werner et al.?% in
plasma from 20 paediatric patients with end stage liver disease before
and during LT. Age-matched controls were included. They also dem-
onstrated that FFP had little effect on TGA in controls and patients
before LT. Adding FFP to plasma samples during LT significantly
increased ETP, although not to physiological levels. PCC remarkably
enhanced thrombin generation in both controls and pre-LT patients.
During LT an intensified response was seen which inversely correlated
with pre-LT factor Il.

Taking into account the high in vitro impact of PCC seen in the
aforementioned studies, dose adjustments could be necessary when
administering PCC in CLD patients to lower thromboembolic risk.
However, these in vitro studies do not reflect the patient's character-
istics possibly affecting pharmacokinetics.

3.2 | Dataon the current PCC use

Table 1 summarises the studies published on PCC use in CLD.

Older papers already demonstrated the ability of PCC to improve
the PT, although its effect was suboptimal compared to non-CLD
patients.??-3! However, clear data on improvement of bleeding or
blood loss are not available. Because of improved surgical and
anesthesiologic techniques, transfusion requirements in LT and other
major surgery have greatly diminished over the past two decades. In a
study on 500 liver transplantations, 79.6% did not require transfusion
of blood products.>? Several authors demonstrated reduced survival
after blood product transfusion.3®3*

In the following paragraphs, we will review the literature concern-
ing the use of PCC in a prophylactic context (before interventions,
surgery) and in an active bleeding context. We will also discuss throm-
boembolic risk associated with PCC.

3.2.1 | Preoperative/procedural management

In a retrospective, single-center study 194 episodes of PCC adminis-
tration (105 patients with chronic and acute liver disease) were ana-
lysed for improvement of PT.3° Indications were treatment of
bleeding and preprocedural prophylaxis with a variety of different
interventions (e.g. TIPS, paracentesis, thoracocentesis, surgery and
LT). Improved PT was demonstrated. The design of this study did not
allow for information on reduction of administration of blood prod-
ucts. Fibrinogen concentrate or cryoprecipitate were concomitantly
used. INR, not representative of rebalanced haemostasis, was used as
an outcome measure.

Lesmana et al.3¢

evaluated PCC use in various invasive gastroin-
testinal and hepatobiliary procedures in a small prospective study

(n = 30) including 14 patients with cirrhosis (46.7%). They concluded

N WiLEY-L

improvement of INR and clinical efficacy (control and prevention of
bleeding complications). However, no control arm was included. Simi-
larly, Kwon et al.3” reported improvement of INR and reduction of
blood product use in patients receiving PCC (n = 15) compared to
patients receiving FFP (n = 15). Patients underwent an invasive inter-
vention or a minor surgical procedure. Again, no placebo group was
included in this study, which makes conclusions regarding clinical effi-
cacy difficult.

In a small cohort of LT recipients (n = 39), a retrospective com-
parison between a group receiving prophylactic PCC (n = 25) and a
group without prophylactic PCC (n = 14) was made. The authors con-
cluded that prophylactic PCC could reduce bleeding and transfusion

.5 compared 60 LT

requirements in LT.%® Similarly, Srivastava et a
patients who received PCC at induction with 60 propensity score-
matched LT patients receiving FFP at induction. The administration of
PCC and FFP was guided by TEG (R > 10). They reported significantly
less RBC and FFP administration in the PCC group. Once more, no
placebo control arm was included, making it difficult to draw
conclusions.

A prospective study (the PROTON trial) was set up in 2013 to
investigate the utility of PCC in patients undergoing LT.*° Adult
patients with an INR >1.5, listed for transplantation, and without a
history of hemorrhagic or thrombotic disease were included. The
study comprised both a PCC and a placebo arm. However, the study
never included the planned number of patients.

Different guidelines exist for periprocedural management of CLD
patients. The AASLD guidelines state that efficacy and safety data are
lacking for the use of PCC in liver disease.*® PCC use risks overcorrection
to a hypercoagulable state. In accordance, the AGA 2019 guidance docu-
ment says that 4-factor PCC are an attractive low-volume therapeutic to
rebalance a disturbed hemostatic system. However, dosage guidance is
based on INR, which is problematic, and published experience in liver dis-
ease is limited.?” They also state that for minor interventions (dental
extraction, paracentesis, diagnostic endoscopy, central line placement
and cardiac catheterization) no prophylactic prohemostatic treatment is
generally needed. In the recent AGA 2021 update,** no recommendation
is made for PCC use. They recommend against blood product use
(e.g. FFP and platelets) for stable cirrhosis patients undergoing common
gastrointestinal procedures. In patients with severe coagulatopathy deci-
sions about prophylactic blood product use should include discussions
about potential benefits and risks in consultation with a haematologist.
The International Society on Thrombosis and Hemostasis Scientific and
Standardization Committee (ISTH SSC) guidance document*? state that
PCC should be avoided in the periprocedural setting. The updated EASL
guidelines,*” discourage the use of PCC to lower clinically relevant proce-
dural bleeding. Studies are needed to address safety and efficacy of PCC
and to assess their optimal dosage in this indication.

3.2.2 | Spontaneous/procedural bleeding

Variceal bleeding in cirrhotic patients is mainly due to high portal pres-

sure and not directly correlated with hemostatic abnormalities.*®
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Standard approaches to manage portal hypertension, endoscopic
treatment and a restrictive transfusion policy are recommended. In
decompensated patients non-variceal bleeding also remains a fre-
quent clinical problem.** Only a minority of bleeding events are solely
due to hemostatic failure.*> LT still poses a major hemostatic chal-
lenge possibly requiring transfusion of blood products.

In the study by Drebes et al,®° treatment of varied categories of
active and recent bleeding was studied. PCC did have an impact on
INR but this study did not allow for information on clinical improve-
ment of bleeding.

A small retrospective study included 51 bleeding patients of
which 80% had cirrhosis. No data were provided on the nature of
bleeding in these patients. PCC dosing was based on the NAC
(Canadian national advisory committee) recommendations. The
authors concluded a low control of bleeding with PCC and an absence
of correlation between INR correction and hemorrhagic control.*

The use of a single dose of PCC was also studied in a retrospec-
tive study including patients with cirrhosis and intracranial haemor-
rhage.*” A stable head CT at 24 h was the outcome measure. Of
59 patients 21 received PCC. No difference was seen in the rate of
stable head CT. Mortality was higher in the PCC group. PCC group
patients had more severe cirrhosis and higher INR. Results could have
been impacted by a treatment bias in this study.

Hartmann et al.*® did a retrospective data analysis on 372 liver
transplantations. The administration of coagulation factor concen-
trates was guided by a ROTEM based algorithm, published previ-
ously.** PCC were only used in patients with massive diffuse bleeding
and pathologic ROTEM parameters. No FFP was administered. Of the
372 patients undergoing liver transplantation, 50.2% received fibrino-
gen concentrate, 18.8% PCC, 21.2% platelet concentrates, 4.5% tra-
nexamic acid and 59.4% red blood cell concentrates. The
administration of fibrinogen and PCC was not independently corre-
lated with mortality. Infused volume, MELD score and platelet con-
centrates were independent predictors of mortality. A more recently
published ROTEM-based algorithm®® suggests a dose of 10-15 IU/kg
body weight PCC in diffusely bleeding patients. They also consider
concomitant administration of antithrombin in patients with a high
thromboembolic risk.

Zamper et al.>! designed a LT before-after study comparing an
interventional group with VET based administration of fibrinogen and
PCC with a retrospective control group (based on conventional coagu-
lation tests, no fibrinogen/PCC). The intervention group comprised of
54 patients and the control group of 183 patients (46 and 89 after
propensity score-matching). Of 54 patients only 6 received PCC based
on diffuse bleeding and an EXTEM clotting time > 80s. Overall the
authors saw a decrease in allogeneic blood product (RBC and FFP) use
in the interventional group. Interestingly, they also saw a decline in
upper digestive haemorrhage, possibly reflecting a decrease in volume
overload.

Colavecchia et al. studied the impact of factor concentrates on
blood product use in patients undergoing LT (n = 212; PCC = 39). In
the presence of major and/or microvascular bleeding during LT and

based on other elements (routine haemostasis, VET) the clinician

decided if blood products (RBC, FFP or platelets) and/or coagulation
factors (fibrinogen, PCC) were warranted. No standard protocol was
followed. They did not demonstrate lower blood product administra-
tion in patients treated with PCC and fibrinogen concentrate com-
pared to patients not receiving PCC/fibrinogen concentrate.>?
However, a treatment bias could have been present: PCC/fibrinogen
concentrate use in patients with more refractory bleeding.

The Liver Intensive Care Group Europe (LICAGE) guidelines on
perioperative coagulation management in LT recommends to consider
the use of PCC in bleeding patients once fibrinogen and platelets have
been replaced and fibrinolysis is excluded. They also state that more
data are needed on safety and efficacy of PCC in LT.>® As already
mentioned, Gorlinger et al designed a ROTEM-guided algorithm for
the management of bleeding in patients undergoing LT.%° In this algo-
rithm, PCC are only administered in diffusely bleeding patients with
pathological ROTEM parameters. VET can have a role in guiding PCC
administration but currently lack validated target levels.?”

3.3 | Thromboembolic risk of PCC

A review of the literature evaluating the overall safety of four-factor
PCC concludes a fairly low thrombotic risk in patients without under-
lying risk factors.>* Thrombogenicity of PCC has greatly diminished in
today's PCC formulations compared to historic preparations. The main
determinant of thrombogenicity in PCC is thought to be prothrombin
which has the longest half-life.>®

Case reports have been published describing the development of
disseminated intravascular coagulation after PCC use in decompen-
sated cirrhotic patients.>®>” A PCC-product not containing anticoagu-
lant factors, was used in one of those two reports.

Tischendorf et al. retrospectively evaluated 347 patients with cir-
rhosis that received PCC for the prevention or treatment of bleeding.
In a 4-week long period after PCC administration they found
19 patients or 5.5% with a thromboembolic event.>® Richard-
Carpentier and Rioux-Masse* showed a similar thromboembolic
event rate (6%). Drebes et al did not report an excess of thromboem-
bolic events (3% of patients) for a median dose of 22 IU/kg.35 A retro-
spective study including 266 patients who underwent orthotopic LT
did not see a significant difference in thromboembolic events
between groups receiving PCC or not (ROTEM-guided).”’ In three
small retrospective CLD cohorts (n = 70; n = 31 and n = 41), no sig-
nificant difference between factor Vlla and PCC was demonstrated in
thrombotic and bleeding events®® and no excess thromboembolic
event rate (3.2%; 0%) was seen.®°? Srivastava et al.>? did not report
any thromboembolic events in a retrospective study including 262 LT
patients of which 60 received PCC.

Thromboembolic events could be related to high or repeated
doses of PCC. In the previous studies the dose of PCC was predomi-
nantly based on vitamin K antagonist dosing taking into account
patient weight and INR (information provided with the product used;
based on FIX content). No guidelines exist on PCC dosing in CLD
patients.
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4 | CONCLUSION
Only limited evidence suggests that PCC diminish allogeneic blood
product administration in a variety of procedures, LT or other major
surgery and are beneficial in bleeding management in CLD patients.
The existing evidence relies on retrospective studies lacking power
and a control group to prove clinical efficacy. These studies are also
very heterogeneous regarding population studied and prophylactic/
bleeding protocols used. Despite guidance documents arguing against
FFP prophylaxis, there is an on-going urge to correct PT/INR. In care-
fully selected cases and after weighing risks and benefits, PCC could
be an attractive alternative due to the lack of volume overload. In a
therapeutic context, where other measures to stop the bleeding were
not sufficient, PCC could also be considered. PCC administration is
associated with a risk of thromboembolic events. This risk does not
seem to be excessive in CLD patients compared to other patient
groups (3%-6%). Disseminated intravascular coagulation has been
described in decompensated cirrhotic patients.

Randomised controlled trials assessing both prophylactic and
bleeding context are needed to evaluate the safety and efficacy of
PCC administration in CLD patients. However, patient inclusion will

be challenging in these studies.
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1 | INTRODUCTION

The incidence of hip fractures continues to increase, along with the
global expansion of aging population observed secondary to improved

Abstract

Background and Objective

Blood donation is known to result in iron deficiency (ID), with a higher prevalence
in females. There is little published data on the frequency of ID among blood
donors in resource-poor settings. We determined the prevalence of ID in blood
donors in Uganda.

Methods

We conducted a descriptive cross-sectional study at the Uganda Blood
Transfusion Service, Kampala from December 2021 to February 2022. A sample
of 500 whole blood donors was enrolled, complete blood count, and serum ferritin.
The primary outcome was the proportion of donors with serum ferritin <15 pg/L.

Results

The median (IQR) serum ferritin was 25 (12-47) pg/L and 89 (52-133) ug/L among
female and male donors respectively. The prevalence of iron deficiency (serum
ferritin <15 pg/L) among donating individuals was 11.5% (8.7-14.9), , but even
higher among females younger than 24 years [35.4% (29.2-42.1)]. female donors
(15.81, 5.17, 48.28, p<0.001) and a high RDW (6.89, 2.99, 15.90, p<0.001). We
found a moderate correlation between serum ferritin and RDW (r = -0.419 and
-0.487 for males and females respectively).

Conclusion

Iron deficiency is common among blood donors in Uganda, affecting mostly young
female donors. Considerations to adopt evidence-based strategies to prevent and
manage ID among blood donors-such as serum ferritin monitoring and iron
supplementation are highly recommended.

KEYWORDS
KAP, Blood, Transfusion, Donor, Medecine

healthcare and quality of life.! Subtrochanteric fractures are defined as
fractures encountered between the inferior border of lesser tro-
chanter and 5 cm distal to it.2 They represent a complex subset of
injuries surrounding the hip, which are most commonly managed with
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have long been the standard method to assess iron status. However,
haemoglobin levels can remain sufficient for some time, even when
iron stores are dwindling; this is known as iron deficiency non-
anaemia.!

In contrast to haemoglobin, serum ferritin levels reflect the
amount of stored iron. Therefore, they are increasingly used to
assess individuals' iron stores when these are at risk, for instance after
traumatic blood loss, during pregnancy, or in blood donors.® Sanquin,
the national blood service in the Netherlands, started measuring ferri-
tin levels in each new donor, and subsequently after every fifth dona-
tion, in October 2017. Donating blood has a substantial impact on
ferritin levels. Ferritin levels are lower among blood donors than in
the general population: cross-sectional studies report lower ferritin
levels in donors with a higher number of whole blood donations and a
large randomised trial showed that ferritin levels indeed decline with
more frequent blood donations.*> Among new donors, large variation
in ferritin levels is observed.* It is well established that individual char-
acteristics such as sex and age are relevant: women in general, but
pre-menopausal women in particular, have considerably lower ferritin
levels than men.*®” Higher body mass index (BMI) is associated with
higher ferritin levels.® In recent decades, many other factors that
affect iron status have been identified: diet,”'° genetics,**''?
ethnicity,*® and iron supplementation, which is mostly studied among
blood donors.2#%

Ferritin is also a known acute-phase protein that is elevated in
inflammatory conditions, complicating its diagnostic value in individ-
uals with conditions such as inflammatory bowel disease or chronic
heart failure.*® This could also explain the association between BMI
and ferritin levels, as adipose tissue is known to promote systemic
inflammation.>” Additionally, exposure to environmental pollutants

1819 and ambient par-

has been linked to disordered iron homeostasis,
ticle matter (PM) concentration is correlated with ferritin levels.r” The
biological mechanism behind this is still unclear, but it is postulated
that iron attaches to the PM rather than to cell nuclei, effectively cre-
ating a functional deficiency.*®? In turn, mechanisms start upregulat-
ing iron uptake and recycling in an attempt to meet the iron
requirement of the cells, thereby altering iron homeostasis. Another
suggested mechanism is that when pollutants enter the lungs, iron is
transported away from the surface of the lung tissue and stored in
ferritin complexes, in order to avoid chemical reactions between iron
and the pollutant.*® Other potential environmental determinants are
neighbourhood characteristics, including population density and
socio-economic status, which are consistently shown to be related to

t2° and blood parameters.??

body weigh

Previous studies on ferritin levels have focused on studying the
association with variables in a limited setting, for example, characteris-
tics such as age and BMI, donation-related variables, or environmental
pollutants. In this paper, we propose a novel framework that inte-
grates multiple settings, using a structural equation model. By group-
ing relevant explanatory variables into constructs, we describe
relationships with ferritin on a more general level. This enhances the
insight into various mechanisms that influence ferritin levels, which is

valuable to those who use these as a diagnostic tool. We explore

associations between ferritin levels and individual characteristics,
donation behaviour and environmental factors, in a large group of

newly registered and active whole blood donors.

2 | METHODS

For this cross-sectional study, data collected by Sanquin and the
Geoscience and health cohort consortium (GECCO) were analysed.
Sanquin is by law the only blood service in the Netherlands, collect-
ing over 400 000 whole-blood donations each year, with collection
sites geographically well-distributed throughout the country. Several
eligibility criteria exist to ensure the safety of the donors and recipi-
ents and the quality of the blood product. Donors must be aged
between 18 and 79 years old, and a pre-donation screening visit
takes place before the first 500 ml whole blood donation, which
includes blood sampling for blood type and infectious disease test-
ing, as well as initial haemoglobin and ferritin measurements. We
will refer to these prospective donors, who have not donated yet,
as ‘new donors’.

Before every donation, a donor screening is performed, including
a donor health questionnaire and measurements of blood pressure,
pulse rate and haemoglobin levels to assess whether the donor is eligi-
ble to donate. Haemoglobin levels need to be at least 7.8 mmol/L for
women and 8.4 mmol/L for men. This is measured by point-of-care
testing with a photometer (HemoCue, Angelholm, Sweden). Ferritin
levels, are measured in serum samples, using the Architect i2000
(Abbott Diagnostics, Chicago, IL), after the pre-donation screening
visit and after every fifth whole blood donation. As such, ferritin mea-
surements are only available in case of successful whole blood dona-
tions, and for new donors whose venous samples are taken as part of

the pre-donation screening visit.

21 | Data

This study included all new and active whole blood donors who gave
consent to the use of their data for scientific research (consent given
by >99% of all donors) and for whom ferritin measurements were
available between 1 October 2017 and 31 December 2019. If multiple
ferritin measurements were available for a donor, only the first mea-
surement was used. Information on donors and donation histories
was extracted from the blood bank information system (ePROGESA,
MAK-SYSTEM International Group, Paris, France). Variables used
were sex, age, height, weight, time since previous successful donation,
the number of successful donations in the previous 2 years, donor sta-
tus (new or active donor), and ferritin levels. BMI was calculated from
self-reported donor height and weight. Sanquin does not register
donor ethnicity, but Duffy negative phenotype was included to func-
tion as a proxy for sub-Saharan African descent.

Environmental exposure variables of various characteristics were
obtained from the Geoscience and health cohort consortium

(GECCO).22 The exposure data were operationalised based on publicly
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TABLE 1  Grouping of variables into constructs for each model
Variable Model A Model B
Age Individual characteristics
Weight
Height
BMI

Duffy phenotype

Time since previous donation? Donation history

Number of previous donations®
Population density Environment
Temperature

Socio-economic status

Ozone Pollution
PM2.5

PM10

Soot

NO,

Individual characteristics

Environment

- WiLE Y-

Model C Model D

Individual characteristics Individual characteristics

Donation history

Environment Environment

Pollution

Note: All models contain the same observed variables but differ in how these are grouped into latent constructs.

#Only available for active donors.

available data. Data from 30 weather stations in the Netherlands—
obtained from the Royal Netherlands Meteorological Institute
(KNMI)—were used to estimate temperature at a spatial resolution of
1 km. Three options for the measurement level were considered (mini-
mum, average, and maximum daily temperature), as well as three time
spans (day, week or month before donation), resulting in nine options
in total. The combination that showed the highest correlation with
ferritin was included in the final model.

Daily concentrations for particulate matter (PM) 2.5, PM10, NO,,
ozone and soot levels were obtained via the Dutch National Institute
for Public Health and the Environment (RIVM), for the vyears
2017-2019. These variables were imputed on a spatial resolution of
1 by 1 km. Neighbourhood socio-economic status (SES) scores and
population density from 2017-2019 were acquired from Statistics
Netherlands (CBS), both available on 6-digit postal code level. SES
scores are based on percentiles of income, education level and voca-
tional history of households, with a score of O being exactly the
national average, and positive scores being above average. All spatio-
temporal variables were matched with donor and donation data based
on donation date and donor postal code. Lastly, the date and time of
each donation were included as potential factors to account for sea-
sonal and diurnal variation, as they are known to affect haemoglobin
levels and may also affect ferritin levels.

To check for a possible confounding effect of smoking on envi-
ronmental variables, we analysed the correlation between the per-
centage of smokers per municipality (data from Statistics Netherlands)
and all environmental variables described in the above paragraph.

There were no missing data for environmental datasets from the
RIVM and CBS. Donors with no ferritin measurement were excluded
from the analysis. There were no missing data for the other donor or

donation level variables.

2.2 | Statistical analysis
Structural equation modelling (SEM) was used to investigate which vari-
ables relate to serum ferritin and to what extent. Briefly, observed vari-
ables and latent constructs are distinguished in SEM. Latent constructs
cannot be measured or observed directly, but are inferred from the
observed variables. One or more hypothesized sets of relationships and
correlations between variables and constructs are specified a priori and
shown in a path diagram. For each relationship, a parameter is esti-
mated that indicates its strength. Estimates are obtained by numeric
optimization of a fit criterion, using maximum likelihood estimation.
A more detailed overview of this method is provided in Appendix A.

We compared four ways to divide the 15 variables included in the
analysis into latent constructs, as shown in Table 1. Date and time of
the donation were added to the model separate of the constructs, and
as such are not included in Table 1. Model A contains four latent con-
structs, and in models B, C and D different sets of constructs are com-
bined. Confirmatory factor analysis (CFA) was used to test the validity
of the specified measurement models, that is, the hypothesized rela-
tionships between the latent constructs and their observed variables.
The overall fit of the models was assessed by the Tucker-Lewis Index
(TLI) and the root mean square error of approximation (RMSEA).
A rule of thumb is to exclude variables for which the absolute value of
the standardised factor loading is below 0.4, but at sample sizes larger
than 300, if the overall model fit is good, exclusion is not necessary
and should be judged separately for each variable based on sensible
background knowledge.?®

Pairwise residual correlations between observed variables were
calculated to identify whether any covariances needed to be added to
the model. Of the four specified models, we continued our analysis
with the best fit according to CFA, based on the TLI and RMSEA.
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TABLE 2 Distribution of explanatory variables by donor status and sex

N

Age (years)

Height (cm)

Weight (kg)

BMI (kg/m?)

Time since previous donation (days)
Number of previous donations®
Population density (inhabitants per km?)
Duffy phenotype (proportion)
Temperature (°C)°

Socio-economic status

Ozone (pg/m?3)

PM2.5 (pg/m°)

PM10 (pg/m°)

Soot (pg/m3)

NO; (pg/m°)

1173 (425-2617)
0.25

11.4 (6.4-16.6)
0.04 (-0.21 to 0.22)
46.9 (45.6-48.8)
10.7 (9.7-11.6)
18.2(16.8-19.3)
0.66 (0.54-0.78)
17.6 (14.9-21.6)

1246 (477-2936)
0.17

11.7 (6.6-16.7)
0.02 (—0.24 to 0.22)
46.8 (45.5-48.7)
10.7 (9.8-11.6)

18.2 (16.9-19.3)
0.66 (0.55-0.78)
17.8 (15.1-21.8)

827 (322-1855)
0.28

10.4 (6.0-16.0)
0.10 (—0.10 to 0.25)
47.2 (45.9-49.2)
10.5(9.6-11.5)

0.63 (0.52-0.75)
16.8 (14.2-19.7)

New donors Active donors

Women Men Women Men

40 172 19 424 39 085 39 233
26 (21-37) 28 (23-37) 47 (31-58) 53(39-62)
170 (166-175) 183 (178-188) 170 (166-175) 183 (178-188)
68 (62-77) 82 (74-90) 0 (64-80) 85 (78-93)
24 (21-26) 24 (22-27) 24 (22-27) 25(23-27)
NA NA 154 (132-217) 139 (71-147)
NA NA 3(2-4) 5(4-7)

(

814 (320-1824)
0.16

10.4 (5.9-16.0)
0.12 (—0.07 to 0.26)
47.2 (45.9-49.1)
10.6 (9.7-11.6)
18.0(16.7-19.1)
0.65 (0.54-0.76)
16.9 (14.3-19.6)

Ferritin (ng/ml) 47 (28-75)

118 (79-170)

(
(-
(
(
18.0 (16.6-19.0)
(
(
30(

0 (17-47) 34 (20-56)

Note: Data are presented as medians (interquartile range) due to non-normal distributions of the variables.

AWithin 2 years before the ferritin measurement.
bThe maximum temperature recorded on the day of donation.

To the model with the best fit, we added the structural compo-
nent, which contains the relationships between the latent variables
and ferritin, the outcome variable. A multiple group SEM was carried
out with parameters estimated separately for male and female donors,
and for new and active donors. Because the assumption of normality
of the explanatory variables does not hold in our data, a different esti-
mator than the default maximum likelihood estimator was used: the
‘mean and covariance adjusted weighted least squares estimator’,
which is robust against violations of the normality assumptions in a
multivariate setting.?*

The same model was fitted in all four groups, although the vari-
ables belonging to the donation history construct (see Table 1) are not
available for new donors, as they do not (yet) have a donation history.
The overall fit of the SEM model was assessed using the TLI and
RMSEA, as well as the R? measure.

All analyses were conducted using R programming language and
environment for statistical computing version 4.0.3,> with package

26 for pre-processing environmental data, and lavaan®” for CFA and
SEM analyses. Path diagrams were created with yEd Live Graph Editor.?®

3 | RESULTS
3.1 | Sample composition

Table 2 shows descriptive statistics of the study population by sex

and donor status. The size of each of the groups was comparable,

except for the group of new male donors, which was only half the
size of the other groups. Between new and active donors, age dif-
fered considerably, new donors being younger than active donors
by 17 years on average (p < 0.001 using a two-sample t-test). In
both new and active donors, men were older (by 6 years on aver-
age, p <0.001) and heavier (by 13 kg on average, p < 0.001) than
women. p-values were obtained using two-sample t-tests. The time
since last donation is higher in women than in men, and the number
of prior donations is higher in men than in women. These differ-
ences are due to differences in the minimum required donation
interval: for women, there must be 122 days between two dona-
tions with a maximum of 3 donations per year, while for men, the
minimum is 57 days between two donations with a maximum of
5 donations per year. Differences in ferritin levels between the
groups are as expected from previous studies: men have higher fer-
ritin levels than women, and repeat donors have lower ferritin levels
than new donors.

For pollution and environmental variables, there was little differ-
ence between the groups, any differences between new and active
donors were most likely due to the different age and geographical dis-
tribution of the groups. None of these differences were statistically
significant.

We found a weak correlation between the percentage of smokers
and SES score (Pearson's r = —0.4) and a moderate correlation
between the percentage of smokers and population density
(Pearson's r = 0.5). No correlation was found for any of the other

environmental variables.
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3.2 | Model selection

CFA did not provide support for the environment construct as defined
by the three variables temperature, population density and socio-
economic status. These variables did not share a high proportion of
their variance and consequently there was no convergent validity,
effectively ruling out models A and C. In models B and D, variables
Duffy phenotype, temperature, SES and height were omitted due to
very low factor loadings (<0.05). The factor loading for variable age
was also low (0.35) but this variable was not excluded, as it is
expected that this factor loading would be small, considering the other
variables in the construct (weight and BMI) are much more closely
related. All other factor loadings were above the suggested threshold
of 0.6. All latent constructs (individual characteristics, donation history
and environment) showed convergent and discriminant validity in
models B and D. Variables time and day of year, which were added to
the model outside the constructs, were also dropped due to very low
factor loadings (<0.05).

The presence of a donation history construct was the only differ-
ence between models B and D, and since new donors do not yet have
a donation history, the models only differed for active donors. Model
B had a TLI of 0.961 and RMSEA of 0.063, while model D had a TLI of
0.932 and RMSEA of 0.083. Based on these fit measures, model B fit
the data best, and was therefore used in the remainder of the
analyses.

Based on inspection of the pairwise residual correlations
between all observed variables, two covariance terms were added to
the model: one for PM2.5 and PM10 (residual correlation 0.092-
0.102, depending on sex/donor status), and one for age and popula-
tion density (residual correlation —0.151 to —0.149, depending on
sex/donor status). We also added one covariance term for weight
and BMI, as BMI was calculated using weight and was therefore

inherently dependent.

3.3 | Parameter estimates
Figure 1 shows the structure of the final model and the parameter
estimates for new donors. Parameter estimates were similar for both
sexes, but factor loadings for variables belonging to the individual
characteristics construct were higher for women than for men, indicat-
ing more shared variance. Factor loadings in the environment construct
did not differ between sexes, showing that the covariance structure
of those variables was not dependent on sex. The parameter esti-
mates for the regression coefficients show the relative importance of
each latent construct for the outcome variable. Table 3 shows the per-
centage of variance in ferritin levels that is explained by each con-
struct for each model, adding up to the total percentage of variance
explained.

Figure 2 shows the final model for active donors. As in new
donors, factor loadings in the individual characteristics construct
were higher for women than for men, and they were also higher

for new donors than for active donors. The relative importance
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FIGURE 1 Final structural equation model for ferritin

determinants in new donors, with parameters estimated separately
for men and women. All parameter estimates are standardised so that
the variance of each observed variable and latent construct equals 1

TABLE 3 Relative contribution to explanation of variance of
ferritin levels per model

New donors Active donors
Construct Women Men Women Men
Individual characteristics 23% 23%  20% 17%
Donation history NA NA 14% 25%
Environment 2% 2% 5% 4%
Total % of variance explained  25% 25%  39% 46%

of individual characteristics and donation history was opposite for
both sexes: for men, donation history was correlated with ferritin
levels more strongly than individual characteristics (0.66 vs. 0.45),
while this was reversed for women (0.43 vs. 0.61). The regres-
sion coefficient of the environment construct is 0.15 for women
and 0.10 for men. The environment construct explains twice as
much variation in ferritin levels in active donors as in new
donors.

As for overall model fit, with a TLI of 0.981 and 0.979 and
RMSEA of 0.052 and 0.042, for new and active donors respectively,
both models fit very well when compared to commonly used thresh-
olds (TLI > 0.95, RMSEA < 0.06).2° R? was calculated separately by
sex: for new donors, R? was 0.251 for men and 0.252 for women, and

for active donors, 0.458 for men and 0.393 for women.
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4 | DISCUSSION

This study investigated the impact of individual and environmental
determinants on ferritin levels in Dutch individuals, using SEM. The
model was able to explain 25% of ferritin level variance in new donors
for both sexes, and 46% and 39% in active donors for male and female
donors, respectively.

We found the construct composed of individual characteristics
(age, weight, and BMI) to be the most important determinant of ferri-
tin in female active donors, followed by donation history (time since
previous donation, number of donations in the past 2 years). For male
active donors, this was the opposite: donation history was a more
important determinant than individual characteristics. In both sexes,
environmental factors are associated with ferritin levels, albeit to a
lesser degree than individual characteristics and donation history.

The relationship between ferritin levels and anthropometric char-
acteristics is well-documented, and the positive correlations we found
for ferritin with age, weight and BMI are consistent with those found
in other studies.**>3° Men have much higher ferritin levels than
women in general and show a larger decrease in ferritin levels after
repeated donations. As a result, ferritin levels in active donors are sim-
ilarly low for women and men.* The donation history construct
explained more variance in ferritin levels in men than in women.
Although often not explicitly mentioned, this discrepancy is also found
in previous studies, with stronger relationships between variables

regarding donation history and ferritin for men than for women.*®

A reasonable explanation for this is that men commonly display more
variation in donation history variables due to the possibility of more
frequent donations: in many blood services, men are allowed to
donate more often than women and are usually less frequently
deferred for low haemoglobin levels.3!

From previous epidemiological studies, we know that environ-
mental factors may play a role in iron metabolism, and that certain
pollutants can disrupt iron homeostasis.>> Our study shows that
although environmental factors are less strongly associated with ferri-
tin levels than individual characteristics and donation history, their
effects are far from negligible. Because of the wide reach of environ-
mental exposures over geographic areas, even a relatively small influ-
ence on individuals can result in a large effect on the population level.
As this study includes only data from the Netherlands, which is a rela-
tively small country, associations between environmental variables
and ferritin levels were not very strong, as was expected. Repeating
this study on a larger, or even global, scale may result in finding a
more substantial effect.

Higher values for all but one environmental factor (ozone) were
positively correlated with higher ferritin levels. These findings support
the hypothesis that air pollution causes higher ferritin levels. The under-
lying mechanism may be that when certain pollutants enter the lungs,
iron is transported away from the lung tissue surface and stored in fer-
ritin complexes to avoid chemical reactions between iron and the pol-
lutant.*®32 This would imply that using serum ferritin as a proxy for

total body iron is less reliable when there is significant air pollution.

85UB017 SUOWWOD BA RS0 3(eat|dde 3y} Aq peusenob afe SSjoie YO ‘@SN JO S3|NJ oy A%1q 1T 8UIIUO A8|IM UO (SUORIPUOD-pUR-SLLBILID" A8 Im"AReIq Ul |UO//SA1Y) SUORIPUOD PUe SW L 38U 89S *[5202/20/TZ] Uo Aigiauliuo A8|IM Bssuopu| A0id BN Ad Z06ZT SWHTTTT OT/I0p/W00 A3 im AReiqeuljuo//Sdny Wiy papeojumMoq ‘2 ‘€202 ‘8rTESIET



VINKENOOG ET AL.

The environment construct was more strongly associated with fer-
ritin level in active donors than in new donors. In new donors, envi-
ronmental factors explain 2% of variance in ferritin levels, while in
active donors this increases to 4%-5% depending on sex. This indi-
cates that environmental factors are more important for ferritin recov-
ery after blood loss than for naive ferritin level. A plausible
explanation for this difference is that since both exposure to air pollu-
tion and donating blood causes significant disruptions to iron homeo-
stasis, these disruptions may interact and together have a larger effect
than simply additive.

SEM is a technique well-suited to test hypotheses on how differ-
ent factors interact and correlate with a specific outcome like ferritin
levels, especially when there are many factors to consider. Compared
to multiple (linear) regression, more complex models can be tested,
and for each variable measurement error is taken into account.>*
Moreover, the percentage of variance explained by groups of related
variables can be calculated and compared. The stratified approach in
this study also adds to the model validity: parameter estimates can be
compared across groups, allowing discovery of implausible results.
Our analyses show that the convergent validity of the individual char-
acteristics construct is lower for active donors than for new donors.
This may indicate that new donors are a more homogenous group
than active donors, which is likely due to the more narrow age range
of new donors. Other strengths of this study are its large sample size
and collection of data throughout the country.

Two main limitations of this study should be noted: its generaliz-
ability and its restricted scope. One might be tempted to generalise
the results of new donors to the general Dutch population, as these
donors have never donated blood before. However, even new
donors form a very specific, generally healthier subgroup of the gen-
eral population, which means that selection bias has likely been
introduced. We can speculate that less healthy individuals would
show a higher rate of inflammation, which may cause higher serum
ferritin levels. On the other hand, iron deficient or anaemic individ-
uals are likely underrepresented in our sample. As this selection bias
most likely reduced variance in ferritin levels, this may have attenu-
ated our results.

Regarding the scope, data on some other potentially important
determinants of ferritin levels were not available in this study, the two
most important being genetics and diet.”*° Several genetic polymor-
phisms that have an effect on iron pathways have been identified, and
these are likely to play a role in the recovery speed of ferritin levels
after blood donation.*>®>=%” Dietary behaviour, and in particular
heme iron intake, is also a determinant of iron status in donors.”*’
Information on iron supplementation was also not available for this
study. Sanquin does not prescribe oral supplementation of iron to
donors, and only a small minority (8.7%) uses iron supplements.’ Infor-
mation on donors' smoking status is also expected to add value to the
model. Had these determinants been available for our analysis, the
proportion of variance explained in donor ferritin levels would likely
have increased.

This study presents a model to explain variance in ferritin levels in

individuals with or without donation history, based on three types of
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determinants. The model explained a relatively large part of the vari-
ance, especially in active donors. Individual characteristics and dona-
tion history form the most important determinants of ferritin levels.
Although environmental factors accounted for less variance than the
individual and donation history constructs, their contribution is mean-
ingful and statistically significant. When clinicians or researchers use
serum ferritin as a proxy for total body iron, they should be aware of
this potentially confounding effect.

For blood services that are considering implementing ferritin test-
ing for their donors, these results are of particular value. The results
can be of use while the blood service is deciding on a sensible thresh-
old for donation: rather than implementing a one-size-fits-all thresh-
old, environmental conditions in the country can be taken into
account. If there is a high level of air pollution, ferritin levels are likely
to be overestimated, and thus a higher threshold for donation may be
desired. It could even be taken further to make ferritin thresholds
more tailored to a specific donor, by taking into account a donor's
individual characteristics.
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APPENDIX A

Al

| STRUCTURAL EQUATION MODELLING OVERVIEW

Structural equation modelling (SEM) comprises a set of statistical

methods that enables researchers to assess the support for hypothesized

relationships between variables of interest. Its purpose is to account for

variation and covariation of the variables in the model. Many different

techniques are included in SEM, this appendix explains the approach

taken in this particular study. In SEM, observed variables and latent con-

structs are distinguished. Observed variables are variables in the tradi-

tional sense, which are observations in the data set that have been
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collected by the researcher. Latent constructs are theoretical concepts
that cannot be measured, but must be inferred from the observed vari-
ables; a well-known example is the latent construct intelligence that can-
not be measured directly, but can be inferred from observed variables
such as scores for an 1Q test. Intuitively, observed variables that belong
to a latent construct represent the same underlying concept, and latent
constructs form in a way a dimensionality reduction of the observed var-
iables. Mathematically, latent constructs represent shared variance of
the observed variables related to the construct they belong to.

SEM is composed of two main model components: the measure-
ment model, which shows how observed variables are divided among
latent constructs, and the structural model, which shows the relation-
ships between latent constructs and outcome variable(s). First, the
measurement model is specified, and test its validity using confirma-
tory factor analysis (CFA). Often, several measurement models are
tested and compared to see which division into latent constructs best
fits the data. When the measurement model is considered to have a
good fit, the structural part of the model is added, and the model fit is
assessed for the full SEM model.

A.1.1. | Measurement model

The validity of the latent constructs must be measured in two ways:
each construct must have convergent and discriminant validity. Conver-
gent validity occurs when the observed variables belonging to the
latent construct share a high proportion of their variance. This is
assessed by the factor loadings of the observed variables onto the
latent construct: the higher the (absolute value of the) factor loading,
the stronger the indication that this variable belongs to this construct.
Very generally speaking, factor loadings greater than 0.4 are acceptable
for including a variable within a construct, but this threshold depends
greatly on the hypothesized interpretation of the latent variable. Vari-
ables with low factor loadings are excluded from the construct.

The discriminant validity of a latent construct is a measure for
how well the construct can be distinguished from the other constructs
in the model. It is measured by the covariances between latent con-
structs. A high covariance between two constructs can indicate that
these constructs are (partly) overlapping, and thus have no discrimi-
nant validity.

If convergent and discriminant validity are satisfactory, model fit
indices can be calculated for the measurement model. Commonly
used indices are the chi-square test, comparative fit index (CFI),
Tucker-Lewis index (TLI) and root mean square error of approximation
(RMSEA). The CFI and TLI are both relative measures of fit, and com-
pare the fit of the tested model against a null model, which in CFA
means that the means and variances of each variable are freely esti-
mated, but no correlations are included. CFl and TLI are on a scale
from O to 1, with higher values indicating a better fit of the hypothe-
sized model relative to the null model. The TLI is always more conser-
vative (lower value) than the CFI, because the TLI includes a harsher
penalty for the number of parameters estimated. Because the two fit

indices are highly correlated, only one should be reported. We chose
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the TLI because of its more elegant penalty for complexity. Values
higher than 0.95 indicate good fit.

The RMSEA is an absolute measure of fit that is not sensitive to
large sample sizes, unlike the chi-square test. It uses the covariance
matrix of the entire data set and of the fitted hypothesized model,
and calculates the differences between these two. This results in a
measure between 0 and 1, with lower values indicating smaller differ-
ences and better model fit. Cut-offs of 0.08, 0.05, and 0.01 indicate
mediocre, good, and excellent fits, respectively.

If multiple measurement models are compared, as in this study,
the best fitting model is selected, based on the fit indices described
above. If these indicate sufficient model fit, the analysis can be contin-
ued with inspection of residual correlation between observed vari-
ables. If the pairwise residual correlation between two variables is
high (absolute value of 0.1 or higher is a common cut-off), this indi-
cates that these two variables share more variance than is currently
captured in the model. If this occurs, the researcher needs to decide
whether a covariance term for these two variables should be included
in the model. However, this should only be done if there is sufficient
theoretical support for an interpretable correlation between these
variables. Otherwise there is a risk of overfitting the model to the
data; after all, in confirmatory factor analysis we build upon a set of
relationships that are hypothesized by the researcher. It is not a data-
driven method of finding the best set of relationships. If such an
approach is desired, exploratory factor analysis (EFA) can be applied
instead of CFA.

A.1.2. | Structural model

The structural component is added to the model once the latent con-
structs are defined, variables with low factor loadings are removed,
and necessary covariance terms are added. The structural component
consists of the relationships between latent constructs, or between
latent constructs and outcome variable(s). With this, we now have

three types of parameters for which an estimate must be calculated:

1. Factor loadings (observed variable — latent construct).
2. Covariances (observed variable < observed variable).
3. Regression coefficients (latent construct — latent construct or

outcome variable).

Each parameter adds one degree of freedom to the model, and
the number of parameters determines the identifiability of the model.
Parameter estimates can only be obtained when the number of free
parameters (the number of ‘unknowns’) is equal to or smaller than the
number of independent elements in the covariance matrix of the data
(the number of ‘knowns’), which is equal to k(k + 1)/2, where k is the
number of observed variables in the model. If there are more
unknowns than knowns, the model is under-identified and no solution
can be found. If the numbers are the same, the model is just identified,
and a unique solution can be obtained. If there are fewer unknowns

than knowns, we have an over-identified model, which means that
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there is no unique solution but multiple, and we can select the best
solution based on fit measures. An over-identified model is desired.

In most software packages parameter estimates are obtained by a
maximum likelihood estimator by default, but alternative estimators
can be chosen as well. In this study most observed variables did not
follow a normal distribution, which violates maximum likelihood esti-
mator assumptions. Therefore, the diagonally weighted least squares
(DWLS) method was used instead, which is more robust and provides
more accurate parameter estimates in case the normality assumption
is violated.

If the model is over-identified, fit measures can be reported along
with the parameter estimates. Again, TLI and RMSEA are used to
assess model fit, with the same thresholds as seen in the CFA
(TLI > 0.9, RMSEA < 0.08). If the model fit is acceptable the parameter
estimates can be interpreted. The interpretation of the parameter esti-
mates depends on the specification of the model. By default, one fac-
tor loading in each latent construct is set to 1, to fix the scale of the
latent construct. However, in order to compare factor loadings across
constructs it is useful to consider standardized parameter estimates.

The variance of the latent construct is then set to 1 and factor load-
ings are interpreted in terms of a change in variance. In this study, we
look only at the standardized parameter estimates, as we are inter-
ested in the relative importance of each observed variable and latent
construct.

Factor loadings indicate how much variance of an observed vari-
able is shared with the variance of its latent construct. Higher abso-
lute values indicate more shared variance, and the sign of the factor
loading specifies the direction of the association. Covariance terms
provide the same information for two observed variables, which can
belong to the same construct or to different constructs. If they belong
to the same construct, a high covariance term indicates that these
two variables share more variance with each other than can be
explained by the latent construct. Regression coefficients indicate
how much variance of the outcome variable is explained by the vari-
ance of the latent construct. To find the relative effect of a single
observed variable on the outcome variable, its factor loading must be
multiplied by the regression coefficient that connects the latent con-
struct to the outcome.
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Evaluation of two temperature storage conditions for full
blood count samples from Lifeblood's donors
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Australia Background and Objectives: Lifeblood completes full blood count samples for selected

2Donor Services, Australian Red Cross

Lifeblood, Melbourne, Victoria, Australia
3Manufacturing and Quality, Australian Red refrigerated (2-8°C) storage and aligning with room temperature (20-24°C) storage of
Cross Lifeblood, Australia

donors to assess their suitability for future donations. Removing the current practice for

other donor blood samples would produce significant efficiencies in blood donor centres.

Correspondence This study aimed to compare full blood count results under two temperature conditions.

Georgina Jacko, PO Box 1197 Stafford QLD
4053, Australia. . .
Email: gjacko@redcrossblood.org.au 250 whole blood or plasma donors. These were stored either refrigerated or room

Materials and Methods: Paired full blood count samples were collected from

temperature for testing on arrival at the processing centre and the following day. The
primary outcomes of interest included differences between mean cell volume, hae-
matocrit, platelet count, white cell and differential counts, and the need to produce
blood films, based on existing Lifeblood criteria.

Results: A statistically significant (p < 0.05) difference for most full blood count
parameters results was found between the two temperature conditions. The number
of blood films required was similar under each temperature condition.

Conclusion: The clinical significance of the small numerical differences in results is con-
sidered minimal. Furthermore, the number of blood films required remained similar
under either temperature condition. Given the significant reductions in time, processing
and costs associated with room temperature over refrigerated processing, we recom-
mend a further pilot study to monitor the broader impacts, with the intent to implement

national storage of full blood count samples at room temperature within Lifeblood.

KEYWORDS
full blood count, room temperature, testing protocols

1 | INTRODUCTION European Committee on Blood Transfusion.? The results of FBCs are

important for guiding suitability of donors, including ensuring mini-
Full blood count (FBC) samples are routinely taken from Australian mum platelet counts for plateletpheresis donors.? Additionally, FBCs
Red Cross Lifeblood (Lifeblood) donors prior to their first plasmaphe- may be completed along with a serum ferritin in the investigation of
resis or all plateletpheresis donations as recommended by the anaemia in blood donors. The FBC samples are routinely collected at
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donor centres, via venepuncture into ethylene diamine tetra acetate
(EDTA) tubes, and transported to Lifeblood laboratories for processing
using automated analysers. Current standard procedures for FBC test-
ing at Lifeblood involves storage at a refrigerated temperature
between 2 and 8°C. This study was conducted to assess differences
in outcomes between samples stored at room temperature and the
current standard refrigerated process. The results will be assessed for
statistical significance as well as suitability for clinical practice. Remov-
ing the current requirement for storage of these FBC samples at
refrigerated temperature and aligning with other donor blood samples
room temperature processing would produce significant efficiencies
in blood donor centres. However, the accuracy of FBC results is
important to ensure suitable donor follow up and to reduce laboratory
processes associated with erroneous results.

Duration since collection and ambient temperature of sample are
two main variables that impact FBC results.®> Manufacturers of auto-
mated analysers advise blood specimens yield reliable results for up to
24 h at either room or refrigerated temperature.*™® The International
Council for Standardisation in Haematology (ICSH) recommend proces-
sing of blood samples within 4 to 8 h of collection, though state that
room temperature sample results are within the limits of error for up to
24 h37 The time between collection and testing is dependent on the
distance between Lifeblood donation centres and laboratories, with
some samples requiring overnight transportation. Inaccuracy in results
due to storage conditions carries a risk of an increased need for blood
film reviews, a manual process by which blood samples are reviewed,
and donor follow up. However, refrigeration of samples for this duration
can have significant impacts on workloads and costs, and may have fur-
ther impact on time to testing due to availability of transport options.

Following collection, changes in blood samples occur due to cellu-
lar elements having limited stability when stored in EDTA, whilst
higher ambient temperatures also amplify these changes.®® Red cells
are known to swell over time, causing an increase in the haematocrit
(HCT) and mean cell volume (MCV), however, haemoglobin
(Hb) concentration is usually unaffected.® Higher temperatures also
risk cell lysis, causing a decrease in red and white blood cell counts.®
Platelets are known to swell, aggregate or disintegrate over time,
which may lead to their decline.”? Previous studies of FBC parame-
ters have shown varying results when samples have been stored at
different temperatures over different periods of time.*”?° How-
ever, these studies have included low sample numbers and compari-
son of results from immediately following venepuncture*-¢9-13
Studies assessing room temperature FBC samples have identified red
cell count (RCC), white cell count (WCC) and Hb to be stable any-
where from 24 to 48 h.*~¢1* Whilst, MCV has been found to increase,
yet, statistical significance of these difference in results vary from 6 to
48 h after collection.®***® Platelet counts have been reported to be
stable at room temperature.*** However, Gunawardena et al found a
decrease in platelet numbers from 6 h when stored at room tempera-
ture, which is consistent with the expected physiological change.®
White cell differential counts have been reported to be most dependent
on the type of analyser used. Variations have been proposed to be due

to an analyser's difficulty to assess the loss of individual cell

characteristics that occurs as the cells age.*1° These differential results
are also further complicated by very low numbers present in samples,
often being reported in nanolitres or percentage of white cell count.

This study aimed to assess the differences in FBC results between
samples stored at refrigerated (2-8°C) and room temperature
(20-24°C). These outcomes will be used to guide future practices at
Lifeblood. The primary outcomes of interest included differences
between mean cell volume (MCV), haematocrit (HCT), platelet count
(PLT), white cell count (WCC) and white blood cell differential counts.
A secondary outcome for this study included the need to progress to
blood film review based on initial results.

2 | MATERIALS AND METHODS

Donors were selected for this prospective comparison study through
convenience sampling at one Lifeblood collection centre and consent
obtained using the standard Donor Declaration. Paired FBC samples
were collected from 250 adults (> 18 years) donating plasma or whole
blood from a Lifeblood donor centre in Melbourne during March
2022. To be included in the study, individuals were required to be eli-
gible for blood donation as per the current ‘Guidelines for the Selec-
tion of Blood Donors’ and complete the Donor Declaration. Donation
occurred via a closed system, therefore, due to a minimum of 10 mis
required for this study, donors with additional testing requirements
were excluded to prevent risk of insufficient collection volumes. This
included new donors, individuals donating platelets, or donors who
required a ‘sample only’ collection related to other donation purposes.

The FBC samples were collected in two EDTA tubes, with blue
labels representing the refrigeration sample and red labels identifying
the room temperature sample. The control samples were refrigerated
at the collection centre and transported maintaining temperatures
between 2-8°C. The test samples were stored at room temperature,
between 20-24°C in collection centres. Transport for room tempera-
ture samples was aligned with other Lifeblood pathology samples by
using National Association of Testing Authorities (NATA) accredited
and validated transport containers. These containers are controlled to
maintain ambient temperatures between 4-25°C with the use of cold
packs. Following less than an hour of transport, samples were
returned to room temperature (20-24°C) whilst in the processing cen-
tre. All samples were tested using the DxH 800 Haematology auto-
mated analyser on arrival at the processing centre and again the
following day, aiming within 24 h of the initial collection. This created
4 distinct groups of results: day 1 refrigerated, day 1 room tempera-
ture, day 2 refrigerated, day 2 room temperature.

The FBC results consisted of the following parameters; haemo-
globin (Hb), haematocrit (HCT), red cell count (RCC), mean cell volume
(MVCQ), platelet (PLT) count, white cell count (WCC), and white cell dif-
ferentials of neutrophil, lymphocyte, monocyte, eosinophil and baso-
phil counts. The primary outcomes of interest included the difference
in results of mean cell volume (MCV), haematocrit (HCT), white cell
count (WCC) and white blood cell differential counts. FBC results may
also require the preparation of a blood film if analyser results occur
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TABLE 1 Results of FBC samples under each condition

N WiLE Y- =

Day 1 Day 2
Parameter Refrigerated Room temperature Refrigerated Room temperature
Mean (SD)
Haemoglobin (g/L) 139.3(10.9) 139.3(10.8) 139.4(11.0) 139.2(11.0)
Haematocrit (L/L) 0.413(0.029) 0.415 (0.030) 0.414 (0.030) 0.422 (0.031)
Red Cell Count (x10*2/L) 4.61(0.42) 4.61(0.42) 4.63(0.43) 4.62(0.43)
Mean Cell Volume (fL) 89.8(4.72) 90.3 (4.71) 89.7 (4.68) 91.6 (4.84)
White Cell Count (x10°/L) 5.72(1.37) 5.61(1.34) 5.75(1.38) 5.63 (1.3¢)
Neutrophils (x10°/L) 3.35(1.07) 3.26 (1.04) 3.37(1.09) 3.33(1.07)
Platelet Count (x10°/L) 225.8(61.6) 228.1(62.3) 229.7 (63.1) 230.5 (63.8)
Median (IQR)

1.57 (1.38-1.97)

0.431 (0.364-0.533)
0.135 (0.084-0.208)
0.035 (0.026-0.048)

Lymphocyte Count (x10°/L)
Monocyte Count (x10°/L)
Eosinophil Count (x107/L)
Basophil Count (x107/L)

Abbreviation: IQR, Interquartile range 25%-75%; SD, standard deviation.

significantly outside of Lifeblood's reference ranges or if abnormal cel-
lular morphology is identified, such as blasts or excessive immature
granulocytes. Blood film reviews are uncommon in the healthy blood
donor population and are time consuming which results in increased
laboratory workloads. The secondary outcome measure included the
difference in need to produce blood films, based on existing Lifeblood
criteria, between sample groups.

Initial descriptive statistics for results will be provided using mean
and standard deviation or median and interquartile range for those
with a normal and non-normal distribution, respectively. Paired
t-testing and Bland-Altman plots were used to assess the mean differ-
ence and agreement in results between the sample groups. A McNe-
mar's test was used to determine if differences in the number of
blood films required between the sample groups occurred. Statistical
significance was defined by a p value <0.05.

The study protocol was designed and implemented and reported in
accordance with the NHMRC National Statement on Ethical Conduct in
Human Research and approved by the Australian Red Cross Lifeblood
Ethics Committee. All samples were also labelled with donor unique iden-
tifiers to be used in the event that medical officer contact was required
for abnormal results obtained from the day one refrigerated samples; as
per the normal Lifeblood practice for following up test results.

3 | RESULTS

A total of 500 FBC samples were tested twice from the 250 donors.
Donors were relatively evenly split between male and female, with
135 male donors (54%). The average time (hh:mm) from collection to ini-
tial test was 8:41 (SD 2:11) and 7:58 (SD 1:58) for refrigerated and room
temperature samples (p = <0.01), respectively. The day two tests
occurred an average of 22:18 (SD 1:55) after initial venepuncture.

Twenty percent of these samples were tested more than 24 h after initial

1.60 (1.39-1.96)

0.429 (0.350-0.531)
0.131 (0.079-0.194)
0.034 (0.021-0.046)

1.59 (1.39-1.95)

0.429 (0.368-0.539)
0.140 (0.087-0.219)
0.041 (0.032-0.054)

1.59 (1.41-1.94)
0.376 (0.309-477)
0.119 (0.071-0.200)
0.038 (0.026-0.053)

collection. As expected, majority of results fell within Lifeblood's prede-
fined parameter reference ranges. All parameters except lymphocyte,
monocyte, eosinophil and basophil counts had a fairly normal distribution
of results (Table 1). There was a strong positive correlation (r > 0.9)
between temperature condition or time of testing for all parameters,
except basophils which has a moderate positive correlation (r = 0.5-0.6).
There was strong agreement between temperature condition and/or time
of testing for most parameters (>95% limit of agreement), and minimal
deviation from the mean occurred when test results were compared to
control results. All results also fell within acceptable limits for clinical use.

Hb was the most stable parameter, with only a statistically significant
difference in mean results (p = 0.02) occurring between refrigerated and
room temperature samples on day two of testing. The mean difference in
Hb results under all testing variables was less than 0.2% (Figures 1 & 2).
Conversely platelet results showed a statistically significant mean differ-
ence (p = <0.01) under all conditions except when comparing refriger-
ated and room temperature samples on day two (p = 0.07).

3.1 | Temperature effect

The mean difference in results between refrigerated and room tem-
perature samples were found to be statistically significant for MCV,
HCT, WCC (p = <0.01) when testing occurred on the day of and day
following collection. White cell differentials showed a statistically signif-
icant mean decrease in results between refrigerated and room tempera-
ture samples (p < 0.05) on both day one and two, except for day one
basophil results (p = 0.29) and day one lymphocyte results which there
was a mean increased of 0.01 x 10°/L (p = 0.02). The percentage mean
different in results remained minimal for all but monocytes, eosinophils
and basophils, which saw a maximum percentage mean decrease in
room temperature from refrigerated samples of 13.2% 5.6% and 6.8%,

respectively (Figure 1).
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Red Cell Count
Mean Cell Volume
White Cell Count
Neutrophil Count
Lymphocyte Count
Monocyte Count

Eosinophil Count

Basophil Count
Platelet Count L
-14.0% -10.0% -6.0% -2.0% 2.0%
H Tested day of collection Tested day after collection

FIGURE 1 Percentage mean difference between room temperature and refrigerated sample results.

Haemoglobin
Haematocrit

Red Cell Count

1'1 T T

85U8017 SUOLULLIOD BATE81D 3(dedl|dde ayy Aq peusenob a.e se[olle O ‘8sN Jo se|ni Joj AIq1 8UIUQ A8]IM UO (SUORIPUOD-PUR-SWLBIAL0D" AB | IMARe.q1|Bu[UO//SANY) SUONIPUOD PUe SWLB | 8L 88S *[5202/20/22] Uo Afeid18uluO A8|IM eSsuopu| AOid 1N AQ Z96ZT 9WY/TTTT 0T/I0p/wW0d A8 |im Afeiq1jeuljuo//Sdny Wwolj pepeoumoq ‘g ‘€202 ‘8rTESIET

Mean Cell Volume
White Cell Count
Neutrophil Count
Lymphocyte Count
Monocyte Count
Eosinophil Count
Basophil Count

Platelet Count
-10.0% -5.0% 0.0% 5.0% 10.0% 15.0%

B Refrigerated B Room Temperature

FIGURE 2 Percentage mean difference between day of collection and day after collection sample results.

3.2 | Time delay (p <0.05) for both refrigerated and room temperature samples,

except for refrigerated sample neutrophils (p = 0.10) and monocytes
The mean difference in results between samples tested on day one (p = 0.48), and room temperature sample eosinophils (p = 0.33).
and two were found to be statistically significant for MCV, HCT, Mean results tended to increase over time, except for room tempera-

WCC (day 2 WCC p = 0.03, others p = <0.01) when tested at either ture sample lymphocytes and monocytes which experienced a mean
refrigerated or room temperature. White cell differentials showed a decrease of 0.02 (0.9%) and 0.04 (10.3%) x 107/L, respectively,

mean difference in results between day one and two samples between day one and two (Figure 2).
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Blood film Indicator Refrigerated Room temperature Refrigerated Room temperature
Numeric 4 5 2 5
Cell Morphology 5 8 1 4
Total 9 13 4 9

Note: Blood films required on all 4 of the testing occasions regardless of sample storage condition not
included. Nineteen remaining donor samples contributed to blood film production on 1 to 3 of the testing
occasions with numeric, cell morphology or both as indicators.

3.3 | Secondary outcome

Numeric or cell morphology indicators for blood film review occurred
for 32 donors. Results from three of these donors showed borderline
results and did not require the production of a blood film. Of the
29 remaining donors, 10 donors would have required the production
and review of a blood film based on the indicator (9 numeric, 1 cell
morphology) regardless of the sample storage condition. The remain-
ing films required under each condition can be seen in Table 2. There
was no statistically significant difference in the number of blood films
produced between storage conditions or testing time.

Finally, results for the 3 test conditions were assessed for their
sensitivity and specificity to detect individuals with results outside
Lifeblood's FBC reference ranges when compared with the gold stan-
dard refrigerated day of collection sample results. Sensitivity and
specificity for all parameters except HCT and platelet results
were >99% under all conditions of storage. The sensitivity of HCT
results was lowest for room temperature samples tested on the day
after collection at 73%, while specificity remained >96%. Platelet
results were 100% specific under all testing conditions when com-
pared with refrigerated day of collection results, but sensitivity was
again at its lowest at 77% for room temperature samples tested on

the day after collection.

4 | DISCUSSION

The population of this study included blood donors who likely repre-
sent a healthy population given the stringent requirements for blood
donation in Australia. Hence, as expected most results in our study
were within the specified normal parameters. The timing of the initial
testing of samples occurred on average at the upper threshold of the
ICSH recommendations, with samples at room temperature being
tested an average of 35 min prior to samples which were stored and
transported at refrigerated temperature.® This comparative improve-
ment in time to testing is projected to increase when samples are col-
lected at outer metropolitan or rural donor collection centres, due to
the decreased resource requirements that occur when transporting
room temperature samples.

Our study, similar to previous,“"{”11 found Hb to remain stable,
both at refrigerated and room temperatures, and over 24 h. In con-
trast, we identified differences in WCC, with mean results at room

temperature being slightly lower than refrigerated samples and a mild
mean increase between day of and day after collection results. An
increase in the mean HCT results were noted between temperatures
and over time, this was most pronounced with the day after collection
room temperature sample. Clinically, this may risk low HCT results
being elevated above minimum thresholds when stored at room tem-
perature or tested on the day after collection. Interestingly, the mean
MCV increased over time when stored at room temperature but
mildly decreased when samples were refrigerated. Mean platelet
count was higher in the room temperature samples and increased
over time in both temperature conditions. This is in contrast to
Gunawardena et al® and indicates platelet swelling or aggregation
over time was not significant in our study. However, sensitivity of the
test conditions to produce results below Lifeblood thresholds were
suitably appropriate for clinical use when compared to the gold stan-
dard refrigerated day of collection results.

While statistically significant differences were demonstrated
between the data sets, the small numerical differences are minimal
and clinically acceptable for our blood donor cohort. The proportion
of medical follow up of donors, as per specific Lifeblood criteria, has
not been affected by our results. Furthermore, those donors requiring
deferral or medical review due to abnormal results were identified
under all testing conditions. Finally, the need to perform blood films
was similar under all conditions. Hence, no significant change in labo-
ratory staff work load or donor medical follow up is anticipated from
these results.

Implementation of room temperature storage negates the need
for temperature monitored refrigerators in collection centres and
refrigerated transport conditions. Furthermore, room temperature
storage of FBC samples was shown to reduce transport time, as a
result of samples being transported with donations and other
pathology samples stored at room temperature, rather than end of
day collection due to packaging requirements of refrigerated sam-
ples. This shorter duration to testing of FBC samples may also
allow for a higher proportion of donor samples to be tested on the
day of collection. Additionally, this is likely to improve accuracy of
results. It is also likely our results are an over representation of
what differences would be expected from donor testing if imple-
mentation of room temperature storage of samples occurred. This
is due to 20% of the donor samples being tested at greater than
24 h since collection on day two. If there is likely to be a prolonged

delay from collection to testing, then samples can also be
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refrigerated once at a processing centre rather than being stored
at room temperature overnight as in this study.

A limitation to this study includes the wide temperature range for
the room temperature samples when being transported (4-25°C). The
validated containers used for transport likely had minimal effect on
lowering the sample temperatures from the ambient storage tempera-
ture. Furthermore, this was only a short portion of the overall duration
between collection and testing. This study was also completed in a
cooler climate, and hence the effects of a warmer and more humid cli-
mate has not been evaluated. Finally, this study addressed FBC results
of healthy individuals with a high proportion of results within normal
range, the effect of a higher proportion of pathological results remains

unevaluated.

5 | CONCLUSION

Despite the differences in results for many of the parameters when
stored and tested under the different conditions, mean results
remained within normal limits with very minor variations in results.
The results remained appropriate for clinical use in the case of screen-
ing for blood donation and did not increase laboratory processing
requirements due to increased necessity for blood film assessments or
medical follow up. There is a moderate cost saving and time benefit to
storing FBC samples at room temperature. Given the significant
reductions in time, processing, and costs associated with room tem-
perature over refrigerated storage and transport, we recommend a
further pilot study to monitor the broader impacts, with the intent to
implement national storage of FBC samples at room temperature
within Lifeblood. However, this should be implemented with caution
and further evaluation of results of samples stored in warmer climates
and with various transport times is required to ensure the results

remain clinically appropriate for national scaling.
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Abstract

Objectives: To examine local patient safety events related to the administration of
anti-Rh(D) immune globin (RhIG) during pregnancy, and to follow-up with targeted
educational intervention to improve knowledge of this process.

Background: Administration RhIG is established treatment for the prevention of hae-
molytic disease of the foetus and newborn (HDFN). However, patient safety events
in relation to its correct use continue to occur.

Methods: A retrospective audit of patient safety events related to RhIG administra-
tion during pregnancy was performed. Targeted educational intervention in the form
of PowerPoint® presentation were given to nursing staff, laboratory staff and physi-
cians and evaluated with pre- and post-tests using multiple-choice questions given
immediately before and after the presentation.

Results: An annual incidence of 0.24% of patient safety events related to the admin-
istration of RhIG during pregnancy was found. These events were mostly in the prea-
nalytical phase, for example mislabelled samples or samples for D-rosette/Kleihauer-
Betke testing drawn from the baby, not the mother. Using Bayesian analysis, the
probability of positive effect for the targeted educational intervention was 100%
with a median improved score of 29%. This was compared with a control group using
standard curriculum education intervention based on the current curriculum for nurs-
ing, laboratory and medical students which showed a median improved score of
only 4.4%.

Conclusions: Administration of RhIG during pregnancy is a multistep process involv-
ing health care professionals of several disciplines providing opportunities to enhance
the curriculum for nursing, laboratory and medical students and to ensure on-going

education.
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1 | INTRODUCTION

The prevention of haemolytic disease of the foetus and newborn
(HDFN) due to anti-D by the administration of anti-Rh(D) immune
globin (RhIG) as immunoprophylaxis is one of the greatest mile-
stones in obstetrics. HDFN due to anti-D is a potentially fatal condi-
tion that occurs when there is an immunologic reaction that results
in the destruction of the Rh-D positive red blood cells (RBC) of the
foetus by maternal anti-D immunoglobulin G (IgG) alloantibody.!
Maternal exposure and mixing with foetal RBC can be caused by
many events such as ectopic pregnancy, versions, miscarriage, ante-
natal bleeding, abdominal trauma and delivery. Also, procedures that
could increase the incidence of anti-D immunization include amnio-
centesis, chorionic villus sampling, cordocentesis and uterine curet-
tage.2® All of these events during pregnancy could sensitise the Rh
negative woman.

Anti-D alloantibody that targets the D antigen on the RBC is the
most common alloantibody known to cause HDFN. Anti-D IgG anti-
bodies can cross the foetal-maternal placental barrier.! Therefore, if
an Rh negative female is sensitized to D-positive foetal antigen, then
the antibodies formed during her first pregnancy would traverse the
placenta and bind to the foetal RBC of her second pregnancy. The
binding of the anti-D on the foetal RBC causes HDFN of differing
severity. In the most extreme cases, the subsequent haemolysis can
lead to severe foetal anaemia, brain damage, seizures, jaundice,
hydrops foetalis, heart failure and even foetal death.* The potential
burden of HDFN due to anti-D shows ethnic variation; with for exam-
ple 15% of the Caucasian population being Rh negative.’

Rh immunization which produces anti-D occurs in the event of
foetal-maternal haemorrhage (FMH) and/or transfusion. The likeli-
hood of the Rh immunization to occur is proportional to the volume
maternal exposure to foetal Rh-positive RBC. Even a volume of FMH
of less than 0.1 mL Rh(D) positive foetal RBC has been observed to
be associated with 3% maternal Rh(D) immunization.® During preg-
nancy, attention to the Rh blood group system becomes a serious
health concern, especially if the woman is Rh negative (D negative)
and exposed to the foetal Rh positive (D positive) RBC. By the sixth
gestational week, D antigen can be present on the foetal RBC.”

RhIG is obtained from human plasma of individuals with a high
titre of IgG antibodies to the D antigen. RhIG is administered in the
antenatal and postnatal period to Rh(D) negative women to prevent
the formation of anti-D antibodies by blocking sensitization from
exposure to Rh(D) positive foetal RBC. A dose of 300 micrograms
(ug) of RhIG is sufficient to prevent Rh(D) immunization from an
exposure of up to 15 mL of Rh(D) positive foetal RBC or 30 mL of
foetal whole blood.® Guidelines for the administration of RhIG dur-
ing pregnancy vary from country to country. Current Canadian
guidelines are for all Rh negative non-sensitized women to receive a
300 ug dose of RhIG at 28 weeks gestation, and additionally, after
delivery of an Rh positive infant, all Rh negative mothers receive
another 300 ug dose of RhIG within 72 h.” When administered at
28 weeks gestation and within 72 h postpartum, RhIG decreased
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the incidence of alloimmunisation from 12%-13% to 1%-2% in at
risk pregnancies.®

The Rh locus has many variants including weak D. Women with
serological weak D phenotype have reduced surface expression of
Rh(D). Approximately, 0.2%-1.0% of the Caucasian population
expresses the serological weak D phenotype, and of these, the major-
ity (80%) were weak D types 1, 2 or 3. Therefore, the Work Group on
RHD Genotyping suggests that molecular genotyping should be per-
formed on individuals with weak D phenotype to determine whether
they are types 1, 2, 3 or other weak D types.*! Women with weak D
types 1, 2 or 3 can be considered as Rh positive because these indi-
viduals express sufficient surface D-antigen to avoid anti-D alloimmu-
nisation and therefore, administration of RhIG prophylaxis is
unnecessary and should be avoided. For Rh(D) women with Rh vari-
ants other than weak D types 1, 2 or 3, a 300 ug dose of RhIG is
recommended at 28 weeks gestation and within 72 h postpartum.*?

Additional testing to assess the volume of FMH may be useful to
determine the amount of RhIG that is required to prevent alloimmunisa-
tion for Rh(D) negative women who deliver an Rh(D) positive infant. The
D-rosette test (qualitative test) is used to screen for FMH in the maternal
circulation by revealing the amount of Rh positive foetal RBC among Rh
negative maternal RBC. If the D-rosette test is positive (>5 mL of FMH),
then Kleihauer-Betke test or flow cytometry (quantitative tests) should
follow to estimate the volume of the haemorrhage and guide the dosage
of RhIG.2® As mentioned previously, since the 300 pg standard dose
only covers 15 mL of Rh positive foetal RBC (or 30 mL of foetal whole
blood), additional vials of RhIG are required to prevent alloimmunisation
and protect the next pregnancy if the FMH exceeds this volume.

Since its introduction in the 1960s, RhIG has saved countless
lives. In at risk gestations, the study by Joseph & Kramer!* demon-
strated Rh sensitisation rates decreased by 7 per 1000 births and peri-
natal deaths fell from 1.1 per 1000 to 0.06 per 1000 after the
administration of RhIG antepartum and postpartum. Despite the wide-
spread adoption of this practice, patient safety events relating to this
prophylaxis continue to occur from a variety of causes which may
include antenatal Rh(D) sensitisation prior to 28 weeks gestation,
inadequate prenatal care and inappropriate dosing of RhIG.1>1¢

An audit cycle and feedback followed up by academic detailing
and educational outreach offers a systematic method for a health-
care system to implement behavioural change over time and improve
clinical outcomes.'” To address patient safety issues with RhIG
administration, we first performed a retrospective audit of patient
safety events related to RhIG administration during pregnancy and
followed this with a targeted educational intervention to improve
knowledge of this process. Assessment tools to evaluate transfusion
medicine knowledge®® and educational programmes??° have been
well received and shown to be helpful to identify areas needing addi-
tional support. Applying knowledge to the practice of transfusion
medicine is more challenging. Lin et al. showed positive rating for
transfusion medicine knowledge as very important in patient care,
although objective evidence of change in behaviour was not part of

their study.
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2 | MATERIALS AND METHODS

21 | Audit

Files from the patient safety learning system (PSLS) of the Ottawa
Hospital from January 2011 to July 2016 were initially selected based
on location (paediatrics, neonatal, obstetrics and special care nursery
wards). A key word search (Rh, RhIG, WinRho, rosette, and Kleihauer)
was performed on these files to identify PLSL events related to RhIG
administration during pregnancy. For the calculation of the incidence
of these patient safety events, the average total annual number of
RhIG doses issued by the Transfusion Medicine Laboratory at the
Ottawa Hospital for this time period was tabulated.

3 | EDUCATIONAL INTERVENTION

3.1 | Development of educational tool

Knowledge items were developed from audited patient safety events
described above, necessitating review of D-rosette and Kleihauer-Betke
test methods and the RhIG administration process in pregnancy. The
threshold of question difficulty was tailored to address theoretical and
procedural knowledge gaps needed to correctly identify, quantify and
dose RhIG prophylaxis that exist across the multidisciplinary team. This
was site specific to the professionals at the Ottawa Hospital and Eastern
Ontario Regional Laboratory Association in clinical and laboratory medi-
cine pertaining to their different scopes of practice. Multiple-choice ques-
tions were mapped to the topic of Rh administration during pregnancy
using the Canadian Blood Services professional educational article?? and
Society of Obstetrics and Gynaecologists of Canada guidelines.” Ques-
tions were validated using a control group of pathology laboratory per-
sonnel. Question item difficulty index was set at 80%, avoiding the 85%
threshold which has been suggested to indicate too easy a question.*®
Questions which were correctly answered by less than 80% of the con-
trol participants on the pre-test were considered valid and used as the
assessment tool. As per classical test theory, the multiple-choice ques-
tions were scored for correct answers only.2? There was no negative

marking, and no correction for guessing was applied.

3.2 | Study design

To assess the effect of the educational intervention, the method used
was a mixed between- within quasi-experimental design using pre-
test and post-test with a control group crossover.?>2* For the educa-
tional intervention group, the quasi-experimental design was the
pre-test as the initial observation, the targeted educational Power-
Point® presentation as the intervention and the post-test as the
observation to assess the effect. For the control group, there was cross-
over design. For the control group standard curriculum educational
intervention, the pre-test was the initial observation, the standard cur-

riculum PowerPoint® presentation was the intervention and the post-

test was the observation to assess the effect. The control group was
then crossed over to receive the targeted educational PowerPoint® pre-
sentation as the intervention and the post-test was given again as the
observation to assess the effect. The pre-test and post-test results were
not matched. The sampling strategy for the control group was chosen
as a matter of convenience, and used the pathologists, laboratory tech-
nologists and trainees regularly attending the departmental pathology
grand rounds. The sampling strategy for the targeted educational inter-
vention was to focus on laboratory technologists and nurses involved in
the testing and administration of RhIG; a few physicians were also

included. A schematic of the study design is shown in Figure 1.

3.3 | Control group: Standard curriculum
educational intervention

A PowerPoint® presentation containing information from the current cur-
riculum for RhIG administration during pregnancy for medical students,
nursing students and laboratory technology students was prepared and
presented to a control group in English. The topics of the current curricu-
lum presentation included description of the Rh blood group, pathogene-
sis of HDFN, serological weak D testing, and prophylactic use of RhIG in
pregnancy. The current curriculum did not include the topics of D-rosette
test, Kleihauer-Betke test and genetic weak D types 1, 2 and 3 test. The
control group presentation took place as one of the regularly scheduled
1-h pathology department grand rounds, with the audience consisting of
the usual attendees of physician pathologists, medical laboratory technol-
ogists and trainees. The attendees did not have any recent education on
the topic of Rh administration during pregnancy. The first 25 min was
taken up by the control group presentation, with pre-test and post-test
administration (all five questions). The remaining 35 min was taken up by
the crossover of the audience to the targeted educational intervention,
see section on control group: Targeted Educational Intervention, followed
by the administration of the five post-test questions. The pre-test and
post-test were distributed to the attendees as paper copies, and collected
immediately upon completion. Pre-test results were compared to the
post-test results, which were administered after the curriculum presenta-
tion, and used to assess the quality and quantity of current medical, nurs-

ing and laboratory technology curriculum.

3.4 | Clinical group: Targeted educational
intervention

Targeted educational intervention material was prepared as detailed
PowerPoint® presentations in English and French, with the full presenta-
tion reviewing the theory, pathophysiology and use of RhIG administration
during pregnancy, including the biological principals underlying therapeutic
use of RhIG in pregnancy, the guiding principles for routine use of RhIG
immunoprophylaxis, the lab testing (including D-rosette and Kleihauer-
Betke) required to guide use of RhIG in pregnancy and after delivery in
routine situations, in the event of FHM, including RhIG dose calculation

and in patients with weak D, including the role of Rh genotyping. This
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FIGURE 1  Schematic highlighting the CONTROLGROUP
study design of the educational
intervention. Note the crossover design
for the control group, with the first post- 7
test results (indicated by *) used again as
the control group pre-test results before Pre-test

the targeted educational intervention.

U

Standard Curriculum
Educational Intervention

CLINICAL GROUP

U

U

Post-test*

Pre-test

presentation was given during 2019 in person as part of regular in-ser-
vice/cercle de qualité meetings to a variety of clinical health-care profes-
sionals including labour and delivery nurses and nurse practitioners at The
Ottawa Hospital (TOH), physicians and laboratory technologists at the
Children's Hospital of Eastern Ontario (CHEO), nurses, medical scientific
staff and laboratory technologists at Renfrew Victoria Hospital (RVH) in
English and laboratory technologists and emergency room physicians and
nurses at the Montfort Hospital (MH) in French. Because of time con-
straints on some busy clinical services, shortened presentation was given
as a 10-min presentation including biological principals, and dosing of RhIG
in routine pregnancies and following FMH; attendees of the 10-min pre-
sentations were the labour and delivery nurses and nurse practitioners at
TOH and the emergency department staff at MH.

3.5 | Control group: Targeted educational
intervention

The same detailed PowerPoint® targeted educational presentation
(full presentation) given to the clinical group, was also given to the
control group, immediately following the standard curriculum educa-
tional presentation to the control group, and was followed by the

repeat administration of the post-test, with all five questions asked.

U

Targeted
Educational Intervention

i

Post-test

3.6 | Assessment of targeted educational
intervention

Each educational intervention presentation was preceded by pre-
test question(s) and effectiveness of the presentation was assessed
by asking the same question(s) as a post-test immediately after the
presentation. From 1 to 5 questions were used, depending on the
length of the in-service presentation, as there were time constraints
because of the clinical duties of the audiences. The shortest presen-
tation was 10 min in length to the labour and delivery nurses and
nurse practitioners at TOH, and in the emergency department at
MH, with only the first question asked. The full presentation given
as a 30-min presentation with a lunch & learn format was given to
the laboratory staff at MH with only questions 1, 2 and 3 asked.
The full presentation was given at a slower pace to the CHEO staff,
RVH staff and the standard curriculum control group, with all five
questions asked.

The control group took the pre-test before the standard curricu-
lum educational intervention, and took the post-test immediately fol-
lowing. These post-test results were used again as the control group
pre-test before the targeted educational intervention, and the post-
test was administered again to the control group immediately follow-

ing the targeted educational intervention.
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TABLE 1 Patient safety learning events.
Phase of patient Number of
safety events Details of patient safety events events (%)
Preanalytical 15/22 (68%)
Lab requisitions not signed 4
Mislabelled 2
Mother Rh positive 3
Preformed allo anti-D antibodies 2
Samples for D-rosette/Kleihauer 2
drawn from baby, not mother
Kleihauer order missed 1
Foetal/maternal haemorrhage not 1
quantified
Analytical 2/22 (9%)

Misinterpretation of antibody screen 1
as positive but was due to RhIG
(corrected)

Erroneous Kleihauer result reported 1
(and then corrected)

5/22 (23%)

RhIG vial mishandled after issue/lost 2
or returned to TM lab unused

Postanalytical

RhIG given to wrong patient 1
Underdosing of RhIG 1

[y

RhIG not administered prior to
discharge

4 | STATISTICAL ANALYSIS

Proportional probabilities were calculated based on the Bayesian anal-
ysis, with P(A|B), where P = probability of improved score on post-
test (A) following educational intervention (B).2> Statistical analysis
was performed using the statistical programming language R using the
‘Bayesian First Aid’ package.?® Combinatorial calculation was per-
formed using the Monte Carlo chain module.

5 | ETHICS STATEMENT

The study was submitted to the Ottawa Health Science Network
(OHSN) Research Ethic Board (REB) with the decision letter indicating
that this project fell within the context of quality initiative, quality
improvement, and therefore review by the OHSN REB was not
required. The participants in our study did not provide informed con-
sent and the participants' pre- and post-tests results were anon-

ymized, and not paired to individual participants.

6 | RESULTS
6.1 | Audit

The retrospective audit of RhlG administration at the Ottawa Hospital
2011-2016 identified 22 patient safety events. Over the same time
period, an average of approximately 1500 RhIG doses were adminis-

tered annually, thus the annual incidence of patient safety events

TABLE 2 Assessment tool.

Question 1 (correct answer a)
When is RhIG indicated for women after delivery? (Choose all that apply)

a. Rh(D) negative mum with a negative antibody screen and a Rh(D)
positive baby

b. Rh(D) positive mum with a positive antibody screen and a Rh(D)

negative baby

Rh(D) positive mum with a negative antibody screen and a Rh(D)

positive baby

Rh(D) negative mum with a positive antibody screen showing

anti-D antibody and a Rh(D) negative baby

o]

a

Question 2. (correct answer d)

What is standard dose of RhIG administered at 28 weeks and again
within 72 hours of delivery?

a. 30ug
b. 120ug
c. 250ug
d. 300ug
e.1500ug

Question 3. (correct answer c)

A single vial of 300 ug RhIG administered will prevent formation of
maternal anti-D antibodies for up to what volume of whole blood
exposure in a FMH?

a. 10 mL

b. 15 mL

c. 30 mL
d. 50 mL

Question 4. (correct answer b)

For Kleihauer-Betke and D-rosette tests, which statement(s) is/are
correct? (Choose all that apply)

)

. Using cord blood sample after delivery, the D-rosette test is
performed first to screen for FMH, and if positive is followed by the
Kleihauer-Betke test to quantify the FMH

b. Using mum's blood sample after delivery, the D-rosette test is

performed first to screen for FMH, and if positive is followed by the

Kleihauer-Betke test to quantify the FMH

Using either mum's blood sample or cord blood sample after

delivery, the D-rosette test is performed first to screen for FMH,

and if positive is followed by the Kleihauer-Betke test to quantify
the FMH

d. Using mum's blood sample after delivery, the Kleihauer-Betke test

is performed first to screen for FMH, and if positive is followed by

the D-rosette test to quantify the FMH

o

Question 5. (correct answer c)

If the pregnant woman has weak D phenotype and a negative antibody
screen and the weak D molecular testing confirms that the Rh(D)
genotype is not Type 1, 2 or 3:

a. RhIG not needed

b. Administer RhlG between 8-12 weeks of gestation and after
delivery

c. Administer RhIG at 28 weeks of gestation and after delivery

d. Administer RhIG at 28 weeks of gestation, but not after delivery

Note: Set of questions that were used as pre- and post-test for all the
groups of this study to evaluate the effectiveness of the presentation.

related to RhIG administration during pregnancy was very low (0.24%).
The patient safety events were categorized into preanalytical, analytical

and postanalytical events (Table 1). Similar to other laboratory
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TABLE 3 Control group pre-test and post-test results after standard curriculum educational intervention.

Proportional
improvement in

Non-parametric
comparison p-value
(Chi-square, (degrees of

N (pre-test) N (post-test) Pre-test Post-test score (+ confidence interval) freedom = 1)
Question 1 38 37 66% (25/38) 62% (23/37) —0.04 (—0.24-0.17) 0.931
Question 2 38 37 66% (25/38) 70% (26/37) 0.03 (—0.16-0.25) 0.866
Question 3 38 37 39% (15/38) 35% (13/37) —0.04 (-0.24-0.17) 0.881
Question 4 38 37 37% (14/38) 37% (14/37) 0.01(-0.21-0.22) 1.000
Question 5 38 37 29% (11/38) 54% (20/37) 0.24 (0.03-0.44) 0.048*
TABLE 4 Clinical group pre-test and post-test results after targeted educational intervention.

Proportional improvement

Non-parametric
comparison p-value
(Chi-square, degrees

N (pre-test) N (post-test) Pre-test Post-test in score (+ confidence interval) of freedom = 1)
Question 1 38 38 50% (19/38) 84% (32/38) 0.33(0.13-0.52) 0.003*
Question 2 23 23 87% (20/23) 100% (23/23) 0.12 (—0.03-0.29) 0.232
Question 3 18 18 67% (12/18) 89% (16/18) 0.20 (—0.05-0.4¢6) 0.229
Question 4 10 10 30% (3/10) 70% (7/10) 0.34 (—0.02-0.68) 0.180
Question 5 10 10 40% (4/10) 100% (10/10) 0.50 (0.20-0.79) 0.015*

deviations, most of the safety events (68%) occurred at the preanalyti-
cal phase. These events were related to patient specimen labelling, reg-
uisitions, missed orders, selection of incorrect type of patient for
testing, and drawing blood sample from baby instead of mother. Analyt-
ical errors were the lowest (9%), and were both interpretive errors. One
was miscalculation of the Kleihauer-Betke result. The other was misin-
terpretation of the transfusion medicine antibody panel, with the anti-
body panel initially reported as ‘non-specific’ when there was evidence
in the panel of weak anti-D due to recent administration of RhIG. Both
of these errors were corrected before there was any impact on patient
care. Postanalytical safety events (23%) included underdosing of RhIG,
RhIG given to the wrong patient, RhIG not administered prior to dis-
charge and RhIG vial lost or returned to blood bank unused.

6.2 | Educational intervention assessment tool
The five questions used as the pre-test and post-test are shown in Table 2.
For test validation, all five questions obtained less than 80% correct when
given as a pre-test to the control group (see Table 3, pre-test resullts).

The pre-test and post-test results are compared in Tables 3-6, includ-
ing the pre-test and post-test per cent scores as a function of group, and
with the Bayesian analysis proportional improvement in score + confidence
interval for each question and each group, which are also illustrated in
Figure 2. There are no confidence intervals or error estimates for the pre-
test and post-test per cent scores as a function of group, as the testing was
done only once. With the lack of pre-test post-test matching, the non-
parametric comparison using Chi-square analysis was also performed using
the statistical programming language R. P-values are supplied, defining a

value of <0.05 as statistically significant, indicated by * in Tables 3-6.

6.3 | Control group: Standard curriculum
educational intervention

As shown in Table 3, 38 participants completed the pre-test and
37 participants completed the post-test before and after the stan-
dard curriculum educational intervention. The test results demon-
strated low improvement in the post-test scores for questions 1-4,
with proportional improvements 0.03 or less and no significance
demonstrated with non-parametric comparison. The greater
improvement for question 5 still shows a wide confidence interval,
and is interpreted as getting the right answer for the wrong reason,
as the importance of giving RhIG at 28 weeks gestation and within
72 hours postpartum was emphasized, but information about RhIG
administration and weak D genotyping was not provided in this

presentation.

6.4 | Clinical group: Targeted educational
intervention

Table 4 shows the results of pre- and post-tests before and after the
targeted educational intervention consisting of the detailed Power-
Point® presentation given to the clinical group as part of the regular
in-service/cercle de qualité meetings. The number of participants
answering the questions ranged from 38 for question 1, to 10 for
questions 4 and 5. The targeted educational intervention resulted in
improved test performance on all 5 questions, with proportional
improvement in scores ranging from 0.12 up to 0.50 and reaching sta-
tistical significance with non-parametric comparison for questions
1and>5.
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TABLE 5 Control group pre-test and post-test results after targeted educational intervention.

Question 1
Question 2
Question 3
Question 4

Question 5

TABLE 6

N (pre-test) N (post-test)

37 34
37 34
37 34
37 34
37 34

Control group
Pre-test

62% (23/37)
70% (26/37)
35% (13/37)
37% (14/37)
54% (20/37)

Proportional improvement

Non-parametric
comparison p-value
(Chi-square, degrees

Post-test in score (+ confidence interval) of freedom = 1)
79% (27/34) 0.16 (—0.04-0.36) 0.183
100% (34/34) 0.28 (0.13-0.43) 0.002*
85% (29/34) 0.47 (0.28-0.66) <0.001*
65% (22/34) 0.53(0.35-0.70) <0.001*
76% (26/34) 0.21 (0.00-0.42) 0.084

Subgroup analysis. Nurses and medical laboratory technologists.

Proportional improvement

Non-parametric
comparison p-value
(Chi-square, degrees

N (pre-test) N (post-test) Pre-test Post-test in score (+ confidence interval) of freedom = 1)
Nurses 12 12 17% (2/12) 67% (8/12) 0.44 (0.11-0.73) 0.038*
Medical laboratory 12 12 92% (11/12) 100% (12/12) 0.06 (—0.15-0.31) 1.00
technologists
Note: Clinical group pre-test and post-test results for Question 1 after targeted educational intervention.
Question 1 Question 2 Question 3

RhIG indications RhIG dose RhIG dose per volume
- 05 blood exposure
05 0.4
07
04 03 [ 0.6 '[
03 T 62 e 05
02 - | 02 2
0.1 & 01 0.3
l 02
02 0 D'flJ
0.2 44 -0.1
s 0.2 :g_—g
. ¢ Control group standar
Kleihauer-Betke and (D S
( ) Weak D Types1,2,3 curriculum educational
rosette tests 0.2 . .
0.8 = intervention
07 - 0.7 | ® Clinical group targeted
g:g T_ g: educational
gg 1 0.4 intervention
g_% g-i A Control group targeted
{Jg - 01 ) educational
8% 0 intervention
'L -0.1

FIGURE 2 Bayesian analysis proportional improvement in score of post-test results + confidence intervals for each question and each group.

6.5

Table 5 shows the pre- and post-tests results before and after the tar-

geted educational intervention consisting of the detailed PowerPoint®

Control group: Targeted educational
intervention

presentation given to the control group of laboratory professionals
immediately after the current standard curriculum presentation. A
total of 37 participants completed the pre-test and 34 participants
completed the post-test. The targeted educational intervention

resulted in improved test performance on all 5 questions, with
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proportional improvement in scores ranging from 0.16 up to 0.53 and
reaching statistical significance with non-parametric comparison for

questions 2, 3 and 4.

6.6 | Subgroup analysis clinical group: Targeted
educational intervention

In the clinical group of targeted educational intervention, a total of
12 nurses and 12 medical laboratory technologists completed pre-
and post-test question 1. As shown in Table 6, subgroup analysis
showing medical laboratory technologists (MLTs) achieved higher
scores than nurses for Question 1 both before and after the clinical
group: targeted educational intervention. The pre-test score for
nurses was 2/12 (17%) correct and for the medical laboratory technol-
ogists was 11/12 (92%) correct. The post-test score for nurses was
8/12 (67%) correct and for the medical laboratory technologists was
12/12 (100%) correct. The targeted educational intervention was very
effective for the nurses, with a 0.44 proportional improvement (95%
Cl1 0.11-0.73) and reaching statistical significance with non-parametric
comparison, p = 0.038. The proportional improvement in score for
the MLTs was only 0.06 (95% Cl—0.15-0.31) due to their high score
on the pre-test. The number of participants answering questions 2-5
was insufficient for subgroup analysis.

6.7 | Bayesian analysis of targeted educational
intervention

Using the probability density function, the proportional probabilities
based on Bayesian analysis showed the targeted educational interven-

tion was more effective than the standard curriculum educational

© 0.044 |®

19.1% =<0 < 80.9%

—0.057 1 0.14

0% < 0 < 100%

N WiLEY-L =

intervention as currently taught to medical students, nursing students
and laboratory technology students. Figure 3A shows that although
the standard curriculum educational intervention had a probability of
a positive effect of 80.9%, the overall improvement in score was only
4.4%. Figure 3B shows the probability of positive effect for the tar-
geted educational intervention for the clinical group was 100%, with a
median improved score of 29%. Figure 3C shows the probability of a
positive effect for the targeted educational intervention for the con-

trol group was 100%, with a median improved score of 30%.

7 | DISCUSSION

As shown by our audit of patient safety events, correct administration
of RhIG in pregnancy is a multistep process involving many health-
care professionals, making it prone to errors and deviations.?” A sur-
vey of laboratory practice by the College of American Pathologists
demonstrated more than 20% of laboratories may have recommended
inaccurate doses of RhIG.2® Also, gaps have been identified in physi-
cian knowledge of certain aspects of RhIG administration, including
correct FMH testing in an Rh-negative mother giving birth to an Rh-
weak D-positive infant?? and correct calculation of RhIG in cases of
FMH.Z A recent Canadian survey found that not all centres quantify
FMH to ensure that sufficient RhIG is administered to prevent alloim-
munisation (Survey Report®?). Our audit disclosed one misinterpreta-
tion of an antibody panel as ‘non-specific’, but investigation before
release of these results determined the observed reactions were due
to recent administration of RhIG. It is very important to distinguish
between passive and immune anti-D, and accurate documentation of
RhIG administration, quantification of antibody levels along with serial
monitoring may assist in ambiguous cases.>2 This will avoid poor out-
come, as illustrated by the neonatal death which occurred from com-
plications after allo-anti-D antibody was erroneously thought to be
passive anti-D from RhIG administration.3

0.29 (C) 0.30

0% < 0 < 100%

0.20 0.38 0.18 0.41
I T T T T T 1 I T T 1 I T T T 1
=010 0.00 010 0,20 ° 0.0 02 03 04 8 N 00 01 02 03 04

FIGURE 3 Posterior distributions of the education intervention effect. Shown are probabilities based on the Bayesian proportional analysis.
The green dotted lines at 0.0 show the point of no effect; green text indicates probability the intervention effect is above or below zero; where
the entire distribution does not cross zero, the probability of effect is 100%. A. The median control group standard education effect was 4.4%
(95% Cl — 5.7 to +14%); the probability of a positive effect was 80.9%. B. The median targeted educational effect in the clinical group was 29%
(95% Cl 20%-38%); the probability of a positive effect was 100%. C. The median targeted educational effect in the control group was 30% (95%

Cl 18%-41%); the probability of a positive effect was 100%.
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Our targeted educational intervention to provide knowledge to
maximize patient safety around RhIG administration during pregnancy
showed improved knowledge immediately after the presentations.
One of the strengths of this study is that the presentations were given
to the wide variety of health care professionals involved in the pro-
cess of correct administration of RhIG during pregnancy, including
nurses, laboratory technologists and physicians. Our study showed
that with the standard curriculum educational intervention, there was
less improvement in knowledge, especially on the topics of details of
RhIG administration, FMH and correct administration of RhIG in preg-
nant women with weak D. Education in transfusion medicine for med-
ical students needs to be enhanced®* and next steps might be to
adapt this targeted educational intervention as an on-line self-learning
module for undergraduate medical students. However, knowledge
alone is not sufficient by itself to change behaviour. Using theories
relevant to transfusion medicine behaviour may aid designing effica-
cious interventions for implementing behaviour changes.®® Quality
improvement projects may be one strategy to closing the evidence to
practise gap in transfusion medicine.®® Other approaches may include
improved dissemination of guidelines and better quality of informa-
tion provided to Rh(D) negative women.®”

There are several limitations to this study. The selection of the
participants in this study was based on convenience, with small sam-
ple sizes and effect sizes, and no matching of pre- and post-test
results. No a-priori hypotheses were given and there was no power
calculation, impeding null results interpretation. The analysis should
be considered exploratory, and replication of these findings would be
required before translation into practice. The sampling was not inclu-
sive, as some physician groups (family medicine, obstetrics), as well as
midwives, were not included in this study. This may have resulted in
bias leading to exaggeration of the positive effects of the targeted
educational intervention, as these groups may be more knowledge-
able than the control group used in the crossover design. Multiple
choice questions are vulnerable to guessing and process of elimination
strategies, giving them lower discrimination indices than constructed
response questions. In our study, penalty for guessing or leaving a
question blank was not applied, which may have decreased the dis-
crimination effect.?? Limitations to the targeted educational inter-
vention include that the pre- and post-tests were administered on
the same day of the presentation, with no follow-up education or
testing.

Another limitation is the low number of participants which may
be an issue with non-parametric statistical analysis. However, the low
participant number provided the opportunity to apply Bayesian analy-
sis. Frequentist statistics are thoroughly embedded in the scientific lit-
erature, and have the advantage of high recognition of p-values,
although not necessarily accompanied by high understanding. Well-
known disadvantages of frequentist statistics include undue effect of
sample size, with small sample size predisposing to unobtainable sig-
nificant p-value even though significance is really present (false nega-
tive) and conversely with large sample size predisposing to easily
obtaining significant p value, when actually no significance exists (false

positive). Dependent t-test was not suitable for our study, as the pre-

and post-tests were anonymized, and not paired to individual partici-
pants. The small sample size in this study made it particularly suited to
Bayesian analysis.

Our study confirms more attention needs to be paid to the com-
plex process of correct administration of RhIG during pregnancy,
including more opportunities for education of involved personnel and
patients, to decreased morbidity and mortality from this preventable

condition.®®
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Abstract

Objective: The study aimed to determine the impact of Red Blood Cells (RBCs) gen-
erated from peripheral blood mononuclear cells (PBMCs) on T cell proliferation and
host response following whole blood stimulation.

Background: Culturing RBCs is a potential solution for donor shortage. The impact of
immature cultured RBCs which express CD71" on host immune response is not
known.

Methods/Materials: PBMCs were seeded in an erythroid expansion medium. CD71"
cells were isolated at days 14 and 21 of culture and incubated with either purified T
cells or with LPS-stimulated whole blood. Controls were incubated with medium.
Results: At day 9, the percentage of cells that expressed CD45 and CD71 reached to
the highest level (32.9%, IQR; 26.2-39.05) while the percentage of cells that
expressed CD71 and CD235a reached to the highest level on day 17 (70.2%, IQR;
66.1-72.8). Incubation of T cells with days 14 CD71" cells and day 21 CD71" cells
increased T cell proliferation. In a whole blood stimulation assay, day 21 CD71" cells,
but not day 14 CD71" cells, inhibited the production of IL-6 and TNFa.

Conclusion: Cultured erythroid cells can modulate the immune response by promoting

T cell proliferation and inhibiting cytokine secretions following whole blood stimulation.

KEYWORDS
erythroid cells, immunomodulation, reticulocytes, red blood cells

blood supply. Several attempts have been made to produce RBCs
from stem cells in cord blood.”> Recently, RBCs have been generated

Nearly 120 million blood donations are collected yearly to fulfil the
growing global blood transfusion demand.? The current blood dona-
tion system is based on a voluntary basis which is often insufficient to
cover the need. The number of donors is decreasing steadily in the
past years,>® and the ongoing COVID-19 pandemic has further
decreased donations.* The ex vivo production of red blood cells
(RBCs) may be a strategy to cover the shortage and provide consistent

from peripheral blood mononuclear cells (PBMCs) and induced plurip-
otent stem cells.®”

During RBC maturation, erythroid cells lose CD45 and start grad-
ually express transferrin receptor antigen (CD71), which controls the
cellular uptake of iron as part of maturation during the reticulyte
stage. Similarly, reticulocytes gradually lose CD71 as they enter the
circulation and mature to RBCs.2 Immature RBCs, which express
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CD45 and/or CD71, have been found to cause immunomodulatory
effects in neonates and cancer patients.”° To the best of our knowl-
edge, no previous study has investigated if cultured erythroid cells
have an impact on the host immune response. Therefore, this report
aimed to generate RBCs from PBMCs, characterise their expression of
CD45 and CD71, and explore their effects on the host response using

T cell proliferation and whole blood stimulation assays.

2 | MATERIALS AND METHODS

21 | Cellculture

Blood studies were approved by the Medical Ethical Committee of
Sanquin Research and performed in accordance with the 2013 Decla-
ration of Helsinki. PBMCs were isolated from whole blood of healthy
volunteers using Percoll (GE Healthcare) with a density of 1.076 g/ml
and seeded at 10 x 10° cells/ml in erythroid expansion medium, as
described previously.® Media was changed every 2 days with the
same expansion medium but without IL-3 starting from day 2 and
onwards until day 10. On day 11, cells were cultured in differentiation
medium containing Cellquin medium supplemented with EPO
(2 U/ml), 5% Omniplasma (provided by Sanquin Plasma Products,
Amsterdam, The Netherlands), and heparin (5 U/ml; LEO Pharma BV).
On day 14 and day 21, cells were purified using CD71 Magnetic
Activated Cell Sorting (MACS; Miltenyi Biotec) following the manufac-
turer's instructions. Expression of CD45, CD71, and CD235a
(Anti-CD45, APC; anti-CD71, PE; anti-CD235a, FITC; BD Biosciences)
were analysed at days 0, 3, 6, 9, 11, 13, 17, and 20 of culturing.

2.2 | Cytospin
Cells were centrifuged and concentrated on slides using Shandon
Cytospin 4 (Thermo Scientific). Cells were fixed in methanol and then
stained with May-Grunwald-Giemsa. Slides were dried and examined
under the microscope.

2.3 | T cell proliferation

T cells were indirectly isolated from ABO-matched donors using Pan T
cell isolation MACS (Miltenyi Biotec) in which all blood cells except T
cells (CD3 positive cells) were depleted by magnetic separation. T cells
were then labelled with Carboxyfluorescein diacetate succinimidyl
ester (CFSE) (Life Technologies). T cells were then cultured in 96 well
flat-bottom plates for 5 days in the presence of anti-CD3 (1:1000;
Sanquin, Amsterdam, The Netherlands) and anti-CD28 (5 mg/ml;
Sanquin), as described previousely.!? As a negative control for prolif-
eration, polymorphonuclear leukocytes (PMNs) were added (60 000
cells per well) in the presence of tumour necrosis factor-alpha (TNFa;
10 ng/ml; PeproTech EC). Cultured erythroid cells were incubated
with T cells to assess the effect of Day 14 CD71 cells and Day

21 CD71 cells on T cell proliferation. The ratio of T cell proliferation
was calculated by the number of proliferated cells (cells in G2;
Figure SS1B) on the number of original T cells (Cells in G1;
Figure SS1A).

24 | Whole blood stimulation

Whole blood (0.5 ml) from ABO-matched donors was stimulated with
Lipopolysaccharide (LPS; 10 ng/ul; Escherichia coli; Sigma-Aldrich)
and incubated for either 4 or 24 h in RPMI1640 (Gibco, Thermo-
Fisher) in the presence or absence of purified CD71 cells. After
incubation, whole blood was centrifuged (600 x g, 10 min, 20°C),
and supernatants were stored at —80°C until cytokines analyses.
Interleukin(IL)-6, IL-10, and TNFa concentration were measured
using an enzyme-linked immunosorbent assay (ELISA; R&D

systems).

2.5 | Statistical analysis

Statistical analyses were performed using SPSS® version 26.00 soft-
ware. Graphical representation was generated using GraphPad Prism®
version 8.00 and Excel (Microsoft® Office 2016). Flow cytometry data
were measured using LSRFortessa flow cytometer (BD Biosciences)
and analysed with FlowJo software (FlowJo v10). An Independent
Kruskal-Wallis test was used to assess differences between groups.
Medians and interquartile ranges (IQR) were reported for all parame-
ters. A p-value of less than 0.05 was considered statistically significant

for all analyses.

3 | RESULTS

3.1 | Invitro generation of RBCs from PBMCs

Expansion and differentiation of erythroid cells from PBMCs are
shown in Figure 1. The percentage of cells that expressed CD45 and
CD71 was 0.3% (IQR; 0.2-0.4) on day 0, which reached to 32.9% on
day 9 (IQR; 26.2-39.05). The percentage of cells that expressed CD71
and CD235a reached to the highest point on day 17 (70.2%, IQR;
66.1-72.8). Microscopic examination shows that erythroblast cells
start to be seen on day 6 of culturing, and these cells increased more
on day 11. At the end of culturing on day 20, reticulocytes were the

predominant cell type.

3.2 | Cultured CD71+ cells induce T-cell
proliferation

Figure 2 shows the ratio of T cell proliferation co-incubated with Day
14 CD71% cells and Day 21 CD71" cells. The ratio of T cell prolifera-
tion was 2.2 (IQR; 1.3-2.9), which increased significantly to 4.5 (IQR;
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addition, Day 14 CD71" cells also enhanced the T cell proliferation in

3.8-7.2) in the presence of Day 14 CD71" cells Similarly, T cell prolif-

eration significantly increased in the presence of Day 21 CD71" to the presence of PMNs and TNFa compared to the condition with T
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FIGURE 1

Day 11

Expansion and differentiation of erythroid cells from PBMCs. (A) Representative dot plots showing forward scatter (FSC) and

sideward scatter (SCC) of cultured PBMCs at days 0, 6, 11, and 20. (B) Percentage of erythroid cells in the gate indicated in (A) (n = 4).

(C) Representative density plots indicating the expression levels of CD45 and CD71 in cultures at days 0, 3, 6, 9, and 11. (D) Representative
bar graphs of cell number in quadrants' gates (P1-P4) indicated in (C) (n = 4). (E) Representative density plots indicating the expression levels
of CD71 and CD235a in cultures at days 11, 13, 17, and 20. (F) Representative bar graphs of cell number in quadrants' gates (P1-P4)
indicated in (E) (n = 4). (G) Morphology of the erythroid cells generated from PBMCs at days 0, 6, 11, and 20 (original magnification x40).

Scale bar, 10 um.
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FIGURE 2 The ratio of T cell proliferation. T cells were cultured with purified CD71 cells at day 14 (Day 14 CD71" cells) and purified CD71
cells at day 21 (Day 21 CD71" cells) in the presence or absence of the stimulus (anti CD3 and anti CD28). T cell proliferation was suppressed
with polymorphonuclear leukocytes (PMNs) in the presence of anti CD3, anti CD28, and TNFa. n = 8 per group. *denotes a significant difference
(p value <0.05) compared to T cell condition.
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FIGURE 3 Whole blood (WB) stimulation. Concentrations of (A) IL-6, (B) IL-10, and (C) TNFa were evaluated at 4 and 24 h after stimulating
whole blood in the presence or absence of Day 14 CD71" cells and Day 21 CD71" cells. n = 8 per group. *denotes a significant difference
(p value <0.05) compared to WB condition.

3.3 | Cultured CD717" cells alter the release of stimulation assay, the production of IL-6 was significantly decreased
cytokines in the presence of Day 21 CD71" cells compared to the condition

with whole blood only. There was no significant difference in IL-10
Concentrations of IL-6, IL-10, and TNFa were evaluated after stimu- secretion between groups. The presence of Day 21 CD71" cells also
lating whole blood with LPS in the presence or absence of Day decreased the concentration of TNFa after 4 h compared to the con-

14 CD71" cells and Day 21 CD71" cells (Figure 3). In a whole blood dition with whole blood only .
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4 | DISCUSSION

Previous studies have extensively investigated structural and func-
tional properties of cultured RBCs. Although it is dependent on the
culturing methods, cultured erythroid cells display relatively similar
characteristics to those in the body, including haemoglobin content,
oxygen affinity, blood grouping, morphology and deformability.>®
Transfusion of ex vivo generated RBCs to animals showed that they
can survive the circulation with low clearance rates, similar to those of
standard RBC products.*> However, much uncertainty still exists
about the safety of cultured RBCs. Using a recently developed tech-
nique to produce RBCs directly from PBMCs,® this study generated
two populations of reticulocytes (early reticulocytes which are mostly
expressing CD71 and CD45, and late reticulocytes which express
CD71 and CD234a) and examine their immunogenicity using T cell
proliferation and whole blood stimulation.

Results of this report indicate that both early and late reticulo-
cytes promote T cell proliferation. This finding does not support previ-
ous research. A recent study showed that erythroid cells were
associated with suppression of T cell proliferation and that the degree
of suppression was related to the expression of CD45 in an anaemic
mice model with advanced tumour.'® Hence, erythroid cells expres-
sing CD45 have higher suppression capabilities compared to CD45
erythroid cells. Other studies showed that erythroid cells expressing
CD71 isolated from cord blood of human or mice can suppress T cell
proliferation.***> A possible explanation for the inconsistency
between results of the current study and those in the literature may
be related to the origin of erythroid cells. In the majority of previous
work, cells were derived from patients suffering from various condi-
tons of either anaemic, neonates, or cancer patients or mice. In line
with this explanation, several studies have suggested phenotypic dif-
ferences between CD71" erythroid cells originated from neonates
and adults, and those differences influence their mechanisms of sup-
pressing T cell proliferation.*>¢

Another finding of the current study was that late reticulocytes
suppressed the pro-inflammatory response following whole blood
stimulation. In accordance with the present results, a previous study
showed that CD71" cells suppress cytokines production in an in vitro
bacterial stimulation of PBMCs.'® Thereby, immature cells appear to
have differential immunomodulatory effects, as shown before with
CD71" cells from neonates.**

Culturing of cells was stopped at later stages of reticulocytes
prior to maturing to red blood cells. It is therefore undetermined
whether mature cells do not have immunomodulatory effects.
Thereby, it is not clear whether the observed immune changes are
related to the process of culturing, or to the age of RBCs. Another lim-
itation is that the current study did not evaluate whether the differ-
ences in T cell proliferation are related to incubating cultured
erythroid cells with T cells from ABO-matched donors. In other words,
it is unknown if such differences will be noticed when incubating cul-
tured erythroid cells with T cells from same donors.

Taken together, cultured erythroid cells can modulate immune

response as they promote T cell proliferation and inhibit cytokines

- WiLE Y-

secretion following whole blood stimulation. Whether these changes
translate into increased risk of nosocomial infections, tumour progres-
sion or other immunomodulatory effects of transfusion, is not deter-
mined from this study. In addition, whether cells cultured for a longer
duration have less impact on the host immune response remains to be
determined.
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