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Abstract: Dried blood spot (DBS) microsampling is extensively employed in newborn screening (NBS)
and neonatal studies. However, the impact of variable neonatal hematocrit (Ht) values on the results
can be a source of analytical error, and the use of fixed Ht for calibration (Ht.,)) is not representative
of all neonatal subpopulations. A computational approach based on neonatal demographics was
developed and implemented in R® language to propose a strategy using correction factors to address
the Ht effect in neonatal DBS partial-spot assays. A rational “tolerance level” was proposed for the
Ht effect contribution to the total analytical error and a safe Ht range for neonatal samples, where
the correction of concentrations can be omitted. Furthermore, an “alert zone” for a false positive or
negative result in NBS was proposed, where the Ht effect has to be considered. Results point toward
the use of Ht., values closely representative of populations under analysis and an acceptable level of
percentage relative error can be attributed to the Ht effect, diminishing the probability of correction.
Overall, the impact of the Ht effect on neonatal studies is important and future work may further
investigate this parameter, correlated to other clinical variables potentially affecting results.

Keywords: dried blood spots; hematocrit effect; neonates; screening; pharmacokinetic; computational
analysis; Monte Carlo simulations; cut-off

1. Introduction

Inherited metabolic disorders include a wide range of hereditary conditions that
interfere with the body’s metabolism. Most people with such diseases have a gene defect
leading to enzyme insufficiency. A large number of different genetic metabolic disorders
exist, varying in symptoms, treatment manifestations, and disease courses. To decrease
mortality rates and enhance prognosis, recognition of such disorders has to take place as
early as possible for timely diagnosis and effective clinical intervention to be achieved.
Newborn screening (NBS) is an essential and acknowledged public health tool that takes
place in numerous territories worldwide and aims to test all newborns for a growing
number of usually inherited metabolic disorders that require suitable therapeutic measures
to prevent or mitigate negative health outcomes [1]. The screened conditions differ between
regions based on ethnic and economic factors as well as on national health policies [2,3].

Dried blood spot (DBS) constitutes a microsampling technique, employed in several
fields of life sciences and drug research [4], in which a very small amount of capillary
or venous blood is collected on specific filter paper. This technique is mostly utilized in
laboratories performing NBS tests due to its well-established advantages. Indeed, DBS
was first introduced more than half a century ago, when Robert Guthrie applied phenylke-
tonuria testing [5], a milestone methodology that marked the initiation of NBS. Throughout
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time, more disorders were added to NBS programs worldwide, with thyroid-stimulating
hormone (TSH) measurements being the second most widely implemented for the di-
agnosis of congenital hypothyroidism [6]. The evolution of tandem mass spectrometry
(MS/MS) technology during the 1990s and onward led to multiplicative analytical con-
cepts where several analytes/metabolites could be screened simultaneously at the same
DBS sample [7,8]. Other diseases being widely screened nowadays include congenital
adrenal hyperplasia, biotinidase deficiency, galactosemia, aminoacidemias, cystic fibro-
sis, hemoglobinopathies, glucose-6-phosphate dehydrogenase deficiency, and Duchenne
muscular dystrophy. Mutational analyses may also be conducted, providing evidence on
the genetic background of the disorders [9-11]. Most recently, artificial intelligence and
machine learning tools have been also proposed in NBS analyses [12].

In addition to its acknowledged and extended application in NBS, DBS sampling
is also gaining more interest in neonatal clinical studies. Among them, applications in
therapeutic drug monitoring (TDM) [13] and pharmacokinetic (PK) trials [14,15] are of
great importance. The advantages of DBS make it a great technique for all age groups of
newborns (including preterm and term neonates) to collect, transport, and store blood for
laboratory research. Regarding sampling procedures, a heel puncture is considered the
“golden standard”. As far as the maximum allowed blood volume that is permitted to
be drawn within a certain time period in neonatal trials is concerned, there are different
recommendations reported in the scientific literature [16]. Of note is that the European
Medicines Agency (EMA) recommends that the trial-related blood loss should not exceed
3% of the total blood volume during a period of four weeks and should not exceed 1%
at any single time, per individual [17]. Considering that total blood volume is estimated
at 80 to 90 mL/kilogram body weight, DBS is the ideal sampling methodology for the
neonatal population. The dynamic evolution and widened acceptance of DBS in the field
of bioanalysis have also been recently acknowledged in the recent International Council
for Harmonization of Technical Requirements for Pharmaceuticals for Human Use (ICH)
Bioanalytical Method Validation Guidelines [18], where dried matrix techniques—when
adequately validated—are considered appropriate to support regulatory applications and
are discussed in such a framework for the first time.

Despite the many benefits connected with this alternative sampling approach, there are
still several difficulties, with the so-called "hematocrit (Ht) effect’ being, beyond a doubt, the
most discussed issue [19,20]. Hematocrit is defined as the ratio of the volume of red blood
cells to the total volume of blood. Several factors such as age, ethnicity, gender, dietary,
and pathological conditions affect the measured Ht values [20,21]. It is well-known that Ht
impacts the blood viscosity, thus affecting the spreadability of blood onto DBS filter paper,
with samples presenting high Ht being more viscous compared to those with low Ht. The
prospective impact of Ht on DBS assay parameters (accuracy and precision, matrix effects,
and analyte recovery) is well-defined and reviewed in the literature as well as the numerous
strategies and technologies developed to address the Ht effect [19,20,22]; the most recent
approaches include the utilization of capillary electrophoresis [23], spectroscopic methods
for hemoglobin normalization [24], patterned DBS cards [25], and Ht prediction of DBS
using near-infrared (NIR) spectroscopy [26]. Obviously, if the Ht values of the unknown
blood samples differ considerably from the Ht value of the calibration standards, assay
bias is certainly affected; to assure the quality of DBS bioanalytical methods, evaluation of
the Ht impact should be part of the validation process [18,21].

One of the strategies applied to address the Ht effect is to correct quantified concentra-
tions with a suitable correction factor (i.e., equations integrating bias corrections through
the correlation of Ht to a physical parameter). A computational analysis concentrated on
the use of DBS for quantitative bioanalysis in adult research was proposed in our previous
work [27], providing a well-defined structure for the correction of the Ht effect by utilizing
correction factors. Specific Ht calibration values were suggested, rationalized on the basis of
demographic data (i.e., the use of a Ht calibration value representing the study population).
A maximum level for percentage relative error was proposed as a rational contribution of
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Ht to the percentage total analytical error, reducing the need for concentration correction,
so that the general regulatory criteria for bioanalysis may be met.

However, the background and parameters affecting neonatal DBS measurements
present substantial differences compared to the adult population. First of all, in comparison
to older children and adults, neonates have significantly higher Ht levels, since values
of 50-55% are usually observed in newborns during the first days of life [28]. NBS cali-
brators are therefore created with such Ht, since screening is usually conducted within
the first 24-72 h of life [29,30]. Furthermore, in neonates, time dependency and significant
variability of Ht values are noted [28]. Gestational age and birth weight, various health
conditions (including anemia and polycythemia) as well as feeding practices (time and
type of feeding, e.g., parenteral, per-os, or full breast-feeding), are important factors that
may affect neonatal Ht values.

Furthermore, DBS sampling and analysis for NBS are based on different principles
compared to neonatal assays (e.g., TDM or PK/clinical measurements). The screening
of various metabolites and disease biomarkers in NBS programs employing MS/MS is
realized through pre-defined “cut-off” values that are population-based and clinically
validated [10,31]. A significant challenge in NBS is therefore the case of borderline results;
that being said, a newborn sample measured close to the cut-off value (slightly lower or
higher) leads to an indistinguishable difference between a positive and a negative test
outcome. In such cases, analysis has to be repeated before definite conclusions can be
drawn regarding any further steps, and additional diagnostic tests may be applied to
assist in the clinicians’ diagnosis. Obviously, in a screening test, such false-positive or
false-negative results may not be avoided, leading to significant stress for the families [32].

Currently, Ht is not taken into account for the establishment of NBS cut-off values. The
elimination of the Ht effect seems like a definite need in order to avoid bias. In fact, Ht effects
on the analysis of NBS diagnostic markers have been reported in the literature [33-37].
Furthermore, it appears that the effect of Ht on the analysis of NBS diagnostic markers is
analyte-specific. Therefore, for NBS, a Ht-related bias elimination strategy may include
setting screening “cut-off” values that take into account the physiological Ht variability or,
in other words, defining an “alert zone” for a false-positive or false-negative result, where
the Ht effect has to be considered.

On the other hand, DBS assays used in clinical or PK studies in neonates may also
be affected by the time-dependency and Ht variability observed the first days after birth
for both term and preterm neonates. Most importantly, due to the difficulties and ethical
obstacles for using classical sampling (i.e., multiple blood draws) in such studies, DSB
samples are usually coupled with population PK modeling techniques; this allows for the
estimation of the PK parameter values through sparse data [38]. However, population PK
analysis identifies parameters that have a significant impact on drug concentrations and
may account for part of the variability. Consequently, the numerous sources of variability
increase the possibility of surpassing the currently applicable acceptance criteria for the
total amount of bias for validated assays in regulated bioanalysis for these studies. Of
note, a £15% (percentage bias) and +20% for the lower limit of quantitation (LLOQ) are
the accuracy criteria accepted by ICH for chromatographic assays [18]. The literature data
show that the Ht effect may be a concern for PK parameter estimation in neonatal studies,
and thus it has to be definitely considered for DBS method validation and following the
population PK modeling exercise [39-41].

This work focused on defining a rationalized strategy to address the Ht effect in DBS
neonatal studies. The aim was to try and set acceptable bias limits where concentration
corrections may be omitted, relying on computational methodology and taking into ac-
count the Ht demographic peculiarities of the neonatal population as well as the different
perspectives of NBS in contrast to PK or clinical studies in this vulnerable population.
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2. Results

In order to investigate the Ht influence on DBS assays (i.e., the Ht value applied for
calibration purposes and its effect on the percentage relative error in the analytical setting
of samples with different Ht), the already portrayed simulation-based analysis was applied.
Figure 1 depicts the percentage relative error vs. individual neonate Ht values for a given
Ht, value (Ht., was set equal to 50%) by utilizing Formula (1) [27] through the simple
modeling approach already described. Formula (1) is a linear equation: y = —0.0070x + 1.32
(R? = 0.984), generated for the correlation of a blood dispersion measure with Ht values. y is
the DBS area (cm?) and x is the sample’s Ht value. The utilized paper was Whatman 903™
and the blood volume applied was 50 uL. Based on the above equation, knowledge of the
Ht value of the unknown sample can permit calculation of its area. Following this, a sample-
specific correction factor can be estimated by using the areas’ ratio (unknown to standard
sample) [27]. For this purpose, the individual Ht range for newborns has been established
at 20-70%; as mentioned, this range is thought to include different neonate subpopulations
(e.g., preterm or term neonates with Ht reference values presenting variability, neonates
with clinical disorders causing low Ht, or even polycythemic neonates with Ht >65%). This
is important, since the potential Ht differences between neonates are not only attributed
to the comparison between healthy babies and patients in certain disease states, but also
between neonates of different gestational ages (preterm and term) as well as neonates
of different post-natal age (as discussed, Ht varies greatly in the first days of life). This
variability may pose a negative impact on the interpretation of data across studies or the
utilization of DBS methods to PK and clinical studies and of course, on NBS. Indeed, the
Ht effect on the physical characteristics of DBS samples, and subsequently on the accurate
quantification of analytes within these samples, is significant if the Ht levels of study blood
samples are anticipated to vary widely (especially outside the range considered to be
“normal” for each subpopulation) or to differ significantly from those of the calibration
standards. Due to the Ht effect, results from such studies may be based on different
measured concentrations for the same analytes. According to the results of this analysis
(blue line in Figure 1), the percentage relative error attributed only to Ht, runs from —17.80
to 16.87 within the selected Ht range of 20-70% and for the specified Ht., value of 50%.
In other words, to obtain a relative error of £5%, the Ht of individual samples will have
to fall within the range of 42.71-56.60% for a Ht., set at 50%. It should be noted that
these numbers may fluctuate for real samples, and real observations may differ from those
theoretically predicted due to the fact that a variety of factors affect the total error.

. \
14 1

% Relative Error

7”] 85 60 55 5’0 45 40 3'5 30 25 20

Individual Ht Neonates

Figure 1. Percentage relative error as a function of the individual neonates” Ht values.
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As a subsequent goal, Monte Carlo simulations were applied, aiming at recommending
specific Ht., values on the basis of the demographics of the newborn babies (Figure 2). By
establishing a “tolerance level” of the Ht effect to the percentage total analytical error, it is
then possible to define a plausible Ht range for the measurement of the concentrations of
the neonate samples, where the correction of concentrations of unknown samples may be
avoided. However, as already mentioned, in contrast to adults, neonates present a variable
Ht depending on both the gestational and post-natal age. Therefore, simulations were
performed by taking into account different neonate sub-groups (of different gestational
ages) as well as selected timepoints (days after birth) for sampling; the set parameters
are presented in Table 1. Figure 2 depicts the percentage relative error correlated to Ht.,,
where simulations were performed for term and preterm neonates at post-natal day 3; the
same exercise was performed for all combinations of the gestational age and post-natal age
selected milestones shown in Table 1. For all neonatal populations including males and
females equally, the Ht, levels were set at a range of 20-60%; the assumed Ht,, values
were taken into consideration based on the reference values acquired from Jopling et al. [28]
and, once more, Formula (1) [27] was applied. When Ht., was set at the mean value for
each distinct population, it led to differentiation of the two groups on the same post-natal
day, as can be seen from a visual observation of Figure 2; this means that the 0% relative
error was achieved when Ht ., was ideally set at a different value for each subpopulation
and not by considering a fixed Ht, (e.g., 50% for all neonates). Similar observations were
obtained for all neonate sub-groups investigated, revealing that the ideal Ht, for neonatal
studies has to be considered on a case-by-case basis, taking into account both gestational
age as well as the post-natal day of sampling for a given population to be analyzed.

% Relative Error
% Relative Error

Ht used for calibration Ht used for calibration

A. Term Day 3 B. Pre-Term Day 3

Figure 2. Percentage relative error versus the Ht value used for calibration (Ht.,;). Panel (A): Simulations
for term neonates at post-natal day 3; Panel (B): Simulations for preterm neonates at post-natal day 3.
Under each point, a number of 1,000,000 Monte Carlo studies were performed.

Table 1 was created using the whole set of simulations in order to determine the Ht
level up to which a specific percentage of relative error occurs; mathematical Formula (1) [27]
was again used for the estimations. The applied Ht., values were based on the literature-
obtained reference values and assumed as the mean for each specific neonate subpopulation.
As gender was not observed to influence Ht in neonates [28], equal representation of males
and females was assumed for all simulations. In order to explicate the investigation that was
conducted, considering the outcome of the modeling exercise (Figure 1), the set percentage
relative error values, namely 1%, 3%, and 5%, were arbitrarily determined. Obviously,
only part of the total analytical error can be due to the Ht effect; a reasonable 5% upper
“acceptance” level of the Ht effect may be assumed, for which the Ht-allocated error may
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be ‘tolerated’; a lower percentage relative error may be less realistic for neonates, taking
into account the higher variability of Ht for such populations.

Table 1. The Ht range for certain percentage relative error values: £1%, 3%, and 5% in the case of an
entire neonate population and Ht., set at 50% (fixed Ht for calibration), or with Ht.,; set at the mean
Ht values for term and preterm neonates at specific post-natal sampling days.

Individual Hematocrit

Level of % Relative Error

Low High

1% 48.60 51.37

Entire Neonate Population (Ht., = 50) 3% 45.71 54.04

5% 42.71 56.60

1% 51.63 54.34

Term Neonate Population-Day 0 (Ht., = 53) 3% 48.81 56.95
5% 45.86 59.46

1% 48.60 51.37

Preterm Neonate Population-Day 0 (Ht,; = 50) 3% 45.71 54.04
5% 42.71 56.60

1% 49.61 52.36

Term Neonate Population-Day 1 (Ht., = 51) 3% 46.75 55.01
5% 43.76 57.55

1% 47.59 50.38

Preterm Neonate Population-Day 1 (Ht,; = 49) 3% 44.68 53.07
5% 41.65 55.65

1% 48.60 51.37

Term Neonate Population-Day 2 (Ht, = 50) 3% 45.71 54.04
5% 42.71 56.60

1% 45.57 48.40

Preterm Neonate Population-Day 2 (Ht, = 47) 3% 42.62 51.12
5% 39.55 53.74

1% 47.59 50.38

Term Neonate Population-Day 3 (Ht., = 49) 3% 44.68 53.07
5% 41.65 55.65

1% 43.55 46.42

Preterm Neonate Population-Day 3 (Ht., = 45) 3% 40.56 49.18
5% 37.44 51.84

1% 43.55 46.42

Term Neonate Population-Day 7 (Ht, = 45) 3% 40.56 49.18
5% 37.44 51.84

1% 42.54 4543

Preterm Neonate Population-Day 7 (Ht, = 44) 3% 39.53 48.21
5% 36.39 50.88

1% 40.52 43.45

Term Neonate Population-Day 14 (Ht., = 42) 3% 37.47 46.27
5% 34.29 48.98

1% 36.48 39.49

Preterm Neonate Population-Day 14 (Ht., = 38) 3% 33.34 42.39
5% 30.08 4517

1% 36.48 39.49

Term Neonate Population-Day 28 (Ht, = 38) 3% 33.34 42.39
5% 30.08 4517

1% 29.41 32.56

Preterm Neonate Population-Day 28 (Ht., = 31) 3% 26.13 35.59
5% 22.71 38.50

The respective Ht range was then calculated for each subpopulation using
Equation (1) [27], aiming to not overpass the set percentage relative error values. The
impact of Ht is anticipated to be insignificant or minimal in this range of values, which
reflects a “tolerance” percentage error limit where correction may be avoided. Based on the
analysis performed, a reasonable £5% relative error threshold may be suggested; obviously,
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p for correction

0.2

Term Neonates Htcal=50%

0.2589

0.2478

~ [

any sound and well-justified approach to this proposed limit may be driven by different
factors and experimental parameters. For example, in contrast to the utilization of DBS
sampling for PK studies or TDM purposes, where a calibration curve is constructed, NBS
is, in most laboratories, based on a single-point calibration, and is therefore less prone to
analytical error; that being said, a less strict approach may be applied in such cases.

Overall, this work may serve as the basis for the consideration of utilizing the well-
acknowledged demographics for the different neonate subpopulations (based on both
gestational as well as post-natal age) and setting a Ht., value for the preparation of
calibration samples at a Ht reflecting the time-studied population. In this way, neonatal
DBS accuracy will not be largely affected by the Ht effect, which cannot be avoided in cases
where a fixed Ht, is set, and is not representative for all neonates.

Furthermore, the so-called probability (p) for correction, related to the different neonate
subpopulations and sampling times, assuming a fixed Ht., value set at 50% and a “target”
analytical error of 5%, is depicted in Figure 3. Although it is well-acknowledged that the
skewing of Ht distributions may be a fact, the consideration of the normal distribution of
the individual Ht values for the various neonate populations of gestational and post-natal
ages was set as an assumption in order to simplify the investigation. By observing Figure 3,
it can be seen that for the various post-natal sampling timepoints of both the term and
preterm neonates, a set Ht., 50% led to the need for correction for a different proportion
of cases.

Pre-Term Neonates Htcal=50%

0.9745

0.7847

0.4327
0.378

04 0.2921

0.2499 0.2478 0.2499

p for correction

[N

3 0 1 2 3 7 14 28

Days from Birth Dayﬁ from Birth

Figure 3. Graphical presentation of the probability of correction (p) in relation to the different neonate

subpopulations and sampling times, assuming a fixed Ht., of 50% and an indicated “tolerable
percentage relative error of +5%.

Overall, a reasoned choice of Ht., value leads to a lower chance of needing correc-
tion; conversely, a Ht., value that does not ‘reflect’ the studied population leads to an
increased risk of concentration correction necessity. Of course, neonates are considered
as a population with a large variability in Ht values, meaning that a full avoidance of the
need for correction seems unlikely. However, by carefully selecting the Ht, based on
subpopulation characteristics (and knowledge of the Ht values of the samples), we may
safely reduce this probability.

The last part of the current work was related to the investigation of the Ht effect
on the DBS measurements in NBS applied to a series of 10,018 neonatal samples. By
observing the obtained results for each analyte, the number of definite positive cases
(i.e., the samples exceeding the pre-defined “cut-off” limit) as well as the number of samples
with experimental concentrations being measured within the “cut-off” value and a value
set at the 10% difference from the defined “cut-off” were identified (Table 2).
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Table 2. Mean metabolite values following the screening of 10,018 neonates; the number of positive
cases and the number of cases with values measured between the cut-off and a 10% difference
are presented.

Analyte (Marker) ! Cut-Off Value Number of 10% Difference from Number of Cases with Values from
(umol/L) [10] Positive Cases Cut-Off Value (umol/L) Cut-Off up to 10% Difference
1Val 290.000 5 261.000 9
TLeu 245.000 39 220.500 80
TMet 63.000 63 56.700 54
1Phe 153.000 1 137.700 1
TTyr 190.000 92 171.000 57
1Glu 560.000 95 504.000 48
1O0rn 250.000 43 225.000 26
1Cit 65.000 6 58.500 2
TArg 100.000 13 90.000 8
TAla 900.000 1 810.000 1
1Gly 1000.000 6 900.000 12
1CO 6.250 38 6.875 38
1C3 7.000 29 6.300 31
1C4 1.690 1 1.521 1
1C4-OH 0.550 27 0.495 40
1C5 1.000 1 0.900 1
1C5:1 0.450 3 0.405 3
1C5-OH 1.040 6 0.936 1
1C6DC 0.270 145 0.243 95
1Cé6 0.470 9 0.423 10
1C8 0.350 126 0.315 103
1C10:2 0.500 5 0.450 5
1C10:1 0.300 187 0.270 133
1C10 0.420 41 0.378 36
1C3DC 0.250 284 0.225 142
1C5DC 0.300 156 0.270 155
1C14:1 0.640 6 0.576 3
1C14 0.810 12 0.729 20
1C16:1 0.340 289 0.306 311
1C16 9.280 1 8.352 4
1C18:1 3.000 8 2.700 9
1C16-OH 0.230 65 0.207 21
1C18:1-OH 0.750 1 0.675 1

1 Ala, alanine; Arg, arginine; Cit, citrulline; Glu, glutamate; Gly, glycine; Leu, leucine, isoleucine and al-
loisoleucine, Met, methionine; Orn, ornithine; Phe, phenylalanine; Tyr, tyrosine; Val, valine; CO0, free carni-
tine; C3, propionylcarnitine; C4, butyryl- and isobutyrylcarnitine; C5, isovaleryl- and 2-methylbutyrylcarnitine;
C5:1, tiglylcarnitine; C3DC, malonylcarnitine; C4DC, methylmalonylcarnitine; C5DC, glutarylcarnitine; C4-OH,
3-hydroxybutyrylcarnitine; C5-OH, 3-hydroxyisovalerylcarnitine; C6, hexanoylcarnitine; C6DC, methylglutaryl-
carnitine; C8, octanoylcarnitine; C10, decanoylcarnitine; C10:1, decenoylcarnitine; C10:2, decadienoylcarnitine;
C14, myristoylcarnitine; C14:1, tetradecenoylcarnitine; C16, palmitoylcarnitine; C16:1, palmitoleylcarnitine;
C16-OH, 3-hydroxypalmitoylcarnitine; C18:1, oleoylcarnitine; C18:1-OH, 3-hydroxyoleoylcarnitine.

The realistic influence of the Ht effect on the NBS experimental values and the need
for correction are presented in Figure 4 for two selected disease markers; the same analysis
was undertaken for all markers in Table 2 with similar results and observations. Figure 4
depicts a graphical correlation of the individual samples” Ht versus the theoretical (cor-
rected concentration) when the samples’ respective experimental value was set at the 10%
difference from the established “cut-off”; this means that such samples are considered
to be negative based on the obtained analytical measurements. Again, the exercise was
undertaken considering a fixed Ht.,; of 50%.

However, by observing the data for the marker valine, it is evident that for a sample
with low Ht (<35%), as could be the case for anemic neonates, the corrected concentration
would exceed (being higher) the “cut-off” limit (red columns). In contrast, for the marker
C0, where positives are considered when being lower than the “cut-off” value, samples with
high Ht (over 65%, e.g., in polycythemic neonates) would result in corrected concentrations,
leading to the samples’ characterization as positive. Overall, based on the demographics
of different neonate subpopulations (Table 1) it is evident that, at least for otherwise
healthy newborns where the respective Ht reference values are applied, the usual NBS
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Marker: Val

sampling timepoints (within the first 3 days) will not lead to false-positive results for
experimental concentrations at the 10% difference set for this exercise, even by applying
a set Ht.,; of 50%. However, for neonates with extreme Ht values, the Ht effect will
largely influence the outcome and the concentration correction will lead to alteration of the
sample’s characterization from negative to positive.

Cut-off Marker: CO

Ctheor

30 35 40 45 50 55 60 65
Samples Ht Samples Ht

Figure 4. Graphical presentation of the Ht effect on the NBS results for specific markers (Val:
valine; CO: free carnitine; Cexp: experimental (initial) concentration; Cyneor: theoretical (corrected)
concentration). Cexp was assumed to be 10% different of the respective cut-off limit. Ht., was
set at 50%.

3. Discussion

The objective of this study was to examine the impact of Ht on DBS partial-spot assays,
which are designed for use in neonatal screening, PK analysis, and clinical investigations.
Additionally, a potential approach for correcting this effect was proposed. The latter
approach was founded on the utilization of correction factors, as previously suggested in
our prior research endeavors.

DBS sampling is an alternative collection technique where a blood sample is applied
onto a specific paper card. This methodology is currently applied worldwide for sample
analyses in neonatal studies, with NBS being the most prominent. One significant parameter
influencing DBS is the Ht value in blood, which affects the blood distribution on the
filter paper card and, in turn, impacts the validity of the DBS results (e.g., drying time,
homogeneity of spot, accuracy, and precision of assays). For this reason, correction is
needed for the Ht concentration, and different strategies have been developed to minimize
the influence of Ht. This is of particular concern in neonates, who have higher Ht levels
compared to other age groups and show a large variability in Ht, as this is affected by both
the gestational and post-natal age [28,42].

Gestation progress positively affects Ht while, after birth, a prominent reduction
in Ht within the first 28 days of life takes place; this neonatal anemia is a physiological
phenomenon that is attributed to the different oxygen levels between the intrauterine and
extrauterine environments. This reduction reaches an end at about the 6th to 12th week of
life, being followed by an increase, which leads to Ht values similar to those of adults up to
the age of 2 years [43-45]. The situation is somehow different for preterm infants, where
lower Ht values are, in general, documented at birth and a more rapid reduction is observed
within the first weeks of life [43—48]. In any case, especially for these small neonates,
iatrogenic processes applied during their hospitalization (such as blood transfusions or
blood loss due to frequent laboratory testing) affect their Ht values. On the contrary,
up to 5% of the total neonatal population is affected by a condition called polycythemia,
which refers to unusually high Ht values (e.g., more than 65%) [49-51]. This condition is
affected by factors such as gestational age and birth weight; it is also more frequent in high
altitudes [50].
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Taking into account the above, it is evident that Ht presents high variability in neonates,
and in some specific subpopulations, the Ht values may be extreme. Ht reference ranges
have been published; for term neonates (including the so-called late preterm infants,
meaning overall 35-42 weeks of gestation), this range at birth (5th to 95th percentile) is
41% to 65% (mean: 53%) as well as for premature babies (29-34 weeks of gestation), whose
respective values are somehow lower (38% to 62%, mean: 50%) [28]. As a usual practice,
since a hematocrit of approximately 50% may be generally anticipated within the first
post-natal days, calibration materials for NBS or other neonatal studies are prepared with
such Ht values [29]. However, such a fixed Ht., value may not be representative of the
values obtained at different sampling timepoints (e.g., samples taken at different post-natal
ages) or the different neonatal subpopulations (term or preterm), or even of the babies’
clinical condition; the latter is very important since DBS analysis may apply in these groups
not only for NBS, but also as part of PK or clinical trials or for TDM purposes. Actually, as
revealed in the present work, the average Ht, even for a healthy term baby within the first
month of life, let alone a preterm or critically ill neonate, may ordinarily be less than 50%
(Table 3), and a lower Hy.,), depending on the post-natal day of sampling, could be more
appropriate to set in order to avoid a potential effect on the results. On the other hand,
for polycythemic neonates with significantly higher Ht values at the time of screening, a
higher Ht., may be necessary.

Table 3. Mean Ht values for the neonatal population of different gestational and post-natal ages.
The SD was equal to 6 for all timepoints, approximately equal to one-fourth of the range of the data.
Since most neonatal sampling takes place within the first 72 h of life, the mean Ht for days 0-3 was
specifically considered, with day 0 being the date of birth.

Post-Natal Age at Blood Collection (Days)

Gestational Age

0 1 2 3 7 14 28
Term (35-42 weeks) 53 51 50 49 45 42 38 Mean Ht
Preterm (29-34 weeks) 50 49 47 45 44 38 31 €an

NBS programs worldwide are based on population-defined “cut-off” values for differ-
ent metabolites in DBS samples, which are typically obtained on the third day of life. A
sub-punch of specific size is retrieved from the DBS and extraction of the biomarkers takes
place before analysis. In cases where the disease marker experimental concentrations largely
exceed their respective “cut-off” levels, Ht may not affect decision making, irrespective of
the need for concentration correction. However, NBS-led diagnosis may be complicated
in cases where metabolite concentrations are only marginally outside their corresponding
“cut-off levels”. Obviously in such cases, the Ht effect on the metabolite concentrations may
positively or negatively influence decision making, and thus the diagnosis. Our analysis,
which is based on the demographics of different neonate subpopulations combined with
both their gestational as well as post-natal age, showed that, at least for otherwise healthy
newborns where the respective Ht reference values were applied, the usual NBS sampling
timepoints (within the first 3 days) will not lead to false-positive results for experimental
concentrations at a 10% difference set for this exercise, even by applying a fixed Ht., of
50% followed by subsequent correction of the concentrations. However, for neonates with
extreme Ht values, the Ht effect will largely influence the outcome and the application of
the correction factor will lead to an alteration in the sample’s characterization from negative
to positive.

The DBS approach has more recently gained interest in other neonatal studies such
as PK trials or TDM. Despite the fact that the need to obtain PK data in children is crucial,
the conduction of such studies presents ethical constraints and methodological challenges,
mostly related to frequent sampling requirements. In this context, respective guidelines
worldwide recommend that trial-related blood loss should not exceed a specific percentage
of the total blood volume within pre-specified time periods, and neonatal studies should be
designed and performed taking these limitations into account. DBS samples coupled with
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population PK modeling techniques have been shown to be an appropriate methodology
in this respect, since they allow the use of low sampling volumes and sparse data [14,39].
Ht has been defined as a factor potentially affecting the DBS concentration measurements,
and thus the obtained PK parameter values [38,40].

Therefore, there is a reasonable rationale for developing strategies to address the Ht
effect in neonatal DBS assays with partial-spot analysis, both within the margins of NBS as
well as in other studies. Indeed, the results of the present research, which are in agreement
with our previous work, prove that, also for neonatal studies, the use of a Ht, value based
on demographic data is a rational approach that will result in an “acceptable” level of
percentage relative error attributed to the Ht effect. However, the neonate population is
not homogeneous, and due to the given variability in the Ht values, an upper level of
5% for relative error could be a ‘tolerable contribution” of the Ht effect to the percentage
total analytical error in most cases, so that well-acknowledged control of the Ht effect can
be achieved, and compliance to the recommendations of the bioanalytical guidelines can
be met. Other important factors affecting DBS performance such as the involvement of
experienced laboratory personnel, the utilization of calibrated equipment, optimization
of the extraction process, homogeneity of spots for the analyte(s) tested in partial DBS
analysis protocols, the Ht influence on analyte recovery and matrix effects also have to
be considered during method validation. Addressing factors that affect DBS validation
such as the Ht effect will facilitate the NBS process, but will also enhance the regulatory
acceptance of the DBS platform for PK and clinical studies, as also foreseen in the recent
ICH Bioanalytical Guidelines [18].

The present study sets forth a logical “tolerance level” for the Ht effect’s contribu-
tion toward the overall analytical error. Furthermore, it suggests a secure range of Ht
values for neonatal samples, within which the need for concentration correction can be
obviated. Additionally, this study has endeavored to establish a designated “alert zone” in
newborn screening for instances of false-positive or false-negative outcomes, necessitating
the consideration of the Ht effect. The aforementioned outcomes were attained through
the implementation of a computational approach and the utilization of demographic data
pertaining to neonates, thereby highlighting the notable fluctuations in Ht measurements.
The Ht of neonates is influenced by both their gestational and post-natal age, rendering the
application of a uniform Ht., value unsuitable for all subgroups of neonates. The signifi-
cance of this matter is particularly noteworthy for NBS due to the potential occurrence of
erroneous outcomes, either false-positive or false-negative, in neonates with significantly
elevated or reduced Ht levels. Our findings suggest that utilizing Ht., values accurately to
reflect the populations being studied can lead to a tolerable degree of relative error associ-
ated with the Ht effect. This approach can reduce the likelihood of requiring correction. In
general, the significance of the Ht effect on neonatal research is noteworthy, and forthcom-
ing endeavors could be directed toward exploring this parameter in conjunction with other
clinical factors that may influence outcomes via substance—covariate associations.

It is acknowledged that there are some limitations within the present work, starting
with the restrictions posed due to the available Ht reference ranges; firstly, the inclusion of
preterm infants <29 weeks of gestational age could not be conducted within this analysis,
since the respective Ht reference ranges for this subgroup are not available [28]. Non-
availability of respective reference values also stands for critically ill neonates and for
those who were given a blood transfusion. A second limitation was that the published
Ht reference values utilized for this work represent tested blood samples from capillary,
venous, or arterial origin [28]; this may have had some impact on the Ht values obtained.
Furthermore, the reference ranges that were applied in this study are considered to be
representative to those expected at sea level; application of the findings in studies at high
altitudes may not be representative due to the impact of altitude on Ht being recognized in
scientific knowledge [28].

Another issue for discussion is the fact that blood in DBS sampling differs substantially
from the serum or plasma samples usually analyzed in PK or clinical studies. In order to
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correlate whole blood to plasma concentrations when DBS is applied in such studies, in
addition to classical liquid sampling, cross-validation should take place [52]. As differences
in Ht are considered as extremely important factors that affect the so-called ‘blood-to-
plasma ratio” of a drug [27], DBS-based quantitative analysis or TDM of many categories of
medicines is shown to be influenced by Ht [20,53], depending on their different distribution
in plasma and red blood cells. For this reason, in DBS-based neonatal studies for TDM
purposes, the Ht-effect was also considered [41].

The current analysis discussed the Ht-related error attributed to differential blood
viscosity /dispersion. However, other confounding factors may affect the NBS biomarker
analysis, the difference of concentration between plasma and cellular compartments being
an important one, as already mentioned. Indeed, reports in the scientific literature show
that, since distributions in plasma and red blood cells differ for each metabolite, Ht affects
the NBS analysis of several amino acids and acylcarnitines [29,34,54,55]. For this reason, Ht
is also reported to have significant effects on the DBS analysis of TSH [37], as the hormone
is contained only in plasma, meaning that the higher the sample Ht, the lower the TSH
concentration. These findings do not suggest that the existing NBS methodologies should
be re-considered, as they rely on “cut-off” values obtained through thorough and long-term
population research. On the other hand, when evaluating the results of neonates with
extreme Ht values, these observations may be thought of as an extra significant reason to
be mindful of the Ht influence on NBS analysis. When the newborn screening samples
are collected, newborns who have severe polycythemia or anemia may be re-examined
using a Ht., value based on their demographic profile. Another co-factor of potential
impact results from the observation that the NBS sampling time was recently seen to affect
concentrations of disease markers (sampling points investigated were between 12 to 72 h
following birth). Such observations led to the conclusion that the metabolic processes in
early neonatal age may be subject to time dependence, and subsequently, a false-positive
diagnosis may be set for some metabolic conditions [30]. As the date of sampling is also
related to Ht, this co-factor may act additively or conversely to the Ht-related error.

Overall, a deeper understanding can be obtained through future research of the
method- or substance-related factors and their potential additive or opposite influence
on the Ht-effect in neonatal DBS analysis. For example, the correlation of the Ht-related
error to the Ht influence on the analytes’ concentrations due to their variable blood-to-
plasma distribution, the latter being analyte-specific, or to the potential impact of the NBS
sampling time on disease marker concentrations could be the subject of interesting future
investigations aiming to define the overall contribution to the total error of these factors.

4. Materials and Methods

As the first step of this work, the principal target was to suggest specific Ht values
for the preparation of standards when the analysis of the neonate samples takes place,
where the correction of concentrations of unknown samples may be omitted. The applied
methodology relies on published demographic data and is based on the modeling approach
that was previously developed for adult sampling [27]. The computation work is based on
the principle of correction through the use of specific, linear-type mathematical formulas
correlating a dependent variable of blood spreading with the measured Ht. The current
work was performed with the utilization of the mathematical Formula (1), as derived
and described in our laboratory’s previous research [27,56]. The computational approach
included a simple modeling component as well as Monte Carlo simulations with the
creation of virtual neonate populations with different Ht levels that was implemented. All
statistical analyses were performed in the R® language (version 4.3.1) [57].

It should be mentioned that for neonates, the demographic data on Ht values present
specific differentiations compared to adults [58]. First of all, due to the obvious difficul-
ties and ethical constraints, newborn Ht normal values (i.e., data obtained from healthy
neonates) are not available. Instead, so-called “reference ranges” are published, obtained
from neonatal patient populations when blood sampling is performed for specific clinical



Pharmaceuticals 2023, 16, 1126

13 of 16

testing. In our analysis, we utilized the Ht reference ranges for the first 28 post-natal days
presented in the literature [28] (mean, 5th, and 95th percentile values), derived from 41,910
neonates; this population was divided into two major groups based on the gestational
age at time of birth: term (including “late preterm”) neonates (35—42 weeks of gestation)
and preterm neonates (29-34 weeks of gestation). By carefully observing these reference
values, it is evident that these are the two major influential factors that affect neonatal Ht,
namely, the gestational age as well as the post-natal age, while gender was not found to be
an impacting parameter. According to this research [28], the studied neonatal population
did not include cases where the mothers presented with specific medical diagnoses such as
placental abruption or placenta previa, or the babies diagnosed with a chromosomal disor-
der, neonatal anemia, or having received a blood transfusion. A limitation of the dataset is
that it was not possible to include and analyze preterm infants <29 gestational weeks, since
such patients are all subjected to frequent blood samplings and blood transfusions.

Table 3 presents the mean and standard deviation (SD) Ht values extracted from [28]
for selected timepoints (days after birth). Data were extracted from Figure 3 in [28], panels
A and C, using the WebPlotDigitizer software (version 4.6) [59].

A simple modeling approach was initially applied, which followed the same steps as
in our previous work [27]. However, in this study, an assumed Ht, (i.e., the Ht value used
in the calibrators) equal to 50% was used for the simulations, being the usual Ht value that
is chosen to prepare calibrators in neonatal studies as a representative value for the first
days of life. Again, a series of Ht values for the unknown sample were used in a range of
20-70%, considering the inclusion of extreme cases (e.g., anemic (low Ht) and polycythemic
(high Ht >65%) neonates).

Following the above, Monte Carlo simulations were then used to generate virtual
neonate populations [27]. The normal distribution was assumed to be followed for Ht
values, for which the demographics (means and SD) were based on the reference values
from [28]. Simulations were undertaken for a total of 1,000,000 virtual subjects for each of
the selected timepoints (post-natal age) and separately for the term and preterm neonate
groups, assuming both males and females in equal parts. The percentage relative error was
calculated each time as per the methodology in [27], assuming several values for Ht, (at a
range of 20-60%). Furthermore, based on these findings, the individual Ht range for certain
percentage relative error values was defined, using Ht.,; set at 50% (fixed Ht for calibration)
or set at the mean Ht values for term and preterm neonates at specific post-natal days. The
probability of correction in relation to the neonates” different subpopulations, assuming a
fixed Ht, and for an indicated “tolerable” percentage relative error, was finally estimated.
The free online statistics tool OnlineStatBook Version 2.0 [60] normal distribution calculator
was used for the calculations.

As the second step of the work, the Ht effect in NBS was investigated in order for a Ht-
related bias elimination strategy to be proposed. As mentioned, NBS assessment is based
on NBS “cut-oft” values for respective disease markers, which are laboratory- specific. We
applied the “cut-off” values estimated by [10] in order to evaluate a series of 10,018 neonatal
specimens obtained via the expanded NBS program in Greece. Subjects were screened for
specific metabolic conditions including amino acid metabolic defects, fatty-acid oxidation,
and organic acid disorders. The dataset included 33 metabolic analytes/disease markers
measured by MS/MS, based on the protocol previously described [61]. By observing
the obtained results, a number of definite positive cases could be identified for each
analyte; such samples are definitely subject to re-analysis. Subsequently, the number
of samples lying between the “cut-off” value and an experimental value calculated at
the 10% difference from the set “cut-off” were identified. This interval is arbitrarily set
as a reasonable “alert zone” of the experimental concentrations where the Ht effect is
then investigated in terms of its potential impact (besides the relative error) on corrected
concentrations, and subsequently the need for re-analysis, should these be declared positive.
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5. Conclusions

DBS analysis has been shown to be a largely advantageous sampling methodology in
neonatal analysis compared with traditional liquid samples, mainly due to the need for
significantly smaller sampling volumes; the application of DBS to neonatal screening as
well as to PK or clinical studies in this vulnerable population is a given fact. However, the
impact of variable neonatal Ht values on the results can be a source of analytical error.

The aim of this work was to investigate the Ht-related effect in DBS partial-spot assays
intended to be used in NBS, but also in neonatal PK or clinical studies and to suggest a
potential correction strategy. The latter is based on the application of correction factors, as
already recommended in our past research work. Now, the current analysis proposes a
rational “tolerance level” for the contribution of the Ht-effect to the total analytical error, and
subsequently, a safe Ht range for neonatal samples, where the correction of concentrations
can be avoided. Furthermore, this research also attempted to define an “alert zone” for a
false-positive or false-negative result in NBS, where the Ht effect has to be considered. All of
the above was achieved with the application of a computational methodology and the use of
neonatal demographic data, showing the significant variability of Ht values. For neonates,
both the gestational as well as the post-natal age affect the Ht, and therefore, the use of
a fixed Ht,) value is not representative of all neonatal subpopulations. This is especially
important for NBS, since it may lead to false-positive or false-negative results in neonates
with more extreme Ht values. In this vein, our results point toward the use of Ht., values
closely representative of the populations under analysis, and in this way, an acceptable level
of percentage relative error can be attributed to the Ht effect, diminishing the probability of
correction. Overall, the impact of the Ht effect on neonatal studies is important, and future
work may be targeted to further investigate this parameter in correlation to other clinical
variables that may affect the results through substance—covariate relationships.
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