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Abstract: Newborn screening (NBS) for cystic fibrosis (CF) based on pancreatitis-associated pro-
tein (PAP) has been performed for several years. While some influencing factors are known, there
is currently a lack of information on the influence of seasonal temperature on PAP determination
or on the course of PAP blood concentration in infants during the first year of life. Using data
from two PAP studies at the Heidelberg NBS centre and storage experiments, we compared
PAP determinations in summer and winter and determined the direct influence of temperature.
In addition, PAP concentrations measured in CF-NBS, between days 21–35 and 36–365, were
compared. Over a 7-year period, we found no significant differences between PAP concentrations
determined in summer or winter. We also found no differences in PAP determination after 8 days
of storage at 4 ◦C, room temperature or 37 ◦C. When stored for up to 3 months, PAP samples
remained stable at 4 ◦C, but not at room temperature (p = 0.007). After birth, PAP in neonatal
blood showed a significant increasing trend up to the 96th hour of life (p < 0.0001). During the
first year of life, blood PAP concentrations continued to increase in both CF- (36–72 h vs. 36–365 d
p < 0.0001) and non-CF infants (36–72 h vs. 36–365 d p < 0.0001). Seasonal effects in central Europe
appear to have a limited impact on PAP determination. The impact of the increase in blood
PAP during the critical period for CF-NBS and beyond on the applicability and performance of
PAP-based CF-NBS algorithms needs to be re-discussed.
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1. Introduction

Following agreement on the benefits of newborn screening (NBS) for cystic fibrosis
(CF) (e.g., [1]), nationwide CF-NBS was introduced in Germany on 1 September 2016 after
a long decision-making process. One of the problems discussed was the uncertainty as
to whether and how, in accordance with the German Genetic Diagnostics Act [2], a CF-
NBS algorithm searching for CFTR variants could be used in Germany. In this context,
a purely biochemical CF-NBS algorithm published by Sarles et al. in 2005 [3,4], using
immunoreactive trypsinogen (IRT) as the first tier and pancreatitis-associated protein (PAP)
as the second tier, was considered as an alternative to genetic CF-NBS. In order to evaluate
the feasibility of such a CF-NBS algorithm under the conditions in Germany, one of two
German pilot studies was conducted with a modified IRT/PAP protocol at the CF-NBS
centre in Heidelberg (screening of 110,000 newborns per year from southwest Germany) [5].
During this pilot study, which started in 2008 and was conducted until the start of the
Germany-wide CF-NBS programme on 1 September 2016, a total of 480,151 newborns
were screened for CF. This showed that purely biochemical, PAP-based CF-NBS algorithms
achieve an acceptable sensitivity, but only a very low positive predictive value (PPV).
Therefore, in the current German CF-NBS programme, a three-stage CF-NBS algorithm is
used, in which a search for 31 CFTR variants is included as a third tier. Apart from Germany,
PAP-based CF-NBS algorithms are also used in the Netherlands [6,7], Portugal [8] and
Austria [9], among others, because IRT/PAP algorithms seem to have advantages over
genetic algorithms in screening multi-ethnic populations and, depending on the design of
the algorithm, the number of false detections of healthy carriers or newborns designated as
CFSPID after CF-NBS can be significantly reduced.

When PAP-based CF-NBS was introduced in the Netherlands, valuable data had al-
ready been collected on influencing factors such as sex, gestational age, birth weight, blood
transfusion and timing of heel prick [10]. There are also some data on PAP concentrations
in CF patients at later time points after CF-NBS, e.g., from a PAP pilot study carried out in
East Saxony, Germany [11]. It should be noted, however, that although PAP has been used
in CF-NBS for more than 10 years, there are still discussions about the sensitivity of this
parameter, which may be related to the fact that there are not yet sufficient, generally valid,
reliable data in the literature on influencing factors such as climatic fluctuations in the use
of IRT/PAP or the course of PAP concentration as such in the blood of infants during the
first days of life and the entire first year of life. However, considering that in Germany,
CF-NBS can be performed up to the 28th day if the parents of an infant refuse it as part of
the routine NBS in the first days of life [2] or that in the Netherlands, samples for CF-NBS
sent up to the end of the sixth month of life are accepted, it would be important to know the
performance of this method in the later period. In order to answer this question, the Heidel-
berg Late-IRT&PAP Study was established, in which IRT and PAP were measured again at
later time points in healthy newborns, in newborns with a positive CF-NBS and in infants
diagnosed with CF. If available, these values were then compared with those at the time of
the regular CF-NBS (36–72 h of life), which provided an opportunity to obtain longitudinal
trajectories of PAP concentrations from the early time of the first CF-NBS, in the period
from 20 to 35 days of life and beyond until the end of the first year of life. Another part
of this work was to try to evaluate the temperature dependence of the IRT/PAP protocol
from the available data of the Heidelberg NBS centre in order to assess the applicability
of IRT/PAP protocols under real-life conditions. Since the conditions in NBS laboratories
can be designed to be largely independent of seasonal influences, the main objective was
to investigate the influence of temperature from sample collection to arrival at the NBS
laboratory using storage experiments.

2. Materials and Methods
2.1. Study Population, Test Methods and CF-NBS Algorithms

Values of IRT and PAP determinations were collected from April 2008 to January
2023 at the Heidelberg NBS centre in two different CF-NBS programmes, each with its
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own PAP-based algorithm. From 2008 to September 2016, the Heidelberg CF-NBS pilot
study was conducted using a two-stage IRT/PAP algorithm with an IRT-dependent safety
net (SN) (IRT/PAP + SN, Figure A1a in Appendix A). Since 2016, the routine CF-NBS
programme in Germany has been conducted with a three-stage IRT/PAP/DNA algorithm,
which is also conducted with an IRT-dependent SN (IRT/PAP + SN/DNA, Figure A1b in
Appendix A). Dried blood spots (DBSs) are sampled for NBS in Germany between 36 and
72 h after birth and reach the NBS centre by courier or regular postal service within 24–48 h.
From 2018 to 2023, the Late-IRT&PAP study was conducted in parallel to the current routine
CF-NBS. All newborns diagnosed as CF patients after CF-NBS and whose clinical follow-up
data were used for the present work were previously included in a longitudinal register
study (Track-CF). All studies described here were approved by the Ethics Committee of the
Medical Faculty of Heidelberg University: CF-NBS pilot study S 337/2007, Late-IRT&PAP
S-268/2017, Track-CF S-211/2011.

IRT testing was carried out according to Bowling and Bowling [12]. From 2008 until
2015, IRT was detected using the AutoDELFIA®Neonatal IRT kit (Perkin-Elmer, Turku,
Finland) according to the manufacturer’s protocol. From 2015, IRT measurement was
changed to the Genetic Screening Processor Workstation (GSP®)(Perkin-Elmer, Turku,
Finland), which also required the IRT cut-off to be adjusted. IRT measurement was used
as the first tier using a floating IRT cut-off (≥99.0th percentile) for initiation of second-tier
testing. An ultrahigh IRT value, which was used as a SN, was defined as ≥99.9th percentile.

PAP testing was always assayed in duplicate by an enzyme-linked immunosorbent
assay (ELISA). From 2008 until September 2016, the MucoPAP kit (DYNABIO S.A., Mar-
seille, France) was used, and from October 2016 until now, the MucoPAP-F kit (DYNABIO
S.A., Marseille, France) has been used, following the manufacturer’s instructions [4,13]. For
CF-NBS, PAP testing relies on one PAP cut-off using the lower PAP cut-off value of the
two IRT-dependent PAP cut-off values originally published by Sarles et al. [3], which were
defined at ≥1.6 µg/L when using MucoPAP and ≥2.2 µg/L after switching to MucoPAP-F.
From 2008, a SN strategy was applied, which comes into operation when the initial IRT
is measured as ultra-high (≥99.9th percentile), regardless of the measured PAP value [5].
For better comparability for this publication, we have normalised all PAP values from the
older specifications to the limit value for MucoPAP-F of 2.2 µg/L that now applies in the
Heidelberg NBS centre.

In both CF-NBS algorithms, determination of IRT and PAP was performed consecu-
tively according to an algorithm by Sommerburg O. et al. [5] that was modified compared
to the first description by Sarles J. et al. [3]. From 2008 until 2016, the IRT/PAP + SN
algorithm was performed as a pure biochemical protocol. According to that, CF-NBS
was considered positive if either PAP testing was positive (≥1.6 µg/L) or an ultra-high
IRT (≥99.9th percentile) was present (Figure A1a). The three-stage IRT/PAP + SN/DNA
algorithm introduced in Germany in 2016 has continued to use the modifications of the
PAP determination from the Heidelberg pilot study [5,14,15], but if PAP is positive, a search
for 31 CFTR variants is performed in the third algorithm tier [2]. However, in this CF-NBS
algorithm, PAP is only determined in neonates whose initial IRT is between the 90.0th and
99.9th percentiles. If the IRT is ≥99.9th percentile, the conditions for the SN are fulfilled
and these newborns are immediately evaluated as CF-NBS positive (Figure A1b).

2.2. Study Design
2.2.1. Evaluation of a Possible Seasonal Effect on IRT/PAP Determination

For a generally valid answer to the question of seasonal effects in the determination
of blood PAP concentrations in the CF-NBS, the data from the Heidelberg pilot study
(2008–2016) were used, because the PAP values collected in the current German CF-NBS
algorithm might be subject to a selection bias, in our opinion, due to the limited PAP
determination only in newborns with IRT between the 99.0th and 99.9th percentiles. There-
fore, the same data set was also used to evaluate seasonal effects on IRT to be determined
beforehand. However, as the Heidelberg NBS laboratory moved twice from 2008 to 2016,
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only the years 2009 to 2015 were considered and used to assess the seasonal effect on
PAP determination. In addition, the IRT measurement was changed from the Autodelfia®

method to the GSP® method in 2014, so only the years 2009 to 2013 were considered here
to ensure equal conditions. In order to compare the extremes of the cold and warm sea-
sons, the summer months June, July and August were compared with the winter months
December, January and February. Thus, the term “winter of year X” means December of
year X and the months January and February of the following year, i.e., year X + 1. For
IRT, the mean values and the 95.0th, 99.0th and 99.9th percentiles for the respective months
were calculated and compared with each other. For PAP, the mean values and standard
deviations determined were calculated and then compared with each other. The statisti-
cal evaluation was carried out using the two-factor ANOVA test with the factors “year”
and “season”.

2.2.2. Storage Tests on Possible Temperature Effects on PAP Determination

In many NBS centres, PAP is measured only once a week. To simulate the effect of the
average time between blood collection and PAP measurement in the screening laboratory,
a storage period of 8 days was chosen. Anonymised punchings from screening cards of
the ongoing 2017 CF-NBS were used for the study. For an initial storage experiment with
different temperatures, 5 punchings from screening cards each with a PAP value above
the PAP cut-off (>2.2 µg/L) and 5 punchings each with a PAP value below the PAP cut-off
(<2.2 µg/L) were randomly selected for storage at 4 ◦C, room temperature (RT, 20 ◦C) and
37 ◦C. As it is also mandatory in Germany to keep screening cards from the NBS for three
months in order to be able to carry out any necessary repeat measurements, another set of
these punchings was also stored at 4 ◦C for three months. Statistical analysis was performed
with a linear mixed model with the criterion “PAP value” and the variable “condition”.
In addition, the longer-term influence of RT was investigated in another experiment. For
this purpose, one anonymised sample with a PAP value below the PAP cut-off value after
the initial measurement of DBS was obtained daily for 30 days and stored at RT in a dark
environment. In addition, punchings of 6 screening cards with PAP values above the PAP
cut-off value were randomly collected and stored under the same conditions, resulting
in a total of n = 36 samples. Three months after the start of the storage trial at RT, PAP
was measured again from the punchings. At this time, each punching had been at RT for
between 2 and 3 months. Statistical analysis was performed using a paired t-test.

2.2.3. Course of Blood PAP Concentrations in the First Days of Life

For a universal answer to the question about the time course of blood PAP concentra-
tions in infants in the first days of life, the data set of the Heidelberg pilot study (2008–2016)
was used again, due to the selection bias in the current German CF-NBS described above.
The available data from the pilot study including data from late and early sampling were
summarised in 12 h intervals and presented in box–whisker diagrams. Quantile regres-
sion and percentile bootstrap methods were used to compare arbitrary quantiles between
groups, while needed p-values were adjusted for type 1 error rate with Hochberg correction.
An Aligned Rank Transformation (ART) non-parametric ANOVA [16] was used to test for
changes between the different heel prick times.

2.2.4. Course of Blood PAP Concentrations from 20th to the 365th Day of Life

The Late-IRT&PAP study was conducted in parallel to routine CF-NBS at the NBS
centre in Heidelberg with the support of some university CF centres in southwest Germany.
First, DBSs were collected for the determination of IRT and PAP from outpatients and
inpatients from the age of 21 up to 365 days of age. Only healthy subjects or those with
mild disease were included who had a corrected age of 36 + 0 weeks’ gestation at the
time of the study’s blood draw and who had no medical disease that could potentially
affect PAP and IRT values. To assess the appropriateness of a late PAP determination for
the purpose of CF-NBS, this group was further differentiated into infants between 21 and
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35 days of life and infants from 36 to 365 days of life. Secondly, CF-NBS-positive infants
who presented to CF centres for diagnostic confirmation (sweat chloride determination
and clinical assessment) after a positive CF-NBS had DBS sampling again for IRT and PAP
determination. If a CF diagnosis was confirmed, these newborns were assigned to the “CF”
group; if CF was excluded, these newborns were assigned to the “Non-CF” group together
with the group of infants recruited at the clinic with no known or suspected CF (see also
Figure A2 in Appendix A). From all infants participating in the Late-IRT&PAP study, an
attempt was made to obtain the blood PAP value from the CF-NBS in order to present a
longitudinal course of the individual PAP concentration. For statistical analysis of the PAP
groups, the Mann–Whitney test was applied.

3. Results
3.1. Evaluation of a Possible Seasonal Effect on IRT/PAP Determination

Out of the data set from the Heidelberg CF-NBS pilot study, IRT data from the years
2009 to 2013 (only data detected with Auto-Delfia®) and PAP data from 2009 to 2015
were used for evaluation. The IRT values generally showed slightly higher averaged
concentrations in the winter months than in the summer months (Table A1 in Appendix A).
In 4 out of the 5 years, the differences were statistically significant (p < 0.001 in 2009, 2010,
2012; p < 0.01 in 2013). The results for the more relevant 95.0th, 99.0th and 99.9th percentiles
are given in Table 1. For the 99.0th percentile, which is critical for the CF-NBS algorithm in
Germany, the IRT values tended also to be higher in winter than in summer, but only the
values from 2009 to 2011 were statistically significant (Table 1). For the 99.9th percentile,
there were no significant differences (Table 1).

Table 1. Comparison of different percentiles of IRT concentrations in DBS in the CF-NBS in summer
and winter 2009 to 2013. Summer includes the months June, July and August of the respective year “X”,
winter includes the months December of the year “X” and January and February of the year “X + 1”.

Year Percentile IRT in Summer (µg/L) IRT in Winter (µg/L) p-Value

2009 95.0 42 46 <0.001
99.0 63 70 <0.001
99.9 131 146 0.584

2010 95.0 44 46 <0.001
99.0 63 75 <0.001
99.9 136 186 0.124

2011 95.0 43 44 <0.05
99.0 61 67 <0.05
99.9 131 124 0.752

2012 95.0 44 45 0.272
99.0 67 67 0.840
99.9 173 142 0.164

2013 95.0 44 44 0.924
99.0 64 65 0.588
99.9 141 149 0.560

The mean PAP values in the years 2010 to 2015 were also higher in winter than in
summer. Only in 2009 was the mean PAP value lower in winter than in summer. However,
no measured differences were statistically significant (Figure 1, Table A2).
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Figure 1. Seasonal effect on PAP determination in the CF-NBS. Values from 2009 to 2015 from the
Heidelberg NBS centre (summer grey, winter blue) are presented as means with 95% confidence
intervals. Summer includes the months June, July and August of the respective year “X”, winter
includes the months December of the year “X” and January and February of the year “X + 1”.

3.2. Direct Temperature Effect on PAP Determination

The samples from the five screening cards whose initial PAP measurement was
above the PAP cut-off value and from those whose PAP value was below the PAP cut-off
value showed no significant change in concentration for PAP after eight days of storage
at 4 ◦C (p = 0.3947), RT (p = 0.8802), or 37 ◦C (p = 0.2961). Even after three months of
storage at 4 ◦C, no significant decrease in PAP concentration could be detected compared
to the initial PAP measurement (p = 0.1801). The data are shown in Figure 2 and Table A3
in Appendix A. However, in the second storage experiment, where the punchings were
stored at RT for 2 to 3 months, the samples showed a significant decrease in PAP
concentration compared to the initial measurement (p = 0.007), as shown in Table A3 in
Appendix A.

3.3. Course of Blood PAP Concentrations in the First Days of Life

From the Heidelberg pilot study (2008–2016), the mean PAP values of 3421 newborns were
available for this analysis. In 2909 newborns, blood samples were taken between 36 and 72 h of
life, as required by the German NBS. For medical reasons, blood samples were taken early in
191 newborns and late in 321 newborns. For our study, we considered the PAP values divided
into 12 h intervals up to the 96th hour of life and thus excluded the PAP values of 85 newborns
whose blood samples were taken after the 96th hour of life. Immediately after birth, PAP
values were lowest and then showed an increasing trend (Figure 3). The 0–12 h cluster differed
significantly from the 36–48 h (p = 0.0092), 48–60 h (p < 0.0001), 60–72 h (p < 0.0001), 72–84 h
(p = 0.0005) and 84–96 h (p = 0.0003) clusters. Also, in the blood sampling interval between
36 and 72 h of life, which is crucial for NBS in Germany, mean PAP levels increased from
0.75 µg/L in the 36–48 h interval to 1.00 µg/L in the 60–72 h interval (Figure 3). PAP values in
the 36–48 h interval were significantly different from those in the 48–60 h interval (p < 0.0001)
and those in the 60–72 h interval (p < 0.0001).
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Figure 3. PAP concentrations in dried blood collected between 0 and 96 h after birth. PAP values
(µg/L) are summarised in 12 h intervals and displayed as box plots with 25th to 75th percentiles. The
dashed line represents the current PAP cut-off value (2.2 µg/L). The light blue boxes describe the period in
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3.4. Course of Blood PAP Concentrations in the First Year of Life

For this question, the normalised PAP values from the “36 to 72 h of life” time window
intended for the CF-NBS from the Heidelberg pilot study were compared with the more
recent data from the Late-IRT&PAP study for the “21 to 35 days of life” and “36 to 365 days
of life” time windows. During the Late-IRT&PAP-study, we recruited 88 infants with no
known or suspected CF and 89 infants with positive CF-NBS who were seen outpatient for
diagnostic confirmation. Furthermore, we included 16 already known CF patients under
365 days of age. In total, nine infants had to be excluded because of insufficient material
for analysis, eight because they turned out to be outside the age range defined by the
inclusion criteria of the study, and eight because insufficient information was provided
with the sample for analysis. Three patients in the non-CF group were excluded because
they developed severe disease (two end-stage renal disease, and one metabolic disease),
as an influence of the disease on the PAP value could not be excluded with certainty. The
final cohort of infants with positive CF-NBS consisted of 77 infants, which were grouped,
as described before, as “Non-CF” infants or “CF” infants. In the end, two groups were
formed for further analysis: “Non-CF” with 124 children and “CF” with 38 children. A
more detailed overview also about the distribution of the different time intervals is given
in Figure A2 in Appendix A.

The results show that PAP concentrations in the blood of infants increase significantly
during the first year of life. Compared to the time of CF-NBS, PAP levels in both non-
CF infants and infants with CF were significantly higher between 21 and 35 days of life
(p < 0.0001, p = 0.0001, respectively) and between 36 and 365 days of life (p < 0.0001, p < 0.0001,
respectively). In addition, the vast majority of infants aged between 21 and 365 days had
a PAP blood concentration significantly higher than the PAP cut-off value of 2.2 µg/L set
for CF-NBS in Germany. In non-CF infants, PAP values measured between 36 and 365 days
of age were again significantly higher than those measured between 21 and 35 days of age
(p = 0.0006) (Figure 4A,B; Table A4 in Appendix A).
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Figure 4. PAP values (µg/L) of (A) healthy infants and (B) infants with CF during different periods
(36–72 h, 21–35 days, 36–365 days of life) shown as box plots with 25th to 75th percentiles. Whiskers
correspond to 1.5-fold deviation from 25th or 75th percentile. The individual values above or below are
outliers outside 1.5-fold deviation. Note: PAP values for the period 36–72 h of life are from the Heidelberg
PAP pilot study (2008–2016). The PAP values were normalised to be comparable with the values from
the other two periods obtained during the Late-IRT&PAP study (2018–2023). Non-CF: 36–72 h: n = 2301,
21–35 d: n = 61, 36–365 d: n = 63. CF: 36–72 h: n = 92, 21–35 d: n = 17, 36–365 d: n = 21. (**** p < 0.0001,
*** p < 0.001).
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For seventeen of the non-CF newborns and for seven of the infants with CF, PAP
values from the CF-NBS performed between 36 and 72 h of life could be assigned to the
PAP values from the Late-IRT&PAP study. Figure 5 shows these individual curves for
infants with CF and healthy non-CF infants. Again, PAP levels increase in CF patients
shortly after birth and during the first year of life. However, this general trend is also
observed in non-CF infants, although five out of seventeen non-CF infants in our study
showed a decrease in PAP levels at 21–35 days compared to CF-NBS at 36–72 h.
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4. Discussion

PAP-based CF-NBS algorithms have been used in various screening programmes for
more than a decade. To the best of our knowledge, our work was the first to systematically
address the issues of “seasonal” and “temperature” effects as well as “time of sampling” in
the context of PAP-based CF-NBS.

4.1. Evaluation of Climate and Temperature Effects on the IRT/PAP Determination

Although our investigations were primarily aimed at generating missing knowledge
for the determination of PAP, the climatic influence on both IRT and PAP must be considered
with regard to the combined use of both parameters in CF-NBS algorithms. For IRT,
deviations in the mean values of all IRT measurements between winter and summer have
previously been shown for the North American continental climate in a 10-year cycle [17].
Our 5-year data generally support these observations, although the changes in terms of
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slightly higher mean values in winter compared to summer were statistically significant
only in 4 out of 5 years (Table A1 in Appendix A), and for the decision-critical percentiles
95.0 and 99.0, only in 3 out of 5 years (Table 1). There were no significant differences at the
99.9th percentile (Table 1). At present, we believe that when using a floating cut-off value
for the IRT, we can assume that the small differences in IRT determination between winter
and summer in countries where the CF-NBS is conducted have no practical significance.
However, if a “fixed” IRT cut-off value is used and set too narrowly, the differences observed
could certainly lead to false-negative assessments of screening cases. One way to avoid this
problem would be to have a sufficient “safety margin” when determining the IRT cut-off in
the first step of the CF-NBS algorithm or to use IRT values collected during the summer
months as a benchmark for determining the IRT cut-off.

To our knowledge, such data are not yet available for PAP. Our data, obtained over
7 years (2009–2015), show that the averaged PAP values also tended to be slightly lower
in summer than in winter in 6 out of 7 years (Figure 1, Table A2 in Appendix A), but
the differences did not reach statistical significance. We therefore assume that one or
two fixed PAP cut-off values, as currently used in various CF-NBS programmes, can be
considered uncritical with regard to seasonal influences under Central European conditions
(e.g., Germany, Netherlands, Austria). Our experiments on the effect of temperature on
PAP determination under controlled conditions also support this observation. Here, the
influence of temperature was simulated over 8 days to cover the time frame from sampling
to determination in the NBS laboratory. The experiment showed that the measured PAP
values for both punchings with PAP values above the PAP cut-off value and punchings with
PAP values below the PAP cut-off value in the initial measurement showed no significant
decrease in concentration after storage at 4 ◦C, RT (20 ◦C) or even 37 ◦C. This is particularly
noteworthy at 20 ◦C and 37 ◦C as it supports the previous practice of transporting samples
without refrigeration. However, we would like to point out that with increasing climate
change, these differences may become more pronounced and consequences for the storage
and transport of screening cards will have to be drawn. In the tests where the samples
were stored longer, however, differences occurred. While the PAP values obtained from the
samples stored for three months at 4 ◦C showed no significant decrease in concentration,
the samples stored for 2–3 months at RT showed a significant (p < 0.01) decrease in the
concentration of PAP (Table A3 in Appendix A), which can be explained by denaturation
processes during prolonged exposure to warm temperatures. The results thus support the
practice required in Germany of storing newborn screening cards at 4 ◦C for three months
for follow-up measurements. Storage of screening cards at RT for this period should not
occur in view of the PAP parameter.

4.2. Influence of Time of Sampling on PAP Value

CF-NBS using PAP has been investigated before in several pilot studies. However,
some studies concluded that the sensitivity of PAP was not high enough, either because a
higher performance could be achieved when compared to a genetically based algorithm
(e.g., in the Czech Republic [18]), or because it was found that PAP only increased to a range
suitable for CF-NBS from the third day of life (Ranieri E., personal communication). Using
data from the Heidelberg Pilot Study (2008–2016) and the Late-IRT&PAP Study (2017–2023),
we examined the course of PAP concentrations in the blood of newborns from the first hours
of life to the end of the first year of life. For PAP levels from 0 to 96 h of age, a sufficient
data set was available from the Heidelberg pilot study. To investigate the influence of
the time of blood collection, we divided the data into 12 h intervals, all of which were
found to be statistically significantly different from each other. While PAP concentrations
were low when blood was collected immediately after birth, the 12 h intervals up to 72 h
of age showed a clear upward trend (Figure 3). Interestingly, this trend of increasing
PAP concentrations was also significant in the period currently recommended for NBS in
Germany (36 to 72 h of life). In contrast, the PAP values measured after 72 h of life no
longer showed a consistent trend, which could be due to the lower number of samples
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and/or the underlying clinical reasons for the late sampling of the neonates. These data
confirm the reported observations of an increase during this critical period for CF-NBS
from a long-ago Australian pilot study (Ranieri E., personal communication) but also from
results reported on a larger scale when the Dutch PAP-based CF-NBS was developed [10].
Whether these differences are also relevant for CF-NBS within 36–72 h should be discussed
in future studies with data from CF patients with false-negative results from active CF-
NBS programmes with PAP-based algorithms. However, the recently published final data
from the Heidelberg pilot study [19] do not yet support this assumption. The low PAP
values measured between the 24th and 36th hour of life, albeit with only a small number
of values (n = 72), can neither invalidate nor confirm the assumption that the sensitivity
of PAP-based CF-NBS algorithms is no longer sufficient at blood sampling times earlier
than 36 h (Figure 3). However, according to the trend seen, it is questionable whether a
PAP-based CF-NBS algorithm can be safely used earlier than 36 h with the fixed cut-off
values applied so far. This would be the case, for example, in CF-NBS programmes in the
USA, where blood for NBS is drawn from the 24th hour of life (e.g., [20]). However, this
should also be considered for NBS programmes where, as in Germany, there is a discussion
about bringing the time of sampling forward due to the advantages of NBS for metabolic
diseases. Theoretically, this problem could again be solved by lowering the PAP threshold
as shown before [13] or even using time-dependent PAP thresholds, but this would again
require a third protocol tier (e.g., DNA) to ensure sufficient performance of the algorithm.
However, knowing the trend of increasing PAP concentrations in the first days of life, the
question of the relatively low PPV of purely biochemical IRT/PAP algorithms needs to
be re-discussed, as it does not seem implausible that setting the PAP cut-off for the early
samples between 36 and 72 h would require such a low PAP cut-off, which would then
explain a high number of false-positive cases in the later samples [11,13,18,19].

As it is possible in Germany to perform CF-NBS up to the 28th day of life [2], it
would be necessary, analogous to IRT, to thoroughly investigate the further course
of the PAP concentration in the blood of infants until the 28th day of life. The re-
sults of our Late-IRT&PAP study provide insight into a later screening window from
21 to 35 days of age. However, our results show that the PAP values in the period
between 21 and 35 days of age are significantly higher than in the period between
36 and 72 h of age (Figures 4 and 5). Although it can be stated that all CF patients would
have been detected in this period with the PAP cut-off value currently used in Germany,
68.9% of all non-CF infants would have had a false-positive CF-NBS result. This shows
that PAP measurement with the currently used cut-off value is not a suitable method
for CF-NBS in this period. However, it remains questionable whether it is useful to
evaluate a cut-off value for PAP for this time window, as the single IRT measurement in
this period is already a suitable parameter for which there is sufficient experience. On
the other hand, it is questionable whether it is even necessary in Germany to perform
the CF-NBS until the 28th day of life. This is because the indication would only be
given if the parents had not expressly consented to CF-NBS during the routine NBS, as
it is unfortunately not possible in Germany to give this consent retrospectively. If this
option were available, one could simply use the screening card from the NBS, which is
stored for 3 months anyway. Finally, our data showed that storage at 4 ◦C for 3 months
would not adversely affect the results of IRT/PAP measurement. Therefore, it would be
methodologically justifiable to perform a follow-up measurement of IRT and PAP on
this sample up to 28 days after the first NBS, if the parents decide to do so after initially
refusing the CF-NBS.

4.3. Limitations

There are some limitations to our work. First, it is important to note that the inves-
tigations of climatic influences on IRT and PAP were carried out with data collected
several years ago. However, we still consider the use of these data to be appropriate
because the basic conditions regarding collection, storage and transport of the screen-
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ing card as well as the requirements determined by other target diseases have not
changed in recent years. Secondly, the comparisons of PAP values at different sampling
times had to be based on values from two different screening programmes performed
with different PAP kits. Nevertheless, we consider this comparison to be meaningful
because, before switching from the MucoPAP to the MucoPAP-F kit, comparative mea-
surements were performed in our Heidelberg NBS centre and in two other German
NBS centres, from which a valid conversion factor could be calculated. Furthermore, a
similar comparison has already been scientifically accepted in another peer-reviewed
publication [11]. Thirdly, we had actually planned a higher recruitment number for
the Late-IRT&PAP study, especially in view of the relatively small number of neonates
in whom longitudinal comparisons of PAP values from the Late-IRT&PAP study with
those from routine CF-NBS were possible. However, it should be noted that in the Ger-
man CF-NBS, such comparisons are only possible for 0.9% of all infants, namely those
whose IRT value is above the 99.0th percentile but below the 99.9th percentile [2]. For
all others, no PAP value is obtained. In addition, recruitment during the Late-IRT&PAP
study was also severely hampered in the meantime by the COVID-19 pandemic.
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Figure A3. Average summer temperatures calculated from the respective June, July and August data
and average winter temperatures calculated from the respective December, January and February
data for the seasons from 2009 to 2015. A possible increase in average temperatures over the years
was analysed using regression analysis. Mean DT—mean daily average temperature, Max DT—mean
maximum temperature, Min DT—mean minimum temperature.

Table A1. Comparison of mean values of IRT concentrations in DBS in the CF-NBS in summer and
winter of the years 2009 to 2013. Summer includes the months June, July and August of the respective
year “X”, winter includes the months December of the year “X” and January and February of the
year “X + 1”.

Year Mean IRT in Summer
(µg/L)

Mean IRT in Winter
(µg/L) p-Value a

2009 20.39 22.65 <0.001
2010 21.61 22.43 <0.001
2011 20.94 21.06 0.987
2012 21.12 21.97 <0.001
2013 21.16 21.73 <0.01

a two-tailed test p-value.

Table A2. Comparison of mean values of PAP concentrations in dry blood in the CF-NBS in summer
and winter of the years 2009 to 2015. Summer includes the months June, July and August of the
respective year “X”, winter includes the months December of the year “X” as well as January and
February of the year “X + 1” (N = number of PAP values for the analysed seasons).

Year Summer Winter p-Value a

N Mean PAP (µg/L) N Mean PAP (µg/L)

2009 53 1.29 96 1.00 1.00
2010 70 1.41 119 1.62 1.00
2011 65 1.16 85 1.41 1.00
2012 77 1.31 79 1.90 0.31
2013 114 1.07 100 1.33 1.00
2014 110 1.25 122 1.38 1.00
2015 102 1.30 115 1.59 1.00

a two-tailed test p-value.
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Table A3. Comparative measurement of PAP in punchings of screening cards: First storage experiment
with 5 samples with PAP above the cut-off value of 2.2 µg/L and 5 samples with PAP below the cut-off
value of 2.2 µg/L, each under the following conditions: Initial measurement (T1) and eight-day storage at
room temperature (RT, 8 d), at 37 ◦C (37 ◦C, 8 d), at 4 ◦C (4 ◦C, 8 d), as well as at 4 ◦C for three months
(4 ◦C, 3 mo). Second storage experiment (in grey): 36 random samples at RT for 2 to 3 months.

Condition N Mean 25th
Percentile

50th
Percentile

75th
Percentile Min Max

PAP > 2.2 µg/L
T1 5 2.39 1.74 2.23 2.63 1.67 3.67

RT, 8 d 5 2.33 1.59 1.92 2.83 1.54 3.79
37 ◦C, 8 d 5 2.21 1.60 2.06 2.61 1.28 3.51
4 ◦C, 8 d 5 2.67 2.11 2.46 2.65 1.64 4.45

4 ◦C, 3 mo 5 2.63 2.04 2.14 3.56 1.67 3.74
PAP < 2.2 µg/L

T1 5 1.26 1.04 1.33 1.57 0.77 1.59
RT, 8 d 5 1.15 0.91 1.20 1.33 0.73 1.56

37 ◦C, 8 d 5 1.08 0.80 1.20 1.29 0.63 1.47
4 ◦C, 8 d 5 1.31 1.18 1.39 1.46 0.77 1.73

4 ◦C, 3 mo 5 1.43 1.10 1.47 1.79 0.86 1.91
T1 36 0.98 0.48 0.79 1.29 0.25 2.76

RT, 2–3 mo 36 0.90 0.47 0.73 1.04 0.25 2.53

Table A4. Comparison of PAP concentrations in three different age groups (36–72 h, 21–35 d and
36–365 d) in healthy infants and infants with CF. For statistical analysis, Mann–Whitney test was
performed. Presented are sample size N, median and p value.

N Median (µg/L) Mann–Whitney p a

Non-CF

36–72 h 2301 1.21 <0.0001
Vs. 21–35 d 61 3.00

36–72 h 2301 1.21 <0.0001
Vs. 36–365 d 63 4.40

21–35 d 61 3.00 0.0006
Vs. 36–365 d 63 4.40

CF

36–72 h 92 3.85 0.0001
Vs. 21–35 d 17 11.9

36–72 h 92 3.85 <0.0001
Vs. 36–365 d 21 15.70

21–35 d 17 11.90 0.6268
Vs. 36–365 d 21 15.70

a two-tailed test p value.

Table A5. Weather data from the Frankfurt am Main climate station (ICAO identifier EDDF) for the
summer months of June/July/August and the winter months of December/January/February from
2009 to 2016 (obtained from [21]).

Month/Year
Monthly Mean of

Daily Average
Temperature (◦C)

Monthly Mean of
Daily Maximum
Temperature (◦C)

Monthly Mean of
Daily Minimum

Temperature
(◦C)

Total Hours of
Sunshine Per

Month (Hours)

Rainfall Per
Month (mm)

Jun 2009 17.2 22.2 11.9 217.8 86.6
Jul 2009 19.8 25.1 14.8 223.0 98.4

Aug 2009 20.9 27.2 14.5 262.7 20.5

Dec 2009 2.1 4.7 −0.9 35.0 74.1
Jan 2010 −1.7 0.3 −3.9 26.6 43.0
Feb 2010 1.7 4.5 −1.0 33.8 50.0
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Table A5. Cont.

Month/Year
Monthly Mean of

Daily Average
Temperature (◦C)

Monthly Mean of
Daily Maximum
Temperature (◦C)

Monthly Mean of
Daily Minimum

Temperature
(◦C)

Total Hours of
Sunshine Per

Month (Hours)

Rainfall Per
Month (mm)

Jun 2010 18.8 24.4 12.5 299.4 61.4
Jul 2010 22.2 28.3 15.8 293.8 61.4

Aug 2010 18.3 23.0 13.7 160.6 101.3

Dec 2010 −1.6 0.3 −3.9 22.3 72.5
Jan 2011 2.6 5.0 −0.4 42.0 37.2
Feb 2011 3.0 6.1 0.0 69.8 23.1

Jun 2011 18.5 23.4 13.8 189.9 82.8
Jul 2011 17.8 22.8 13.1 166.9 59.9

Aug 2011 19.5 25.1 14.3 208.3 79.7

Dec 2011 5.1 7.7 2.2 28.2 107.4
Jan 2012 3.7 6.4 0.8 63.1 57.8
Feb 2012 −8.1 3.1 −4.8 124.0 6.8

Jun 2012 17.3 22.3 12.6 174.3 104.0
Jul 2012 19.4 24.5 14.3 212.7 66.0

Aug 2012 20.8 26.5 14.9 247.0 78.5

Dec 2012 3.8 6.0 1.3 26.7 71.0
Jan 2013 1.8 3.6 −0.5 19.2 33.1
Feb 2013 1.1 3.2 −1.1 27.7 33.5

Jun 2013 17.8 22.8 12.4 220.6 78.2
Jul 2013 22.3 27.9 16.3 301.1 17.8

Aug 2013 19.9 26.0 14.1 221.4 47.9

Dec 2013 4.6 7.5 1.4 59.4 21.9
Jan 2014 4.7 7.3 1.8 54.5 38.8
Feb 2014 5.7 9.5 1.8 59.1 45.6

Jun 2014 18.6 24.3 12.4 253.0 36.5
Jul 2014 21.2 26.6 16.1 242.2 128.7

Aug 2014 17.5 22.4 13.0 175.2 101.6

Dec 2014 3.9 6.0 1.2 18.6 56.2
Jan 2015 3.1 5.6 0.2 29.6 62.8
Feb 2015 2.2 5.2 −0.8 69.3 20.9

Jun 2015 18.1 23.5 12.4 214.4 57.5
Jul 2015 22.3 28.6 15.9 263.5 26.1

Aug 2015 21.8 28.1 16.0 234.8 43.3

Dec 2015 7.2 10.1 3.5 53.5 28.1
Jan 2016 3.3 6.0 0.4 42.2 66.8
Feb 2016 4.5 7.9 1.7 46.5 81.9
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