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Abstract
Objectives—Identifying common clinical and environmental factors that influence newborn
metabolic biomarkers will improve the utilization of metabolite panels for clinical diagnostic
medicine.

Design and Methods—Environmental effects including gender, season of birth, gestational
age, birth weight, feeding method and age at time of collection were evaluated for over 50
metabolites collected by the Iowa Neonatal Metabolic Screening Program on 221,788 newborns
over a six year period.

Results—We replicated well known observations that low birth weight and preterm infants have
higher essential amino acids and lower medium and long chain acylcarnitine levels than their term
counterparts. Smaller, but still significant, differences were observed for gender and timing of
sample collection, specifically the season in which the infant was born. Most intriguing were our
findings of higher thyroid stimulating hormone in the winter months (P<1×10−40) which
correlated with an increased false positive rate of congenital hypothyroidism in the winter (0.9%)
compared to summer (0.6%). Previous studies, conducted globally, have identified an increased
prevalence of suspected and confirmed cases of congenital hypothyroidism in the winter months.
We found that the percentage of unresolved suspected cases were slightly higher in the winter
(0.3% vs 0.2%).

Conclusions—We identified differences in metabolites by gestational age, birth weight, gender
and season. Some are widely reported such as gestational age and birth weight, while others such
as the effect of seasonality are not as well studied.
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Introduction
Newborn screening (NBS) is an extremely successful public health program for the
detection of numerous, often rare, disorders at birth. A dried blood spot card (DBS) is used
to screen for over 40 disorders by quantitatively measuring amino acids, acylcarnitines and
various hormones. Approximately four million newborns are screened each year in the
United States and as many as 3,000 are identified with a severe medical condition [1]. These
neonates benefit from early detection and treatment of disorders that otherwise would have
caused severe morbidities or death. Although the sensitivity of the tests used in NBS is high,
many of the metabolites and enzymes have a broad distribution of concentrations among
newborns, particularly those born sick or preterm that impacts false positive rates and
potentially false negative rates [2-6]. For example a study of the national records for
phenylketonuria (PKU), galactosemia (GAL), biotinidase deficiency, congenital
hypothyroidism (CH) and congenital adrenal hyperplasia (CAH) found that for every
reported true-positive there were approximately fifty reported false positives [7]. The
comprehensive panel of metabolites obtained from the DBS may also be essential in the
neonatal intensive care unit for monitoring, diagnosing and treating common complex
conditions as they develop [8-10]. There are several considerations for the use of dried blood
spots for monitoring more subtle changes in newborn metabolic biomarkers including the
strong effect of blood volume and hematocrit on the precision and accuracy of
measurements [11]. However, the benefits including the small amount of biological material
needed, which is particularly important in small and sick infants makes the use of DBS for
diagnostic and clinical monitoring, in addition to NBS, appealing.

In addition to blood volume and hematocrit, other factors such as gestational age, birth
weight and gender are observed to influence NBS analytes such as thyroid stimulating
hormone (TSH) the biomarker for CH, 17-hydroxyprogesterone (17-OHP) the biomarker for
CAH and acylcarnitines that serve as biomarkers for rare fatty acid oxidation disorders and
organic acidemias [12-16]. However, there has not been a systematic examination of the
effect of routine screening procedures and demographic factors on metabolomic-scale
analyte concentrations obtained through newborn screening. We analyzed common
demographic and environmental factors that potentially influence newborn metabolic
biomarkers at time of routine newborn screening. Identifying factors that influence newborn
metabolites may be important not only for improving newborn screening programs but also
for applying metabolic profiling for monitoring or diagnosing common complex conditions
as they develop in the NICU [11].

Materials and Methods
Study Population

We present data from the Iowa Neonatal Metabolic Screening Program (INMSP) on 2
enzymes (immunoreactive trypsinogen – IRT, galactose-1-phosphate uridyl transferase –
GALT), 2 hormones (thyroid stimulating hormone – TSH, 17-hydroxyprogesterone – 17-
OHP), 14 amino acids, 36 acylcarnitines and 23 ratios (Supplemental Table 1). Dried blood
spot specimens were collected, dried and handled according to the Clinical Laboratory
Standards Institute (CLSI) guideline [17]. Quantification of 17-OHP, TSH and IRT were
determined by solid phase, time-resolved fluoroimmunoassay from dried newborn blood
spots using PerkinElmer’s AutoDELFIA® platform (Waltham, MA, USA). Galactose-1-
phosphate uridyl transferase (GALT) was determined by a semi-quantitative enzymatic
assay by PerkinElmer (Waltham, MA, USA) based on the Beutler method. Tandem mass
spectrometry is performed with Waters Quattro Micro triple quadrupole tandem mass
spectrometers, equipped with an electrospray ionization source operated in the positive ion
mode Screening procedures in Iowa are based on previously established methodology
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[18,19]. Briefly, a derivatization method is used in which butyl esters of acylcarnitines and
amino acids are prepared from the extracts. Multiple reaction monitoring (MRM) mode is
used to scan for specific mass ion intensities. Concentrations are obtained from the ratio of
ion intensity at the mass that represents a specific analyte compared to its isotopically
labeled internal standard and correcting for blood volume in a 1/8 inch DBS punch. Both
internal and external spiked control specimens, a normal control specimen, and a blank are
analyzed with each batch of specimens. The external spiked control specimens are obtained
from the Newborn Screening Quality Assurance Program at the Centers for Disease Control.

The intra-assay imprecision, based on manufacturer’s guidelines, for TSH and 17-OHP is
~6% (PerkinElmer), for IRT is ~9% (PerkinElmer) and, in general, is 20% for the
metabolites measured by tandem mass spectrometry [11]. Infant demographics and clinical
data were obtained from the NBS requisition form and included gestational age, weight at
time of sample collection (which is a close approximation of birth weight), gender, timing of
sample collection including age at time of sample collection and month in which the sample
was collected and feeding method. Multiple gestation births were identified by the State
Hygienic Laboratory (SHL) based on infants having the same birth date, gestational age,
mother’s first name and facility identification number. Approval for use of the de-identified
data was obtained from the Iowa Department of Public Health. The data were de-identified
by the SHL and provided for this study after a waiver of consent was obtained from the
Institutional Review Board at the University of Iowa (IRB#200908793). Data for this study
include measurements and demographics on 238,809 infants that received their initial NBS
between 2004 and 2009. Exclusion criteria included infants that received a transfusion prior
to collection, those with a poor quality specimen and specimens not collected between 24
and 72 hours after birth. Additionally, only infants with complete gestational age and birth
weight information that were born between 24 and 42 weeks gestation and were between
500 and 6,000 grams were considered for analysis. A total of 15,621 subjects (6.5%) did not
meet inclusion criteria. Extreme discrepancies between gestational age and birth weight
were considered as potential database entry errors. Therefore, an additional 1,400 infants
(0.63%) were excluded because their birth weight was greater or less than three standard
deviations from the mean for each gestational age week. A total of 221,788 infants were
included in the analysis.

Statistical Analysis
Differences in relative analyte and ratio concentrations were individually evaluated by
gestational age, birth weight, gender, age at time of sample collection, season, twin status,
feeding method and total parenteral nutrition (TPN) status. Analyte measurements were
transformed using the Box Cox transformation [20], briefly, this algorithm uses maximum-
likelihood estimates to transform the original data to improve correlations for variables that
are not normally distributed. Several of the analytes were not screened past 2005 (GLY, 5-
OXOPRO, ORN, C8-DC, C10-DC, C10:2). SUAC screening did not begin until 2009,
screening for C4-OH began midway through 2005 and IRT screening began in 2006. The
remaining analytes were screened for all 6 years of the study period (2004-2009). Several
analytes including, ASA, C14:2, C14-OH, C16:1-OH, C16-OH, C18:1-OH, C18:2-OH,
C18-OH, had low variability (standard deviation≤ 0.01umol/L) and are excluded from the
tables, results and discussion. Ratios C4/C0, C5/C2, C5-DC/C16 and C16-OH/C16 also had
low variability. These results were excluded as they likely arose due to the large sample size
that increases the power to detect extremely small effect size differences. As there is little to
no variability for these analytes the results are difficult to interpret biologically and
clinically. Results for the analyte ratios are presented only in the supplemental material as
these were secondary markers for this study. Multiple statistical modeling methods were
performed and few differences between these methods were observed (Supplemental Table
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2). A single model including the following categorical covariates was evaluated with
analysis of variance (ANOVA): gestational age (37-42 weeks; 32-<37 weeks; 24-<32
weeks), birth weight (>=2,250 g; 1,750-<2,250 g; 1,250-<1,750 g; <1,250 g), gender, age at
time of sample collection (24-36 hours; >36-48 hours; >48-60 hours; >60-72 hours), season
(spring: March-May; summer: June-August; fall: September-November; winter: December-
February), multiple gestations (singleton; multiple), feeding method (breast; bottle; breast
and bottle; nothing by mouth: NPO), total parenteral nutrition (TPN) status, year of sample
collection and specific assay lot. The birth weight categories were chosen based on the four
weight classes used in Iowa to adjust 17-OHP measurements when reporting positive
screens for CAH. Each ANOVA model was examined for outliers using standardized
residuals and measurements that were < −3.5 or > 3.5 were removed. A Bonferroni
threshold of P < 8×10−5 was used to correct for 616 tests (77 analytes × 8 primary
covariates). While we did not have access to follow-up testing in the genetics clinics for
presumptive positive findings, we did have additional repeat NBS screens, if taken. From
this we were able to identify initial positive results that were subsequently resolved with re-
sampling of the infant at a later time point and a repeat of the screening test; however since
not all repeat screens were resolved and we have no information on additional follow-up
testing, we were not able to identify true cases of a given disease. All analyses were
performed in STATA version 12.0 (College Station, Texas).

Results
Study demographics are presented in Table 1. As expected the majority of infants (91.1%)
were born term (>37 weeks) with a birth weight ≥2,250 grams. Most samples were obtained
between 24 and 48 hours after birth. The majority of analytes significantly differed by
gestational age and birth weight (Supplemental Table 3). The most significant difference
(P<1×10−40) was higher 17-OHP in very preterm (24-32 weeks) neonates compared to term
(>37 weeks) (Table 2). This corresponded to a false positive rate of 4.1% in infants born
32-36 weeks and 8.5% in infants born <32 weeks compared to 0.1% in infants born at term
(Table 2). Similar trends were observed for birth weight, which is of note, as the State of
Iowa laboratory has set distinct thresholds for 17-OHP as a function of birth weight in order
to reduce the false positive rate (Table 2). Other notable differences included amino acids,
arginine (ARG), leucine (LEU), methionine (MET), phenylalanine (PHE) and valine (VAL),
that were significantly (P<1×10−40) higher in neonates born preterm (Figure 1 and
Supplemental Table 4). In infants not on TPN at time of screening, gestational age
contributed significantly to the false positive rate of 9.9% and 0.9% in very preterm (24-32
weeks) and preterm (32-36 weeks) infants, respectively, compared to 0.2% in term infants
(Table 2).

There were many significant differences for gender, age at time of sample collection,
feeding method, total parenteral nutrition, multiple gestations and season of birth; however,
most of these while significant after correction for multiple testing, were of extremely small
effect (Supplemental Table 3). For example, free carnitine (C0) and long chain
acylcarnitines (C12, C12:1, C14, C14:1, C16, C16:1, C18, C18:1, C18:2) were lower in
females compared to males (Supplemental Table 4). Most had very small differences
between genders (i.e. C12) while others had larger effects (i.e. C0, C16) (Table 2). This is in
contrast to short and medium chain acylcarnitines biomarkers (C4, C5, C5-DC, C6, C8, C10,
C10:1) where some analytes were higher in females compared to males (i.e. C4) and all
were of extremely small effect (Table 2 and Supplemental Table 4). There were also several
notable differences including higher levels of 17-OHP in males compared to females (17.2
vs 14.9 ng/mL, respectively, P<1×10−40). This correlated with more false positive results in
males (0.63% compared to 0.37% in females; Table 2). There were significant differences in
TSH and IRT by season of birth, both of which were higher in the winter months (Figure 2).

Ryckman et al. Page 4

Clin Biochem. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Mean concentrations of TSH and IRT fluctuated each year; however, the difference in the
mean values between the summer and winter seasons remained relatively constant. There
was an increased false positive rate in the winter (0.9%) compared to the summer (0.6%).

Discussion
It is well known that term and preterm infants have different metabolic profiles [21]; this has
largely been attributed to fetal stress, sickness or immature kidney, liver and adrenal
function. However, several studies have suggested this difference is mostly a result of
intravenous nutrition [22,23]. We accounted for total parenteral nutrition (TPN), as it is
recorded on the newborn screening card, and still found significant differences in the
concentration and false positive rate for most of the amino acid metabolites. Unrecorded
TPN may nonetheless have remained as a strong driving force in the large differences
observed for the very preterm (<32 weeks) and very low birth weight infants. However,
there was still a significant difference in the concentration and false positive rate for late
preterm infants, where TPN is less common. This indicates there are still underlying
metabolic differences even in the late preterm infants compared to their term counterparts
that are unrelated to TPN.

In addition to the differences in amino acid concentrations, 17-hydroxyprogesterone (17-
OHP) was also extremely elevated in preterm and very preterm infants. 17-OHP is the
biomarker for congenital adrenal hyperplasia (CAH) a rare (1:10-18,000 infants) disorder of
the adrenal gland. CAH can cause virilization and in extreme cases a salt wasting crisis can
occur which if left untreated can be fatal. In Iowa there are four different thresholds based
on birth weight ranges (<1,250 g, 1,250-<1,750 g, 1,750-<2,250 g and >=2,250 g) for
identifying abnormal CAH results. We observed that even with the adjusted thresholds 17-
OHP was higher in very preterm and preterm infants and this resulted in higher false
positive rates. Several studies have suggested that thresholds based on either gestational age
or algorithms that account for both gestational age and birth weight would result in a more
accurate screening measurement in preterm infants [24,25]. Our study supports that
conclusion as even with the current thresholds adjusted for birth weight, gestational age is
still contributing significantly to the false positive rate of the CAH test.

In addition to gestational age and birth weight we also observed higher 17-OHP in males
compared to females which replicates previous findings [15]. This contributes to the slightly
higher false positive rate in males (0.63%) compared to females (0.37%) for the CAH test.
There are several reasons for this observation. Most likely the 2 ng/mL lower average 17-
OHP level observed in females for our study and others [15] prevents females from reaching
the presumptive positive threshold. Another, albeit rare explanation, is that virilized female
infants may be initially misidentified as males. While the difference in 17-OHP level
between males and females is small it does indicate that careful consideration may need to
be taken in relation to potential false negative results in females.

We also observed that free carnitine (C0) and long chain acylcarnitines (e.g. C14, C16, C18)
were lower in females compared to males. This is in contrast to short-chain acylcarnitines
biomarkers (e.g. C4, C5, C6, C8) where the difference was either in the opposite direction or
very small. This is consistent with several studies that have described lower total carnitine in
adult females compared to males [26-28]. A possible explanation is estradiol levels, which
have been shown to have an inverse relationship with plasma carnitine concentrations in rats
[29].

It has been previously been demonstrated that timing of sample collection can influence
analyte results for NBS, to our knowledge few studies have extensively examined the
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relationship between seasonality and newborn metabolism. The relative concentration
changes for this effect are extremely small and likely will not aid in the adjustment of
analyte ranges to improve newborn screening tests. However, this finding is of interest as it
indicates that either an environmental or biological mechanism is responsible for the
variation in metabolite measurements related to temperature. One likely explanation for
these observations is that ambient temperature is affecting the properties of specific analytes.
This has been previously reported for immunoreactive trypsinogen (IRT) the biomarker for
cystic fibrosis (CF) [30]. We observed the same trend as described in Wisconsin, a state that
is similar in climate to Iowa, where concentrations of IRT are lower in the summer months.
In Iowa temperatures range from average highs of 86°F (30°C) in July to 28°F (−2°C) in
January and samples are transported by road to one central analysis site that may result in
prolonged stays in unregulated temperature environments. IRT is stable stored at
temperature ranges of −20°C to 4°C [31] which explains why IRT values would be lower in
the summer months where IRT destabilizes due to higher ambient temperatures. In our study
this did not impact the presumptive positive cystic fibrosis cases, nor did the IRT thresholds
for a positive test result change during our study period, indicating that no adjustments to the
NBS thresholds are needed in regards to season. Individual states may vary in this effect
based on temperature and other transport characteristics if these differences are due to
weather. Additionally, genetic testing of the CFTR gene is performed on infants with high
IRT values and on any clinically suspected cases. We did not observe any changes in
positive CFTR results by season.

Another explanation for seasonal associations with analyte concentrations include biological
influences directed by environmental stimulates such as temperature which has been
documented for CH [32-35]. CH is found in approximately 1 out of 4,000 newborns and
results in thyroid hormone deficiency at birth. Interestingly, we observed similar trends to
studies demonstrating that the incidence of suspected and confirmed cases of congenital
hypothyroidism is increased in the winter. Studies that have demonstrated an increase in CH
in the winter months have been conducted in Japan, Britain, Finland and Iran, indicating this
is an effect that is observed globally in geographic areas with varying climates [32-36].
While permanent CH is due to genetic inheritance that is not affected by temperature, it is
possible that intrauterine viral infection, seasonal influences on food products and influence
of temperature, acting through exposure to seasonally-affected environmental factors, on
gene expression patterns or human leukocyte antigen backgrounds contribute to this finding
[32,33].

While we were able to examine several important demographic and environmental variables
that may affect the metabolite patterns of newborns we were limited in relation to other
relevant covariates. IIn particular, ethnic and racial information is not captured by the Iowa
newborn screening program. This covariate may be important for defining analyte specific
thresholds that differ due to ancestrally different genetic backgrounds. We had no
information on infection or health status present at birth. It would have been informative to
compare infants on TPN to those of matched illness severity to determine whether TPN is
merely a marker of illness. Additionally, studies with access of true positive results is
needed to determine the utility of incorporating information on gender, seasonality and
gestational age into the thresholds used for newborn screening. Unfortunately, we did not
have access to follow-up data as our subjects were de-identified and we were not able to link
specific patient information to databases of congenital and inherited metabolic diseases.
Therefore, while we are not able to assess the impact of these variables on current screening
thresholds we believe that these data are still beneficial for screening programs to better
inform which factors should be examined when evaluating and readjusting thresholds for
newborn screening.
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Figure 1.
Mean concentrations of the essential amino acids, arginine (ARG), leucine (LEU),
methionine (MET), phenylalanine (PHE) and valine (VAL) by gestational age. Black bars
represent the mean concentration for gestational age ≥ 37 weeks, white bars represent
gestational ages 33-36 and gray bars represent gestational ages 24-32 weeks. Standard errors
of the mean are given above each bar.
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Figure 2.
Mean concentrations of thyroid stimulating hormone (TSH) (A) and immunoreactive
trypsinogen (IRT) (B) by year. Dotted lines represent the means for winter months (Dec-
Feb) and solid lines represent summer months (Jun-Aug). Standard errors are given for each
mean.
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Table 1

Demographic Characteristics of the Study Cohort.

Variable No. Obs. %

Birth Weight

>=2250 213,888 96.44

1750-<2250 5,199 2.34

1250-<1750 1,692 0.76

<1250 1,009 0.45

Gestational Age

37-42 203,171 91.61

32-<37 16,756 7.55

22-<32 1,861 0.84

Gender

Female 108,030 48.71

Male 112,829 50.87

Unknown 929 0.42

Twin Status

singleton 217,118 98.16

twin 3,909 1.76

triplet 157 0.07

quadruple 4 <0.01

Feeding Method

Bottle 60,482 27.27

Breastfeed 128,180 57.79

Bottle and Breast 23,653 10.66

NPO 4,520 2.04

Unknown 4,953 2.23

TPN

No 219,287 98.87

Yes 2,501 1.13

Time of Collection

24-36 136,405 61.50

>36-48 60,901 27.46

>48-60 15,399 6.94

>60-72 9,083 4.10

Season of Sample Collection

winter 52,858 23.83

spring 55,844 25.18

summer 57,738 26.03

fall 55,348 24.96
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