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Purpose: Successful oral feeding and speech emergence
are dependent upon the coordination of shared oral
muscles and facial nerves. We aimed to determine if the
speech-associated genes, forkhead box P2 (FOXP2),
contactin-associated protein-like 2 (CNTNAP2), glutamate
receptor, ionotropic, N-methyl D-aspartate 2A (GRIN2A),
and neurexin 1, were detectable in neonatal saliva and
could predict feeding outcomes in premature newborns.
Method: In this prospective, observational, preliminary
study, saliva collected from 51 premature infants (gestational
ages: 30–34 6/7 weeks) at different stages of oral feeding
development underwent gene expression analysis. Binary
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(+/–) expression profiles were explored and examined in
relation to days to achieve full oral feeds.
Results: GRIN2A and neurexin 1 rarely amplified in neonatal
saliva and were not informative. Infants who amplified
FOXP2 but not CNTNAP2 at the start of oral feeds achieved
oral feeding success 3.20 (95% CI [−2.5, 8.9] ) days sooner
than other gene combinations.
Conclusions: FOXP2 and CNTNAP2 may be informative
in predicting oral feeding outcomes in newborns. Salivary
analysis at the start of oral feeding trials may inform
feeding outcomes in this population and warrants further
investigation.
S uccessful oral feeding and speech emergence are
dependent upon pathways involved in oral motor
coordination, planning, and execution and use

shared muscles and cranial nerve innervations (Matsuo &
Palmer, 2008; McFarland & Tremblay, 2006). Infants born
prematurely are at risk for disrupted and/or delayed matu-
ration of these developmental pathways often resulting in
poor oral feeding skills (Lau, Alagugurusamy, Schanler,
Smith, & Shulman, 2000), impaired growth and nutrition
(Johnson, Wootton, Leaf, & Jackson, 2012), and language
delays (Stephens & Vohr, 2009; van Noort-van der Spek,
Franken, & Weisglas-Kuperus, 2012). Early identification
of infants at risk for these developmental impairments may
allow for timely and targeted interventions that could
significantly improve care and outcomes for this vulnerable
population.

In recent years, our understanding of the molecu-
lar and genetic pathways regulating the complex and
coordinated interplay of muscles and nerves required
for speech emergence and oral feeding has expanded
(Khanna, Maron, & Walt, 2017; Maron, 2012; McFarland
&Tremblay, 2006). Specifically, advances in molecular
techniques have allowed caregivers to analyze single drops
of neonatal saliva to understand real-time development
as it relates to oral feeding maturation in the preterm infant.
By convention, genes (ribonucleic acid [RNA]) are tran-
scribed from the genetic code (deoxyribonucleic acid
[DNA]) and translated into proteins to perform the bio-
logical mechanisms of cells. Through a series of experi-
ments and published articles, the Maron Laboratory has
demonstrated that neonatal saliva serves as a rich source of
both gene (RNA) and protein expression (Khanna, Johnson,
et al., 2017; Khanna, Maron, et al., 2017; Maron et al.,
2015). By performing comparative analyses of saliva ob-
tained from successful and unsuccessful neonatal oral
feeders, Dr. Maron’s lab has identified salivary biomarkers
related to oral feeding maturation (see Figure 1). These
biomarkers represent a diverse group of developmental
systems related to successful oral feeding including facial
development, hunger signaling, and sensory integration
Disclosure: The authors have declared that no competing interests existed at the time
of publication.
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Figure 1. Neonatal salivary biomarker discovery and validation to assess oral feeding in the premature newborn.
(see Figure 1). Some biomarkers increase their gene ex-
pression (up-regulation) during feeding maturation; other
biomarkers decrease their gene expression (down-regula-
tion) during feeding maturation (Maron et al., 2015).
Given the shared pathways involved in both oral feeding
and speech emergence, the work further extended into ex-
ploring the diagnostic accuracy of neonatal forkhead box
P2 (FOXP2) expression to predict feeding maturation in
the newborn.

FOXP2 was first described in the multigenerational
family, “KE,” who exhibited language impairment when
the gene was mutated (Hurst, Baraitser, Auger, Graham,
& Norell, 1990). Heterozygous mutations of FOXP2 in
humans cause severe speech-language delays (Fisher &
Scharff, 2009; Lai, Fisher, Hurst, Vargha-Khadem, &
Monaco, 2001; Lai, Gerrelli, Monaco, Fisher, & Copp, 2003;
Liégeois et al., 2003; MacDermot et al., 2005), specifically
verbal apraxia—a speech disorder of motor planning. Bowers,
Perez-Pouchoulen, Edwards, and McCarthy (2013) exam-
ined quantitative levels of FOXP2 protein in the left corti-
cal hemisphere in children and found that 4-year-old boys
had significantly lower FOXP2 expression levels than
aged-matched girls (Bowers et al., 2013). This research
suggests that FOXP2 can vary based on sex. Zimmerman,
Maki, and Maron (2016) demonstrated a relation between
quantitative expression levels of salivary FOXP2 and a
shorter duration of time to achieve full oral feeds in the
preterm neonate and also reported the first case study
linking a deletion in the gene to impaired oral feeding skills
in the newborn (Zimmerman & Maron, 2016). Taken to-
gether, these data suggest that FOXP2 may play a critical
role in both oral feeding and speech competency.

Beyond FOXP2, there are emerging data identifying
other genes that play a key role in speech development.
Bartolo
One gene, contactin-associated protein-like 2 (CNTNAP2 ),
is located on chromosome 7 downstream from its regu-
lator FOXP2. Patients with CNTNAP2 mutations have
been found to share core phenotypes, including language
problems characterized as speech difficulty, delayed
language development, or absent language (Rodenas-
Cuadrado, Ho, & Vernes, 2014). Pitt-Hopkins–like
syndrome 1 is associated with deletions in CNTNAP2.
Symptoms of Pitt-Hopkins–like syndrome include
ataxia, spasticity, and generalized and focal seizures
with absent speech (Poot, 2017). Thus, CNTNAP2 may
be an additional gene that can provide insight into the
complex molecular mechanism of oral feeding and speech
development.

Another gene, glutamate receptor, ionotropic, N-methyl
D-aspartate 2A (GRIN2A), located on chromosome 16,
encodes the NR2A subunit of the glutamate N-methyl-
D-aspartate receptor. GRIN2A mutations, both inherited
and de novo, have been found in patients with epilepsy–
aphasia syndrome (Carvill et al., 2013). Interestingly,
Turner et al. (2015) have identified family members of
epilepsy–aphasia syndrome patients with different GRIN2A
mutations who have speech impairments without a seizure
disorder. This finding supports GRIN2A and its association
with speech production. Finally, neurexin 1 (NRXN1), lo-
cated on chromosome 2, encodes a membrane protein in
the neurexin family. Deletions in NRXN1 features develop-
mental delays, most commonly speech delays (Dabell
et al., 2013). NRXN1 deletion syndrome is associated with
heterozygous deletions of NRXN1 and includes autism
spectrum disorder, attention-deficit/hyperactivity disorder,
intellectual disability, seizures, schizophrenia, mood disor-
ders, and congenital malformations (Al Shehhi et al., 2019).
Although it is clear that these genes play a role in speech
me et al.: Speech-Language Biomarkers and Oral Feeding 1023



development, it remains unclear if they are related to oral
feeding development.

Oral feeding competency is a complex developmental
task requiring the integration of the oromotor, sensory,
neurodevelopmental, and gastrointestinal systems, along
with a mature gut–brain axis. Although oromotor matura-
tion represents only one developmental system required
for oral feeding success, identifying disruption in this bio-
logical network may be informative of both oral feeding
difficulties and delayed speech maturation. The aim of
this study was to determine if expression of speech genes,
FOXP2, CNTNAP2, GRIN2A, and NRXN1, could be am-
plified in neonatal saliva and predict feeding outcomes in
premature newborns. Specifically, we hypothesized that
genes involved in speech development could predict oral
feeding readiness in the preterm newborn and aimed to
determine if expression of these genes, alone or in combi-
nation, could serve as noninvasive, objective biomarkers of
oral feeding success in this vulnerable population.
Materials and Method
This study was approved by the Tufts Medical

Center Institutional Review Board. With parental consent,
premature infants born between 30 and 35 weeks’ gesta-
tional age (GA) were recruited from the neonatal intensive
care unit (NICU) at Tufts Medical Center (Boston, MA)
between December 2015 and March 2017. The Tufts
Medical Center NICU is a 42-bed Level III NICU with a
large geographical referral area across Eastern Massachusetts.
Tufts Medical Center practices a distributive care model
whereby newborns with a stable respiratory status who
are > 32 weeks’ postconceptional age (PCA) and weigh >
1,500 g are often transferred to Level II NICUs within the
health system to be closer to their homes for convalescent
care. Tufts Medical Center has five regional Level II
NICU hospitals within their own network, but will transfer
infants to the nearest Level II home hospital, even if outside
of their own network, in order to provide optimal family-
centered care. Exclusion criteria for this study included
major congenital anomalies; intraventricular hemorrhage >
Grade II; necrotizing enterocolitis; and prolonged respiratory
support, defined as ventilator support, noninvasive positive
pressure support, or continuous positive airway pressure.

Oral Feeding Outcomes
Tufts Medical Center and its affiliated hospitals utilize

the infant-driven, cue-based feeding protocol of Ludwig
and Waitzman (2007), which allows for standardization of
feeding practices across network sites. Per the protocol,
nurses begin to assess infants for oral feeding readiness be-
ginning at 32 weeks’ PCA. Ludwig and Waitzman devel-
oped a 5-point infant feeding assessment scale and a 5-point
quality of nippling scale. The feeding assessment scale con-
siders an infant’s alertness, tone, respiratory status, and
feeding cues (i.e., rooting, sucking on pacifier) to determine
if an infant should be allowed an oral feeding trial. Infants
1024 American Journal of Speech-Language Pathology • Vol. 29 • 102
are observed at each feed and scored from a high likeli-
hood feeding score of 1 (alert, good tone, rooting) to a low
likelihood feeding score of 5 (sleepy, tachypneic, needs
oxygen). An infant must score no less than four 1s or 2s
on the feeding scale in a 24-hr period before being allowed
to orally feed. During the feeding, the nippling quality
evaluates coordination of suck, swallow, and breathing
and number of events during feeding such as apnea, brady-
cardia, and desaturations. Through the process of learning
to feed, therapists and nurses provide feeding therapy uti-
lizing positioning, pacing, and bottle system changes, as
needed.

Oral feeding percentages were calculated using the
nursing clinical bedside flow sheet and were defined as the
amount of volume taken by mouth (termed per os, or PO)
divided by the total fluid intake either provided via intra-
venous fluids or via an indwelling nasogastric tube (Barlow
et al., 2017; Poore, Zimmerman, Barlow, Wang, & Gu, 2008;
Zimmerman et al., 2016). Full oral feeding was achieved
when an infant was able to take their minimum required
volume orally without the use of a nasogastric tube for
supplementation for greater than 24 hr. The number of
days required to achieve oral feeding was calculated from
the start of oral feeding attempts until the nasogastric tube
was removed.

Salivary Collection, RNA Extraction, and Reverse
Transcription–Quantitative Polymerase Chain
Reaction Analysis

Saliva samples were collected from each participant
at three time points: at the start of oral feeding, during
the learning process of oral feeding (15%–75% PO), and
at 100% oral feeding. All salivary samples were collected
prior to a feed to limit contamination from breast milk or
formula. Saliva was collected with the use of a 1-ml sy-
ringe, plunger removed, and attached to low wall suction
at the bedside. The infant’s mouth was gently suctioned for
approximately 10–20 s. Salivary volume need only to be
visualized in the tip of the syringe. Once collected, the
syringe was detached from suction, the plunger was re-
placed, and the saliva was flushed into 500 μL of RNA-
Protect Saliva stabilizing agent (QIAGEN) in a 2-ml
Eppendorf tube directly at the bedside. The sample was
immediately placed on ice and stored at 4 °C for a mini-
mum of 48 hr but not longer than 28 days before total
RNA extraction using the RNeasy Protect Saliva Mini Kit
(QIAGEN) per manufacturer’s instructions (Maron et al.,
2010). To minimize DNA contamination and improve
RNA purification, on-column DNase digestion was per-
formed on all samples. Extracted total RNA was stored at
−80 °C pending analysis (see Figure 2).

For quality assurance measures of reverse transcrip-
tion–quantitative polymerase chain reaction (RT-qPCR)
data, minimum information for quantitative real-time PCR
experiments guidelines were followed (Bustin et al., 2009).
Extracted saliva samples were analyzed for gene expres-
sion using a two-step RT-qPCR method. The first step
2–1029 • July 2020



Figure 2. Salivary processing methods: (1) Saliva is collected at the bedside via gentle, low wall suction. Saliva tends to pool under tongue
and in gingival crevices; (2) saliva undergoes total ribonucleic acid (RNA) extraction with the Qiagen RNeasy Protect Saliva Mini Kit; (3) total
RNA undergoes reverse transcription–quantitative polymerase chain reaction (RT-qPCR) application. (3A) Gene targets either amplify (+ gene
expression) or (3B) fail to amplify (− gene expression).
generated first-strand complementary DNA (cDNA) using
SuperScript VILO cDNA Synthesis kit per manufac-
turer’s instructions (Applied Biosystems, Thermo Fisher
Scientific) in the Eppendorf Mastercycler pro S thermal
cycler (Eppendorf ). Temperatures during incubation
were as follows: 25 °C for 10 min, 42 °C for 60 min, and
85 °C for 5 min. cDNA samples were stored at −20 °C
until preamplification was performed.

Due to the anticipated low starting quantities of
total RNA extracted from neonatal saliva, target genes
(FOXP2, CNTNAP2, GRIN2A, and NRXN1), along with the
reference genes (glyceraldehyde 3-phosphate dehydrogenase
[GAPDH], hypoxanthine phosphoribosyltransferase 1
[HPRT1], 14-3-3 protein zeta/delta [YWHAZ]) were pre-
amplified using Taqman Preamp Master Mix kit (Applied
Biosystems, Thermo Fisher Scientific) per manufacturer’s
instructions. This targeted preamplification was utilized to
limit amplification bias inherent in a whole transcriptomic
amplification approach. The preamplification reaction was
run on the Eppendorf Mastercycler pro S thermal cycler at
95 °C for 10 min for enzyme activation, followed by 14 cycles
of amplification at 95 °C for 15 s, and 60 °C for 4 min.
Preamplified samples were stored at −20 °C until qPCR
amplification.

The preamplified product was diluted 1:5 with
nuclease-free water prior to qPCR amplification. A non-
preamplified control sample was run as a comparison to
ensure uniform amplification across all gene targets. Di-
luted samples were mixed with Taqman Fast Advanced
Master Mix (2×) and nuclease-free water. Sample mix was
Bartolo
plated on Taqman Array 96-Well Plate Custom Format 8
(Applied Biosystems, Thermo Fisher Scientific). The 96-
Well Plate was customized for singleplex PCR for expres-
sion of four target genes and three reference genes; Applied
Biosystems includes ribosomal 18s in all premade plates as
an additional control gene. Expression of this gene was not
used in our analysis.

qPCR occurred on the Applied Biosystems Quant-
Studio 7 Flex Real-Time PCR System (Applied Biosystems,
Thermo Fisher Scientific). Each sample was run in tripli-
cate, and each plate was run with a positive control (infant
whose saliva was not included in analysis) to assess for
plate-to-plate variability. A negative control of nuclease-
free water was also analyzed to detect primer–primer am-
plification. The qPCR cycle profile was as follows: 50 °C
for 2 min, 95 °C for 20 s, and 40 fast run cycles at 95 °C
for 1 s for denaturing and at 60 °C for 20 s for annealing
and extension. Only samples that amplified all three reference
genes (GAPDH, HPRT1, and YWAHZ) were included in
the analysis. These three reference genes have been previ-
ously shown by the Maron Laboratory to maintain stable
gene expression in saliva between the sexes and across the
premature GA (Khanna, Johnson, & Maron, 2017).
Sample Size and Statistical Analyses
Zimmerman et al. (2016) completed a study on 21 in-

fants that showed a significant association between oral
feeding and FOXP2 expression levels with an effect size
of 1.79. For this study, we conservatively expect an effect
me et al.: Speech-Language Biomarkers and Oral Feeding 1025



size that is less than that for this preliminary study of 0.82,
which yielded a sample size of n = 45. Therefore, we
planned to enroll 50 infants for this study. We used SAS
(Version 9.4_M3) with SAS Enterprise Guide (Version
7.15HF3, SAS Institute Inc.) for the data analysis. RT-
qPCR data were analyzed in binary (+/−) gene expression
manner. Descriptive analyses were completed examining
the relation between gene expression and oral feeding
emergence.
Results
Salivary Samples

Fifty-four infants were initially recruited for this
study. However, three infants were excluded due to pro-
longed respiratory support or death, resulting in a sample
size of 51 babies. From 51 babies, 78 of the samples met
quality control standards and inclusion criteria for analysis
(63%). On average, enrolled infants were born at 33.20
weeks’ GA (SD = 1.30 days) with a birth weight of 1,959 g
(SD = 427 g).

PCR Quality Control Metrics
Amplification results of the reference genes in our

positive control analyzed on each premade plate to assess
plate-to-plate variability and performance were as followed:
GAPDH: mean cycle threshold (Ct) = 22.07, SD = 0.39,
coefficient of variation (CV) = 1.75; YWHAZ: mean Ct =
20.02, SD = 0.18, CV = 0.89; and HPRT1: mean Ct = 30.40,
SD = 0.42, CV = 1.37. For our negative control, three of 39
wells amplified for GAPDH and two of 39 wells amplified for
YWHAZ. Four of the five negative control wells amplified
at Ct > 37. Conversely, subject samples on these plates ampli-
fied each of these reference genes at Ct < 33; therefore, the
samples were not impacted by the primer to primer amplifica-
tion. One of the five negative control wells was considered
a contaminant with amplification at Ct = 31. There was equal
amplification across gene targets in the nonamplified-to-
amplified sample comparisons: nonamplified samples Ct
= 33.98 (GAPDH) and Ct = 31.49 (YWHAZ); amplified
samples at Ct = 21.27 (GAPDH) and Ct = 20.06 (YWHAZ).

Gene Binary Analysis (Expressed vs. not Expressed)
Expression of all target genes were analyzed in a

binary fashion (e.g., the genes were either expressed or not
expressed) and reported as a percentage. Table 1 provides
expression data of FOXP2, CNTNAP2, GRIN2A, and
NRXN1 independently for each infant during the three
time points. For each collection time point during the
learning process of oral feeding, samples were grouped as
having either (+/−) expression of each gene. Mean PCA
and days to full feed were described for each group. Due
to the low expression levels of GRIN2A and NRXN1, these
genes were not used in our oral feeding analysis. FOXP2
and CNTNAP2 were considered individually and in com-
bination. Table 2 summarizes the gene models for each
infant at each time point.
1026 American Journal of Speech-Language Pathology • Vol. 29 • 102
Infants who expressed FOXP2 (FOXP2+) at the start
of PO feeding (n = 28) achieved full oral feeding 4 days
sooner than infants who did not express FOXP2 (FOXP2–;
n = 2). However, during the learning process and at full
oral feeding, FOXP2+ infants (n = 16, n = 19, respec-
tively) took an average of 5.20 and 4.60 days longer to
achieve full oral feeding than FOXP2– infants (n = 5, n = 8,
respectively) during the same time point. Conversely,
CNTNAP2+ infants at the start of PO feeding (n = 7)
and during the learning process (n = 4) learned to fully
feed orally 2.40 and 0.90 days longer, respectively, than
CNTNAP2– infants at the same time point. At 100% PO
feeding, CNTNAP2+ infants (n = 8) had 2.83 days shorter
to full oral feeding.

Infants with the gene model FOXP2+ CNTNAP2–
at the initiation of oral feeding trials had a mean of 3.20
fewer days to full oral feeding in comparison to all other
infants (p = .26; 95% CI [−2.50, 8.90]). However, dur-
ing the learning process, infants with the gene model
FOXP2+ CNTNAP2– took a mean of 3.30 days longer
to full oral feeding in comparison to other gene models
(p = .22; 95% CI [−2.10, 8.60]). At 100% oral feeding,
infants with the gene model FOXP2+ CNTNAP2– took a
mean of 4.30 days longer to achieve full oral feeding in
comparison to other gene models (p = .13; 95% CI [−1.40,
10.10]).

Discussion
This study examined if the speech associated genes,

FOXP2, CNTNAP2, GRIN2A, and NRXN1, were detect-
able in neonatal saliva and if these gene expression levels
related to oral feeding outcomes in premature newborns.
Despite exploring these four speech-language genes of in-
terest, only FOXP2 and CNTNAP2 were detected consis-
tently in neonatal saliva. NRXN1 and GRIN2A were
rarely amplified in our cohort, and therefore, we were not
able to examine these genes in relation to oral feeding
development. However, it is possible that in this small
pilot study, we were unable to attain a diverse enough
group of subjects to account for biological variability in
expression of all biomarkers and that in larger, multicenter
trials, each may provide insight into oral feeding readiness
in this population. It is important to note that, to our
knowledge, this is the first time that CNTNAP2, GRIN2,
and NRXN1 have been examined in preterm infant saliva.

Next, we examined how the genes of interest re-
lated to oral feeding. We found that infants who expressed
FOXP2 at the start of PO feeding learned to orally feed
4 days sooner than infants who did not express the gene
(95% CI [−7, 14]) with effect sizes ranging from 0.30 to
1.06 indicating that with a larger sample size, these
trends may reach significance. Conversely for CNTNAP2,
we found that infants who expressed this gene at the start
of oral feeding fed 2 days later (95% CI [−4, 9]). Because
CNTNAP2 is regulated by FOXP2, binary expression
was also examined in combination. Infants with the gene
model FOXP2+ CNTNAP2− at the start of feeding achieved
2–1029 • July 2020



Table 1. The expression of each gene was evaluated at all three time points.

Gene Time point Expression n PCA Days to full feed % expressed
Effect size
(Cohen’s d)

FOXP2 Start of PO feeding + 28 34.11 (0.62) 10.50 (6.61) 93 0.34
– 2 34.29 (0.61) 14.50 (14.85)

Learning PO feeding + 16 35.06 (0.82) 15.75 (6.07) 76 1.06
– 5 34.51 (0.65) 10.60 (3.21)

100% PO feeding + 19 35.84 (1.00) 10.74 (8.29) 70 0.72
– 8 35.14 (0.51) 6.13 (3.52)

CNTNAP2 Start of PO feeding + 7 34.06 (0.75) 12.57 (7.04) 23 0.34
– 23 34.14 (0.58) 10.22 (7.08)

Learning PO feeding + 4 34.79 (0.55) 15.25 ( 4.27) 19 0.16
– 17 34.97 (0.87) 14.35 (6.31)

100% PO feeding + 8 35.66 (1.16) 7.38 (6.67) 30 0.38
– 19 35.62 (0.86) 10.21 (7.76)

GRIN2A Start of PO feeding + 5 34.37 (0.56) 11.00 (6.04) 17 0.04
– 25 34.07 (0.61) 10.72 (7.17)

Learning PO feeding + 0 0
– 21 34.96 (0.84) 14.52 (5.90)

100% PO feeding + 1 34.57 3.00 3.7
– 26 35.68 (0.93) 9.62 (7.48)

NRXN1 Start of PO feeding + 4 34.50 (0.38) 7.00 ( 7.16) 13 0.64
– 26 34.06 (0.62) 11.35 (7.08)

Learning PO feeding + 2 34.21 (0.51) 13.00 ( 4.24) 9.5 0.32
– 19 35.02 (0.80) 14.68 ( 6.11)

100% PO feeding + 2 34.93 (0.51) 2.50 (0.71) 7.4 1.38
– 25 35.69 ( 0.94) 9.92 (7.47)

Note. Postconceptional age (PCA) and Days to full feed are mean (SD). n = no. of infants; FOXP2 = forkhead box P2; PO = per os; (+) = gene
expressed; (−) = gene not expressed; CNTNAP2 = contactin-associated protein-like 2; GRIN2A = glutamate receptor, ionotropic, N-methyl
D-aspartate 2A; NRXN1 = neurexin 1.
full oral feeds 3 days faster than the other models (95%
CI [−3, 9]). Results from this study are similar to previous
research showing that increased expression of salivary
FOXP2 is associated with a shorter time to full oral feeding
(Zimmerman et al., 2016). The relation between FOXP2
and oral feeding is worth further investigation when con-
sidering the financial cost on the health care system and
the neurodevelopmental impact that prolonged hospitaliza-
tion may have on the infant. NICU costs are approxi-
mately $4,000/day, length of stay is highly correlated to
feeding success (Niknajad, Ghojazadeh, Sattarzadeh, Bashar
Table 2. Mean days to full feed for gene models at different time points.

Time point Gene model

Start of PO feeding FOXP2+ CNTNAP2+
FOXP2+ CNTNAP2−
FOXP2− CNTNAP2−
FOXP2− CNTNAP2+

Learning PO feeding FOXP2+ CNTNAP2+
FOXP2+ CNTNAP2−
FOXP2− CNTNAP2−
FOXP2− CNTNAP2+

100% PO feeding FOXP2+ CNTNAP2+
FOXP2+ CNTNAP2−
FOXP2− CNTNAP2−
FOXP2− CNTNAP2+

Note. Postconceptional age (PCA) and Days to full feed are mean (SD). n =
contactin-associated protein-like 2.

Bartolo
Hashemi, & Dezham Khoy Shahgholi, 2012) and can have
negative impacts on parent–child attachment (Flacking
et al., 2012).

Interestingly, FOXP2 and CNTNAP2 expression
neither steadily increased nor decreased during the learning
process of oral feeding. Although the biological signifi-
cance of this finding remains unknown, to our knowledge,
this is the first research note to report expression levels
over time. Previous studies explored feeding outcomes
based upon salivary gene expression profiles from a single
time point (Maron et al., 2015; Zimmerman et al., 2016).
n PCA Days to full feed

7 34.06 (0.75) 12.57 (7.04)
21 34.12 (0.59) 9.81 (6.49)
2 34.29 (0.61) 14.50 (14.85)
0
4 34.78 (0.55) 15.25 (4.27)

12 35.15 (0.90) 15.92 (6.72)
5 34.51 (0.65) 10.60 (3.21)
0
6 35.74 (1.18) 7.40 (7.02)

13 35.79 (0.96) 11.62 (8.87)
6 35.51 (0.77) 8.43 (4.578)
2 34.78 (0.71) 3.00 (1.41)

no. of infants; PO = per os; FOXP2 = forkhead box P2; CNTNAP2 =

me et al.: Speech-Language Biomarkers and Oral Feeding 1027



We believe it is unlikely these changes are due to maturing
circadian rhythms or hunger signaling, as all samples were
collected during the day and prior to a feed. Rather,
these data suggest that biological variability (i.e., age) over
time may impact expression profiles and/or changing levels
of these genes play an essential regulatory mechanism in
neonatal feeding development. Of note, interpretation of
these findings is limited by the paucity of infants in this pilot
study who had complete salivary acquisition data analysis
throughout the learning process of oral feeding. Infant
transfer likely impacted our observation that expression pro-
files at the initiation of feeds proved most informative of
long-term feeding outcomes. Only large scale studies will be
able to appropriately explore these variations across GAs
and sex to determine which time point(s) best predict feeding
outcomes.

Oral feeding is a complex developmental task. Oral
feeding development requires proper structural develop-
ment, physiologic stability, tone, and coordination (Crowe,
Chang, & Wallace, 2016; McGrath & Braescu, 2004;
Mizuno & Ueda, 2003). In utero, the development of
feeding occurs with fetal swallowing noted as early as
12 weeks’ GA, and by 34 weeks’ GA, the fetus is known
to have a coordinated suck and swallow reflex (Humphrey,
1970). However, for preterm infants, this typical develop-
mental process is disrupted and improper timing of feeding
may have negative results such as aspiration, hypoxia,
bradycardia, fatigue, and oral aversion. Another key factor
in oral feeding success for preterm infants is their birth GA.
Infants who are born at higher birth GA are able to learn
to feed faster (Davis, Liu, & Rhein, 2013; Mizuno & Ueda,
2003). This finding is likely due to the fact that these in-
fants are older, have a more mature neurodevelopmental
system, and have had more practice sucking and swallow-
ing in the womb. Given the complexity of feeding and the
risk for early aversions and negative clinical outcomes,
more objective assessment tools are needed to predict oral
feeding readiness.

Current feeding practices in the NICU are largely
limited to subjective assessment of feeding cues by neonatal
caregivers to determine oral feeding readiness. While these
approaches may identify which babies are mature enough
to attempt oral feeding trials, they are incapable of assessing
developmental delays limiting oral feeding success. Our
goal is to develop an objective assay that moves beyond
feeding readiness assessment to one that holds the potential
of identifying specific developmental pathways (i.e., oro-
motor, sensory, hunger signaling) that are impacting an
infant’s ability to feed (see Figure 1). We hypothesize that
this individualized approach may allow caregivers to develop
personalized care plans to improve oral feeding skills, as well
as alert them to the potential of additional developmental
delays, including delays in speech emergence. In turn, this
approach may reduce feeding-associated morbidities and de-
crease hospitalization length with associated health care costs.

This study was limited by a small sample size and
the fact that infants were transferred to multiple Level II
nurseries in our community, reducing the number of
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salivary samples collected for analysis. In addition, infants
who were transferred outside the Tufts Medical Center
neonatal network may have been exposed to varying feeding
practices, which in turn may have impacted our primary
outcome. Nevertheless, these data support our previous
study that demonstrated levels of FOXP2 at the initiation
of oral feeding in the preterm infant result in a shorter time
to achieve full oral feeds. In addition, we have identified at
least one subsequent speech-language gene, CNTNAP2,
that may inform feeding outcomes. Thus, there is a strong
need for large, prospective, multicenter research studies in
order to better understand gene ontogeny, specifically as it re-
lates to feeding outcomes. Incorporating speech follow-up
on these infants may provide insight into how these genes
relate to future development.
Conclusion
FOXP2 and CNTNAP2 are readily detectable

in neonatal saliva and may prove informative, alone or
in combination, to help predict oral feeding outcomes in
the preterm infant. NRXN1 and GRIN2A were often not
amplified and were noninformative in relation to feeding
progression in this pilot study. Further studies incorporat-
ing larger sample sizes are needed to more fully understand
the expression patterns of speech-language genes to objec-
tively and accurately predict oral feeding readiness. Impor-
tantly, long-term developmental follow-up of these infants
is warranted to determine if aberrant expression patterns
of speech-language genes in the neonatal period predict
delayed speech emergence in infancy and toddlerhood.
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