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Abstract

The precocial nature of orofacial sensorimotor control underscores the biological importance of
establishing ororythmic activity in human infants. The purpose of this study was to assess the
effects of comparable doses of three forms of orosensory experience, including a low-velocity
spectrally reduced orocutaneous stimulus (NT1), a high-velocity broad spectrum orocutaneous
stimulus (NT2), and a SHAM stimulus consisting of a blind pacifier. Each orosensory experience
condition was paired with gavage feedings 3x/day for 10 days in the neonatal intensive care unit
(NICU). Four groups of preterm infants (N=214), including those with respiratory distress
syndrome (RDS), chronic lung disease (CLD), infants of diabetic mothers (IDM), and healthy
controls (HI) were randomized to the type of orosensory condition. Mixed modeling, adjusted for
gender, gestational age, postmenstrual age, and birth weight, demonstrated the most significant
gains in non-nutritive suck (NNS) development among CLD infants who were treated with the
NT2 stimulus, with smaller gains realized among RDS and IDM infants. The broader spectrum of
the NT2 stimulus maps closely to known response properties of mechanoreceptors in lip, tongue,
and oral mucosa and is more effective in promoting NNS development among preterm infants
with impaired oromotor function compared to the low-velocity, spectrally reduced NT1
orosensory stimulus.
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Introduction

The trigeminal and facial cranial nerve systems attain functionality well before term
gestational age (GA) in humans. Toward the end of the 81" week post-menstrual age (PMA),
light tactile stimulation of the lips and face evoke a rooting and orienting response
(Humphrey, 1970). The precocial nature of orofacial touch sensitivity underscores the
biological importance of establishing motor rhythms as evidenced by the presence of
sucking, swallowing, and chest wall movements in utero (Popescu et al., 2008). In the
infant’s mouth and tongue, there are at least three known types of rapidly-conducting Ag
mechanoreceptors, including Merkel cells, Meissner’s corpuscles, and Ruffini nerve endings
which transmit touch, pressure, vibration and motion sense information along trigeminal
pathways to the developing thalamus and sensorimotor cortex. Each mechanoreceptor type
exhibits a unique response profile. For example, the Ruffini ending is most responsive to
slow indentations of the lip and encode position, whereas the Meissner corpuscle is most
responsive to rapid changes in skin indentation and pressure (e.g., vibration). Collectively,
these mechanoreceptors make it possible for the infant to appreciate a wide range of oral
experiences, some of which are presumed to be soothing (e.g., light touch from a caretaker’s
finger, stiffness of a pacifier, infant’s fingers, mother’s breast) whereas other unexpected
orosensory experiences may lead to maladaptive oral aversion (e.g., orotracheal intubation,
nasogastric feeding tube, ventilator, tape on the skin) at a critical period of brain
development for ororhythmic pattern formation (Barlow, 2009a; Barlow et al., 2010; Shiao
etal., 1995).

The central nervous system and oromotor pattern generation is vulnerable to delay and
injury in RDS, CLD, and IDM infants (Barlow 2009b; Khaksar, Jelodar, and Hematian,
2012; Nold and Georgieff, 2004; de Regnier et al., 2007). For example, infants diagnosed
with CLD often manifest oromotor dyscoordination, absent or weak suck, poor airway
protection, dysphagia, and poor state control (Gewolb and Vice, 2006). Delayed
development of NNS is well documented in preterm RDS infants (Poore et al., 2008; Stumm
et al., 2008; Estep et al., 2008). The invasiveness of lengthy intubation, oxygen
supplementation, and nasogastric feeding procedures associated with prematurity and lung
disease cost the baby precious sensory and motor experiences during a critical period of
brain development for oromotor pattern generation (Bosma, 1973). Preterm infants of
diabetic mothers (IDM) babies exhibit macrosomia but are lethargic when attempting
sucking and feeding (de Regnier et al., 2007). A common approach is to provide preterm
infants with orotactile stimulation to promote sucking. The dose, skin site, stimulus features
(slow vs fast touch, low vs high pacifier stiffness, etc.), vary widely among NICUs,
including but not limited to a gloved finger, gentle stroking of the mouth using a finger or
cotton swab, silicone pacifier, or a computerized oral entrainment system. Overall,
controlled somatosensory stimulation strategies have proven beneficial in developing NNS

J Neonatal Nurs. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Barlow et al.

Methods

Participants

Page 3

and oral feeding skills in premature infants (Fucile, Gisel, Lau, 2005; Fucile et al., 2011;
Rocha et al., 2007). Recently, a pressure-modulated pacifier was developed to provide tube
fed preterm infants with a pulsatile orosensory experience that closely mimics the expected
spatiotemporal pattern of non-nutritive suck (Barlow et al., 2008).

Each form of oral somatosensory stimulation has a unique spectral ‘frequency’ signature
(power spectrum) that will activate a subset of mechanoreceptor types while leaving other
mechanoreceptors in a quiescent state. The relation between orocutaneous stimulus power
spectrum and NNS development in preterm infants is unknown. In the present study, we
systematically investigate the effects of comparable doses of 3 different types of orosensory
experience, including a high-velocity broad spectrum orocutaneous stimulus, a low-velocity
spectrally reduced orocutaneous stimulus, and a SHAM condition consisting of a silicone
pacifier. Given the exquisite frequency sensitivity of trigeminal mechanoreceptors in
orofacial tissues, it is hypothesized that the high-velocity broad spectrum orocutaneous
stimulus (with frequency components up to 16 Hz), will be significantly more effective in
promoting NNS development among preterm infants compared to either a low-velocity
reduced spectrum orocutaneous stimulus (DC to 2 Hz) or the SHAM pacifier condition.

A randomized design was used to evaluate the efficacy of pneumatic orocutaneous
stimulation on NNS development among 214 newborn infants (116F/98M) distributed
among 4 preterm subpopulations, including 55 healthy infants (HI), 35 infants of diabetic
mothers (IDM), 38 infants with respiratory distress syndrome (RDS), and 87 infants with
chronic lung disease (CLD) (power = .80 at a=.05). Participant characteristics are given in
Table 1. The human subjects committees at the Overland Park Regional Medical Center
(Overland Park, Kansas), and Stormont-Vail Regional HealthCare (Topeka, Kansas)
approved the research protocol for this study. Written informed consent was obtained at
each NICU prior to the participants’ enrollment into the study. Staff involved in nursing care
of study participants were blinded to treatment condition for the duration of the 2-week
intervention protocol. Infants were randomly assigned to one of three conditions, including
NT1 (low velocity orocutaneous), NT2 (high velocity orocutaneous), or SHAM pacifier
control.

Population 1—HI designates preterm infants (N=55; 20 SHAM, 20 NT1, 15 NT2) with
no specific diagnosis who were otherwise medically stable. Inclusion criteria: born between
23 0/7 and 36 /7 weeks GA, as determined by obstetric ultrasound and clinical examination,
minimal or no oxygen history (< 5 days of ventilator, CPAP, and nasal cannula).

Population 2—IDM includes neonates born to mothers with diabetes (gestation or other
forms) (N=35; 10 SHAM, 14 NT1, 10 NT2). These infants are born with macrosomia but
are lethargic when it comes to early neonatal oromotor skills. Inclusion criteria: born
between 23 and 40 weeks GA, days on oxygen <28 days [15].
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Population 3—RDS infants (N=38; 17 SHAM, 11 NT1, 10 NT2) had an active diagnosis
of respiratory distress syndrome as confirmed by X-ray earlier in their hospital stay and
required respiratory support. These infants typically have oxygen therapy due to their lungs
not being completely developed and/or to surfactant deficiency. Inclusion criteria: born
between 23 %7 and 36 ¢/7 weeks GA, as determined by obstetric ultrasound and clinical
examination, documented oxygen history for treatment of RDS (days on ventilator + CPAP
+ nasal cannula).

Population 4—CLD includes sicker preterm infants (N=87; 39 SHAM, 23 NT1 treatment,
25 NT2 treatment) with chronic lung disease and occurs primarily in babies who manifest an
oxygen dependency at 36 weeks PMA or beyond

Inclusion criteria: born between 23 %7 and 36 7 weeks GA, and days on oxygen > 28 days
[15]. Neurological examination included brain ultrasound and/or MRI to document the
severity and localization of intraventricular hemorrhage (IVH) or periventricular
leukomalacia (PVL) common to CLD infants.

General inclusion criteria: no functional suck and tube-fed at 34 weeks PMA, head
circumference within 10-90t" percentile of mean for PMA, neurological examination
showing no anomalies for PMA: response to light, sound, and spontaneous movements of all
extremities, and with stable vital signs (heart rate, blood pressure, age appropriate
respiratory rate, and SpO, > 92%) to allow for NNS. General exclusion criteria: IVH grades
I11 or 1V, other intracranial hemorrhage, PVL, necrotizing enterocolitis, neonatal seizures
and culture positive sepsis or meningitis at time of testing, chromosomal anomalies or
craniofacial malformation, nervous system anomalies, cyanotic congenital heart disease,
gastroschisis, omphalocele, diaphragmatic hernia and/or other major gastrointestinal
anomalies, or not ready for oral feedings as determined by the health care team.

Pulsed Oral Somatosensory Stimulation (NT1 and NT2) and SHAM Stimulation Conditions

Pulsed orocutaneous stimuli were generated with the NTrainer System® (Innara Health, Inc.,
Shawnee, Kansas). This device includes a digitally-controlled pneumatic amplifier and
handpiece which accepts a regular Philips AVENT Soothie® silicone pacifier (Figure 1).
The orocutaneous stimuli were was programmed to mimic the temporal features of an NNS
burst (Barlow et al., 2013). Examples of the NT1 and NT2 stimuli with their respective
power spectra are shown in Figure 2. The NT1 stimulus waveform has a relatively slow
pressure rise/fall time (~145 ms) compared to the brisk NT2 stimulus (~31 ms). The NT2
stimulus has an enhanced power spectrum with a fundamental frequency at 1.95 Hz and
significant harmonic energy up to 16.4 Hz. In contrast, the NT1 stimulus has only one
harmonic beyond the fundamental frequency. The resultant displacement at the pacifier-
tissue interface was approximately 400 pum for the NT1 and NT2 stimuli. The 3-minute
orocutaneous stimulation periods included 34 burst-pause trains, and were interleaved with
5.5 minute rest periods during which the pneumatically-charged Soothie pacifier was
removed from the mouth (see Table 2). Infants assigned to the SHAM condition were
offered the same type of Soothie pacifier minus the pneumatically patterned stimulus. The
stimulation regimen was repeated 3 times per day for up to 10 days according to their 3-hour
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feed cycles, or until the infant attained 90% oral feeds for two consecutive days. Overhead
lighting was dimmed in the immediate area to promote eye contact with the neonatal study
nurse. Infants were swaddled with limbs at midline, and in a quiet-awake to drowsy state
during stimulation (NIDCAP state 3, 4 or 5) (Als, 1995). Observers could not differentiate
which babies received the NT1, NT2, or the SHAM condition since the NTrainer System®
and pacifier handpiece was used for all NNS stimulation and assessment procedures.

NNS progression

NNS evolution was measured through daily 3-minute digitized recordings of nipple
compression pressure completed at the beginning of a gavage feed using the NTrainer
System® handpiece and silicone pacifier. During these NNS recording sessions, infants did
not receive the pulsed orocutaneous stimulation. The NNS pressure signal was digitized at
3000 samples/sec (16-bits @ 3V full-scale).

Automated NNS digital signal processing and feature extraction

The most active 2-minute period of NNS behavior based on suck cycle count was
automatically extracted from each suck assessment data file using a waveform feature
extraction algorithm on the NTrainer System®. The NNS pressure waveform was band-pass
filtered (0.5 — 20 Hz) to remove low frequency offsets due to tongue/jaw posturing and
thermal drift associated with oral contact on the pacifier bulb, and to remove high-frequency
jitter. Pressure peaks greater than 1.6 cmH,0O were subject to feature extraction criteria,
including suck cycle symmetry, cycle duration, and burst identification defined as two or
more NNS events occurring within 1200 milliseconds. This algorithm permits objective
identification of NNS burst activity distinct from non-NNS mouthing compressions or
tongue thrusts against the pacifier. Five measures were objectively extracted from the
indexed records of suck, including minute-rates for (1) NNS Bursts where an individual
burst includes 2 or more suck cycles, (2) NNS Cycles defined as suck compression cycles
with cycle periods less than 1200 milliseconds, (3) Oral Compressions defined as the sum of
all pressure events, (4) the proportion of oral compression events specific to NNS activity,
designated %NNS, and finally (5) NNS compression pressure expressed in cmH»0.

Advancement to Oral Feeding

Infants were given the Enfamil Grad-U-Feed® nurser when transitioning from NG to oral
feeds using standard practice. Infants were allowed to attempt oral feeds as long as their
SpO, = 92% with stable heart rate. Infants exhibiting O, desaturations, breathing
difficulties, spit-ups, postural distress, and bradycardia during oral feed attempts were fed by
NG tube. Nutritional content was specific to each infant per physician’s order to satisfy
caloric demands. Regarding additives, lipids were given intravenously, not orally. Other
additives to the formula via bottle or NG tube included any medication that is indicated ‘by
mouth’ (i.e., vitamins, caffeine, Actigall, etc.).

Statistical analysis

The primary endpoint was the longitudinal comparison of NNS performance between three
stimulus types (SHAM, NT1, NT2), each consisting of four preterm infant groups (HI, RDS,
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CLD, IDM). Mixed modeling analyses were conducted to handle interdependency among
the performance variables repeatedly measured at multiple time points. Adjusting for the
infants” gender, GA, PMA, and birth weight, mixed models examined (linear) growth over
time as well as stimulus type effect and infant group effect via restricted maximum
likelihood estimation, which produces unbiased estimates under the conditions of
unbalanced sample and/or incomplete data. If the stimulus type effect or infant group effect
was significant at 0.05 alpha level, adjusted means were pairwise compared using
Bonferroni correction for inflated Type | error. A compound symmetric error covariance
structure minimized Akaike Information Criterion and Bayesian Information Criterion and
thus was chosen for the mixed models. All analyses were conducted using SAS 9.3 (SAS
Institute, 2008).

The high-velocity NT2 orosensory experience yielded significant increases and moderate
effects sizes among several NNS performance measures when compared to the SHAM and
low-velocity NT1 conditions. These are summarized in the following sections according to
the dependent measures for combined and individual preterm groups.

NNS Bursts/minute

Figure 3 illustrates the adjusted means and standard errors of NNS Bursts/minute. A
significant effect for stimulus type (SHAM, NT1, and NT2) when preterm groups are
combined (p=.003) is shown in the upper panel. The spectrally enhanced NT2 stimulus
yielded greater minute-rates for NNS burst production when compared to either the SHAM
(p<.05, d=.40) or NT1 (p<.01, d=.44) conditions. Follow-up analysis (lower panel) among
individual preterm groups revealed the most significant gains among CLD infants in NNS
Burst production following NT2 stimulation compared to NT1 (p<.01, d=.43) and SHAM
(p<.05, d=.35) conditions.

NNS Cycles/minute

Figure 4 illustrates the adjusted means and standard errors of NNS Cycles/minute. A
significant effect for stimulus type (SHAM, NT1, and NT2) when preterm groups are
combined (p<.001) is shown in the upper panel. This measure reflects the neonate’s motor
ability in generating suck compression cycles that exceed the minimum threshold value of
1.6 cmH,0. NT2 stimulus yielded significantly greater NNS Cycles/minute than did SHAM
(p<.05, d=.35) and NT1 (p<.01, d=.61) conditions. NNS Cycles/minute increased from an
average of approximately 60.23 NNS cycles/minute in the SHAM condition, to more than
69.13 NNS Cycles/minute in the NT2 condition, representing an increase of 14.78% over
the SHAM condition, and 16.83% over the NT1 stimulus condition. Follow-up analysis
(lower panel) among individual preterm groups revealed the most significant gains among
CLD infants in the minute-rate for NNS Cycle production following NT2 stimulation
compared to NT1 (p<.001, d=.68) and SHAM (p<.05, d=.37) conditions. Preterm infants of
diabetic mothers (IDM) also showed an increase in the average NNS Cycles/minute between
NT1 (45.1) and NT2 (65.7) stimulus conditions.
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Oral Compression Events/minute

%NNS

Figure 5 illustrates the adjusted means and standard errors of Oral Compression Events/
minute. This oromotor variable reflects both NNS and non-NNS mouthing (e.g., jaw/tongue
squeeze, jaw tremor that exceed the minimum threshold value of 1.6 cmH,0) compression
behaviors. A significant effect for stimulus type (SHAM, NT1, and NT2) when preterm
groups are combined (p<.001) is shown in the upper panel. There are two notable findings in
the combined data. First, the NT1 (low-velocity) orosensory input actually reduced Oral
Compression Events/minute among preterm infants. Second, NT2 stimulation yielded a
significant increase in Oral Compression Events/minute from an average of approximately
65.80 Oral Compression Events/minute in the SHAM condition, to 77.55 Oral Compression
Events/minute in the NT2 stimulus condition, representing an increase of 17.86% over the
SHAM (p<.05, d=.41), and 19.90% over the NT1 condition (p<.01, d=.60). Follow-up
analysis among individual preterm groups revealed the most significant gain among CLD
infants in Oral Compression Events/minute production following NT2 stimulation compared
to NT1 (p<.001, d=.69) and SHAM (p<.01, d=.43) conditions.

Figure 6 illustrates the adjusted means and standard errors (SE) of %NNS. %NNS reflects
the proportion of oral mouthing compressions that are part of non-nutritive burst pattern
formation, which operationally defined includes at least 2 consecutive suck compression
cycles with a cycle period of 1200 milliseconds or less. The measure reflects the efficiency
of the neonate’s oromotor pattern generator in producing NNS cycles that exceed the
minimum threshold value of 1.6 cmH»0. A significant effect for stimulus type (SHAM,
NTZ1, and NT2) when preterm groups are combined (p=.003) is shown in the upper panel.
The NT2 stimulus yielded significantly greater %NNS production than did NT1 (p<.01, d=.
46) condition. Follow-up analysis (lower panel) among individual preterm groups revealed
the most significant gain among CLD infants in %NNS production following NT2
stimulation compared to NT1 (p<.05, d=.35). The negative effect of NT1 on %NNS
production when compared to the SHAM and NT2 conditions is notable, with a difference
of 3.6% and 5.0%, respectively.

NNS Pressure

A slight increase in NNS pressure was found as one advanced from the SHAM condition to
NT1, and to NT2 conditions, however this change did not reach statistical significance
(upper panel of Figure 7). Follow-up analysis (lower panel) among individual preterm
groups revealed a highly significant increase in NNS pressure for the HI infants between the
SHAM and NT2 (p=.007, d=.44), and NT1 versus NT2 (p=.002, d=.49). For the HI infants,
NNS pressure increased by 65.17% from 13.28 cmH,0 to 22.13 cmH,0 between the
SHAM and the spectrally enhanced NT2 conditions. No significant increases in NNS
pressure were found among IDM, RDS, and CLD preterm infants.

DISCUSSION

The nature of an oral somatosensory intervention designed to promote ororhythmic activity
is clearly dependent on its spectral (frequency) characteristics. We discovered that a
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pulsatile high-velocity NT2 stimulus is significantly more effective than either a pulsed low-
velocity NT1 stimulus or a SHAM pacifier in providing preterm neonates with a salient
somatosensory experience to facilitate development of the NNS. The most significant gains
in NNS performance were observed for CLD and IDM preterm infants. One possible
explanation for this finding is that the NT1 stimulus lacks salience to drive trigeminal
mechanoreceptive afferents above background levels of neural activity. This may be due to
sensory masking resulting from ongoing afferent activity associated with low frequency
postural adjustments of the lower face and mouth produced by the infant, including their
attempts to produce suck and other orofacial movements. By contrast, the NT2 stimulus,
with its broader frequency content, provides the neonate with an enhanced oral
somatosensory experience to drive the trigeminal system. We hypothesize that Meissner
corpuscles and Merkel cells possess the most suitable frequency and amplitude sensitivities
to encode the NT2 oral stimulation in preterm infants. Meissner corpuscles are most
sensitive to skin vibrations less than 50 Hz and well matched to encode the NT2 oral
stimulus. The Merkel ending is a slow adapting mechanoreceptor with small receptive fields
(1-8 mm) on the face (2 receptors/mm2) and high sensitivity to low frequency vibration (~5
to 15 Hz) at micron displacement amplitudes, and thus, well suited for encoding fine form
and texture of objects that are touched or manipulated in the mouth (i.e., pacifier). These
mechanoreceptors transmit somatosensory cues to the ventroposteromedial nucleus of the
thalamus at high conduction velocities (33—-75 m/sec at 1-year of age) (Barlow, Finan,
Bradford, and Andreatta, 1993; Barlow, Dusick, Finan, Coltart, and Biswas, 2001). The
salience of the NT2 stimulus is consistent with experimental evidence on the neurobiology
and mechanosensitivity of the human orofacial system (Barlow, 1987; Trulsson & Essick,
2004).

In summary, pulsed oral somatosensory entrainment therapies provided to preterm infants
with delayed/disordered oromotor control should incorporate a high-velocity burst-pattern
stimulus profile with significant spectral energy from 0 to 16 Hz to maximize NNS
development.
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Receiver tube START/STOP  Electronic signal lead

Air Pressure

Figure 1.
Pneumatic entrainment handpiece (NTrainer System®, Innara Health, Inc., Shawnee, KS

USA) with silicone pacifier coupled to a sterilized receiver tube. An air pressure sensor and
electronic valve is integrated within the body of the handpiece. Servo-controlled pressure
pulses are transmitted and valved through the handpiece into the pacifier to produce pulsatile
mechanical stimuli realized as controlled deflections of the surface of the pacifier bulb. The
same handpiece is also used to sample the infant’s NNS motor pattern. The START/STOP
touch switch allows the user to control automated data acquisition and stimulus control
protocols on the host microprocessor.
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Figure 2.

NT1 and NT2 pneumatic stimuli and their respective power spectra are shown when coupled
to a silicone pacifier. A series of 3 stimulus bursts are shown in the top row. An expanded
view of a single pressure waveform stimulus burst is shown in the middle row. The NT1
stimulus is characterized by a relatively long rise/fall time in the intraluminal pressure signal
(~145 ms) compared to the much faster NT2 stimulus (~ 31 ms) based on 10-90%
intercepts). The brisk NT2 stimulus is reflected in an enhanced power spectrum (bottom
row-right panel) which shows a fundamental peak at 1.95 Hz and significant harmonic
energy up to 16.4 Hz. The relatively slow NT1 stimulus is limited to a fundamental peak
with minimal harmonic energy.
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Figure 3.
Mixed model adjusted means for the dependent variable NNS Bursts/minute among the

four preterm participant groups combined (upper panel) and pairwise comparisons among
individual preterm groups (lower panel). [Error bars represent standard error (SE) of the
mean; * p<.01, ** p<.05].
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Figure 4.
Mixed model adjusted means for the dependent variable NNS Cycles/minute among the

four preterm participant groups combined (upper panel) and pairwise comparisons among
individual preterm groups (lower panel). [Error bars represent SE of the mean; * p<.05, **
p<.001, *** p=.057].
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Figure 5.
Mixed model adjusted means for the dependent variable Oral Compressions/minute

among the four preterm participant groups combined (upper panel) and pairwise
comparisons among individual preterm groups (lower panel). [Error bars represent SE of the
mean; * p<.05, ** p<.01, *** p=.088].
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Mixed model adjusted means for the dependent variable %6NNS events relative to the total

number of oral compressions on the instrumented pacifier among the four preterm

participant groups combined (upper panel) and pairwise comparisons among individual

preterm groups (lower panel). [Error bars represent SE of the mean; * p<.05].
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Mixed model adjusted means for the dependent variable NNS Pressure (cmH,0) on the
instrumented pacifier among the four preterm participant groups combined (upper panel)
and pairwise comparisons among individual preterm groups (lower panel). [Error bars
represent SE of the mean; * p=.007, ** p=.002].
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