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Abstract
Variation in pacifier stiffness on non-nutritive suck (NNS) dynamics was examined among infants
born prematurely with a history of respiratory distress syndrome. Three types of silicone pacifiers
used in the NICU were tested for stiffness, revealing the Super Soothie™ nipple is 7 times stiffer
than the Wee™ or Soothie™ pacifiers even though shape and displaced volume are identical. Suck
dynamics among 20 preterm infants were subsequently sampled using the Soothie™ and Super
Soothie™ pacifiers during follow-up at approximately 3 months of age. ANOVA revealed significant
differences in NNS cycles/min, NNS amplitude, NNS cycles/burst, and NNS cycle periods as a
function of pacifier stiffness. Infants modify the spatiotemporal output of their suck central pattern
generator when presented with pacifiers with significantly different mechanical properties. Infants
show a non-preference to suck due to high stiffness in the selected pacifier. Therefore, excessive
pacifier stiffness may decrease ororhythmic patterning and impact feeding outcomes.
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Introduction
Observation of infant's oromotor patterns during their routine NICU follow up visits revealed
a pacifier preference between two different models of a popular silicone pacifier which have
identical external mold profile geometries yielding an oral displacement volume of 4 cc. There
was a tendency for infants to spit out the blue Super Soothie™ pacifier and infants who did
retain the pacifier and latch did not appear to suck in a burst-pause pattern. However, infants
offered the green colored Soothie™ silicone pacifier appeared to enjoy the oral experience and
demonstrated the highly organized burst-pause pattern associated with non-nutritive suck.
Subjectively, the Super Soothie™ pacifier felt stiffer than the Soothie™ pacifier; however, no
objective data on materials stiffness was available from the manufacturer (Children's Medical
Ventures, Inc). These observations at the NICU follow-up clinic prompted the following
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questions: What is the mechanical stiffness of these two popular silicone pacifiers? If
significant differences exist in the mechanical properties of the two pacifiers, does this affect
infant's preference and alter the neural activity of brain stem circuits which regulate the suck
central pattern generator (sCPG)?

Non-nutritive suck has been widely studied; however, few researchers have examined the
physical properties of pacifier nipples such as size and thickness, nor the effects of pacifier
stiffness on the spatiotemporal patterning of the sCPG. Given the documented sensitivity of
the sCPG to somatosensory inputs (Barlow & Estep, 2006; Finan & Barlow, 1996), it is
hypothesized that varying pacifier stiffness will alter the spatiotemporal organization and
patterning of the sCPG in human infants.

Background
Central pattern generators

Central pattern generators (CPGs) consist primarily of specialized networks of interneurons
which produce rhythmic motor patterns (ex: walking, breathing, flying, swimming, sucking)
(Marder & Bucher, 2001). The suck central pattern generator, or sCPG, consists of a bilateral
circuit of interneurons located in the brain stem reticular formation (Finan & Barlow, 1996;
Iriki et al., 1988). Animal studies have revealed that ororhythmic movements can be evoked
from this neuronal network when the slice preparation is localized to a segment of the pons
between the trigeminal motor nucleus and the facial nucleus (Chandler & Tal, 1986; Nozaki
et al., 1986). Interneurons that compose the ororhythm-generating circuits have intrinsic burst
generating capabilities (Del Negro et al., 1998; Tanaka et al., 1999) which are tonically
inhibited from lower brain stem sites. Thus, brain stem transection has been shown to disinhibit
the rhythm generating circuits (Tanaka et al., 1999) which demonstrates that descending inputs
from cerebral cortex play a modulatory role in ororhythmic generation (Barlow & Estep,
2006).

The act of sucking on a pacifier produces a rich stream of sensory cues from cutaneous and
deep afferents which serve to refine the timing and magnitude of the efferent code delivered
to trigeminal, facial, and hypoglossal lower motor neurons (LMNs) (Barlow & Estep, 2006).
The lip vermilion and the tip of the tongue are areas with high densities of low-threshold,
rapidly conducting mechanoreceptive afferents (Trulsson & Essick, 2004). These oral
mechanoreceptors encode important information which is used by the baby during
development to modulate the timing and magnitude of sCPG output. This form of neural
adaptation plays a critical role in ororythmic behaviors, and is important in the reconfiguration
of the sCPG to meet changing task dynamics such as bolus volume and consistency or
mechanical properties of the nipple (Finan & Barlow, 1996). Trigeminal sensory flow also
modulates the sCPG by tuning the sensitivity of orofacial reflexes (Barlow & Estep, 2006;
Barlow et al., 1993; Barlow et al., 2001). Unexpected disturbances or changes to the
environment, such as a stiffer pacifier, are ultimately encoded by trigeminal primary afferents
which play a key role in modification of lip, tongue, and jaw movements for ororhythmic
activity (Lund & Kolta, 2006a; Lund & Kolta, 2006b).

Experience plays a significant role in modulating these sensory signals which influence sCPGs
(Barlow & Estep, 2006; Barlow et al., 2004; Estep & Barlow, 2007). Frequent exposure to
self-generated orosensory events produces neural activity along the trigeminal lemniscus
which is presumed to exert trophic effects on the formation and strengthening of central
projections for suck development (Barlow & Estep, 2006). A reduction or qualitative change
in the type of sensory input to the infant's face, often associated with procedures that restrict
orofacial movements such as nasal cannulation or endotracheal intubation, may disrupt
neurogenesis during a critical period of development (Bosma, 1973; Pascual et al., 1998).
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Environmental (sensory) deprivation represents another factor which negatively impacts
mechanisms of cortical and cerebellar differentiation during the early postnatal period.
Therefore, sensorimotor enrichment during early life is highly beneficial for the developing
brain and suck development (Barlow & Estep, 2006; Pascual et al., 1996).

Structure of the Non-nutritive Suck
The non-nutritive suck (NNS) produced by a term infant normally cycles at a frequency of
approximately 2 Hz and is organized into discrete bursts, consisting of 6-12 suck cycles,
separated by pause periods as shown in Figure 1 (Finan & Barlow, 1996;Wolff, 1968). During
NNS, the infant coordinates the burst-pause pattern with respiration (Goldson, 1987). Sucking
on a pacifier or feeding nipple is one of the first oromotor tasks an infant is engaged to perform
soon after birth. An infant with a less mature or damaged central nervous system (CNS) will
often manifest a less developed suck pattern. Thus, sucking ability is presumed to reflect
integrity of the CNS (Barlow & Estep, 2006;Mizuno & Ueda, 2005;). Suck has been observed
in utero as early as 15-18 weeks gestational age (GA) (Humphrey, 1964;Miller et al., 2003).
As the infant matures the suck becomes more organized and manifests the classic burst-pause
pattern around 32 weeks GA (Pickler & Reyna, 2004;Wolff, 1968). By 37 weeks GA, the infant
is expected to suck at the same rate as a full term infant (Wolff, 1968).

In contrast to full term babies, preterm infants often exhibit immature sucking skills (Lau &
Schanler, 2000), delayed patterning (Estep & Barlow, 2007; Tamura et al., 1996), and generate
fewer sucks characterized by shorter bursts, longer pauses between bursts, and a lower suck
pressure (Medoff-Cooper et al., 1989). The physiological distress associated with prematurity
translates to greater variability in suck patterns (Cowett et al., 1978; Dreier & Wolff, 1972;
Estep & Barlow, 2007; Stumm et al., 2008).

The physical properties of the object (finger, pacifier, breast, etc) placed in a newborn's mouth
has noticeable effects on suck patterning. Oral stimulation is a significant determinant of
sucking development in the newborn. Infants who experience NNS stimulation daily tend to
develop organized sucking behaviors earlier (Bernbaum et al., 1983). The physical
characteristics of the nipple, including size, shape, and compressibility, have been shown to
influence the frequency of NNS (Dubignon & Campbell, 1968; Lipsitt & Kaye, 1965). Wolff
(1968) suggested that pacifier stiffness may affect the amplitude of sucking, however,
ororhythmic patterning did not appear to change with variations in the shape of the nipple.

Rationale And Hypothesis
One of the earliest and most accessible forms of external oral stimulation which can influence
the development of an infant's suck is their pacifier. The pacifier represents an accessible and
convenient oral appliance which has the potential to facilitate or degrade oromotor skill
development in infants. Given the sCPG's sensitivity to somatosensory cues from the oral
sensorium, it is hypothesized that pacifier stiffness is one key variable encoded by the CNS
during sCPG formation. Excessive nipple stiffness may retard suck, whereas a more compliant
pacifier may promote ororhythmic activity and needed levels of trigeminal flow for suck
development.

Pacifiers have become an essential part of early oromotor stimulation in preterm infants.
However, little is known about the physical properties of pacifiers nor their effect on infants'
NNS and the sCPG. One key factor to consider is the stiffness of the silicone pacifier and
resultant effects on the infant's sCPG. The current study is organized along two experiments.
The first was designed to determine the mechanical stiffness of three popular silicone pacifiers
available in most NICUs today. The second experiment was designed to assess the effects of
two popular silicone pacifiers, equivalent in size and volume with radically different stiffness
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profiles, on the dynamics of NNS production in a group of premature RDS infants tested at
their 3 month NICU follow-up visit.

Experiment One: Pacifier Stiffness Measurement
Methods

Three popular one-piece silicone pacifiers used in the NICU, including the Wee Soothie™,
Soothie™, and Super Soothie™, were measured for materials stiffness using a linear servo
motor programmed to impose step-wise nipple compression in a repeated measures design as
seen in Figure 2. Each pacifier was coupled to a Delrin pacifier receiver, vented to atmosphere
at room temperature (∼72 degrees F), and securely mounted in a vise with the silicone nipple
oriented up and positioned against a stationary platform on one side. A custom linear servo
motor, operating under position feedback, was positioned on the opposite side of the nipple
cylinder and programmed to impose an 8-step sequential compression of the silicone nipple.
The resultant force (Newtons) and displacement (millimeters) generated by the linear motor
against the pacifier were digitized in real time at 100 samples per second at 16-bits of vertical
resolution. The change in force was divided by the change in displacement at each compression
step, (ΔF/ΔX)STEPS 1 thru 7. The resulting stiffness coefficients were plotted as a function of
imposed compression (millimeters). Stiffness was measured on each pacifier type at the
cylinder of the nipple.

Results
The results of this initial experiment revealed that the nipple cylinder of the Super Soothie™
pacifier is approximately 7 times stiffer over the first millimeter of compression than either the
Wee Soothie™ or Soothie™ pacifiers shown in Figure 3. The Super Soothie™ yielded a
stiffness value of nearly 6 N/mm following 1 mm of nipple compression levels, whereas, the
stiffness coefficients for the Wee Soothie™ and Soothie™ pacifiers were only 0.8N/mm at
similar compression levels. Under a full compression load, the difference in stiffness
coefficients between the Super Soothie™ and the other two pacifiers is on the order of 7X.
Increased wall thickness of the silicone nipple accounts for the significant increase in stiffness
for the Super Soothie™ pacifier.

Experiment Two: Pacifier Preference And NNS Dynamics
Patients and Methods

The effects of pacifier stiffness on the dynamics of the sCPG was studied in 20 infants (11
Males: 9 Females) seen at the University of Kansas Medical Center NICU follow-up Clinic
and the Stormont-Vail Regional Medical Center Premature Follow-up Clinic (Table 1). All
infants had a history of RDS with an average corrected age of 2 months and 18 days and an
average of 40.8 days on oxygen. This study was approved by the human subjects committees
of the University of Kansas Medical Center (Kansas City, KS) and Stormont-Vail Regional
Medical Center (Topeka, KS), and informed consent was obtained from the parents prior to
the study.

NNS dynamics were sampled in real time from infants using the ACTIFIER technology (Finan
& Barlow, 1996). All pacifiers and receivers were gas sterilized with ethylene oxide (EtO).
Presentation order for pacifier type (Soothie™ versus Super Soothie™) was counterbalanced
and a 2-minute sample of NNS behavior was digitized for each infant. Testing was typically
completed 10 minutes prior to the NICU Follow-up Clinic ensuring that the family had ample
time for the study and was not late for the clinic. Each infant was held in a developmentally
supportive position by an experienced member of the research staff or the infant's caretaker
and testing was initiated once the infant achieved a quiet alert state (Als, 1995). Five dependent
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variables were calculated from the digitized records of ororhythmic activity for each pacifier
type using the software algorithm NEOSUCK RT. These included Mean NNS Cycle Amplitude
(cmH2O), Mean NNS Cycle Periods (ms), NNS Cycles/Burst, and minute-rates for NNS Burst
and NNS Cycle production.

Results: Experiment Two
Infant's tested at the 3-month NICU Follow-up Clinic reorganize their sCPG when faced with
silicone pacifiers of varying mechanical properties. An example of this NNS reorganization is
shown in Figure 1 for infant T45 who was tested at 2 months and 23 days corrected age. The
panel on the left show high levels of NNS behavior when presented with the Soothie™ pacifier.
The 2 Hz cycling of nipple compression occurs at nearly 40 cmH2O. A switch to the stiffer
Super Soothie™ pacifier resulted in significantly diminished ororhythmic activity
characterized by low-amplitude, short duration NNS bursts. Over the 2 minute analysis
window, the average NNS burst length was only 5 cycles in length with the Super Soothie
pacifier compared to 13 suck cycles per burst produced on the more compliant Soothie™
pacifier. These sample results of oromotor output clearly illustrate the negative performance
effect with use of the stiffer Super Soothie™ pacifier.

ANOVA (v. SPSS 14.0) completed on the five dependent variables among the 20 test infants
revealed several significant differences as a function of pacifier type. The first dependent
variable, NNS bursts/min was not significant [F(1,39)=.00, p =1.00] with a Soothie™ mean
of 7.05 (SE=.56) bursts/min and a Super Soothie™ mean of 7.05 (SE=.85) bursts/min (Figure
4). Thus, the stiffer pacifier did not deter infants from making attempts to engage the sCPG.
However, the fine structure of the resulting NNS burst was significantly altered with the stiffer
pacifier as described in the following sections.

NNS cycles/min was a significant main effect [F(1,39)=9.2, p=.004] with oromotor output on
the Soothie™ pacifier yielding an average 74.85 (SE=5.22) cycles/min but only 49.15
(SE=6.66) cycles/min on the Super Soothie™ pacifier (see Figure 5). Infants were able to
generate more NNS cycles per minute on the more compliant Soothie™ pacifier than on the
Super Soothie™ pacifier.

NNS mean amplitude (Figure 6) was significantly different for pacifier type [F(1,39)=44.79,
p=.000] with Soothie™ use yielding a mean of 25.22 (SE=2.35) cmH20 and Super Soothie™
use only 8.30 (SE=.91) cmH20 of nipple compression pressure.

NNS cycles/burst which reflects the complexity of suck burst structure was significantly
different for pacifier type [F(1,39)=6.53, p=.015] with a mean of 13.01(SE=8.17) cycles/burst
on the Soothie™ pacifier and a mean of 7.40 (SE=1.21) cycles/burst on the Super Soothie™
pacifier (see Figure 7). Thus, the complexity of NNS burst structure is greater when an infant
uses the more compliant Soothie™ pacifier.

NNS cycle periods were also different depending on pacifier type [F (1, 37) =4.57, p=.039].
As shown in Figure 8, NNS cycle periods associated with the use of the Soothie pacifier
averaged 507.53 (SE=12.12) milliseconds and increased significantly to a mean of 550.48
(SE=16.32) milliseconds when infants switched to the Super Soothie™ pacifier. This is an
especially interesting finding since it demonstrates that the intrinsic properties and temporal
structure of the sCPG can be modified by changing the local environment.

Discussion
Children's Medical Ventures, the manufacturer of the silicone pacifiers used in this study, has
never completed an objective examination of the mechanical properties of the pacifiers they
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market. This is somewhat surprising since infant's preference will ultimately determine the
success of their marketed product. After testing each pacifier type for nipple stiffness and
discovering the Super Soothie™ pacifier is 7 times stiffer than either the Wee Soothie™ or the
Soothie™ pacifiers, it was hypothesized that the NNS dynamics would be altered because of
the vastly different mechanical environments these pacifiers present to the infant's orofacial
system. Objective testing of the pacifiers for their stiffness levels confirmed the need for
physiological study of sCPG dynamics in the developing infant.

There are many different pacifier manufacturers and yet little is known about the mechanical
properties and potential effects of their pacifiers on the central patterning of ororhythmic
movements in preterm and term infants. Similarly, there are many manufacturers of feeding
nipples which are utilized during nutritive suck, and still, little is known about the mechanics
of these nipples and their effect on nutritive suck dynamics. Infants who manifest poor feeding
skills are often those who are faced with poor patterns of intraoral stimulation (Dubignon &
Campbell, 1968). Christensen, Dubignon and Campbell (1976) found that infants respond less
frequently to a large nipple but still did not include a complete description of the morphometrics
and mechanical properties of this nipple. The mechanical and physical properties of the
pacifiers and presumably, feeding nipples, are an important piece of information to attain from
manufacturers since these factors can significantly impact ororhythmic patterning in infants.
Without careful consideration of these factors, poor sucking/feeding performance observed in
infants may be exacerbated.

The sCPG is a precocial neural network that is modified by activity-dependent mechanisms
and oral experience. The present study has clearly demonstrated that changing the stiffness
environment significantly modifies the dynamics of NNS along several dimensions.
Ororhythmic activity on the Soothie™ pacifier was associated with more NNS cycles/min and
a more elaborate NNS burst structure when compared to the stiffer Super Soothie™ pacifier.
Wolff (1968) described the NNS as having 6-12 suck cycles per burst. In the present group of
infants tested at approximately 3 months of age, the mean NNS cycles/burst for the Soothie™
pacifier was 13.01, whereas, use of the Super Soothie™ pacifier decreased output to 7.40
cycles/burst. Since the external shape and displaced volume of the two pacifier nipples are
identical (∼4 cc), it logically follows that the observed difference in ororhythmic output
between the two pacifiers (Soothie™ vs. Super Soothie™) was due to the large difference in
cylinder wall stiffness.

Wolff (1968) suggested that the amplitude of sucking may vary with pacifier stiffness,
however, this variation was not measured objectively. In the present study, NNS amplitude
was found to vary with pacifier stiffness. It is logical to assume the infant will have reduced
amplitude when sucking on a stiffer pacifier but the question still remains whether or not the
same amount of muscle force was used by the infant on both pacifiers. The significant
difference between the two pacifiers on amplitude represents the intraluminal pressure between
the two pacifiers. More research is needed to fully understand the relation between pacifier
mechanics and infant applied compression force during suck.

NNS production on the Super Soothie™ pacifier significantly increased within-burst suck
cycle periods reflecting a change in the temporal characteristics of the sCPG. Previous research
found that rhythmic features were not influenced by the variation in the shape of the nipple
(Wolff, 1968). However, the present study reveals that the rhythmic or temporal features of
NNS do change systematically when nipple stiffness is increased. The infants modulated their
sCPG by slowing down the production of nipple compression cycles. Suck cycle periods
increased by 7.8% when infants used the stiffer Super Soothie™ pacifier. This reflects a form
of neural adaptation to modify the fine structure of the NNS burst neural generator to
accommodate the more challenging mechanics associated with the Super Soothie™ pacifier.
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In summary, the results of the present investigation have demonstrated that young infants
modify the spatiotemporal dynamics of the sCPG as a function of changes in local oral
environment (i.e., changes in nipple stiffness with shape/size held constant). The activity
encoded by peri- and intraoral mechanoreceptors is central to modulation of the sCPG in both
the time and frequency domain. Based on the current findings, pacifier/nipple manufacturers
should pay special attention to the mechanical properties of their products and carefully monitor
the influence of these properties on infant oromotor behavior. Further research in the area of
pacifier mechanics and their effect on NNS dynamics and the spatiotemporal characteristics
of the sCPG is needed.
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Figure 1.
Sample NNS compression waveforms from T45 while sucking on each of the pacifier types.
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Figure 2.
The linear servo motor used to introduce step-wise nipple compressions in a repeated measures
design to estimate materials stiffness of each pacifier type.
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Figure 3.
Stiffness profiles as a function of pacifier type.
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Figure 4.
NNS Busts/min
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Figure 5.
NNS Cycles/min
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Figure 6.
Mean NNS Amplitude
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Figure 7.
Mean Cycles/burst
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Figure 8.
Mean NNS Periods
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