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Abstract

Breastfeeding is widely regarded as the optimal form of feeding infants, as it provides both nutritional and physiological
benefits. For example, breastfed infants generate greater intraoral suction and have higher amplitude muscle activities
compared to bottle-fed infants, with downstream implications for motor function, development, and health. One mecha-
nism that might explain these physiological differences is the structure of the nipple an infant is feeding on. Breasts in
most mammals are ducted soft-tissue structures that require suction to be generated for milk to be released, whereas bottle
nipples are hollow and allow milk to be acquired by compression of the nipple. We used a validated animal model (pigs)
to test how being raised on a novel ducted nipple impacted feeding physiology and performance compared to infants raised
on a standard (cisternic) nipple. At the end of infancy, we fed both groups with both nipple types and used high-speed
videofluoroscopy synchronized with intraoral pressure measurements to evaluate feeding function. Nipple type did not
have a profound impact on sucking or swallowing rates. However, when feeding on a ducted nipple, infant pigs raised
on a ducted nipple generated more suction, consumed milk at a faster rate, swallowed larger boluses of milk, and had
decreased likelihood of penetration and aspiration than those raised on a cisternic nipple. These data replicate those found
when comparing breast- and bottle-fed infants, suggesting that a ducted, biomimetic nipple may provide bottle-fed infants
with the physiologic benefits of breastfeeding.
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Introduction

Breastfeeding and bottle feeding provide different expe-
riences for infants, especially for their growth and devel-
opment. In addition to the beneficial effects of being fed
breastmilk as compared to formula (reviewed in [1]),
there are several biomechanical and physiologic benefits
to breastfeeding in both infancy and beyond [2—7]. Infants
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that are breastfed have been argued to have reduced rates
of dysphagia, improved muscle function during suckling
as well as during mastication in early childhood, reduced
malocclusion, and have been implicated to have different
respiratory functioning than bottle fed infants [8—14]. One
potential causal factor in the observed differences in per-
formance and development could lie in the biomechanical
differences that exist between breastfeeding and bottle feed-
ing. As compared with bottle feeding, during breastfeeding,
infants generate greater intraoral suction [12, 15], increase
cranial muscle activation [9, 12], and experience greater

@ Springer


https://doi.org/10.1007/s00455-024-10780-5
http://orcid.org/0000-0003-0402-8388
http://crossmark.crossref.org/dialog/?doi=10.1007/s00455-024-10780-5&domain=pdf&date_stamp=2024-11-1

824

C. J. Mayerl et al.

oxygen saturation due to improved coordination of breath-
ing and feeding [16]. Because of the ethical limitations on
understanding the neurophysiology and biomechanics of
human infant breast vs. bottle feeding, we do not have a full
understanding of the differences in these modalities [17].

However, not all infants can be breastfed for a myriad
of clinical reasons. For example, many premature infants
face difficulties in establishing breastfeeding and infants
with other pathophysiologic conditions, such as cleft pal-
ate or lip, Down Syndrome, or other neurologic conditions
often must be bottle-fed [18]. These conditions can require
a suite of interventions to be utilized to facilitate oral feed-
ing, and the decision making process to do this can be com-
plex, and often rely on the use of bottles in addition to other
interventions [19, 20]. Furthermore, even when infants are
healthy and able to breastfeed, bottle feeding is common in
the United States [21]. Only 25% of infants are exclusively
breastfed for 6 months, and 60% of mothers stop breast-
feeding earlier than planned [22]. However, bottle feeding is
often necessary for mothers who must return to work, have
less flexible work hours, or have limited maternity leave.
These barriers to breastfeeding are reported by low-income
women from minority backgrounds, and socioeconomic and
racial disparities in breastfeeding are widely reported [23—
27]. Furthermore, when parents try to use both breastfeeding
and bottle feeding, many infants and their caregivers have
difficulty switching successfully between bottle feeding and
breastfeeding, making it difficult to continue breastfeeding
once bottle feeding is introduced [28].

Substantive structural differences exist between a human
breast and commercially available nipples. Breast tissue (of
humans and most mammals, including pigs) has narrow lac-
tiferous ducts embedded in connective tissue [29, 30]. In
contrast, although many commercial/conventional bottle
nipples are touted as being designed to replicate breast-
feeding, they all fundamentally differ from breasts, and are
hollow inside, like a cistern. Furthermore, there is substan-
tive variation both across and within bottle manufacturers,
further complicating differences between breast and bottle
feeding [28, 29]. These differences in nipple structure cor-
respond to differences in the ways that infants extract milk
during breastfeeding and bottle feeding. During breastfeed-
ing, infants primarily acquire milk by using the tongue to
generate intraoral suction [31-33]. In contrast, during bot-
tle feeding, infants generate less intraoral suction and can
acquire milk through expression, which occurs when the
infants compress the hollow bottle-nipple to obtain milk
[34-37]. Expression of milk is possible during bottle feed-
ing because conventional bottle nipples are hollow and
compressible. These differences in mechanism for extract-
ing milk may cause the differences in feeding and develop-
mental outcomes that are observed between breastfed and
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bottle-fed infants. A possible way to reduce the biomechani-
cal differences and subsequent health disparities between
breastfeeding and bottle feeding is to change the structure
of bottle nipples to better mimic breasts.

We created ducted (biomimetic) bottle nipples and used
a validated animal model for infant feeding, pigs [38], to
test how a solid, flexible nipple impacts infant feeding
function through ontogeny. Animal models are an essen-
tial tool for evaluating feeding function in infants, as they
allow for increased control over experimental settings and
a longitudinal study design. Furthermore, animal mod-
els allow for much greater spatial and temporal resolution
data to be acquired than in human infants due to ethical
considerations associated with radiation exposure during
videofluoroscopic swallow studies (VFSS), and allow for a
more nuanced assessment of normal as well as pathophysi-
ologic function [17, 38-42]. We raised two groups of infant
pigs, one on each nipple type. At the end of infancy, we
conducted VFSS, paired with intraoral pressure measure-
ments, while the infant pigs fed on the nipple type that they
were raised on, followed by the opposite nipple type. We
hypothesized that feeding on the ducted nipple would elicit
responses more similar to breastfeeding than feeding from
a conventional bottle nipple. Specifically, we predicted that
when infant pigs fed on a ducted nipple, they would gener-
ate greater intraoral pressure, consume milk more slowly,
swallow smaller boluses, and have a reduced rate of milk
penetration and aspiration into the airway.

Methods
Animal Housing and Care

We obtained infant pigs (Yorkshire/Landrace) at 48 h of
age (Shoup Investments LTD, Wooster, OH, USA). Infants
were housed in the NEOMED Comparative Medicine Unit,
and were trained to feed on infant milk replacer (Solustart
Pig Milk Replacement, Land o’Lakes, Arden Mills, MN,
USA). All care and procedures for infants were approved by
NEOMED IACUC Protocol # 19-03-222 [42—44].

Nipple and Experimental Design

Infants were separated into two groups: One feeding on
a standard, cisternic nipple (N=4), and one feeding on a
ducted nipple (N=4). The units of analyses were either
sucks or swallows, providing sufficient power to determine
differences between groups [43—45]. For both nipples, size
and shape were standardized based upon measurements
taken from several nursing mothers. We 3-D printed molds
that were then used to cast nipples using silicone. We chose
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a silicone material such that the material properties of the
ducted nipples approximated the durometer rating of breast
tissue which is 00-10 [46, 47]. We achieved consistent
results with silicone rubber of 00-20 (Smooth-On Ecoflex
00-20). To ensure that variation in performance between
infant groups was not impacted by nipple stiffness, we mea-
sured the amount of force required to compress this ducted
nipple by 50%. We repeated this for several cisternic nipples
made from materials of different durometer ratings, with a
20 A silicone nipple being most similar to the ducted nipple
(Smooth-On Dragon Skin 20 A). We also matched flow rate
for the ducted and cisternic nipples both experimentally and
using Poiseuille’s law. The cisternic nipple had a hole diam-
eter of 1.9 mm, as used previously in the pig model [45, 48],
and the ducted nipple was constructed using three 1.6 mm
diameter ducts, as many species of mammals have multiple
openings at the nipple [49-51, Fig. 1, Fig. S1]. Thus, the
only difference in design between nipples was whether one
was ducted or cisternic.

Data Collection

Pigs were raised on their assigned nipple for approximately
20 days (equivalent to an ~8 month human infant). During
this time, the total volume of milk consumed per feed, and
the duration of suckling was recorded for every feed and
was averaged for each day. Infant mass was recorded daily.

A B

Fig. 1 Lateral view (top) and bottom view (bottom) of the ducted (A,
gold) and cisternic (B, blue) nipples. Grey areas indicate areas where
silicone exists, and white indicate areas where milk could fill and flow.
Colored areas indicate bottle lid attachments. Note the three central
ducts in (A) surrounded by silicone

At approximately 20 days of age, we recorded biplanar vid-
eofluoroscopy (GE 9400 C-Arm, 71-73 kV, 6.3-7.1 mA)
with high-speed cameras (XC1 M, XCitex, Cambridge, MA,
USA) at 120 frames per second while pigs fed milk formula
with barium (E-Z Paque Barium Sulfate, EZ EM Inc., NY).
Pigs were fed first on the nipple they were raised on, and
then on the other nipple in order to document feeding with
acute exposure to a novel nipple type, typically within the
same feeding session. During data collection, pigs were
allowed to stand without restraint, with minimal variation
in body position across individuals. Bottles were filled to
the same volume for each feed and angled so that nipples
were always filled with milk. We recorded approximately 20
swallows per pig per condition. X-ray data were synchro-
nized with intraoral pressure generation using a 16 channel
Powerlab (1635, ADInstruments, Colorado Springs, CO,
USA) at 10 kHz.

Data Processing

We identified suck timing from X-ray video using standard
procedures [43, 52]. We identified a total of 1165 sucks
(cisternic pigs on cisternic nipple N=309; cisternic pigs
on ducted nipple N=278; ducted pigs on cisternic nipple
N=307; ducted pigs on ducted nipple N=271). Sucks were
identified as beginning on the frame at which the tongue
made an anterior seal with the hard palate, and ending the
frame before the next suck began [43, 53]. Instantaneous
suck rate was calculated as 1 divided by the duration of the
suck (providing the frequency of the behavior).

Swallows were identified as beginning on the frame at
which the bolus was accumulated in the supraglottic space
prior to passing the epiglottis, following standard proce-
dures [43, 44, 54]. In this, we recorded a total of 373 swal-
lows (cisternic pigs on cisternic nipple N=96; cisternic pigs
on ducted nipple N=95; ducted pigs on cisternic nipple
N=288; ducted pigs on ducted nipple N=94). Swallow rate
was calculated as 1 divided by the time to the next swallow
following standard procedures to calculate the frequency of
the behavior [43, 44]. Bolus size was measured by calcu-
lating the surface area (in mm?) of the bolus in the lateral
view at the initiation of the swallow using ImagelJ [55, 56].
We calculated the volume of milk consumed per second by
multiplying bolus size for a given swallow by swallow rate.
We determined the frequency of penetration and aspiration
using the Infant Mammalian Penetration Aspiration Scale
(IMPAS), a scale equivalent to the Penetration Aspiration
Scale designed for adults [57, 58].

Intraoral pressure was filtered with a 60 Hz low-pass
filter to eliminate baseline electronic noise, downsampled
by 83 (to 120 Hz to match framing rate) and exported
from Powerlab. Pressure generation data was loaded into
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a custom MATLAB routine along with data on suck and
swallow timing (Version 2021a, Mathworks, Natick, MA).
This MATLAB routine calculated the amount of pressure
generated per suck and per swallow in mmHg.

Statistical Analyses

All statistical analyses were performed in R (R core team,
www.r-project.org, v 4.3.0). We used linear mixed effects
models to test for differences in variables of interest, with
the nipple an individual was raised on, the nipple an infant
was feeding on, and their interaction as fixed effects, and
individual infant as a random effect [59]. Variables of inter-
est include: suck rate, swallow rate, pressure generated per
suck, bolus volume, milk consumed per second, and sucks
per swallow. P values for main effects were obtained using
the Anova() function on the model in R. Where interactions
between effects were significant, we performed planned
contrast analyses as well as Cohen’s D [60].

To test for differences in swallow safety, we performed
a logistic regression to evaluate differences across all four
groups. We combined swallows with no penetration or pen-
etration with clearance as being ‘safe’, for a total of three
levels (safe, penetration without clearance, and aspiration).
This follows previous work, gives higher power for detect-
ing differences, and is biologically relevant as swallows that
have penetration with clearance are likely functionally not
impactful to organismal physiology [56]. Logistic regres-
sion analyses calculated odds ratios for moving away from
a safe swallow depending on group, and we also calculated
p-values using Wald-Chi-Squared Analyses [56, 61].

Results

Ontogenetic Growth

Even though both groups were allowed to feed ad libitum,
we found that infant pigs who were raised on a ducted

nipple were marginally larger than those raised on a cis-
ternic nipple, although differences by the end of infancy

(~20 days) were not significant (F=2.6, p=0.13, cisternic
mean=2.4+0.4 kg, ducted mean=2.8 +0.4 kg, Fig S2A).
Similarly, at the end of infancy pigs raised on a ducted nip-
ple tended to consume higher volumes per feed (Fig S2B).

Behavioral Response to Nipple Design

Overall, we found little variation in sucking rate nor swal-
lowing rate depending on what nipple pigs were raised
on or feeding on. Pigs raised on the ducted nipple did not
differ substantially in suck rate nor swallow rate when
feeding on either nipple, and ducted pigs feeding on the
ducted nipple did not differ from cisternic pigs feeding on
the ducted nipple for suck rate nor swallow rate (Table 1;
Fig. 2, Table S1). However, we did find that pigs raised on
the cisternic nipple sucked at faster rates when feeding on
the cisternic nipple than when feeding on a ducted nipple
(t=5.9, p<0.001, D=0.67), and compared to pigs raised
on a ducted nipple feeding on a cisternic nipple (t=8.01,
p<0.001, D=0.75, Table S1, cisternic pigs feeding on cis-
ternic nipple: 5.99+1.25 Hz, feeding on a ducted nipple:
5.10+ 1.46 Hz; ducted pigs feeding on a cisternic nipple:
5.00+1.37 Hz, feeding on a ducted nipple: 5.08 + 1.41 Hz).
Cisternic pigs feeding on a cisternic nipple also swallowed
at a faster rate than ducted pigs feeding on a cisternic nipple
(t=5.8,p<0.—1,D=0.8), although they did not swallow at
a statistically significantly faster rate than when feeding on a
ducted nipple (t=3.7, p<0.001, D=0.45, Fig. 2, Table S1,
cisternic pigs feeding on cisternic nipple: 1.88+0.78 Hz,
feeding on a ducted nipple: 1.59+0.46 Hz; ducted pigs
feeding on a cisternic nipple: 1.39+0.31 Hz, feeding on a
ducted nipple: 1.49 +0.46 Hz).

Physiological Response to Nipple Design

In contrast to the limited response in behavioral rates, we
found substantive differences in physiology depending on
both the nipple an infant pig was raised on and the nipple it
fed on. This was especially prominent for pigs raised on a
cisternic nipple feeding on a ducted nipple. These pigs gen-
erated less suction per suck (t = -8.8 p<0.001, D=0.85),

Table 1 Planned contrast and

Nipple effect

Group effect

effect size (Cohen’s D) results

Raised on cist

Raised on duct Feed on cist Feed on duct

from statistical analyses (t-statis-

tio, povalue: Cohon’s D) Suck Rate (Hz) 5.8,<0.001,-0.67 062,054 005  8.01,<0.001; 0.75 8. (1)3, 0.88;
Swallow Rate (Hz) 37,<0.001:-045  1.2,024;025  59,<0.001;0.8  1.2,0.23;0.2
Pressure / suck (mmHg) -5.2, < 0.001; 0.48 -2.3,0.02; 0.8 -1.7,0.08; -0.14 -8.8, <
ITtalicized values indicate statisti- 0.001; -0.85
cally significant differences with 5 o 4.1,<0.001;-0.52  3.3,0.001,0.65 1.5,0.14;0.19 6.0, <
medium effects size, bolded 0.001: -1.1
lues indicate statisticall o
:fg;lfgcl:ntﬂ?f?ei;éseslc\iiti large  Bolus size (mm?) -2.6,0.01;-0.33 3.9,<0.001; 23,002,032  -89;<
0.66 0.001; -1.4

effects sizes
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Fig. 2 Rates of sucking (A) and swallowing (B) in infants raised on
a cisternic (left) vs. ducted (right) nipple when feeding on a cister-
nic (blue) or ducted (gold) nipple (typically within the same feeding
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Fig. 3 Pressure generation per suck (top), feeding rate (middle), and
bolus area and swallow safety (bottom) of infants raised on a cister-
nic (left) vs. ducted (right) nipple when feeding on a cisternic (blue)
or ducted (gold) nipple (typically within the same feeding session).
Dashed lines between groups indicate statistically significant differ-

consumed milk more slowly (t = -6.0, p<0.001, D=1.1)
and had smaller boluses (t = -8.9, p<0.001, D=1.4) than
pigs raised on a ducted nipple feeding on a ducted nipple
(Fig. 3; Table 1, Table S1). Pigs raised on a cisternic nipple
also acquired less milk per suck and consumed milk more
slowly when feeding on a ducted nipple compared to feed-
ing on a cisternic nipple, although with only a medium effect
size (Fig. 3; Table 1, Table S1). Infant pigs raised on a ducted
nipple feeding on a cisternic nipple had lower pressure gen-
eration, slower milk consumption, and smaller boluses than
when feeding on a ducted nipple (Table 1, Table S1).

ences with a medium effect size, and solid lines between groups indi-
cate a statistically significant difference with a large effect size. Dots in
the bottom panel indicate individual swallows, colored by if they were
safe (green), had penetration (yellow) or aspiration (red)

Impact of Nipple Design on Swallow Safety

Using pigs raised on a cisternic nipple feeding on a cister-
nic nipple as the baseline, we found that the probability of
penetration and aspiration was impacted by what nipple an
infant was feeding on, and to a lesser extent, what nipple
an infant was raised on. Pigs raised on a ducted nipple, and
feeding on a ducted nipple were associated with a decrease
in the log odds of penetration by 2.18 (p <0.001, with the
odds of penetration being 0.11) and a decrease in the log
odds of aspiration by 2.6 (» <0.001, Table 2, with the odds
of aspiration being 0.07). Pigs raised on a ducted nipple
but feeding on a cisternic nipple were associated with a
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Table 2 Results from logistic

Raised Cist, Feed duct

Raised Duct, feed Cist Raised Duct, feed duct

regression analyses, relative to an
infant with a safe swallow raised
on a cisternic nipple feeding on a

Penetration
Aspiration

0.01+0.35,0.97
-0.68+0.37, 0.06

-1.01+£0.42, 0.01
-0.69+0.36, 0.05

-2.18+0.52, <0.001
-2.6+0.56, <0.001

cisternic nipple (log odds +se, p)

Bolded values indicate a log odds of increased swallow safety with statistical significance; italicized val-

ues indicate a log odds of increased swallow safety with marginal statistical significance

decrease in the log odds of penetration by 1.01 (p=0.01,
with the odds of penetration being 0.36) and a decrease in
the log odds of aspiration by 0.69 (p=0.05, with the odds
of aspiration being 0.50). For pigs feeding on a cisternic
nipple, we observed no change in the log odds of penetra-
tion when feeding on a duct, but a decrease in the log odds
of aspiration by 0.68, with marginal statistical significance
(p=0.06, with the odds of aspiration being 0.50).

Discussion

Nipple properties can have a profound impact on feeding
function in infants, and the novel, ducted structure devel-
oped here can improve feeding physiology through a vari-
ety of mechanisms. These data demonstrate that although
nipple design does not appear to have a strong impact on the
rate of suckling or swallowing, the physiology controlling
those behaviors varied, as infant pigs exhibited increased
pressure generation, increased rate of milk consumption,
and decreased aspiration when feeding on a ducted nipple,
especially if they were raised on a ducted nipple.

Physiologic Implications

Breastfeeding and bottle feeding on commercial nipples
fundamentally differ on a variety of physiologic levels. For
example, during bottle feeding, infants can acquire milk via
a combination of both expression (compressing the nipple
and causing milk to flow out) and suction (creating a pres-
sure differential between the nipple and oral cavity to draw
milk into the mouth). However, breastfeeding is almost
entirely suction-driven [31, 32, 62]. These differences arise
from differences in nipple structure, as a ducted nipple has
less milk to be expressed when compressed. Our observation
that intraoral suction generation increases during feeding
on a ducted nipple implies that this design can better repli-
cate breastfeeding, as infants generate more suction during
breastfeeding than during bottle feeding when using a con-
ventional cisternic nipple [15]. In fact, several studies have
noted that bottle feeding is more similar to drinking from
a cup than it is to breastfeeding, and that the neuromotor
system functions fundamentally differently during the two
behaviors [9, 12]. Several experiments have demonstrated
that nipples with suction-only milk release can improve
feeding dynamics in infants with feeding difficulties such
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as those born prematurely [63, 64], however they rely on
complex designs that are still fundamentally constructed
as cisternic nipples. Our nipple design results in a similar
physiologic process (the need to generate suction to acquire
milk) but is simpler and mimics the same features of breast
tissue (i.e. narrow ducts embedded in a flexible material)
that cause milk to be acquired primarily using suction
instead of expression.

In addition to differences in suction generation between
commercially available bottles and breastfeeding, our data
also have implications for understanding how the senso-
rimotor system powering infant feeding develops [42—44,
65]. Infant pigs raised on a ducted nipple exhibited minimal
reductions in feeding performance when exposed to a cis-
ternic nipple at the end of data collection (approximately
equivalent to an 8 month old human infant). In contrast,
those raised on a cisternic nipple performed much worse
when exposed to a ducted nipple at the end of the experi-
ment. This suggests that the structural differences between
nipples results in variation in neuromotor output during
feeding, and that the increased reliance on compressing a
nipple to acquire milk when feeding on a cisternic nipple
may be a mechanistic factor for why infants struggle to tran-
sition between breast and bottle feeding [66, 67].

In contrast, the reliance on suction to acquire milk in pigs
raised on a ducted nipple has little impact on performance
when transitioning to a cisternic nipple, as suction can still
result in milk acquisition in this feeding modality. These
possibilities mirror differences between human breast- and
bottle feeding, as the mechanics of milk extraction during
breast- and bottle feeding fundamentally differ (i.e. suc-
tion vs. expression) [67], as do several kinematic variables
associated with tongue and jaw movements that are used to
acquire milk (i.e. decreased jaw movements during breast-
feeding) [68].

Clinical Implications

Our data in an animal model also has bearings for clinical
practice. Infants, and their caretakers, often struggle to tran-
sition between breast- and bottle feeding. The challenges
associated with transitioning between feeding modalities
can result in hospitalization [66], and the early introduc-
tion of bottles is thought to result in less effective suckling,
breast refusal, and poor infant health outcomes [69, 70]. The
use of a ducted, rather than cisternic nipple may ameliorate
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these challenges, and make the transition from breast and
bottle feeding smoother for caregivers. This is especially
critical considering the rates of breastfeeding across racial
and socioeconomic levels and the use of a ducted nipple
may provide access to breastfeeding and switching between
bottle and breast for individuals who otherwise would not
be able to breastfeed [23-27].

These data also have implications beyond the ability to
transition between bottle and breastfeeding for infants. For
example, breastfed infants have been demonstrated to show
increased self-regulatory abilities than bottle-fed infants
[71], and this is thought to be related to childhood obe-
sity, a prevalent problem in the United States [72, 73]. It is
possible that the use of a biomimetic nipple may improve
self-regulatory ability, especially as it relates to how fluid
is extracted, as bottle-fed infants typically show changes in
feeding function within a session [74, 75].

Our data also demonstrate that being raised on a ducted
nipple, and being fed on a ducted nipple, has implications
for the frequency of penetration and/or aspiration during
feeding. We found that being raised on a ducted nipple, and
feeding on a ducted nipple, decreased the likelihood of aspi-
rating. Aspiration is typically related to the volume of the
bolus being swallowed in infants [56, 61], and in general,
this was true in our data: infant pigs feeding on a cister-
nic nipple had higher likelihood of aspirating on a larger
bolus than a smaller bolus, and those raised on a cisternic
nipple exhibited a similar pattern when feeding on a ducted
nipple. However, infants raised on a ducted nipple feeding
on a ducted nipple had the largest boluses of any group of
infants, yet also aspirated the least. This may relate to dif-
ferences in tongue position at the initiation of the swallow
that leads to a decreased likelihood of aspirating, or could
also be related to potentially improved swallow-breathe
coordination in this group. This further supports the possi-
bility that a ducted nipple replicates breastfeeding better, as
breastfed infants typically have higher blood oxygen satura-
tion than bottle-fed infants, which is thought to arise from
decreased ventilatory disruption during breastfeeding [16,
76-81]. Regardless, these data demonstrate that the use of
a biomimetic nipple can reduce the likelihood of aspirating,
which can lead to a variety of health complications such
as aspiration pneumonia, especially in infants experiencing
other feeding challenges [82].

Limitations

While these data demonstrate the utility of a ducted nipple
for improving infant feeding function, the population we
assessed were healthy term infants with no signs of feed-
ing difficulties. How a biomimetic nipple impacts feeding
outcomes in infants who have challenges with feeding, such

as those born prematurely remains unknown, and in some
instances the requirement to generate suction to acquire milk
may not improve feeding outcomes, as many populations
struggle with the ability to generate suction [41, 83—85].
Additionally, several other factors can vary during infant
feeding, such as milk temperature, milk properties (i.e.
viscosity), and nipple hole size [45, 48, 86-91], and how
a ducted nipple interacts with variation in these variables
remains unexplored. Breastfeeding also cannot be fully rep-
licated by bottle feeding, as several other factors, including
nutrient composition, antimicrobial functioning, variation
in milk flow due to let down, and hormonal signaling can-
not be achieved through the use of a biomimetic nipple [65,
92, 93]. Furthermore, while pigs and humans both have a
ducted, lactiferous mammary gland, the animal model here
may not translate directly to human infants. However, infant
pigs are a validated model for infant feeding function [38],
and the results presented here have potential to be translated
to human infant work. Finally, breastfeeding may be associ-
ated with improved speech-language outcomes in children
[2], as well as increased likelihood of nasal breathing devel-
opment [94] but we are unable to assess the potential util-
ity of a biomimetic nipple on speech-language acquisition
and skills or breathing development using an animal model.
Future work in humans could explore these lines of inquiry.

Conclusions

These data in an animal model demonstrate the utility of a
ducted, biomimetic bottle nipple for infant feeding. Infants
fed on a ducted nipple exhibited several correlates with
breastfeeding, including increased pressure generation
when feeding [9, 12, 15]. Being raised on a ducted nipple
also resulted in decreased rates of aspiration, especially
when feeding on a ducted nipple, which is critical, espe-
cially in the context of infants with feeding difficulties who
are at risk for health impacts associated with aspiration such
as aspiration pneumonia [82]. The use of a ducted nipple
may result in an increased ability to switch between bottle
and breastfeeding for caretakers who otherwise might only
be able to bottle feed. This in turn, would provide bottle-fed
infants with the physiologic benefits of breastfeeding.
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