
The Impact of Varying Nipple Properties on Infant Feeding 
Physiology and Performance Throughout Ontogeny in a 
Validated Animal Model

K. E. Steer1,2, M. L. Johnson1, C. E. Edmonds1,3, K. Adjerid1,4, L. E. Bond1, R. Z. German1, 
C. J. Mayerl1,2

1Department of Anatomy and Neurobiology, Northeast Ohio Medical University, 4209 St Route 44, 
Rootstown, OH 44272, USA

2Department of Biological Sciences, Northern Arizona University, Flagstaff, USA

3School of Biomedical Sciences, Kent State University, Kent, USA

4Department of Biomedical Engineering, Tulane University, New Orleans, USA

Abstract

Infant feeding requires successful interactions between infant physiology and the maternal (or 

bottle) nipple. Within artificial nipples, there is variation in both nipple stiffness and flow rates, 

as well as variation in infant physiology as they grow and mature. However, we have little 

understanding into how infants interact with variable nipple properties to generate suction and 

successfully feed. We designed nipples with two different stiffnesses and hole sizes and measured 

infant feeding performance through ontogeny using a pig model. We evaluated their response 

to nipple properties using high-speed X-Ray videofluoroscopy. Nipple properties substantially 

impacted sucking physiology and performance. Hole size had the most profound impact on the 

number of sucks infants took per swallow. Pressure generation generally increased with age, 

especially in nipples where milk acquisition was more difficult. However, most strikingly, in 

nipples with lower flow rates the relationship between suction generation and milk acquisition was 

disrupted. In order to design effective interventions for infants with feeding difficulties, we must 

consider how variation in nipple properties impacts infant physiology in a targeted manner. While 

reducing flow rate may reduce the frequency an infant aspirates, it may impair systems involved in 

sensorimotor integration.
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Introduction

Infant feeding is a fundamental process across mammals, in which infants use their tongue, 

palate, lips, and jaws to produce suction and acquire milk [1–3]. The tongue is then used to 

transport milk posteriorly to the oropharynx, where it accumulates prior to swallowing [2, 

4]. Intraoral suction generation is essential to feeding success during both breast and bottle 

feeding [3, 5]. However, infancy is not a static state, and the anatomy and physiology of an 

infant changes throughout development [6–9]. It therefore follows that successful feeding 

through ontogeny relies on changes in mechanisms of intraoral pressure generation, one of 

the integral components of effective and safe feeding in infants.

However, many infants struggle with feeding, both at birth and through infancy (in 

humans, typically considered as the first twelve months of life). For example, infants 

with craniofacial malformations often struggle to generate suction during feeding [10, 11]. 

Furthermore, infants that are born prematurely (approximately 11% of US births, [12]) 

often experience a myriad of feeding difficulties [13]. These difficulties are generally 

associated with generating suction, feeding efficiently [14, 15], and coordinating among 

behaviors during feeding [7, 16, 17], in addition to other challenges such as high rates of 

gastroesophageal reflux (GER, [18]). Such feeding difficulties among infants have resulted 

in the development of several interventions to improve feeding function, often associated 

with modifying the nipple from which the infant feeds during bottle feeding.

One common intervention is the reduction of milk flow rate by altering the hole size of a 

nipple on a bottle, which has a positive outcome of reducing the propensity of an infant 

to aspirate through decreasing milk flow rate [19, 20]. There is extensive variation across 

commercial nipples in stiffness and material properties [5, 21]. This variation could be 

clinically important, as variation in nipple stiffness impacts infant function [22, 23]. Thus, 

there is extensive variation in both the hole size of nipples (one critical component that 

dictates flow rate) and the stiffness of nipples (which has been demonstrated to impact infant 

behavior), both of which have implications for feeding performance in infants, especially as 

there are no manufacturing standards for commercially available nipples [19]. Furthermore, 

the relationship between suction generation and milk flow is not linear. For example, higher 

pressure generation may not necessarily equate to larger volumes of milk being transferred 

to the infant, depending on the properties of the nipple [24]. The extensive amount of 

variation in nipple properties, and the disjunct between properties and performance makes 

investigating their relationship challenging, and we have very little insight into how this 

variation in nipple properties impacts infant feeding physiology.

Here, we aim to systematically evaluate the relationships between intraoral pressure 

generation and milk acquisition with variation in milk flow rate (nipple hole size) and nipple 

stiffness, and how these relationships might change through infancy in a validated animal 

model [25]. Obtaining longitudinal data on infant feeding function can be challenging in 

human infants for practical and ethical reasons [7, 25, 26]. In contrast, animal models 

represent an ideal alternative to investigating feeding function, as they can be filmed under 

fluorographic exposure at much higher spatial and temporal resolutions [25]. Additionally, 

infant animals can be kept in controlled environments throughout infancy, which minimizes 
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environmental variation. In this experiment we fabricated nipples of two different stiffness 

and hole sizes and evaluated feeding performance and physiology using an infant pig model 

[22]. We hypothesized that pressure generation and milk acquisition would be greater with 

age, and with nipples that were more compliant, or had larger hole size, both of which 

should decrease the difficulty needed to acquire milk. By testing this hypothesis, we hope 

to provide insight into the mechanisms by which altering nipple properties impacts feeding 

performance in infant mammals.

Methods

Animal Care

All animal care and procedures were approved by Northeast Ohio Medical University’s 

IACUC committee and followed standard infant pig care practices [7, 27]. We received 

full term pigs (Yorkshire/Landrace sows, Shoup Investments, LTD, Wooster, OH) 24 h 

after birth. Animals were housed in the NEOMED Comparative Medicine Unit (CMU). 

Pigs were trained to drink milk replacer formula (Solustart Pig Milk Replacement, Land o’ 

lakes, Arden Mills, MN) from a bottle throughout the experiment. Using food-safe silicone, 

nipples were created of Share A hardness ratings of 20 A (‘compliant’, Cast-a-Mold 20A; 

Specialty Resin and Chemical) and 55A (‘stiff’, ReproRubber 55A; Flexbar) with two-hole 

sizes (cross- sectional areas of 2.0 π mm2 (large) and 0.5 π mm2 (small)). A fifth ‘training 

nipple’ was created with an intermediate Shore hardness of 40A (Smooth-Sil 940; Smooth-

On) with an intermediate hole size cross-sectional area (1.0 π mm2) so that infants exposed 

to experimental nipples were less likely to reject them [22].

Data Collection

We recorded pigs at two ages: at seven days old (equivalent to approximately a 1- to 

2–month-old human infant), and at 17 days old (approximately equivalent to a 6- to 

9-month-old human infant [28, 29]). We collected high-speed videofluoroscopic data (GE 

9400C-Arm, 75–85 kV, 4–7 mA) using bilateral x-ray video and cameras (XCIM, XCitex, 

Cambridge, MA, USA) at 100 frames per second. The pigs fed on a mixture of milk replacer 

formula and barium in a radiolucent box in front of the fluoroscope. After the first ten 

seconds of feeding (which occurs at a faster rate than is typical, [30, 31]), we recorded 

approximately 20 swallows per pig per nipple type in a randomized order, with a washout 

recording using the intermediate training nipple between. For each suck we measured the 

total intraoral pressure generated by threading a Millar pressure transducer through the 

bottle nipple and 1 cm into pig’s oral cavity when feeding.

Data Processing

Swallows were identified as the frame where the bolus accumulated in the supraglottal 

space before passing the epiglottis [27, 32]. Sucks were identified in the feeding sequence 

by determining the frame where the tongue contacted the hard palate in the lateral x-ray 

view [7, 14]. We exported raw pressure generation during synchronized data collection from 

LabChart (Down sampled to 100 Hz to match video filming rate), and separated pressure 

generation into discrete sucks by loading the suck frames identified in X-Ray Video and 

the pressure data into a custom MATLAB routine. For each suck, this routine calculated the 
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total pressure generated by subtracting the maximum from the minimum. Bolus size was 

measured in ImageJ, using the bottle diameter as the scale to convert images from pixels to 

mm2 [33, 34].

Variables

Within a sequence of swallows, we measured (1) the timing of sucks and swallows (and 

the number of sucks per swallow), (2) the area of the bolus in the lateral view prior to 

swallow initiation, and (3) the amplitude of intraoral pressure generation within each suck 

and within each swallow (pressure generated within a swallow was calculated by summing 

the pressure generated within each suck that contributed to a specific swallow). We analyzed 

the impacts of: (a) nipple hole size, (b) nipple material property (stiff / compliant), and (c) 

age on sucking and swallowing.

Statistical Analysis

All statistical analyses were performed in R (v 4.2.1). We used linear mixed effects models 

to evaluate the effect of age, nipple stiffness, hole size, and their interaction on feeding 

performance, and their interaction using the R package lme4 [35], with individual as 

a random effect. Where interactions were significant (p < 0.05), we performed planned 

contrast analyses to evaluate the impact of age, stiffness and hole size independently using 

the R package emmeans [36]. We also calculated effects sizes for each comparison using 

Cohen’s D [37], and evaluated variation across groups using Levene’s tests for homogeneity 

of variance. To evaluate the relationship between volume acquisition and suction generation, 

we used linear models for each nipple type, separated by age.

Results

Sucks Per Swallow and Pressure Generation During Feeding

Nipple properties substantially impacted sucking physiology and performance. Across both 

ages, pigs produced more sucks per swallow on smaller holed nipples (Fig. 1). Nipple 

stiffness only impacted sucks per swallow in the large holed nipples in older infants, where 

infants feeding on compliant nipples produced fewer sucks per swallow than those feeding 

on stiff nipples (Fig. 1, Table 1, S1). The number of sucks per swallow increased with age 

within a nipple type for all nipple types (Fig. 1A).

No substantial differences in the summed amount of pressure generated per swallow existed 

among nipple types within the seven-day-old pigs, but at day 17, there were strong effects 

of both hole size and nipple stiffness. Within stiff nipples at day 17, pressure generation 

was higher on large holed nipples than on small holed nipples, but conversely, in compliant 

nipples, pressure per swallow was lower in the large holed nipples than it was in the small 

holed nipples (Fig. 1). Because of this differential response by age, pressure per swallow 

was higher within nipple type at day 17 than at day 7 for all nipples other than the large 

holed, compliant nipple (Fig. 1B). The amount of pressure generated within a single suck 

(Fig. 1C) similarly differed between days 7 and 17.
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Notably, variation in pressure generated during sucking was lower in the small stiff nipple 

than in the small compliant nipple at both ages (Levene’s test: day 7 t = 45.5, p < 0.001; 

Day 17 t = 63.6, p < 0.001). The variance in suck amplitude was also lower in the small stiff 

nipple than the large stiff nipple at day 17 (t = 33.4, p < 0.001), although not at day seven. 

By day 17, variance in pressure generated during sucking was higher in the large stiff nipple 

(Levene’s test t = 23.1, p < 0.001) and the small compliant nipple (Levene’s test t = 4.9, p = 

0.03) than in the large holed compliant nipple.

Milk Volume Per Swallow and Per Suck Across Nipples and Through Infancy

In addition to changes in sucking behaviors, we observed changes in swallowed bolus size 

and milk obtained per suck depending on nipple type. Bolus volume increased with age 

within all nipple types (Fig. 2A, Table 2, Table S2). Bolus size was generally higher with 

larger holes, or with more compliant nipples, although there were no differences in bolus 

size between the small holed stiff and small holed compliant nipples for either age (Fig. 

2A). These patterns were similar when examining the estimated amount of milk obtained 

per suck. Infant pigs generally obtained more milk per suck on larger holed nipples, and 

on nipples that were more compliant (Fig. 2, Table 2, Table S2), although we observed no 

differences between the two small holed nipples at day 7. We only found an age effect for 

volume per suck for the large holed stiff nipples, in which volumes were actually lower at 

day 17 than at day 7.

Linking Pressure Generation to Milk Acquisition

The only significant relationship between pressure and volume per suck was for the large 

holed compliant nipple type, in which there was a positive relationship between suction 

generation and volume of milk obtained per suck (day 7: p < 0.001, r2 = 0.14; day 17: p < 

0.001, r2 = 0.35). For the other three nipple types (small stiff, small compliant, large stiff), 

there was no relationship between effort (pressure generation) and volume (suck size, p > 

0.05, r2 < 0.1, Fig. 3).

Discussion

Overall, we found that modifications to nipple stiffness and flow rate had substantial impacts 

on infant feeding physiology, especially as infants matured, supporting our hypothesis. Flow 

rate, but not stiffness had the most profound impact on the number of sucks an infant 

produced per swallow. We also found that pressure generation generally increased with age, 

especially in nipples where milk acquisition was more difficult, such as in nipples with 

higher stiffness or smaller hole sizes. Most strikingly, altering nipple properties decoupled 

the relationship between suction generation and milk acquisition per suck (wherein the 

expected relationship would involve an increase in milk acquired per suck with increased 

intraoral pressure generation).

Nipple Properties Impact Sucking Physiology

Infant pigs feeding on higher flow rate nipples or on nipples with more compliance were 

able to acquire more milk per suck than lower flow or stiffer nipples at both ages. However, 

this increased milk acquisition is not necessarily directly related to the amount of pressure 
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generated per suck. Infants feeding on the high flow stiff and the low flow compliant nipples 

both exhibited higher pressure per suck than when feeding on the high flow compliant 

nipple, but acquired less milk per suck. Our results suggest that younger infants may require 

a certain threshold of acquired milk per suck to evoke significant effort, and that only once 

this threshold is met will effort increase when flow rate is low. However, once flow becomes 

very high, older infants may modulate their effort to to limit the amount of milk being 

swallowed and increase swallow safety [33].

Altering nipples stiffness and flow rate alters the relationship between suction pressure and 

milk acquisition. The fact that at both ages, the only nipple that had a positive relationship 

between suction generation and milk acquisition was the high flow compliant nipple further 

supports this possibility, as the other nipples may not effectively trigger the sensory system 

to evoke modifications to motor output. Thus, reducing flow rate by changing nipple 

hole size may reduce the incidence of aspiration [13, 19, 34], but possibly at the cost of 

decoupling physiology and performance. Additionally, we saw less variation in sucking 

physiology and behavior at day seven than we saw at day 17. This could indicate that 

very young infants have an immature sensory system that limits their ability to respond to 

variation in nipple properties, suggesting that nipple properties are particularly important to 

consider when working with this population. The highly variable sucking pressure in the 

large stiff and small compliant nipples at day 17 is likely due to the lack of a relationship 

between pressure generation and volume acquisition, whereby infants exhibit irregular 

suction generation patterns in an attempt to match their physiology to milk flow.

Nipple Properties Have Downstream Impacts on Swallow Physiology

The changes observed in sucking physiology due to variation in nipple properties have 

downstream impacts on swallow physiology and performance. Infants feeding on stiffer 

nipples, or with lower flow rates, had reduced bolus volume, which has negative 

implications for their feeding efficiency [27, 34]. However, fast flowing nipples are not 

necessarily optimal, as larger boluses are typically associated with an increased risk for 

aspiration [34, 38]. Furthermore, there is maturation in the coordination between sucking, 

swallowing, and breathing in infants, suggesting that interventions designed for one age 

group might not function similarly for others [6, 32, 39, 40]. Thus, a balance must be made 

between developing nipples that facilitate feeding (either by increasing compliance or flow 

rate) while still taking into account the physiologic limits of the infant feeding system.

Clinical Implications

Nipple design plays a critical role in establishing successful and safe feeding for bottle-fed 

infants, and considerations must be made to balance efficiency with swallow safety [33]. 

While standard practice when working with infants that struggle with feeding is to reduce 

flow rate (by adjusting nipple hole size or by increasing viscosity), this solution often 

does not account for the etiology of the feeding difficulty [26, 41]. In order to design 

effective interventions for infants with feeding difficulties, we must consider how variation 

in nipple properties impacts infant physiology in a targeted manner. Two aspects of this 

design include nipple stiffness and flow rate, and our work demonstrates that ignoring those 

properties can have functional implications not just for performance, but also for infant 
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physiology and development. While reducing flow rate may reduce the frequency an infant 

aspirates, it may impair systems involved in sensorimotor integration.

Limitations and Conclusions

While infant pigs represent a validated animal model for studies of dysphagia [25], these 

results may not be directly applicable to human infants. Furthermore, these data come from 

healthy infants without any indication of a feeding pathophysiology. Infants with dysphagia, 

such as many of those born prematurely, may respond differently to variation in nipple 

properties. Additionally, we have only examined one axis of infant feeding physiology 

through ontogeny, sucking. Yet there is substantial postnatal maturation in swallowing 

and breathing in infants [6, 7, 42], and how these three components can be impacted by 

nipple properties remains understudied. However, our data do represent a general model 

illustrating the importance of considering physiology in concert with performance outcomes 

when designing interventions for infant feeding [26]. Our observation of increased sucks 

per swallow with age is also counterintuitive, as efficiency is generally thought to increase 

with age. This could be because older infants’ sensorimotor systems may be better able to 

handle larger boluses, such that a larger volume of milk is required to initiate the pharyngeal 

swallow. Additionally, flow rate in bottle-fed infants can be modulated by the caregiver, 

and we have little insight into how variation in caregiver practices may drive variation in 

infant physiology and performance. Finally, we demonstrate that both stiffness and flow rate 

impact performance and physiology, and that in general, infants are more efficient feeders 

when nipples facilitate milk acquisition. Furthermore, the fact that only the large holed, 

compliant nipple had any relationship between suction generation and milk acquisition is 

critical, as disruptions to the sensorimotor system may have long term consequences for 

neurophysiology and performance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Age and hole size both resulted in increased sucks per swallow (A), whereas, in general, 

pressure generation per swallow B and suck C increased with age, with variable effects 

of nipple properties. Colored plots indicate median (horizontal line) ± interquartile range. 

Lines between box plots within an age indicate statistically sig differences with large effect 

sizes. Asterisks indicate statistically significant differences with large effect sizes across 

ages within nipple type across ages, with color indicating nipple type
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Fig. 2. 
Bolus size A and suck volume B were larger when feeding on larger holed and more 

compliant nipples. Colored plots indicate median (horizontal line) ± interquartile range. 

Lines indicate statistically significant differences with large effect sizes within an age. 

Asterisks indicate statistically significant differences with large effect sizes across ages 

within nipple type across ages, with color indicating nipple type
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Fig. 3. 
Nipple properties disrupted the relationship between suction generation and milk acquisition 

for all nipples except the large holed compliant nipple at both young A and older B ages
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