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Abstract

Objective: To assess patterns of nutritive sucking in very preterm infants ≤32 weeks of gestation.

Study design: Very preterm infants who attained independent oral feeding were prospectively 

assessed with an instrumented feeding bottle that measures nutritive sucking. The primary 

outcome measure was nutritive sucking performance at independent oral feeding.

Result: We assessed nutritive sucking patterns in 33 very preterm infants. We recorded 63 

feeding sessions. The median number of sucks was 784 (IQR: 550–1053), the median sucking rate 

was 36/min (IQR: 27–55), and the median number of sucking bursts during the first 5 min of oral 

feeding was 14 (IQR: 12–16). Maximum sucking strength correlated with the number of sucks (r = 

0.62; p < 0.01). No safety concerns were identified during the study.

Conclusion: The quantitative analysis of nutritive sucking patterns with a newly developed 

instrumented bottle in stable, very preterm infants is safe and feasible. More research is needed to 

develop and refine the instrument further.
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1. Introduction

Unlike term infants, preterm infants often lack oral skills to breastfeed or bottle-feed 

immediately after birth [1]. Tube feeding before oral feeding is a medical necessity 

for preterm infants [2,3] who usually undergo lengthy transition phases from tube 

feeding to independent oral feeding. Attaining independent oral feeding is crucial for 

development [4] and essential for safe discharge of very preterm infants (≤ 32 weeks of 

gestation) [5]. Delayed attainment of independent oral feeding increases the risk of adverse 

neurodevelopmental outcomes and prolongs hospitalization in preterm infants [4,6,7].

Most experts agree that the complexity of mastering the suck-swallow-breath mechanism 

is not the only cause of delay in attaining independent oral feeding among preterm infants 

[8–10]. The subjectivity in the bedside clinical assessment of nutritive sucking can also 

contribute to delays in attaining independent oral feeding [6]. Assessing oral skills without 

objective information on nutritive sucking [11–14] often leads to trial-and-error approaches 

that delay the transition from tube to oral feeding and prolong hospital stay of pre-term 

infants [2,3].

With instruments to assess nutritive sucking patterns quantitatively, clinicians could identify 

preterm infants with abnormal patterns early and assess responses to oral interventions 

objectively. This type of quantitative assessment may promote early attainment of 

independent oral feeding, reduce the length of hospital stay, and thus lower healthcare costs 

in preterm infants at high risk for prolonged hospitalization [15]. We recently instrumented a 

regular feeding bottle to measure nutritive sucking patterns objectively. The aim of this study 

was to quantitatively assess nutritive sucking patterns in very preterm infants using a novel 

instrumented bottle (IB).

2. Material and methods

Very preterm infants ≤32 weeks of gestation admitted to a neonatal unit were screened to 

determine study eligibility after initiation of oral feeding. Inclusion and exclusion criteria 

were assessed when infants were close to attaining independent oral feeding. Only infants 

who attained independent oral feeding were included. Infants with congenital anomalies 

were excluded. Infants with severe comorbidities (intraventricular hemorrhage grade 3 or 

4, periventricular leukomalacia, posthemorrhagic hydrocephalus, necrotizing enterocolitis 

stage 3, or history gastrointestinal surgery) were also excluded. When an infant was deemed 

to be eligible for inclusion in the study, their parents or legal guardians were approached by 

a study team member to obtain written informed consent. This study protocol was approved 

by an Institutional Review Board.

The primary study intervention was the quantitative assessment of nutritive sucking with 

the IB. This novel system contains a pressure sensor inside the bottom of a commercially 

available feeding bottle (Playtex Baby VentAire® with Drop-Ins®) that detects variations in 

air pressure inside the bottle as nutritive sucking collapses the disposable liner that separates 

the milk from the sensor [Fig. 1]. The IB also contains an accelerometer that detects bottle 
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orientation and a camera that captures infant facial expressions to evaluate responsiveness 

and activity level during feeding.

The first quantitative assessment of nutritive sucking was performed on either the first or 

the second day of independent oral feeding in all infants. Up to two additional assessments 

were performed during subsequent days in some infants who were able to be assessed 

more than once. All infants were assessed between 11 a.m. and 3 p.m. to minimize the 

variability of oral feeding performance according to time of day. Each feeding session 

with the IB was conducted with the infant in an elevated side-lying position under 

continuous cardiorespiratory monitoring. Infants were fed by a speech-language pathologist 

who collected information on the amount of volume administered, the total duration of 

oral feeding, and the occurrence of transient episodes of oxygen desaturation, apnea, or 

bradycardia. A slow flow nipple (NaturaLatch® Playtex Baby) was used for all the feeding 

sessions with the IB.

Nutritive sucking patterns were determined using generic algorithms applied to both sucking 

strength and sucking density data. Quantitative information on sucking density (i.e., number 

of sucks over the entire feeding session) was analyzed to calculate the number of sucks 

per feeding session, the number of sucks per minute (i.e., sucking rate), and the number 

of sucking bursts. A sucking burst was defined as an organized pattern of high-frequency 

suction preceded or followed by a pattern of low-frequency suction. These patterns of low 

and high-frequency suction were identified in a normalized sucking density scale created 

from infant-specific sucking density data (Fig. 2). For this type of digital signal processing, 

the raw sucking density signal was smoothed with a Gaussian window function. Once the 

smoothed sucking density signal was generated, a peak detection algorithm was applied 

to the smoothed data to ascertain the beginning and end of a sucking burst. Prespecified, 

physiologic cutoffs defined in term infants [16] were not used to detect these patterns of 

low and high-frequency suction in the smoothed sucking density scale illustrated in Fig. 2B. 

In this figure, sucking bursts were denoted with an asterisk, and the sucking burst with the 

highest number of sucks was assigned a value of 1.0 (100%). All the other sucking bursts 

with a lower number of sucks were assigned values lower than 1.0 using the sucking burst 

with the highest number of sucks as reference. For instance, if a sucking burst with 30 

sucks was followed by a sucking burst with 15 sucks, the first sucking burst was assigned 

a normalized sucking density value of 1.0 (100%), and the following sucking burst was 

assigned a normalized sucking density value of 0.5 (50%). In this normalized sucking 

density scale, the occurrence of a sucking burst was quantified, but the duration of a sucking 

burst in seconds was not determined. Information on bottle orientation, specifically the angle 

of the nipple in relation to gravity, was also captured to determine the number of brief 

feeding interruptions during an entire feeding session.

Baseline characteristics were summarized as means ± standard deviations (SDs), medians 

and interquartile ranges (IQRs), and frequencies and proportions. Linear correlations were 

analyzed with the Pearson correlation coefficient. The association between the number of 

sucks and the number of sucking bursts was measured in unadjusted and adjusted linear 

regression models. Longitudinal data on nutritive sucking were analyzed with a repeated 

measures mixed model. The covariates in the adjusted models were gestational age at birth, 
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birth weight, sex, race, and corrected gestational age. All statistical analyses were performed 

using JMP Pro 14.0 (SAS Institute, Cary, NC).

3. Results

Forty-two infants were recruited for the study, but nine were excluded from the analysis after 

certification that their IB data were missing or unreadable. Nutritive sucking data from 33 

infants were included in the final analysis. The baseline characteristics of these infants are 

shown in Table 1. The median gestational age was 28 weeks, and the mean birth weight was 

1182 g.

The quantitative assessment of the nutritive sucking patterns at independent oral feeding was 

conducted at a median corrected gestational age of 37 weeks (IQR: 36–39). Numeric and 

graphic representation of nutritive sucking data were generated for each of the 63 feeding 

sessions with the IB [Fig. 2].

At independent oral feeding, the median number of sucks was 784 (IQR: 550–1053), 

the median sucking rate was 0.6/s (IQR: 0.5–0.9), the median number of brief feeding 

interruptions (i.e., bottle orientation changes) was 10 (IQR: 6–15), and the median number 

of sucking bursts was 52 (41–65). Corrected gestational age had a significant correlation 

with sucking rate (r = 0.39; p < 0.001) and maximum sucking strength (r = 0.42; p < 0.01). 

Maximum sucking strength significantly correlated with the number of sucks (r = 0.62; p 

< 0.01). A positive association between the number of sucks and the number of sucking 

bursts was found in unadjusted regression models (R2 = 0.38; p < 0.0001). This positive 

association was also observed after adjusting for gestational age at birth, birth weight, race, 

sex, and corrected gestational age (R2 = 0.44; p < 0.0001).

The results of the repeated measures analysis performed to account for individual variability 

in nutritive sucking patterns are provided in Table 2. This analysis indicated that the 

nutritive sucking patterns at independent oral feeding were sustained. Both univariate and 

multivariate analyses showed that sucking rate and the number of sucking bursts had the 

lowest individual variability.

No safety concerns related to the utilization of the IB to measure nutritive sucking at 

independent oral feeding were identified during the study. Serious adverse events that 

resulted in death, life-threatening events, prolonged hospitalization, or significant disability 

were not observed. More than two-thirds of the feeding sessions (68%) were classified 

as uneventful. Eventful feeding sessions were characterized by transient episodes of mild 

bradycardia or oxygen desaturations. No interventions beyond standard patient care were 

required for these episodes. The effects of these episodes on oral feeding performance were 

not analyzed.

4. Discussion

In this prospective study, we used a novel system to quantify the nutritive sucking patterns 

of clinically stable, very preterm infants. We characterized patterns of nutritive sucking at 

independent oral feeding and provided reference data for very preterm infants.
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Among preterm infants assessed at independent oral feeding, measurements of sucking 

density showed less variability than measurements of sucking strength. The number of 

sucking bursts during the first 5 min of oral feeding, a measurement of temporal sucking 

density, consistently ranged between 12 and 16 during the majority of the feeding sessions. 

Furthermore, the median number of sucks, another measurement of sucking density, 

remained stable over time in the repeated measures analyses reported. The notion of separate 

maturation processes for the two pressure-dependent components of nutritive sucking – 

expression (positive pressure on the teat) and suction (negative pressure) – could explain the 

high variability in our measurements of sucking strength.

An essential advantage of monitoring sucking density instead of sucking strength is that 

a wide variety of feeding instruments accurately measure the number of sucks [17]. The 

Kron-Medoff-Cooper Nutritive Sucking Apparatus detects the number of sucks with a thin 

catheter in the bottle nipple [7,18–20]. The Oral Motor Kinetic (OMK) Monitoring System 

also uses a small catheter in the bottle nipple to measure nutritive sucking and integrates 

monitoring of sucking, swallowing, and breathing [9,21]. Nfant® Feeding Solution measures 

nipple movement [6,22], displays quantitative data on tongue movement against the nipple 

in real-time and makes use of this information to determine the number of sucks and sucking 

performance [22]. Other devices with wireless technology have also been developed [23]. 

Although most of these instruments have oral feeding data validated over the past 20 years, 

limited clinical evidence supports their use in hospital settings [21]. A recent meta-analysis 

of instruments to facilitate oral feeding in preterm infants concluded that no evidence is 

currently available to inform clinical practice [24].

Unlike assessment of non-nutritive sucking patterns, assessment of nutritive sucking patterns 

has not yet been evaluated in combination with bedside clinical assessments in randomized 

trials [25,26]. Few studies have attempted to predict which preterm infants will rapidly attain 

independent oral feeding [10,27]. Our results suggest that simple quantitative measurements 

of nutritive sucking can be integrated into current bedside clinical assessment [28] to predict 

readiness for progression to independent oral feeding. Early identification of preterm infants 

more likely to benefit from a rapid progression of oral feeding could reduce the burden of 

frequent and time-consuming assessments of oral feeding performance and expedite hospital 

discharge. In future studies, preterm infants progressing toward independent oral feeding 

could be longitudinally monitored with this novel system. If nutritive sucking patterns with 

steady increments in the number of sucks or sucking bursts are observed, analyses of 

these patterns in combination with current bedside clinical assessments of nutritive sucking 

could facilitate the successful progression toward independent oral feeding. Conversely, if 

patterns with declines in the number of sucks or sucking bursts are observed, analyses of 

these patterns would indicate limited ability to attain or sustain independent oral feeding 

and validate bedside clinical assessments indicative of poor oral feeding performance. 

This strategy could be crucial for infants with gestational ages < 28 weeks of gestation 

and birthweight < 1000 g [1]. Time to independent oral feeding in this subgroup of 

preterm infants significantly correlates with the length of hospitalization [5,29], and adverse 

neurodevelopmental outcomes [4,6,7].
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Ideally, monitoring of the number of sucks during nutritive sucking should be cost-effective 

with reusable instruments, minimally invasive, easy to combine with other developmental 

care practices, and suitable for routine use in neonatal units by bedside nurses and clinicians. 

This pragmatic approach to monitor nutritive sucking patterns in preterm infants at high 

risk for prolonged hospitalization could reduce bias in the assessment of readiness to feed 

orally, promote early attainment of independent oral feeding, and minimize health care costs 

attributed to the length of hospital stay [2,3]. The IB has many of these characteristics but 

is still in the early stages of development and not a complete feeding instrument. With 

this novel system, we can identify preterm infants unable to generate or sustain multiple 

sucking bursts and thus may signal insufficient suck-swallow-breath coordination. However, 

we cannot assess suck-swallow-breath coordination directly. Other feeding instruments 

have the same limitation [30], particularly those that measure non-nutritive sucking. Only 

sophisticated instruments that measure breathing and swallowing during nutritive sucking 

generate detailed information on suck-swallow-breath coordination [31], but the use of these 

type of instruments in daily clinical practice appears burdensome. To increase objectivity in 

the daily assessment of nutritive sucking, clinicians need to accept indirect measurements of 

oral feeding performance. Although direct measurements of function are generally preferred, 

relying on indirect measurements of function is a standard practice in neonatal units. For 

instance, critical clinical decisions to improve cardiorespiratory function are often made 

based on changes in heart rate and respiratory rate, both indirect measurements of function.

The main strength of the study is that we analyzed nutritive sucking patterns in preterm 

infants exclusively. Nutritive sucking patterns at independent oral feeding in preterm infants 

often differ from those observed in term infants [16,32]. The average number of sucks and 

sucking rates reported in this study are similar to those reported in other studies using other 

instruments [3,31]. Another strength is that we performed repeated measures analyses to 

account for individual variability and postmenstrual age. The main limitations of the study 

are the small sample size and some of the study procedures used to assess independent oral 

feeding. By using the IB to assess nutritive sucking patterns, we disregarded information 

on oral feeding performance during exclusive breastfeeding. Some argue that, before term 

corrected age, exclusive breastfeeding without bottle feeding of expressed mother’s milk 

may affect the nutrition of preterm infants [33]. However, most international organizations 

favor breastfeeding over bottle feeding [34]. Also, by not allowing parents to use the IB 

per study design, we failed to determine the effects of parental involvement on oral feeding 

performance. Several studies suggest that parental involvement in oral feeding of preterm 

infants promotes a positive bonding experience and facilitates the attainment of independent 

oral feeding [35]. These limitations indicate that bottle instrumentation as a method to 

monitor nutritive sucking will not improve oral feeding performance in neonatal units 

with substantial parental involvement and high rates of exclusive breastfeeding. Another 

limitation is that the IB was tested with only one type of commercially available bottle 

nipples.

In summary, this patient-oriented research may address the problem of subjectivity in the 

assessment of oral feeding performance and provide clinical evidence to quantify nutritive 

sucking patterns with the instrumentation of commercially available feeding bottles. Further 

analyses of sucking burst patterns could improve the determination of readiness for 

Salas et al. Page 6

Early Hum Dev. Author manuscript; available in PMC 2021 October 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



progression to independent oral feeding in preterm infants. Future research is needed with 

this newly developed instrument to further develop and refine it.
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Fig. 1. 
Instrumented bottle.
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Fig. 2. Nutritive sucking patterns obtained with the IB.
Illustration of the nutritive sucking patterns observed in a characteristic preterm infant. The 

duration of the entire oral feeding session in seconds is shown on the X-axis. The cumulative 

number of sucks (A), sucking strength (B), and the number of sucking bursts as normalized 

sucking density values (C) are shown on the Y-axis. The shadowed areas in panels A, B, and 

C represent the first 5 min of the oral feeding session. The asterisks in panel C symbolize the 

number of sucking bursts.
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Table 1

Infant demographics and clinical characteristics.

Variables n = 33

Birth weight in grams, mean (SD) 1182 (385)

Gestational age in weeks, median (IQR) 28 (27–31)

Male sex, % 33

Black race, % 61

Number of feeding sessions with the IB

 1 9

 2 18

 3 6

Postnatal age in days, median (IQR) 57 (36–77)

Feeding volume administered in ml, median (IQR) 30 (20–40)

Duration of feeding in min, mean (SD) 18 (7)

Number of changes in bottle orientation during a feeding session, median (IQR) 10 (6–15)

Sucking bursts in the first 5 min of oral feeding, median (IQR) 14 (12–16)

Sucking bursts in the first 10 min of oral feeding, median (IQR) 28 (24–32)
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