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Abstract

Rapid weight gain during infancy increases the risk of obesity. Given that infant feeding may
contribute to rapid weight gain, it would be useful to develop objective tools which can monitor
infant feeding behavior. This paper presents an objective method for examining infant sucking
count during meals. A piezoelectric jaw motion sensor and a video camera were used to monitor
jaw motions of 10 infants during a meal. Videotapes and sensor signals were annotated by two
independent human raters, counting the number of sucks in each 10 second epoch. Annotated data
were used as a gold standard for the development of the computer algorithms. The sensor signal
was de-noised and normalized prior to computing the per-epoch sucking counts. A leave-one-out
cross-validation scheme resulted in a mean error rate of —9.7% and an average intra-class
correlation coefficient value of 0.86 between the human raters and the algorithm.

Keywords

Wearable sensors; obesity; sucking count; sucking frequency; feeding behavior; jaw motion;
breast-fed; bottle-fed; infants

1. INTRODUCTION

Obesity is caused by excessive accumulation of body fat. Previous research suggests that
infancy may be a critical period during which lifetime risk for obesity develops. Infants fed
formula from bottles experience more rapid weight gain (for a systematic review see [1])
and have greater life-time risk for obesity [2, 3] in comparison to breast-fed infants. In
addition, bottle-fed infants have greater energy intake, and differing meal patterns and
within-meal behavior as compared to breast-fed infants [4, 5]. Independent of the mode of
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feeding, rapid weight gain in the first six months of life is also associated with subsequent
lifetime risk for obesity [6-14]. Vigorous sucking at 3 months of age is positively associated
with adiposity at 12 months of age [15]. Finally, excess energy intake during infancy is a
primary determinant of rapid weight gain and subsequent body size [16]. Together, these
results suggest that feeding behavior during infancy may play an important role in the
development of obesity. However, methods to monitor feeding behavior and to assess
energy intake among infants are limited.

This paper presents a novel approach for monitoring infant sucking count (number of sucks)
during meals. If the sucking count can be accurately determined, it will be possible to derive
sucking vigor or rate of sucking (sucking frequency) which, as mentioned above, is
associated with adiposity in early life. With further development, this tool might also
facilitate efficient characterization of other feeding behaviors such as meal duration,
frequency of intake, and volume consumed. Use of a jaw motion sensor was previously
found to provide accurate and objective monitoring of ingestive behavior in adults [17-21].
Since infants use their jaws during sucking (both bottle-fed and breast-fed), the jaw motion
sensor may be a useful tool to capture sucking count during feeding episodes, especially in
breast-fed infants. To the best of the authors’ knowledge, no previous study has reported the
use of a jaw sensor to monitor feeding behavior in infants.

The goal of this study was to evaluate the technical feasibility of using a non-invasive jaw
motion sensor to monitor sucking count and thereby sucking frequency (humber of sucks per
unit time (seconds) of infants during a meal. Data from the jaw sensor were compared to
data obtained by human observation to examine the accuracy of the sensor-derived estimates
of the sucking counts for both breast-fed and bottle-fed infants.

2. METHODS

2.1. Participants

Ten infants were recruited for this study. Infants were eligible for inclusion if they were
healthy and between 2 and 5 months of age, with a current weight-for-length not less than
the 5t percentile based on the Centers for Disease Control and Prevention (CDC) growth
curves [22]. Infants were excluded if they were less than 37 weeks of gestation and/or less
than 2500 g at birth. The Institutional Review Boards (IRBs) at the University of Alabama at
Birmingham (UAB, site for data collection) and the University of Alabama (UA, site for
data analysis) approved this study. Mothers of infants provided informed consent before data
collection began. The relatively small sample size of this study was stipulated by the pilot
nature of the conducted work.

2.2. Protocol

Participants and their mothers came to the UAB Child Health Research Center (CHRU),
located within the Children’s of Alabama hospital facility, to complete the study protocol.
Each infant came to the laboratory for one visit which was scheduled to occur at a time
when the infant was expected to be hungry, and not less than 2 hours following the previous
meal. After informed consent was obtained, infant weight (without clothing) and length

J Healthc Eng. Author manuscript; available in PMC 2016 February 12.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Farooq et al.

Page 3

(supine) was measured using standard clinical procedure. Infants then underwent a weighed,
timed, and videotaped meal test while wearing the jaw motion sensor. After the completion
of the meal, infant body composition was assessed by air displacement plethysmography
(PeaPod®; Cosmed Inc., Concord, CA).

2.3. The Meal

All infants were weighed to the nearest 0.1 gram, while wearing a clean diaper only, on the
weighing scale of the PeaPod®. For bottle-fed infants, the prepared bottle was also weighed
to the nearest 0.1 gram prior to the meal. The mother sat in an armchair to breast- or bottle-
feed her infant. The mother held her infant in a side-lying position, with the infant’s head
supported in the crook of her bent arm. The jaw sensor (described below) was adhered
directly under the ear of the infant, behind the jaw, on the side of the face that would face
away from the mother during the meal. The longitudinal axis of the sensor was
perpendicular to the longitudinal axis of the outer ear. Two video cameras (both Samsung
HMX-F80) were positioned to record mouth and jaw movements prior to and during the
feed; one focused from the side and the other from above the infant’s head. Mothers were
instructed to begin the meal once the cameras and the jaw sensor were recording and to
make the meal as “natural as possible”. Mothers could interrupt the meal to burp the infant
or to change positions, as needed, and recording continued during this time. Meals ended
when the infant fell asleep, finished the bottle (if applicable), refused to consume more,
and/or mothers indicated that the infant finished feeding. Therefore, a meal was defined as
the duration between the start and end of the feeding episode of the infant. After burping,
infants were reweighed on the PeaPod® scale wearing the same diaper in which they were
weighed prior to the meal, and bottles were also reweighed as appropriate. Any milk lost
through spillage or regurgitation was captured in pre-weighed burp cloths so that milk
consumption could be corrected for spillage. The total size of the recorded dataset for all 10
infants was approximately two hours.

2.4. Body Composition Assessment

Body composition was measured by air displacement plethysmography (PeaPod®; Life
Measurement Instruments, Concord, CA). In brief, after infant length was measured, infants
were weighed on the PeaPod® scale while wearing only a tightly fitted stocking cap to
compress their hair. They were then placed inside the test chamber where infant volume was
assessed. Infant fat mass and fat free mass were calculated using a two compartment model
[23].

2.5. Training for Coding Discrete Infant Feeding Behaviors: Sucking Count

A researcher with expertise in coding infant behaviors trained two human raters to code the
videotapes of the infant feeding sessions. Each human rater met individually with the
researcher for the training. The human raters were informed that they were assisting with
testing the reliability of a jaw motion sensor designed to record feeding behaviors. At the
training session, video segments of infants being breast-fed and bottle-fed were played while
the researcher pointed out discrete examples of infant sucks. A discrete suck was defined as
one complete down and up jaw movement when the infant’s lips were wrapped around the
nipple of the mother or the bottle. The researcher counted out loud the discrete sucks while
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watching segments of the videotapes with the rater. The rater then performed the same task,
counting discrete sucks aloud during several breast- and bottle-fed video segments, which
the researcher observed. After several trials of counting discrete sucks out loud, the
researcher and the rater each viewed new video segments of breast- and bottle-fed infants
with each independently and quietly counting the number of sucks and recording their total
sucks on paper. The total sucks were then examined and a criterion of 90% agreement with
the researcher was established for the rater to be deemed reliable in counting discrete sucks.
For example, if the rater noted that a breast-fed infant sucked 120 times in a segment of
video and the researcher counted 110 sucks for the same segment (110/120 = 91.6%
agreement), then the rater was deemed reliable for that segment.

2.6. Jaw Motion Sensor

The sensor data collection system consisted of a jaw motion sensor, a data acquisition
device, and an Android smart phone. The sensor system was originally designed to be used
in adults [17] and was used in this study without any modification. The jaw motion sensor
was a piezoelectric film element (DT2-028K; Measurement Specialties Inc. VA, USA). Jaw
movements during the sucking process bend the sensor and create an electrical signal
proportional to the amount of bending. The signal from the sensor was buffered and
amplified by an operational amplifier and then digitized by the microcontroller of the
Automatic Ingestion Monitor (AIM) [17] at a sampling frequency of 1 kHz. Digitized
signals were then transmitted via Bluetooth wireless connection in real time to an Android
phone that stored the signal on an SD-card for further processing. Figure 1 shows the jaw
motion sensor (Figure 1(a)) and the AIM module (Figure 1(b)); the Android phone is not
shown in the picture. Figure 1(c) shows a bottle-fed infant wearing the sensor.

2.7. Coding of Videotapes

After the training, video recordings and time-synchronous jaw sensor signals were annotated
by the two trained raters independently using a modified version of the software introduced
in [21]. To provide synchronization between the sensor signal and the video, data collection
was started on the Android phone when it was in view of one of the cameras. To maintain
homogeneity of the scoring process, a protocol similar to other studies [24, 25] was
developed to mark meal initiation and termination and sucking count. Human raters marked
the start and end of the meal in the video. The period between the start and end of the meal
was divided into 10 second epochs (a total of M epochs) in the scoring software and a
sucking count was computed for each epoch. The 10 second interval was chosen because in
the pilot coding, it was deemed a manageable period to count discrete sucks. These epochs
also provided cluster data for conducting intra-class correlation (ICC) analysis between the
human raters, and between the human raters and the count provided by the jaw sensor
algorithm. Epochs containing partial intake (i.e., video segments where the jaw was not
visible in the video) or no intake (including burping, rest period, periods where the nipple
was out of the mouth, etc.) were discarded. For the nth epoch, the average sucking count
from both human raters was used as the annotated per-epoch sucking count, denoted by
Acnt(n). On average, the raters counted 664 sucks per meal.
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2.8. Sensor Data and Signal Processing

Jaw motion (JM) signals retrieved from the sensor (denoted as JM(t)) were processed in the
following manner. First, the signals were demeaned by subtracting the average computed
over the duration of the experiment from each data point. This was done to account for
signal variation among infants. Next, all signals were de-noised using wavelet transform.
De-noising attenuates small variations in the signal due to noise on the power lines (i.e.,
variation in voltage due to wireless transmission that leaks into the sensor signal). A bi-
orthogonal wavelet transform (with Haar mother wavelet) using a lifting scheme was used
for de-noising. The lifting scheme allows custom design and fast implementation of the
wavelet transform by using the similarities between low and high pass filters [26]. The
sensor signal was decomposed using a Discrete Wavelet Transform (DWT) technique. The
wavelet coefficients below a threshold T (described below) were discarded and the de-
noised sensor signal was recovered using an Inverse Discrete Wavelet Transform. Figure 2
shows a segment of the jaw motion sensor signal before and after de-noising.

2.9. Sucking Count and Error Computation for Sensor Signal

After de-noising JM(t), sensor signals were divided into M epochs of 10 second each,
denoted as x(n), with N = 10000 samples per epoch, where N = L * f, L =10 second or the
epoch size and f = 1000 Hz (the sampling frequency). These M epochs were time-
synchronous with the 10 second epochs used during the signal annotation process. For each
epoch, sucking count was computed from the sensor signal by the algorithm shown in Figure
3. The algorithm computed the number of mean crossings MC(n) for each epoch, assuming
that the de-noised signal is smooth (Figure 2). Given that a suck was defined as one
complete down-up jaw motion, it was also assumed that the number of sensor-determined
sucks Pen(n) is equal to the half of the number of mean crossings. Per-epoch sucking
frequency was calculated by dividing number of sucks by the epoch size. Since errors
computed for both sucking count and sucking frequency were the same, only results for
sucking counts are reported here.

To evaluate the performance of the algorithm, the sensor-determined counts Pcnr(n) were
compared to human-annotated counts Acyr(n) within each epoch. Two types of errors were
computed for each infant. The first error characterized the per-epoch accuracy in the sucking
count, thus illustrating the ability of the sensor to follow temporal changes in the sucking
patterns.

For each infant k, per-epoch mean error for sucking count ST (k) was defined as:

M
CNT (k):]\l_fz [(AcNT(n) — P, (n))%x100 "

EPOCH ~ ACNT (n)

where M is the total number of epochs, Acnt(n) is annotated suck count for epoch n, and
PenT(n) is sensor-determined suck count for epoch n.
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The second type of error characterized overall accuracy across the entire feeding episode.
The cumulative sucking count error over a meal for infant k was computed as the percent
difference between the total counts of annotated sucks versus sensor-determined sucks:

’II"LMIIAC'NT (n) - A[ CNT (n)] *100

M

ECNT k :[
( ) n:lACNT(n)

@

2.10. Parameter Determination and Validation

The experimental data indicated that the amplitude of the sensor signal was different for
each infant (as it depended on the sensor location, infant’s strength of sucking, etc.);
therefore, the threshold value T used in the de-noising algorithm had to be individually
adjusted. As a generalizable approach, the threshold used in de-noising was computed as a
function of the jaw sensor signal’s amplitude: T = a * STD (IM(t)), where STD is the
standard deviation of the signal over the meal duration. A leave-one-out cross validation
scheme was used to find the value of the scaling factor a by withholding infant k from the
dataset and performing a grid search for a value of a [1, 10] on the dataset from the
remaining 9 infants (training set). The value of a which resulted in the minimal absolute

average Egji\f;TCH on the training set, was used to validate performance of the method on the

withheld (validation) data of infant k by computing corresponding ESY” (k) and ECNT (k).

EPOCH
This process was repeated such that each infant was used for validation only once.

During algorithm development, there were two possibilities for finding the threshold and for
parameter selection. One possibility was to optimize the per-epoch sucking count error

ESNT  (k)and the other possibility was to optimize the cumulative sucking count error
ECNT (K). Per-epoch sucking count provides a better estimate of the feeding behavior during
a meal compared to the cumulative sucking count and therefore it was chosen for parameter

optimization.

Measures of sample-wide performance were then computed as average values of ESIZ‘QTCH (k)
and ECNT (k) over validation results from all 10 infants:

CNT
C’NT — @)

EPOCH 10 EPOCH

ECNT— 1OZECNT k) (@
k=1

These two sample-based errors give performance estimation of the proposed technique for
predicting both per-epoch as well as cumulative values of sucking count across the whole
sample and are used as the main metrics of performance.
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2.11. Intra-Class Correlation (ICC) and Statistical Analysis

Intra-class correlation (ICC) analyses were conducted to examine the reliability between the
two human raters, and the reliability between the human raters (averaged together) and the
sensor-determined sucking counts. In both cases, a 2-way mixed model with fixed observers
and random subjects was used for analysis.

Infant weight-for-age, length-for-age, and body mass index-for-age z-scores were calculated
using the World Health Organization (WHQ) Anthro software (version 3.2.2, January 2011),
which is based on international growth charts of healthy infants growing under optimal
conditions [27]. Exploratory analyses were conducted to examine whether any other
individual factors influenced the accuracy of the sensor-determined sucking counts. Two-
tailed, two-sample t-tests were used to examine the effect of feeding mode (breast versus
bottle) and gender on the error in the sensor-determined sucking counts. A Passing-Bablok
regression [28] was used to determine the effects of body size (i.e., BMI-for-age z-score,
weight-for-age z-scores, length-for-age z-scores), age, and body composition (i.e., % body
fat, total fat mass and total fat free mass) on the prediction error. Passing-Bablok regression
is insensitive to outliers and assumes that measurement errors in both variables have the
same distribution. All analyses were conducted using MATLAB® (Mathworks Inc.).

3. RESULTS

The sample consisted of 5 male and 5 female infants with the racial distribution of 6, 2, and
2 of Caucasian, African American and other (mixed race), respectively. Age of the male and
female infants did not differ (16.44 + 5.00 weeks for males and 16.35 + 2.93 weeks for
females), but male infants showed a trend towards consuming more during the test meal than
female infants (130.00 £ 63.94 ml versus 58.50 + 30.65 ml, respectively; p = 0.10). The
sample consisted of 6 breast-fed and 4 bottle-fed infants. Breast-fed infants showed a trend
towards consuming less than the bottle-fed infants (74.41 + 28.39 ml versus 140.12 + 69.05
ml, respectively; p = 0.07). The average gestational age at birth was 39.9 + 1.5 weeks and
average birth weight was 3.6 + 0.3 kg.

There were a total of 692 epochs in the data set. The ICC analysis of the sucking count
between the two raters showed a correlation coefficient of 0.98 [95% CI: 0.98, 0.99]. The
ICC analysis between the raters (averaged together) and the sensor-determined count
showed a correlation coefficient of 0.86 [95% CI: 0.83, 0.88].

With respect to the accuracy of the sensor-determined per-epoch sucking count, the sensor-

based method resulted in a mean error of Egj,VOTCH: — 9.72 £ 20.03%, and the cumulative

sucking count error ECNT— _ 9 38 + 292.33Y, for the entire meal. Per-infant errors are
summarized in Table 1. This table also provides the mean absolute errors. Figure 4 shows an
example of the annotated and the sensor-determined sucking count for an infant over the
period of an entire experiment.

A comparison of the per-epoch mean error in sucking count was performed between bottle-
fed and breast-fed infants. The results of the t-test showed that the per-epoch mean errors
were greater among the bottle-fed than the breast-fed infants (-26.62 + 14.16% for bottle-
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fed infants and 1.54 + 14.88% for breast-fed infants; with p = 0.02). A comparable analysis
between male and female infants showed no difference in per-epoch mean error (-17.76 +
23.59% for males, —1.68 + 13.59% for females; with p = 0.22).

Results of Passing-Block regression analyses to examine whether the per-epoch sucking
count error was independent of body size and age are shown in Figures 5(a) through 5(d).
Figures 6(a) through 6(c) show the results of the Passing-Block regression analyses to
examine whether the per-epoch sucking count error was independent of body composition.
In all analyses, results suggested that the error may be independent of these individual
factors.

4. DISCUSSION

Previous studies showed that feeding behavior and weight gain during the first 6 months of
infancy are associated with risk for obesity later in life. Therefore, it is important to
accurately monitor feeding behavior in infants. The assessment of infant sucking count
during meals is a useful first step to develop a method to measure feeding behavior in
infants because this parameter can be used to determine sucking frequency (rate), which has
been shown to associate with obesity, and other feeding-related parameters such as meal
duration and frequency. In this study, we introduced a new approach to objective monitoring
of infant sucking using a jaw motion sensor. The jaw sensor system was tested on a sample
consisting of both breast-fed and bottle-fed infants to examine its feasibility for both feeding
modes. The study compared the number of sucking counted by human raters to that
determined by the jaw sensor. The method used to annotate the sucking count by
observation (i.e., human raters) was found to be highly reliable (correlation coefficient =
0.98) between two independent raters. Although the reliability between the average of the
human raters’ sucking count and that determined by the jaw sensor and the signal algorithm
was a little lower, it still indicated a strong agreement (correlation coefficient = 0.86),
suggesting that the jaw sensor may be a reliable method to monitor sucking count. The error
in the sucking count determined by the jaw sensor was approximately 10% and 3%, for per-
epoch and per meal, respectively. Errors were in the negative direction, suggesting that the
jaw sensor method over-estimated the sucking count. Although promising, the relatively
high error, particularly for some infants, and the high standard deviation indicate variation in
the performance of the sensor-algorithm system among infants. Figure 4 shows that the
count determined by the jaw sensor followed the trend of the human rater’s count, but
modestly over-estimated in most cases. It is possible that the disagreement may be
attributable to the presence of non-nutritive sucking periods, or to body movements (motion
artifacts) that can increase the sensor-determined sucking count. It is also possible that small
sucks were detected by the sensor but not by the human raters because the chin movement
generated by the suck was almost imperceptible. These potential sources of error will be the
subject of further investigation. The addition of other sensor modalities such as monitoring
of swallowing may help in eradicating false positives.

One advantage of the proposed method is its potential to study the feeding behaviors for
both breast-fed and bottle-fed infants. Although other sensors that are placed on the mother
or the bottle may be useful, to our knowledge, no previous study has attempted to use the
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same sensor to examine both feeding modes. Preliminary results from this cohort suggest
that the sensor generated a higher per-epoch mean error (as well as standard deviation) for
bottle-fed infants compared to breast-fed infants (i.e., the technique performed better for
breast-fed infants compared to bottle-fed infants). Although not examined here, it is possible
that differences in infant’s body movements during the meal may have contributed to greater
error among bottle-fed infants, or that bottle-fed infants engage in more non-nutritive
sucking during the meal in comparison to breast-fed infants. An alternate explanation may
be that breast-fed infants have to open the mouth wider and have more pronounced jaw
movements since suckling from a breast requires more effort than sucking from a bottle
nipple where milk flow may be induced by gravity (milk level always maintained above
mouth lest the infant should suck air), and thus breast-fed infants’ jaw movements were
more perceptible by the sensor. The source of this feeding mode variation in the accuracy of
the method needs further investigation in a larger sample. Another possibility may be to
analyze the strength/amplitude of the sensor signal for bottle-fed and breast-fed infants and
implement different processing for each group.

Other individual factors that were included in this study to examine their potential effect on
the performance of the sensor were gender, age, and indices of body size and body
composition. It was important to explore the influence of these variables because infant
body size, composition, and therefore, function, change rapidly during the first six months of
life. Our results showed that there was no gender difference in the error between the sensor
and human rater methods, and there was no association between the sensor performance
(i.e., error) and infant age, or indices of infant size and body composition. It is important to
note, however, that the small sample size may have limited the power of this study to detect
any association. These results, therefore, are provided as an initial consideration of potential
influences on sensor performance and would need to be replicated in a larger cohort before a
conclusion could be drawn.

The small sample size is the main limitation of this study and, therefore, results should be
interpreted with caution until further research results are available. Despite this limitation,
this study is an important first step in using a jaw sensor-based approach for the
investigation of nutritive sucking in both breast-fed and bottle-fed infants, and results are
supportive of the feasibility of this method to objectively monitor the feeding behavior of
infants. Future work will involve larger cohorts to more comprehensively examine the
performance of the sensor. Another possible limitation is that the sensor used in these
experiments was originally designed to be used by adults and so the size may not be optimal
for infants. In this cohort, however, there was no indication that the sensor size caused any
discomfort to the infants or mothers, and the sensor did not impede bottle or breast feeding.
Nonetheless, a smaller sensor may help to reduce over-estimation of the sucking count, and
such an adaptation is technologically possible by incorporating the electronics of the sensor
system into the infant’s clothing [29]. It is also important to note that there was no fixed
bottle position for bottle-fed infants. Visual analysis of the videos showed that the bottles
were angled somewhere between 0 (perfectly horizontal) and 90 degrees (perfectly vertical).
Although no analysis was done to examine whether gravity induced milk to drop into the
infants” mouth without effort, visual inspection suggested active sucking from the infants to
receive milk. Effects of bottle nipple size were not investigated in this study. It is also
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important to acknowledge that the experiments of this study were performed under
laboratory conditions, and free-living tests will be required to evaluate performance of the
proposed technique over extended periods of time under realistic conditions of daily living.
An alternate approach to monitor feeding among infants is by recording pre- and post-meal
body weights. Although well established, this method is also subject to error in the home
environment and is useful only to measure overall intake, rather than within-meal feeding
behavior. The jaw motion sensor may provide a complementary method to assess infant
feeding behavior, or could potentially be developed further into a fully automatic version
that is able to detect meal periods and energy intake, along with other useful behavioral
parameters such as meal duration and frequency, etc.

Future studies might also examine whether meal and sucking burst boundaries (the start and
the end of the episodes of continuous sucking) can be automatically recognized. In the
current study, meals were marked by human raters. The relative strength of the sucking
signal and the frequency of swallowing may provide indicators suitable for differentiation of
food-related sucking with sucking on thumbs, pacifiers, and vocalizing, etc. The strength of
the sucking signal may also provide another index of interest that might relate to obesity.

Overall, the results of this study suggest that monitoring of jaw motion has the potential to
provide an objective measure of infant feeding behavior.

5. CONCLUSION

This paper evaluated the technical feasibility of using a jaw motion sensor for accurate and
objective monitoring of feeding behavior among bottle-fed and breast-fed infants. The
signals captured by the sensor were processed to estimate sucking counts. The computed
counts were compared with the results of human annotation of the same feeding episodes.
The mean errors and 1CC statistics showed a close, and acceptable, agreement between the
human raters and the proposed sensor methodology for collecting data on infant sucking
behavior during a meal. Statistical analysis of the results suggests that the performance of
the proposed method is independent of factors such as gender, BMI, length, weight and age
of the infants, but it did differ by the feeding mode. Further study with a larger sample is
needed to more rigorously examine the statistical significance of these results. This would
also ensure the applicability of the proposed method to a wider infant population. The
preliminary findings suggest the potential of the sensor as a novel, effective and objective
tool for monitoring infant feeding behavior.
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NOMENCLATURE

AcnT Annotated sucking count (number of sucking)
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EEPOCHCNT Per-epoch mean error for sucking count for each subject
ECNT Cumulative sucking count error over all epochs for each subject
ECNT” Population-wide mean error for sucking count including all subjects.
EEPOCHCNT Population-wide mean per-epoch error for sucking count including all
subjects
f Sampling frequency, kHz
JM Jaw motion sensor signal
L Length of epochs, seconds
M Total number of epochs
MC Number of mean crossings, integer values
N Total number of samples per-epoch
PenT Per-epoch sucking count (number of sucking)
T Threshold value, volts
X An epoch of the digitized signal
Greek
a Scaling factor, dimensionless
Subscripts
i Index representing sample number
n Index representing epoch number
k Index representing subject number
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Figure 1.
Sensor system for monitoring jaw movements: (a) jaw motion sensor, (b) wireless module,

and (c) a bottle-fed infant wearing the sensor.
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gure 2.

Jaw motion sensor signal before (a) and after (b) de-noising using the bi-orthogonal wavelet
transform.
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Set the variable MC (n) (number of mean crossings) to 0.
For i-th sample in n-th epoch, increament MC (n) by 1, L
if [x(/)>x(n)and x(i +1) <x(n)]or[x(i)>x(n)and x(i +1) >x(n)]

where i=1,2,....... ,N and x(n) is the mean amplitude of the epoch x(n).
® Compute per-epoch sucking count Poyr (1) as Poyr (n) = MC (n)/2

Figure 3.
Algorithm for computation of sensor-determined sucking count (Pcnt(n)) for the nth epoch.
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Figure 4.
A comparison of human-annotated sucking count vs. sensor-determined sucking count for

the duration of the entire experiment (infant #9). Epochs where both values are zeros are the
epochs that involved no intake.
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Figure 5.
(a) Passing-Bablok regression analysis for EECII,VOTCH(I:) and BMI-for-ageZ-score. Regression

line equation y = —-0.01 — 0.15x; 95% ClI is —0.06 to 0.06 for intercept and is —0.34 to 0.23

for slope. (b) Passing-Bablok regression analysis for VT (k) and Weight-for-age Z-

EPOCH

score. Regression line equation y = 0.02 — 0.15x; 95% Cl is —0.02 to 0.03 for intercept and

is =0.32 to 0.28 for slope. (c) Passing-Bablok regression analysis for ECT (k) and

Length-for-age Z-score. Regression line equation y = —0.06-0.18x; 95% ClI is —0.05 to 0.46
for intercept and is —0.1733 to 1.25 for slope. (d) Passing-Bablok regression analysis for

ECNT  (k)and age (in weeks). Regression line equation y = 0.09 — 0.01x; 95% Cl is —0.81

EPOCH

to 2.23 for intercept and is —0.12 to 0.05 for slope.
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(a) Passing-Bablok regression analysis for £/ (k) and % body fat. Regression line

equation y = —=0.03 — 0.01x; 95% Cl is —1.25 to 1.17 for intercept and is —0.05 to 0.05 for

slope. (b) Passing-Bablok regression analysis for ECT (k) and Total fat mass (in g).

Regression line equation y = —0.65 + 0.39%; 95% Cl is —2.57 to 0.38 for intercept and is
-0.23 to 1.60 for slope. (c) Passing-Bablok regression analysis for ESY” (k) and Total fat

EPOCH

free mass (in g). Regression line equation y = 1.19 — 0.24x; 95% Cl is —2.67 to 2.99 for
intercept and is —0.61 to 0.52 for intercept.
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Comparison between annotated (human) and jaw sensor-determined sucking counts, including errors for
breast-fed and bottle-fed infants during the epochs and the course of the meal.

Human - determined Per-epoch MEaN  per-meal mean
) Human Sensor- annotated mean mean sucking ECNT count error Threshold
Infant  Feeding  counted determined  sucking count count EPOCH ECNT (k) (M
k mode sucks sucks (per-epoch) (per-epoch) (%) (%) (Volts)
1 Breast-fed 354 250 7.68 5.43 8.88 29.38 3.18
2 Breast-fed 774 701 8.70 7.88 -10.07 9.43 2.65
3 Breast-fed 859 946 9.76 10.74 -9.55 -10.13 0.39
4 Breast-fed 979 748 12.39 9.47 18.53 23.60 1.69
5 Breast-fed 329 263 10.27 8.20 16.65 20.06 1.53
6 Breast-fed 641 696 7.17 9.95 -15.15 -8.58 0.68
7 Bottle-fed 416 577 10.02 12.61 -40.95 -38.70 0.24
8 Bottle-fed 662 833 13.12 14.15 -36.61 -25.83 0.13
9 Bottle-fed 1023 1104 10.57 12.17 -14.61 -7.92 0.15
10 Bottle-fed 603 694 7.28 7.90 -14.29 -15.09 0.25
Mean: -9.72 -2.38 1.08
STD: 20.03 22.33 111
Absolute Mean: 18.52 18.87
Absolute STD: 11.17 10.44

Note: k represents infant number in the dataset. Per-epoch mean sucking count for infant k was computed by dividing total sucking count by the

number of epochs.
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