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Introduction: Approximately 1.5 million neonatal deaths occur among
premature and small (low birthweight or small-for gestational age) neonates
annually, with a disproportionate amount of this mortality occurring in low-
and middle-income countries (LMICs). Hypothermia, the inability of newborns
to regulate their body temperature, is common among prematurely born and
small babies, and often underlies high rates of mortality in this population. In
high-resource settings, incubators and radiant warmers are the gold standard
for hypothermia, but this equipment is often scarce in LMICs. Kangaroo
Mother Care/Skin-to-skin care (KMC/STS) is an evidence-based intervention
that has been targeted for scale-up among premature and small neonates.
However, KMC/STS requires hours of daily contact between a neonate and an
able adult caregiver, leaving little time for the caregiver to care for themselves.
To address this, we created a novel self-warming biomedical device,
NeoWarm, to augment KMC/STS. The present study aimed to validate the
safety and efficacy of NeoWarm.
Methods: Sixteen, 0-to-5-day-old piglets were used as an animal model due to
similarities in their thermoregulatory capabilities, circulatory systems, and
approximate skin composition to human neonates. The piglets were placed in
an engineered cooling box to drop their core temperature below 36.5°C, the
World Health Organizations definition of hypothermia for human neonates.
The piglets were then warmed in NeoWarm (n= 6) or placed in the ambient
17.8°C ± 0.6°C lab environment (n= 5) as a control to assess the efficacy of
NeoWarm in regulating their core body temperature.
Results: All 6 piglets placed in NeoWarm recovered from hypothermia, while
none of the 5 piglets in the ambient environment recovered. The piglets
warmed in NeoWarm reached a significantly higher core body temperature
(39.2°C ± 0.4°C, n= 6) than the piglets that were warmed in the ambient
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environment (37.9°C ± 0.4°C, n= 5) (p < 0.001). No piglet in the NeoWarm group
suffered signs of burns or skin abrasions.
Discussion: Our results in this pilot study indicate that NeoWarm can safely and
effectively warm hypothermic piglets to a normal core body temperature and,
with additional validation, shows promise for potential use among human
premature and small neonates.

KEYWORDS

low to middle income country (LMIC), neonatal hypothermia, thermal model, piglet model,

kangaroo mother care (KMC), vital signs monitoring system (VSMS), neonatal mortality and

morbidity
Introduction

There are nearly 15 million premature (babies born <37

weeks gestation) and low-birthweight (less than 2.5 kg) babies

born each year (1, 2). 1.5 million of these neonates will not

survive, with the vast majority of these deaths occurring in low

and middle income countries (LMICs), a staggering—and

unacceptable trend—that has persisted for decades (3–8). One

of the main contributing factors which underlies high rates of

preventable neonatal mortality is hypothermia (9–12). For a

variety of reasons related to underdeveloped physiology, as

well as environmental conditions both within health facilities

and in the home and community settings, premature, low

birthweight, and small-for-gestational age newborns struggle to

maintain a normal body temperature, defined as 36.5°C–37.5°C

(13–15). Newborns have a greater surface area-to-weight ratio,

larger head-to-body ratio, and less adipose tissue for

insulation, predisposing them to heat loss without appropriate

thermal care interventions (16).

In high-resource settings, hypothermia is most often

prevented, or treated, through the use of incubators and radiant

warmers (17). However, in low-resource settings, incubators

and radiant warmers may not be readily available due to

scarcity (e.g., high cost or lack of resources to repair broken

machines) or unreliable power grids (18). Kangaroo Mother

Care/Skin-to-skin care (KMC/STS), in which an adult caregiver

holds the newborn bare skin-to-bare skin, thereby transferring

warmth to the neonate, preventing hypothermia, is a newborn

care initiative that has been targeted for global scale up by a

number of international partners. KMC/STS has been shown to

be a low-cost and effective solution to prevent neonatal

hypothermia, as well to provide numerous other benefits for

both the neonate and the primary caregiver such as supporting

improved breastfeeding and bonding between caregiver and

child (19–22). However, KMC/STS has faced challenges in

regards to widescale adoption and scale-up (23–26). For

healthcare providers, it can be perceived that KMC/STS

interferes with the regular flow of clinical care and monitoring,

such as for vital signs. For adult caregivers serving as the KMC/

STS partner to the premature/small baby, KMC/STS can be

physically demanding, leading to exhaustion and fatigue, and

limiting the caregiver from taking a break and caring for

themselves (20, 27–29).
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Other devices that aim to address neonatal hypothermia have

been developed (30–46); however, they are either incompatible

with KMC/STS or vital signs monitoring. There remains a need

for a low-cost solution for prevention of neonatal hypothermia

that is both compatible with KMC/STS and has the capability

to be integrated with evidence-based recommendations for

regular measurement of key neonatal vital signs to detect

common complications of prematurity such as apnea. As a

result, we have developed NeoWarm, a sensor-enabled carrier

and swaddling device that both allows for KMC/STS and

integrates temperature sensing and key vital signs into a single

carrier (47–52). Our device will not reduce time spent in KMC/

STS, but support and augment KMC/STS. Our previous studies

have validated the ability of NeoWarm to warm hypothermic

(35°C) tissue phantoms (bottle filled with water) to 37°C

(normal human body temperature) and maintain this

temperature for 2 h with no overheating (47, 48). These studies

have also validated our ability to miniaturize our vital signs

monitoring technology into a package that can be integrated

into the neonatal carrier (53–58).

Aside from tissue phantoms, which we used in our previous

work, current neonatal models for evaluating thermal care focus

primarily on thermal manikins which have integrated heating

elements and other electronics to mimic heat transfer and flow in

the human body. However, while thermal manikins can mimic

total heat loss (59, 60), they cannot simulate safety issues such as

tissue response and burning. Therefore, a living biological model

is necessary to evaluate NeoWarm’s ability to safely warm a

neonate without causing burns or visible discomfort, which is

particularly important as premature neonates have significantly

thinner and more fragile skin (61). Currently, there is no

standard animal model specifically for neonatal hypothermia.

Neonatal piglets are a promising model for neonatal hypothermia

as they are of the approximate size and weight of prematurely

born/small human neonates (1–2.5 kg), have similar

cardiovascular systems, approximate skin composition, and

similar core body temperatures (38.6°C–39.7°C in piglets vs.

36.5°C–37.5°C in humans) (13–15, 62, 63). Combined, these

characteristics result in humans and piglets having similar

thermoregulatory capabilities (64–70). Thus, for the current

study, neonatal piglets were selected as a pre-clinical model

to test the safety and efficacy of NeoWarm to ameliorate

induced hypothermia.
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Materials and methods

This study was approved by the Purdue University Institutional

Animal Care and Use Committee (PACUC) under protocol

#2008002063. Veterinary technicians monitored the piglets

during the entire experiment via visual inspection and palpitation

to ensure the piglets’ well-being.
Inclusion criteria

Piglets were acquired from the Purdue Animal Sciences

Research and Education Center (ASREC) farm. Inclusion criteria

were that piglets were less than 120 h old, greater than 0.75 kg,

less than 2.5 kg, and were within 1°C of a healthy initial core

temperature (38.6°C–39.7°C) when they arrived our facility as

measured using a commercial rectal thermometer (Part Number:

VET-TEMP® DT-10, Advanced Monitors Corporation, San

Diego, California, USA). For our study, we utilized convenience

sampling, and thus, did not select based on sex. When two trials

were able to be run on the same day, we selected litter mates,

when possible, to minimize variability between piglets.
Acquiring piglets from the ASREC farm

Piglets were obtained from their birthing pen at the farm to

start each day. Most days, two piglets were available from the

same litter, allowing us to run two trials concurrently.

Birthweight and initial temperature were acquired for each piglet

at the farm. The piglets were then transported 30 min to the

testing facility in separate travel crates in the back of an air-

conditioned van. Temperature and weight were collected upon

arrival at the testing facility.
FIGURE 1

(A) Image of neonatal piglet in the pen. (B) Image of the cooling box with c
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Pen setup

As shown in Figure 1A, a roughly 4-ft diameter soft-sided pen

was chosen to allow the piglets mobility while keeping them

contained. A sheet of cardboard was placed underneath the pen

to insulate the bottom of the pen from the cold laboratory floor.

Additionally, the inside of the pen was lined with a layer of

fleece blankets and absorbent pads to provide more insulation

from the cold floor, give the piglets a more comfortable surface

to lay on, and to make cleanup easier. Importantly, the piglets

were not able to snuggle into the blankets, preventing them from

getting additional warmth from their environment. Care was

taken so that there were no drafts in the 17.8°C ± 0.6°C room. To

prepare for the risk of dangerous levels of hypothermia or

deleterious health impacts as determined by the veterinary

technicians monitoring the study, we had a heat lamp fixed

above the pen (turned off), warm rice pillows, a warm air

blower, and additional fleece blankets on standby.
Temperature phase: cooling

Most days, two piglets were available from the same litter from the

farm at a time. Both piglets were placed into a 27-gallon plastic tub

lined with ice water-soaked towels and cold water-filled balloons as

shown in Figure 1B. Small fans were positioned to blow air into the

tub and onto the piglets. The piglets were left in the tub until they

reached a core body temperature below 36.5°C or three hours had

passed without their temperature dropping below 36.5°C.
Temperature phase: heating

Piglets were divided into “NeoWarm” or “ambient

environment” groups based on three distinct scenarios. (1) The
old water-soaked towels, cold water-filled balloons and small fan.
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first of the two litter mates to drop below 36.5°C was placed in

NeoWarm with the heating pads set to 40°C. The other piglet

was placed back into its original pen to warm itself as a control.

(2) If both piglets dropped below 36.5°C at the same time or

(3) neither piglet dropped below 36.5°C, the piglet with the lower

core temperature was placed inside NeoWarm and the other

piglet was placed into the 17.8°C ± 0.6°C pen in the ambient

environment group.
Data collection

Piglet core temperature was collected with a rectal

thermometer every 15–45 min after their arrival at the testing

facility. The veterinary technicians continually monitored the

piglets and fed them when their behavior indicated they were

hungry. The ambient temperature of the room was set at the

beginning of the day, recorded at the beginning of each trial, and

verified at least twice throughout the trial, once in the middle

and once at the end. The trial was concluded when the piglets’

rectal temperature was stable and did not vary more than 1°C in

approximately two and a half hours.
Euthanasia

Piglets were anesthetized with nitrogen gas, and then Euthasol

was used by the veterinary technicians to humanely euthanize the

piglets at the end of each trial according to approved animal safety

and welfare protocols. Fifteen (15) piglets were euthanized via the

intravenous route. One (1) piglet was euthanized via the

intracardiac route after two separate veterinary technicians were

unable to obtain intravenous access. Prior to euthanasia, a final

temperature was taken.
Data analysis

Once the data points were collected, final temperatures were

compared between the NeoWarm group and the ambient

environment group. Student’s t-test was used to compare

averages across the two groups. Plots were generated using

MATLAB (71) and statistics were computed in MATLAB

(R2020b, MathWorks, Natick, Massachusetts, United States) or

Microsoft Excel (Microsoft Corporation, Redmond, Washington,

United States).
Results

Piglets

Sixteen (16) piglets were initially acquired from the ASREC

Farm (Figure 2). Four (4) were used to help develop the

experimental design and were excluded from final analysis. One

(1) additional piglet was removed from analysis as it did not
Frontiers in Pediatrics 04
meet the inclusion criteria of having a healthy starting

temperature at our facility within 1°C of 38.6°C, with its starting

temperature being 32.4°C.

The remaining 11 piglets were enrolled in the study. There were

five male piglets and six female piglets in this study. The piglets

weighed an average of 1.17 ± 0.16 kg, were all younger than 120 h

(five days) old and were within 1°C of a healthy initial core

temperature (38.6°C–39.7°C) (62, 63) when they arrived our

facility as measured using a commercial rectal thermometer.
Temperature phase: cooling

The average final temperature at the end of the cooling phase of

all the piglets was 36.4°C ± 1.1°C (n = 11). Six (6) out of 11 piglets

fell below 36.5°C within an average time of 73.2 ± 35.4 min (n = 6).

Five (5) piglets never dropped below 36.5°C even after three hours

in the cold tub. The average final temperature at the end of the

cooling phase of the six piglets that did drop below 36.5°C was

35.6°C ± 0.8°C (n = 6), while the average final temperature at the

end of the cooling phase of the five piglets that did not drop

below 36.5°C was 37.2°C ± 0.6°C (n = 5). The Student’s t-test

indicates that the difference in final temperature between the six

piglets that did drop below 36.5°C and the five piglets that did

not drop below 36.5°C is statistically significant (p < 0.0051).

Of the six piglets that had final temperatures below 36.5°C at

the end of the cooling phase, four of them were placed in

NeoWarm, along with two piglets that did not have a final

temperature below 36.5°C. The average final temperature of the

six piglets placed in NeoWarm at the end of the cooling phase

was 36.0°C ± 0.9°C (n = 6), while the average final temperature of

the five piglets that were not placed in NeoWarm at the end of

the cooling phase was 36.8°C ± 1.2°C (n = 5). The Student’s t-test

indicates that the difference in final temperature between the six

piglets that were placed in NeoWarm and the five piglets that

were not placed in NeoWarm at the end of the cooling phase

was not statistically significant (p = 0.24). We do note that piglet

A4 dropped below 36.5°C after the cooling phase. This piglet was

not included in the statistics above since it dropped below 36.5°C

in the warming phase, not the cooling phase.

All 11 piglets fell below 38.6°C after being in the cooling box.
Temperature phase: warming (NeoWarm or
ambient environment)

The average final temperature of all 11 piglets at the end of the

heating phase was 38.6°C ± 0.8°C (n = 11). The average final

temperature of the six piglets that were placed in NeoWarm was

39.2°C ± 0.4°C (n = 6) after an average time of 183.8 ± 71.2 min

(n = 6). As shown in Figure 3B, of the six piglets placed in

NeoWarm, the highest final temperature of 39.9°C was observed

in piglet B6, and the lowest final temperature of 38.7°C was

observed in piglet B1. Piglet B6 exceeded the normothermic

cutoff of 39.7°C by 0.2°C, having a final temperature of 39.9°C at

the end of the heating phase. NeoWarm warmed the piglets up
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FIGURE 2

(A) Flow chart detailing how pigs were grouped for each stage of the experiment. Images of piglet snuggled in NeoWarm (B) at the farm and (C) in the
pop-up pen.

FIGURE 3

(A) Temperature of piglets that were in the ambient environment group vs. (B) piglets that were in the NeoWarm group. The dashed line depicts the
36.5°C cooling box threshold and the green shaded region highlights the normothermic temperature range for piglets (38.6°C–39.7°C).

Bluhm et al. 10.3389/fped.2024.1378008

Frontiers in Pediatrics 05 frontiersin.org

https://doi.org/10.3389/fped.2024.1378008
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Bluhm et al. 10.3389/fped.2024.1378008
to 38.6°C at a rate of +3.42°C/min. All six piglets that were placed

in NeoWarm reached normothermic temperatures at the end of the

heating phase, having final temperatures equal to or above 38.6°C

(Figure 3B).

The average final temperature of the five piglets in the ambient

environment group was 37.9°C ± 0.4°C (n = 5) after an average time

of 179.6 ± 57.3 min (n = 5). As shown in Figure 3A, of the five

piglets, the highest final temperature of 38.5°C was observed in

piglet A2, and the lowest final temperature of 37.6°C was observed

in piglets A1 and A4. None of the five piglets in the ambient

environment group had final temperatures in the normothermic

range (Figure 3A). Piglet A3 had a peak temperature within the

normothermic range, but it was not maintained. Its final

temperature dropped below 38.6°C at the conclusion of the trial.

The Student’s t-test indicates that NeoWarm did warm the

piglets to a statistically significant higher core body temperature

than the piglets in the ambient environment group (p < 0.001). No

piglet in either group had any observable burns or skin irritations,

as visually and physically assessed by the veterinary technicians.

Critically, all six piglets that were placed in NeoWarm reached

normothermic temperatures at the end of the heating phase, having

final temperatures equal to or above 38.6°C, while none of the five

piglets in the ambient environment group reached normothermia,

having final core body temperatures less than 38.6°C (Figure 3).

The Pearson’s correlation coefficient indicated that there was no

significant correlation between weight and final temperature for

piglets in the NeoWarm (r =−0.35, p = 0.50) or ambient

environment groups (r =−0.01, p = 0.99) (Table 1).
Discussion

Defining normothermia and hypothermia
for this study

The reported normal core body temperature (normothermia)

for piglets varies, but the most reliable range we found in the

literature was 38.6°C–39.7°C (62, 63). We found additional

sources that suggest that a temperature range of 38°C–40°C was

acceptable, but those metrics were less commonly reported in the

literature (72, 73). Therefore, we used the temperature range of

38.6°C–39.7°C as our normothermic range for the piglets in this

study. Consequently, below 38.6°C was considered hypothermic

for the piglets. For comparison, the normothermic range for

newborn humans is 36.5°C–37.5°C with hypothermia defined as

core body temperature below 36.5°C (16).
TABLE 1 Piglet demographic information and temperatures at the end of eac

Gender: M/F Weight: Avg ± Std
Total n = 11 5/6 1.17 ± 0.16

NeoWarm n = 6 4/2 1.17 ± 0.12

Ambient n = 5 1/4 1.17 ± 0.21

p-value (NeoWarm vs. ambient) 0.99

All weights are in grams (g) and all temperatures are in degrees Celsius (°C).
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We cooled the piglets below 36.5°C, instead of simply below

38.6°C, to show direct translatability of NeoWarm’s performance

in this pilot study to the human use-case and to demonstrate

NeoWarm’s warming capabilities from moderate hypothermia

to normal body temperature. We also note that NeoWarm

was modified to warm the piglets to their normothermic

temperatures of 38.6°C–39.7°C, not the human normothermic

temperature of 36.5°C–37.5°C. Human normothermic temperatures

would still be severely hypothermic for the piglet and would not

allow us to compare NeoWarm’s effectiveness to the piglets’ own

thermoregulatory capabilities as the piglets would naturally try to

warm themselves up to 38.6°C–39.7°C. However, NeoWarm can

be readily modified in software to regulate to 36.5°C–37.5°C for

the human use-case as we have demonstrated in our previous

work using tissue phantoms (48).
Neowarm’s device modifications

We modified NeoWarm from our previously published version

(48) in order to accommodate some of the significant differences

between piglets and human newborns. An obvious difference

affecting form factor is that piglets are four-legged animals while

humans walk upright on two legs. Also, critical for this study,

piglets are mobile at (or very near) birth. Our prior form factor,

resembling more of an infant carrier or baby wrap (48), impeded

the piglets’ ability to walk, resulting in distress. Therefore, to

allow the piglets to walk and sleep in NeoWarm while remaining

thermally insulated, we redesigned the form factor to incorporate

holes for the piglets’ legs. We used the same heating pads and

microcircuitry that we used in the previous version of NeoWarm.

Re-configuring NeoWarm with holes for the piglets’ legs allowed

the piglets to walk freely around the pen. To further

accommodate their need to walk, we ran NeoWarm from a

benchtop power supply, with lightweight cables extending from

the power supply to NeoWarm, rather than battery packs, as the

weight of the batteries was too heavy for the piglets to move

around comfortably. Future work will focus on making

NeoWarm more power efficient, so that we can ultimately run

the device using lightweight battery packs.
Modified temperature control algorithm

In our previous iteration of NeoWarm, we monitored the

temperature of the heaters as well as the temperature of the
h temperature phase.

Cooling Warming

Avg ± Std Min to max Avg ± std Min to max
36.4 ± 1.1 34.3–37.9 38.6 ± 0.8 37.6–39.9

36.0 ± 0.9 34.3–36.7 39.2 ± 0.4 38.7–39.9

36.8 ± 1.2 35.2–37.9 37.9 ± 0.4 37.6–38.5

0.24 <0.001
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tissue phantom using separate temperature sensors (48).

Monitoring the temperature of the heaters allowed us to ensure

the heaters did not exceed 38°C, the maximum recommended

water bath temperature for newborns (16, 74, 75). Monitoring

the temperature of the tissue phantom allowed our algorithm to

regulate power delivered to the heaters such that the tissue

phantom did not exceed the desired setpoint of 37°C, the average

human neonatal core body temperature (16).

However, in our present study with piglets, we were unable to

continuously monitor the temperature of the piglets using

NeoWarm. We utilized intermittent measurements (every 15–

45 min) of core body temperature, via a rectal thermometer.

Unlike human newborns where we can measure skin temperature

at several locations (abdomen, axilla, etc.) to reliably estimate

core body temperature (76–80), core body temperature in piglets

can only be reliably measured from the rectum (81). Infrared

thermometers have been demonstrated to show errors of up to

2°C when estimating core body temperature from the forehead,

abdomen, or other locations on the skin. We attempted to

continuously monitor both the heater temperature and the

piglet’s instantaneous rectal temperature in this study; however,

the piglets found the temperature sensor very uncomfortable and

restrictive even though the sensor was very small (1 mm in

diameter). Therefore, we were not able to continuously monitor

the piglet’s rectal temperature. Consequently, we modified our

algorithm to regulate the temperature of the heating pad at 40°C,

just slightly above the maximum normothermic temperature of

the piglets (38.6°C–39.7°C) (62, 63). We chose a setpoint slightly

above 39.7°C to help account for any normally occurring heat

loss through the material and to the environment. Our modified

algorithm does not incorporate instantaneous temperature

measurements from the piglet, since we were unable to

continuously measure the piglets’ rectal temperatures using

NeoWarm. Nonetheless, regulating the temperature of the

warmer, without incorporating feedback from the continuous

temperature of the neonate is an acceptable approach that has

been demonstrated by others in the literature and in

commercially available neonatal warmers (34, 43, 44). This

approach is only a necessary modification implemented in

this study and will likely not be translated to the human use-

case since we can reliably measure the temperature of the

newborn from various locations on the skin without causing

undue distress to the newborn. However, the results from the

current study suggest that our modified approach could be

employed in the human use case as well, albeit at a lower

set temperature.
Piglets may have better thermoregulatory
capabilities than previously thought

This study suggests several potential considerations in utilizing

the neonatal pig as an animal model for human neonatal

thermoregulatory capabilities. Based on the literature and the

experience of the veterinary technicians, we expected that the

piglets would be thermally compromised and rapidly enter
Frontiers in Pediatrics 07
hypothermia without external intervention while in the 17.8°C ±

0.6°C laboratory environment (82–84). We observed that this

was not the case. Two of the four piglets used in development of

the experimental design were left in the ambient environment

(not being placed in the cooling box or in NeoWarm). These piglets

lost heat at a rate of less than 0.01°C/min. Human premature

neonates could lose up to 0.3°C/min in cold environments (85), and

this was expected to be the case for the piglets as well without any

thermal support. The piglets core temperatures were dropping

throughout the experiment (<−0.01°C/min), but much more

slowly than human neonates [−0.3°C/min for human neonates

(85)]. Also, one of these two piglets kept its internal temperature

above 38.6°C, never becoming hypothermic even after six hours

in the 17.8°C ± 0.6°C laboratory environment. These preliminary

trials led us to use the cooling box to more rapidly cool the

piglets below hypothermic temperatures within a reasonable time

frame and to demonstrate the warming capabilities of NeoWarm.

However, with only two piglets used for these preliminary trials,

we cannot make any statistically significant claims regarding

piglets’ baseline thermoregulatory capabilities, and we suggest

further studies into this matter.
Neowarm is effective at regulating core
body temperature

Our results indicate that NeoWarm is effective as a

thermoregulatory solution for hypothermic piglets. Our study

has demonstrated that NeoWarm can successfully maintain

piglets at a safe core body temperature of 38.6°C–39.7°C,

indicating NeoWarm can maintain the piglets’ body

temperatures without inducing hyperthermia. Only one piglet,

piglet B6, exceeded 39.7°C at any point in the study, having a

final temperature of 39.9°C. However, we found reports

indicating that a core temperature of up to 40°C (72) or even

41°C (86) could also be observed in piglets. Therefore, we

deduce that a 0.2°C overshoot would not be a cause for undue

concern. All six piglets that were placed inside NeoWarm were

warmed to normothermic temperatures (38.6°C–39.7°C)

within 67.3 ± 55.3 min (n = 6), while none of the five piglets in

the ambient environment group had a final temperature equal

to above 38.6°C, and only two of the five even reached the

broader definition of normothermia of 38°C–40°C reported by

other sources (72, 73, 86). Piglet A3 had a peak temperature

within the normothermic range, but it was not maintained. Its

final temperature dropped below 38.6°C at the conclusion of

the trial, indicating that the piglet was not able to properly

maintain its temperature on its own.
Neowarm is safe

Our study demonstrated that NeoWarm is safe. No piglet

demonstrated evidence of burns or skin injury by NeoWarm,

as visually assessed by veterinary technicians at the end of

each trial, and only one piglet overshot the high end of
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normothermia (39.7°C) and did so only by 0.2°C. Furthermore,

we informally observed that the piglets seemed to be very

comfortable inside NeoWarm. Piglets inside NeoWarm slept

comfortably, while piglets that were left to warm themselves

continued to shiver and roam around the pen seemingly

looking for warmth. We did observe that piglets tried to

wriggle themselves out of NeoWarm when they were at

normothermic temperatures (38.6°C–39.7°C); however, piglets

also tried to wriggle themselves away from the veterinary

technicians when being held.
Limitations of the study

Due to convenience sampling, our study was limited to

only one breed of piglets, and we were not able to match

weight, sex, and litter. Our sample size was also small, having

only 11 piglets in the study. It was difficult to acquire a large

number of piglets for testing, as piglets are not selectively bred

year-round. Given that our access was limited to only a few

sows and our testing facility could only manage two piglets

per weekday, inclusion criteria provided for enrollment of

piglets at ages up to 120 h. However, we aimed to enroll

piglets in our study within 24 h whenever possible.

Additionally, although trained veterinary technicians reviewed

the animals and concluded no damage or harm was done to

the animal, skin samples were not taken to experimentally

confirm their visual inspection.
Summary

This pilot study presented thermal monitoring and regulation

of 11 piglets to demonstrate safety and preliminary

thermoregulatory efficacy in a pre-clinical animal model for a

novel biomedical device, NeoWarm. Our studies have shown that

NeoWarm is able to warm hypothermic piglets to normothermic

temperatures (38.6°C–39.7°C) with no more than 0.2°C

overshoot. Not only is NeoWarm effective at warming the

piglets, but it is also safe. Our study also suggests that neonatal

piglets have more mature thermoregulatory capabilities than as

might be expected by review of the literature and by seasoned

veterinary professionals. In order to better define neonatal piglets

as a standard for neonatal human thermoregulation, further

studies would be required to define the limits of neonatal piglet

thermoregulatory capabilities.

While safety was effectively demonstrated, form factor

modifications that were necessary for this study may alter the

thermoregulatory capabilities of the device between neonatal

humans and piglets. Studies demonstrating NeoWarm efficacy in

human neonates will be completed in future work. Future work

will also focus on making NeoWarm more power efficient,

removing the need of a benchtop power supply, using small,

lightweight battery packs instead.
Frontiers in Pediatrics 08
Author’s note

The content is solely the responsibility of the authors and does

not necessarily represent the official views of the National Institutes

of Health.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The animal study was approved by Purdue University Institutional

Animal Care and Use Committee. The study was conducted in

accordance with the local legislation and institutional requirements.
Author contributions

NB: Conceptualization, Data curation, Formal Analysis,

Investigation, Methodology, Software, Writing – original draft. GT:

Conceptualization, Data curation, Formal Analysis, Investigation,

Methodology, Writing – original draft, Writing – review & editing.

OH: Formal Analysis, Project administration, Software,

Supervision, Writing – original draft, Writing – review & editing.

EL: Data curation, Formal Analysis, Software, Writing – original

draft, Writing – review & editing. BW: Conceptualization,

Investigation, Software, Writing – review & editing. AP:

Conceptualization, Investigation, Writing – review & editing.

KB: Conceptualization, Investigation, Writing – review & editing.

SB: Conceptualization, Investigation, Methodology, Project

administration, Resources, Supervision, Writing – review &

editing. JL: Conceptualization, Investigation, Methodology, Project

administration, Resources, Supervision, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article.

NB and JL were supported by the Moore Inventor Fellowship

to JL (Award number 9687); GT was supported by the Indiana

University School of Medicine. This project was funded with

support from the Indiana Clinical and Translational Sciences

Institute, through an IU Center for Global Health Equity/Indiana

CTSI Reciprocal Innovation Demonstration Grant to SB (Indiana

University School of Medicine) and JL (Purdue University

Weldon School of Biomedical Engineering) (Grant number:

EPAR1929). Indiana CTSI is funded in part by Award Number

UL1TR002529 from the National Institutes of Health, National

Center for Advancing Translational Sciences, Clinical and

Translational Sciences Award.
frontiersin.org

https://doi.org/10.3389/fped.2024.1378008
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Bluhm et al. 10.3389/fped.2024.1378008
Acknowledgments

We would like to thank the veterinary technicians Melissa Bible
and Lagora Carrell for assisting us in our study. We would also like
to thank Brian Ford and Katelin Ade and their colleagues from the
Purdue Animal Sciences Research and Education Center farm. We
are grateful to our Kenyan-based collaborators and technical
advisors at Moi University, Moi Teaching and Referral Hospital,
and Alupe University. In particular, we are grateful for the
support of Professor Fabian Esamai. We acknowledge the
steadfast support of the Indiana University Center for Global
Health Equity in our efforts to develop reciprocal innovations to
improve the health and well-being of mothers, babies, and
communities around the world. Thank you to Dr. Osayame
Ekhaguere, IU School of Medicine (USA), and Dr. David
Muyodi, International Cancer Institute (Kenya), for serving as
neonatology clinical advisors. Some portions of this manuscript
were previously in NB master’s thesis (47).
Conflict of interest

OH is a co-founder of Predictive Wear, Inc. JL is a co-founder

of Rescue Biomedical, LLC. SB is the inventor on patent
Frontiers in Pediatrics 09
#US10390630B2; International Patent (ARIPO): PCT/US2016/

053394 – Infant thermoregulation and monitoring support

system (issued February 4, 2022: and Nigeria Patent RP:NG/PT/

C/2018/2802 – Infant thermoregulation and monitoring support

system (issued March 20, 2019) issued to SB. OH, JL, and BW

are co-inventors on patent #US11633152B2 issued to Purdue

Research Foundation. OH and JL are co-inventors on patent

#US10786201B2 issued to Purdue Research Foundation. OH and

JL are co-inventors on patent #US20210022675A1 pending to

Purdue Research Foundation.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. World Health Organization. Preterm Birth. Available online at: https://www.who.
int/news-room/fact-sheets/detail/preterm-birth (cited August 7, 2023).

2. World Health Organization. Preterm and Low Birth Weight. Available online at:
https://www.who.int/teams/maternal-newborn-child-adolescent-health-and-ageing/
newborn-health/preterm-and-low-birth-weight (cited July 3, 2023).

3. UNICEF DATA. Levels and Trends in Child Mortality. (2021) Available online
at: https://data.unicef.org/resources/levels-and-trends-in-child-mortality/ (cited August
7, 2023).

4. Black RE, Cousens S, Johnson HL, Lawn JE, Rudan I, Bassani DG, et al. Global,
regional, and national causes of child mortality in 2008: a systematic analysis. Lancet.
(2010) 375(9730):1969–87. doi: 10.1016/S0140-6736(10)60549-1

5. Liu L, Johnson HL, Cousens S, Perin J, Scott S, Lawn JE, et al. Global, regional,
and national causes of child mortality: an updated systematic analysis for 2010 with
time trends since 2000. Lancet. (2012) 379(9832):2151–61. doi: 10.1016/S0140-6736
(12)60560-1

6. Liu L, Oza S, Hogan D, Perin J, Rudan I, Lawn JE, et al. Global, regional, and
national causes of child mortality in 2000–13, with projections to inform post-2015
priorities: an updated systematic analysis. Lancet. (2015) 385(9966):430–40. doi: 10.
1016/S0140-6736(14)61698-6

7. Liu L, Oza S, Hogan D, Chu Y, Perin J, Zhu J, et al. Global, regional, and national
causes of under-5 mortality in 2000–15: an updated systematic analysis with
implications for the sustainable development goals. Lancet. (2016) 388
(10063):3027–35. doi: 10.1016/S0140-6736(16)31593-8

8. Perin J, Mulick A, Yeung D, Villavicencio F, Lopez G, Strong KL, et al. Global,
regional, and national causes of under-5 mortality in 2000–19: an updated systematic
analysis with implications for the sustainable development goals. Lancet Child Adolesc
Health. (2022) 6(2):106–15. doi: 10.1016/S2352-4642(21)00311-4

9. Demtse AG, Pfister RE, Nigussie AK, McClure EM, Ferede YG, Tazu Bonger Z,
et al. Hypothermia in preterm newborns: impact on survival. Glob Pediatr Health.
(2020) 7:2333794X20957655. doi: 10.1177/2333794X20957655

10. Chang HY, Sung YH, Wang SM, Lung HL, Chang JH, Hsu CH, et al. Short- and
long-term outcomes in very low birth weight infants with admission hypothermia.
PLoS One. (2015) 10(7):e0131976.

11. Yip WY, Quek BH, Fong MCW, Thilagamangai, Ong SSG, Lim BL, et al. A
quality improvement project to reduce hypothermia in preterm infants on
admission to the neonatal intensive care unit. Int J Qual Health Care. (2017) 29
(7):922–8. doi: 10.1093/intqhc/mzx131
12. Manani M, Jegatheesan P, DeSandre G, Song D, Showalter L, Govindaswami B.
Elimination of admission hypothermia in preterm very low-birth-weight infants by
standardization of delivery room management. Perm J. (2013) 17(3):8–13. doi: 10.
7812/TPP/12-130

13. Jost K, Pramana I, Delgado-Eckert E, Kumar N, Datta AN, Frey U, et al.
Dynamics and complexity of body temperature in preterm infants nursed in
incubators. PLoS One. (2017) 12(4):e0176670. doi: 10.1371/journal.pone.0176670

14. Mank A, van Zanten HA, Meyer MP, Pauws S, Lopriore E, Te Pas AB.
Hypothermia in preterm infants in the first hours after birth: occurrence, course and
risk factors. PLoS One. (2016) 11(11):e0164817. doi: 10.1371/journal.pone.0164817

15. Singer D. Pediatric hypothermia: an ambiguous issue. Int J Environ Res Public
Health. (2021) 18(21):11484. doi: 10.3390/ijerph182111484

16. World Health Organization. Maternal and Newborn Health/Safe Motherhood.
Thermal Protection of the Newborn: A Practical Guide. World Health Organization
(1997). Available online at: https://apps.who.int/iris/handle/10665/63986 (cited
August 7, 2023).

17. McCall EM, Alderdice F, Halliday HL, Vohra S, Johnston L. Interventions to
prevent hypothermia at birth in preterm and/or low birth weight infants. Cochrane
Database Syst Rev. (2018) 2(2):1–262. doi: 10.1002/14651858.CD004210.pub5

18. Tran K, Gibson A, Wong D, Tilahun D, Selock N, Good T, et al. Designing a
low-cost multifunctional infant incubator. SLAS Technology. (2014) 19(3):332–7.
doi: 10.1177/2211068214530391

19. World Health Organization. Reproductive Health and Research. Kangaroo
Mother Care: A Practical Guide. Geneva: World Health Organization (2003). p. 55.
Available online at: https://www.who.int/publications/i/item/9241590351

20. Lima G, Quintero-Romero S, Cattaneo A. Feasibility, acceptability and cost of
kangaroo mother care in Recife, Brazil. Ann Trop Paediatr. (2000) 20(1):22–6.
doi: 10.1080/02724930092020

21. Ibe OE, Austin T, Sullivan K, Fabanwo O, Disu E, de L Costello AM. A
comparison of kangaroo mother care and conventional incubator care for thermal
regulation of infants < 2000g in Nigeria using continuous ambulatory temperature
monitoring. Ann Trop Paediatr. (2004) 24(3):245–51. doi: 10.1179/027249304225019082

22. Vogl JL, Dunne EC, Liu C, Bradley A, Rwei A, Lonergan EK, et al. Kangaroo
father care: a pilot feasibility study of physiologic, biologic, and psychosocial
measures to capture the effects of father–infant and mother–infant skin-to-skin
contact in the neonatal intensive care unit. Dev Psychobiol. (2021) 63(5):1521–33.
doi: 10.1002/dev.22100
frontiersin.org

https://www.who.int/news-room/fact-sheets/detail/preterm-birth
https://www.who.int/news-room/fact-sheets/detail/preterm-birth
https://www.who.int/teams/maternal-newborn-child-adolescent-health-and-ageing/newborn-health/preterm-and-low-birth-weight
https://www.who.int/teams/maternal-newborn-child-adolescent-health-and-ageing/newborn-health/preterm-and-low-birth-weight
https://data.unicef.org/resources/levels-and-trends-in-child-mortality/
https://doi.org/10.1016/S0140-6736(10)60549-1
https://doi.org/10.1016/S0140-6736(12)60560-1
https://doi.org/10.1016/S0140-6736(12)60560-1
https://doi.org/10.1016/S0140-6736(14)61698-6
https://doi.org/10.1016/S0140-6736(14)61698-6
https://doi.org/10.1016/S0140-6736(16)31593-8
https://doi.org/10.1016/S2352-4642(21)00311-4
https://doi.org/10.1177/2333794X20957655
https://doi.org/10.1093/intqhc/mzx131
https://doi.org/10.7812/TPP/12-130
https://doi.org/10.7812/TPP/12-130
https://doi.org/10.1371/journal.pone.0176670
https://doi.org/10.1371/journal.pone.0164817
https://doi.org/10.3390/ijerph182111484
https://apps.who.int/iris/handle/10665/63986
https://doi.org/10.1002/14651858.CD004210.pub5
https://doi.org/10.1177/2211068214530391
https://www.who.int/publications/i/item/9241590351
https://doi.org/10.1080/02724930092020
https://doi.org/10.1179/027249304225019082
https://doi.org/10.1002/dev.22100
https://doi.org/10.3389/fped.2024.1378008
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Bluhm et al. 10.3389/fped.2024.1378008
23. Chan GJ, Labar AS, Wall S, Atun R. Kangaroo mother care: a systematic review
of barriers and enablers. Bull World Health Organ. (2016) 94(2):130–141J. doi: 10.
2471/BLT.15.157818

24. Chan G, Bergelson I, Smith ER, Skotnes T, Wall S. Barriers and enablers
of kangaroo mother care implementation from a health systems perspective: a
systematic review. Health Policy Plan. (2017) 32(10):1466–75. doi: 10.1093/
heapol/czx098

25. Maniago JD, Almazan JU, Albougami AS. Nurses’ kangaroo mother care
practice implementation and future challenges: an integrative review. Scand J Caring
Sci. (2020) 34(2):293–304. doi: 10.1111/scs.12755

26. Smith ER, Bergelson I, Constantian S, Valsangkar B, Chan GJ. Barriers
and enablers of health system adoption of kangaroo mother care: a systematic
review of caregiver perspectives. BMC Pediatr. (2017) 17(1):35. doi: 10.1186/s12887-
016-0769-5

27. Seidman G, Unnikrishnan S, Kenny E, Myslinski S, Cairns-Smith S, Mulligan B,
et al. Barriers and enablers of kangaroo mother care practice: a systematic review. PLoS
One. (2015) 10(5):e0125643. doi: 10.1371/journal.pone.0125643

28. Quasem I, Sloan NL, Chowdhury A, Ahmed S, Winikoff B, Chowdhury AMR.
Adaptation of kangaroo mother care for community-based application. J Perinatol.
(2003) 23(8):646–51. doi: 10.1038/sj.jp.7210999

29. Kymre IG, Bondas T. Balancing preterm infants’ developmental needs with
parents’ readiness for skin-to-skin care: a phenomenological study. Int J Qual Stud
Health Well-being. (2013) 8(1):21370. doi: 10.3402/qhw.v8i0.21370

30. Chandrasekaran A, Amboiram P, Balakrishnan U, Abiramalatha T, Rao G, Jan
SMS, et al. Disposable low-cost cardboard incubator for thermoregulation of stable
preterm infant – a randomized controlled non-inferiority trial. EClinicalMedicine.
(2021) 31:1–10. doi: 10.1016/j.eclinm.2020.100664

31. Uwamariya J, Mazimpaka C, May L, Nshimyiryo A, Feldman HA, Sayinzoga F,
et al. Safety and effectiveness of a non-electric infant warmer for hypothermia in
Rwanda: a cluster-randomized stepped-wedge trial. eClinicalMedicine. (2021)
34:100842. doi: 10.1016/j.eclinm.2021.100842

32. May L, Nshimyiryo A, Kubwimana M, Nahimana E, Schoen N, Gadgil A, et al.
Performance of a nonelectric infant warmer in Rwandan health centers. Global
Pediatric Health. (2019) 6:2333794X19884820. doi: 10.1177/2333794X19884820

33. Nahimana E, May L, Gadgil A, Rapp V, Magge H, Kubwimana M, et al. A low
cost, re-usable electricity-free infant warmer: evaluation of safety, effectiveness and
feasibility. Public Health Action. (2018) 8(4):211–7. doi: 10.5588/pha.18.0031

34. Embrace Global. Embrace Global. Homepage. Available online at: https://www.
embraceglobal.org (cited August 9, 2023).

35. Satia J, Misra M, Arora R, Neogi S. Innovations in Maternal Health: Case Studies
from India. New Delhi: SAGE Publications India (2013). p. 361.

36. Walske JM, Tyson LD. Built to scale: a comparative case analysis, assessing how
social enterprises scale. Int J Entrep Innov. (2015) 16(4):269–81.

37. Desai HP. Business models for inclusiveness. Procedia Soc Behav Sci. (2014)
157:353–62. doi: 10.1016/j.sbspro.2014.11.039

38. Pfitzer M, Bockstette V, Stamp M. Innovating for shared value. Harv Bus Rev.
(2013) 91(9):100–7.

39. Lunze K, Hamer DH. Thermal protection of the newborn in resource-limited
environments. J Perinatol. (2012) 32(5):317–24. doi: 10.1038/jp.2012.11

40. Thairu L, Wirth M, Lunze K. Innovative newborn health technology for
resource-limited environments. Trop Med Int Health. (2013) 18(1):117–28. doi: 10.
1111/tmi.12021

41. Sinha SR, Barry M. Health technologies and innovation in the global health
arena. N Engl J Med. (2011) 365(9):779–82. doi: 10.1056/NEJMp1108040

42. Jarosławski S, Saberwal G. Case studies of innovative medical device companies
from India: barriers and enablers to development. BMC Health Serv Res. (2013) 13
(1):199. doi: 10.1186/1472-6963-13-199

43. Mduma DE, Harbauer T. Alternative innovative solutions of body temperature
control in neonates in low resource settings – implementing the warmilu infant
warmer at neonatal unit at haydom-lutheran-hospital. Outcome and long term
benefit compared to local applied methods. Z Geburtshilfe Neonatol. (2023) 227(03):
e92. doi: 10.1055/s-0043-1769358

44.Warmilu - Spread Warmth, Save Lives. Available online at: https://www.warmilu.
com (cited August 9, 2023).

45. Rademacher RL, Chen W, Hsia G. Phase Change Heat Packs. US9605874B2.
(2017). Available online at: https://patents.google.com/patent/US9605874B2/en
(cited August 9, 2023).

46. Rademacher RL, Chen W, Hsia G. Phase Change Heat Packs.
WO2014144072A2, (2014) Available online at: https://patents.google.com/patent/
WO2014144072A2/en (cited August 9, 2023).

47. Bluhm N. Neowarm: Kangaroo Mother Care with Continuous Temperature
Tracking (Thesis). Purdue University Graduate School (2021). Available online at:
https://hammer.purdue.edu/articles/thesis/NeoWarm_Kangaroo_Mother_Care_with_
Continuous_Temperature_Tracking/17152784/1 (cited February 19, 2023).
Frontiers in Pediatrics 10
48. Bluhm NDP, Hoilett OS, Walters BD, Pickering AS, Bucher SL, Linnes JC.
Neowarm: kangaroo mother care with continuous temperature tracking and heating.
2020 42nd Annual International Conference of the IEEE Engineering in Medicine &
Biology Society (EMBC) (2020). p. 4514–7

49. Moore D. NeoWarm: Engineering Verification for a Built-Prototype of a
Biomedical Device to Prevent Newborn Hypothermia. (2016) Available online at:
https://scholarworks.iupui.edu/handle/1805/10385 (cited February 19, 2023).

50. Watts T, Siddiki F, Savita A. The NeoWarm Biomedical Device: Assessment of
Feasibility and Cultural Acceptability, Identification of Potential Barriers and
Challenges, and Stakeholder Mapping. (2016) Available online at: https://
scholarworks.iupui.edu/handle/1805/10527 (cited February 19, 2023).

51. Bucher S. Infant Thermoregulation and Monitoring Support System.
US10390630B2. (2019) Available online at: https://patents.google.com/patent/
US10390630B2/en (cited February 19, 2023).

52. Freytsis M, Barclay I, Radha SK, Czajka A, Siwo GH, Taylor I, et al. Development
of a mobile, self-sovereign identity approach for facility birth registration in Kenya.
Front Blockchain. (2021) 4. doi: 10.3389/fbloc.2021.631341

53. Hoilett OS, Twibell AM, Srivastava R, Linnes JC. Kick LL: a smartwatch for
monitoring respiration and heart rate using photoplethysmography. 2018 40th
Annual International Conference of the IEEE Engineering in Medicine and Biology
Society (EMBC) (2018). p. 3821–4

54. Linnes JC, Hoilett OS, Twibell A, Lee H, Srivastava R, Ummel JD, et al. Methods
for Detecting Heart Rate, Respiration, and Oxygen Saturation and Uses Thereof.
US10786201B2. (2020) Available online at: https://patents.google.com/patent/
US10786201B2/en (cited May 12, 2023).

55. Ummel JD. Noninvasive Measurement of Heartrate, Respiratory Rate, and Blood
Oxygenation through Wearable Devices (Thesis). Purdue University Graduate School
(2021). Available online at: https://hammer.purdue.edu/articles/thesis/
NONINVASIVE_MEASUREMENT_OF_HEARTRATE_RESPIRATORY_RATE_AND_
BLOOD_OXYGENATION_THROUGH_WEARABLE_DEVICES/14512068/1 (cited
July 28, 2023).

56. Hoilett OS. Wearables Sensors for Monitoring Substance Use Disorder Patients
(Thesis). Purdue University Graduate School (2021). Available online at: https://
hammer.purdue.edu/articles/thesis/WEARABLES_SENSORS_FOR_MONITORING_
SUBSTANCE_USE_DISORDER_PATIENTS/14204057/1 (cited July 17, 2023).

57. Ummel JD, Hoilett OS, Walters BD, Bluhm NDP, Pickering AS, Wilson DA, et al.
Kick ring LL: a multi-sensor ring capturing respiration, electrocardiogram, oxygen
saturation, and skin Temperature1. 2020 42nd Annual International Conference of
the IEEE Engineering in Medicine & Biology Society (EMBC) (2020). p. 4394–7

58. Hoilett OS, Ummel JD, Schepers LE, Soepriatna AH, Ma JL, Fujita AK, et al.
Opioid overdose detection in a murine model using a custom-designed
photoplethysmography device. IRBM. (2023) 44:100792. doi: 10.1016/j.irbm.2023.
100792

59. Sarman I, Bolin D, Holmér I, Tunell R. Assessment of thermal conditions in
neonatal care: use of a manikin of premature baby size. Am J Perinatol. (1992) 9
(04):239–46. doi: 10.1055/s-2007-994780

60. Kurazumi Y, Sakoi T, Yamashita K, Fukagawa K, Kondo E, Tsuchikawa T.
Thermal manikin of infant. Engineering. (2019) 11(11):735–54. doi: 10.4236/eng.
2019.1111048

61. Oranges T, Dini V, Romanelli M. Skin physiology of the neonate and infant:
clinical implications. Adv Wound Care. (2015) 4(10):587–95. doi: 10.1089/wound.
2015.0642

62. Taylor R. Dukes’ physiology of domestic animals. 12th edition, reece WO. Aust
Vet J. (2005) 83. doi: 10.1111/j.1751-0813.2005.tb13089.x

63. Rhodes CS. Diseases of swine, 7th ed. Can Vet J. (1993) 34(3):179. PMCID:
PMC1686494.

64. Swindle M, Smith AC. Comparative anatomy and physiology of the pig. Scand
J Lab Anim Sci. (1998) 25:11–21.

65. Swindle MM, Makin A, Herron AJ, Clubb FJ, Frazier KS. Swine as models in
biomedical research and toxicology testing. Vet Pathol. (2012) 49(2):344–56. doi: 10.
1177/0300985811402846

66. Sangild PT, Thymann T, Schmidt M, Stoll B, Burrin DG, Buddington RK.
Invited review: the preterm pig as a model in pediatric gastroenterology. J Anim Sci.
(2013) 91(10):4713–29. doi: 10.2527/jas.2013-6359

67. Che L, Thymann T, Bering SB, Le Huërou-Luron I, D’Inca R, Zhang K, et al.
IUGR does not predispose to necrotizing enterocolitis or compromise postnatal
intestinal adaptation in preterm pigs. Pediatr Res. (2010) 67(1):54–9. doi: 10.1203/
PDR.0b013e3181c1b15e

68. Bjornvad CR, Thymann T, Deutz NE, Burrin DG, Jensen SK, Jensen BB, et al.
Enteral feeding induces diet-dependent mucosal dysfunction, bacterial proliferation,
and necrotizing enterocolitis in preterm pigs on parenteral nutrition. Am J Physiol
Gastrointest Liver Physiol. (2008) 295(5):G1092–103. doi: 10.1152/ajpgi.00414.2007

69. Siggers RH, Thymann T, Jensen BB, Mølbak L, Heegaard PMH, Schmidt M,
et al. Elective cesarean delivery affects gut maturation and delays microbial
colonization but does not increase necrotizing enterocolitis in preterm pigs. Am
frontiersin.org

https://doi.org/10.2471/BLT.15.157818
https://doi.org/10.2471/BLT.15.157818
https://doi.org/10.1093/heapol/czx098
https://doi.org/10.1093/heapol/czx098
https://doi.org/10.1111/scs.12755
https://doi.org/10.1186/s12887-016-0769-5
https://doi.org/10.1186/s12887-016-0769-5
https://doi.org/10.1371/journal.pone.0125643
https://doi.org/10.1038/sj.jp.7210999
https://doi.org/10.3402/qhw.v8i0.21370
https://doi.org/10.1016/j.eclinm.2020.100664
https://doi.org/10.1016/j.eclinm.2021.100842
https://doi.org/10.1177/2333794X19884820
https://doi.org/10.5588/pha.18.0031
https://www.embraceglobal.org
https://www.embraceglobal.org
https://doi.org/10.1016/j.sbspro.2014.11.039
https://doi.org/10.1038/jp.2012.11
https://doi.org/10.1111/tmi.12021
https://doi.org/10.1111/tmi.12021
https://doi.org/10.1056/NEJMp1108040
https://doi.org/10.1186/1472-6963-13-199
https://doi.org/10.1055/s-0043-1769358
https://www.warmilu.com
https://www.warmilu.com
https://patents.google.com/patent/US9605874B2/en
https://patents.google.com/patent/WO2014144072A2/en
https://patents.google.com/patent/WO2014144072A2/en
https://hammer.purdue.edu/articles/thesis/NeoWarm_Kangaroo_Mother_Care_with_Continuous_Temperature_Tracking/17152784/1
https://hammer.purdue.edu/articles/thesis/NeoWarm_Kangaroo_Mother_Care_with_Continuous_Temperature_Tracking/17152784/1
https://scholarworks.iupui.edu/handle/1805/10385
https://scholarworks.iupui.edu/handle/1805/10527
https://scholarworks.iupui.edu/handle/1805/10527
https://patents.google.com/patent/US10390630B2/en
https://patents.google.com/patent/US10390630B2/en
https://doi.org/10.3389/fbloc.2021.631341
https://patents.google.com/patent/US10786201B2/en
https://patents.google.com/patent/US10786201B2/en
https://hammer.purdue.edu/articles/thesis/NONINVASIVE_MEASUREMENT_OF_HEARTRATE_RESPIRATORY_RATE_AND_BLOOD_OXYGENATION_THROUGH_WEARABLE_DEVICES/14512068/1
https://hammer.purdue.edu/articles/thesis/NONINVASIVE_MEASUREMENT_OF_HEARTRATE_RESPIRATORY_RATE_AND_BLOOD_OXYGENATION_THROUGH_WEARABLE_DEVICES/14512068/1
https://hammer.purdue.edu/articles/thesis/NONINVASIVE_MEASUREMENT_OF_HEARTRATE_RESPIRATORY_RATE_AND_BLOOD_OXYGENATION_THROUGH_WEARABLE_DEVICES/14512068/1
https://hammer.purdue.edu/articles/thesis/WEARABLES_SENSORS_FOR_MONITORING_SUBSTANCE_USE_DISORDER_PATIENTS/14204057/1
https://hammer.purdue.edu/articles/thesis/WEARABLES_SENSORS_FOR_MONITORING_SUBSTANCE_USE_DISORDER_PATIENTS/14204057/1
https://hammer.purdue.edu/articles/thesis/WEARABLES_SENSORS_FOR_MONITORING_SUBSTANCE_USE_DISORDER_PATIENTS/14204057/1
https://doi.org/10.1016/j.irbm.2023.100792
https://doi.org/10.1016/j.irbm.2023.100792
https://doi.org/10.1055/s-2007-994780
https://doi.org/10.4236/eng.2019.1111048
https://doi.org/10.4236/eng.2019.1111048
https://doi.org/10.1089/wound.2015.0642
https://doi.org/10.1089/wound.2015.0642
https://doi.org/10.1111/j.1751-0813.2005.tb13089.x
https://pubmed.ncbi.nlm.nih.gov/PMCID: PMC1686494
https://pubmed.ncbi.nlm.nih.gov/PMCID: PMC1686494
https://doi.org/10.1177/0300985811402846
https://doi.org/10.1177/0300985811402846
https://doi.org/10.2527/jas.2013-6359
https://doi.org/10.1203/PDR.0b013e3181c1b15e
https://doi.org/10.1203/PDR.0b013e3181c1b15e
https://doi.org/10.1152/ajpgi.00414.2007
https://doi.org/10.3389/fped.2024.1378008
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Bluhm et al. 10.3389/fped.2024.1378008
J Physiol Gastrointest Liver Physiol. (2008) 294(3):R929–38. doi: 10.1152/ajpregu.
00705.2007

70. Cheung PY, Gill RS, Bigam DL. A swine model of neonatal asphyxia. JoVE.
(2011) (56):e3166. doi: 10.3791/3166

71. Greene C. MATLAB Central File Exchange. (2024) Available online at:
https://www.mathworks.com/matlabcentral/fileexchange/47421-label (cited January
22, 2024).

72. Zhang Z, Zhang H, Liu T. Study on body temperature detection of pig based on
infrared technology: a review. Artif Intel Agri. (2019) 1:14–26. doi: 10.1016/j.aiia.2019.
02.002

73. Villanueva-García D, Mota-Rojas D, Martínez-Burnes J, Olmos-Hernández A,
Mora-Medina P, Salmerón C, et al. Hypothermia in newly born piglets:
mechanisms of thermoregulation and pathophysiology of death. J Anim Behav
Biometeorol. (2020) 9(1):0–0. doi: 10.31893/jabb.21001

74. Mayo Clinic. A Parent’s Guide to Newborn Baths. Available online at: https://
www.mayoclinic.org/healthy-lifestyle/infant-and-toddler-health/in-depth/healthy-
baby/art-20044438 (cited December 19, 2023).

75. Aujard Y, Beaufils F, Bourrillon F, Huault G. Hyperthermie Majeure de l’enfant.
(1978) Available online at: https://pascal-francis.inist.fr/vibad/index.php?action=
getRecordDetail&idt=PASCAL7850400965 (cited December 19, 2023).

76. Schafer D, Boogaart S, Johnson L, Keezel C, Ruperts L, Vander Laan KJ.
Comparison of neonatal skin sensor temperatures with axillary temperature: does
skin sensor placement really matter? Adv Neonatal Care. (2014) 14(1):52. doi: 10.
1097/ANC.0000000000000027

77. Pouy S, Chehrzad mitra M. Identification the best skin temperature probe
attachment place in premature neonates nursed under radiant warmers in NICU: a
diagnostic clinical trial study. J Neonatal Nurs. (2019) 25(2):69–73. doi: 10.1016/j.
jnn.2018.10.001
Frontiers in Pediatrics 11
78. Karlsson H, Händ SE, Nilsson K, Olegård R. Measurement of skin temperature
and heat flow from skin in term newborn babies. Acta Paediatr. (1995) 84(6):605–12.
doi: 10.1111/j.1651-2227.1995.tb13708.x

79. Joseph RA, Derstine S, Killian M. Ideal site for skin temperature probe
placement on infants in the NICU: a review of literature. Adv Neonatal Care.
(2017) 17(2):114. doi: 10.1097/ANC.0000000000000369

80. Fransson AL, Karlsson H, Nilsson K. Temperature variation in newborn babies:
importance of physical contact with the mother. Arch Dis Child Fetal Neonatal Ed.
(2005) 90(6):F500–4. doi: 10.1136/adc.2004.066589

81. Schmid SM, Büscher W, Steinhoff-Wagner J. Suitability of different
thermometers for measuring body core and skin temperatures in suckling piglets.
Animals (Basel). (2021) 11(4):1004. doi: 10.3390/ani11041004

82. Thoresen M, Satas S, Løberg EM, Whitelaw A, Acolet D, Lindgren C, et al.
Twenty-four hours of mild hypothermia in unsedated newborn pigs starting after a
severe global hypoxic-ischemic insult is not neuroprotective. Pediatr Res. (2001) 50
(3):405–11. doi: 10.1203/00006450-200109000-00017

83. Pedersen LJ, Malmkvist J, Kammersgaard T, Jørgensen E. Avoiding hypothermia
in neonatal pigs: effect of duration of floor heating at different room temperatures1.
J Anim Sci. (2013) 91(1):425–32. doi: 10.2527/jas.2011-4534

84. Gómez-Prado J, Pereira AMF, Wang D, Villanueva-García D, Domínguez-Oliva
A, Mora-Medina P, et al. Thermoregulation mechanisms and perspectives for
validating thermal windows in pigs with hypothermia and hyperthermia: an
overview. Front Vet Sci. (2022) 9:1–21. doi: 10.3389/fvets.2022.1023294

85. Adamsons K, Towell ME. Thermal homeostasis in the fetus and newborn.
Anesthesiology. (1965) 26(4):531–48. doi: 10.1097/00000542-196507000-00017

86. Gariepy C, Amiot J, Nadai S. Ante-mortem detection of PSE and DFD by
infrared thermography of pigs before stunning. Meat Sci. (1989) 25(1):37–41.
doi: 10.1016/0309-1740(89)90064-8
frontiersin.org

https://doi.org/10.1152/ajpregu.00705.2007
https://doi.org/10.1152/ajpregu.00705.2007
https://doi.org/10.3791/3166
https://www.mathworks.com/matlabcentral/fileexchange/47421-label
https://doi.org/10.1016/j.aiia.2019.02.002
https://doi.org/10.1016/j.aiia.2019.02.002
https://doi.org/10.31893/jabb.21001
https://www.mayoclinic.org/healthy-lifestyle/infant-and-toddler-health/in-depth/healthy-baby/art-20044438
https://www.mayoclinic.org/healthy-lifestyle/infant-and-toddler-health/in-depth/healthy-baby/art-20044438
https://www.mayoclinic.org/healthy-lifestyle/infant-and-toddler-health/in-depth/healthy-baby/art-20044438
https://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&amp;idt=PASCAL7850400965
https://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&amp;idt=PASCAL7850400965
https://doi.org/10.1097/ANC.0000000000000027
https://doi.org/10.1097/ANC.0000000000000027
https://doi.org/10.1016/j.jnn.2018.10.001
https://doi.org/10.1016/j.jnn.2018.10.001
https://doi.org/10.1111/j.1651-2227.1995.tb13708.x
https://doi.org/10.1097/ANC.0000000000000369
https://doi.org/10.1136/adc.2004.066589
https://doi.org/10.3390/ani11041004
https://doi.org/10.1203/00006450-200109000-00017
https://doi.org/10.2527/jas.2011-4534
https://doi.org/10.3389/fvets.2022.1023294
https://doi.org/10.1097/00000542-196507000-00017
https://doi.org/10.1016/0309-1740(89)90064-8
https://doi.org/10.3389/fped.2024.1378008
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Preclinical validation of NeoWarm, a low-cost infant warmer and carrier device, to ameliorate induced hypothermia in newborn piglets as models for human neonates
	Introduction
	Materials and methods
	Inclusion criteria
	Acquiring piglets from the ASREC farm
	Pen setup
	Temperature phase: cooling
	Temperature phase: heating
	Data collection
	Euthanasia
	Data analysis

	Results
	Piglets
	Temperature phase: cooling
	Temperature phase: warming (NeoWarm or ambient environment)

	Discussion
	Defining normothermia and hypothermia for this study
	Neowarm's device modifications
	Modified temperature control algorithm
	Piglets may have better thermoregulatory capabilities than previously thought
	Neowarm is effective at regulating core body temperature
	Neowarm is safe
	Limitations of the study
	Summary

	Author's note
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


