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A B S T R A C T

Background: Incubators and radiant warmers are essential equipment in neonatal care, but the typical 1,500
to 35,000 USD cost per device makes it unaffordable for many units in low and middle-income countries. We
aimed to determine whether stable preterm infants could maintain thermoregulation for 48 h in a low-cost
incubator (LCI).
Methods: The LCI was constructed using a servo-heater costing 200 USD and cardboard infant-chamber. We
conducted this open-labeled non-inferiority randomized controlled trial in a tertiary level teaching hospital
in India from May 2017 to March 2018. Preterm infants on full feeds and receiving incubator or radiant
warmer care were enrolled at 32 to 36 weeks post-menstrual age. We enrolled 96 infants in two strata
(Strata-1< 33 weeks, Strata-2 � 33 weeks at birth). Infants were randomized to LCI or standard single-wall
incubator (SSI) after negative incubator cultures and monitored for 48 h in air-mode along with kangaroo
mother care. The incubator temperature was adjusted manually to maintain skin and axillary temperatures
between 36.5 °C and 37.5 °C. During post-infant period after 48 h, SSI and LCI worked for 5 days and incuba-
tor temperatures were measured. The primary outcome was maintenance of skin and axillary temperatures
with a non-inferiority margin of 0.2 °C. Failed thermoregulation was defined as abnormal axillary tempera-
ture (< 36.5 °C or >37.5 °C) for > 30 continuous-minutes. Secondary outcomes were incidence of hypother-
mia and required incubator temperature. Trial registration details: Clinical Trial Registry - India (CTRI/2015/
10/006316).
Findings: Prior to enrollment 79(82%) infants were in radiant warmer and 17(18%) infants were in incubator
care. Median weight at enrollment in Strata-1 and Strata-2 for SSI vs. LCI was 1355(IQR 1250�1468) vs. 1415
(IQR 1280�1582) and 1993(IQR 1595�2160) vs. 1995(IQR 1632�2237) grams. Mean skin temperature in
Strata-1 and Strata-2 for SSI vs. LCI was 36.8 °C § 0.2 vs. 36.7 °C § 0.18 and 36.8 °C § 0.22 vs. 36.7 °C § 0.19.
Mean axillary temperature in Strata-1 and Strata-2 for SSI vs. LCI was 36.9 °C § 0.19 vs. 36.8 °C § 0.16 and
36.8 °C§ 0.2 vs. 36.8 °C§ 0.19. Mixed-effect model done for repeated measures of skin and axillary tempera-
tures showed the estimates were within the non-inferiority limit; -0.07 °C (95% CI -0.11 to -0.04) and -0.06 °C
(95% CI -0.095 to -0.02), respectively. Failed thermoregulation did not occur in any infants. Mild hypothermia
occurred in 11 of 48(23%) of SSI and 16 of 48(33%) of LCI, OR 1.28 (95%CI 0.85 to 1.91). Incubator temperature
in LCI was higher by 0.7 °C (95%CI 0.52 to 0.91). In the post-infant period SSI and LCI had excellent reliability
to maintain set-temperature with intra-class correlation coefficient of 0.93 (95%CI 0.92 to 0.94) and 0.96
(95%CI 0.96 to 0.97), respectively.
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Research in Context
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Added value of this study
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by 0.7 °C and no adverse events occurred.
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Implications of all the available evidence

Our LCI does not have the disadvantages o
moregulation equipment. Conductive the
vides only a fixed amount of latent he
charging every 4 h, whereas LCI can be rea
set-temperatures. High ambient room tem
controlled room would be uncomfortable
viders. Hence LCI could serve as thermor
stable preterm infants when not on kanga
further validation for use in high risk prete
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Interpretation: Maintenance of skin and axillary temperature of stable preterm infants in LCI along with kan-
garoo mother care was non-inferior to SSI, but at a higher incubator temperature by 0.7 °C. No adverse events
occurred and LCI had excellent reliability to maintained set-temperature.
Funding: Food and Drug Administration (Award number P50FD004895)
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Incubators and radiant warmers have a significant role in provid-
ing a thermo-neutral environment for preterm infants and are essen-
tial in any neonatal intensive care unit (NICU) [1�6]. However, many
hospitals in low-and middle-income countries cannot afford high
capital and maintenance costs of currently available
thermoregulation equipment [7�12], and hence affordable high-
quality equipment is needed. Some low-cost solutions tried in pre-
term infants are conductive thermal-mattress [13], servo-controlled
rooms [14], recycled infant incubators [15], solar-powered warmers
[16], cardboard incubators [17] and life-raft incubators [9]. Non-avail-
ability of affordable thermoregulation equipment leads to > 100%
bed occupancy rates of NICUs in low-and middle-income countries
[6,8,18]. Use of hot water bottles, high wattage bulbs, electric room
heater and electric stove coils for thermoregulation in infants can
cause life-threatening complications [9,10,15,19]. The capital cost for
available incubators ranges from 1500 USD to 35,000 USD [9,20],
while that of low-cost incubator (LCI) used in the present study is
around 200 USD.

Maintaining normothermia (36.5 to 37.5 °C) in neonates from
delivery room till discharge, and ensuring thermoregulation at dis-
charge is recommended by the World Health Organization (WHO)
and other organizations [2,21,22]. Hypothermia increases the risk of
respiratory distress, hypoglycemia, sepsis and pulmonary hemor-
rhage in preterm infants [23�27]. Despite providing respiratory sup-
port and surfactant, prolonged hypothermia in preterm infants
increases the mortality for respiratory distress syndrome [26].
Although observational studies show admission-hypothermia as risk
factor for mortality in preterm infants [28�30], meta-analyses of
interventions to decrease admission-hypothermia did not show
improved survival [23]. Preventing admission-hypothermia is a key-
driver to improve survival of preterm infants in quality improvement
studies [27,31,32].

Preterm infant deaths account for a significant proportion of
under-5 mortality (16%) [33,34]. Adequate thermal support in low-
risk and high-risk preterm infants could avert 20% and 40% of pre-
term related deaths, respectively [25,26]. Only a few low-cost ther-
moregulation devices have been evaluated in clinical trials, hence we
did this trial to fulfill a knowledge gap [9,13,17]. Any new thermoreg-
ulation device should demonstrate the ability to maintain infant’s
temperature and the ability to perform in a clinical setting. Being a
first trial in this low-cost incubator, we enrolled stable preterm
infants, who required radiant warmer or incubator at post-menstrual
age 32 to 36 weeks. We aimed to determine whether thermoregula-
tion for 48-hour time-period along with kangaroo mother care
(KMC) for stable preterm infants in LCI is comparable to standard sin-
gle wall incubator (SSI).

2. Methods

2.1. Study design and participants

This trial was conducted in a tertiary level teaching hospital in
India from May 2017 to March 2018, and the protocol is available as
online Appendix-1. This is an open-labeled non-inferiority trial using
stratified block randomization of variable size blocks with a 1:1 allo-
cation. Preterm infants who required radiant warmer or incubator for
thermoregulation were enrolled at 32 to 36 weeks post-menstrual
age, if they weighed 1250 to 2250 gs. Enrolled infants were on full
enteral nutrition and received no intravenous therapy. Infants born
before 33 weeks had an apnea-free period for 7 days prior to enroll-
ment, and infants born after 33 weeks had no respiratory distress for
6 h from the time of birth. Infants who had major congenital anoma-
lies or temperature instability within 24 h-period prior to enrollment,
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and those requiring phototherapy were excluded. Maternal details,
demographic details, neonatal variables, details of KMC duration
prior to enrollment and details of thermoregulation prior to enroll-
ment were recorded.

2.2. Ethics and trial registration

Institutional ethical committee of Sri Ramachandra University
gave approval for the final study protocol of the study (reference
number IEC/15/SEP/119/08). The study protocol was in accordance
with the guidelines for Good Clinical Practices and Indian Council of
Medical Research Schedule-Y guidelines. An information sheet and
study brochure was given to parents of eligible infants, followed by
verbal discussion with parents to address their queries and written
informed consent was obtained from the parents. Audio-video
recording of the informed consent process was acquired for each
enrolled infant. The trial was registered at Clinical Trial Registry �
India with registration details CTRI/2015/10/006,316.

2.3. Preparation of incubators

A prototype cardboard incubator comprised of disposable card-
board infant chamber and modular heating unit was developed at
the centre for Advanced Sensor Technology, University of Maryland
Baltimore County, Maryland, USA [17]. The LCI used in this trial was
redesigned from this prototype, and its components included a dis-
posable cardboard infant chamber (DCIC), servo-controlled heater,
air temperature sensor, skin temperature sensor, two connecting
ducts and infant trolley. The construction of LCI is explained in Fig. 2
and Appendix-2 Figure 1. DCICs were of size 0.8 m length, 0.35 m
breath and 0.35 m height was made using insulated corrugated card-
board. DCICs had windows on its top, fixed side and head end, which
were covered by transparent biodegradable cellulose acetate sheet
for good visibility of infants. The openable side of DCIC had two ports
through which infant can be accessed. DCIC units were packed sepa-
rately after aerosolized propanol and quaternary ammonium salt
sterilization. Electronic components namely the servo-controlled
heater, air temperature sensor and skin temperature thermistor sen-
sors in the LCI were identical to those in SSI and comply with
IEC60601�1 standards. An air sensor was screwed to the fixed side of
DCIC and skin sensor entered DCIC through a small aperture in the
foot end of DCIC. During assembly DCIC and servo-controlled heater
were kept in upper and lower rack of the infant trolley, respectively.
The foot end of DCIC was connected with servo-controlled heaters by
food-grade steel-wired clear plastic ducts of size 7.5 and 5 cm which
were inflow and outflow air-ducts, respectively. The SSI used in this
trial ‘INC100’ infant incubator and the parts of LCI were supplied by
Phoenix Medical Systems, who had no role in design or conduct of
the trial. The SSI is ISO13485 certified.

After disinfection, SSIs and LCIs were assembled and started in the
step-down nursery with a set-temperature of 35 °C. Two surface cul-
tures were collected by swabbing two 10 by 10 cm areas in crisscross
pattern from any two inner corners of canopy in SSI and DCIC in LCI,
using moistened sterile swab-sticks. Incubators were ready for
enrollment, if both cultures exhibited no growth after 48 h of incuba-
tion in thioglycollate broth at Microbiology laboratory. Four SSI and
four servo-controlled heaters for LCI were available. A minimum of
one SSI and one LCI was kept ready for enrollment throughout the
study period.

2.4. Randomization

A web-based randomization program (www.sealedenvelope.com)
was used to assign equal number of infants to either SSI or LCI in
varying block sizes of 2, 4, 6 or 8 by two strata. Strata-1 included
infants born before 33 weeks, and Strata-2 included infants born after
33 completed weeks of gestation. Allocation concealment was
achieved by using sequentially numbered opaque sealed envelopes;
and infants were assigned to one of the study group by a nursing
coordinator, who had no role in rest of the trial. In view of obvious
differences between SSI and LCI masking was not done.

2.5. Intervention

Our unit policy is to use air-servo mode for incubators, skin-servo
mode for radiant warmers, and KMC initiation after 30 weeks post-
menstrual age, if infants have hemodynamic stability. Infants are
weaned from incubator to radiant warmer if the incubator tempera-
ture required is below 32 °C. Stable infants in radiant warmers are
weaned to co-bedding with the mother in a sleep-pouch after 34
weeks post-menstrual age, if no heater output is required for a 24 h-
period with adequate clothing. SSI and LCI were used in air-servo
mode during this trial. Daily surface disinfection of SSI and LCI was as
per hospital policy. During the process of disinfection, infants were
swaddled in pre-warmed baby cotton sheets and held in hands by
another nurse.

Incubator temperature of SSIs or LCIs were adjusted as per stan-
dard guidelines based on weight and postnatal age [35]. After attain-
ing the required incubator temperature for 15 min, infants were
dressed in nappy and cotton hats, and shifted to the respective incu-
bators. Infants were monitored in incubators for 48 h in the step-
down nursery or KMC ward with 1:1 nurse to infant ratio. Vitals
were monitored using pulse-oximeter, and axillary temperature was
measured every 4 h using a digital thermometer. Skin temperature
was measured by the thermistor sensor of the incubator placed on
the infant’s abdomen, which was repositioned every 6 h or whenever
displaced. Alarm limits for skin temperature namely, ‘skin-alarm low’

and ‘skin-alarm high’ were set at 36.5 °C and 37.5 °C, respectively.
Whenever skin-alarms got activated, skin sensor attachment was
confirmed. If skin sensor was properly attached, incubator tempera-
ture was increased and decreased manually by 0.5 °C for skin-alarm
low and skin-alarm high, respectively; and axillary temperature was
measured. Subsequent manual adjustments of incubator temperature
were guided by axillary temperature measured every 15 min, till the
infant’s temperature normalized (36.5 °C to 37.5 °C).2 The thermoreg-
ulation protocol is depicted in Appendix-2 Figure 2. Room tempera-
ture, room humidity and incubator humidity were measured using a
digital thermo-hygrometer (HTC 288-CTHTM, India) every 4 h. Incu-
bator temperature was measured by an air-sensor attached in the
fixed side of DCIC in LCI or in the canopy of SSI and manually entered
by a study-nurse every 4 h. KMC, nursing care, screening for retinopa-
thy of prematurity or hearing, breastfeeding or any other care requir-
ing infants out of the incubator was allowed. Axillary temperatures
were measured before taking outside and after repositioning the
infant inside the incubator.

Details of the infant’s hourly skin temperature, axillary tempera-
ture, room temperature, room humidity, incubator temperature,
incubator humidity and vitals of baby were manually entered by a
study-nurse in a data log sheet. Skin-alarm or abnormal axillary tem-
perature events (< 36.5 °C or >37.5 °C) were manually entered in
‘event-1 log sheet’. Event-1 log sheet had details of heart rate, respi-
ratory rate, saturations and skin temperature recorded every 10 min
and axillary temperature recordings every 15 min till infant’s tem-
perature was normal (36.5 °C to 37.5 °C). Event-2 log sheet had man-
ually entered axillary temperature measurements while taking
infants out of incubators, and the duration out of incubator.

A Wi-Fi module in the servo-controlled heater component of both
the SSI and LCI transferred data of skin temperature, incubator tem-
perature and heater output data every 2�3 min to an internet cloud-
server through an internet router [36]. Upon completion of 48-hour
time period, infants were taken out of study incubators and managed
in accordance to our unit policy; and two surface-cultures from
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incubators were sent. Incubators continued to work in step-down
nursery with last set-temperature for 5 days in post-infant monitor-
ing period. Incubators were disinfected daily and surface-cultures
were repeated on Days 3 and 5. The details of room temperature,
incubator temperature, room humidity and incubator humidity were
manually entered every 6 h during the post-infant monitoring period.
Subsequently the incubators were cleaned after disassembly, air-
ducts were gas sterilized and the DCIC was discarded. Study-nurse
feedback was collected after each 8 hourly shift on a 10-point Likert
scale regarding the ease of assembly of incubators, the ease of shifting
infants in and out of incubators, the ease of nursing care and the ease
of paladai feeding while infants were inside incubator. Paladai is a
traditional cup-like infant feeding utensil used in India.
2.6. Primary and secondary outcomes

The primary outcome was the efficacy of incubators to maintain
skin and axillary temperature for 48 h. ‘Failed thermoregulation’ was
defined as abnormal axillary temperature (< 36.5 °C or >37.5 °C) for
more than 30 continuous-minutes. ‘Successful thermoregulation’
was defined as normal axillary temperature (36.5 °C to 37.5 °C) for
48 h or if abnormal, the duration was less than 30 continuous-
minutes.2 Secondary outcomes were the incidence of mild hypother-
mia, moderate hypothermia and hyperthermia defined as axillary
temperatures 36�36.4 °C, 32�35.9 °C and > 37.5 °C respectively.2

Incubator temperature, number of adjustments in incubator temper-
ature and nurses’ feedback were other secondary outcomes; addi-
tional outcomes were incubator surface-culture and ability to
maintain set-temperature during the post-infant monitoring period .
Additional infant outcomes assessed were weight gain, duration of
hospital stay, discharge outcome and occurrence of clinical sepsis
prior to discharge. Incubator outcomes assessed were surface-culture
and ability to maintain set-temperature during post-infant monitor-
ing period. Adverse events considered were failed thermoregulation,
tachycardia for more than 30 continuous minutes, apnea, tachypnea,
feed intolerance or any other clinical deterioration. If adverse events
occurred, infants were shifted out of trial incubators permanently
and managed as per unit protocol.
2.7. Sample size calculation and statistical analyses

A total of 96 infants (48 per group) that would have evaluated
2304 infant-hours in each incubator group was required at 95% confi-
dence interval (CI), to have 90% power for a test of non-inferiority
with a margin of 0.2 °C and standard deviation (SD) of 0.33 °C [37] for
axillary temperature measured by digital thermometer. A non-inferi-
ority margin of 0.2 °C was clinically pertinent, as we tried to maintain
normothermia.2 IBM SPSS statistics 24 was used for analysis and
intention-to-treat principle was followed. All tests were 2-tailed and
P value of < 0.05 was considered significant. Dichotomous data were
expressed as number and percentage, and analyzed using chi-square
or Fisher’s exact test. Continuous data were expressed as mean (SD)
or median (inter-quartile range, IQR), and based on whether
parametric or non-parametric distribution analyzed by t-test or
Mann-Whiney U test. Line graph were constructed using mean and
95% CI. In view of repeated measures, axillary temperature and skin
temperature was analyzed using mixed models compound symmetry
structure, restricted maximum likelihood estimates; using incubator
type, time, strata as fixed factor, and study location (step-down nurs-
ery or KMC ward) as random factor. Skin temperature and incubator
temperature from internet cloud-server data [36] and the corre-
sponding manually entered study-nurses’ data log were compared
using intra-class-correlation coefficient (ICC) and Bland-Altman plot.
Set-incubator temperature and measured-incubator temperature
recorded in post-infant period was compared using intra-class-
correlation coefficient (ICC) and Bland-Altman plot. The statistician
was masked regarding group allocation.

2.8. Role of funding

The study was funded by Food and Drug Administration, and the
funders had no involvement in the study design, conduct of the
study, data collection, and data interpretation or publication process.
The corresponding author had final responsibility for decision to sub-
mit the paper for publication.

3. Results

During the study period from May 2017 to March 2018, among
the 172 eligible infants, 96 infants were enrolled and 48 infants were
randomly assigned to each group (Fig. 1). We enrolled 44 infants in
the step-down nursery and 52 infants in the KMC ward based on
space availability and to ensure internet router connectivity for the
Wi-Fi module. Median (IQR) postnatal age and weight at enrollment
in Strata-1 and Strata-2 were 15 (10�26) and 2 (1�5) days; 1390
(1250�1550) gs and 1990 (1692�2200) gs, respectively. Strata-1
regained birth weight at a median (IQR) age of 12 (10�14) and 12
(9�15) days, P = 0.89, in SSI and LCI, respectively. Baseline character-
istics did not differ statistically between LCI and SSI groups (Table 1).
Prior to enrollment, incubators worked in step down nursery in a
room temperature and room humidity of mean (SD) 28.2 (2.6) °C and
52 (6)%, respectively. The median (IQR) heater-output required to
maintain a 35 °C incubator temperature in SSI and LCI did not differ-
15% (10�40%) and 20% (10�50%), P = 0.42, respectively.

Hourly skin temperatures recorded by nurses in SSIs and LCIs are
shown in Fig. 3. Mean (SD) skin temperature of infants in Strata-1
and Strata-2 for SSI vs. LCI was 36.8 (0.2) °C vs. 36.7 (0.18) °C,
P<0.001 and 36.8 (0.22) °C vs. 36.7 (0.19) °C, P<0.001, respectively.
Skin temperature in LCI crossed non-inferiority limit in the first 4 h,
but subsequent mean differences (95% CI) were within the non-infe-
riority margin of 0.2 °C (Appendix-2 Figure 3). Mixed models showed
the skin temperature was lower in LCI and the estimate �0.07 (95%CI
�0.11 to �0.04) was within the non-inferiority margin.

Axillary temperatures measured every 4 h in SSIs and LCIs are
shown in Fig. 4a. Mean (SD) axillary temperature of infants in Strata-
1 and Strata-2 for SSI vs. LCI was 36.9 (0.19) °C vs. 36.8 (0.16) °C,
P<0.001 and 36.8 (0.2) °C vs. 36.8 (0.19) °C, P = 0.007, respectively.
The mean differences (95% CI) of axillary temperatures in LCI were
within the non-inferiority margin of 0.2 °C during the entire 48 hour
period (Appendix-2 Figure 4). Mixed models showed axillary temper-
ature was lower in LCI and the estimate �0.06 (95% CI �0.095 to
�0.021) was within the non-inferiority margin.

In the SSI group 13 of 48 (27%) infants and 28 of 48 (58%) infants
in the LCI group had skin-alarm low, odds ratio (OR 2.1, 95% CI 1.2 to
3.6). Overall there were 61 and 81 skin-alarm low events in SSI and
LCI, respectively. Median (range) of skin temperature vs. correspond-
ing axillary temperature during these events were 36.3 °C (36�36.4)
vs. 36.7 °C (36.3�37.0) and 36.3 °C (35.8�36.4) vs. 36.7 °C
(35.8�37.1) in SSI and LCI, respectively. Strata-1 had longer duration
of skin temperature < 36.5 °C in LCI than SSI, the median (IQR) was
12 min (0�20) vs. 0 min (0�0), P = 0.08 (Table 2). Duration of skin
temperature < 36.5 °C in LCI and SSI did not differ in strata-2, and the
median (IQR) was 10 min (0�30) and 0 min (0�20), P = 0.14, respec-
tively (Table 2).

During incubator-stay mild hypothermia (axillary temperature 36
- 36.4 °C) occurred in 2 infants (4 events) and 2 infants (2 events) of
SSI and LCI, respectively. During placing the infants after any proce-
dure such as KMC, feeding or nursing care, mild hypothermia
occurred in 9 infants (19 events) and 14 infants (19 events) of SSI and
LCI, respectively. Overall mild hypothermia occurred in 11 of 48
(23%) of the SSI group and 16 of 48 (33%) of the LCI group (OR 1.28,



172 infants
assessed for Eligibility

Enrollment 76 infants were not enrolled

66 - Refused consent 
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48 Infants in standard 
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Follow-up

Analysis

Fig. 1. CONSORT flowchart.
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95%CI 0.85 to 1.91) (Table 2). An axillary temperature of 35.8 °C
(moderate hypothermia) occurred in one infant of the LCI group.
Hyperthermia occurred in 1 infant (1 event) and 2 infants (2 event)
in the SSI and LCI respectively. All these hypothermia or hyperther-
mia events resulted in adjusting incubator temperature, after which
axillary temperature normalized at either at the first or second repeat
measurement done after 15 or 30 min respectively (Appendix-2
Figure 5 and Appendix-2 Figure 6).

Incubator temperatures measured every 4 h in SSIs and LCIs
are shown in Fig. 4b. Strata-1 and Strata-2 had higher incubator
Fig. 2. Assembly of low cost incubator
Part 1 Incubator based, bed, openable side, air-vents and screws, feet end, head end, clo

assembly; Step 1 incubator base kept on baby trolley. Step2: Cut edges of closed side, feet en
Step 4: Air temperature probe screwed. Step 5: Skin probe entered through feet end apertur
step 7: All sides of openable side nicely tucked. part 6 +- Final assembly of low-cost incubato
pipe air-duct, HSC - Servo-Controlled heater.
temperature at 4 h after enrolment in LCI than SSI, and the mean
(SD) was 33.8 (0.51) °C vs. 33.2 (0.63) °C, P<0.01 and 33.9 (0.55)
°C vs. 33.2 (0.74) °C, P<0.01, respectively (Table 2). Subsequent
incubator temperatures were higher in LCI and the unadjusted
mean difference was 0.7 °C (95% CI 0.6 to 0.78) (Appendix-2
Figure 7). Post-hoc mixed model using incubator type, time, strata
and study location (KMC ward or step-down nursery) as fixed
factor showed that incubator temperature was higher in LCI with
an estimate was 0.7 °C (95%CI 0.52 to 0.91). Ambient room tem-
perature measured every 4 h did not differ in SSI and LCI in both
se side and top side are parts of disposable cardboard infant chamber. Part 2- Steps in
d and hed end pushed to groove in base. Part 3 - Step3: Air-vent attached to feet end.
e. Part 4 - Step 6: Cut edges of openable side pushed in corresponding grooves. Part 5-
r. DCIC - Disposable Cardboard infant chamber, OFP - Outflow pipe air-duct, IFP- Inflow



Table 1
Baseline Characteristics of participants

Characteristic Strata -1 Gestational age <33 weeks Strata-2 Gestational age ≥33 weeks

SSI Group (n=24) LCI Group (n=24) SSI Group (n=24) LCI Group (n=24)

Maternal
Age, mean (SD), year 28.2 (4.5) 29.6 (5.8) 28 (5.2) 27.4 (4.1)
Gravida, median (IQR) 1 (1-2) 1 (1-2) 1 (1-2) 2 (1-3)
Parity, median (IQR) 1 (1-2) 1 (1-3) 1 (1-1) 1 (1-1)
Pregnancy complications, No (%)
Hypertension or preeclampsia 3 (12.5%) 4 (16.6%) 5 (21%) 6 (25%)
Diabetes 2 (8%) 3 (12.5%) 6 (25%) 3 (12.5%)
Hypothyroid 3 (12.5%) 2 (8%) 3 (12.5%) 4 (16.6%)

Delivery by section, No (%) 22 (92.6%) 21 (87.5%) 21 (87.5%) 20 (83.3%)
Antenatal Steroids, No (%) 21 (97.5%) 23 (96%) 12 (50%) 13 (54%)
Infant
Gestational age, Mean (SD), week 29.7 (1.6) 29.6 (1.5) 34.5 (1.1) 34.1 (1.2)
Female, No (%) 8 (33%) 9 (37.5%) 11 (46%) 10 (41.5%)
Birth weight, Median (IQR), gram 1220 (960-1425) 1310 (973-1500) 2045 (1770-2218) 2120 (1895-2240)
Small for gestation, No (%) 4 (16.6%) 5 (21%) 8 (33%) 3 (12.5%)
Head circumference, Mean (SD), cm 27.8 (2.2) 27.5 (2.3) 31.4 (2.3) 31.5 (1.5)
Apgar score 1 minute, Median (IQR) 6 (4-7) 6 (4-7) 8 (7-8) 8 (6-8)
Apgar score 5 minute, Median (IQR) 8 (7-9) 8 (7-9) 9 (9-9) 9 (8-9)
Need for PPV at delivery, No (%) 6 (25%) 7 (29%) 3 (12.5%) 6 (25%)
Need for respiratory support, No (%) 24 (100%) 21 (87.5%) 8 (33%) 7 (29%)
Surfactant given, No (%) 7 (29%) 8 (33%) 0 1 (4%)
Respiratory support duration, Median (IQR), day 5 (2-9) 3 (2-13) 0 (0-2) 0 (0-1)
Full feeds reached, Median (IQR), day 7 (6-8) 7.5 (6-9) 3 (2-4) 4 (2.5-4.5)
Feed intolerance, No (%) 3 (12.5%) 3 (12.5%) 1 (4%) 0
Culture proven sepsis, No (%) 1 (4%) 3(12.5%) 0 0
Antibiotic duration, Median (IQR), day 3 (2-5) 4 (3-8) 0 (0-2) 0 (0-2)
Patent ductus arteriosus treated, No (%) 4 (16.6%) 3 (12.5%) 0 0
Anemia transfused, No (%) 6 (25%) 9 (37.5%) 0 0
Retinopathy of prematurity, No (%) 2 (8%) 6 (25%) 2 (8%) 2 (8%)
KMC duration, Median (IQR) hour / day 4.3 (3.5-4.9) 4.5 (3.5-5.2) 1.5 (0-3) 2.5 (0-3)
Hypoglycemia, No (%) 5 (21%) 1 (4%) 6 (25%) 5 (21%)
Infant at enrollment
Postnatal age, Median (IQR), day 15.5 (10-26) 15 (10-31) 1.5 (1-5) 2 (1-5)
Weight, Median (IQR), gram 1355 (1250 - 1468) 1415 (1280-1582) 1993 (1595 - 2160) 1995 (1632 -2237)
Head circumference, Median (IQR), cm 29.5 (28.1-30.4) 29.8 (28.5-30.4) 32 (30-33) 31.5 (31-32.8)
Place of study step-down nursery, No (%) 16 (66.7%) 12 (50%) 7 (29%) 9 (37.5%)
Axillary temperature, Mean (SD), °C 36.8 (0.15) 36.8 (0.2) 36.8 (0.2) 36.8 (0.2)
Skin temperature, Mean (SD), °C 36.7 (0.2) 36.6 (0.14) 36.6 (0.15) 36.7 (0.22)
Radiant warmer care No (%) 14 (58%) 18 (75%) 23 (96%) 24 (100%)
Radiant warmer heater output, Median (IQR), %a 35 (30-40) 30 (30-40) 30 (30-30) 30 (30-40)
Incubator care No (%) 10 (42%) 6 (25%) 1 (4%) 0
Incubator temperature, Median (IQR), °Cb 33 (33-34) 33.5 (33-34) 33 -

SD – Standard deviation, IQR – Interquartile range, No (%) – Number (Percentage)
PPV – positive pressure ventilation, KMC –kangaroo mother care

a - Data from 32 infants in strata-1 and 47 infants in strata-2
b - Data from 16 infants in strata-1 and 1 infant in strata-2

6 A. Chandrasekaran et al. / EClinicalMedicine 31 (2021) 100664
Strata-1 and Strata-2, with mean (SD) of 29.4 (2.6) °C vs 29.7
(2.5) °C, P = 0.09, respectively (Table 2).

Incubator humidity was lower in LCI than SSI in both Strata-1 and
Strata-2, and the mean (SD) was 45.6 (10.4)% vs. 49.8 (10.9)%, P<0.01
and 46.3 (8.5)% vs. 48.7 (9.1)%, P<0.01, respectively (Table 2). Post-
hoc mixed model using incubator type, time, strata and study loca-
tion (KMC ward or step-down nursery) as fixed factor showed incu-
bator humidity was lower in LCI and the estimate was �3.3 (95%CI -
6.7 to 0.16). Ambient room humidity measured every 4 h did not dif-
fer in SSI and LCI in both Strata-1 and Strata-2, and the mean (SD)
was 52.1 (11.1)% vs 52.7 (11.2)%, P = 0.46 and 58.2 (12.5)% vs 59.6
(10.3)%, P = 0.15, respectively (Table 2).

Among Strata-1 median KMC hours per day prior enrollment, dur-
ing study incubator and after study incubator stay did not differ; 4.5
(3.5�5.2), 4 (3.5�5) and 4 (4�5) hours, P = 0.81, respectively. Among
Strata-2 median KMC hours per day were lower prior to enrollment
compared with during study incubator and after study incubator
stays; 1.75 (0�3), 3 (1.75�3.5) and 3.3 (3�4.2) hours, P<0.01, respec-
tively. Median (IQR) weight gain of infants during incubator and
post-incubator stay in Strata-1 did not differ; 10.8 (8.5�13) gm/kg/
day and 11 (9�12.5) gm/kg/day, P = 0.49, respectively. In Strata-2
median (IQR) weight gain during incubator stay was lower than in
post-incubator stay; �20 (�34 to �2.8) g/kg/day and 5 (0.8�10.7) g/
kg/day, P<0.01, respectively. No adverse events occurred in either SSI
or LCI group. All study infants had uneventful post-incubator stay
and were discharged. Study-nurses’ feedback showed that ease of
paladai feeding in SSI was better than LCI for both Strata-1 and
Strata-2, and median (IQR) score was 8 (7�9) vs. 7(6�8) and 8 (8�9)
vs. 6 (5�7), P<0.01, respectively (Table 2).

Data from 45 infants (24 SSI and 21 LCI group infants) were trans-
ferred to the cloud-server. Skin temperature recorded by study-
nurses and skin temperature captured in the cloud data had good
reliability, ICC 0.85 (95%CI 0.83 to 0.86), and the Bland-Altman plot
showed mean difference (95% limits) of 0.02 °C (0.32 to �0.27)
(Appendix-2 Figure 8). Cloud- server skin temperature recorded
every 15 min from infants in the SSI and LCI had a mean (SD) of 36.77
(0.21) °C and 36.67 (0.17) °C respectively, and the mean difference
�0.1 °C (95% CI �0.11 to �0.09) was within the non-inferiority mar-
gin. Incubator temperatures from the nurses’ log and cloud-server
data had excellent reliability, ICC 0.99 (95%CI 0.98 to 0.99), and the
Bland-Altman plot showed mean difference (95% limits) of 0.03 °C
(0.34 to �0.29) (Appendix-2 figure 9). Positive incubator surface
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Fig. 3. Skin temperature of infants during 48 h in incubators
Points plotted show mean skin temperature and whiskers show 95% CI error bars of all infants in low-cost incubator group and standard single-wall incubator group. Skin tem-

perature was lower in low-cost incubator and crossed non-inferority limit (0.2 °C) during 1�4 hour period, subsequently during 5�48 hour period was skin temperature in low-
cost incubator was within non-inferiority limit.

A. Chandrasekaran et al. / EClinicalMedicine 31 (2021) 100664 7
cultures after infant-stay occurred in 2 of 48 of SSI (Klebsiella pneumo-
nia 1, Coagulase-negative Staphylococcus aureus 1), while none of 48
of LCI.

During the post-infant monitoring period, both SSI and LCI had
excellent reliability to maintain set-temperature of the incubator and
the corresponding ICC was 0.93 (95%CI 0.92 to 0.94) and 0.96 (95%CI
0.96 to 0.97), respectively. The corresponding Bland-Altman plot for
measured-temperature and set-temperature of incubators in SSI and
LCI groups showed a mean difference (95% limits) of �0.06 (�0.55 to
0.43) and �0.02(�0.47 to 0.44) respectively (Appendix-2 Figure 10
and Appendix-2 Figure 11). During the post-infant monitoring period
mean (SD) incubator humidity in SSI was higher than LCI, 53.2
(12.9)% vs 51.6 (13.3)%, P = 0.01 and mixed models for repeated meas-
ures using incubator type and time as fixed factor showed incubator
humidity was higher in SSI by an estimate of 4.9 (95% CI �0.08 to
10.7). Mean (SD) room temperature and room humidity during post-
infant monitoring period did not differ between SSI and LCI, 28.6
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Fig. 4a. Axillary temperature of infants during 48 h in incubators
Points plotted showmean axillary temperature and whiskers show 95% CI error bars of a

temperature was lower in low-cost incubator but was within non-inferiority limit (0.2 °C) du
(1.8) °C vs. 28.7 (1.7) °C, P = 0.16 and 59 (13.3)% vs. 58 (13.2)%,
P = 0.06, respectively.

4. Discussion

Among stable preterm infants at risk for hypothermia, thermoreg-
ulation for 48 h in LCI along with KMC was non-inferior to thermo-
regulation in SSI and no adverse events occurred. The estimates of
mixed models for skin and axillary temperatures recorded by study-
nurses were �0.07°C (�0.11 to �0.04) and �0.06°C (�0.095 to
�0.02), respectively; both were within pre-specified non-inferiority
margin of 0.2°C. The mean difference from cloud-server transferred
data for skin temperature �0.1°C (95%CI �0.11 to �0.09) was also
within 0.2°C. The duration of skin temperature < 36.5°C was more in
LCI during initial 4-hour period. But, after LCI temperature increased
by 0.7°C (95%CI 0.52 to 0.91), the duration of skin temperature below
36.5°C did not differ between LCI and SSI in 4-hour to 48-hour period.
4 28 32 36 40 44 48
usion in study

Standard single-wall incubator

ll infants in low-cost incubator group and standard single-wall incubator group. Axillary
ring the entire 48 hour period.



Table 2
Secondary outcomes and other hospital outcomes

Outcome Strata-1 Gestation at birth <33 weeks Strata-2 Gestation at birth ≥33 weeks

SSI Group (n=24) LCI Group (n=24) P value SSI Group (n=24) LCI Group (n=24) P value

‘Skin-alarm low’, n (%) 5 (21%) 13 (54%) 0.02 8 (33.3%) 15 (62.5%) 0.04
‘Skin-alarm high’, n (%) 0 1 (4%) - 2 (8.3%) 0 -
‘Skin-alarm low’ n / infant,a Median (IQR) 0 (0-0) 2 (0-3) 0.11 0 (0-3) 1 (0-3) 0.15
Duration ST < 36.5°C, min / infantb

Entire 48 hour time-period, Median (IQR) 0 (0-0) 12 (0-20) 0.08 0 (0-20) 10 (0-30) 0.14
Initial 4-hour time-period,c Median (IQR) 0 (0-0) 10 (0-18) 0.04 0 (0-0) 0 (0-20) 0.06
4 to 48 hour time-period, Median (IQR) 0 (0-0) 0 (0-8) 0.76 0 (0-15) 0 (0-10) 0.96

Total duration out of SINC, Median (IQR) hours 11 (9-13) 11.8 (9.2-13.8) 0.47 8.2 (6.9-10) 9 (7.5-11.2) 0.26
KMC hours / day, Median (IQR) 4 (3.5-5) 4.5 (3.5-5) 0.60 2.3 (1.6-3) 3 (1.6-3.9) 0.32
AT while taking out procedured, Mean (SD) °C 36.8 (0.18) 36.8 (0.19) 0.12 36.8 (0.19) 36.8 (0.17) 0.29
AT after placing back procedured, Mean (SD) °C 36.7 (0.22) 36.7 (0.21) 0.54 36.6 (0.19) 36.7 (0.23) 0.21
Mild hypothermia (AT 36 – 36.4°C)e

While inside SINC, n (%) 1 (4%) 2 (8.3%) 0.96 1 (4%) 0 -
While placing back post- procedure, n (%) 6 (25%) 9 (37.5%) 0.35 3 (12.5%) 5 (21%) 0.71
All events, n (%) 7 (25%) 11 (46%) 0.23 4 (16.6%) 5 (21%) 0.92

Ambient environment
Set IT at enrollment, Mean (SD) °C 33.4 (0.49) 33.4 (0.5) 0.77 33.4 (0.5) 33.6 (0.49) 0.16
Set IT at the end of study, Mean (SD) °C 33.3 (0.4) 33.9 (0.61) <0.01 33.1 (0.53) 34 (0.53) <0.01
Measured IT at enrollment, Mean (SD) °C 33.5 (0.42) 33.6 (0.48) 0.34 33.5 (0.5) 33.6 (0.41) 0.41
Measured IT 4 hours after enrollment, Mean (SD) °C 33.2 (0.63) 33.8 (0.51) <0.01 33.2 (0.74) 33.9 (0.55) <0.01
N times IT adjusted / infant,f Median (IQR) 1 (0-2) 1 (1-3) 0.27 1 (0-3) 1 (0-2) 0.31
Incubator humidity every 4h, Mean (SD) RH % 49.8 (10.9) 45.6 (10.4) <0.01 48.7 (9.1) 46.3 (8.5) <0.01
Room temperature every 4h, Mean (SD) °C 29.4 (2.6) 29.7 (2.5) 0.09 29.9 (2.3) 29.6 (1.9) 0.08
Room humidity every 4h, Mean (SD) RH % 52.1 (11.1) 52.7 (11.2) 0.46 58.2 (12.5) 59.6 (10.3) 0.15
Infant outcomes
WG in 48 hour incubator stay, Median (IQR) gm/kg/day 12 (9-13) 10 (9-13) 0.49 -18 (-30 - -1) -20 (- 40 - -6) 0.51
WG in post-SINC stay, Median (IQR) gm/kg/day 11.3 (10 - 13) 11 (8.8 – 12) 0.21 5.3 (1-11) 3.5 (-0.7 - 10) 0.43
Post-SINC incubator / warmer days, Median (IQR) 10 (6-12) 9 (7-11) 0.46 4 (3-5) 4 (2.5-5) 0.49
Post-SINC infant hospital stay-days, Median (IQR) 11.5 (9-13) 14 (11-18) 0.85 5 (4-8) 6 (4-8) 0.88
Discharge weight, Median (IQR) gm 1590 (1505 - 1778) 1695 (1573 - 1795) 0.13 1980 (1662 - 2265) 2010 (1807 - 2225) 0.86
Nurses feedback on 10-point ‘Likert scale’
Ease of assembly, Median (IQR) 8 (8-9) 8 (8-9) 0.25 8 (7-9) 8 (8-9) 0.91
Ease of shifting infants, Median (IQR) 9 (8-9) 8 (8-9) 0.35 8 (8-9) 8 (8-9) 0.55
Ease of nursing care, Median (IQR) 8 (7-9) 8 (8-8) 0.80 8 (8-9) 8 (7-9) 0.44
Ease of palady feeding, Median (IQR) 8 (7-9) 7 (6-8) <0.01 8 (8-9) 6 (5-7) <0.01

ST – Skin temperature, AT Axillary temperature, IQR – Interquartile range, SD – Standard deviation, SINC – Study incubator, KMC – Kangaroo mother care, RH– Relative
Humidity

a ‘Skin-alarm low’ Overall N=142, (Strata-1, SSI n=33, LCI n=43; Strata-2, SSI n=28, LCI n=38)
b Skin temperature < 36.5°C during entire 48 hour period (Total infant-minutes: Strata-1, SSI = 215, LCI=350 and Strata-2, SSI =220, LCI =355)
c Skin temperature < 36.5°C during initial 4 hour period (Total infant-minutes: Strata-1, SSI =110, LCI=275 and Strata-2, SSI = 75, LCI =240)
d Number of events out of incubator (Strata-1, SSI n=155, LCI n=164; Strata-2, SSI n=99, LCI n=106)
e Number of mild hypothermia events (Strata-1, SSI n=14, LCI n=13; Strata-2, SSI n=9, LCI n=8)
f Number of IT adjustments (Strata-1, SSI n=35, LCI n=38; Strata-2, SSI n=37, LCI n=32)
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Fig. 4b. Incubator temperature during 48 h - infant's stay
Points plotted show mean incubator temperature and whiskers show 95% CI error bars for all infants in low-cost incubator group and standard single-wall incubator group.

Incubator temperature at enrollment was similar, but subsequent incubator temperature was higher in low-cost incubator by 0�7 °C (95% CI 0�6 to 0�78).
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Hypothermia and weight gain did not differ between LCI and SSI. To
the best our knowledge LCI is the first low cost thermoregulation
equipment, which has been tested for 48-hour time-period.

In conductive-thermal-mattress study, which could provide latent
heat Bhat et al., reported higher axillary temperature in study group
by 0.11 (SD 0.03) °C when compared to control group [13]. Incubator
air temperature in LCI is adjustable and servo-controlled. This mat-
tress needs charging every 4 h and does not need continuous power-
supply [13], while the LCI need a continuous 350 watt power source.
Power supply is easily available in hospital settings, but availability of
electricity in community settings is challenging [38]. LCI has been
designed to readily use solar rechargeable batteries. Daga et al., suc-
cessfully managed 85 preterm infants over 3 years in a solar powered
servo-room at a temperature of 34 °C, with minimal cost [14]. But,
health-care personnel would be uncomfortable in high room temper-
ature, and incubators or radiant warmers are better options. Thermo-
regulation details were not provided from other low-cost servo-
controlled devices such as recycled incubators and solar powered
radiant warmers [15,16].

The mean difference between thermistor probe abdominal skin
temperature and digital axillary temperatures during skin-alarm low
was �0.4 °C (95% agreement limits �0.73 to 0.06), and using similar
methods Schafer et al., reported a difference of �0.3 °C (�1 to 0.4)
[39]. Thermal conductivity of corrugated cardboard and canopy is
similar, around 0.1 watt/meter/kelvin [17]. However our LCI needed
higher incubator temperature for thermoregulation (Figure 4b) possi-
bly due to unavoidable air-leaks in DCIC assembly, whereas canopy is
an air-tight compartment. Air-leaks decrease the insulating ability of
a compartment [40], and hence temperature may have to be set at
least 0.5 °C higher than recommended [35]. while using the LCI and
weaning can be attempted at 0.5 °C higher temperature. Lower LCI
humidity could be explained by higher incubator temperature and
air-leaks [41]. LCI had excellent reliability to maintain set-tempera-
ture in post-infant monitoring period.

Despite daily disinfection two SSIs had positive surface cultures in
post-infant period, while none in LCI. Corrugated cardboard inhibited
growth and bio-film formation of Escherichia coli, Salmonella enteriti-
dis and Listeria monocytogenes when compared to plastics in food
packaging [42]. Incubator contamination by gram-positive and gram-
negative organisms could cause outbreaks of infection in NICU
[43,44], hence the disposable DCIC may aid in infection control. The
present COVID-19 pandemic may favor closed incubators to open-
care warmers for neonates [45,46]. Extended KMC was possible in
strata-1, but in strata-2 only short KMC was possible as mothers
were in initial postnatal days [47]. External devices may not affect
KMC duration in the community [48]. The LCI scored less on paladai
feeding in study-nurse feedback due to space constraints. Remote
collection of data captured byWiFi module had good to excellent reli-
ability with nurse’s data [49].

Thermoregulation equipment have improved survival of preterm
infants requiring intensive care in the past several decades [3,4]. But,
there is shortage of working radiant warmers or infant incubators in
low-and middle-income countries worldwide, and further high capi-
tal costs for commercially available incubators make these equip-
ment unaffordable for many neonatal units [6,8�20]. In this study,
we found thermoregulation of stable preterm infants in the rede-
signed LCI that costs 200 USD, along with KMCwas within non-inferi-
ority limit. LCI has the potential for using up to a week till availability
of proper device, as a stop-gap measure in high risk infants.

The merits of our study include microbiological monitoring of
incubators, provision of KMC during trial, remote monitoring of ther-
moregulation data and checking incubators’ functioning for 5 days
post-infant period in clinical setting. The limitations are that care giv-
ers could not be masked due to the nature of intervention, cloud-
server transfer of data could be done only in 45 infants due to inter-
net-connectivity issues, and 1:1 nurse to infant ratio for stable
preterm might be impractical in clinical setting. Analysis of skin tem-
peratures from cloud-server data showed that the mean difference
was within the non-inferiority limits and a good to excellent reliabil-
ity was there between study-nurses’ data and cloud-server data. A
1:1 nurse infant ratio was maintained in study so as to alleviate
parents’ fear for a new equipment, which is a major reason for poor
enrollment in clinical trials from India [50]. The study was done in a
tertiary level hospital where room temperature and humidity are rel-
atively high, >25 °C and >50%, respectively. Further studies are
needed at different settings, in different high risk population to
determine the efficacy of thermoregulation, longer infant-periods to
determine weight gain and infection control while using LCI.

In conclusion, stable preterm infants, who needed equipment for
thermoregulation, were able to maintain skin and axillary tempera-
tures in LCI, within the non-inferiority margin of 0.2 °C as compared
to SSI. Incubator temperature in LCI was higher by 0.7 °C. No infants
experienced adverse events and LCI had excellent reliability to main-
tain set incubator temperature during post-infant monitoring period.
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