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A B S T R A C T

Background: Neonatal hypothermia is a common source of morbidity and mortality in low resource settings.
We developed the Dream Warmer, a low cost, re-usable non-electric infant warmer to prevent and treat
hypothermia.
Methods: We conducted a cluster-randomized stepped-wedge trial. The primary aim was to assess the effect
on overall euthermia rates of introducing the warmer compared to standard of care in rural Rwandan hospi-
tals. The secondary aims were to assess effects of warmer introduction on mortality, as well as the safety and
feasibility of the warmer. Ten district hospitals participated in the study from November 19th 2019 to July
15th 2020. Patients were eligible to use the warmer if they were 1) hypothermic (temp < 36 ¢5 °C) or 2) or at
risk of hypothermia (weight < 2 ¢5 kg or estimated post menstrual age < 35 weeks) when Kangaroo Mother
Care was not available. An encounter was defined as the data from an individual infant on a single day. Trial
of a Non Electric Infant Warmer for Prevention and Treatment of Hypothermia in Rwanda [NCT03890211].
Findings: Over the study period, 3179 patients were enrolled across the ten neonatal wards, yielding 12,748
encounters; 464 unique infants used the warmer 892 times, 79% eligible due to hypothermia. Because of limited
study nurse resources, the warmer was used in only 18% of eligible encounters. Despite this low rate of warmer
use, the rate of euthermia rose from 51% (95% CI 50�52%) of encounters pre-intervention to 67% (66�68%) post-
intervention; p < 0 ¢0001. Among the encounters in which the warmer was used, only 11% (9�13%) remained
hypothermic. While mortality rates pre- and post-intervention did not change, mortality rate among those who
used the warmer was significantly lower than among those who did not (0 ¢9% vs 2 ¢8%, p = 0 ¢01). Use of the
warmer did not affect hyperthermia rates. There were no safety concerns or instances of incorrect warmer use.
Interpretation: Introduction of the warmer increased rates of euthermia with no associated safety concerns.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
l, 300 Longwood Ave, Boston,

(A. Hansen).

d. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
1. Introduction

Neonatal hypothermia is widely recognized to be one of the major
causes of preventable morbidity and mortality, especially among the
world’s poorest newborns [1�3]. Though rarely listed as the direct
cause of death [3], it is estimated to contribute to 40% of the
2 ¢4 million babies who die each year, almost exclusively in Low and
Middle Income Countries (LMIC) [4]. Provision of warmth is an essen-
tial element of the most basic care of small and sick infants, yet is fre-
quently lacking [5,6]. Neonatal hypothermia is reported to occur in
up to 85% of hospitalized neonates in LMIC [3]. For low birth weight
(LBW) newborns in low resource setting (LRS), studies report almost
universal occurrence of hypothermia whether born at home or in
health care facilities [7,8].

Preterm neonates rely on external heat to maintain a normal core
temperature for weeks to months. The WHO recommends that
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Research in Context

Before undertaking the development of the DreamWarmer, the
authors reviewed all available sources to determine the exis-
tence of an adequate non-electric infant warming device for
the low-income setting. This included a PubMed search with no
date limitations for the terms newborn, low birth weight, pre-
mature, preterm, hypothermia, global, transwarmer, and con-
ductive mattress. We also conducted general internet searches
for products unrecognized in the academic literature. We found
two devices that approximated our needs: Embrace and War-
milu warmers. Both had deficiencies related to preparation,
ability to clean for multi-use, compatibility with KMC, accessi-
bility of infant for medical assessment/treatment, and cost. To
overcome these deficiencies, we collaborated with the Rwanda
Ministry of Health (RMOH) to develop and test a non-electric
infant warmer that met all of these requirements. Having con-
ducted two pilot tests totaling 204 uses with strong safety,
effectiveness and feasibility data, we were invited by the RMOH
to proceed to a Stepped Wedge trial. In the process of these
clinical trials, we have kept up with the literature pertaining to
hypothermia in the low resource setting and have discovered
no new competitive devices.

This is, to our knowledge, the first randomized trial studying
a transwarmer mattress designed for and tested in the low
resource setting. The Dream Warmer has the unique features of
being compatible with KMC, allowing visual and physical access
to the patient if needed can be easily cleaned and re-used.,. In
this large scale, multisite study, our warmer continues to per-
form well, significantly improving rates of euthermia, with no
safety concerns or instances of misuse.
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external heat be provided as Kangaroo Mother Care (KMC) for stable
babies with a birth weight � 2000 g [9]. There is growing evidence of
the multiple advantages of KMC including thermoregulation, bond-
ing, and milk production [10,11]. It is a low cost, highly effective
intervention that must be supported.

A supplemental external heat source is needed, however, when
KMC does not provide sufficient heat, or for periods when the mother
is unavailable (due to illness or need to conduct activities incompati-
ble with KMC). Additionally, health care providers often require
visual or physical access to an ill baby to conduct assessments or per-
form procedures. A thermoregulatory device is urgently needed to
complement KMC in the LRS.

Therefore, we developed the Dream Warmer, a low-cost, non-
electric reusable infant mattress based on the concept of a heating
pad, incorporating a phase change material that is melted by boiled
water and then remains at skin temperature for approximately 6 h.
(See Supplemental Material 1 for description of infant warmer
design, laboratory testing, and use.) The warmer satisfies all major
qualifications put forward by UNICEF [12] and PATH [13] including
ease of use, cleaning and maintenance; re-usability; durability; offer-
ing access to infant; existence of temperature indicator and low liter-
acy instructions; and appropriateness for use on transport.

We conducted the first multicenter study of a non-electric infant
mattress in hospitalized newborns in rural Rwanda. We hypothesized
that introducing the warmer across ten Rwandan district hospitals
would increase rates of euthermia.

2. Methods

2.1. Study design

This was a cluster-randomized stepped-wedge trial (Figs. 1 and 2).
CONSORT guidelines were followed. All hospitals started in the pre-
intervention period. Ten warmers were introduced to a new hospital
every two weeks, thereby transitioning from the pre-intervention or
“pre phase,” to the post-intervention or “post phase.” After the last
hospital transitioned, a final 4 weeks of data was collected at all ten
hospitals.

The study was designed to provide control data in an ethical and
feasible manner, while accommodating for multiple uncontrollable
confounders. Because the value of preventing or treating euthermia
is beyond the point of equipoise, the most ethical way to obtain data
from a control group was a pre-post comparison rather than a ran-
domized trial. The stepped wedge design [14] was chosen as robust
approach to implementing a novel intervention in multiple sites in
the LRS. Because of the complexity of thermoregulatory practices
beyond the control of the study nurses (e.g. availability of electricity
and functioning electric heating equipment, ambient temperature,
willingness of individual mothers to provide KMC, availability and
thickness of blankets), our primary analyses compared all the
encounters in the pre phase to all of those in the post phase, regard-
less of whether the warmer was used.

2.2. Participants and setting

Because all hospitalized infants regardless of weight or age might
develop hypothermia, rather than collecting data only on LBW or pre-
term infants, all patients admitted to the neonatal ward were eligible
for participation in the study. Infants were eligible to receive the
intervention of the warmer if they were

i Hypothermic (temp < 36 ¢5 °C) or
ii At risk of hypothermia (current body weight < 2 ¢5 kg or esti-

mated post menstrual age < 35 weeks) at times when KMC was
not available or not sufficient (temperature rising by < 0 ¢5 °C/h).

Infants were excluded from using the warmer if they required
phototherapy (due to untested interaction between phototherapy
and the warmer), had a significant skin condition (to avoid confusion
ascribing potential adverse effect to the warmer), an initial tempera-
ture < 35 °C with an electrical heating source available, or were
deemed too unstable for inclusion by the bedside nurse. Infants were
also excluded if the family was unwilling or unable to provide
informed consent.

Ten district Rwandan hospitals participated in the study from
November 19th 2019 to July 15th 2020 (Table 1). Hospitals were
selected by the Rwanda Ministry of Health based on high neonatal
admission rates and varied climates. The warmer was introduced to
the ten hospitals in a random order generated by an Excel computer
program. The order of introduction was not concealed, but was com-
municated to the investigators to facilitate planning and deployment
of staff. Of note, the study was shut down from March 22nd to May
11th, 2020 due to the country-wide lockdown for COVID-19 and
when it re-opened, Kirehe hospital could not rejoin.

Written informed consent translated into the local language Iki-
nyrwanda was obtained from the parent of each study participant
from whom we only collected data. If an infant became eligible to use
the warmer, a second consent was requested specifically for warmer
use. The study was approved by human research review: BCH Institu-
tional Review Board (IRB-P00030705), the Rwanda National Ethics
Committee (reference # 0076/RNEC 2018), Rwanda National Health
Research Committee (reference # 514) and the Rwanda MOH. The
trial was registered at ClinicalTrials.gov: NCT03890211.

2.3. Intervention

The intervention was the provision of the warmer (See Supple-
mental Material 2). In accordance with the Rwandan National Neona-
tal Care Protocol (RNNCP), mothers were encouraged to provide KMC



Fig. 1. CONSORT trial profile.
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to hypothermic and at-risk infants whenever possible. For hypo-
thermic infants, if the temperature was not rising by � 0 ¢5 °C/h
with KMC alone, the warmer was offered as an additional heat
source. In these cases, the heat was provided by placing the
Fig. 2. Progression of new hospital enrollment every two weeks, transitioning from “pre ph
the study.
warmer over the infant’s back while the mother provided KMC
(Fig. 3). If the mother was not available for KMC, the infant was
warmed exclusively with the warmer by being placed directly on
it as it lay flat (Fig. 4). Use of a blanket, hat and socks was
ase” to “post phase” with four weeks of data collection at all hospital sites at the end of



Table 1.
Clinical and demographic characteristics of study participants.

Variables n %

Hospital, N = 3179
�

Nyamata 488 15.4
Mibilizi 440 13.8
Kabgayi 379 11.9
Rwamagana 377 11 ¢9
Byumba 295 9 ¢ 3
Ruhengeri 286 9 ¢ 0
Nyagatare 267 8 ¢ 4
Gisenyi 252 7 ¢ 9
Nemba 217 6.8
Kirehe 178 5 ¢ 6
Estimated gestational age, N = 3179

�

<37 weeks 770 24 ¢2
� 37 weeks 1075 33 ¢8
Missing data 1334 42 ¢0
Birth weight, N = 3179

�

Normal (�2500 g) 1759 55 ¢3
Low birth weight (1500 to <2500 g) 1084 34 ¢1
Very low birth weight (1000 to <1500 g) 205 6 ¢ 5
Extreme low birth weight (<1000 g) 23 0 ¢ 7
Missing data 108 3 ¢ 4
Age at first encounter, N = 3179

�

�7 days 2377 74 ¢8
8�31 days 672 21 ¢1
�32 days 38 1 ¢ 2
Missing data (missing date of birth) 92 2 ¢ 9
Length of hospital stay (in days), N = 2988

y
, median

(IQR)
7 (4�12)

Infant Warmer use criteria, N = 892*
Hypothermic (<36 ¢ 5 °C) 703 78 ¢8
At risk for hypothermia, KMC not available/
inadequate

189 21 ¢2

Infant Temperature Prior to Infant Warmer Use,
N = 892*, median (IQR)

36 ¢ 1 (35 ¢8�36 ¢4)

� Total number of individual infants.
y 191 babies missing data for either missing date of admission or date of hospital

exit.
* Encounters of infants placed on the non-electric infant warmer. It was possible

for one infant to have multiple encounters.
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encouraged but other clothes were only added by caregiver
request, as they reduce heat transfer.

The study nurse trained the bedside nurses to prepare the
warmer, when to remove it, and how to clean and store it. To ensure
safety, bedside nurses were only allowed to use the warmer under
supervision of the study nurse.

Infants were eligible to use the warmer every time they met the
inclusion criteria, which may have been multiple times during their
hospital stay. Only one infant was placed on each warmer with each
Fig. 3. Heat source with KMC: Pictorial representation of the dream warmer being
used in conjunction with KMC and a hat.
use, but warmers were used by multiple infants over the course of
the study, with thorough cleaning between uses.

Criteria for early discontinuation of the warmer: The intervention
was stopped and the infant was warmed with an appropriate source
of electric heat (if available) if the infant met any Early Stopping Cri-
teria (See Supplemental Material 2).

The intervention was complete and the warmer was removed if
the mother became available to resume KMC, or when the warmer
dropped below phase change temperature as evidenced by its begin-
ning to harden and turn opaque, and no longer being warm in the
area under where the infant was lying.

2.4. Data collection and outcomes

A study nurse collected all data from the medical record onto
paper data collection form and then transcribed them into an elec-
tronic database. The study manager audited 5% of transcribed data.

Patients not using the warmer (pre and post phase): The study
nurses measured the patient’s temperature in the axilla with a stan-
dard thermometer in accordance with the RNNCP, namely every
hour if abnormal, then every three hours, and collected gestational
age as documented in the medical record, daily weight, length of hos-
pital stay, and mortality data. The study nurse also measured the
ambient air temperature every three hours using a standard wall
thermometer.

Patients using warmer: The study nurse measured the tempera-
ture of the patient and the warmer (with a thermistor) every 30 min
until the infant was euthermic (36 ¢5�37 ¢5 °C) and then every 1 h
for the remainder of use of the warmer. At each of these times, the
nurse also collected data on whether the infant received the warmer
with KMC, or as a stand-alone heat source, as well as whether the
infant had a blanket, hat, diaper, or other clothing.

The data collected during the pre phase was the control data. The
data collected during the post phase was the intervention data. Data
collection and intervention were only performed when the study
nurse was present, 40 h/week. An encounter was defined as the data
from an individual infant on a single day.

Our primary outcome, assessed by encounter, was attainment or
maintenance of euthermia, defined as the infant’s temperature either
(i) staying between 36 ¢5 and 37 ¢5 °C throughout the encounter, or
(ii) at any point in the encounter where observed to be <36 ¢5 °C,
having risen at least 0 ¢5 °C/h since the initial hypothermic measure-
ment. This endpoint was ascertained for every encounter in enrolled
infants in both the pre and post phase, regardless of whether the
warmer was used.

Our secondary outcomes were mortality prior to discharge, as
well as safety and feasibility of the warmer limited to infants who
used the warmer.

The safety outcomes were whether an infant developed hyper-
thermia (temperature > 37 ¢5 °C) and the occurrence of any adverse
events including skin irritation such as rash or burn.

The feasibility of using the warmer was assessed by observer
audits conducted by the study nurse of both usability (correct appli-
cation of the warmer) and functionality (evidence of material break-
down). The study nurse was instructed to correct any incorrect
intentions at preparation, use, or cleaning of the warmer, and docu-
ment the potential error.

3. Statistical analysis

Dichotomous outcomes were analyzed by Fisher exact test. The
primary outcome was analyzed by multiple logistic regression, strati-
fied by hospital, with individual encounter as the unit of analysis and
study period as the independent variable (regardless of warmer use,
following the intention-to-treat principle). Alternative statistical
models, employed for sensitivity analyses, both pre-specified and



Fig. 4. Stand-alone heat source: Pictorial representation of the dream warmer, inserted into an insulating sleeve with a window that allows visualization of the phase change mate-
rial. Wearing a hat, the infant is laid directly on the warmer and then covered with a blanket.

Table 2.
Number of times warmer used by individual infants.

Number of times warmer used Infants (%) Uses (%)

1 279 (60) 279 (31)
2 96 (21) 192 (22)
3 36 (8) 108 (12)
4 23 (5) 92 (10)
5�6 18 (4) 96 (11)
7�21 12 (3) 125 (14)
Total 464 892

J. Uwamariya et al. / EClinicalMedicine 34 (2021) 100842 5
post-hoc, included warmer use as the independent variable (per-pro-
tocol analysis); clustering by infant to account for multiple encoun-
ters; adjustment for infant-level and encounter-level covariates
(gestational age, initial temperature, calendar time); limiting analysis
to data collected before the study paused for the COVID-19 outbreak;
and excluding one hospital that provided no post-intervention data
owing to the pandemic.

We used time-to-event analysis to estimate the percentage of
encounters in which the Warmer maintained certain temperature
thresholds over an 8 h span, using a gamma distribution to model
‘failure’ time (i.e., crossing the threshold) and interval censoring to
account for the intermittent rather than continuous recording of tem-
perature. Statistical computations were carried out with Stata (ver-
sion 12, College Station, TX) and SAS (version 9.4, Cary, NC).

Sample size calculation: To calculate detectable effects for the
stepped-wedge design [15], we estimated enrollment at 5 infants per
hospital per 2 week study period with a control rate of 60% successful
warming, varying by 10% (SD) among hospitals (intraclass correlation
0 ¢04). An average of 2�7 encounters per infant provided 90% power
with 5% type I error to detect an improvement of 9�16% in rate of
successful warming.

Role of the funding source: The study was funded by the Banyan
Gates Foundation which had no influence on study design; collection,
analysis and interpretation of data; writing of the report nor decision
to submit the paper for publication. The funding source has no con-
flict of interest in regards to the Dream Warmer. Dr. Anne Hansen
had full access to all the data in the study and had final responsibility
for the decision to submit for publication.

4. Results

4.1. Demographics and description of use

We recorded a total of 12,748 encounters from 3179 patients
admitted to the neonatal wards of the ten participating hospitals.
Roughly half the encounters were among infants < 2 ¢5 kg (Table 1).
Infants were eligible to use the warmer during 67% (4920/7329) of
the encounters during the intervention period. Primarily because of
the study nurses’ limited time to collect data and prepare or superv-
ize the preparation of the warmer, the warmer was used in only 18%
(892/4920) of the total eligible encounters (37% of hypothermic
encounters and 7% of at risk encounters), by 464 individual patients.
In ten instances the study nurse recorded that the family declined
consent to participate in the intervention. Once the warmer was
introduced, it was used between 1 and 21 times, but most commonly
it was used only once (Table 2). The mean time of use was 5 ¢5 h (SD
2 ¢9 h). The eligibility criterion for warmer was hypothermia in 703
(79%) of the 892 encounters, and “at-risk” in the remaining 189 (21%)
of encounters.

In 67 (7 ¢5%) encounters, infants met criteria for early discontinua-
tion of the warmer. Of these encounters, 62 (92 ¢5%) had a tempera-
ture rise to > 37 ¢5 °C while on the warmer, three had a temperature
< 36 ¢5 °C despite maximum non-electric heat exposure, and two did
not have a temperature rise within 30 min. An electric heat source
was not actually available for any of these five infants.

4.2. Primary outcome

The rate of attaining or maintaining euthermia rose from 51% of
5419 encounters in the pre phase to 67% of 7429 encounters in the
post phase; p < 0 ¢0001 (Table 3), despite the fact that the warmer
was only used in 37% of hypothermic encounters. Of the encounters
in which the warmer was used, only 11% remained hypothermic.

Logistic regression results for the primary outcome and sensitivity
analyses are reported in Table 4. In the primary analysis (intention-
to-treat), the odds of successful attainment or maintenance of euther-
mia were 2 ¢12 times greater in the post-intervention than the pre-
intervention period (95% CI 1 ¢95�2 ¢30, p < 0 ¢0001). Substantially
identical results were obtained for sensitivity analyses in which we
accounted for within-patient clustering, patient and encounter-level
covariates, and exclusion of data due to COVID-19. The odds of suc-
cessful attainment or maintenance of euthermia were 2 ¢51 times
greater in encounters with warmer use than in those without (95% CI
2 ¢12�2 ¢97, p < 0 ¢0001). Adjustment for calendar time, to address
the possibility of confounding by secular trend, attenuated the inter-
vention only slightly (Table 4).

Effectiveness: Of the 892 encounters in which the warmer was
used, 79% achieved or maintained euthermia, compared to 59% when
the warmer was not used (whether patient met eligibility criteria for
use, or not); p < 0 ¢0001 (Table 3). Of encounters in which the
warmer was used due to hypothermia, 547/892 (78%) successfully
attained or maintained euthermia. Of those who used the warmer



Table 3.
Attainment or maintenance of euthermia,* comparing pre and post phases, warmer use and eligibility criteria.

Encounters Euthermia (%) Hypothermia (%) Hyperthermia (%) py

Total 12,748 7702 (60) 3571 (28) 1475 (12)
Pre-intervention 5419 2767 (51) 2026 (37) 626 (12) < 0.0001
Post-intervention 7329 4935 (67) 1545 (21) 849 (12)
Warmer not used 11,856 6994 (59) 3475 (29) 1387 (12) < 0.0001
Warmer used 892 708 (79) 96 (11) 88 (10)
Indication for warmer
Hypothermic 703 547 (78) 85 (12) 71 (10) 0.03
At risk of hypothermia 189 161 (85) 11 (6) 17 (9)

* Euthermia: 36 ¢ 5�37 ¢ 5 °C throughout the encounter; or if <36 ¢5° at any point, having gained �0 ¢5° per h
since initial measurement. Hypothermia: <36 ¢ 5° at any point, having gained <0 ¢ 5 °C per h since initial measure-
ment. Hyperthermia: >37 ¢5 °C at any point.

y Fisher exact test.
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due to the “at-risk” criterion, 161/189 (85%) maintained euthermia.
The rates of euthermia were stable when adjusted for gestational age
(Table 4).

4.3. Secondary outcomes

The rate of mortality did not change significantly in the pre (2 ¢8%)
compared to post (2 ¢3%) phase (p = 0 ¢37). However, when compar-
ing infants who did not use the warmer (N = 2715) to those who used
the used the warmer at least once (N = 464), the mortality rate was
significantly lower among those who used the warmer at least once
(0 ¢9% vs 2 ¢8%, p = 0 ¢01), (Table 5).

Ambient temperature during the recorded encounters ranged
from 19 ¢2 to 30 ¢8 °C, with a median of 25 ¢5 °C. Within a given hos-
pital, the likelihood of attaining or maintaining euthermia decreased
slightly but not significantly with lower ambient temperature (odds
ratio 0 ¢92 per °C, 95% CI 0 ¢81�1 ¢06, p = 0 ¢27).

Generally, the warmer was used with a blanket and hat as recom-
mended to minimize ongoing heat loss. There was a fairly high use of
diapers, that would theoretically reduce heat transfer, but improve
hygiene. The instances when the warmer was used with KMC
reflected the study protocol in which “maximum heat exposure”
Table 4.
Primary (intention-to-treat), secondary (per protocol), and sensitivity

Analysis Groups compared Enc

By study period (intention-to-treat) Post-intervention 732
Pre-intervention 541

Clustered by patient Post-intervention 732
Pre-intervention 541

Omitting Kirehe Hospital Post-intervention 732
Pre-intervention 470

Omitting post-COVID data Post-intervention 322
Pre-intervention 540

Adjusted for gestational agez Post-intervention 452
Pre-intervention 307
Per week

Adjusted for initial infant temperature Post-intervention 732
Pre-intervention 541
Per °C

Adjusted for secular trend Post-intervention 732
Pre-intervention 541
Per month

By warmer use (per protocol) Warmer used 892
Warmer not used 11,

By indication for usex At risk 189
Hypothermia 703

* Probability of attained or maintained euthermia, with 95% confid
y Odds ratio for attainment or maintenance of euthermia, as comp

interval, frommultiple logistic regression analysis stratified by hospit
z Smaller sample owing to unrecorded covariate data.
x Hypothermia: initial infant temperature �36 ¢ 5 °C. At risk: initia

<2 ¢5 kg, or other unspecified risk. zOdds ratio per unit covariate. xHy
week, birth weight <2 ¢5 kg, or other unspecified risk.
(defined as KMC, blanket and hat) was applied in certain circumstan-
ces of marked hypothermia (Table 6).

5. Safety

Our two safety outcomes for infants who used the warmer were
rates of hyperthermia and instances of skin irritation.

Infants who used the warmer had a 10% rate of hyperthermia
(mean 37 ¢7, range 37 ¢6 � 38 ¢2). Of note, this compares with a 12%
rate of hyperthermia in infants who did not use the warmer (mean,
38, range 37 ¢6�40 ¢9) (p = 0 ¢10). The overall rate of hyperthermia
(regardless of warmer use) remained at 12% throughout the study,
with no change in the post compared to pre phase (Table 3).

There were zero recorded instances of any adverse events includ-
ing burns, rashes or other evidence of skin irritation for the 892
instances in which the warmer was used.

6. Feasibility

Our feasibility outcomes were rates of incorrect preparation, use,
and cleaning, duration of warmth provided by the warmer, and evi-
dence of material breakdown of the warmer.
analyses.

ounters Euthermia,%* Odds ratioy py

9 68 (67�69) 2 ¢ 12 (1 ¢95�2 ¢30) < 0.0001
9 50 (49�52)
9 68 (67�69) 2 ¢ 03 (1 ¢84�2 ¢25) < 0.0001
9 51 (49�53)
9 68 (66�69) 2 ¢ 12 (1 ¢95�2 ¢30) < 0.0001
6 50 (48�51)
3 68 (66�70) 2 ¢ 14 (1 ¢91�2 ¢41) < 0.0001
0 50 (48�51)
1 68 (66�69) 2 ¢ 11 (1 ¢89�2 ¢35) < 0.0001
0 50 (48�52)

1 ¢ 01 (0 ¢99�1 ¢02) 0.32
9 68 (67�69) 2 ¢ 11 (1 ¢94�2 ¢30) < 0.0001
9 50 (49�52)

1 ¢ 09 (1 ¢03�1 ¢15) 0.003
9 68 (67�69) 1 ¢ 86 (1 ¢64�2 ¢12) < 0.0001
9 50 (49�52)

1 ¢ 03 (1 ¢01�1 ¢06) 0.009
78 (75�81) 2 ¢ 51 (2 ¢12�2 ¢97) < 0.0001

856 59 (58�60)
84 (76�89) 1 ¢ 21 (0 ¢69�2 ¢12) 0.51
81 (77�84)

ence interval.
ared between groups or per unit covariate, with 95% confidence
al. p tests hypothesis that odds ratio = 1.

l temperature �36 ¢5 with gestational age <35 wk, birth weight
pothermia: initial infant temperature �36 ¢ 5 °C. At risk: GA<35



Table 5.
Mortality rates.

Infants (%) py Infants (%) py

Pre-intervention Post-intervention* Warmer not used Warmer used once or more

Died 40 (2 ¢8) 41 (2 ¢3) 0 ¢ 37 77 (2 ¢8) 4 (0 ¢ 9) 0 ¢01
Discharged or remained hospitalized 1369 (97 ¢ 2) 1729 (97 ¢7) 2638 (97 ¢2) 460 (99 ¢ 1)
Total 1409 1770 2715 464

* Including 121 infants with encounters both pre and post.
y Proportions compared by Fisher exact test.
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With a total of 892 uses, there were zero instances of incorrect
preparation, use, or cleaning of the warmer. Of note, the study
nurse conducted these activities in 90% of encounters, directly
supervised them in 9%; the bedside nurse conducted these activi-
ties alone in only 1%. The Warmer stayed > 35 °C for at least 6 h
in 72% of encounters (Fig. 5). There were 5 warmers that showed
evidence of sealing-material breakdown after an unknown num-
ber of uses, in all cases due to small flakes of wax leaking outside
of the plastic film.

7. Discussion

Neonatal hypothermia has been called a silent killer; [16] there is
an estimated 80% increase in mortality rate for every 1 °C decrease in
first measured temperature [17], and premature infants with a core
temperature <35 °C have at least a tenfold increased mortality risk
[7]. Survivors suffer morbidity, most tragically stunted growth [18]
including brain growth with its attendant effects on neurodevelop-
ment in this already vulnerable population.

The incidence of hypothermia is highest in premature/LBW new-
borns [7,19]. Over 20 million neonates are born each year weighing
< 2 ¢5 kg, over 96% in developing countries [9]. Maintaining euther-
mia in this large at-risk population depends on a “heat chain” starting
in the delivery room and continued until the infant is mature enough
to independently maintain euthermia. In high resource settings, this
supplemental heat source is provided by incubators and warming
tables. These are expensive, difficult to use, clean and maintain, and
generally requiring a constant source of electricity. When misused,
they can cause hypothermia [20,21] and hyperthermia [22]. If not
properly cleaned, they can transmit infections [23,24]. In LRS, KMC is
the preferred option but can be insufficient or infeasible.

Thus, appropriate thermoregulatory technologies must be devel-
oped to complement KMC for LRSs, rather than reliance on ‘hand-
me-down” equipment [25]. The term, "frugal technologies" has been
coined to describe cost-effective technologies that are thoughtfully
designed and developed specifically to function well in the challeng-
ing conditions encountered in LMICs [26]. Neonatal thermoregulation
is a problem ripe for “frugal technology.”
Table 6.
Euthermia as influenced by warmer accessories.

Accessory Used Encounters E

Kangaroo Mother Care Yes 114 8
No 778 8

Clothing Yes 25 4
No 867 8

Diaper Yes 426 8
No 466 7

Hat Yes 696 8
No 196 7

Blanket Yes 891 8
No 1 1

* Probability of attained or maintained euthermia, w
y Odds ratio for euthermia when accessory used, wi

regression analysis stratified by hospital.
z Indeterminate, insufficient sample size.
Here we report the findings of what, to our knowledge, is the first
large scale study of a frugal thermoregulatory device developed and
tested in the LRS. The introduction of the DreamWarmer significantly
increased euthermia rates. It is unclear why rates of euthermia
improved even in the infants who did not use the warmer. One
potential explanation is that increased awareness of hypothermia as
a treatable condition led to improved implementation of other
modalities such as KMC and the use of hats. For the subset of infants
who did use the warmer it was highly effective, safe and feasible.

We were surprised that the mortality rate of infants using the
warmer was significantly lower than those not using the warmer
despite the higher expected mortality risk of patients eligible to use
the warmer. We do not attribute this finding directly to the use of the
warmer because it was available for such a small minority of the total
hours of the hospital course, but it deserves further exploration.

The roughly 12% rate of hyperthermia in both users and non-users
of the warmer was an important finding, especially when setting
expectations for what to consider as a safety concern for an infant
warming device. The maximum recorded temperature in an infant
using the warmer was actually lower than that recorded in an infant
not using the warmer (38.2 vs 40.1 °C). Likely some of these instances
of hyperthermia were due to endogenous fever rather than an effect
of external thermoregulatory practices.

In order to avoid disturbing the patient, the thermistor measure-
ments were taken at the warmer’s edge where it cools most quickly.
It is a physical property of the wax that it changes phase at 37 °C.
However, the phase change does not happen evenly throughout the
warmer. The edges, exposed to room air, are the first to cool below
37 °C. This explains the thermistor reading of 35 °C. We are address-
ing the leakage of wax flakes through the plastic film with selection
of a more robust plastic, and radiofrequency sealing technique. Of
note, the wax is made of food grade vegetable oil which is non-toxic
and theoretically edible.

Limitations: We did not see the full effects of round-the-clock
euthermia because the warmer was only approved for use when a
study nurse was present, thus for a maximum of 40/168 (24%) h/
week. In addition, because of limited study personnel, only 18% of eli-
gible patients, and 37% of hypothermic infants actually received the
uthermia,%* Odds ratio (95% CI)y p*

7 (78�92) 1 ¢ 62 (0 ¢82�3 ¢19) 0 ¢ 17
0 (76�84)
5 (23�69) 0 ¢ 17 (0 ¢06�0 ¢48) 0 ¢ 001
2 (79�85)
6 (82�90) 2 ¢ 04 (1 ¢24�3 ¢35) 0 ¢ 005
5 (69�81)
2 (78�86) 1 ¢ 23 (0 ¢64�2 ¢37) 0 ¢ 54
9 (70�86)
1 (78�85) — —

00 (—z)

ith 95% confidence interval.
th 95% confidence interval, frommultiple logistic



Fig. 5. Temperature of infant warmer’s edge vs time from start of use. Percentage of warmers maintaining temperature above specified thresholds, decreasing with time from start
of encounter. At 6 h, 72% of warmers remained above 35 °C (upper curve). Bands indicate 95% confidence interval on time axis.
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intervention. We expect that the rates of hypothermia would drop in
proportion to percentage of time each infant could use the warmer.
Because the study nurses either directly handled the warmer, or
directly supervised the bedside nurse, we do not have data on how
the preparation, use and cleaning of the warmer might differ when
used outside of this tightly controlled research context. Gestational
age was missing in 42% of patients due to limited prenatal testing.
The study was shut down for almost 2 months due to COVID-19 and
one hospital was unable to rejoin the study. We adjusted for this loss
in our statistical analysis.

Despite these limitations, this study demonstrated the effective-
ness, safety and feasibility of the warmer now with over a 1000 uses
when including our two pilot studies [26,27]. After improving the
manufacturing process by incorporating a stronger plastic and sealing
technique, we are confident that the DreamWarmer is ready to scale.
The low use rate during the study is emblematic of the difficulties
this next phase presents. The successful introduction of a novel ther-
apy requires both demonstration of an acceptable safety/efficacy pro-
file and then adoption of the therapy by health care providers. With
use of the warmer leaving only 11% of patients hypothermic with no
adverse effects observed, the remaining challenge will be that of
human behavior. Because the reduction in mortality and morbidity
by preventing and treating neonatal hypothermia is relatively easy
given the appropriate equipment, we hope this warmer can play a
significant role in reaching the Sustainable Development Goal 3.2.2
and optimizing the outcomes of survivors.
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