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What is known about the subject?

 ► Neonatal hypothermia is a significant contributor to 
infant mortality in low- resource settings.

 ► Appropriate temperature- monitoring tools are un-
available in low- resource settings, leading to un-
dermonitoring of infants and low awareness of 
hypothermia.

 ► Currently available temperature- monitoring tools are 
too expensive, inaccurate or insufficient to address 
the need for quantitative temperature measuring 
tools for use in low- resource settings.

What this study adds?

 ► We report the design and development of a low- 
cost, robust and reusable continuous temperature- 
monitoring system for neonates in low- resource 
settings.

 ► The clinical performance of this novel device is com-
parable with a clinically available patient monitor 
used in high- income countries.

 ► This device received positive feedback from clinical 
staff in the neonatal ward of Queen Elizabeth Central 
Hospital in Blantyre, Malawi.

AbstrACt
Objective Evaluate a novel continuous temperature 
monitor in a low- resource neonatal ward.
Design We developed a low- cost continuous neonatal 
temperature monitor (NTM) for use in low- resource 
settings. Accuracy of NTM was initially assessed in the 
laboratory. Clinical evaluation then was performed in a 
neonatal ward in a central hospital in Malawi; eligible 
neonates (<1 week of age) were recruited for continuous 
temperature monitoring with NTM and a Philips Intellivue 
MP30 Patient Monitor.
Interventions and outcome measures The 
temperature probes of NTM and the reference patient 
monitor were attached to the infant’s abdomen, and core 
temperature was continuously recorded for up to 3 hours. 
Axillary temperatures were taken every hour. We compared 
temperatures measured using NTM, the patient monitor 
and the axillary thermometer.
results Laboratory temperature measurements obtained 
with NTM were within 0.059°C (range: −0.035°C to 
0.195°C) of a reference thermometer. A total of 39 patients 
were recruited to participate in the clinical evaluation of 
NTM; data from four patients were excluded due to faulty 
hardware connections. The mean difference in measured 
temperatures between the NTM and the Intellivue MP30 
was −0.04°C (95% CI −0.52°C to 0.44°C).
Conclusion NTM meets ISO 80601-2-56 standards 
for accuracy and is an appropriate, low- cost continuous 
temperature monitor for neonatal wards in low- resource 
settings.
trial registration numbers NCT03965312 and 
NCT03866122.

IntrODuCtIOn
Neonatal hypothermia—broken down into 
three levels by the WHO (mild: 36°C–36.5°C; 
moderate: 32°C–35.9°C; and severe: <32°C1)—
is a significant global challenge, especially for 
premature and sick babies.2 Hypothermia 
is common in countries with high neonatal 
mortality rates, and managing hypothermia has 
been recognised as crucial to improve survival.3 
The reported incidence of neonatal hypo-
thermia in low- income and middle- income 
countries ranges from 25% to 85%.2 4 5

Hypothermia alone increases an infant’s 
chance of death.2 6 If left untreated, 

hypothermia can additionally result in signif-
icant comorbidity, increasing the risk of 
mortality due to other common newborn 
conditions.4 7 Persistent hypothermia in 
newborns can lead to complications such 
as infection, hypoglycaema and metabolic 
acidosis, and increase the risk of late- onset 
sepsis.7 8 The adjusted mortality risk increases 
28%–80% for every 1°C decrease in first 
observed axillary temperature,5 8 9 with babies 
<35.0°C experiencing a sixfold increase in 
mortality.5 Persistent hypothermia can also 
reduce the effectiveness of treatment for 
other newborn conditions. For example, a 
study of neonates with respiratory distress 
showed that mean temperature during treat-
ment was the strongest predictor of survival 
to discharge.10
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In high- resource settings, neonatal temperature is 
monitored continuously using commercially available 
patient monitors (PMs). These devices cost thousands of 
dollars, require delicate sensors and expensive consum-
able stickers and are not designed to withstand the harsh 
environmental conditions in low- resource settings (LRS). 
Existing low- cost temperature monitoring devices that 
could be used in low- income countries, while sensitive 
enough to detect hypothermia, do not have the features 
necessary to guide clinicians in a hospital setting.11–13 The 
current standard of care for temperature monitoring in 
LRS is axillary temperature taken every 4 hours (for high- 
risk infants) and 12 hours (for low- risk infants),1 which 
can be difficult to implement in short- staffed wards, 
leaving infants unmonitored for long periods of time.

Kangaroo Mother Care (KMC) is an effective method 
of thermoregulation in LRS, and it has been shown to 
improve thermal stability in preterm newborns.14 It 
confers other benefits on both mother and child such 
as improved survival rates, reduced rates of infection, 
stabilised respiratory rate and improved maternal–
child bonding.15–17 However, the lack of temperature- 
monitoring tools in the neonatal ward can lead to early 
discharge of babies who otherwise might be recom-
mended for KMC.

Although KMC is an effective treatment for hypo-
thermia, it is not appropriate for every infant. The WHO 
recommends KMC be initiated as soon as possible in clin-
ically stable newborns. However, newborns who are not 
clinically stable remain in the NICU (Neonatal Intensive 
Care Unit) for monitoring and treatment.18 The lack 
of continuous temperature monitoring in the neonatal 
wards can be particularly dangerous for preterm infants; 
they are susceptible to hypothermia and thermal shock 
(caused by rapid, frequent heating/cooling), which can 
cause death.6 Combined with ward overcrowding and 
understaffing, hypothermia remains a largely invisible 
problem in newborn units in LRS, especially when the 
baby shows no visible symptoms.

The current standard of care in LRS is insufficient to 
address these challenges. There is an unmet need for an 
accurate temperature- monitoring tool designed specifi-
cally for LRS that can continuously monitor the infant’s 
temperature and effectively alert hospital staff when inter-
vention is needed. An ideal temperature monitor should: 
(1) monitor continuously, (2) be accurate (±0.5°C clin-
ical accuracy), (3) not require consumables and (4) be 
easy to use, robust and affordable. The objective of this 
pilot study was to carry out laboratory and clinical evalua-
tions to determine whether this novel neonatal tempera-
ture monitor (NTM), designed specifically for use in 
LRS, meets these criteria.

MethODs
Device development
We developed a low- cost NTM for use in LRS. Figure 1 
shows the three major components of the device: (1) 

a reusable temperature probe; (2) a reusable belt that 
holds the temperature probe on the baby’s skin; and 
(3) a monitor that displays the baby’s core temperature 
with indicator lights to signal whether the baby is hypo-
thermic (<36.5°C; blue warning light), normothermic 
(36.5°C–37.5°C; green indicator light) or hyperthermic 
(>37.5°C; red warning light).

Temperature probe: the temperature probe consists of a 
medical- grade thermistor in a stainless- steel housing and 
a plastic backing (figure 1, inset). The thermistor, housing 
and backing are joined with thermally conductive epoxy. 
The probe is attached to the belt with snaps embedded in 
the backing. The snaps allow easy attachment/removal of 
the temperature probe to the abdominal belt and ensure 
proper positioning of the probe.

Belt: the temperature probe is held in contact with the 
skin above the liver using an adjustable belt made of easy- 
to- clean nylon fabric. Elastic is sewn into the belt, so it 
fits snugly and comfortably. A shoulder strap runs from 
the back of the belt, over the infant’s shoulder and down 
the chest to prevent slipping. All seams are covered with 
fabric to reduce the possibility of skin irritation.

Monitor: the monitor contains an Arduino Uno 
microcontroller (Arduino, Massachusetts, USA), which 
converts thermistor resistance to temperature. The 
microcontroller displays the temperature in °C (to 
0.1°C) on a seven- segment display and controls indicator 
lights corresponding to the baby’s thermal state; both are 
updated at 1 Hz.

Laboratory validation of ntM
Prior to the clinical study, laboratory accuracy tests were 
performed to validate that NTM meets ISO 80601-2-56 
referent to clinical thermometers for body temperature 
measurements.19 Three temperature probes were tested 
with three NTM devices against a reference thermometer 
OAKTON Temp 340 (OAKTON Instruments, Illinois, 
USA). Each probe was tested with each NTM for a total of 
3×3 tests. Laboratory accuracy was tested by submerging 
the probes for NTM and reference thermometer in a 
water bath of known temperature, letting probes stabi-
lise for 30 min, and performing a discrete tempera-
ture measurement at each temperature. The tests were 
performed at three known temperatures (31.0°C, 36.0°C 
and 41.0°C).

Clinical evaluation of ntM
Ethics statement
We conducted a pilot study to evaluate the accuracy of 
NTM compared with a standard, commercially available 
PM at Queen Elizabeth Central Hospital (QECH) in 
Blantyre, Malawi. The trial is registered at  ClinicalTrials. 
gov.

Patient and public involvement
There were no patients or public involved in the research 
design, process and research findings dissemination.
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Figure 1 NTM is composed of three major components: (1) a temperature probe, (2) a reusable belt and (3) a monitor. The 
temperature probe is held over the liver by a belt with shoulder strap. The monitor displays the infant’s core temperature in °C 
with visual indicators corresponding to hypothermia, normothermia and hyperthermia. The reusable temperature probe snaps 
into the belt. NTM, neonatal temperature monitor.

Prior to enrolment, a trained nurse identified potential 
eligible patients. Written informed consent was obtained 
from the parents or guardians of all participants involved 
in this study. Eligible patients included any neonate: (1) 
in stable condition; (2) located in the low- risk unit of 
the neonatal ward; and (3) whose parents or guardians 
provided informed consent. A minimum of 35 subjects, 
with no less than 30% and no greater than 50% febrile 
subjects, were needed in accordance to ISO 80601-2-56 
human subject population requirements. The standard 
requires at least 35 subjects in the group A1, 0 up to 3 
months, for clinical accuracy validation.19 Recruitment 
continued until the pre- established sample size was 
reached.

All enrolled patients were in cots open to room air, 
the current standard of care in the low risk unit. Some 
patients were receiving thermal care and/or photo-
therapy. Patients were monitored using NTM and a Philips 
IntelliVue Patient Monitor MP30 (Philips, Amsterdam, 
Netherlands). The Philips MP30 and its corresponding 
reusable temperature probe was used as a gold standard. 
The NTM and PM probes were attached to each infant 
using the reusable belt and a reflective sticker, respec-
tively. The NTM probe was placed over the patient’s 
liver, and the temperature probe of the PM was placed 
as close as possible to the NTM probe. Temperature data 

were logged for up to 3 hours on each patient. Axillary 
temperature, the standard of care for temperature moni-
toring at QECH, was also measured by the study nurse 
using a digital thermometer (Generation Guard, New 
York, USA) every hour. Probes and the NTM belt were 
disinfected between each patient using methylated spirits 
(95% ethanol, 5% methanol). A researcher observed all 
patients during the entire period of data collection.

Clinicians and nurses who staffed the ward during the 
study were asked to provide feedback about NTM.

Data analysis
Participant demographics and relevant variables were 
obtained from the infant’s medical records. Contin-
uous temperature data from NTM were collected using 
CoolTerm, an open- source serial port data- logging 
application. Temperature signals from the PM were 
collected through MediCollector BEDSIDE (MediCol-
lector, Massachusetts, USA). Axillary temperatures were 
manually collected and recorded in an Excel spreadsheet 
(Microsoft, Washington, USA) for comparison. Analysis 
was performed in Excel and MATLAB 2017 (MathWorks, 
Massachusetts, USA).

To compare continuous and discrete temperature 
values, a single time point from the continuous measure-
ment at the 1, 2 and 3 hour marks was chosen and entered 

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://bm

jpaedsopen.bm
j.com

/
bm

jpo: first published as 10.1136/bm
jpo-2020-000655 on 7 M

ay 2020. D
ow

nloaded from
 

http://bmjpaedsopen.bmj.com/


4 Sosa Saenz SE, et al. BMJ Paediatrics Open 2020;4:e000655. doi:10.1136/bmjpo-2020-000655

Open access

Table 1 Subjects characteristics

Number of subjects 35

Gender Male: 22 (63%)
Female: 13 (37%)

Mean gestational 
age

36.3 weeks (32–38)
Unknown: 4 (11.4%)

Mean weight (kg) 2.43 kg (1.12–3.80)

≤1.5 kg 4 (11.4%)

>1.5 to ≤2.5 kg 11 (31.4%)

>2.5 kg 17 (48.6%)

Unknown 3 (8.6%)

Mean admission 
temperature (°C, 
axillary with digital 
thermometer)

36.6°C (34.6–39.3)

<32°C (severe 
hypothermia)

0 (0%)

≥32–<35.9°C 
(moderate 
hypothermia)

11 (31.4%)

≥36–<36.5°C (mild 
hypothermia)

7 (20.0%)

≥36.5–<37.5°C 
(normothermic)

4 (11.4%)

≥37.5°C 
(hyperthermic)

11 (31.4%)

Unknown 2 (5.7%)

Figure 2 CONSORT flow diagram. CONSORT, 
Consolidated Standards of Reporting Trials.

in the Excel spreadsheet. Bland Altman plots, bias (mean 
difference) and 95% CI limits of agreement (LOAs) 
were used to compare the agreement between the NTM 
device readings with the PM readings, as well as compare 
the NTM and PM readings with standard of care axillary 
temperature readings.

Patient and public involvement
Patients and/or the public were not involved in the 
design, or conduct, or reporting, or dissemination plans 
of this research.

resuLts
The NTM device monitor measures 100×42×73 mm, and 
the materials cost to fabricate an in- house prototype is 
$80.

Laboratory validation of ntM
Nine measurements were performed with each probe 
(one measurement per NTM per temperature) for a total 
of 27 analysed measurements. The mean error across all 
NTM devices and probes was 0.059°C (range: −0.035°C 
to 0.195°C). For complete table, refer to online supple-
mentary SI1.

Clinical evaluation of ntM
A total of 39 subjects were recruited from the neonatal 
ward low- risk unit at QECH. Of the 39 subjects, four were 
excluded from analysis for the following reasons: a bad 
connection between the device and logging computer 
(two subjects); a faulty connection between the probe 
and device (one subject); and an improperly tightened 
belt that did not remain in place during data collection 
(one subject). Subject characteristics are summarised in 
table 1. A Consolidated Standards of Reporting Trials flow 
chart is provided in figure 2. Of analysed subjects, 63% 
were male. Gestational ages ranged from 32 weeks to 38 
weeks (mean: 36 weeks). All infants were <1 week of age 
at the time of the study. Infants weighed between 1.12 kg 
and 3.80 kg (mean: 2.43 kg). On admission to the ward, 11 
infants were moderately hypothermic (32.0°C–35.9°C); 
7 were mildly hypothermic (36.0°C–36.4°C); 4 were 
normothermic (36.5°C–37.5°C); and 11 were hyper-
thermic (>37.5°C). Hyperthermic infants were preferen-
tially selected to meet ISO testing standards.19

Figure 3 shows a photo of the study setup and place-
ment of the temperature probes on a subject. Seven 
of 39 subjects exhibited minor indentations from the 
belt; none of the subjects exhibited skin irritation. 
Figure 4A,B shows two typical examples of continuous 
temperature data from NTM and the commercial PM. 
Temperature measured by NTM is shown as a solid line; 
temperature measured by the PM is shown as a dashed 
line. A difference of ±0.5°C from the PM temperature 
is shown as a dotted line. Discrete axillary temperature 
measurements are indicated by diamonds. The x- axis 
time (min) refers to the elapsed time of the temperature 

monitoring of a participant. A subset of the data is shown 
to highlight temperature tracking between both devices 
with significant resolution. In both examples, tempera-
ture measurements made using NTM are within ±0.5°C 
of the measurements made by the PM and axillary 
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Figure 3 Clinical evaluation setup. During testing, the abdominal belt was placed around the infant, positioning the 
temperature probe above the liver. A commercial patient monitor (PM) and temperature sensor were used as the gold standard. 
All data were recorded using logging software. NTM, neonatal temperature monitor.

Figure 4 Top: examples of recorded signals. NTM (solid line) and PM (dashed line) signals were continuously recorded 
throughout the study. Axillary measurements (black diamonds) were collected every hour. (A) An example showing constant 
core temperature. (B) An example during nursing. An increase in the subject’s temperature is observed during nursing, shown 
by both PM and the NTM device. In both recordings, NTM signal was within ±0.5°C (dotted line) of the PM and axillary 
temperatures. Bottom: Bland- Altman plots comparing the temperatures recorded from (C) NTM and PM, (D) PM and axillary 
measurement and (E) NTM and axillary measurement. Biases are shown using a dashed line. Ninety- five per cent CI upper and 
lower limits of agreement (ULOA and LLOA, respectively) are shown using a dotted line. NTM, neonatal temperature monitor; 
PM, patient monitor.

measurements. During nursing (figure 4A, right), the 
infant’s temperature rises, a feature that is captured by 
both PM and NTM measurements.

Figure 4C,D shows Bland- Altman plots comparing 
temperature measured with the NTM to that measured 
with the PM using discrete data points at 1- hour, 2- hour 
and 3- hour intervals for all subjects. The 95% CI- LOA 
(±1.95 s) are −0.52°C to 0.44°C with a bias of −0.04°C. 

The bias of the NTM vs PM in clinical testing is compa-
rable with the average error between NTM and a refer-
ence thermometer observed during laboratory accuracy 
testing. Figure 4C,D show Bland- Altman plots comparing 
the PM and the NTM measurements to axillary tempera-
ture measurements. Both the PM and NTM measured 
slightly higher on average than axillary temperatures by 
0.11 (95% CI −0.49 to 0.80)°C and 0.15 (95% CI −0.66 
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to 0.87)°C, respectively. For more information, refer to 
online supplementary SI3.

DIsCussIOn
NTM provides real- time digital monitoring of neonatal 
temperature together with indicator lights signalling 
hypothermia and hyperthermia. The accuracy of NTM 
is comparable with continuous temperature monitoring 
using commercially available PMs commonly used in 
high- resource settings. When used in a pilot study in an 
LRS, the accuracy of NTM met the target of ±0.5°C set 
prior to subject enrolment. This small accuracy range 
was selected because of the narrow temperature window 
associated with normothermia and because an inaccu-
rate reading larger than 0.5°C can lead thermal shock 
and increase chances of mortality.6 Out of the four system 
issues reported, two were problems with the interface 
between the data collection software and the NTM device, 
one was a connection issue from temperature probe to 
monitor. On one instance, the belt slipped down the 
abdomen, resulting in a gap between the temperature 
probe and the infant. These issues will be addressed in 
future iterations of the NTM device.

In informal conversations with clinical staff, they 
reported the NTM device easy- to- use and interpret. Due 
to the current noise level within the ward, the visual 
indicators were well received. Additionally, clinical staff 
valued the continuous digital temperature display, prefer-
ring to use the displayed temperature rather than taking 
axillary temperature during rounds. Research assistants 
noted that mothers could understand the meaning of the 
visual indicators, because some expressed concern to the 
study nurse when warning lights were illuminated.

Other low- cost temperature- monitoring systems have 
recently been developed and evaluated for use in low- 
resource areas. Thermospot ($12.50 for 25 stickers on  
Maternova. net20) is a disposable sticker that uses liquid 
crystal technology that changes colour according to 
surface temperature.21 Each sticker can be used for up 
to 7–10 days, with colour changes indicating whether a 
baby is normothermic (bright green), hypothermic (pale 
green/red/black depending on the degree of hypo-
thermia) or hyperthermic (blue). Two studies in LRS 
reported sensitivity and specificity for hypothermia detec-
tion are 88%–97.9% and 97%–99.8%, respectively.11 12 
However, these studies are based on defining hypothermia 
as an axillary temperature <35°C–35.5°C, far below the 
WHO definition of hypothermia.1 Additionally, the Ther-
mospot brochure identifies intermediate red and pale 
green colours between the bright green and black colour 
changes, which were not reported in the specificity and 
sensitivity studies. The Bempu Bracelet is a $30 dispos-
able device to be used over a 30- day period to detect 
hypothermia in KMC or at home. The Bempu Bracelet 
provides audible and visual alarms when the neonate is 
hypothermic.22 A study performed at a stepped down 
neonatal nursery in India reported Bempu’s sensitivity 

and specificity for hypothermia detection (defined in the 
study as <36.5°C) are 98.6% and 95%, respectively.13

Unlike NTM, neither Thermospot nor the Bempu 
Bracelet provide a digital display of tempera-
ture,21 22 hindering clinicians from determining the 
degree of hypothermia: mild, moderate and severe.1 
The combination of NTM’s continuous digital tempera-
ture display and corresponding visual indicators may 
reduce time to intervention in cases of hypothermia in 
low- resource hospitals. Visual alerts provide a rapid way 
for parents and staff to recognise when intervention is 
needed; the digital temperature display can indicate what 
type of intervention is necessary. For example, the blue 
light signal notifies a clinician to attend a hypothermic 
infant. Once at the infant’s bedside, the clinician can tell 
whether the baby is mildly hypothermic (and intervene 
by covering the baby, adding an extra blanket or hat1) or 
whether the baby is moderately or severely hypothermic 
(and intervene by placing baby in a radiant warmer, hot 
cot or incubator when available1). A recent study used 
staff education on hypothermia along with equipment 
repair to reduce neonatal hypothermia in neonatal and 
KMC wards.23 NTM could enhance these initiatives by 
providing a real- time temperature measurement.

Furthermore, NTM’s portability could also allow for 
continuous temperature monitoring during KMC in a 
hospital setting. The belt would secure the temperature 
probe on the baby’s abdomen in the same way as in the 
NICU, and the monitor could be placed by the mother’s 
bedside. Monitoring is most important during the first 
days of KMC to ensure that the thermal treatment is 
working. The temperature- monitoring in KMC proposed 
by the WHO is axillary temperature taken every 6 hours 
until temperature is stable for 3 days, then decreases to 
axillary temperature taken every 12 hours.14 Knowledge 
about the effectiveness of KMC, for both nurses and 
mothers, is often cited as a barrier to its use.24–26 The 
availability of continuous monitoring in KMC could allow 
for closer observation of babies at risk of hypothermia 
and increase mothers’ advocacy if their baby’s tempera-
ture is outside the normothermic range.

Limitations of the study
The study was carried out only at one central hospital 
under a supervised research protocol with a small sample 
size. During this pilot study, all standard of care measure-
ments and clinical set up were performed by one trained 
study nurse. Further research is needed to determine 
whether the device can be used consistently across users. 
This device is not yet commercially available.

COnCLusIOn
We developed a low- cost and accurate continuous NTM. 
Based on performance in this pilot study, the NTM device 
has the potential to decrease the burden of hypothermia 
in LRS. The use of NTM in the KMC ward, NTM impact 
on outcomes and nursing care within the NICU, and the 
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accuracy of the device when placed by different users 
should be explored in further studies.
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