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Abstract: To improve the early recognition of danger signs in children with severe febrile illness
in low resource settings, WHO promotes automated respiratory rate (RR) counting, but its perfor-
mance is unknown in this population. Therefore, we prospectively evaluated the field performance
of automated point-of-care plethysmography-based RR counting in hospitalized children with
severe febrile illness (<5 years) in DR Congo. A trained research nurse simultaneously counted
the RR manually (comparative method) and automatically with the Masimo Rad G pulse oxime-
ter. Valid paired RR measurements were obtained in 202 (83.1%) children, among whom 43.1%
(87/202) had fast breathing according to WHO criteria based on manual counting. Automated count-
ing frequently underestimated the RR (median difference of −1 breath/minute; p2.5–p97.5 limits
of agreement: −34–6), particularly at higher RR. This resulted in a failure to detect fast breathing
in 24.1% (21/87) of fast breathing children (positive percent agreement: 75.9%), which was not
explained by clinical characteristics (p > 0.05). Children without fast breathing were mostly correctly
classified (negative percent agreement: 98.3%). In conclusion, in the present setting the automated
RR counter performed insufficiently to facilitate the early recognition of danger signs in children
with severe febrile illness, given wide limits of agreement and a too low positive percent agreement.

Keywords: automated respiratory rate counting; fast breathing; point-of-care test; low resource
setting; handheld pulse oximeter; severe febrile illness; bloodstream infection; severe malaria; WHO
Integrated Management of Childhood Illness

1. Introduction

Globally, severe febrile illnesses, including malaria, pneumonia and sepsis, are leading
causes of death in children under five years old [1–3]. To reduce under-five mortality, early
treatment and/or referral of children with severe febrile illness is essential. However, the
early detection of clinical danger signs indicating severe febrile illness remains a major
hurdle to frontline health workers [3].

Fast breathing is a well-known clinical danger sign in children with pneumonia re-
quiring antibiotics. In its Integrated Management of Childhood Illnesses (IMCI), the World
Health Organization (WHO) therefore recommends to systematically measure the respi-
ratory rate (RR) in children with breathing difficulties or cough [4]. Moreover, metabolic
acidosis in severe malaria or bacterial sepsis can also cause fast breathing [5].
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Despite its importance as a clinical danger sign, RR counting is frequently neglected
or incorrectly performed by frontline health workers [3,6–9]. Manual RR counting can be
difficult and time consuming, particularly in agitated children. Breathing cycles should
be counted during one minute in a child at rest [10,11]. Furthermore, although timers and
assisted counting methods exist, it is challenging to simultaneously focus on the child’s
chest movements, count them, and time one minute [10].

Technology to automatically count RR has existed for many years but is not routinely
used, and new technology continues to be developed [10,12]. Most automated RR counters
are highly technological devices designed for continuous monitoring in high-resource
settings [10,12]. In low- and middle-income countries, automated RR counting has not yet
been adopted. Therefore, UNICEF launched the acute respiratory infection diagnostic aid
(ARIDA) project and determined the target product profile of an automated RR counter [13].
Recently, two automated RR counters, i.e., a photoplethysmography-based (Masimo Rad
G) [14–16] and accelerometer-based (Philips ChARM) [17–20] device have been evaluated in
a low-resource setting. These studies revealed variable accuracy and some usability issues,
such as slow performance and measurement failure [14–20]. However, for a full evaluation
of the value of these two methods to detect fast breathing as a clinical danger sign, field
studies should specifically address children with severe febrile illness in a low resource
setting. Disease severity may influence accuracy [21] and usability and high sensitivity is
most important in this population [3,10,22,23]. Finally, some recently developed devices
are low cost and wearable, e.g., with a thermistor [24] or a strain gauge sensor [25], and
might achieve high accuracy [12], but their usability and performance in severely febrile
children and low resource or tropical settings should still be validated [3,10]. Therefore,
field performance and usability data from currently available methods in this setting are
also needed to allow comparison with more recently developed methods.

With this study, we aimed to evaluate the performance of plethysmography-based
respiratory rate counting by a handheld multimodal pulse oximeter (Figure 1; Rad G,
Masimo, Irvine, CA, USA) in a population of hospital-admitted children with severe febrile
illness in the Democratic Republic of the Congo (DR Congo). These field data will elucidate
its value as a diagnostic tool to facilitate the early recognition of fast breathing as clinical
danger sign in children with severe febrile illness in low-resource settings.
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the thumb of a child admitted to Kisantu hospital with severe febrile illness. On the display, the plethysmogram is 

Figure 1. Automated respiratory rate counting with Masimo Rad G pulse oximeter. A one size fits all
probe is attached to the thumb of a child admitted to Kisantu hospital with severe febrile illness. On
the display, the plethysmogram is displayed on top, below the oxygen saturation of 98%, heart rate
of 166/min and respiratory rate of 70/min are displayed. The heart rate and respiratory rate are too
high and provoke a visual (red color) and sound alarm (silenced in the upper left corner).
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2. Materials and Methods

The study was conducted at St. Luc Kisantu general referral hospital (Kisantu hospital)
from 1 July until 31 August 2021 (dry season). Data were collected as part of the DeNTS
study (NCT04473768), a prospective study on the clinical presentation of non-typhoidal
Salmonella bloodstream infection in children aged >28 days and <5 years who are admitted
with suspicion of a bloodstream infection.

Kisantu hospital is the referral hospital of the Kisantu health district (locally referred
to as health zone), a semi-rural area located in the Kongo Central province in the south-
west of DR Congo. Kisantu hospital has a flat fee system for patients referred by first
line health care centers from the Kisantu health district, which results in high bed occu-
pancy rates in the hospital [26]. In Kongo Central, Plasmodium falciparum (Pf) malaria is
holoendemic, i.e., 24% of children (6–59 months) had a positive blood microscopy test
during a national health survey in 2013–2014 [27]. The same survey demonstrated that
69% of children (6–59 months) were anemic and 11% of children under five years old were
suffering from acute malnutrition [27]. HIV-prevalence is relatively low (0.2% of the adult
population) [27]. Since 2007, blood culture surveillance has been organized at Kisantu
hospital by the National Institute for Biomedical Research (INRB, Kinshasa, Congo) and
the Institute of Tropical Medicine (ITM, Antwerp, Belgium) [28–31]. Blood cultures are
sampled and worked up free of charge as part of the routine clinical care [28–31]. Blood
culture surveillance has demonstrated a high burden of non-typhoidal Salmonella blood-
stream infections at Kisantu hospital, particularly in children under five years old in whom
they cause up to 75% of culture-confirmed bloodstream infections [28,30,31].

Dedicated research nurses were trained to manually and automatically count the
RR before study onset and were supervised by the principal investigator (B.T., pediatric
resident) during the first six weeks of the DeNTS study. RR were counted upon inclusion in
the DeNTS study, which was done as soon as possible after hospital admission (inclusions
7/7 days per week during working hours). A timer with an auditory alarm after 60 s was
used for manual RR counting, based on visual observation of chest movements. Automated
RR counting was performed with Masimo Rad G continuous pulse oximeter in the default
APOD mode with the Masimo Rad G reusable finger clip sensor (Masimo, Irvine, CA,
USA; Figure 1), according to the manufacturer’s instructions. The Masimo Rad G pulse
oximeter is a multimodal device with a one-size-fits-all sensor that is placed on the tip of
the thumb, finger or great toe, and that measures oxygen saturation, heart rate, respiratory
rate, perfusion index and pleth variability index based on differential absorption of infrared
light by oxygenated versus deoxygenated blood (spectrophotometry) and on pulse-related
changes in the amount of arterial oxygenated blood in the tissues (photoplethysmography).
The device determines the RR based on the cyclic variations in the photoplethysmogram
and is designed to cover the range of 4–70 breaths per minute.

As recommended by the WHO, (i) children must be calm before and during RR count-
ing and may not be eating or drinking and (ii) manual RR must be counted during 60 s [4].
In the study protocol, compliance with these conditions was mandated in addition to
compliance to criteria adopted from previous studies on paired RR measurement with the
Masimo Rad G pulse oximeter [32], i.e., (i) manual and automated RR had to be counted
simultaneously, (ii) the Masimo Rad G pulse oximeter probe had to be correctly positioned
and oriented and (iii) the Masimo Rad G had to display a definitive RR measurement. A
definitive RR measurement was defined as a RR displayed in white, in contrast to prelim-
inary RR measurements displayed in grey, when the Masimo Rad G was still internally
confirming its RR count. Compliance with the WHO recommendations and the study
protocol were self-reported by the research nurse in each child’s case report form. In the
case of deviation from the WHO criteria or criteria for paired RR measurement in the study
protocol, the paired RR measurement was considered as invalid for comparison and was
excluded from further performance analysis. Fast breathing was defined according to
WHO-criteria (Table 1). Upon inclusion in the DeNTS study, a trained research nurse also
measured other clinical parameters and interpreted them according to the WHO-criteria;
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these are listed in Table 1. A trained study physician examined the child to detect signs of
respiratory distress, i.e., grunting, nasal flaring or chest retractions. Pf malaria infections
were diagnosed by malaria microscopy testing in the hospital laboratory. Bloodstream
infections were diagnosed by growth of a pathogen from a blood culture, as described
elsewhere [28,30,31].

Table 1. Measurement and interpretation of clinical signs according to WHO [4,5].

Clinical Sign Diagnostic Device/Technique Definition

Respiratory rate
Manual or Automated RR with
Rad G continuous pulse oximeter
(Masimo, Irvine, CA, USA)

Fast breathing:
<2 months: ≥60 breaths/min
≥2−<12 months: ≥50 breaths/min
≥12 months: ≥40 breaths/min

Heart rate Rad G continuous pulse oximeter
(Masimo, Irvine, CA, USA)

Tachycardia:
<12 months: >160/min
≥12 months: >120/min

O2 saturation Rad G continuous pulse oximeter
(Masimo, Irvine, CA, USA) Hypoxia: <90%

Tympanic temperature Genius 3
(Covidien, Mansfield, USA)

Fever: >37.5 ◦C
Hypothermia: <35.5 ◦C

Capillary hemoglobin Hemocue 801
(Hemocue, Angelholm, Sweden)

Severe anemia: <5 g/dL
Moderate anemia: ≥5−≤ 9.3 g/dL

Malnutrition Weight: seca 876 scale
(seca, Hamburg, Germany)

Severe acute malnutrition:
- weight for height <−3 SD
- peripheral upper arm circumference
<115 mm if ≥6 months
- or bilateral edema
Moderate acute malnutrition:
- weight for height ≥−3–<−2 SD
- or peripheral upper arm
circumference ≥115 mm−<125 mm
if ≥6 months

Data were collected from a convenience sample of children included in the DeNTS
study. A study duration of two months was chosen to obtain enough paired RR measure-
ments to allow Bland-Altman analysis, which, as a rule of thumb, requires 100–200 paired
observations [33]. Data analysis was performed in R with manual RR counting as a com-
parative method and a significance level of 0.05. To compare clinical characteristics of
two groups, medians were compared with the Wilcoxon rank-sum test and proportions
were compared with chi-square or Fisher exact test. The difference in median RR with
manual versus automated RR counting was analyzed with a paired Wilcoxon-rank sum
test. Correlation between manual and automated RR counting was assessed by calculation
of the Pearson correlation coefficient, the Lins concordance correlation coefficient, which,
in contrast to the Pearson correlation coefficient, also takes into account systematic bias,
and the intraclass correlation coefficient type 3 according to Shrout and Fleiss to assess
absolute agreement [34]. In addition, the root mean square error (RMSE), which measures
systematic bias and random error, was calculated as

√
([∑(RRautomated − RRmanual)2]/n).

Due to non-normality of the data, a non-parametric variant of Bland-Altman analysis with
calculation of median differences and 2.5th and 97.5th percentile limits of agreement was
performed to assess the accuracy of the automated method. Manual counting per se is
also subject to measurement variation and can, as a consequence, not be considered as
a gold standard [11,20]. Therefore, categorical agreement, positive and negative percent
agreement were calculated with their 95% confidence interval instead of sensitivity and
specificity, respectively [11,35]. Percent agreements were compared between age groups
with a proportion z-test. In addition, a kappa-statistic was calculated to assess the over-
all agreement between both methods. Finally, we tried to explain failure to detect fast
breathing by the automated method by assessing the association between clinical signs
and successful versus failed detection of fast breathing. This association was assessed by
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Fisher exact testing for categorical variables due to the small group sizes and by logistic
regression for the continuous variable weight.

3. Results
3.1. Description of the Study Population

During the two month study period, 243 children were included in the DeNTS
study, of which 49% (n = 119) were male. The included children had a median age of
18 months (p25–75: 10–29 months) and a median of three days of fever before hospital
admission (p25–p75: 2–4 days). A third of the included children (82/243 (33.7%)) had re-
ceived antibiotics to treat their current febrile illness prior to their hospital admission. Vital
signs confirmed the severity of febrile illness of the population, with fever upon admission
in 29.2% (n = 71), tachycardia in 65% (n = 158) and fast breathing according to manual
RR counting in 44% (n = 107). Anemia was present in 65.4% (n = 159) of patients and
59.3% (n = 144) suffered from Pf malaria. In 22 (9.1%) children, microbial growth was
detected in the blood culture. Non-typhoidal Salmonella accounted for 16 (72.7%) of them,
and other pathogens were Staphylococcus aureus (n = 1), Klebsiella species (n = 3), Pseudomonas
species (n = 1) and yeasts (n = 1).

3.2. Description of Valid, Invalid and Unsuccesfull Paired RR Measurements

Valid paired RR measurements were obtained from 202 (83.1%) of 243 included
children. Automated RR counting was unsuccessful in two children. The first child was
24 months old and presented with hypoxia, respiratory distress, a relatively low heart
rate of 80/min and severe dehydration. The child was diagnosed as having a severe Pf
malaria infection and died upon the day of admission. The second child was 20 months old,
presented with hypothermia of 34.2 ◦C and moderate acute malnutrition and suffered from
a Pf malaria infection combined with a non-typhoidal Salmonella bloodstream infection.
Paired RR measurements from 30 out of 243 (12.3%) included children were considered as
invalid because the child was eating or drinking, or not calm before or during RR counting
(Figure 2). Non-conformities to the study protocol were documented in 8.6% (n = 21)
of included children (Figure 2). Registration of the preliminary RR accounted for three
quarters (16/21 (76%)) of these non-conformities. This was frequently observed when, after
a lengthy measurement trial, no definitive RR was displayed by the automated method.
In addition, the research nurse reported slow (>2 min) performance of the automated
method in 21% (n = 42) of valid paired RR measurements, from which 12 automated RR
measurements required more than five minutes.

Children with valid paired RR measurements had a median age of 19 months (p25–
p75: 10–29 months). More than half of them were tachycardic and about a quarter of
them were in respiratory distress (Table 2). Anemia was present in 129 (63.8%) children,
among whom 12 had severe anemia. In 21.3% (n = 43) children, acute malnutrition was
diagnosed, which was considered as severe acute malnutrition in 25 of them. More than
half of the children suffered from Pf malaria infection and in 8.9% a bloodstream infection
was confirmed (Table 2). The group of children with valid paired RR measurements did
not significantly differ from the group with invalid paired RR measurements, except for a
lower median weight in the latter group (Table 2).
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Table 2. Clinical characteristics of the children from whom valid paired respiratory rate (RR) measurements were available
compared with children in whom paired RR measurements were invalid due to non-compliance with WHO-criteria for RR
counting or the study protocol. Medians were compared with the Wilcoxon signed rank test. Proportions were compared
with the chi-square test or with the Fisher exact test if specified as such.

Valid RR Measurements:
n = 202

Invalid RR Measurements:
n = 39 i.e., Non-Compliance

with WHO-
Criteria or Study Protocol

Paired RR measurement Median (p25–p75) or n (%) p-value

Manual RR counting (/min) 39 (32–52) 40 (34–52) 0.32
Fast breathing (according to WHO) 87 (43.1%) 19 (48.7%) 0.64

Automated RR counting (/min) 36 (32–46) 37 (34–46) 0.31
Fast breathing (according to WHO) 68 (33.7%) 12 (30.8%) 0.87

Clinical characteristics Median (p25–p75) or n (%) p-value

Age 0.14 Fisher

<2 months 1 (0.5%) 1 (2.6%)
≥2–<12 months 60 (29.7%) 15 (38.5%)
≥12 months 141 (69.8%) 23 (59.0%)

Male gender 104 (51.5%) 15 (38.5%) 0.19
Weight (kg) 9.8 (8.1–11.9) 8.3 (6.8–10.9) 0.03
Tympanic temperature 0.56 Fisher

Fever (>37.5 ◦C) 57 (28.2%) 14 (35.9%)
Hypothermia (<35.5 ◦C) 4 (2.0%) 0

Tachycardia (according to WHO criteria) 130 (64.4%) 28 (71.8%) 0.48
Hypoxia (< 90%) 8 (4.0%) 1 (2.6%) 1 Fisher

Respiratory distress (grunting/nasal
flaring/chest retractions) 47 (23.3%) 8 (20.5%) 0.87

Anemia 0.45 Fisher

Severe anemia (<5 g/dL) 12 (5.9%) 2 (5.1%)
Moderate anemia (≥5–≤9.3 g/dL) 117 (57.9%) 27 (69.2%)

Malnutrition (according to WHO) 0.23 Fisher

Severe acute malnutrition 25 (12.4%) 8 (20.5%)
Moderate acute malnutrition 18 (8.9%) 5 (12.8%)

Malaria infection (positive microscopy) 121 (59.9%) 21 (53.8%) 0.60
Bloodstream infection (blood culture confirmed) 18 (8.9%) 3 (7.7%) 1 Fisher
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3.3. Automated Method Underestimated RR in Comparison to Manual Counting

The median RR by automated counting (36 breaths/min, Table 2) was significantly
(p < 0.001) lower than the median RR by manual counting (39 breaths/min, Table 2). The
maximum RR detected by the automated method was 70 breaths per minute, even in the
case of higher RR by manual counting, which corresponded with the upper detection limit
specified in the user manual. Although the automated and manually counted RR agreed
relatively well for some children with a maximum difference of two breaths per minute in
56.4% (n = 114) of paired RR measurements, substantial underestimation by the automated
method was observed in others, particularly in the case of fast breathing (Figure 3A).

Bland–Altman analysis (Figure 3B) confirmed systematic underestimation of RR by
the automated method with a median difference of −1 breath/minute (p25–p75: −4–1).
The wide range between the 2.5th (−34 breaths/minute) and 97.5th (6 breaths/minute)
limit of agreement demonstrated high variability in the differences between automated
and manual RR counting. Bland–Altman analysis revealed no substantial differences in
performance between children younger and older than 12 months (Figure S1).

The Pearson correlation coefficient was 0.77 (95% CI: 0.71–0.82), confirming the linear
association between the automated and manual method. Due to the systematic underes-
timation, the Lins concordance correlation coefficient was slightly lower, i.e., 0.73 (95%
CI: 0.67–0.79). The type 3 intraclass correlation coefficient was 0.76 (95% CI: 0.69–0.81),
which can be interpreted as moderate to good reliability [34]. The RMSE was 9.93 breaths
per minute, which demonstrated an overall relatively large divergence of the automated
method from manual RR counting.

3.4. Automated Method Failed to Adequately Detect Fast Breathing as Defined by Manual Counting
According to manual RR counting, fast breathing was present in 43.1% (n = 87)

of 202 children with valid paired RR measurement. This proportion was significantly
(p < 0.001) lower according to the automated method, which detected fast breathing in
33.7% (n = 68). Manual and automated RR counting resulted in the same classification
in 88.6% (n = 179) of paired RR measurements. The automated method failed to detect
fast breathing in 24.1% of the children with fast breathing according to manual counting,
which corresponded with a positive percent agreement of 75.9% (Table 3). Positive percent
agreement was lower in children less than one year old (65.6%, 95% CI: 46.8–80.8%), when
compared to children between one and five years old (81.8%, 95% CI: 68.6–90.5%), albeit
not statistically significant (p = 0.15). Children in whom the automated method failed to
detect fast breathing were not only slightly younger, but also had a lower median weight,
were more frequently severely malnourished and were less frequently infected with Pf
malaria, albeit again not statistically significant (Table 4). Detection of fast breathing by
the automated method but not by manual counting was rare (n = 2) and negative percent
agreement was high (98.3%; Table 3). Overall categorical agreement, according to the
kappa-statistic of 0.76, was substantial (Table 3).

Table 3. Categorical agreement of fast breathing detected by manual counting (comparative method) versus automated
counting with Masimo Rad G pulse oximeter. Percentages between brackets represent the fraction from all paired RR
measurements available for analysis (n = 202). Abbreviations: PPA: positive percent agreement; NPA: negative percent
agreement; Kappa: kappa-statistic.

Fast Breathing by Manual
Counting

No Fast Breathing by
Manual Counting Total

Fast breathing by automated counting 66 2 68 (33.7%)

No fast breathing by automated counting 21 113 134 (66.3%)

Total 87 (43.1%) 115 (56.9%) 202

Agreement
(95% CI)

PPA: 75.9%
(65.3–84.1%)

NPA: 98.3%
(93.2–99.7%)

Kappa: 0.76
(0.67–0.85)
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Figure 3. Correlation assessment (A) and Bland–Altman analysis (B) indicated insufficient accuracy of the automated
respiratory rate (RR) counting by the Masimo Rad G pulse oximeter compared to manual RR counting. In the correlation
plot (A), the regression line is drawn in black with its 95% confidence interval in grey. In the Bland–Altman plot (B), the
median difference between automated and manual counting is indicated with a full black line and the 2.5th and 97.5th
percentiles of this difference in dashed lines. In both plots (A) and (B), the dotted line displays the ideal situation and red
colored zones indicate fast breathing according to age. Abbreviations: Pearson r: Pearson correlation coefficient; Lins ccc:
Lins concordance coefficient; RMSE: Root mean square error; ICC (3,1): Intraclass coefficient type 3 according to Shrout &
Fleiss; p: percentile.
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Table 4. Comparison of clinical characteristics of children in whom the automated method failed to detect fast breathing.
Fast breathing was defined according to the age-related WHO-criteria and based on the manually counted respiratory rate.
Weight was analyzed as a continuous variable, i.e., presented as median with 25th and 75th percentile and calculation of
Odds ratio and p-values by logistic regression. All other variables were categorical and therefore presented as numbers and
group percentage. Their odds ratios and p-values were calculated by Fisher exact testing.

Performance of the Automated Method in
Comparison to Manual Counting

Fast Breathing Detected
n = 66

Failure to Detect Fast
Breathing

n = 21
Odds Ratio Failure

Clinical Characteristics n (%) or Median (p25–p75) OR (95% CI) p-Value

Infant (reference: ≥12 months) 2.33 (0.77–7.23) 0.12
<2 months 0 1 (4.8%)
≥2−<12 months 21 (31.8%) 10 (47.6%)

Weight (kg) 10 (8–12) 9 (6–11) 0.89 (0.74–1.07) 0.21
Fever (>37.5 ◦C) 31 (47.0%) 6 (28.6%) 2.19 ( 0.70–7.79) 0.21
Respiratory distress (grunting/nasal
flaring/chest retractions) 29 (43.9%) 7 (33.3%) 0.64 (0.19–1.97) 0.45

Anemia (reference group: no anemia) 0.66 (0.21–2.15) 0.43
Severe anemia(<5 g/dL) 7 (10.6%) 0
Moderate anemia (≥5−≤9.3 g/dL) 40 (60.6%) 13 (61.9%)

Malnutrition (reference: no acute malnutrition)
Severe acute malnutrition(according to WHO) 9 (13.6%) 6 (28.6) 2.40 (0.60–9.16) 0.19
Moderate acute malnutrition(according to WHO) 6 (9.1%) 1 (4.8%) 0.61 (0.01–5.73) 1.0

Malaria infection (positive microscopy) 51 (77.3%) 12 (57.1%) 0.40 (0.12–1.28) 0.09
Bloodstream infection (blood culture confirmed) 6 (9.1%) 2 (9.5%) 0.95 (0.15 –10.40) 1.0

4. Discussion

The present study described the field performance of the Masimo Rad G pulse oxime-
ter for automated RR counting in comparison to manual RR counting in hospital-admitted
children with severe febrile illness. When compared to the target product profile for auto-
mated RR counting developed by UNICEF, the automated method performed insufficiently
in this study population: in almost half of the paired RR measurements, the prespecified
accuracy of a maximum difference of two breaths per minute with the manual comparative
method was not met [13]. Moreover, limits of agreement were wide, which points to high
variability. The automated method frequently underestimated the RR, particularly in the
group of interest, i.e., children with fast breathing. As a result, the automated method
failed to detect fast breathing in one out of four children with fast breathing according to
manual RR counting. Although user-friendliness was not formally assessed in this study,
slow performance in one out of five children, sometimes in the absence of a definitive RR
measurement after several minutes, limits its applicability in the field in this context.

Previous studies in children under five years old in low-resource settings also reported
difficulties to perform RR counting according to the WHO guidelines and a suboptimal
performance of Masimo Rad G pulse oximeter for automated RR counting. A previous
hospital-based study in Ethiopia from the ARIDA group assessed the usability of the
Masimo Rad G pulse oximeter and reported that children were feeding or drinking, or not
calm before or during RR counting, in up to 15% RR measurements, which corresponds
with our observations [14]. They also reported slow performance with a median time of
almost 6 min necessary for automated RR counting [14]. Finally, they reported failure
to count the RR with the automated method after three attempts in 8% of children [14].
When compared to our study, an Indian study in children under five that presented at
the outpatient or emergency department reported better performance of Masimo Rad
G, with a lower and less variable underestimation (mean difference −0.4, 95% CI limits
of agreement −7–6; comparative method: manual RR counting) [15]. In contrast to the
Indian study and the present study, a study in Nigerian children under five years old
hospitalized with severe acute malnutrition reported a slight overestimation of the RR with
the Masimo Rad G pulse oximeter (mean difference +1.3 breaths per minute, comparative
method: manual RR counting) [16]. The differences in observed performance between
the studies might be caused by differences in the clinical characteristics of the included
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children, which, unfortunately, were largely unreported in these studies. The Masimo Rad
G pulse oximeter relies on breathing- and pulse-related changes in the amount of arterial
oxygenated blood in the tip of the finger or toe. Decreased tissue perfusion and anemia can
impair the signal quality and can result in unsuccessful or inaccurate measurements [21].
In younger children and respiratory distress, breathing may be irregular and intermittent,
which may further complicate the calculation of RR based on the photoplethysmogram [10].
In the present study, a relatively high proportion of children were younger than one year
old, were tachycardic, were in respiratory distress, were anemic or were malnourished.
The severity of febrile illness of the study population may explain the poorer performance
of the automated method in our study when compared to the previous two studies, but
may also more accurately reflect the clinical profile of children with fast breathing who
should urgently be referred or treated [36,37]. Performance and user-friendliness of the
Masimo Rad G pulse oximeter in this population may benefit from improved engineering
to resolve the underestimation of fast breathing rates, flattening all RR above 70 breaths
per minute and slow performance.

This study has some limitations. Firstly, there is no gold standard for RR counting [11]
and manual RR counting is also subject to interobserver variability, particularly at faster
breathing rates [38,39]. However, in the present study, dedicated research nurses were
trained before data collection and minimal variation was observed between RR that were
manually counted by a research nurse and a pediatric resident in the first six weeks after
training. Secondly, the Masimo Rad G continuous pulse oximeter in APOD mode might
have been less sensitive than the Masimo Rad G pulse oximeter that was specifically de-
signed for spot checks. Thirdly, the anatomical site of automated RR measurement, i.e.,
finger, thumb or great toe, was not registered in this study. Previous studies demonstrated
body site-specific differences in the accuracy of photoplethysmography-based RR measure-
ment [40], amongst others due to differences in the waveform [41]. However, the Masimo
Rad G user manual recommends all three sites for measurements in children and infants,
with a preference for the great toe or thumb in children below 10 kg. In addition, data were
collected during the dry season in a single hospital and findings may not be generalizable
to other seasons or settings, e.g., to frontline health care centers. However, the hospital
setting allowed us to obtain data from children with severe febrile illness, which is the
population of largest interest for screening of danger signs. Such data included the presence
of anemia, Pf malaria infection and blood culture confirmed bloodstream infection. In
the rainy season, we would expect even higher proportions of children with Pf malaria,
anemia, non-typhoidal Salmonella bloodstream infections and malnutrition, which might
result in increased disease severity and further impair the performance of automated RR
counting. Furthermore, research nurses were not blinded and the compliance to WHO
recommendations and the study protocol was self-reported, which is a method that may
be prone to reporting bias. Finally, sample size of the group of children with fast breathing
may have been too small to reach statistical significance for associations with the clinical
characteristics that may cause failure to detect fast breathing by the automated method.

Due to its insufficient performance, we do not recommend the use of a Masimo Rad
G pulse oximeter in its present version for automated RR counting in children under five
years old with severe febrile illness. WHO currently recommends the use of an acute
respiratory infection timer (ARI) from health post to the district hospital level [42]. This
small device is started by pressing its center and LED lights indicate that it is counting and
it beeps after 60 s [11]. In a multicenter study in hospital-admitted children under five years
old in low-resource settings from the ARIDA group, manual RR counting with the ARI was
compared to automated capnographic RR counting [11]. A maximum difference of two
breaths per minute was observed in 32% of paired measurements. Although this is lower
than the 56.4% agreement in the present study, overall, the ARI was more precise, with
substantially tighter limits of agreement (mean difference =−0.6 breaths/min, 95% CI limits
of agreement: −2.5–1.3). Nevertheless, as in the present study, the ARI underestimated the
RR more in children with fast breathing, which translated to a positive percent agreement
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of only 54%. The use of counting beads, which assist the health care worker to count
and which indicate fast breathing by colored beads, did not improve detection of fast
breathing [11]. Therefore, other methods to assist or automate RR counting are urgently
needed. In the above mentioned multicenter ARIDA study, phone applications (Rrate
and Respirometer) based on a tap for each breath, did not perform better than manual
RR counting with the ARI [11]. To our knowledge, the only other automated RR counter
that was assessed in low-resource settings is the Philips Children’s Respiratory Monitor
(ChARM; Philips India Limited, Calcutta, India), which is a small accelerometric device
that is applied to the child’s chest and counts the chest’s movements. An agreement
study was organized by the ARIDA group in hospitalized Ethiopian children under five
years old, but was stopped early due to a device programming fault [20]. Performance
of automated RR counting with ChARM was similar to the one of the Masimo Rad G
pulse oximeter, with a mean difference of −1.1 breath per minute, wide 95% CI limits
of agreement (−19.6–17.4 breaths/min), a kappa-statistic of 0.65 and a positive percent
agreement of 81.5% [20]. Moreover, usability studies have shown that it also performed
slowly with a mean performance time of more than three minutes [17,19] and the important
limitation that breathing rates often increased after its application around the child’s chest
due to agitation [18].

In the absence of accurate point-of-care devices for automated RR counting, fast
breathing will remain an underdiagnosed danger sign. Systematic screening for danger
signs by frontline health workers is an essential step to overcome the last mile gap and
ensure that poor and rural communities also have access to the care cascade, i.e., screening,
diagnosis, treatment and treatment completion and control [23]. However, frontline health
workers do not possess the time, focus and experience to reliably count the RR or to simply
count the RR at all [3,6–9]. As a result, screening of febrile illness in children is incomplete,
fast breathing is overlooked and children with severe febrile illness requiring urgent referral
or treatment are missed [3,23]. To increase compliance with the WHO IMCI guidelines
to count the RR, the search for a reliable and user-friendly point of care device should
be continued and based on the REASSURED criteria, i.e., real-time connectivity, ease of
specimen collection, affordability, sensitivity, specificity, user-friendliness, rapid and robust,
equipment-free or simple, and deliverable to end users [22,23]. The present version of
Masimo Rad G pulse oximeter may benefit from improved engineering. Moreover, in high-
resource settings, other RR measurement methods based on the exhaled breath, thoracic
effort, respiratory sounds or indirect effects on cardiovascular physiology exist [10]. These
methods should be further developed for implementation in tropicalized point-of-care
devices. Their performance in terms of accuracy and reliable detection of fast breathing,
usability and acceptability should be tested with field studies in low resource settings at
frontline and hospital levels.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/diagnostics11112078/s1, Figure S1: Bland-Altman analysis stratified per age group.

Author Contributions: Conceptualization, B.T. and J.J.; methodology, B.T.; formal analysis, B.T.;
investigation, B.T. and T.N.M. resources, B.T., J.T. and J.J.; data curation, B.T.; writing—original draft
preparation, B.T.; writing—review and editing, B.T., D.V., T.N.M., O.L., J.T. and J.J.; visualization, B.T.,
T.N.M. and J.J.; supervision, B.T., D.V., O.L., J.T. and J.J.; project administration, B.T., D.V., O.L. and
J.J.; funding acquisition, B.T., O.L., J.T. and J.J. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Belgian Directorate of Development Cooperation (DGD)
through Framework Agreement between the Belgian DGD and the Institute of Tropical Medicine,
Belgium. B.T. has a scholarship from Research foundation Flanders (FWO, 1153220N). This study has
also received funding from the European Union’s Horizon 2020 research and innovation program
under the Vacc-iNTS project, grant agreement No 815439.

Institutional Review Board Statement: The DeNTS study (NCT04473768) was conducted according
to the guidelines of the Declaration of Helsinki, and approved by the Institutional Review Board

https://www.mdpi.com/article/10.3390/diagnostics11112078/s1
https://www.mdpi.com/article/10.3390/diagnostics11112078/s1


Diagnostics 2021, 11, 2078 12 of 14

of the Institute of Tropical Medicine in Antwerp (ref. 1419/20), the Ethics Committee of Antwerp
University (ref. 20/37/465), and the Ethics Committee of the School of Public Health of Kinshasa (ref.
145/2020). Ethical approval for the microbiological surveillance study was granted and informed
consent was waived by the Institutional Review Board of ITM (ref. 613/08), the Ethics Committee of
Antwerp University (ref. 8/20/96), and the Ethics Committee of the School of Public Health (Ecole
de Santé Publique) of Kinshasa in DRC (ref. 074/2017).

Informed Consent Statement: Informed consent was obtained from a parent or legal/cultural
representant of all children included in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to an embargo on the data until the
data collection, data analysis and manuscript publication of the DeNTS study are finalized.

Acknowledgments: The authors thank the study team of the DeNTS study for the enrollment
and dedicated data collection. The authors also thank all clinical, laboratory and research staff
from Kisantu hospital, INRB and IVI for their collaboration during their routine clinical care and
microbiological surveillance activities. The authors thank Brent Cauwberghs for his contribution
to the literature search. Finally, the authors thank the unit of Tropical Bacteriology at ITM for their
support in writing procedures and ordering and shipping materials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, L.; Oza, S.; Hogan, D.; Chu, Y.; Perin, J.; Zhu, J.; Lawn, J.E.; Cousens, S.; Mathers, C.; Black, R.E. Global, regional, and national

causes of under-5 mortality in 2000–15: An updated systematic analysis with implications for the Sustainable Development Goals.
Lancet 2016, 388, 3027–3035. [CrossRef]

2. Roddy, P.; Dalrymple, U.; Jensen, T.O.; Dittrich, S.; Rao, V.B.; Pfeffer, D.A.; Twohig, K.A.; Roberts, T.; Bernal, O.; Guillen, E.
Quantifying the incidence of severe-febrile-illness hospital admissions in sub-Saharan Africa. PLoS ONE 2019, 14, e0220371.
[CrossRef]

3. Daily, J. Fever Diagnostic Technology Landscape; World Health Organization: Geneva, Switzerland, 2018.
4. World Health Organization. Integrated Management of Childhood Illnesses, 1st ed.; World Health Organization: Geneva, Switzerland,

2014.
5. World Health Organization. Pocket Book of Hospital Care for Children: Guidelines for the Management of Common Childhood Illnesses,

2nd ed.; World Health Organization: Geneva, Switzerland, 2013.
6. Bhura, M.; Ariff, S.; Qazi, S.A.; Qazi, Z.; Ahmed, I.; Bin Nisar, Y.; Suhag, Z.; Soomro, A.W.; Soofi, S.B. Evaluating implementation

of “management of Possible Serious Bacterial Infection (PSBI) when referral is not feasible” in primary health care facilities in
Sindh province, Pakistan. PLoS ONE 2020, 15, e0240688. [CrossRef] [PubMed]

7. Ogero, M.; Ayieko, P.; Makone, B.; Julius, T.; Malla, L.; Oliwa, J.; Irimu, G.; English, M. An observational study of monitoring of
vital signs in children admitted to Kenyan hospitals: An insight into the quality of nursing care? J. Glob. Health 2018, 8, 010409.
[CrossRef] [PubMed]

8. Oresanya, O.; Counihan, H.; Nndaliman, I.; Alegbeleye, A.; Jiya, J.; Adesoro, O.; Dada, J.; Gimba, P.; Ozor, L.; Prosnitz, D.;
et al. Effect of community-based intervention on improving access to treatment for sick under-five children in hard-to-reach
communities in Niger State, Nigeria. J. Glob. Health 2019, 9, 010803. [CrossRef] [PubMed]

9. Getachew, T.; Abebe, S.M.; Yitayal, M.; Persson, L.Å.; Berhanu, D. Assessing the quality of care in sick child services at health
facilities in Ethiopia. BMC Health Serv. Res. 2020, 20, 1–12. [CrossRef]

10. Ginsburg, A.S.; Lenahan, J.L.; Izadnegahdar, R.; Ansermino, J.M. A systematic review of tools to measure respiratory rate in order
to identify childhood pneumonia. Am. J. Respir. Crit. Care Med. 2018, 197, 1116–1127. [CrossRef]

11. Baker, K.; Alfvén, T.; Mucunguzi, A.; Wharton-Smith, A.; Dantzer, E.; Habte, T.; Matata, L.; Nanyumba, D.; Okwir, M.; Posada, M.;
et al. Performance of four respiratory rate counters to support community health workers to detect the symptoms of pneumonia in
children in low resource settings: A prospective, multicentre, hospital-based, single-blinded, comparative trial. EClinicalMedicine
2019, 12, 20–30. [CrossRef]

12. Liu, H.; Allen, J.; Zheng, D.; Chen, F. Recent development of respiratory rate measurement technologies. Physiol. Meas. 2019, 40,
07TR01. [CrossRef]

13. UNICEF Supply Division Copenhagen. Target Product Profile Acute Respiratory Infection Diagnostic Aid (ARIDA); UNICEF:
Copenhagen, Denmark, 2014.

14. Baker, K.; Ward, C.; Maurel, A.; de Cola, M.A.; Smith, H.; Getachew, D.; Habte, T.; McWhorter, C.; LaBarre, P.; Karlstrom, J.; et al.
Usability and acceptability of a multimodal respiratory rate and pulse oximeter device in case management of children with
symptoms of pneumonia: A cross-sectional study in Ethiopia. Acta Paediatr. 2021, 110, 1620–1632. [CrossRef]

15. Alwadhi, V.; Sarin, E.; Kumar, P.; Saboth, P.; Khera, A.; Gupta, S.; Kumar, H. Measuring accuracy of plethysmography based
respiratory rate measurement using pulse oximeter at a tertiary hospital in India. Pneumonia 2020, 12, 4. [CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(16)31593-8
http://doi.org/10.1371/journal.pone.0220371
http://doi.org/10.1371/journal.pone.0240688
http://www.ncbi.nlm.nih.gov/pubmed/33052981
http://doi.org/10.7189/jogh.08.010409
http://www.ncbi.nlm.nih.gov/pubmed/29497504
http://doi.org/10.7189/jogh.09.010803
http://www.ncbi.nlm.nih.gov/pubmed/31263548
http://doi.org/10.1186/s12913-020-05444-7
http://doi.org/10.1164/rccm.201711-2233CI
http://doi.org/10.1016/j.eclinm.2019.05.013
http://doi.org/10.1088/1361-6579/ab299e
http://doi.org/10.1111/apa.15682
http://doi.org/10.1186/s41479-020-00067-2
http://www.ncbi.nlm.nih.gov/pubmed/32518740


Diagnostics 2021, 11, 2078 13 of 14

16. Dale, N.M.; Parshuram, C.; Tomlinson, G.; Shepherd, S.; Ashir, G.M.; Bukar, L.M.; Zlotkin, S. Performance of automated versus
nurse-measured respiratory rate measurements in hospitalised malnourished children. Acta Paediatr. 2021, 110, 2249–2251.
[CrossRef] [PubMed]

17. Ward, C.; Baker, K.; Smith, H.; Maurel, A.; Getachew, D.; Habte, T.; McWhorter, C.; Labarre, P.; Karlstrom, J.; Black, J.; et al.
Usability and acceptability of an automated respiratory rate counter to assess children for symptoms of pneumonia: A cross-
sectional study in Ethiopia. Acta Paediatr. 2019, 109, 1196–1206. [CrossRef] [PubMed]

18. Helldén, D.; Baker, K.; Habte, T.; Batisso, E.; Orsini, N.; Källander, K.; Alfvén, T. Does chest attachment of an automated
respiratory rate monitor influence the actual respiratory rate in children under five? Am. J. Trop. Med. Hyg. 2020, 102, 20–27.
[CrossRef] [PubMed]

19. Källander, K.; Ward, C.; Smith, H.; Bhattarai, R.; Ashish, K.C.; Timsina, D.; Lamichhane, B.; Maurel, A.; Ram Shrestha, P.; Baral, S.;
et al. Usability and acceptability of an automated respiratory rate counter to assess childhood pneumonia in Nepal. Acta Paediatr.
Int. J. Paediatr. 2020, 109, 1207–1220. [CrossRef] [PubMed]

20. Baker, K. Acute Respiratory Infection Diagnostic Aid: Learnings and Next Steps. Malaria Consortium. 2019. Available on-
line: https://www.malariaconsortium.org/resources/publications/1321/acute-respiratory-infection-diagnostic-aid-learnings-
and-next-steps (accessed on 28 September 2021).

21. Fouzas, S.; Priftis, K.N.; Anthracopoulos, M.B. Pulse oximetry in pediatric practice. Pediatrics 2011, 128, 740–752. [CrossRef]
22. Land, K.J.; Boeras, D.I.; Chen, X.-S.; Ramsay, A.R.; Peeling, R.W. REASSURED diagnostics to inform disease control strategies,

strengthen health systems and improve patient outcomes. Nat. Microbiol. 2019, 4, 46–54. [CrossRef]
23. Fleming, K.A.; Horton, S.; Wilson, M.L.; Atun, R.; DeStigter, K.; Flanigan, J.; Sayed, S.; Adam, P.; Aguilar, B.; Andronikou, S.; et al.

The Lancet Commission on diagnostics: Transforming access to diagnostics. Lancet 2021. [CrossRef]
24. Turnbull, H.; Kasereka, M.C.; Amirav, I.; Sahika, S.E.; Solomon, I.; Aldar, Y.; Hawkes, M.T. Development of a novel device for

objective respiratory rate measurement in low-resource settings. BMJ Innov. 2018, 4, 185–191. [CrossRef]
25. Al-Halhouli, A.; Al-Ghussain, L.; El Bouri, S.; Habash, F.; Liu, H.; Zheng, D. Clinical evaluation of stretchable and wearable

inkjet-printed strain gauge sensor for respiratory rate monitoring at different body postures. Appl. Sci. 2020, 10, 480. [CrossRef]
26. Stasse, S.; Vita, D.; Kimfuta, J.; Da Silveira, V.C.; Bossyns, P.; Criel, B. Improving financial access to health care in the Kisantu

district in the Democratic Republic of Congo: Acting upon complexity. Glob. Health Action 2015, 8, 25480. [CrossRef] [PubMed]
27. Ministère du Plan et Suivi de la Mise en Oeuvre de la Révolution de la Modernité, Ministère de la Santé Publique, ICF

International. Democratic Republic of Congo Demographic and Health Survey 2013–2014: Key Findings; MPSMRM, MSP et ICF
International: Rockville, MD, USA, 2014.

28. Tack, B.; Phoba, M.-F.; Barbé, B.; Kalonji, L.M.; Hardy, L.; Van Puyvelde, S.; Ingelbeen, B.; Falay, D.; Ngbonda, D.; Van Der Sande,
M.A.B.; et al. Non-typhoidal Salmonella bloodstream infections in Kisantu, DR Congo: Emergence of O5-negative Salmonella
Typhimurium and extensive drug resistance. PLoS Negl. Trop. Dis. 2020, 14, e0008121. [CrossRef] [PubMed]

29. Phoba, M.-F.; Lunguya, O.; Mayimon, D.V.; Lewo di Mputu, P.; Bertrand, S.; Vanhoof, R.; Verhaegen, J.; Van Geet, C.; Muyembe,
J.J.; Jacobs, J. Multidrug-resistant Salmonella enterica, Democratic Republic of the Congo. Emerg. Infect. Dis. 2012, 18, 1692–1694.
[CrossRef]

30. Kalonji, L.M.; Post, A.; Phoba, M.-F.; Falay, D.; Ngbonda, D.; Muyembe, J.-J.; Bertrand, S.; Ceyssens, P.J.; Mattheus, W.; Verhaegen,
J.; et al. Invasive salmonella infections at multiple surveillance sites in the Democratic Republic of the Congo, 2011–2014. Clin.
Infect. Dis. 2015, 61, S346–S353. [CrossRef] [PubMed]

31. Lunguya, O.; Lejon, V.; Phoba, M.-F.; Bertrand, S.; Vanhoof, R.; Glupczynski, G.; Verhaegen, J.; Muyembe-Tamfum, J.-J.; Jacobs, J.
Antimicrobial resistance in invasive non-typhoid Salmonella from the Democratic Republic of the Congo: Emergence of decreased
fluoroquinolone susceptibility and extended-spectrum Beta Lactamases. PLoS Negl. Trop. Dis. 2013, 7, e2103. [CrossRef] [PubMed]

32. Baker, K.; Maurel, A.; Ward, C.; Getachew, D.; Habte, T.; McWhorter, C.; LaBarre, P.; Karlström, J.; Petzold, M.; Källander, K.
Automated respiratory rate counter to assess children for symptoms of pneumonia: Protocol for cross-sectional usability and
acceptability studies in Ethiopia and Nepal. JMIR Res. Protoc. 2020, 9, e14405. [CrossRef] [PubMed]

33. Bunce, C. Correlation, agreement, and Bland-Altman Analysis: Statistical analysis of method comparison studies. Am. J.
Ophthalmol. 2009, 148, 4–6. [CrossRef] [PubMed]

34. Koo, T.K.; Li, M.Y. A guideline of selecting and reporting intraclass correlation coefficients for reliability research. J. Chiropr. Med.
2016, 15, 155–163. [CrossRef]

35. U.S. Department of Health and Human Services. Guidance for Industry and FDA Staff—Statistical Guidance on Reporting Results from
Studies Evaluating Diagnostic Tests; U.S. Department of Health and Human Services: Rockville, MD, USA, 2007.

36. English, M.; Berkley, J.; Mwangi, I.; Mohammed, S.; Ahmed, M.; Osier, F.; Muturi, N.; Ogutu, B.; Marsh, K.; Newton, C.R.
Hypothetical performance of syndrome-based man-agement of acute paediatric admissions of children aged more than 60 days
in a Kenyan district hospital. Bull. World Health Organ. 2003, 81, 166–173. [PubMed]

37. Nadjm, B.; Amos, B.; Mtove, G.; Ostermann, J.; Chonya, S.; Wangai, H.; Kimera, J.; Msuya, W.; Mtei, F.; Dekker, D.; et al. WHO
guidelines for antimicrobial treatment in children admitted to hospital in an area of intense Plasmodium falciparum transmission:
Prospective study. BMJ 2010, 340, c1350. [CrossRef] [PubMed]

38. Daw, W.J.; Kingshott, R.N.; Elphick, H.E. Poor inter-observer agreement in the measurement of respiratory rate in children: A
prospective observational study. BMJ Paediatr. Open 2017, 1, e000173. [CrossRef] [PubMed]

http://doi.org/10.1111/apa.15781
http://www.ncbi.nlm.nih.gov/pubmed/33527523
http://doi.org/10.1111/apa.15074
http://www.ncbi.nlm.nih.gov/pubmed/31638714
http://doi.org/10.4269/ajtmh.19-0458
http://www.ncbi.nlm.nih.gov/pubmed/31769406
http://doi.org/10.1111/apa.15108
http://www.ncbi.nlm.nih.gov/pubmed/31762072
https://www.malariaconsortium.org/resources/publications/1321/acute-respiratory-infection-diagnostic-aid-learnings-and-next-steps
https://www.malariaconsortium.org/resources/publications/1321/acute-respiratory-infection-diagnostic-aid-learnings-and-next-steps
http://doi.org/10.1542/peds.2011-0271
http://doi.org/10.1038/s41564-018-0295-3
http://doi.org/10.1016/S0140-6736(21)00673-5
http://doi.org/10.1136/bmjinnov-2017-000267
http://doi.org/10.3390/app10020480
http://doi.org/10.3402/gha.v8.25480
http://www.ncbi.nlm.nih.gov/pubmed/25563450
http://doi.org/10.1371/journal.pntd.0008121
http://www.ncbi.nlm.nih.gov/pubmed/32240161
http://doi.org/10.3201/eid1810.120525
http://doi.org/10.1093/cid/civ713
http://www.ncbi.nlm.nih.gov/pubmed/26449951
http://doi.org/10.1371/journal.pntd.0002103
http://www.ncbi.nlm.nih.gov/pubmed/23516651
http://doi.org/10.2196/14405
http://www.ncbi.nlm.nih.gov/pubmed/32224491
http://doi.org/10.1016/j.ajo.2008.09.032
http://www.ncbi.nlm.nih.gov/pubmed/19540984
http://doi.org/10.1016/j.jcm.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/12764512
http://doi.org/10.1136/bmj.c1350
http://www.ncbi.nlm.nih.gov/pubmed/20354024
http://doi.org/10.1136/bmjpo-2017-000173
http://www.ncbi.nlm.nih.gov/pubmed/29637169


Diagnostics 2021, 11, 2078 14 of 14

39. Lanaspa, M.; Valim, C.; Acacio, S.; Almendinger, K.; Ahmad, R.; Wiegand, R.; Bassat, Q. High reliability in respiratory rate
assessment in children with respiratory symptomatology in a rural area in Mozambique. J. Trop. Pediatr. 2014, 60, 93–98.
[CrossRef] [PubMed]

40. Hartmann, V.; Liu, H.; Chen, F.; Hong, W.; Hughes, S.; Zheng, D. Toward accurate extraction of respiratory frequency from the
photoplethysmogram: Effect of measurement site. Front. Physiol. 2019, 10, 732. [CrossRef]

41. Hartmann, V.; Liu, H.; Chen, F.; Qiu, Q.; Hughes, S.; Zheng, D. Quantitative comparison of photoplethysmographic waveform
characteristics: Effect of measurement site. Front. Physiol. 2019, 10, 198. [CrossRef] [PubMed]

42. World Health Organization; United Nations Children’s Fund; United Nations Population. Interagency List of Priority Medical
Devices for Essential Interventions for Reproductive, Maternal, Newborn and Child Health; World Health Organization: Geneva,
Switzerland, 2016.

http://doi.org/10.1093/tropej/fmt081
http://www.ncbi.nlm.nih.gov/pubmed/24072556
http://doi.org/10.3389/fphys.2019.00732
http://doi.org/10.3389/fphys.2019.00198
http://www.ncbi.nlm.nih.gov/pubmed/30890959

	Introduction 
	Materials and Methods 
	Results 
	Description of the Study Population 
	Description of Valid, Invalid and Unsuccesfull Paired RR Measurements 
	Automated Method Underestimated RR in Comparison to Manual Counting 
	Automated Method Failed to Adequately Detect Fast Breathing as Defined by Manual Counting 

	Discussion 
	References

