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Background: We aim to investigate the utility of heart rate variability (HRV) and heart rate n-variability 
(HRnV) in addition to vital signs and blood biomarkers, among febrile young infants at risk of serious 
bacterial infections (SBIs). 
Methods: We performed a prospective observational study between December 2017 and November 
2021 in a tertiary paediatric emergency department (ED). We included febrile infants <90 days old with a 
temperature ≥38 ℃. We obtained HRV and HRnV parameters via a single lead electrocardiogram. HRV 
measures beat-to-beat (R-R) oscillation and reflects autonomic nervous system (ANS) regulation. HRnV 
includes overlapping and non-overlapping R-R intervals and provides additional physiological information. 
We defined SBIs as meningitis, bacteraemia and urinary tract infections (UTIs). We performed area under 
curve (AUC) analysis to assess predictive performance. 
Results: We recruited 330 and analysed 312 infants. The median age was 35.5 days (interquartile range 
13.0–61.0); 74/312 infants (23.7%) had SBIs with the most common being UTIs (66/72, 91.7%); 2 infants 
had co-infections. No patients died and 32/312 (10.3%) received fluid resuscitation. Adding HRV and HRnV 
to demographics and vital signs at ED triage successively improved the AUC from 0.765 [95% confidence 
interval (CI): 0.705–0.825] to 0.776 (95% CI: 0.718–0.835) and 0.807 (95% CI: 0.752–0.861) respectively. 
The final model including demographics, vital signs, HRV, HRnV and blood biomarkers had an AUC of 0.874 
(95% CI: 0.828–0.921). 
Conclusions: Addition of HRV and HRnV to current assessment tools improved the prediction of SBIs 
among febrile infants at ED triage. We intend to validate our findings and translate them into tools for 
clinical care in the ED. 
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Introduction

Serious bacterial infections (SBIs) [including meningitis, 
bloodstream infections and urinary tract infections (UTIs)] 
in young febrile infants (<90 days old) pose a diagnostic 
dilemma to emergency department (ED) physicians and 
paediatricians (1-3). Misdiagnosis and delayed time-to-
antibiotics may result in death and long-term disability 
(4-6). Physicians therefore subject many of these young 
febrile infants to invasive investigations [blood, urine and 
cerebrospinal fluid (CSF)] and often, broad-spectrum 
empirical antibiotics (7,8).

Over-investigation and liberal use of antibiotics are 
costly. In the United States of America (USA), the cost 
of hospitalisation and discharge after no more than  
3 days of antibiotics for these febrile infants added to 
more than USD 76 million dollars over seven years (9). 
These invasive procedures are also painful for the infants 
and cause caregivers additional anxiety (10). Recognising 
the need to reduce unnecessary testing, researchers 
have derived algorithms to define a low-risk population 
that might benefit from a less aggressive approach 
(11,12). Generalisability of these algorithms has been 
limited by variable performance among different patient  
populations (13). Moreover, among infants at non-low 
risk of SBIs, these algorithms do not provide guidance 
on which infants should receive priority for time-critical 
interventions. This lack of prioritisation causes delays 
in time-to-antibiotics for febrile infants who are at 
high risk for SBIs (14). Researchers continue to pursue 
predictive models for SBIs using clinical and biochemical  
predictors (15-17).

We previously demonstrated that heart rate variability 
(HRV) adds to triage performance in predicting for SBIs 
among febrile infants (18). HRV analyses beat-to-beat (R-R)  
oscillation and is a measure of autonomic nervous system 
(ANS) regulation (19). ANS dysfunction is a maladaptive 
response in injury and critical illness, including sepsis 
states (20-22). In the adult ED sepsis population, HRV 
parameters have been demonstrated to correlate well with 
disease severity and impending shock (23-25). Heart rate 
n-variability (HRnV), constructs new signals based on the 
R-to-R peak intervals (RRI) used in the conventional HRV 

analysis. It was more recently invented as a novel tool to 
augment the number of calculated parameters from the 
same segment of signals, with the potential to enhance 
the prognostic information provided by traditional HRV 
parameters (26,27). 

We therefore sought to explore the potential of HRV 
and HRnV measures to predict for SBIs in young febrile 
infants. We hypothesized that the addition of HRV and 
HRnV measures to existing triage tools will enhance the 
discriminative ability of models to identify SBIs at the time 
of ED triage. We present the following article in accordance 
with the TRIPOD reporting checklist (28) (available at 
https://atm.amegroups.com/article/view/10.21037/atm-22-
3303/rc). 

Methods 

Study design, population and recruitment 

We performed a prospective observational study of febrile 
infants (<90 days old) presenting to the ED of KK Women’s 
and Children’s Hospital in Singapore, between December 
2017 and November 2021. As the larger of 2 paediatric 
hospitals in the country, we serve children <18 years old 
with an annual ED attendance of about 150,000 children. 
In this study, we recruited a convenience sample of infants  
<90 days old who had an axillary or rectal temperature 
of 38 ℃ and above. For infants who were over-wrapped, 
ED triage nurses were trained to unwrap these infants, 
keeping on a single layer of clothing, and recheck their 
temperatures. Infants who still had an axillary temperature 
of 38 ℃ and above were eligible for recruitment. 

Recruitment took place during office hours with the 
support of dedicated research personnel. We excluded 
infants with a history of non-sinus rhythm due to potential 
confounding on the HRV analysis, and preterm infants  
<35 weeks’ gestation who would innately constitute a higher 
risk profile who should receive more urgent investigations. 
Recruitment was stopped in the ED during the COVID-19 
pandemic (February 7th 2020–February 17th 2021,  
May 6th–July 12th 2021) due to hospital infection control 
policies.

In our hospital,  all  febrile infants <90 days are 
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hospitalised for further investigations and monitoring. 
Neonates (infants <28 days old) receive a comprehensive 
workup, including blood, urine and CSF analysis, and 
routinely receive broad-spectrum antibiotics. Infants 
between 28–90 days old receive blood and urine analysis, 
with the medical team’s discretion on whether or not to 
obtain CSF for analysis. The majority of these receive 
antibiotics until culture results are known (8). 

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study 
was approved by the SingHealth Centralised Institutional 
Review Board in Singapore (No. CIRB 2017/2680) and 
informed consent was taken from all individual participants. 
We registered this study (Clinical Trial registration No. 
NCT04103151).

Data variables and data collection 

At triage, we collected data on patient demographics 
and vital signs as follows: heart rate (HR) and oxygen 
saturation were measured using pulse oximetry, respiratory 
rate (RR) was obtained via manual counting by the triage 
nurse, and blood pressure (BP) was measured by the non-
invasive Dinamap ProCare 300 (GE Medical Systems, 
Milwaukee, WI, USA) (8). Our hospital uses the Severity 
Index Score (SIS) at ED triage which assesses the child’s 
respiratory status, activity, colour and play (29). During 
the consultation, we obtained information on gestation 
and presence of maternal group B streptococcus (GBS). 
Laboratory investigations such as the total white blood 

cell  count,  the absolute neutrophil  count (ANC), 
haemoglobin, platelets, C-reactive protein (CRP) and 
procalcitonin were recorded. If the infants are stable, 
these laboratory investigations are carried out in the 
ward after hospitalisation. If they are considered to be 
high risk for SBIs (by vital signs or clinician assessment), 
the investigations and administration of antibiotics are 
administered expeditiously in the ED. The diagnostic 
cascade is detailed in Figure 1. 

Outcome definitions 

We chose the primary outcome as presence of SBIs, 
defined as culture-proven (I) bacterial meningitis, (II) 
bacteraemia and (III) UTIs (12). We chose to align our 
definition with the updated literature (12) and did not 
include pneumonia or lower respiratory tract infections 
stated in our original protocol (NCT04103151) because 
there were concerns over inconsistencies in final diagnoses 
when their records were reviewed. SBIs are confirmed 
via testing of the CSF, blood and urine, respectively. 
Bacterial meningitis was defined as pure growth of a single 
pathogen in the CSF. Bacteraemia was defined as pure 
growth of a single pathogen in the bloodstream. We did 
not include common skin contaminants like coagulase-
negative staphylococcus. The definition of UTI requires 
both the presence of pyuria and the pure growth of a single  
pathogen (30). Culture positive UTI was defined as growth 
of a single pathogen of either >100,000 colony-forming 
units (CFU)/mL in a clean catch urine specimen, or  
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• Laboratory investigations^*
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• Administration of antibiotics* 

Figure 1 Diagnostic cascade for febrile infants in the ED. ^, laboratory investigations include total white blood cell count, the ANC, 
haemoglobin, platelets, CRP and procalcitonin; *, in the event that an infant is considered high risk for SBI at triage, the above are 
performed expediently in the emergency department. Otherwise, the investigations, cultures and administration of antibiotics are carried out 
after hospitalisation. ED, emergency department; ANC, absolute neutrophil count; CRP, C-reactive protein; SBI, serious bacterial infection. 
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>50,000 CFU/mL in a catheterized specimen, or  
10,000–50,000 CFU/mL with either nitrite or leucocyte 
esterase positive findings in the urinalysis, in a catheterized 
specimen. 

We also documented the clinical outcomes of mortality, 
admission to the paediatric intensive care unit (ICU) or 
high dependency (HD), and length of hospital stay. We 
documented the need for fluid resuscitation, mechanical 
ventilation and inotrope use. 

Members of the study team who documented outcomes 
were blinded to the HRV results. The patient outcomes (SBI 
versus no SBI) were not known to the research personnel 
who performed the HRV. 

HRV and HRnV analyses

We obtained HRV parameters in time-, frequency- and 
non-linear domains; 5-minute single lead electrocardiogram 
(ECG) tracings were obtained using a paediatric-friendly 
device, with a sampling frequency of 250 Hz. Infants 
were placed either supine in the cot bed or held supine in 
the caregivers’ arms, with our priority being the child’s 
comfort and to minimise movement artefacts. We enhanced 
the adult-derived HRV prototype and established a 
comprehensive PC-based software to handle the frequent 
motion artefacts. Our software used the Physionet HRV 
toolkit where R-R peaks were automatically identified 
(31,32). In the infant population, the QRS peaks were 
correctly and automatically identified in most cases. 
However, there were a few cases with motion artefacts 
and abrupt baseline drift. In these instances, our software 
allowed manual editing to add or delete the QRS peaks so 
that the HRV parameters could be derived more accurately. 
Also, the frequency range for frequency domain parameters 
was fine-tuned to accommodate the infants’ faster HR. This 
enabled us to perform and complete the HRV analysis on 
most of these young infants. 

HRnV is a novel complementary method to the 
conventional HRV analysis (26). HRnV constructs new 
signals based on the RRI used in the conventional HRV 
analysis, called RRnIs. As illustrated in Figure S1 (27), 
when n≤3, we can generate 6 new RRnI signals from the 
original RRI by combining n consecutive RRIs, with or 
without overlapping signals, controlled by parameter m. 
Subsequently, standard HRV parameters (i.e., HRnV 
parameters) can be calculated using RRnIs, which share 
similar properties with RRIs but contain additional 
physiological information such as the long-term correlations 

within the original RRI. We obtained HRnV parameters 
in the same domains as the conventional HRV analysis 
mentioned above. We excluded from the analysis HRV and 
HRnV data that could not be processed due to movement 
artefacts. 

Statistical analysis 

We presented categorical variables using frequencies 
and percentages, and continuous variables using median 
and interquartile range (IQR) due to non-normality. We 
performed univariate Chi-squared test or Mann-Whitney 
U test depending on the variable type. We presented a 
predictive model generated by backward stepwise logistic 
regression. The variables in the predictive model were 
based on patient demographics, vital signs, HRV, HRnV 
parameters and laboratory investigations. We only 
included patients with complete data for the predictive 
model. We presented unadjusted and adjusted odds ratios 
(aOR) together with their 95% confidence intervals (CIs). 
Variables were entered into the multivariable regression 
based on their univariate P values (P<0.4) as well as clinical 
discretion. The variables were determined after reviewing 
known predictors in the literature, as well as availability 
of these data at ED triage and then at consultation. 
Collinearities (squared Pearson’s correlation coefficient 
bigger than 0.85) were removed before conducting 
multivariable regression, due to known correlations 
among HRV and HRnV parameters (26). We described 
performance of the model using area under curve (AUC) 
analysis, with corresponding 95% CIs. We first assessed 
the AUC of vital signs and clinical assessment in the 
prediction of SBIs, then added on HRV, HRnV and 
laboratory investigations, incrementally. We chose to do 
so because HRV and HRnV are non-invasive biomarkers 
and have potential at triage to provide early discrimination, 
before subsequent laboratory investigations (which require 
turnaround time) yield results. 

Results 

We recruited a total of 330 febrile infants, among whom 
18 (5.5%) patients did not complete the study because 
movement artefacts rendered the HRV and HRnV 
parameters unsuitable for analysis (Figure 2). Among the 
18 excluded infants, the median age was 11.0 days (IQR 
3.0–50.5 days) and 4 (22.2%) had SBIs, all of which were 
UTIs. Among 312 infants analysed, the median age was  

https://cdn.amegroups.cn/static/public/ATM-22-3303-Supplementary.pdf
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35.5 days (IQR 13.0–61.0 days) and 137 (43.9%) were 
females; 74/312 infants (23.7%) had SBIs with the most 
common being UTIs (66/72, 91.7%) and bacteraemia 
(6/72, 8.3%). Among the remaining 2 infants, 1 infant had 
meningitis and UTI, and another infant had bacteraemia 
and UTI. 

Table 1 shows the demographics and vital signs of febrile 
infants, stratified by the presence of SBI. In our study 
population, there were significantly fewer neonates among 
infants with SBIs compared to those without SBIs (17/74, 
23.0% vs. 103/238, 43.3%, P=0.002). Infants with SBIs 
were less likely to be females (14/74, 18.9% vs. 123/238, 
51.7%, P<0.001), had a higher temperature (median 38.6 ℃,  
IQR 38.2–39.1 vs. 38.4 ℃, IQR 38.1–38.8, P=0.029) and 
a faster HR (median 173/min, IQR 152–188 vs. 165/min, 
IQR 151–178, P=0.014). 

There were significant differences in the full blood 
count indices, CRP and procalcitonin (Table 1). We found 
time-, frequency- and non-linear HRV parameters that 
were significantly different between febrile infants with 
SBIs and those without (Table 2). A large number of HRnV 
parameters were potentially discriminatory between 
the 2 groups and are ranked by statistical significance in  
Table S1. Infants with SBIs had lower variability than those 
in the non SBI group. There were no adverse events that 
occurred from application of HRV and HRnV. 

Majority of our febrile infants were admitted to the 
general ward (299/312, 95.8%) with only 6/312 (1.9%) 
requiring higher acuity care in the ICU or HD. There were 
no deaths in this study population. More infants with SBIs 
received fluid resuscitation (12/74, 16.2%) compared to 
those without SBIs (20/238, 8.4%), although not statistically 
significant (P=0.053) (Table S2). Only 1 infant required 
non-invasive ventilatory support, and none required 

endotracheal intubation or inotropic support. 
The multivariable model is presented in Table 3, 

derived from 290 infants with complete data. Age, sex, 
day of fever, and RR performed with an AUC of 0.765 
(95% CI: 0.705–0.825). When adding on HRV and then 
HRnV parameters, the AUC improved to 0.776 (95% 
CI: 0.718–0.835) and 0.807 (95% CI: 0.752–0.861), 
respectively (Figure 3). By adding laboratory results that 
became available after ED consultation (absolute neutrophil 
count, haemoglobin, and CRP), the performance of 
the model improved to 0.874 (95% CI: 0.828–0.921)  
(Figure 3). 

Discussion

We found discriminatory parameters using the novel HRnV 
method over and above conventional HRV parameters, 
which improved the ability to predict for SBIs when added 
to existing clinical parameters. When used at ED triage, 
HRnV and HRV in addition to demographics and vital 
signs improved the AUC from 0.765 (95% CI: 0.705–0.825) 
to 0.807 (95% CI: 0.752–0.861). Adding blood biomarkers 
(when the laboratory results became available) further 
improved the AUC to 0.874 (95% CI: 0.828–0.921). 

We described a high prevalence of SBIs at 23.7%, 
compared to the existing literature of 10% (12). We 
postulate that this could be due to differences in patient 
population. Infants with transient fever and who were 
assessed to be stable at primary care centres may not 
have been referred to our facility. The vast majority of 
our SBIs were UTIs, while the prevalence of bacteraemia 
and meningitis (2.6%) was comparable with that of other 
centres (11). Unlike another study which found higher risk 
among neonates (11), we found a significant proportion of 

330 infants recruited with temperature 

38 ℃ and above

18 infants did not complete HRV 

analysis due to movement artefacts

238 infants (76.3%) without serious 

bacterial infections (78.1%)

74 infants (23.7%) with serious 

bacterial infections 

Figure 2 Flow diagram of infants included in the analysis. HRV, heart rate variability.
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Table 1 Demographics, vital signs, blood investigations and outcomes of infants with and without SBIs

Variables Infants with SBIs (N=74) Infants without SBIs (N=238) P value

Age, days, median [IQR] 49 [28–72] 32 [10–55] <0.001

Neonates <28 days, n (%) 17 (23.0) 103 (43.3) 0.002

Female sex, n (%) 14 (18.9) 123 (51.7) <0.001

Late pre-terms‡, n (%) 3 (4.1) 14 (5.9) 0.545

Presence of maternal GBS, n (%) 0.443

Yes 16 (21.6) 45 (18.9)

No 46 (62.2) 138 (58.0)

Unknown 12 (16.2) 55 (23.1)

If maternal GBS present, treated, n (%) 14/16 (87.5) 39/45 (86.7) 0.932

Day of illness, median [IQR] 1 [1–2] 1 [1–1] 0.002

Temperature, ℃, median [IQR] 38.6 [38.2–39.1] 38.4 [38.1–38.8] 0.029

Heart rate, /min, median [IQR] 173 [152–188] 165 [151–178] 0.014

Respiratory rate, /min, median [IQR] 40 [40–48] 40 [38–45] 0.390

Pulse oximetry, %, median [IQR] 100 [98–100] 99 [98–100] 0.186

Severity index score, median [IQR] 9 [8–10] 9 [8–10] 0.785

Blood investigations, median [IQR] N=74 N=223

Total white blood cell count 14.6 [10.4–19.5] 11.8 [8.9–14.4] <0.001

Absolute neutrophil count 7.6 [4.3–10.9] 4.4 [2.7–6.6] <0.001

Absolute lymphocyte count 5.1 [3.7–6.6] 4.6 [3.2–6.4] 0.389

Neutrophil to lymphocyte ratio 1.5 [0.9–2.0] 1.0 [0.6–1.6] <0.001

Absolute monocyte count 1.5 [1.2–2.2] 1.4 [1.0–1.8] 0.083

Hemoglobin 11.0 [10.1–12.7] 12.2 [10.7–16.4] 0.001

Platelets 469 [400–544] 412 [346–488] 0.002

C-reactive protein, median [IQR] N=73 N=218

28.6 [12.4–61.2] 2.9 [0.1–9.2] <0.001

Procalcitonin, median [IQR] N=38 N=80

0.59 [0.14–4.3] 0.11 [0.05–0.18] <0.001
‡, defined as gestation 35–36 weeks. SBIs, serious bacterial infections; IQR, interquartile range; GBS, group B streptococcus. 

SBIs (77%) in the group 29–90 days old, highlighting the 
need for careful assessment and monitoring for all young 
infants <90 days old. 

An earlier study among adults presenting to the ED 
with sepsis demonstrated that HRnV in addition to HRV 
parameters and vital signs, was superior in predicting for 
mortality when compared to traditional scores including the 
acute physiology and chronic health evaluation II (APACHE 

II) and sequential organ failure assessment (SOFA) (27). 
The authors propose that HRnV may contribute to rapid, 
objective and accurate risk stratification for sepsis severity 
and risk of death. We demonstrated that HRnV, in addition 
to HRV, adds value for risk stratification among young 
infants at risk of SBIs. In our study, the ROC improved 
from 0.776 (95% CI: 0.718–0.835) to 0.807 (95% CI: 
0.752–0.861) after HRnV was added to both HRV and 
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Table 2 HRV parameters that were associated with SBIs 

Variables SBI, median (IQR) No SBI, median (IQR) P value

LF (ms) 160.03 (104.30, 291.21) 248.17 (105.19, 561.19) 0.046

Poincare’ SD2 (ms) 25.33 (18.34, 42.01) 31.46 (21.93, 49.14) 0.046

TP (ms) 778.19 (426.80, 2,223.23) 1,252.98 (660.01, 2,975.05) 0.049

SDNN (ms) 18.58 (13.10, 30.49) 23.21 (15.66, 36.91) 0.062

VLF (ms) 538.19 (259.64, 1,728.27) 916.98 (413.62, 2,243.64) 0.068

Kurtosis 0.14 (0.00, 0.53) 0.30 (0.00, 2.04) 0.101

Poincare’ SD1 (ms) 5.58 (3.81, 8.41) 6.57 (4.02, 12.17) 0.112

RMSSD (ms) 9.29 (5.68, 17.21) 9.29 (5.68, 17.21) 0.112

Skewness 2.00 (0.00, 5.00) 3.00 (0.00, 17.00) 0.125

SDHR (bpm) 8.04 (6.35, 13.07) 9.56 (6.91, 13.14) 0.144

RR triangular index 4.70 (3.70, 7.60) 5.40 (3.60, 8.50) 0.147

HF (ms) 34.62 (16.43, 99.04) 48.18 (18.88, 118.61) 0.167

Mean NN (ms) 370.14 (350.97, 405.55) 370.14 (350.97, 405.55) 0.284

AVHR (bpm) 162.66 (148.03, 171.40) 160.97 (144.04, 171.00) 0.297

NN50 0.12 (−0.40, 0.51) 0.24 (−0.23, 0.71) 0.374

HRV parameters are listed in ascending P value, up to P<0.4. SBIs, serious bacterial infections; HRV, heart rate variability; IQR, interquartile 
range; LF, low frequency; TP, total power; SDNN, standard deviation of R-R intervals; VLF, very low frequency; RMSSD, square root of the 
mean squared differences between R-R intervals; SDHR, standard deviation of mean heart rate; HF, high frequency; mean NN, average 
of R-R intervals between 2 consecutive Rs; AVHR, average heart rate; NN50, the number of times that the absolute difference between 2 
successive R-R intervals exceeds 50 ms. 

existing triage information. 
HRnV holds promise in the young infant age group 

due to the non-invasive nature of this technology (18). 
Importantly, we demonstrated that HRnV provides 
additional information at triage, early in the infants’ ED 
journey. HRnV has the potential to reduce recognition 
delays and contribute to prioritisation of at-risk infants 
for early antibiotics (14). Future studies should focus on 
deriving actionable thresholds using HRV and HRnV, 
together with other clinical predictors, similar to an 
automated triage algorithm derived for chest pain in adults, 
providing real time risk stratification for febrile infants 
at risk of SBIs (26,33). Recommendations for change 
in clinical practice can only be made after studying the 
performance metrics of these thresholds. In implementing 
an actionable algorithm, we can then study if the time-
to-antibiotics is indeed improved for infants at high risk 
of SBIs. An effective risk stratification approach, once 
validated, may address the current burdens of diagnostic 
inefficiencies (34,35).

There are several strengths of this study. The prospective 
cohort design ensured that HRV/HRnV was performed 
prior to knowledge of patient outcomes thereby reducing 
bias. In order to accommodate the infants’ physiologically 
faster HRs, the study team refined the prototype. These 
changes improved accuracy and reduced the number 
of infants who could not be analysed due to movement 
artefacts (pre-enhancement 16/168, 9.5% vs. 2/162, 1.2% 
post-enhancement in October 2019). By overcoming these 
barriers, the technology can be used for future prospective 
validation studies. 

We recognise a number of limitations to the study. 
Our cohort was largely haemodynamically stable. This 
affects generalisability of our findings to more critically ill 
septic infants. Some infants did not have a complete septic 
workup (including a lumbar puncture) performed, therefore 
allowing a theoretical risk of missed SBI. However, all 
febrile infants are monitored in our institution until 
they are well and afebrile for 24 hours before discharge. 
We also recognise that the derivation and validation of 
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Table 3 Multivariable logistic regression for demographics, vital signs, blood investigations, HRV and HRnV

Variables Odds ratio (95% CI) Adjusted odds ratio (95% CI)

Patient demographics 

Female sex 0.192 (0.1–0.37) 0.119 (0.049–0.289)

Age 1.017 (1.007–1.027) 1.018 (1.003–1.034)

Day of fever 1.937 (1.235–3.039) 1.663 (0.932–2.966)

Vital signs

Respiratory rate 1.021 (0.98–1.063) 1.051 (0.993–1.112)

HRV parameters

Mean NN 0.996 (0.991–1.002) 1.02 (1.007–1.033)

Kurtosis 0.925 (0.836–1.024) 1.424 (1.086–1.869)

NN50 1.023 (0.833–1.255) 1.545 (1.09–2.19)

Poincare’ SD1 0.948 (0.903–0.995) 0.558 (0.412–0.755)

HRnV parameters

HR3V SDHR 0.893 (0.751–1.062) 1.439 (1.071–1.933)

HR3V Skewness 0.994 (0.986–1.002) 1.024 (1.002–1.047)

HR3V2 DFA α1 0.387 (0.095–1.571) 0.002 (0.0–0.05)

Blood investigations 

Absolute neutrophil count 1.179 (1.098–1.267) 1.108 (1.008–1.217)

Haemoglobin 1.002 (1.0–1.005) 1.003 (1.0–1.006)

C-reactive protein 1.035 (1.023–1.047) 1.025 (1.012–1.038)

HRV, heart rate variability; HRnV, heart rate n-variability; CI, confidence interval; mean NN, average of R-R intervals between 2 consecutive 
Rs; NN50, the number of times that the absolute difference between 2 successive R-R intervals exceeds 50 ms; SDHR, standard deviation 
of mean heart rate; DFA α1, detrended fluctuation analysis α1.

clinical prediction models may potentially result in cases 
of missed SBIs, and the safety profiles of these should be 
evaluated carefully before recommendations for clinical 
implementation (36,37). We excluded 18 infants (5.5%) 
because their HRV could not be analysed. However, the 
SBI rate was comparable between the excluded infants and 
the analysed study population (22.2% vs. 23.7%). Although 
we designed the study to use a discrete 5-minute ECG 
recording for HRV, we recognise that continuous ECG 
monitoring may yield richer information for diagnostic 
and prognostic purposes. We did not account for possible 
diurnal variation in our HRV analyses. Finally, we recognise 
that single-centre research will need validation in other 
study populations. 

Apart from diagnostic assessment, ANS dysregulation 
determined by abnormal HRV has been reported to predict 
for organ dysfunction and death in critically ill children (38).  
Children who recover from critical illness also have an 
improvement in time-domain HRV parameters (39). Future 
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Figure 3 Combined AUC analysis for vital signs, HRV, HRnV and 
blood investigations. Triage information refers to age, sex, day of 
fever, and respiratory rate. ROC, receiver operating characteristics; 
HRV, heart rate variability; HRnV, heart rate n-variability; AUC, 
area under curve. 
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studies should investigate if HRnV can provide additional 
discrimination and stability to these prognostic models. 
The addition of HRnV to HRV may enrich the longitudinal 
physiological information made available to clinicians as 
they care for ill children (40).

Conclusions 

We found that the addition of HRnV and HRV to 
demographics and vital signs improved model performance 
at ED triage. Further research on febrile infants in other 
populations is required for validation. 
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Figure S1 Heart Rate n-Variability and definition of RR intervals (27). Reprinted with permission from the copyright owner, under the 
terms of the Creative Commons Attribution License. 



Table S1 HRnV parameters that were associated with SBIs

Variable SBI, median (IQR) No SBI, median (IQR) P value

HR2V1 pNN50 0.00 (0.00–0.00) 0.00 (0.00–0.13) 0.008

HR2V1 NN50 0.00 (0.00–0.00) 0.00 (0.00–1.00) 0.008

HR3V pNN50 0.00 (0.00–0.26) 0.00 (0.00–1.10) 0.030

HR3V1 pNN50 0.00 (0.00–0.00) 0.00 (0.00–0.30) 0.037

HR3V NN50 0.00 (0.00–1.00) 0.00 (0.00–3.00) 0.037

HR2V pNN50 0.00 (0.00–0.28) 0.00 (0.00–0.89) 0.038

HR3V LF (ms) 473.89 (300.87–857.65) 718.25 (310.83–1654.17) 0.041

HR3V Poincare’ SD2 (ms) 69.79 (49.40–121.84) 89.68 (64.09–143.13) 0.042

HR2V LF (ms) 317.31 (207.10–576.77) 494.84 (208.57–1107.65) 0.042

HR3V1 NN50 0.00 (0.00–0.00) 0.00 (0.00–1.00) 0.043

HR2V Poincare’ SD2 (ms) 47.58 (34.67–82.77) 60.87 (43.70–96.59) 0.043

HR3V2  LF (ms) 1,412.79 (911.82–2,568.93) 2,136.07 (923.26–4,926.39) 0.044

HR3V2 Poincare’ SD2 (ms) 71.67 (52.22–124.34) 91.60 (65.49–145.02) 0.044

HR2V  SDNN (ms) 35.77 (25.88–59.51) 44.62 (31.04–69.69) 0.044

HR3V SDNN (ms) 53.25 (37.04–88.61) 65.42 (46.46–103.47) 0.045

HR3V1 Poincare’ SD2 (ms) 70.51 (51.46–123.95) 90.50 (65.17–144.28) 0.045

HR3V1 LF (ms) 707.26 (458.57–1380.68) 1,061.59 (460.96–2,486.16) 0.045

HR2V1 LF (ms) 635.81 (428.80–1156.78) 975.11 (416.68–2,224.80) 0.046

HR2V1 Poincare’ SD2 (ms) 50.34 (35.54–83.49) 62.10 (43.76–98.14) 0.046

HR3V2 SDNN (ms) 53.24 (37.34–88.24) 65.14 (46.36–103.12) 0.046

HR3V1 SDNN (ms) 53.15 (37.33–88.43) 65.43 (46.36–103.48) 0.047

HR2V1 SDNN (ms) 35.82 (25.92–59.36) 44.52 (31.01–69.50) 0.047

HR2V1 TP (ms) 3,106.02 (1,758.79–8,860.95) 4,987.25 (2,631.89–11,820.92) 0.048

HR2V TP (ms) 1,613.44 (851.36–4,423.94) 2,503.83 (1,318.70–5,965.87) 0.048

HR3V TP (ms) 2,425.59 (1,281.45–6,587.07) 3,755.83 (1,968.65–9,015.68) 0.049

HR3V2 TP (ms) 6,966.85 (3,876.32–19,847.56) 11,146.49 (5,865.69–26,330.49) 0.050

HR2V NN50 0.00 (0.00–1.00) 0.00 (0.00–4.00) 0.051

HR3V1 TP (ms) 3,530.68 (1,886.68–9,898.59) 5,614.97 (2,940.40–13,276.64) 0.052

HR3V2 pNN50 0.00 (0.00–0.00) 0.00 (0.00–0.00) 0.060

HR3V2 NN50 0.00 (0.00–0.00) 0.00 (0.00–0.00) 0.065

HR3V2 VLF (ms) 4,850.13 (2,331.44–15,497.07) 8,198.39 (3,715.38–20,152.63) 0.067

HR2V1 VLF (ms) 2,154.44 (1,037.49–6,897.84) 3,656.31 (1,652.82–8,966.29) 0.068

HR2V VLF (ms) 1,078.23 (517.88–3,457.54) 1,833.51 (825.91–4,476.60) 0.068

HR3V VLF (ms) 1,617.49 (776.58–5,191.72) 2,755.37 (1,234.00–6,717.32) 0.068

HR3V1 VLF (ms) 2,432.54 (1,146.71–7,778.92) 4,137.30 (1,852.93–10,072.15) 0.070

HR3V SDHR (bpm) 2.58 (1.95–3.75) 3.07 (2.19–4.26) 0.117

HR2V SDHR (bpm) 4.00 (3.00–5.88) 4.65 (3.35–6.42) 0.118

HR3V2 SDHR (bpm) 2.58 (1.94–3.76) 3.06 (2.18–4.25) 0.122

HR2V1 SDHR (bpm) 3.99 (2.97–5.90) 4.65 (3.35–6.42) 0.123

HR3V1 SDHR (bpm) 2.58 (1.95–3.77) 3.07 (2.18–4.26) 0.123

HR3V HF (ms) 97.80 (51.10–286.60) 155.12 (56.77–399.27) 0.125

HR3V2 kurtosis 0.28 (0.00–1.22) 0.48 (0.00–3.12) 0.130

HR2V1 Poincare’ SD1 5.94 (4.25–9.80) 7.35 (4.52–13.32) 0.136

HR2V1 RMSSD 8.40 (6.02–13.85) 10.39 (6.39–18.82) 0.136

HR2V HF (ms) 62.33 (33.88–181.06) 92.36 (38.19–248.84) 0.143

HR3V RMSSD 22.66 (16.17–36.55) 27.67 (16.01–45.18) 0.147

HR3V Poincare’ SD1 16.04 (11.45–25.90) 19.58 (11.33–32.00) 0.148

HR3V1 HF (ms) 124.07 (58.87–368.79) 176.91 (70.15–445.68) 0.149

HR2V RMSSD 13.01 (10.14–22.15) 16.46 (10.37–28.52) 0.156

HR2V Poincare’ SD1 9.21 (7.17–15.68) 11.65 (7.34–20.19) 0.156

HR2V RR Triangular Index 8.40 (5.90–11.40) 9.40 (6.30–14.10) 0.163

HR3V2 HF (ms) 246.37 (117.30–674.09) 333.83 (135.20–837.68) 0.163

HR3V1 RMSSD 16.38 (12.08–27.80) 19.74 (12.00–33.51) 0.165

HR3V1 Poincare’ SD1 11.59 (8.55–19.68) 13.97 (8.49–23.72) 0.165

HR2V1 RR Triangular Index 8.40 (6.20–12.80) 9.50 (6.40–14.20) 0.166

HR2V1 HF (ms) 124.03 (61.37–349.70) 174.08 (69.90–434.24) 0.167

HR3V2 skewness 3.00 (0.00–9.00) 4.00 (0.00–28.00) 0.176

HR2V1 kurtosis 0.17 (0.00–1.04) 0.36 (0.00–2.32) 0.187

HR3V2 RR Triangular Index 12.00 (8.60–16.70) 13.10 (8.90–19.50) 0.187

HR3V2 Poincare’ SD1 6.90 (5.10–11.63) 8.64 (5.32–14.51) 0.192

HR3V2 RMSSD 9.75 (7.21–16.44) 12.21 (7.53–20.51) 0.192

HR3V kurtosis 3.39 (1.25–15.47) 6.25 (1.39–19.66) 0.194

HR2V1 skewness 2.00 (0.00–9.00) 3.00 (0.00–21.00) 0.216

HR3V1 kurtosis 1.26 (0.48–6.54) 2.70 (0.25–10.60) 0.238

HR3V skewness 11.00 (5.00–41.00) 19.00 (5.00–58.00) 0.247

HR2V kurtosis 0.85 (0.24–4.27) 1.30 (0.20–7.84) 0.255

HR3V2 mean NN (ms) 1,110.56 (1,052.84–1,216.75) 1,122.29 (1,057.45–1,253.98) 0.284

HR2V1 mean NN (ms) 740.33 (701.91–811.14) 748.16 (704.98–836.04) 0.285

HR3V mean NN (ms) 1,110.49 (1,052.84–1,216.60) 1,122.15 (1,056.47–1,254.02) 0.285

HR2V mean NN (ms) 740.31 (701.91–811.08) 748.12 (704.82–835.96) 0.285

HR3V1 mean NN (ms) 1,110.65 (1,053.21–1,216.54) 1,122.03 (1,057.30–1,253.93) 0.288

HR3V1 skewness 7.00 (2.00–29.00) 12.00 (1.00–47.00) 0.293

HR3V AVHR 54.21 (49.34–57.12) 53.65 (47.99–57.00) 0.295

HR3V2 AVHR 54.21 (49.34–57.12) 53.65 (48.01–56.99) 0.295

HR2V1 AVHR 81.32 (74.01–85.68) 80.48 (72.01–85.50) 0.298

HR2V AVHR 81.33 (74.01–85.68) 80.48 (72.00–85.50) 0.298

HR3V1 AVHR 54.21 (49.34–57.09) 53.64 (47.99–57.00) 0.299

HR2V skewness 4.00 (1.00–21.00) 6.00 (1.00–32.00) 0.325

HR3V RR Triangular Index 11.40 (8.50–15.70) 12.20 (8.50–16.50) 0.366

HR3V1 RR Triangular Index 11.60 (8.80–16.10) 12.30 (8.70–18.60) 0.376

HR3V2 DFA α1 1.65 (1.52–1.79) 1.68 (1.56–1.78) 0.383

HRnV parameters are listed in ascending P value, up to P<0.4. NN50, The number of times that the absolute difference between 2 
successive R-R intervals exceeds 50 ms; pNN50, The number of times that the absolute difference between 2 successive R-R intervals 
exceeds 50 ms, divided by the total number of R-R intervals; LF, Low Frequency; SDNN, Standard deviation of R-R intervals; TP, Total 
Power; VLF, Very low frequency; SDHR, standard deviation of mean heart rate; HF, High frequency; RMSSD, Square root of the mean 
squared differences between R-R intervals; R-R, interval between 2 consecutive Rs; Mean NN, Average of R-R intervals; AVHR, Average 
heart rate; DFA α1, Detrended fluctuation analysis α1. 
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Table S2 Clinical outcomes for febrile infants with and without SBIs

Variable Infants with SBIs (n=74) Infants without SBIs (n=238) P value

Admitted to ICU/high dependency, n (%) 2 (2.7) 4 (1.7) 0.813

Admitted to general ward, n (%) 70 (94.6) 229 (96.2)

Discharged against advice or transferred, n (%) 2 (2.7) 5 (2.1)

Received normal saline bolus resuscitation, n (%) 12 (16.2) 20 (8.4) 0.053

Received intravenous antibiotics, n (%) 72 (97.3) 181 (76.1) <0.001

Hospital length of stay, days, median (IQR) 4.0 (3.0–5.0) 3.0 (3.0–4.0) <0.001

SBIs, serious bacterial infections. 


