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Abstract

Heart rate variability (HRV) is a non-invasive measure of autonomic function. The relation-
ship between unselected long-term traumatic injury (TI) and HRV has not been investigated.
This systematic review examines the impact of non-acute Tl (>7 days post-injury) on stan-
dard HRV indices in adults. Four electronic databases (CINAHL, Medline, Scopus, and Web
of Science) were searched. The quality of studies, risk of bias (RoB), and quality of evidence
(QoE) were assessed using Axis, RoOBANS and GRADE, respectively. Using the random-
effects model, mean difference (MD) for root mean square of successive differences
(RMSSD) and standard deviation of NN-intervals (SDNN), and standardized mean differ-
ence (SMD) for Low-frequency (LF): High-Frequency (HF) were pooled in RevMan guided
by the heterogeneity score (I?). 2152 records were screened followed by full-text retrieval of
72 studies. 31 studies were assessed on the inclusion and exclusion criteria. Only four stud-
ies met the inclusion criteria. Three studies demonstrated a high RoB (mean RoBANS score
14.5+3.31) with a low QoE. Tl was associated with a significantly higher resting heart rate.
Meta-analysis of three cross-sectional studies demonstrated a statistically significant reduc-
tion in RMSSD (MD -8.45ms, 95%CI-12.78, -4.12, p<0.0001) and SDNN (MD -9.93ms, 95%
Cl-14.82, -5.03, p<0.0001) (low QoE) in participants with Tl relative to the uninjured control.
The pooled analysis of four studies showed a higher LF: HF ratio among injured versus unin-
jured (SMD 0.20, 95%CI 0.01-0.39, p<0.04) (very low QoE). Albeit low QoE, non-acute Tl is
associated with attenuated HRV indicating autonomic imbalance. The findings might explain
greater cardiovascular risk following TI.

Trial registration PROSPERQO registration number: CRD: CRD42021298530.

Introduction

Traumatic Injury (TT) is known to decrease the quality of life by adversely affecting emotional,
physical, and psychological health [1, 2]. It appears to influence autonomic nervous system
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(ANS) responses by enhancing sympathetic tone and attenuating the parasympathetic activity
in the body [3]. This can be clinically investigated using the variation in time intervals between
consecutive heartbeats—heart rate variability (HRV) [4]. HRV is an established objective,
non-invasive and indirect measure of autonomic function [5, 6]. In acute trauma settings,
HRYV has emerged as a new vital sign and triage tool [7-9]. In addition to being a robust car-
diovascular marker to predict major adverse cardiovascular events and all-cause mortality
[10], lower HRYV is inversely linked to injury severity across a wide variety of injury types [11-
13].

The adverse physiological and psychological health effects of TI have been reported in civil-
ian [14, 15] and military populations [16]. In the last two decades, research into the impact of
TI on HRV has been largely focused on acute trauma and during hospital admission [17-20].
Examination of the relationship between non-acute T1 and HRV has predominantly been in
selected injured populations with the spinal cord, head/brain, and psychological trauma (post-
traumatic stress disorder-PTSD and depression) [21-24]. While systematic reviews have been
conducted previously to assess the association between HRV and traumatic brain injury [25],
spinal cord injury [26], PTSD [27] and depression [28], the longer-term effects of unselected
TI on HRV have not been reviewed and warrant further examination [29]. With a recent study
reporting an increase in cardiovascular disease (CVD) risk in injured military veterans [30],
understanding the health outcomes among injured military and civilian populations following
a traumatic injury is essential.

This systematic review aims to answer our research question using Population, Exposure,
Outcome (PECO) framework [31]: What is the association between non-acute TI (E) and
HRYV (O) in adults with unselected TI (P) versus uninjured controls (C)?

Methods

The protocol of this systematic review is registered at PROSPERO (CRD: CRD42021298530.
The protocol for this systematic review has been recently published [32] (SI Protocol). This
systematic review was conducted using the Preferred Reporting Items for Systematic reviews
and Meta-Analyses (PRISMA) 2020 guidelines and checklist [33] (S1 Table).

Eligibility criteria

Population. We included published studies of any design which had adult human partici-
pants (aged 18 or above) with sustained TT >7 days previously. The rationale was to include a
broad spectrum of participants (civilian and military) [14-16].

Exposure. The selection of TI >7 days as the cut-off point was informed by a previous
review on mild traumatic brain injury [34] and to mitigate the impact of the early physiological
impact of acute trauma on HRV [17-20]. Studies with participants of traumatic brain injury,
spinal cord, depression, and post-traumatic stress disorder were excluded [26, 35-37]. Simi-
larly, studies that reported acute injuries (which led to death upon hospital admission), and
with adolescents, animals, or children as participants were excluded [17-20].

Comparator. Only studies with a comparator or a control group were eligible for
inclusion.

Outcome. As a primary outcome of this review, only recognised and established measures
of HRV were eligible for inclusion [6] (S2 Table). The primary outcomes were limited to the
most widely reported time and frequency domain measures of HRV [6]. Our secondary out-
comes were resting heart rate (HR) among included HRV studies, type of injury, and time
from injury.
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Information sources

A systematic literature search was undertaken by two reviewers (RM and C]B) in 4 electronic
bibliographic databases: CINAHL, Medline, Scopus, and Web of Science, in addition to the
Cochrane library. The Medical Subject Headings (MeSH) and CINAHL headings were used in
Medline and CINAHL, respectively for trauma, wounds, injury, and heart rate variability. The
title and abstract fields were searched with a limit on language (only English). There were no
restrictions on date and geographical area. The last search was conducted on 10 August 2022.

Search strategy

The master search strategy was developed by two reviewers (RM and CJB) and was adapted
according to each database, with the help of an experienced librarian. Following is the search
strategy for Web of Science:

trauma* OR wound* OR "blast” OR explosion* OR injur* AND "heart rate variability" OR
"HRV" OR "heart rate variation*" OR “heart rate complexity” OR "SDNN" OR "RMSSD" OR
*" OR "autonomic reactivity" OR "HR-variability" OR “autonomic regula-
tion” OR “autonomic activity".

"autonomic function

Selection process

The titles and abstracts were screened by two reviewers (RM and CJB) independently. The ref-
erence lists of included studies were also hand-searched to supplement the searches and
include studies that might have been missed otherwise. Disagreements were resolved by dis-
cussion between two reviewers (RM and CJB), inviting the third reviewer (AK) wherever
needed. Mendeley (version 1.19.8) was used to manage records and de-duplications of the
results. The full texts were read and evaluated by the reviewers (RM and CJB), independently.
Supplementary probes were used at the initial stage of the screening (S3 Table). In case of a dis-
agreement at any stage, a third reviewer (AK) was invited to reach a consensus.

Data collection process

The data-extraction form (54 Table) was developed in Microsoft Excel following the guidelines
set by the Centre for Reviews and Dissemination [38]. The form was continually adapted dur-
ing the initial data-extraction stage to extract the relevant data at best and was also tested a pri-
ori to the final data-extraction stage to ensure its reliability. The lead reviewer (RM) extracted
the data items using the data-extraction form. The second reviewer (CJB) cross-checked the
data extraction. Both reviewers (RM and CJB) discussed the final data extraction. All records
were maintained in Mendeley (version 1.19.8)

Data items

The following data (not limited to) were extracted from each study: date of publication, authors,
title, setting, country, study aims, and design, sample size, participants’ sex, and age, exposure and
outcome variables, type of traumatic injury, injury-severity measure, time from injury, resting HR
and HRV. The most commonly reported HRV measures were included in the meta-analysis as a
primary outcome. Heart rate was reported as a secondary outcome in the narrative synthesis. The
corresponding author of one study was contacted to access the missing data.

Study risk of bias assessment

Two reviewers (RM and CJB) performed the critical appraisal of the studies using Axis- a criti-
cal appraisal tool developed for cross-sectional studies [39]. Studies scoring <10, 10-15, >15
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were considered low, moderate, and high-quality studies, respectively as previously used [40].
The Risk of Bias (RoB) of the included studies was assessed using the Risk of Bias Assessment
of Non-randomized Studies (RoOBANS) [41] by two reviewers (RM and CJB), independently.
Based on the criteria used in a previous study [40], studies scoring 0, 0-2, >2 were rated as
having a low, moderate, and high risk of bias. The disagreements were resolved by a discussion
with the third reviewer (AK).

Effect measures

Mean difference (MD) was used as a summary statistic for continuous variables (HRV mea-
sures), with a 95% Confidence Interval (CI). The means and standard deviations (SD) reported
for the exposure and outcome measures were extracted. The means and SD of two or more
two groups were calculated using Cochrane’s recommended method [42].

Synthesis methods

All statistical analyses were performed in Review Manager (RevMen 5.4) [43]. Where permit-
ted by data, outcome measures of included studies were pooled to perform a meta-analysis
using random effects [44] -which is based on the a priori assumption of heterogeneity in HRV
measurement and recording time across studies. The level of significance was set at p<0.05.
Using narrative synthesis, the characteristics of included studies were tabulated. Sub-group
analysis was not possible due to the limited number of included studies.

Certainty assessment

The overall quality of evidence (QoE) was assessed using Grading of Recommendations
Assessment, Development, and Evaluation (GRADE) with GRADEproGDT [45]. GRADE is a
ranking system to assess the quality of evidence included in a systematic review [46]. Scoring
was upgraded by one level if 50% of studies had a large effect size, dose-response gradient, and
minimised confounding effect [46].

Results
Study selection

In total, 3839 records were identified with the only limit being on language (English). After the
removal of duplicates (n = 1687), a further 2080 records were excluded based on their irrele-
vancy to eligible study design, publication status, age group, and exposure. 72 studies were
retrieved for full text and evaluated against the inclusion and exclusion criteria. Only four
studies met the inclusion criteria and were included in the quantitative meta-analysis. Fig 1
shows the PRISMA Flow Diagram [33].

Study characteristics

The four studies were included in this review and together represented 258 participants with a
non-acute TI (exposed group) and 203 uninjured participants (control group). One study was
longitudinal [47], one was a case-control [48] and two were cross-sectional [49, 50]. The types
of injury reported in the studies were traffic accidents [47], Whiplash Associated Disorder
(WAD) (neck injury) [48], traumatic amputation [49], and burns [50]. The mean age range of
participants with and without injury was 43.6-56.4 years and 41.7-59.4 years, respectively.
Time from injury varied across studies from six weeks [47] to more than twenty years [49].
Overall, the majority of participants were men and middle-aged except for one study with
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Identification of studies via databases and registers

Records identified from*:
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Identification
e o o o
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3 (n=4)
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£

Fig 1. The PRISMA flow diagram.
https://doi.org/10.1371/journal.pone.0280718.g001

older participants (age >50 years) [49]. One study had military servicemen in the exposed
group [49] as opposed to civilians of both sexes in the other three studies (Table 1).

Three studies collected HRV data using electrocardiography (ECG) as opposed to one
study with Photoplethysmography (PPG) [48]. Two studies reported the posture maintained
during the HRV measurement [47, 49]. In the three ECG-acquired HRV studies, the duration
of recording was five minutes in one [49], 10 minutes in another [47], and 24 hours in the
third study [50]. Significant variations in posture during HRV measurement were observed in
all studies. Two studies reported posture with participants in the sitting position [47] and
supine and standing [49]. Two studies did not report the posture while one study also had par-
ticipants perform their daily activity during a 24-hour recording of HRV [50].

The most frequently reported HRV measures in all four studies were High Frequency (HF),
Low Frequency (LF) power followed by the standard deviation of NN intervals (SDNN), the
root mean square of successive differences between normal heartbeats (RMSSD), and LF: HF
ratio (Table 2). Resting HR was reported in all 4 studies.
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Table 2. The most reported heart rate variability parameters in the included studies and the direction of effect.

Time Domain Measures Frequency Domain Measures
Study SDNN RMSSD HF LF LF/HF
Peles et al. 1995 - 1 T Slightly T
De Kooning et al. 2013 1 1 1 1 T
Joo et al. 2018 l l l | T
Pozzato et al. 2021 l l 1 1 Slightly |

Note: Direction of means represented as (T high, | low) for the exposed group compared with the mean of the
control group from each study.

https://doi.org/10.1371/journal.pone.0280718.t1002

Risk of bias in studies

The scores from the Axis critical appraisal tool for each study are reported (S5 Table). Only
one study was of high quality [47] and three were of moderate quality. The quality scores ran-
ged from 11-19 (out of a maximum of 20). The mean quality score was 14.5 + 3.31. Regarding
the risk of bias using RoOBANS, only one study had a low risk of bias [47] (S6 Table).

Results of syntheses

Heart Rate Variability. RMSSD, SDNN, and LF: HF ratio were chosen for meta-analysis
because of the homogeneity of their units reported in most studies and their wide use in the
field [6]. Since in all three studies, RMSSD and SDNN were reported in the same unit, mean dif-
ference (MD) was used to pool the data as also suggested [51], whereas standardised mean dif-
ference (SMD) was used to pool data for LF: HF ratio, guided by the heterogeneity score [44].

Heterogeneity was insignificant (I* = 0) for all outcomes. The meta-analysis of three studies
indicated a large and statistically significant difference in time domain indices of HRV
between injured and uninjured groups. RMSSD was significantly lower in injured than unin-
jured groups (MD -8.45 ms, 95%CI -12.78, -4.12, p<0.0001) (Fig 2) SDNN was also signifi-
cantly lower in injured relative to uninjured groups (MD -9.93 ms 95%CI -14.82, -5.03,
Pp<0.0001) (Fig 3). LF: HF was higher in the injured than uninjured group (SMD 0.20 95%CI
0.01-0.39, p<0.05) (Fig 4).

Injured Uninjured Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean D Total Weight IV, Random,95% CI IV. Random, 95% C1
de Kooning et al. 2013 46.83 25.44 30 56.93 26.82 31 10.9% -10.10[-23.22,3.02]
Joo etal. 2018 1912 829 60 29.44 1062 10 39.2% 1032[17.23,-3.41) -
Pozzato et al. 2021 27.48 209 116 341 256 109 49.9% -6.62[-12.75, 0.49) -
Total (95% CI) 206 150 100.0% 8.45(1278, -4.12) @

50 25 0 2 50
Heterogeneity: Tau’= 0.00; Chi’= 0.68, df= 2 (P=0.71); I = 0%

Injured Uninjured

Test for overall effect Z = 3.83 (P= 0.0001)
Fig 2. Outcome 1: Difference in RMSSD (ms) between injured and uninjured groups.

https://doi.org/10.1371/journal.pone.0280718.9002

Injured Uninjured Mean Difference Mean Difference

Mean so Total Mean sD Total Weight 1V, Random,95% CI . Random, 5% €1

6769 3617 30 739 3654 31 7.2% 6.21(-24.46, 12.04]
a3 1428 0 s5.41 1288 10 312% 14.09(-22.85,-5.33) e
4035 223 16 86 253 109 616% 8.25(-14.49,2.01] ——

Total (95% C1) 206 150 100% 9.93 [-14.82, -5.03]

Heterogeneity: Tau’= 0.00; Chi’= 1.30, df= 2 (P=0.52); I’ = 0%

Test for overall effect Z = 3.97 (P< 0.0001)
Fig 3. Outcome 2: Difference in SDNN (ms) between injured and uninjured groups.

https://doi.org/10.1371/journal.pone.0280718.9003
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Injured Uninjured Mean Difference Mean Difference

Study or Subgroup Mean D Total Mean S0 Total Weight IV, Random,95% CI V. Random, 95% CI

de Kooning etal. 2013 19 11 0 16 113 31 143% 027(-0.24,077)

Jooetal. 2018 495 225 60 478 wn 10 81% 007 (060, 0.74] e—
Peles et al. 1995 28 432 s2 27 582 53 2.9% 0.02(:0.36,040) w—

Pozzato et al. 2021 173 15 116 137 1 109 52.7% 0.28(0.02,0.54] i

Total (95% CI) 258 203 100% 0.20(0.01, 0.39) e

Heterogeneity: Tau’= 0.00; Chi’= 1.41, df= 3 (P=0.70); I' = 0% Uninjured Injured

Test for overall effect Z = 2.02 (P= 0.04)
Fig 4. Outcome 3: Difference in LF: HF ratio between injured and uninjured groups.

https://doi.org/10.1371/journal.pone.0280718.9004

Reporting biases

Funnel plot analysis revealed no asymmetry, but considerable variation in Standard Error (SE)
across studies for all outcomes suggesting a degree of systematic bias (S1 Fig). The publication
bias (Egger’s test) could not be performed owing to the limited number of studies [52].

Certainty of evidence

For outcomes SDNN and RMSSD, the QoE assessed was low, whereas for LF: HF ratio it was
very low. The GRADE evidence profile and summary of findings tables are given (S7 Table).

Discussion

To the authors’ knowledge, this is the first systematic review to examine the relationship
between non-acute generalised T1 and HRV. We identified four suitable studies and observed
that a non-acute TI was associated with lower RMSSD and SDNN, and higher LF: HF ratio
and resting HR compared with that of the uninjured control group. Overall, the quality of evi-
dence in support of the findings was relatively low with a high risk of bias.

There are several potential mechanisms to explain the decline in HRV following TI. Perhaps
the most obvious is that of physical deconditioning following TI and the associated reduction in
physical activity associated with TI-related physical injury [53]. Another plausible mechanism is
chronic low-grade inflammation which may be persistent leading to tissue degeneration [54]
and subsequent autonomic imbalance. The results of the recently reported Armed Services
Trauma Rehabilitation Outcome Study (ADVANCE) which examined the relative cardiovascu-
lar risk profiles of 579 injured versus 565 matched (age, sex, deployment) uninjured military
personnel showed that the levels of high-sensitivity C-reactive protein (HS-CRP) were signifi-
cantly greater among those with TI [26]. In the ADVANCE study it was also observed that T1
injury was associated with higher resting HR, relative obesity, dyslipidaemia, and insulin resis-
tance among the injured [30]- which are all reported to be inversely related to HRV [55, 56].
Another plausible mechanism to explain the lower HRV with TI may be related to the higher
burden of depression, anxiety, and PTSD which are all known to reduce HRV [57]. It remains
uncertain as to whether combat-related T1I further enhances these negative and inverse relation-
ships and remains the focus of the ongoing ADVANCE study [58].

HRYV is predominately controlled by the ANS and acts as an indicator of autonomic activity
[4]. The balance between the sympathetic and parasympathetic branches of ANS is essential
for homeostasis and overall physiological and psychological well-being [59, 60]. The results of
this systematic review would suggest that non-acute TI leads to a relative sympatho-vagal dom-
inance explaining the higher LF: HF ratio among the injured. The lower RMSSD among the
injured would also suggest their greater vagal withdrawal. RMSSD has been shown to strongly
correlate with HF power and is preferred over HF power as a measure of vagal tone because it
is free of respiratory influence [6, 61]. These findings are of major importance given the
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recognised link between increased LF: HF ratio and all-cause mortality among patients with
traumatic brain injury [25] and haemodynamically stable unselected acute TI [62]. The lon-
ger-term association between HRV measured among non-acute TI remains uncertain and is
the primary aim of the ongoing ADVANCE Study [58, 63].

This systematic review has several strengths which need to be acknowledged. To date, it is
the first systematic review to examine the association between non-acute TI and HRV in
adults. This systematic review has been conducted in a transparent manner using the PRISMA
guidelines since its registration on the PROSPERO database and the publication of its protocol
[32]. The quality of evidence has also been assessed using GRADE. Another strength of this
study is its extensive literature search undertaken across four electronic databases.

Nevertheless, the results of this systematic review should be interpreted with caution. All included
studies had a high risk of bias as assessed through RoOBANS except one [47] and had a methodologi-
cal quality ranging from low to moderate. Due to the limited number of studies, sensitivity and sub-
group analyses could not be performed. For one study, the data points were extracted from the
graphical figures as the original paper had not provided the data, and contact with the author was
not possible [49]. We also observed methodological heterogeneity in HRV measurement, recording,
and analysis across studies. Except for one study, all studies were cross-sectional. Our pooled esti-
mate does not account for changes introduced by different postures in all studies. Similarly, albeit
inappropriate, HRV measures were pooled despite differences in HRV measurement durations e.g.,
5 min, 10 min, and 24 hours and type of injury (burn, traffic accident, WAD, and amputation).
Notably, non-linear indices of HRV were not included and pooled in the meta-analysis owing to the
limited availability of data. The quality of evidence assessed through GRADE is low- which means
further research is very likely to have an important impact on our confidence in the estimate of effect
and is likely to change the estimate. Lastly, the generalisability of the conclusion is limited due to the
relatively small sample size and the number of studies included in the meta-analysis.

Nonetheless, this systematic review provides small yet important evidence on the effect of
unselected non-acute TIs on HRV. Timely detection of autonomic imbalance is pertinent to
informing acute trauma care [3]. The results of this systematic review have shown that chronic
T1 is associated with a reduction of HRV which is an indirect marker of reduced recovery and
increased cardiovascular risk. This may have translational applications for trauma-care prac-
tice including targeted interventions for the most vulnerable survivors of TI. For future
research, longitudinal studies are warranted to examine the causal relationship between non-
acute traumatic injuries and HRV (including both linear and non-linear indices) in civilian
and military populations, separately. Within this scope, there is an ongoing 20-year longitudi-
nal study called Armed Services Trauma Rehabilitation Outcome (ADVANCE) which aims to
examine the long-term impact of CRTI on CVD risk including HRV monitoring [58, 63]. Hav-
ing a similar study with civilians may also help better understand the mechanism and factors
which affect TI-HRV association in different populations.

Conclusion

This systematic review and meta-analysis have shown that non-acute unselected TT is associ-
ated with lower RMSSD and SDNN, and higher LF: HF ratio and resting heart rate than that
of matched uninjured controls. Larger high-quality longitudinal studies are warranted to
investigate the causal relationship between non-acute TI and HRV.
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