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Objective: To explore the use of 5-minute heart rate variability (HRV) during inpatient rehabilitation in the acute
phase of traumatic spinal cord injury (SCI).
Design: Longitudinal observational study.
Setting: Acute inpatient rehabilitation (AIR).
Participants: 10 patients with acute traumatic SCI.
Interventions: 5-minute HRV supine recordings twice daily on three different days per patient.
Outcomes Measures: HRV values were evaluated (1) within a single day (Early versus Late); (2) across the
inpatient admission (initial, mid, and discharge); (3) by SCI phenotypes and by clinical outcomes (ex.
pressure injuries (PI)).
Results: Patients had an average age of 38 years, 80% male, and 40% with tetraplegia. There were no HRV
differences between Early and Late recordings, across the inpatient admission, demographics, or SCI
phenotype. However, improvement in neurologic exam was accompanied by increased parasympathetic
tone (mean RR increased by 172 ms SD 61, P = .005). Patients with PI demonstrated lower sympathetic
(SNS) activity (decreased LF by 472 ms2 SD 240, P = .049) and lower PNS activity (decreased RMSSD by
1.2 ms SD 0.5, P = .02), compared to no PI. Comparisons to uninjured reference values and chronic SCI
suggest a changing autonomic nervous system (ANS) from uninjured to acute to chronic as measured by HRV.
Conclusions: This preliminary evidence suggests HRV in acute SCI is stable across time and day during
inpatient rehabilitation and may be correlated to clinical sequalae of ANS dysfunction and neurologic
recovery. Comparisons to published work suggest that HRV may measure the progression in the ANS from
acute to chronic phase after SCI.
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Introduction
With approximately 17,700 cases annually, acute spinal
cord injury is a clinical disorder that causes significant
functional impairment.1 While classically associated
with partial or complete paralysis, acute spinal cord
injury (SCI) can also dysregulate the intrinsic cardio-
vascular, urinary, thermoregulatory, gastrointestinal

and bronchopulmonary functions of the autonomic
nervous system (ANS). These changes to the ANS rep-
resent a major cause of increased morbidity and mor-
tality and often reduce the quality of life for these
patients.2 Not surprising, research of the ANS has
been a top priority in those living with SCI for the
past 16 years in the U.S.3 Measurement of ANS func-
tion and impairment is therefore an important obser-
vation in the evaluation of SCI but has remained a
challenge to measure objectively.
Heart Rate Variability (HRV) is a non-invasive

means of indirectly measuring the balance of
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sympathetic nervous system (SNS) and parasympa-
thetic nervous system (PNS) contributions of the
ANS. HRV refers to the variation in the time interval
present between heart beats, which can be detected
using a two-electrode electrocardiogram (ECG) with
5-minute recordings. Measurements are affected by
the SNS and PNS, as well as regulatory mechanisms
that control heart rate (e.g. the baroreceptor reflex),
rhythmic changes in vascular tone, and vagal inputs
mediating respiratory drive.4 HRV has classically been
described as an individual indicator, where low HRV
is associated with increased morbidity and mortality.5

However, the individual measurements reflect the
PNS and SNS activity, with well-defined guidelines
for recording and interpreting HRV data, analyzed
using both frequency-domain and time-domain vari-
ables.6 Time domain methods measure the interval of
time between successive normal complexes. Frequency
domain methods describe the heartbeat components
as how their variance distributes as a function of
frequency.
Frequency-domain variables include: low frequency

(LF), high frequency (HF), and the ratio of low fre-
quency to high frequency (LF:HF). The LF spectral
component reflects sympathetic modulation and
cardiac autonomic outflows by baroreflexes, commonly
considered the indirect representation of the SNS tone.7

The HF spectral component, a surrogate for PNS
activity, represents the vagally mediated cardiac para-
sympathetic control. LF/HF has been used to reflect
sympathovagal balance and overall variations in SNS
and PNS. Time domain variables include: mean RR
interval (interval of time between two consecutive R
waves of the QRS complex), SDNN (standard devi-
ation of normal sinus heart beats), and RMSSD (the
root mean square of successive differences). PNS
activity is represented by mean RR and RMSSD,
while SDNN has been used as a surrogate for overall
sympathetic and parasympathetic activity influencing
HRV.6

HRV analysis has been found to be both consistent
and reproducible in the chronic SCI population.8

Several studies have used HRVas a tool to study physio-
logic changes in people with chronic SCI. Karri et al.
demonstrated that SCI patients with neuropathic pain
have a lower baseline HRV and reduced PNS tone com-
pared to those without neuropathic pain.9 People with
SCI and orthostatic hypotension (OH) appear to have
both time and frequency-domain variable changes com-
pared to those without OH.10 Kyriakides et al. found
greater HRV changes in chronic paraplegia compared
to tetraplegia following sitting maneuvers.11 It is

unclear whether these measures are similar in the
acute SCI population.
The objective of this study is to explore the use of

HRV during the acute phase of SCI. In this exploratory
trial, we performed longitudinal HRV and BP record-
ings in people with acute SCI during inpatient rehabili-
tation. We evaluated for differences in HRV based on:
(I) morning (Early) and evening (Late) recordings; (II)
changes over time during inpatient rehabilitation
(admission, 1 week after admission, and discharge).
We also explored associations to clinical findings (SCI
phenotype) and outcomes (i.e. infections, autonomic
dysreflexia (AD), orthostatic hypotension (OH)).
Additionally, for contrast, we provide HRV values in
persons with chronic SCI10 and uninjured adult refer-
ence values.12

Materials and methods
All patients with acute traumatic SCI admitted to an
acute inpatient rehabilitation hospital between July
2018 and January 2019 were screened using the elec-
tronic medical record (EMR) and excluded if they
had a history of cardiac dysrhythmia, chemotherapeutic
medications, and diseases that can affect the ANS func-
tion (e.x. diabetes mellitus, hypertension, peripheral
neuropathies, and sleep disorders). There were no
inclusion/exclusion criteria based on neurologic level
of injury or AIS. Recruitment stopped after a conven-
ience sample of 10 patients and no sample size calcu-
lation was performed due to an inherent lack of data
in acute SCI HRV. All enrolled patients received the
usual SCI acute inpatient rehabilitation care and man-
agement at our facility. This study was approved by
the Institutional Review Board and informed consent
was obtained in participating patients.
5-minute ECG readings were collected at approxi-

mately 7AM (Early) and 7PM (Late) for each subject
at three time points during their rehabilitation: (1)
within 3 days of admission (Admission); (2) one week
into rehabilitation (Mid); and (3) within 1 week of dis-
charge (Discharge). All recordings were obtained in a
standardized manner with subjects lying supine,
resting for at least 5 minutes, with minimized exposure
to environmental stimuli, including turning off televi-
sions and fluorescent lights, and refraining from cellular
phone or tablet use. Adhesive electrodes were placed at
the midclavicular region of the first intercostal space on
both the right (white lead) and left (black lead) chest
wall. Over the course of the 5-minute ECG recordings,
patients were asked to remain silent and motionless.
ECG recordings were performed with a wireless ECG
heart rhythm scanner (Biocom 5000 Wireless ECG
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Recorder, Biocom Technologies, Poulsbo, WA). Blood
pressures were collected immediately after ECG record-
ings using a Welch Allyn Spot Vitals Signs BP monitor
with an adult-sized cuff. HRV analysis was performed
offline with Kubios HRV Software (University of
Eastern Finland, Joensuu, FIN).
Chart review was utilized to obtain information on

patient demographics, SCI phenotypes (tetraplegia v
paraplegia, complete injury versus incomplete, and
neurologic level), physical exam motor scores, and
medications that may influence HRV recordings,
including vasopressors and inotropes. Pain was assessed
prior to each ANS recording via numerical pain scores
(NPS) scaled from 0–10 (no pain to severe). The
International Standards for Neurological
Classification of SCI (ISNCSCI) exam was used to cat-
egorize neurological improvement from rehabilitation
admission to discharge based on (1) improved motor
and/or sensory levels, and/or (2) improved American
Spinal Injury Association (ASIA) impairment scale
(AIS). Patients were categorized based on the presence
or absence of improvement (Improved or Not
improved).
Clinical outcomes of interest throughout their admis-

sion were obtained from the EMR. The definition used
for OH was a decrease of systolic (SBP) and/or dias-
tolic blood pressure (DBP) by 20 mmHg or 10
mmHg, respectively, upon standing from a seated pos-
ition.13 The definition of AD is considered a sudden
increase in systolic blood pressure ≥ 20 mmHg above
baseline.14 Because the SNS is implicated in the
immune system dysregulation that occurs after SCI,
we recorded all infections in the participating patients.15

Infection was defined by the presence of at least one of
the following: urinary tract infection (UTI), pneumo-
nia, cellulitis, surgical infection, or other stated infec-
tion. UTI was defined by symptoms known to occur
in SCI, a positive UA with bacterial growth in urine
culture, with symptom improvement after appropriate
antibiotic treatment.16 Pneumonia was diagnosed by
pathologic chest X-ray infiltrates. Surgical infections
were diagnosed by fever greater than 100.8 degrees
Fahrenheit with erythema, tenderness, and/or dis-
charge originating from surgical incision site.17

Uninjured reference values12 were plotted for juxta-
position against the acute SCI data from this manu-
script and chronic SCI data from our previous
work.10 The uninjured reference values were developed
from a systematic review of the literature of 5-minute
HRV values in healthy adults.12 Data from subjects
with chronic (> 1 year) traumatic SCI was collected
from routine SCI clinic visits and excluded if they had

a history of cardiac dysrhythmia, orthostatic hypoten-
sion, or active medical concerns.10 Because the unin-
jured reference values were from single recordings,
rather than serial recordings, we used the first record-
ings from both the chronic and acute SCI data.

Statistical analysis
Continuous variables were described as means and
Standard Deviation (SD) or median and interquartile
range (IQR). The coefficient of variation (CV) was cal-
culated (SD/mean x 100) for the HRV and BP
measures. Categorical values were reported as fre-
quency and percentage. Patients that experienced OH
also experienced AD, reported together as OH/AD.
Mean comparisons were made using T-test or Mann–
Whitney test for normal or nonparametric data,
respectively. Mixed-effects models were used to evaluate
HRV changes over time, with the fixed effects the auto-
nomic measures and the random effects as the subject
differences and duration of injury. Associations to clini-
cal measures and outcomes were individually added to
the mixed-effects model. STATA version 14.2 was
used for analyses.

Results
Ten patients participated in the study (eight male and
two female) with a mean age (SD) of 38 (11.3) years
(Table 1). Recordings were collected within 13–86
days from injury. The mean duration of injury on
initial recording was 28 (10.6) days, and final recording
was 48 (16.4) days. There were four patients with tetra-
plegia (40%) and five with complete injury AIS A
(50%), all of which had paraplegia. There was a total
of 58 HRV recordings, with 29 Early recordings
(missing one recording from patient #5) and 29 Late
recordings (missing one recording from patient #7).
None of the patients were administered inotropic or
vasopressor medications that may alter the heart rate
or blood pressure recordings.
(I) Time of day, early versus late recording differences

We compared the means of the Early and Late
recordings (Table 2) and found no significant differ-
ences. However, the Late measures were increased com-
pared to the Early measures, with the frequency band
(HF, LF) at least 2x greater than the Early measures.
Late HRV recordings tended to show greater variability
as calculated by the CV.
(II) HRV changes over time

We evaluated whether the HRV measures changed
over time using mixed-effects modeling, accounting
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for repeated patient measures. We did not find signifi-
cant changes of the HRVor BP values over the entirety
of the recording sessions.
(III) Clinical correlations to HRV recordings
Using the mixed-effects model, we compared the HRV
data over time to demographics and we found no sig-
nificant differences based on age and sex. Clinical
measures and outcomes (Table 3) were individually
entered into the mixed-effects model for comparisons
to the HRV and BP measures. We did not find a signifi-
cant difference between the HRV measures in tetraple-
gia and paraplegia, complete and incomplete injury,
or neurologic level of injury among the 58 recordings.
Similarly, we did not find HRV associations to the
upper, lower, and total motor scores. There were 3/10
patients who improved their neurologic exam
(Improved) during rehabilitation. Compared to those
who did not improve, mean RR was increased
(172 ms, SD 61, P = .005) and mean HRwas decreased
by 16 bpm (SD 6.4, P = .015) in Improved. Increased

parasympathetic activity in Improved compared to
not improved as measured by HF nearly approached
significance (400 ms2, SD 208, P = .055).
There were four patients (40%) who experienced OH

and AD. There were no significant associations found
between these groups and the BP/HRV variables.
There were four patients (40%) who had PIs. The group
with PIs demonstrated lower SNS activity as measured
by decreased LF by 472 ms2 (SD 240, P= .049) and
lower PNS activity as measured by decreased RMSSD
by 1.2 ms (SD 0.5, P= .02). There were two patients
(20%) with DVTs and we found no correlation to the
HRV or BP measures between those with and without
DVTs. There were four patients (40%) who developed
an infection during their rehabilitation admission. We
found increased PNS activity as measured by increased
HFof 394 ms2 (SD 191, P= .04) in those that developed
an infection compared to those that did not. We did not
find BP measures to be associated with any of these clini-
cal correlates.

Table 1 Patient demographics.

Patient Age Sex NLI AIS

Recording 1 Recording 2 Recording 3
(Days from injury)

1 45 M T8 A 39 46 58
2 47 M C4 C 38 45 52
3 47 F T2 A 13 23 31
4 27 M T2 A 19 30 39
5 20 M T12 A 29 36 43
6 25 M C2 B 41 76 86
7 33 F T10 B 24 31 37
8 52 M C4 B 39 47 56
9 36 M T12 A 17 25 32
10 48 M C4 C 21 34 42

M, male; F, female; NLI, neurologic level of injury; C1-8, cervical levels 1-8; T1-12, thoracic levels 1-12; AIS (American Spinal Cord
Injury Association Impairment Scale) A, complete; B, sensory incomplete; C, motor incomplete.

Table 2 Comparison of Time of Day BP and HRV recordings in acute SCI.

Acute SCI (Early) Acute SCI (Late)
Early v Late

Median IQR CV Median IQR CV p-value

SBP (mmHg)* 118 20 17 124 18 15 0.26
DBP (mmHg)* 67 18 27 73 13 18 0.174
Mean HR (bpm) 75 70–89 17 71 62–87 21 0.211
HRV variables
Mean RR (ms)* 787 125 16 838 164 19 0.193
SDNN (ms) 22 15–31 59 27 18–38 120 0.158
RMSSD (ms) 2.3 1.6-2.8 41 2.3 1.8-3.2 89 0.273
LF (ms2) 77 59–241 149 110 67–213 217 0.141
HF (ms2) 74 18–127 149 108 31–331 193 0.127
LF:HF 1.6 1.1-2.3 60.2 1.4 1-2.5 219.1 0.382

SCI, spinal cord injury; BP, blood pressure; HRV, heart rate variability; IQR, interquartile range; SBP, systolic blood pressure; DBP,
diastolic blood pressure; HR, heart rate; RR, interval of time between two consecutive R waves of the QRS complex; SDNN, standard
deviation of normal sinus heart beats; RMSSD, root mean square of successive differences; LF, low frequency; HF, high frequency;
LF:HF, the ratio of LF to HF; CV, coefficient of variation; * mean and SD
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NPS were collected prior to each of the 58 recording
sessions and divided into thirds for analysis: NPS
Category I (score 0, sessions = 20); NPS Category II
(scores 1–5, sessions = 21); NPS Category III (scores
6–10, sessions = 19). We found SBP was increased in
NPS Category II compared to I by 11 mmHG (SD
5.5, P = .043), but no significant difference between
Category III and I. There were no associations to
other BP or HRV measures.
(IV) HRV values from acute SCI, chronic SCI, and unin-

jured reference values
We present the HRV values obtained in acute SCI along
with known reference values in uninjured adults12 and
in our sample of patients with chronic SCI.10 The SCI
groups were younger than the uninjured reference
population, but sex was relatively matched between
groups (Table 4). Sex, age, and percentages of tetraple-
gia and completeness of injury were similar between the
acute and chronic SCI groups. There were many differ-
ences seen in the HRV values between these groups

(Table 5). In general, there was reduced HRV in both
SCI groups compared to the uninjured reference
values. The variability of these measurements were
similar for mean RR, SDNN, and LF:HF. The acute
SCI values showed high variability with LF and HF
recordings (2150, 1287, respectively).
The progression of HRV values from uninjured refer-

ence values to the cohorts of acute SCI and chronic SCI
is illustrated in Fig. 1(A and B). Reference values are
depicted in bars with SD, whereas the SCI groups
were arranged in box plots. In Fig. 1(A), overall HRV
as measured by SDNN shows a significant reduction
in acute SCI which then increases in chronic SCI to
within normal range of the reference values. RMSSD,
a marker of PNS tone, follows the same pattern. The
balance between SNS and PNS as reflected in LF:HF
does not appear to change between the groups. In
Fig. 1(B), mean RR remains lower in SCI compared
to reference values. Both LF and HF are reduced in
SCI, with chronic SCI reduced compared to acute SCI.

Discussion
In this limited sample size of 10 subjects with early SCI,
serial ECG recordings did not reveal differences in
HRV or BP parameters based on sex, age, or SCI phe-
notypes, nor were we able to detect HRV changes over
time. Our data suggest that 5-minute HRV may be sen-
sitive to clinical outcomes like improvement in the
ISNCSCI exam and occurrence of pressure injury and
infections. Furthermore, this novel data of HRV in
early SCI provides missing data to help define the
changes that occur to the ANS from uninjured to
early injury to chronic SCI. We present data that
suggests that the autonomic nervous system is changing
over time after spinal cord injury, reflecting the clinical
presentation of people with SCI.

Table 3 Clinical outcomes used for associations to BP and HRV recordings.

Subject NLI AIS UEMS LEMS TMS Improved OH/AD PI DVT Infection

1 T8 A 50 2 52 No Yes Yes No No
2 C4 C 11 2 13 No No Yes No No
3 T2 A 50 0 50 Yes Yes No No No
4 T2 A 50 0 50 Yes Yes No No Yes
5 T12 A 50 0 50 No No No No No
6 C2 B 0 0 0 Yes No Yes No No
7 T10 B 50 0 50 No No No No Yes
8 C4 B 8 0 8 No No No Yes Yes
9 T12 A 50 1 51 No No No No No
10 C4 C 5 7 12 No Yes Yes Yes Yes

BP, blood pressure; HRV, heart rate variability; NLI, neurologic level of injury C1-8, cervical; T1-12, thoracic; AIS, American Spinal
Injury Association Impairment Scale; A, complete; B, sensory incomplete; C, motor incomplete; UEMS, upper extremity motor score out
of 50; LEMS, lower extremity motor score out of 50; TMS, total motor score out of 100; Improved, improved exam; OH/AD, orthostatic
hypotension/ autonomic dysreflexia; PI, pressure injury; DVT, deep venous thrombosis.

Table 4 Demographics of Uninjured reference, chronic SCI
and acute SCI.

Uninjured
reference 12 Acute SCI Chronic SCI10

n = 21,438 n = 10 n = 18

Mean (SD)
Age
(years)
[missing]

57.3 (9.7)
[5, 159]

38 (11.3) 41.8 (14)

Median (IQR)
DOI (days) – 26.5 (19-39) 1395 (708-3591)
n (%)
Male
[missing]

12729 (59%)
[192]

8 (80%) 18 (72%)

Tetraplegia – 4 (40%) 11 (44%)
Complete – 5 (50%) 10 (40%)

SCI, spinal cord injury; DOI, duration of injury.
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We expected to detect significant changes in the HRV
measures over time during acute inpatient rehabilitation
because clinically, healthcare providers have appreci-
ated the changes in the ANS from the acute to
chronic phase of SCI. Symptoms like bradycardia
may reduce in frequency and intensity,18 while AD
may increase in frequency with time post-injury.19 The
highest risk of DVT and PE occurs within months
after SCI and then declines.20,21 However, objective
measures of the changing ANS are lacking in routine
clinical practice. In this pilot study, HRV data from
patients were recorded between 13 and 86 days from
injury, with an average of 10 days between recording
sessions. It is quite possible that HRV is not sensitive
enough to detect changes within this duration. To
detect the ANS changes using HRV, more time
between recordings is needed, as seen in the compari-
sons to people with chronic SCI.
Based on the limited available 5-minute HRV data,

there seems to be a difference between the HRV
measures from acute SCI and chronic SCI, ostensibly
representing a change in the ANS. Our findings
suggest that all HRV values decrease after SCI, while
the ratio of SNS to PNS remain stable. Our compari-
sons suggest that as the SCI progress from acute to
chronic, some HRV values trend towards returning to
uninjured reference values (SDNN, RMSSD), some
values remain low (mean RR), and some decrease
even further (LF, HF). Findings from other studies in
chronic SCI HRV further support the ANS progression
after SCI. In studies of chronic SCI, a distinction can be
seen in HRV analyses between tetraplegia and paraple-
gia, with increased SNS tone as measured by LF in
paraplegia compared to tetraplegia,10,11 as well as
increased PNS tone measured by HF.11 We did not
find these HRV differences in our limited cohort of
people with acute SCI, which may support the
concept that the ANS changes over time after SCI,

leading to differences in paraplegia versus tetraplegia
in the chronic phase and further supporting the possi-
bility that HRV can be used to measure these ANS
changes. Longitudinal studies in SCI are needed to
evaluate the changes in HRV over time.
We expected to find HRV differences in patients experi-

encing clinical sequela of autonomic dysfunction, like AD,
OH, and pressure injuries. While we did not find a differ-
ence in those with AD andOH, we did find that those with
pressure injuries had reduced SNS and PNS activity as
measured by LF and RMSSD, respectively. Again,
caution is needed in interpretating the results of this
limited data set. However, the development of a tool that
could predict or risk-stratify patients that may develop
pressure injuries is an exciting idea that could lead to
improved management, better outcomes, and cost-saving
benefits for patients and the healthcare system.
We were also interested in using HRV to measure the

potential for neurologic recovery. We were able to
detect HRV differences between patients that we classi-
fied as having improved neurologic exam. Patients that
exhibited improved neurologic exam while in acute reha-
bilitation had increased PNS activity as measured by
mean RR and HF. Noteworthy, two of the three patients
that improved their neurologic exam during inpatient
rehabilitation had complete thoracic injuries. Measuring
improvements in neurologic exam in thoracic spinal
cord injuries rely on time-consuming, subjective measures
of light touch and pin prick dermatomal tests that can be
unreliable.22 The development of a quick, reliable tool
that can predict potential for neurologic improvement
in SCI would be innovative. However, there were other
clinical correlations to increased PNS activity, such as
infection and high pain scores. One of the three patients
with improved neurologic exam had an infection, con-
founding these findings. However, one of the Improved
patients developed a pressure injury, which was associ-
ated with decreased PNS activity. A much larger

Table 5 HRV values of Uninjured reference, Acute SCI, and chronic SCI.

HRV

Uninjured 12 Acute SCI # Chronic SCI 10

n = 21,438 n = 10 n = 18

Mean (SD) CV Median (IQR) CV Median (IQR) CV

Mean RR* (ms) 926 (90) 10 762 (129) 17 824 (159) 19
SDNN (ms) 50 (16) 32 21 (12-26) 62 41 (28-68) 62
RMSSD (ms) 42 (15) 37 2 (2-3) 31 28 (11-38) 130
LF (ms2) 519 (291) 56 72 (59-107) 2150 0.06 (0.05-0.08) 48
HF (ms2) 657 (777) 118 60 (13-120) 1287 0.19 (0.16 −0.24) 33
LF:HF 2.8 (2.6) 93 1.6 (0.9-2.7) 76 2 (1.4-2.6) 95

SCI, spinal cord injury; RR, interval of time between two consecutive R waves of the QRS complex; SDNN, standard deviation of normal
sinus heart beats; RMSSD, root mean square of successive differences; LF, low frequency; HF, high frequency; LF:HF, the ratio of LF to
HF; # only first recordings used; CV, coefficient of variation; *mean and SD.
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sample size would be required to elucidate the ANS
associations to clinical outcomes in order to control for
confounding variables.
Infections in early SCI can lead to permanent,

decreased recovery, and the ANS, specifically the SNS,
is implicated in the immune system dysregulation.16,23

Although we did not see a change in LF, representing
the SNS, we did find increased PNS activity as measured
by HF in those with infections. It has been suggested that
an inverse relationship exists between markers of PNS
tone and inflammation.24 We may postulate that our

findings supports this mechanism, such that those that
developed infection had a weakened immune system
and a higher PNS tone. More research is needed to deter-
mine if such a relationship exists and whether HRV can
be used to identify those at risk for infection.
There were several limitations to this observational

study, primarily the small sample size of our cohort.
More patients would be needed to help control for
potential confounding variables that impact the HRV
measurements. The small sample size may also
account for the lack of differences seen, for example,

Figure 1 Uninjured references, acute spinal cord injury (SCI) and chronic SCI arranged by HRV measures. (A) SDNN (standard
deviation of normal sinus heart beats) and RMSSD (root mean square of successive differences) follow similar pattern of
decreased values in acute SCI and increasing towards uninjured reference values in chronic SCI. (B) Mean RR (interval of time
between two consecutive R waves of the QRS complex) follows the pattern of an acute decrease after SCI and increase towards
uninjured reference values. LF (low frequency) and HF (high frequency) decrease after SCI and further decrease in chronic SCI.
Grey arrows highlight the trends in HRV values from uninjured to acute SCI to chronic SCI. Data outliers, defined as a number
which is greater than the third quartile by more than 1.5 times the interquartile range, are shown as separately plotted points
(circle, diamond, square) above the box plot.
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between tetraplegia and paraplegia. Furthermore, while
ECG recordings were standardized, the clinical
environment lacks many of the controls available in
the laboratory setting. However, the longitudinal
recordings of BP and HRV were surprisingly stable,
regardless of time of day, which supports the possible
use of HRV as clinical tool. Additionally, to truly
appreciate changes of the ANS over time, many more
days, perhaps tracking to the chronic stage, would be
needed between recordings. Findings from this explora-
tory trial will help to develop larger informative trials.
In summary, HRV was stable in acute SCI and our

results provide preliminary findings of the progression
clinically seen in the ANS after SCI from acute to
chronic stages. The use of HRV as a surrogate marker
of ANS function may provide the much-needed objective
data to help fill the gaps in knowledge. With further
research, HRV parameters could be correlated with clini-
cal sequalae in the SCI population which have long recog-
nized the need for improved ANS research.
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