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Abstract—The current clinical practice has established guide-
lines to assess influences of severity of autonomic injury on the 
control of heart and blood pressure following spinal cord injury 
(SCI). However, the influences of SCI-induced autonomic 
impairment on microvascular dysfunction have not yet been 
established. Heart rate variability (HRV) has been shown to be 
a potential tool for quantifying residual sympathovagal regula-
tion of the cardiovascular system following SCI and may be 
used to assess the effect of autonomic injury on skin microvas-
cular dysfunction. A total of 26 people were recruited into the 
study, including 12 people with SCI and 14 nondisabled con-
trols. HRV and sacral skin intervals and sacral skin perfusion 
were continually recorded during 10 min upright and 10 min 
prone postures. The sympathovagal balance was defined as the 
ratio of the power of the low frequency to the high frequency 
of HRV. The results showed that postural changes of nondis-
abled people produced significant changes in the sympathova-
gal balance; lower sympathovagal balance was associated with 
higher skin perfusion (p < 0.05). People with SCI did not show 
a significant change of HRV and skin perfusion in response to 
postural changes. In this study, we have demonstrated that the 
sympathovagal balance assessed by HRV was associated with 
the skin vasoconstrictive response to postural changes.

Key words: autonomic nervous system, blood flow oscilla-
tions, laser Doppler, heart rate, microvascular function, pos-
tural change, pressure ulcer, skin blood flow, spectral analysis, 
spinal cord injury.

INTRODUCTION

Following spinal cord injury (SCI), the deprivation 
of autonomic innervation of the cardiovascular system 
results in several clinical symptoms (e.g., autonomic dys-
reflexia, bradycardia, and orthostatic hypotension) and 
higher risk for cardiovascular diseases [1–2]. The current 
clinical practice (International Standards for the Neuro-
logical Classification of Spinal Cord Injury) focuses on 
the assessment of motor and sensory impairments follow-
ing SCI but has not established a comprehensive assess-
ment of autonomic impairments. Recently, the American 
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Spinal Injury Association (ASIA) and the International 
Spinal Cord Society convened a task force to determine 
appropriate assessments to meet the clinical needs [3–4]. 
The task force has published an autonomic standards 
assessment to quantify autonomic dysfunction of the 
heart; blood pressure; sweating; temperature regulation; 
bronchopulmonary system; and urinary track, bowel, and 
sexual function. However, assessment of the effect of 
autonomic control on skin microcirculation has not been 
developed. This assessment is needed to evaluate the 
level and severity of damage to autonomic pathways and 
its influences on microvascular dysfunction-associated 
secondary complications (e.g., pressure ulcers) [2,4–5].

Skin blood flow oscillations (BFOs) contain five 
periodic components, including metabolic (0.0095–
0.02 Hz), neurogenic (0.02–0.05 Hz), myogenic (0.05–
0.15 Hz), respiratory (0.15–0.4 Hz), and cardiac (0.4–
2.0 Hz) origins [6–7]. The neurogenic control is related 
to the autonomic nervous system, including central car-
diac and regional skin sympathetic innervation [8–10]. 
We demonstrated that the neurogenic control is indepen-
dent of cutaneous axon reflexes in our previous studies 
[7,11], while the effect of SCI on the sympathetic outflow 
to the skin and the heart still needs to be studied [12–13]. 
Based on the ischemia theory of pressure ulcers [14], 
impaired microvascular function is associated with 
higher risk for pressure ulcers. In order to better under-
stand the influences of SCI-induced sympathetic dys-
function on skin blood flow, the relationship between the 
autonomic impairment and microvascular dysfunction 
needs to be quantified. Among available tools to assess 
autonomic functions [15], heart rate variability (HRV) 
has shown promise as a way to quantify autonomic dys-
function on skin microcirculation.

HRV has shown great potential for quantifying resid-
ual autonomic functions of the cardiovascular system in 
people with SCI [2,16–19]. HRV is a periodic variation 
of beat-to-beat intervals of heart rate (R-R) (i.e., R-R 
intervals shown in the electrocardiogram where R repre-
sents early depolarization of the ventricles), with higher 
variations indicating lower risk for cardiovascular dis-
eases [20]. The guideline for measurements and interpre-
tations of HRV was developed by the Task Force of the 
European Society of Cardiology and the North American 
Society of Pacing and Electrophysiology [21]. Various 
indices have been developed to quantify HRV and can be 
classified as time and frequency domains. In the fre-
quency domain, spectral analysis of HRV reveals two 

characteristic frequencies: one is defined as low fre-
quency (LF) (ranged between 0.04 Hz and 0.15 Hz) and 
the other is defined as high frequency (HF) (ranged 
between 0.15 Hz and 0.4 Hz) [22]. HF of HRV is associ-
ated with parasympathetic outflow to the heart via the 
vagus nerve [21]. LF of HRV relates to activities of both 
sympathetic and parasympathetic systems, although 
research studies indicate that the LF of HRV may reflect 
the baroreflex rather than the sympathovagal activity 
[23]. The ratio of LF to HF has been widely used as an 
index of sympathovagal balance for assessing cardiovas-
cular regulation. SCI not only causes autonomic impair-
ments but also impairs baroreflex activity; thus, the use 
of LF to evaluate sympathovagal activity in people with 
SCI requires careful interpretation. Time domain parame-
ters of HRV include the standard deviation of all normal-
to-normal intervals (SDNN), the percentage of adjacent 
cycles that are >50 ms apart (pNN50), and the root-
mean-square successive differences in milliseconds 
(rMSSD) [24]. SDNN reflects the sympathetic and para-
sympathetic influence on HRV [25], and pNN50 and 
rMSSD reflect vagal modulation of the sinoatrial node. 
Although HRV has shown promise as a tool to quantify 
residual autonomic functions in people with SCI, few 
studies have investigated the relationship between the 
changes of HRV and other physiological measurements 
following SCI [2]. In our case, we are particularly inter-
ested in understanding the influences of SCI-induced 
autonomic dysfunction on skin microcirculation and risk 
for ischemic injury and pressure ulcers [13].

To understand the influences of autonomic dysfunc-
tion on skin perfusion, we attempted to compare changes 
in the sympathovagal balance assessed by HRV and skin 
perfusion in response to postural changes in people with 
SCI. In this study, we hypothesized that nondisabled con-
trols would have a significant change of the LF to HF 
ratio in response to postural changes and an increase of 
the LF to HF ratio is associated with a decrease in skin 
perfusion. We also hypothesized that people with SCI 
would not have a significant change of the LF to HF ratio 
and of skin perfusion in response to postural changes. 
The findings from this study will provide initial evidence 
to demonstrate a relationship between sympathovagal 
balance and skin perfusion. Through the use of this 
method, we intend to investigate the influences of various 
levels of autonomic damage on microvascular function in 
people with SCI.
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METHODS

Subjects
A total of 26 participants were enrolled in this study, 

including 12 people with SCI and 14 nondisabled con-
trols. The inclusion criteria included traumatic SCI 
between the cervical (C)4 and thoracic (T)12 levels, time 
post-SCI at least 6 mo, use of a wheelchair as a primary 
means of mobility. The exclusion criteria included the 
presence of diabetes, pressure ulcers, or cardiopulmonary 
diseases or use of any medications that might affect car-
diopulmonary function. The demographic data of partici-
pants with SCI (3 females and 9 males) were as follows 
(values expressed as mean ± standard deviation): age 
35.1 ± 11.9 yr, body mass index 25.8 ± 4.9 kg/m2, and 
duration of injury 6.7 ± 5.9 yr. The SCI group included 
five people with incomplete tetraplegia (ASIA C or D) 
and seven people with paraplegia (4 complete [ASIA A] 
and 3 incomplete [ASIA C or D]). Participants with SCI 
were grouped into the C4–T5 and T6–T12 groups to 
examine the effect of injury level on HRV and sacral skin 
perfusion. The C4–T5 group included seven people (1 
complete and 6 incomplete), and the T6–T12 group 
included five people (3 complete and 2 incomplete). 
Three participants took baclofen for muscle spasticity, 
one took levothyroxine for hypothyroidism, one took sul-
famethoxazole and trimethoprim for urinary tract infec-
tion, and one took tolterodine for overactive bladder. No 
participant experienced symptoms of autonomic dysre-
flexia during the experiment. Participants in the nondis-
abled control group did not have any diagnosed 
cardiovascular, metabolic, or neurological diseases. The 
demographic data of the nondisabled control group were 
as follows: age 26.1 ± 5.8 yr, body mass index 23.5 ± 
2.8 kg/m2, and seven females and seven males.

Instrumentation
A three-lead electrocardiographic monitor (ECG100C, 

Biopac Systems; Goleta, California) was used to record 
heart rate signal. The sampling rate was 1,000 Hz and the 
bandpass filter of 0.5–32 Hz was used to record the heart 
rate signal. AcqKnowledge software (Biopac Systems) was 
used to quantify R-R intervals. Laser Doppler flowmetry 
(LDF) (Periflux 5010, Perimed; Jarfalla, Sweden) was used 
to measure skin perfusion. LDF provides noninvasive mea-
surement of skin perfusion at a depth of about 1 mm.

Procedures
Posturally induced vasoconstriction was used to 

examine the relationship between the sympathovagal bal-
ance and skin perfusion in this study [26–27]. An 
increase in peripheral vascular resistance has been 
observed in the upright posture when compared with the 
supine posture. The responsible mechanism is an 
increased sympathovagal balance, which can be assessed 
by the LF to HF ratio of HRV. Room temperature was 
maintained at about 23°C. Participants were kept in the 
laboratory for at least 30 min to acclimate to the room 
temperature. The skin sites for taping the probe and elec-
trode were cleaned with alcohol pads. The LDF probe 
was taped on the skin over the sacrum (midpoint between 
right posterior superior iliac spine and spinal process) 
while the participant sat in the wheelchair. The electro-
cardiography (ECG) electrodes were placed on the right 
ventral wrist, right medial ankle, and left medial ankle 
according to the instructions of the Biopac ECG monitor. 
Sacral perfusion and ECG data were recorded in the 
upright posture for 10 min. The participant placed arms 
on the armrest of the wheelchair and leaned slightly for-
ward to avoid contact between the sacrum and the wheel-
chair seatback. The participant was then transferred to the 
mat table for another 10 min recording while he or she 
assumed a prone posture [13]. During the transfer, skin 
perfusion and heart rate signal were continuously 
recorded. Nondisabled controls followed the same proce-
dures but changed from the upright posture to the prone 
posture without assistance.

Data Analysis
Skin perfusion measurements were averaged over a 

10 min period in the upright and prone postures. Spectral 
analysis (Fourier transform with Hanning window) was 
used to calculate HRV parameters of the 10 min R-R 
intervals. MATLAB software (MATLAB 2009b, Math-
Works; Natick, Massachusetts) was used to perform cal-
culations. The definition of each HRV parameter used in 
this study was according to the published guideline [21]. 
HRV parameters analyzed in this study were LF (milli-
seconds squared, 0.04–0.15 Hz), HF (milliseconds 
squared, 0.15–0.4 Hz), LF (%), HF (%), LF to HF ratio, 
SDNN (milliseconds), pNN50 (%), and rMSSD (milli-
seconds) [21]. LF (%) was defined as power within LF 
divided by the total power of HRV minus power in very 
low frequency (<0.04 Hz). The Wilcoxon signed-ranked 
test was used to examine the differences of HRV and skin 
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perfusion between upright and prone postures (within-
subjects test). The Mann-Whitney U test was used to 
examine the difference in HRV and skin perfusion 
between people with SCI and nondisabled controls 
(between-subjects test). Relationships between sympa-
thovagal balance and skin perfusion were assessed by 
Spearman correlation coefficients. For examining the 
influences of completeness and level of injury on HRV 
and skin perfusion, data were compared using one-tail 
Mann-Whitney U tests. All statistical tests were analyzed 
using SPSS 16 (IBM; Armonk, New York) and were per-
formed at an alpha level of 0.05.

RESULTS

Figure 1 shows an example of the time-series 
changes of skin perfusion (Figure 1(a) and (b)), R-R 
intervals (Figure 1(c) and (d)), and spectrum of HRV 
(Figure 1(e) and (f)) in response to postural changes in a 
nondisabled control (Figure 1(a), (c), and (e)) and a per-
son with SCI (Figure 1(b), (d), and (f)). After the change 
from the upright to prone posture, skin perfusion showed 
an increase in the prone posture of the nondisabled con-
trol (Figure 1(a)), but not in the person with SCI (Figure 
1(b)). R-R intervals increased in the nondisabled control 
(Figure 1(c)), but not in the person with SCI (Figure 
1(d)). Spectral analysis revealed a decrease in the power 
of the LF of HRV and an increase in the power of the HF 
of HRV in the prone posture in the nondisabled control 
(Figure 1(e)), but not in the person with SCI (Figure 
1(f)).

Figure 2(a) shows that the ratio of LF to total power 
was significantly higher in the upright posture than in the 
prone posture in nondisabled controls (p < 0.05), and the 
ratio of HF to total power was significantly lower in the 
upright posture than in the prone posture in nondisabled 
controls (p < 0.05). Figure 2(b) shows that the ratios of 
LF and HF to total power were not statistically different 
between the upright and prone postures in people with 
SCI (not significant [NS]).

The LF to HF ratio became larger in the upright pos-
ture when compared with the prone posture in nondis-
abled controls (p < 0.05), but not in people with SCI (NS) 
(Figure 3). The LF to HF ratio during the upright posture 
in nondisabled controls was significantly higher than the 
ratio during the upright posture in people with SCI (p < 
0.05). The LF to HF ratio during the prone posture in 

nondisabled controls was lower than the ratio during the 
prone posture in people 

Figure 1. 

Example of changes of skin perfusion, beat-to-beat interval of 

heart rate (R-R), and heart rate variability (HRV) during postural 

changes. Skin perfusion shows increase in prone posture in 

(a) nondisabled control, but not in (b) person with SCI. R-R inter-

vals show increase in (c) nondisabled control, but not in (d) per-

son with SCI. Spectral analysis reveals increase in power of low 

frequency of HRV in prone posture in (e) nondisabled control, 

but not in (f) person with SCI. PSD = power spectrum density.

with SCI but was not statistically 
different (Figure 3).

Sacral skin perfusion was lower in the upright pos-
ture when compared with the prone posture in nondis-
abled controls (p < 0.05), while perfusion was not 
significantly different between the upright and prone pos-
tures in people with SCI (NS) (Figure 4). However, peo-
ple with SCI showed an increasing trend in the prone 
posture (Figure 4).

The scatter plots of skin perfusion and sympathova-
gal balance during the upright and prone postures in non-
disabled controls and people with SCI are shown in 
Figure 5. In nondisabled controls, lower skin perfusion 
and higher LF to HF ratios were observed in the upright 
posture (r = 0.54, p < 0.05), and higher skin perfusion 
and lower LF to HF ratios were observed in the prone 
posture (r = 0.71, p < 0.05) (Figure 5(a)). In people with 
SCI, there were no obvious changes in skin perfusion and 
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Figure 2. 

Ratio of low frequency (LF) and high frequency (HF) to total 

power during upright and prone postures in (a) nondisabled 

controls and (b) people with spinal cord injury (SCI). (a) In non-

disabled controls, LF is significantly higher in upright posture as 

compared with prone posture (p < 0.02) and HF is significantly 

lower in upright posture (p < 0.05). (b) There was no significant 

difference in LF and HF between upright and prone postures in 

people with SCI (not significant).

LF to HF ratios when changing from upright (r = 0.03, 
NS) to prone (r = 0.31, NS) postures (Figure 5(b)). Very 
diverse responses of skin perfusion and LF to HF ratios 
were observed in people with SCI (Figure 5(b)).

The time domain HRV parameters are shown in 
Table 1. The parameters included mean R-R intervals, 
standard deviation 

Figure 3. 

Comparison of low frequency (LF) to high frequency (HF) ratio 

between upright and prone postures in nondisabled controls 

and people with spinal cord injury (SCI). Nondisabled controls 

have significantly higher ratio in upright posture as compared 

with prone posture (p < 0.05). LF to HF ratio does not show 

significant change between upright posture and prone posture 

in people with SCI.

of R-R intervals (SDNN), pNN50, and 

rMSSD. In people with SCI, no statistical differences 
were noted in time domain parameters between the 
upright and prone postures (NS). In nondisabled controls, 
mean R-R intervals and SDNN did not show significant 
differences between the upright and prone postures (NS), 
and pNN50 and rMSSD showed significant differences 
between the upright and prone postures (p < 0.05).

Comparison of the LF to HF ratio and skin perfusion 
in response to postural changes between the C4–T5 and 
T6–T12 groups did not show a significant difference 
(Table 2). However, the C4–T5 group showed a larger 
increase in skin perfusion in the prone posture when 
compared with the T6–T12 group (p = 0.06). Comparison 
of the LF to HF ratio and skin perfusion in response to 
postural changes between the complete and incomplete 
groups did not show significant difference except a larger 
increase in skin perfusion in the incomplete injury group 
in the prone posture (p < 0.05) (Table 2).

DISCUSSION

We have demonstrated for the first time that the 
sympathovagal balance assessed by HRV was correlated 
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with the skin 

Figure 4. 

Skin perfusion in upright and prone postures in people with spi-

nal cord injury (SCI) and nondisabled controls. Nondisabled 

controls showed significant increase in prone posture as com-

pared with upright posture (p < 0.05). People with SCI did not 

show significant increase.

vasoconstrictive response to postural 
changes. In nondisabled controls, the sympathovagal bal-
ance increased in the upright posture and decreased in the 
prone posture, and skin perfusion showed consistent 
changes with the degree of sympathovagal balance: 
lower perfusion as sympathovagal balance increased and 
higher perfusion as sympathovagal balance decreased. 
We further demonstrated that people with SCI had 
smaller changes in sympathovagal balance and in skin 
perfusion in response to postural changes as compared 
with nondisabled controls. Our findings support our 
hypothesis that impaired skin perfusion response to pos-
tural changes is associated with regulation of the sympa-
thovagal balance following SCI. These results may 
provide initial evidence of the relationship between the 
sympathovagal balance assessed by HRV and skin perfu-
sion. Our approach may be used to investigate the effects 
of SCI-induced autonomic damage on microvascular 
dysfunction.

Skin microcirculation has been widely used to evalu-
ate effectiveness of preventive interventions or risk for 
pressure ulcers in people with SCI [13,28–29]. People 
with SCI have impaired microvascular reactivity in 
response to causative factors resulting from pressure 
ulcers [5]. Investigators have been trying to understand 

the effect of the completeness 

Figure 5. 

Scatter plots of skin perfusion and sympathovagal balance dur-

ing upright and prone postures in (a) nondisabled controls and 

(b) people with spinal cord injury (SCI). (a) In nondisabled con-

trols, there is relationship showing that higher sympathovagal 

balance is associated with lower skin perfusion (p < 0.05). 

(b) In people with SCI, relationship between sympathovagal 

balance and skin perfusion is not obvious (not significant). Peo-

ple with SCI between cervical 4 and thoracic (T)5 are 

expressed in white color and people with SCI between T6 and 

T12 are expressed in black color. HF = high frequency, LF = 

low frequency.

and level of SCI on micro-
vascular dysfunction and to identify people at highest risk 
for pressure ulcers. However, there is no standard to docu-
ment the influences of autonomic control on skin micro-
circulation in people with SCI. In order to solve this 
significant clinical problem, we assessed the response of 
HRV and skin perfusion in people with and without SCI. 
Thus, we examined whether the sympathovagal balance 
assessed by HRV could predict if postural changes affect 
skin perfusion. Based on our results, we demonstrated a 
potential to quantify the severity of autonomic damage on 
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Position Mean R-R (ms) SDNN (ms) pNN50 (%) rMSSD (ms)
Nondisabled Controls

799.5 ± 38.1 92.2 ± 11.7 24.4 ± 4.4 57.8 ± 10.6
910.5 ± 41.2 98.8 ± 10.2 42.9 ± 5.8 89.3 ± 15.7

SCI
749.6 ± 26.7 87.1 ± 21.1 15.3 ± 4.6 60.9 ± 18.2
802.6 ± 22.4 89.1 ± 21.2 16.6 ± 4.9 59.6 ± 18.8

Injury Group
LF to HF Ratio Sacral Skin Perfusion

Upright Prone Upright Prone
C4–T5 (n = 7) 1.8 ± 0.3 1.2 ± 0.3 10.1 ± 1.1 13.5 ± 2.2
T6–T12 (n = 5) 2.0 ± 0.9 2.8 ± 0.9 9.1 ± 1.1 9.0 ± 1.7
Complete Injury (n = 4) 1.7 ± 0.4 2.0 ± 0.5 9.0 ± 1.4 8.4 ± 1.2*

Incomplete Injury (n = 8) 1.9 ± 0.5 1.8 ± 0.7 10.0 ± 1.0 13.2 ± 1.9*

microvascular dysfunction in people with SCI. This 
means that as an injury becomes more severe, there should 
be less of a relationship between HRV and skin blood 
flow. This is also important for understanding the underly-
ing pathologies causing microvascular dysfunction fol-
lowing SCI. For example, microvascular dysfunction may 
be caused by prolonged physical inactivity or impaired 
sympathovagal regulation [5]. The method used in this 
study might be used to differentiate physical inactivity-
induced microvascular dysfunction [11,30]. Also, when 
comparing microvascular functions and responses, it is 
critical to understand the posture of the participant 
because of a potential influence on autonomic regulation. 
If skin perfusion is assessed during the upright posture, 
people with SCI may show larger microvascular impair-
ments. This issue is important with respect to determining 
the effectiveness of wheelchair seat cushions and hospital 
mattresses. Future research needs to examine whether the 
testing posture of people with SCI affects skin perfusion 
in response to pressure loading or other causative factors 
of pressure ulcers.

We demonstrated the influences of sympathovagal bal-
ance assessed by HRV on skin perfusion in this study. The 

finding does not conflict with our previous studies using 
wavelet analysis to quantify activities of physiological con-
trol mechanisms from skin blood flow oscillations [7,31–
32]. Our previous studies have shown that five characteris-
tic frequencies embedded in skin BFOs are associated with 
metabolic, neurogenic, myogenic, respiratory, and cardiac 
origins. The evidence that 0.02–0.05 Hz is from neuro-
genic origins seems to be supported by Söderström et al. 
[8] and Wilson et al. [33], although some controversy still 
exists. In order to further examine the role of the sympa-
thovagal system on skin perfusion following SCI, we quan-
tified HRV parameters to show a relationship between the 
sympathovagal balance (the LF to HF ratio) and skin per-
fusion. Based on the current study, we will be able to inves-
tigate the relationship between the sympathovagal balance 
assessed by HRV and the neurogenic control assessed by 
BFO. Through these studies, we intend to develop objec-
tive tools to quantify the effects of autonomic damage on 
microvascular dysfunction in people with SCI. With an 
improved assessment, clinicians will be able to predict 
autonomic-related diseases and evaluate the effectiveness 
of preventive interventions on enhancing microvascular 
function following SCI.

Table 1.
Time domain parameters of heart rate variability in nondisabled controls and people with spinal cord injury (SCI).

    Upright
    Prone

    Upright
    Prone

Note: Values expressed as mean ± standard error of mean.
pNN50 = percentage of adjacent cycles that are >50 ms apart, rMSSD = root-mean-square successive differences in milliseconds, R-R = beat-to-beat interval of 
heart rate, SDNN = standard deviation of all normal-to-normal intervals.

Table 2.
Heart rate variability and skin perfusion data in people with spinal cord injury (n = 12) grouped into cervical (C)4–thoracic (T)5 and T6–T12 
groups and complete and incomplete injury groups.

Note: Values expressed as mean ± standard error of mean.
*p < 0.05.
HF = high frequency, LH = low frequency.
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Our findings support the use of the LF to HF ratio to 
assess the sympathovagal balance. Our results showed 
that the LF to HF ratio (sympathovagal balance) signifi-
cantly changed as the nondisabled controls moved from 
the upright to prone postures. In order to validate whether 
the LF to HF ratio can be used to quantify the sympa-
thovagal balance in people with SCI, several studies have 
investigated changes of LF to HF ratios in response to 
various stimuli [2,16–19]. These studies contain conflict-
ing results regarding whether the LF to HF ratio can be 
used to assess the severity of autonomic dysfunction fol-
lowing SCI. More research is recommended to clarify 
this issue [2]. Our study supports the opinion that HRV 
can be used to assess sympathovagal dysfunction in peo-
ple with SCI. The inconsistency of HRV results in the lit-
erature may have occurred because of existing 
cardiovascular diseases in the participants with SCI 
[2,24]. In our study, people with pre-existing cardiovas-
cular diseases were excluded to create a more homoge-
neous response in people with SCI as compared with 
nondisabled controls. Future studies need to develop new 
methods of analysis to assess the sympathovagal balance 
in people with SCI with and without cardiovascular dis-
eases.

Our data showed that people with SCI had an LF to 
HF ratio of about 1.9 in both upright and prone postures. 
The value was higher than the ratio (1.1) in the prone 
posture and lower than the ratio (3.3) in the upright pos-
ture of the nondisabled controls. These results are consis-
tent with previous studies that examined sympathovagal 
functions in people with chronic SCI [34]. In people with 
cervical and high thoracic SCI, the sympathetic system 
loses its innervation with the cardiovascular system while 
the parasympathetic system (vagal nerve) remains intact 
[4]. As a consequence immediately following SCI, peo-
ple with SCI have a decrease of sympathovagal balance. 
As time proceeds, people with chronic SCI show a better 
sympathovagal balance potentially because of decreased 
control of the vagal nerve [4]. By assessing changes of 
the LF to HF ratio, clinicians might monitor the recovery 
of sympathovagal regulations of skin blood flow. To 
explore the effect of the level and completeness of SCI 
on autonomic dysfunction and its influences on micro-
vascular reactivity, we compared the HRV and skin per-
fusion in the C4–T5 and T6–T12 groups and the 
complete and incomplete injury groups. Our results 
showed that the C4–T5 group has a larger increase in 
skin perfusion in the prone posture when compared with 

the T6–T12 group. This seems contradictory to our 
understanding, i.e., people with higher injury level (T6 
and above) will lose sympathetic outflow to the heart, 
resulting in an impaired microvascular function. This 
could be explained by the completeness of injury in two 
groups. The C4–T5 group mainly consisted of incom-
plete injury, while the T6–T12 group mainly consisted of 
complete injury. This statement was also supported by 
our results that compared HRV and skin perfusion in the 
complete and incomplete groups. The results showed that 
people with incomplete injury have a significant increase 
in skin perfusion in response to postural changes as com-
pared with people with complete injury. To better under-
stand the microvascular dysfunction in people with SCI, 
future research needs to examine the effect of level and 
completeness of SCI on the sympathetic outflow to the 
heart and skin.

There were limitations to this study. First, we did not 
control or measure the respiration rate of research partici-
pants during the experiments. This limited our ability to 
analyze the effects of respiration rate on the changes of 
power of HF of HRV [24]. However, in this study, we 
also calculated rMSSD and pNN50 indices to assess the 
parasympathetic activity and found their values were 
consistent with changes of power of LF and HF of HRV. 
Future studies should control or record the respiration 
rate to minimize its influences on HRV values. Second, 
we only recruited 12 people with SCI into this study. 
Since this was a proof of concept study, we did not intend 
to recruit a large number of participants with SCI. Our 
results confirmed our hypothesis that the relationship 
between the sympathovagal balance and skin perfusion 
may be used to quantify the effects of SCI-induced auto-
nomic impairment on microvascular dysfunction. More 
studies are required to determine the influences of injury 
level and completeness on the changes of HRV and skin 
perfusion in response to postural changes. Third, the SCI 
group had more male participants and was older com-
pared with the control group. The age and sex issue may 
affect the validity of our results. However, the age and 
sex effect is a minor confounding variable when com-
pared with our intervention, postural changes [35–36]. 
Thus, the difference of HRV and skin perfusions between 
people with SCI and nondisabled controls are less likely 
because of an unequal distribution of ages and sexes. Fur-
ther studies should consider using a sex-matched 
research design. Last, the LF of HRV may reflect barore-
flex activity rather than sympathovagal activity [23].
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CONCLUSIONS

Although the specific pathophysiological meaning of 
HRV in people with SCI remains to be determined, the 
use of HRV seems promising for assessing the influences 
at various levels of SCI on microvascular dysfunction. In 
this study, our results showed that the LF to HF ratio was 
a sensitive index to evaluate the changes of sympathova-
gal balance in response to postural changes. The relation-
ship between HRV and skin blood flow appears to be 
affected and diminished by SCI. Whether this departure 
from what is normal can be used as a clinical indicator 
remains to be determined.
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