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Abstract

Purpose This study examined physiological and perceptual parameters related to cold-induced vasodilation (CIVD) in the
fingers and toes of people with paraplegia and compared them with responses observed in able-bodied individuals.
Methods Seven participants with paraplegia and seven able-bodied individuals participated in a randomized matched-con-
trolled study involving left-hand and -foot immersion in cold water (8 + 1 °C) for 40 min during exposure to cool (16 +1 °C),
thermoneutral (23 + 1 °C), and hot (34 + 1 °C) ambient conditions.

Results Similar CIVD occurrence was observed in the fingers in the two groups. In toes, three of the seven participants
with paraplegia revealed CIVDs: one in cool, two in thermoneutral, and three in hot conditions. No able-bodied participants
revealed CIVDs in cool and thermoneutral conditions, while four revealed CIVDs in hot conditions. The toe CIVDs of para-
plegic participants were counterintuitive in several respects: they were more frequent in cool and thermoneutral conditions
(compared to the able-bodied participants), emerged in these conditions despite lower core and skin temperatures of these
participants, and were evident only in cases of thoracic level lesions (instead of lesions at lower spinal levels).

Conclusion Our findings demonstrated considerable inter-individual variability in CIVD responses in both the paraplegic
and able-bodied groups. While we observed vasodilatory responses in the toes of participants with paraplegia that technically
fulfilled the criteria for CIVD, it is unlikely that they reflect the CIVD phenomenon observed in able-bodied individuals.
Taken together, our findings favor the contribution of central over peripheral factors in relation to the origin and/or control
of CIVD.
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Introduction

Exposure to a cold stimulus causes vasoconstriction of
the cutaneous vasculature to reduce heat loss (Tyler et al.
2020; Van der Struijs et al. 2008; Flouris and Cheung
2010). Paradoxically, during extreme cold exposures,
Lewis (1930) reported that this vasoconstrictor response
may be interrupted by periods of vasodilation, a phenom-
enon termed “cold-induced vasodilation” (CIVD). Since
its discovery, studies have focussed on the teleological
nature of this response, and on the physiological mecha-
nisms involved in its initiation and maintenance. Despite
the multitude of studies conducted to address these issues,
they remain largely unresolved.

It has been proposed that the purpose of the CIVD
response may be cryoprotective, that is to minimize the
risk of cold injury (Daanen and Ducharme 1999; Daanen
2003; Cheung and Mekjavic 2007; Cheung 2015; Castel-
lani 2005; Brandstrom et al. 2008; Daanen and van der
Struijs 2005). Non-freezing cold injury may result from
exposure (typically of the feet) to a cold and wet environ-
ment, causing tissue temperatures to be maintained below
15 °C for a prolonged period. In contrast, freezing cold
injury may occur when local tissue temperatures decrease
below 0 °C (Imray and Oakley 2005; Ingram and Raymond
2013). It is suggested that the periodic reperfusion of the
fingers and toes in a scenario of CIVD may minimize,
if not prevent, the above-mentioned injury types. For the
CIVD response to have a significant cryoprotective effect,
the reperfusion of the digits must be such, that it substan-
tially increases the tissue temperature, reflected in higher
finger skin temperature (7%). To date, CIVD has been
investigated during local immersion in water temperatures
between 0 and 15 °C (Daanen 2003; Mekjavic et al. 2013;
Tyler et al. 2015), as well as whole-body or local exposure
to air temperatures of — 20 to+ 10 °C (Flouris and Cheung
2009b; Flouris et al. 2008; Kramer 1948; Van der Struijs
et al. 2008). Also, studies have shown that increased body
heat content leads to more frequent and pronounced CIVD
reactions, by examining the occurrence and characteristics
of T fluctuations during hypothermia, normothermia, and
hyperthermia (Daanen and Ducharme 1999; Daanen et al.
1997; Flouris and Cheung 2009b; Flouris et al. 2008).

The CIVD response is characterized primarily by the
magnitude of the skin temperature (7 ) increase, and the
duration of this elevated temperature. Studies investigating
the CIVD responses have suggested that it should result in
a 1 °C of continuous increase in T; (Cheung and Mekjavic
2007; Daanen et al. 2012) and be a minimum of 3 min
in duration (Mekjavic et al. 2013). Whereas these lim-
its are helpful to standardize the method of investigating
the mechanism of CIVD, a response of this magnitude
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would contribute little to the prevention of a cold injury.
Responses that would significantly impact the prevention
of cold injury have been reported (i.e., AT > 10 °C), but
are more an exception than a rule. Understanding the ori-
gin of the CIVD response is not only of interest from a
mechanistic perspective but also may allow strategies to
be developed that would harness an existing response to
provide cold injury prevention. Namely, training strate-
gies that would enhance the response, such as repeated
foot immersions for 15 days before the exposure that can
lead to small increases in toe temperature (Daanen et al.
2012), or endurance training programs that can improve
mean finger temperature (Keramidas et al. 2010). In this
regard, one of the issues that requires resolution is whether
the CIVD response is purely a local reaction, whether it
is governed by central mechanisms, or a combination of
the two.

Accordingly, the aim of this study was to examine physi-
ological and perceptual parameters related to CIVD in the
fingers and toes of people with paraplegia and compare them
with responses observed in able-bodied individuals during
exposure to cool, thermoneutral, and hot environments. We
reasoned that a predominantly neurally mediated CIVD
response would rely on the thermal afferent information
emanating from the cutaneous cold sensors and the subse-
quent centrally mediated thermoeffector drive to the periph-
eral cutaneous vasculature. A lesion in the spinal cord above
the level at which afferent and efferent nerves for a given
region enter and exit the spinal cord, respectively, would
abolish the neural traffic (Price and Trbovich 2018; Nicotra
et al. 2004; Nash et al. 1996), thus eliminating the likelihood
of a CIVD response, if the response were solely neural in
origin. In contrast, the rapid conductive cooling of the dig-
its could initiate local mechanisms, such as either a direct
thermal effect on the cutaneous vasculature or an indirect
humoral effect. This would be reflected in a similar CIVD
response of paraplegic and able-bodied participants. It is
also possible that both mechanisms are involved in the CIVD
response, with perhaps one predominating over the other.
Although the relative contribution of each of these mecha-
nisms in able-bodied individuals to CIVD is unknown, it is
most likely that with the abolition of the neural mechanism
in paraplegic individuals, any CIVD response would prob-
ably be of a local origin. Spinal cord injuries are not similar,
even if they are at the same level. Based on the severity
(complete or incomplete spinal cord injury), some para-
plegics may have vestiges of innervation below the lesion
(Krassioukov and West 2014). This would be apparent in the
whole-body perceptual responses.

Accordingly, in this study, we examined physiological
and perceptual parameters during cold water immersions in
people with paraplegia and able-bodied individuals with the
aim to investigate the origin of the CIVD response, namely
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whether it is central or peripheral. Under the assumption
that paraplegic participants have no central control over
blood vessels under the level of lesion, the CIVD reactions
in paraplegic and able-bodied participants were investigated
during exposure to different environmental conditions,
resulting in different levels of heat content, since body heat
content is known to significantly influence CIVD reactions
(Daanen and Ducharme 1999; Daanen et al. 1997; Flouris
and Cheung 2009b; Flouris et al. 2008). In addition to the
vasomotor responses of the fingers and toes, sudomotor
responses (i.e., sweating) in the present study were also
monitored at the forehead and calf. The hypothesis being
that particularly during the hot exposure, differences in the
sweating response of regions innervated by nerves above and
below the spinal cord lesion (Handrakis et al. 2017; Karls-
son et al. 2012; Price and Trbovich 2018) would provide
further support of impairment of a thermoregulatory effector
in regions below the lesion.

Materials and methods
Ethical approval and participants

The experimental protocol (ClinicalTrials.gov ID:
NCT04215939) conformed to the standards set by the Dec-
laration of Helsinki and was approved by the Bioethics
Review Board of the University of Thessaly Department of
Physical Education and Sport Science (protocol no.: 1320).
Participants were requested to provide a medical history to
exclude patients with Raynaud’s syndrome/phenomenon
as well as those under prescription medication for hyper-
tension or other drugs that could affect vasomotion. Three
out of 14 participants (one able-bodied and two paraplegic
participants) were smokers and were asked to refrain from
smoking at least 10 h prior to each experimental session.
Physiological data as well as the number of CIVDs from
the six males and one female able-bodied participants have
been previously published to investigate the cardiovascular
stress and the characteristics of CIVD in women and men
during cold water immersion (Tsoutsoubi et al. 2022). All
volunteers were given a full explanation of all the procedures
and signed a written informed consent prior to participating
in the study.

The minimum required sample size for investigating
“repeated-measures, within—between factors” was calculated

using the results of a previous repeated-measures study
(Daanen and Ducharme 1999) which assessed CIVDs in
able-bodied individuals who were in thermoneutral, mildly
hypothermic, and mildly hyperthermic conditions. Specifi-
cally, we calculated the effect size (f) (Cohen 1988) for the
comparisons reported in the previously published study
regarding minimum and maximum 7; among fingers as well
as among participants (Daanen and Ducharme 1999). To
ensure high statistical power, our calculation of the mini-
mum required sample size was based on the lowest effect
size identified. This was an effect size (f) equal to 0.5 [equat-
ing to an effect size (d) of 1.0] for the comparison of maxi-
mum 7T} in the mild hypothermic (8.3 +1.7 °C) versus the
thermoneutral (11 £ 3.2 °C) condition (Daanen and Ducha-
rme 1999). Sample size calculations were conducted using
G*Power 3.1.9.4 (Faul et al. 2007), while setting statistical
power and a error probabilities at 0.90 and 0.05, respec-
tively. Based on this process, six participants per group (12
participant in total) would provide sufficient power to detect
differences between able-bodied and paraplegic individu-
als in our study. Therefore, six males and one female with
paraplegia as well as an equivalent number of able-bodied
males and female matched for age, body mass index, and
body surface area (i.e., p > 0.05 between groups) participated
in the study. The anthropometric characteristics of all 14
participants are shown in Table 1. The average time since
injury of those with paraplegia was 13 + 15 years (range
2-40 years), and all had complete motor paralysis of the
legs with a diagnosis of ASIA A, following a clinical neu-
rological exam which was registered in the public healthcare
system. Of the paraplegic participants, one had suffered an
injury in the T4, one in the T9, two in the T11, two in the
T12, and one in the L1 (Fig. 1). Therefore, no neurological
changes would be expected in the fingers of the paraplegic
participants as the injury sites were below innervation to
the hands/fingers.

Experimental protocol

The study included a familiarization session and three
experimental sessions. During the familiarization session,
participants were informed about all data collection proce-
dures/equipment and underwent anthropometric and body
composition (Dual-energy X-ray absorptiometry; (Lunar
model DPX Madison, WI).) assessments. Thereafter, par-
ticipants were requested to undergo three trials, in each

Table 1 Athrop ometric Group n  Age (years) Body fat (%) Weight (kg) Height (m) BMI (kg/m? BSA (m?)

characteristics of the

participants in the two groups Paraplegic = 7 34.1+113 395+115  73.0+152 1.78+0.1 23.5+64 19402
Able-bodied 7 350+11.4 28.7+7.6 80.7+183 1.76+0.1 259+5.2 2.0+0.2

BMI body mass index, BSA body surface area
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Fig. 1 Level of injury for par-
ticipants with paraplegia

being exposed to different environmental conditions inside
a 32.5 m® environmental chamber (HGX22G/190-4, ABB,
Germany): cool environment (wet-bulb globe temperature:
10.8 °C; air temperature: 16 + 1 °C; relative humidity:
45 + 5%; air velocity: 0.2 m/s; solar radiation: 0 W/mz),
neutral (wet-bulb globe temperature: 17.2 °C; air tempera-
ture: 23 + 1 °C; relative humidity: 45+ 5%; air velocity:
0.2 m/s; solar radiation: O W/m2), and hot (wet-bulb globe
temperature: 27.2 °C; air temperature: 34 + 1 °C; 45+ 5%
relative humidity; air velocity: 0.2 m/s; solar radiation: O
W/m?) environments. The overall thermal stress experi-
enced by the participants in our study was expressed by
means of wet-bulb globe temperature which was found
to be the most efficacious thermal stress indicator for
assessing the physiological strain (Ioannou et al. 2022a,

Fig.2 An able-bodied partici-
pant during the data collection.
The right sleeve of the shirt was
cut at elbow height to avoid
constricting blood flow. The
blood pressure cuff was com-
fortably placed at the upper arm
without constricting blood flow
except when assessing arterial
blood pressure
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b, c¢). The experimental sessions were administered in a
random order, based on a random allocation algorithm
implemented in Excel Spreadsheets (Microsoft Office,
Microsoft, Washington, USA).

For each session, participants arrived at the same time of
the day. They were requested to refrain from caffeine for at
least two hours, from food for at least three hours, and from
alcohol and exercise for at least 12 h prior to experiment.
Upon arrival, participants dressed down to a long-sleeve
shirt and a pair of pants 100% cotton (Fig. 2). The room tem-
perature in the lab where the participants changed clothes
before entering the environmental chamber was thermoneu-
tral (wet-bulb globe temperature: 16.3 °C; air temperature:
22 °C; relative humidity: 45%; air velocity: 0.2 m/s; solar
radiation: 0 W/m?). The time spent in this environment (for
dressing down and to ask any further questions) was about
10-15 min. The estimated clothing insulation was 0.67 clo
for males (underwear 0.04; long-sleeve shirt 0.29; pants:
0.34) and 0.69 clo for females (underwear 0.04; bra: 0.02;
long-sleeve shirt 0.29; pants: 0.34). (American Society of
Heating 2004; Ioannou et al. 2019). Thereafter, participants
entered the environmental chamber and instrumentation took
place for 10-15 min. Once all sensors were applied, partici-
pants were requested to relax seated for 20 min with their
hands supported at the level of the heart (Fig. 2). After the
baseline period, participants were asked to simultaneously
immerse their left hand (up to the ulnar styloid process)
and left foot (up to the lateral malleolus) in warm water
(35+1 °C) for five minutes to ensure similar starting local
tissue temperature (Daanen et al. 2012). Thereafter, the left
hand and foot were immersed in cold water (8 +1 °C) for
40 min (Fig. 2). After the end of the cold water immersion
period, the left hand and foot were removed from the water
and participants remained seated for an additional five min-
utes to monitor the recovery phase. The total duration of
the experiment was 70 min: 20-min baseline period, 5-min
warm water immersion, 40-min cold water immersion, and
5-min recovery.
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The water tanks used for the warm immersion were 0.58
m? for the hand and 0.85 m? for the foot. The water tanks
used for the cold immersion were 0.91 m>. Water tempera-
ture was controlled within 1 °C using an air-to-water heat
pump (model KF120-B, Dongguan, China) which was
adjusted to continuously circulate the water to ensure uni-
form exposure. During the water immersion periods, the left
foot was placed in a water tank on the floor, and the right
foot rested on the floor (Fig. 2). Water-permeable mesh fab-
rics were used to line the bottom of the water tanks and
the floor to ensure that the immersed hand and foot made
no contact with the bottom of the water tanks, and that the
non-immersed hand and foot made no contact with the floor
of the environmental chamber (Fig. 2).

Measurements

Gastro-intestinal (7;) and mean skin (7,) temperature (both
assessed in 1-min intervals), as well as finger temperature
(Ty), toe temperature (7,), skin blood flow (SkBF), sweat
rate, and heart rate were continuously monitored. Raw data
from these variables—assessed in 0.05 s (for SKBF), 1 s (for
heart rate), 8 s (for 7; and 7)), and 10 s (for sweat rate) inter-
vals—were used to provide 1-min averages which were used
for all statistical analyses. In addition, 20-s averages were
calculated for T}, T,, and SkBF and were used to identify
CIVD reactions (Fig. 3). In terms of the remaining measure-
ments, arterial blood pressure was assessed on the arm of
the non-immersed hand every 10 min during baseline, at the
end of the warm immersion, every 10 min during cold water

Baseline Warm (35 °C)

o,

[

immersion, and at the end of the recovery period (Fig. 3).
Thermal comfort and thermal sensation were recorded every
10 min during baseline and every 5 min during cold water
immersion. Pain sensation was assessed at the start of cold
immersion and then every five minutes (Fig. 3). Tactile sen-
sitivity of the immersed limbs was tested at the end of the
baseline period, at the end of the warm water immersion, as
well as at minutes 5 and 40 of the cold water immersion (for
the latter two, the hand and foot were briefly removed from
the water) (Fig. 3).

Gastro-intestinal temperature (Tgi) was monitored using
telemetric capsules (BodyCap, Caen, France) as an indicator
of gastrointestinal (core) temperature. Although the time fol-
lowing ingestion does not significantly influence the validity
of telemetry capsule measurements of core temperature in
the absence of fluid consumption (Notley et al. 2021), the
capsules were always ingested at the same time before the
start of the protocol for each participant. Skin temperature
from four sites (arm, chest, leg and thigh) was recorded using
wireless thermistors (iButtons type DS1921H, Maxim/Dal-
las Semiconductor Corp., USA) and was used to calculate
T according to Ramanathan [T =0.3(chest+arm) + 0.2(th
igh+leg)] (Ramanathan 1964). Mean body temperature (7)
was calculated by Burton in 1935: 7, =0.64 X Ty; +0.36 X T
(Burton 1935).

Using surgical tape (3 M Transpore Tape, 3 M Canada),
six ceramic chip skin thermistors (MA-100, Thermomet-
rics) were attached on the lower part of the pad on the 2nd
finger (i.e., index finger) of both hands and on the lower
part of the pad on the 1st, 3rd, and 5th toes of the immersed

Cold (8 °C)

b

Recovery

0:00 0:10 0:20 0:25

Thermal sensation . . . .
Thermal comfort . . . .
Pain scale
¢ Arterial blood
@ < erial blood pressure . . . .
fr— I Sensitivity test [ ] [ )

Skin blood flow

0:35 0:45 0:50 0:55 1:00 1.05 110

D — Heart rate

® © Skinand core

\) Finger

Sweat rate

p=

Fig.3 Physiological and perceptual measurements during the experimental protocol
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foot, as well as at on the 1st toe of the non-immersed foot.
Data were recorded using a data logger (Smartreader 8 Plus,
ACR, Vancouver, Canada).

Skin blood flow (SkBF) was monitored with a laser
Doppler flowmeter (PF4000 LDPM, Perimed, Stockholm,
Sweden, PF5010 LDPM, Perimed, Stockholm, Sweden)
at the pad of the 2nd finger in each hand as well as at the
distal edge of the 1st toe of each foot. The probe (PR 407
small straight probe, Perimed) on the non-immersed 2nd
finger was held in place with a plastic mini holder (diam-
eter: 5 mm; PH 07-5, Perimed), which was fixed to the skin
using double-sided adhesive strips (PF 105-3, Perimed)
without constricting the finger. All other probes (413 Inte-
grating Probe, Perimed, Stockholm, Sweden) were held in
place with a plastic holder (PH 13, Perimed, Stockholm,
Sweden). The SkBF data were expressed as absolute values
in perfusion units (PU).

Sweat rate was measured at the forehead and the belly
of the gastrocnemius using the ventilated capsule method
(SFM4100, Sensirion, Staefa, Switzerland). Heart rate was
monitored using a wireless heart rate system (Polar Team?2,
Polar Electro Oy, Kempele, Finland). Arterial blood pressure
was assessed on the arm of the non-immersed hand (Omron
Healthcare, M6 comfort, Kyoto, Japan). Whole body thermal
comfort (from 1 =comfortable to 5 =extremely uncomfort-
able) and thermal sensation (from —3 =cold to+ 3 =hot)
were recorded using standard scales (Gagge et al. 1967).
Pain intensity (from 1=no pain to 10 =worst pain imagi-
nable), as well as pain distress [in Likert (from 1=no pain
to 10 =unbearable pain) and visual analog scale (no pain to
unbearable pain)] were recorded using standardized scales
(Daanen et al. 2012). Tactile sensitivity of the tip of the mid-
dle finger (for all participants) and of the tip of the second
toe (for able-bodied individuals) of the immersed limbs was
assessed using Semmes—Weinstein monofilaments and a dig-
ital esthesiometer, based on the previous methods (Daanen
et al. 2012; Sapa et al. 2019). For both measurements, lower
values indicate increased tactile sensitivity.

Statistical analysis

The 20-s average values for T; and T, were used to visually
identify CIVDs based on previous criteria (Daanen 2003;
Daanen et al. 2012) as follows:

1. Number of waves (N): The number of each wave that
fulfill the criterium of an increase of at least 1 °C.

2. Minimum temperature (7,,;,): the lowest temperature
just before the start of CIVD in °C.

3. Maximum temperature (7,,,,): the highest temperature
during the CIVD in °C.

4. Onset time (T,,): the time from immersion to T, in
minutes.

ax
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5. Peak time (7)., ): the time to reach the maximum tem-
perature (time at 7, minus time at 7},;,) in minutes.

6. Average temperature (7,,,): the average temperature dur-
ing the cold water immersion period without the first
five minutes of the cold immersion in °C.

7. Temperature amplitude (AT): the difference between

Tinand T, in °C.

A Shapiro—Wilks test was used to test the normality
assumption in continuous variables, demonstrating that
they were distributed normally. Chi-square tests were used
to compare the frequency of CIVDs across the three differ-
ent environments, the fingers/toes, as well as between the
hand and the foot. Since the aim of the study was to identify
differences between matched groups the mean data for each
phase were used to perform paired sample 7-tests as well
as effect sizes (d) to detect differences between the partici-
pants with paraplegia and able-bodied controls across all
the collected variables [T}, T, SKBF, T, T,;, arm/chest/leg/
thigh skin temperature, perceptual scales (thermal comfort,
thermal sensation, pain), systolic blood pressure, diastolic
blood pressure, heart rate]. The comparisons were per-
formed separately for each phase of the protocol (baseline,
warm immersion, cold immersion, recovery). The level of
statistical significance in the t-tests was adjusted for multiple
comparisons using the Bonferroni correction, resulting in
a level of significance of 0.008. The magnitude of Cohen’s
(d) effect sizes was determined as follows: d (0.01) =very
small; d (0.2) =small; d (0.5) =medium; d (0.8) =large; d
(1.2) =very large; and d (2.0) =huge (Sawilowsky 2009).
Finally, in participants with paraplegia, we also computed
correlation coefficients for the relationship between the
vertebrae number (with C1 coded as “1” and L5 coded as
“25”) and all the collected variables to investigate if the
level of injury is linked with the severity of changes in the
physiological and perceptual data. Effect sizes (d) were com-
puted with Excel Spreadsheets (Microsoft Office, Microsoft,
Washington, USA) and all other analyses were conducted
with SPSS v27.0 (IBM, Armonk, NY, USA).

Results
Frequency of CIVD

According to the above definition of CIVD, we observed
75 CIVDs in both groups, distributed as follows: 13 in the
cool environment, 17 in the thermoneutral environment,
and 45 in the hot environment (p <0.001). When analyz-
ing data only for the toes, one participant demonstrated
CIVD in the cool environment (paraplegic group: 1; able-
bodied group: 0; Table 2), two participants demonstrated
CIVD in the thermoneutral environment (paraplegic group:
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2; able-bodied group: 0; Table 3), and seven participants
demonstrated CIVD in the heat (paraplegic group: 3; able-
bodied group: 4; Table 4). When considering all partici-
pants simultaneously, chi-square analysis demonstrated that
a significantly (p =0.008) higher number of participants
demonstrated CIVD in the toes during exposure in the heat
(n=7) compared to the thermoneutral (n=2; p=0.035)

and the cool (n=1; p=0.005) environment. With regards
to the fingers, eight participants demonstrated CIVD in the
cool environment (paraplegic group: 2; able-bodied group:
6; p=0.031; Table 2), eight in the thermoneutral environ-
ment (paraplegic group: 4; able-bodied group: 4; p=1.000;
Table 3), and nine in the hot environment (paraplegic group:
5; able-bodied group: 4; p=0.505; Table 4) (p > 0.05). When

Table 2 Heat map presenting the number of paraplegic and able-bodied participants that demonstrated a CIVD reaction for each minute of the

cold immersion during exposure in the cool environment (16+1 °C)

Time (min)

0123456789 10111213141516171819202122232425262728293031323334353637383940

22"‘1ﬁnger 11
‘802 toe 111

1 1
. 3rd
23" toe 1

1

1

1
S 5" toe
1

2222222222111

Ir1 11111111111

S 2ndfinger 227272 4 BN CNENENENeNENsN: s 35 3322222222727

3

5 24 toe

(=]

9 3 toe

2 s

© 5% toe
15t toe”

Notes: * = non-immersed foot (all other fingers and toes refer to the immersed limbs).

Colors indicate frequencies. Gray color indicates lack of CIVD. * =non-immersed foot (all other fingers and toes refer to the immersed limbs)

Table 3 Heat map presenting the number of paraplegic and able-bodied participants that demonstrated a CIVD reaction for each minute of the
cold immersion during exposure in the thermoneutral environment (23 +1 °C)

Time (min)
0123456789 10111213141516171819202122232425262728293031323334353637383940
2nd finger 11 1333 4444444444 3332222221
‘2 toe 1111111111111 11111711
§-3’dtoe 11 111222221111 1111111111111
S 5" toe T T T T T T T T T T T O 0 O N O B B B B
1% toe” 11111111
 2finger 111234444444444444444333222333332
%2““'&00
© 31 toe
S 5t toe
15 toe”

Notes: * = non-immersed foot (all other fingers and toes refer to the immersed limbs).

Colors indicate frequencies. Gray color indicates lack of CIVD. * =non-immersed foot (all other fingers and toes refer to the immersed limbs)

Table 4 Heat map presenting the number of paraplegic and able-bodied participants that demonstrated a CIVD reaction for each minute of the

cold immersion during exposure in the hot environment (34 +1 °C)

Time (min)

0123456789 10111213141516171819202122232425262728293031323334353637383940
21 finger 133333333333234444 4 3332222222
‘B 15 toe 1111 1111111111 1 11111133333334444422
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—$3fdtoe 111 11112333322233112222222222222222
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Notes: * = non-immersed foot (all other fingers and toes refer to the immersed limbs).

Colors indicate frequencies. Gray color indicates lack of CIVD. * =non-immersed foot (all other fingers and toes refer to the immersed limbs)

@ Springer



European Journal of Applied Physiology

considering all participants simultaneously, chi-square
analysis (p=0.631) demonstrated that the number of par-
ticipants exhibiting CIVD in the fingers was not different
during exposure in the heat (n=9) compared to the ther-
moneutral (n=38; p=0.653) and the cool (n=38; p=0.340)
environment.

For CIVDs detected in the toes, one participant (level of
lesion T4) in the paraplegic group revealed simultaneous and
synchronous CIVDs across all toes in the cool environment,
two other participants (level of lesion T11 and T12) showed
simultaneous and synchronous CIVDs in the thermoneutral
environment, and all three participants demonstrated simul-
taneous and synchronous CIVDs in the hot environment
(p =0.383 for the effect of environment on CIVD occur-
rence). These were the same three participants, while the
other four participants in the paraplegic group showed no
CIVDs in the toes. In the able-bodied group, none of the
participants revealed CIVDs in the toes in the cool and ther-
moneutral environments, while four participants revealed
CIVDs in the heat (p =0.004). Overall, we found signifi-
cant differences in the number of participants demonstrat-
ing CIVDs in the toes across groups and environments (i.e.,
participants with CIVD in the toes X group X environment;
p=0.034), with CIVDs being more prevalent in paraplegic
participants and in the heat compared to the thermoneutral
and cool environments.

For the CIVDs detected in the fingers, two participants
in the paraplegic group revealed CIVDs in the cool envi-
ronment, four in the thermoneutral environment, and five
in the heat (p =0.119). In the able-bodied group, six par-
ticipants revealed CIVDs in the fingers in the cool environ-
ment, four in the thermoneutral environment, and four in
the heat (p =0.661). Overall, we found no differences in the
number of participants demonstrating CIVDs in the fingers
across groups and environments (p =0.272). However, a post
hoc chi-square test showed that CIVD in the fingers during
exposure to the cool environment was more prevalent in the
able-bodied group (p=0.031).

Characteristics of CIVD

The characteristics of CIVD waves across groups and envi-
ronments are shown in Table S1 as well as in Figs. 4, 5, and
6. For the toes, as the able-bodied participants showed no
CIVD in the cool or the thermoneutral environments, we
were only able to compare the CIVD characteristics between
groups for the waves observed in the hot environment. We
found that, in most cases, the 1st CIVD wave detected in the
toes of the paraplegic group had higher T, T,,, and AT,
as well as that it occurred later (i.e., had a later T,) as
compared to the able-bodied participants (small to very large
effect sizes; Table S1). Also, the toe T, of the paraplegic
group was higher (large to very large effect sizes). These
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trends between groups were also observed in the index finger
(small to large effect sizes; Table S1).

Physiological responses

The physiological parameters monitored during the protocol
are shown in Table S2 as well as Figs. 7, 8 and 9. In the vast
majority of cases, the differences observed between groups
did not reach the level of p <0.008 for post hoc comparisons,
yet a number of moderate or large effect sizes were detected.
Specifically, the T,; was markedly lower in the paraplegic
group particularly in the cool and the thermoneutral environ-
ment (small to large effect sizes), and this effect was more
pronounced during the recovery phase (Table S2). We also
found that injuries at higher levels of the spinal cord (Fig. 1)
were associated with lower average Tgi (r=0.782, p=0.038).
For example, our participant with the highest level of injury
(T4) demonstrated minimum 7; at 35.80 °C in the cool
environment, 35.75 °C in the thermoneutral environment,
and 36.25 °C in the heat. Interestingly, this participant dem-
onstrated repeated and marked T fluctuations fulfilling the
criteria for CIVD reaction as it would characterize in the
able-bodied population in the cool and the hot environments.

The T of the participants with paraplegia was lower
in the cool and the thermoneutral environments (medium
to very large effect sizes), and higher in the heat (medium
effect sizes). The lower T, of the participants with para-
plegia was caused by a markedly lower thigh (medium to
large effect sizes) and—even more so—Ileg (gastrocnemius;
medium to huge effect sizes) temperature in the cool and
the thermoneutral environments (Table S2). In most phases
of the protocol, the temperature and SkBF in the toes of the
participants with paraplegia were higher than in the able-
bodied group (small to very large effect sizes; Table S2).
Interestingly, we also found that injuries at higher levels of
the spinal cord were associated with lower average SkBF
in both the immersed (r=0.891, p <0.001) and the non-
immersed (r=0.964, p <0.001) leg. The temperature of the
fingers in both the immersed and the non-immersed hand
tended to be relatively lower in the paraplegic group (very
small to large effect sizes; Table S2). This was also true for
the SkBF of the fingers in the non-immersed hand (very
small to small effect sizes), as well as the SkBF of the fingers
in the immersed hand in the cool and thermoneutral environ-
ments (medium effect sizes). Finally, the T, was lower for
the paraplegic group compared to the able-bodied in all three
environments with large to huge effect sizes (Table S2) for
all phases except one small effect size in the baseline phase
in the hot environment.

The paraplegic group showed markedly lower leg sweat
rate in the hot environment (small to large effect sizes;
Table S2, Figs. 7, 8 and 9). No marked and/or meaning-
ful group differences were observed in sweat rate of the
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Fig.4 Skin temperature in the fingers and toes as well as skin blood
flow (mean+SD) in the cool environment (16+1 °C) in the two
groups. The first 20 min (00:00-00:20) indicate data collected dur-
ing the baseline phase, the next five min (00:20-00:25) indicate
responses during the warm immersion, the next 40 min (00:30-00:70)
indicate responses during the cold immersion, and the final five min

forehead in any environment or of the leg (gastrocnemius) in
cold and neutral environments. Heart rate was higher in the
paraplegic group (very small to large effect sizes; Table S2,
Figs. 7, 8 and 9). Finally, systolic blood pressure tended to
be higher (very small to very large effect sizes) and diastolic
blood pressure tended to be lower (very small to large effect
sizes) in the paraplegic group (Table S2).

Perceptual data

Perception of pain and distress in the hand during the cold
water immersion were markedly lower for the paraplegic
group (small to very large effect sizes; Table S2). Com-
pared to the able-bodied participants, the finger tactile

(00:70-00:75) show responses during the recovery phase. Finger and
toe temperatures are indicated with continuous yellow lines in para-
plegic participants and with dashed yellow lines in the able-bodied
individuals. Finger and toe skin blood flow data are indicated with
continuous purple lines in paraplegic participants and with dashed
purple lines in able-bodied individuals

sensitivity of the paraplegic group tended to be higher
when assessed using the Semmes—Weinstein monofila-
ments (small to medium effect sizes) and lower when
assessed using the digital esthesiometer (very small
to large effect sizes; Table S2). During the cold water
immersion and the recovery, the participants with para-
plegia reported being more thermally comfortable than
the able-bodied individuals in the cool and the thermon-
eutral environments (very small to medium effect sizes),
and this was reversed in the heat (medium effect sizes).
Finally, in terms of thermal sensation, the paraplegic
group reported feeling colder than the able-bodied group
in the cool environment (small to medium effect sizes;
Table S2).
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Fig.5 Skin temperature in the fingers and toes as well as skin blood
flow (mean + SD) in the thermoneutral environment (23 + 1 °C) in the
two groups. The first 20 min (00:00-00:20) indicate data collected
during the baseline phase, the next five min (00:20-00:25) indicate
responses during the warm immersion, the next 40 min (00:30-00:70)
indicate responses during the cold immersion, and the final five min

Discussion

The principal finding of the present study is the presence of
a vasodilatory response in the fingers and toes of participants
with paraplegia during immersion of the hands and feet in
cold water; a response that is defined as a CIVD in able-
bodied individuals. The elevations in the digit skin tempera-
ture undoubtedly reflect intermittently restored blood flow,
but the nature of these responses—namely the frequency of
their occurrence, magnitude, and duration—was different
between the two groups. Should the origins of the digit skin
temperature fluctuations during cold water immersion not be
of the same origin in paraplegics as in able-bodied individu-
als, then the original premise of our study is compromised.
Should the nature of the skin temperature fluctuations be
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(00:70-00:75) show responses during the recovery phase. Finger and
toe temperatures are indicated with continuous yellow lines in para-
plegic participants and with dashed yellow lines in able-bodied indi-
viduals. Finger and toe skin blood flow data are indicated with con-
tinuous purple lines in paraplegic participants and with dashed purple
lines in able-bodied individuals

similar, then the data could provide insight regarding the
origin of the CIVD response, namely whether it is central
or peripheral.

Effect of paraplegia and ambient temperature
on the CIVD response based on finger/toe
temperature

In able-bodied participants, immersion of the hands and
feet in cold water during exposure to a hot environment
elicited a CIVD response in fingers and toes. The CIVD
response in the toes was absent during exposure to ther-
moneutral and cool ambient conditions. The participants
with paraplegia showed a similar reduction of the number
of CIVD responses as the ambient temperature decreased
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Fig.6 Skin temperature in the fingers and toes as well as skin blood
flow (mean+SD) in the hot environment (34+1 °C) in the two
groups. The first 20 min (00:00-00:20) indicate data collected dur-
ing the baseline phase, the next five min (00:20-00:25) indicate
responses during the warm immersion, the next 40 min (00:30-00:70)
indicate responses during the cold immersion, and the final five min

from hot to thermoneutral and cool. Yet, contrary to the
able-bodied participants who exhibited no CIVD responses
in the toes at thermoneutral and cool ambient conditions,
CIVD responses were present in the toes of participants
with paraplegia.

The core body and mean skin temperatures of the par-
ticipants with paraplegia was lower during the cold water
immersions performed in the thermoneutral and cool envi-
ronments, indicating that they had a lower body heat content
during these trials compared to the able-bodied subjects. The
above-mentioned observation of more frequent occurrences
of toe CIVDs in the participants with paraplegia during the
cool and thermoneutral conditions is contrary to what has
been observed in able-bodied individuals, namely an attenu-
ation of the CIVD response (Daanen and Ducharme 1999;

(00:70-00:75) show responses during the recovery phase. Finger and
toe temperatures are indicated with continuous yellow lines in para-
plegic participants and with dashed yellow lines in the able-bodied
individuals. Finger and toe skin blood flow data are indicated with
continuous purple lines in paraplegic participants and with dashed
purple lines in able-bodied individuals

Daanen et al. 1997; Flouris and Cheung 2009b; Flouris et al.
2008).

In contrast to the able-bodied participants, who did not
exhibit any CIVDs during exposure to thermoneutral and
cool ambient conditions, the participants with paraplegia
exhibited vasodilation in the toes during these trials. The
lack of CIVDs in the toes of able-bodied individuals is not
a novel finding (Cheung and Mekjavic 2007), and has been
implicated as possibly contributing to the greater risk of
freezing cold injury of the toes during exposure to extremes
of cold ambient conditions. In the fingers, we found that
participants with paraplegia showed a similar number of
CIVDs in the thermoneutral and hot environments and fewer
CIVDs in the cool environment, as compared to the able-
bodied group. Since the spinal cord lesions in our paraplegic
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Fig. 7 Physiological parameters (mean+ SD) during exposure to the
cool environment (16+1 °C) in the two groups. The first 20 min
(00:00-00:20) indicate data collected during the baseline phase, the
next five min (00:20-00:25) indicate responses during the warm
immersion, the next 40 min (00:30-00:70) indicate responses dur-

participants were lower than the level at which nerve fibers
conducting afferent sensory information from the fingers and
efferent information from central regions, it is not surprising
that the regulation of SkBF in the upper extremity was not
affected (Price and Trbovich 2018; Prévinaire et al. 2010).
Therefore, the difference in the cool environment may be
attributed to the lower T, T and T, of the participants
with paraplegia, as reduced body heat content is known to
significantly attenuate CIVD reactions (Daanen and Ducha-
rme 1999; Daanen et al. 1997; Flouris and Cheung 2009b;
Flouris et al. 2008). In contrast, disrupted vasomotor func-
tion of the legs is due to the abolished or severely limited
sympathetic outflow below the level of the spinal cord lesion
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ing the cold immersion, and the final five min (00:70-00:75) show
responses during the recovery phase. Continuous yellow lines indi-
cate results for paraplegic participants and with dashed yellow lines
present results for the able-bodied individuals

(Price and Trbovich 2018; Nicotra et al. 2004; Nash et al.
1996). We had hypothesized that participants with paraple-
gia would demonstrate limited or no CIVD responses in their
toes, but our findings show large SkBF fluctuations in the
toes of these individuals and that these reactions that would
have been described as CIVD in able-bodied participants
were more prevalent in the paraplegic group than in able-
bodied participants. These results are in line with a num-
ber of previous studies reporting marked increases and/or
fluctuations in SkBF in the legs of people with paraplegia
as a response to thermal stimuli (Scheel-Sailer et al. 2020;
Taylor et al. 1993; Price and Trbovich 2018; Cooper et al.
1957; Tsai et al. 1980). In fact, a previous study showed
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Fig.8 Physiological parameters (mean+ SD) during exposure to the
thermoneutral environment (23+1 °C) in the two groups. The first
20 min (00:00-00:20) indicate data collected during the baseline
phase, the next five min (00:20-00:25) indicate responses during the
warm immersion, the next 40 min (00:30-00:70) indicate responses

larger SkBF fluctuations of the toes in paraplegic partici-
pants compared to able-bodied individuals in a thermon-
eutral environment (Deitrick et al. 2007), mirroring our
findings. Moreover, careful examination of the individual
data revealed that these fluctuations in the toe temperature
of participants with paraplegia were almost symmetrical
in amplitude and synchronous in all toes (Fig. 10). This is
contrary to previous studies, which showed that CIVDs are
typically asymmetrical in amplitude and asynchronous in
across both fingers (Cheung and Mekjavic 2007) and toes
(Reynolds et al. 2007). Another important observation is
that the participants with paraplegia that did not reveal fluc-
tuations in toe skin temperature / blood flow, demonstrated
none or very few CIVDs in the fingers (0-3 finger CIVDs

during the cold immersion, and the final five min (00:70-00:75) show
responses during the recovery phase. Continuous yellow lines indi-
cate results for paraplegic participants and with dashed yellow lines
present results for the able-bodied individuals

in total) compared to the participants with paraplegia who
showed fluctuations in toe skin temperature / blood flow
(3-5 finger CIVDs in total). Interestingly, these CIVDs in
the fingers of the latter three participants were almost identi-
cal in amplitude and simultaneous for all fingers, as was the
case in their toes.

Effect of paraplegia and ambient temperature
on skin blood flow and CIVD

The most pertinent issues with regards to the observed
indirect evidence (i.e., skin temperature) of the skin blood
flow responses in the fingers and toes of participants with
paraplegia are: can the responses be defined as CIVDs in
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Fig.9 Physiological parameters (mean+SD) during exposure to
the hot environment (34+1 °C) in the two groups. The first 20 min
(00:00-00:20) indicate data collected during the baseline phase, the
next five min (00:20-00:25) indicate responses during the warm
immersion, the next 40 min (00:30-00:70) indicate responses dur-

the same manner as in the able-bodied population, or are
these responses of a different nature and origin, specific to
individuals with spinal cord injury at a level that affects the
innervation of the toes and not the fingers?

Since SkBF fluctuations were observed in some individu-
als in our paraplegic group and not in others, it is important
to consider the potential impact of the level of injury, since
the control of SkBF of the lower extremity is mediated from
T10 to L2 (Prévinaire et al. 2010), while sensory innervation
of the skin in the lower extremities is mediated from L1 to
S4 (Kirshblum et al. 2011). The three paraplegic participants
in our study who demonstrated marked SkBF, and 7 fluctua-
tions had lesions localized at thoracic level (T4, T11, and
T12), while the participants who did not demonstrate any
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ing the cold immersion, and the final five min (00:70-00:75) show
responses during the recovery phase. Continuous yellow lines indi-
cate results for paraplegic participants and with dashed yellow lines
present results for the able-bodied individuals

such fluctuations had lesions at levels T9, T11, T12, and
L1. This is unexpected, as the latter individuals who had
lower (T9, L1) or the same level of injury (T12, T11) would
be more likely to show thermal-induced fluctuations in
SkBF and T, (Cooper et al. 1957; Price and Trbovich 2018).
Also, the paraplegic participants who demonstrated marked
vasodilations had lower Ty; in the cool (36.3+0.2 °C vs.
37.0+0.4 °C) and the hot (36.9+0.3 °C vs. 37.1+0.2 °C)
environments and relatively similar T; (37.0+0.1 °C vs.
36.8+0.4 °C) in the thermoneutral environment compared
to our paraplegic participants who did not demonstrate any
CIVD. Again, this is counterintuitive and contradicts pre-
vious CIVD findings in able-bodied individuals, namely
that attenuated body heat content reduces the occurrence



European Journal of Applied Physiology

38

.M

28

— 1 to
m— 3 toe
5% toe

23

18
)/

13

Toe temperature (°C)

8

== ==

Warm Cold
Immersion Immersion

Fig. 10 Representative data fom one participant with paraplegia
(level of lesion: T4) during the warm and cold immesions while being
exposed to the thermoneutral environment. In the horizontal axis,
light red indicates the warm water immersion and light blue indicates
the cold water immersion

of CIVD (Daanen and Ducharme 1999; Daanen et al. 1997,
Flouris and Cheung 2009b; Flouris et al. 2008). Also, these
fluctuations were more frequent in the thermoneutral and
cool environments instead of the hot environment. The
able-bodied participants showed a complete lack of such
responses in the thermoneutral and cool environments,
similarly to a previous study (Cheung and Mekjavic 2007),
and much higher occurrence in the hot environment. Taken
together, these results suggest that, while the T, responses
of the paraplegic group technically fulfilled the criteria for
CIVD, it is unlikely that they reflect the same phenomenon
as that originally reported by Lewis in 1930 (Lewis 1930).
A potential explanation for the fluctuations in SkBF, and
thus 7, of participants with paraplegia in our study may be
that they are caused by mechanical stimuli such as bladder
stretching which can cause vasomotor impulses to pass down
the sympathetic vasomotor fibers to the foot (Cooper et al.
1957). The counterintuitive appearance of these SkBF and T,
fluctuations in the cool environment confirms previous evi-
dence suggesting that the origin of the vasomotor impulses
in paraplegia is not modified by changing the temperature of
the spinal cord and is, therefore, not related to thermoregu-
lation (Cooper et al. 1957). Yet, it is important to state that
spinal cord temperature was not measured in our study.

The possible implication of muscular and vascular
atrophy

Compared to able-bodied individuals, participants with para-
plegia demonstrated lower T in the cool and the thermon-
eutral environments, and higher 7 in the heat, in line with
previous studies (Price and Campbell 1997; Price and Trbo-
vich 2018). As expected, these differences in T, stemmed
primarily from the lower thigh and—even more so—lower
leg skin temperatures. Previous studies have attributed these

effects to reduced muscle activity of paraplegic individuals,
which leads to attenuated metabolic heat production below
the level of the lesion, as well as to an atrophied vascular
system below the level of the spinal cord lesion, resulting
in a reduced convective heat transfer from the muscle to the
skin (Hopman et al. 1993; Nash et al. 1996). Importantly,
the marked differences observed in the skin temperature of
the thigh and lower leg between able-bodied individuals and
participants with paraplegia were blunted when the data are
presented as T This finding coincides with previous work
(Price and Campbell 1997; Price and Trbovich 2018), high-
lighting that commonly used equations to calculate 7 may
mask regional differences in skin temperature and are inap-
propriate for people with paraplegia. Since the mean skin
temperature is not representative for people with paraplegia,
T\, which takes into account both core body and mean skin
temperature may be a good method for measuring body heat
context in paraplegic participants because it might give a
better understanding of the whole-body heat content. Mean
body temperature is a very good indicator of the body's heat
content in the able-bodied population, and it is known from
the literature that body heat content significantly influences
CIVD responses (Flouris et al. 2008). Our paraplegic par-
ticipants had lower 7, during all environment and phases.

The contribution of central and peripheral
mechanisms in the etiology of CIVD

The present study was designed with the view of contribut-
ing to the resolution of the issue regarding the contribution
of central and peripheral (local) mechanisms in the initiation
of CIVDs during immersion of either the hands or feet in
cold water. We considered that our approach of comparing
the CIVD response in fingers and toes of able-bodied and
paraplegic individuals would provide evidence in support
of one or the other. The evidence generated by this study
has, perhaps, generated more questions than it has resolved.
Indeed, the absence of CIVDs in toes of able-bodied individ-
uals in thermoneutral and cool ambient conditions, but not in
the toes of the paraplegics, would favor a local mechanism.
As discussed above, the observed skin temperature fluctua-
tions in individuals with paraplegia may have been initiated
by nonthermal factors (e.g., bladder stretching), thus con-
founding our ability to discern the origin of the responses.
In this sense, our results favor a central origin of the CIVD
response (Flouris and Cheung 2009a, b, 2010; Flouris et al.
2008; Mekjavic et al. 2008), which was recently supported
by a study showing that whole-body heat acclimation can
augment the CIVD response, whereas daily immersion of
the hand in warm water does not (Ciuha et al. 2021). Con-
ducting a similar study with paraplegic participants, namely
comparing the CIVD responses after heat acclimation with
those observed after daily immersions of the hands and feet
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in warm water, may help to further confirm the contribution
of central and peripheral factors in the regulation of digit
skin blood flow in paraplegic participants.

Limitations

We did not monitor bladder stretching or urine production,
which could have provided insightful information with
regards to the unexplained fluctuations in skin temperature
and blood flow of individuals with paraplegia. Also, it is
important to note that we did not directly assess sympathetic
vasomotor control in the fingers and toes of our participants.
Instead, we assumed a lack of sympathetic outflow to the
toes of our paraplegic participants and a normal such func-
tion in our able-bodied individuals. Future studies should
address this gap and should aim to assess CIVD in a larger
sample of people with paraplegia. In this regard, it is crucial
to ensure that the recruited participants have experienced the
spinal cord lesion for > 6 months, as this is known to affect
vasomotor and sudomotor function below the level of the
lesion. In our study, the time since injury ranged from 2 to
40 years. It would be interesting to explore potential links
between the occurrence and characteristics of CIVD and
the time since injury, yet our sample size did not allow such
analyses. However, we should note that the participants in
our paraplegic group that presented these fluctuations were
the ones that were injured most recently (i.e., approximately
the past two years).

It could be argued that the analysis of the area under the
curve of the CIVD responses would provide a more inte-
grative result, of more practical relevance than that of a
comparison of the individual characteristics of the CIVD
response (Wickham et al. 2021). However, the vast major-
ity of studies investigating CIVD have done so by exam-
ining, and reporting, the individual CIVD characteristics.
Thus, for the purpose of validating the observed responses
observed in able-bodied individuals and comparing the
CIVD responses observed in participants with paraplegia,
it was deemed more relevant to conduct the comparison of
the responses based on the classical approach in analyzing
the CIVD responses. Finally, it is worth noting that the lack
of heterogeneity and group differences in CIVD reactions
in the hands is likely due to the single measurement site,
contrary to the toes where we used three measurement sites
and found significant group differences. As this is the first
study that investigated the phenomenon of CIVD in people
with paraplegia, we focused our attention on the reactions
of the toes.

Practical implications

In regions with colder climates, it is often rare for indi-
viduals with paraplegia to venture outdoors during periods
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of extreme cold. Without feedback regarding the thermal
status of their feet, they cannot appropriately behaviour-
ally thermoregulate (i.e., adding more insulation, removing
themselves from the cold, etc.). The extent to which CIVD
responses contribute to the prevention of non-freezing and
freezing cold injury in able-bodied individuals remains unre-
solved (Daanen and van der Struijs 2005; Keramidas et al.
2010) although CIVDs of low magnitude and short duration
are unlikely to have a significant effect. These characteris-
tics are also observed in the skin temperature changes of
individuals with paraplegia. Thus, it is unlikely that the skin
temperature fluctuations observed in people with paraplegia
could provide any benefit against cold injury. Cold injury
in the lower extremities of individuals with paraplegia can
have serious consequences. For instance, there are anecdotal
cases from North America, where a day outing on a snow-
mobile resulted in cold injuries in people with paraplegia,
ultimately requiring amputation of the frostbitten limbs. Fur-
thermore, the delay in time to initiation of these fluctuations
to start (i.e., long onset time) in the paraplegic group may
also be a proof that these waves do not have a protective role
against cold injuries.

Conclusions

In conclusion, our findings demonstrated considerable
inter-individual variability in CIVD responses in both the
paraplegic and able-bodied groups. We observed vasodila-
tory responses in the fingers and toes of participants with
paraplegia during immersion of the hands and feet in cold
water; a response that is defined as a CIVD in able-bodied
individuals. While these responses in the toes of the paraple-
gic participants technically fulfilled the criteria for CIVD,
their characteristics are counterintuitive, and it is unlikely
that they reflect the phenomenon of CIVD observed in able-
bodied individuals. Taken together, the evidence presented
herein favor the contribution of central over peripheral
factors in relation to the origin and/or control of CIVD.
Finally, there are no standardized criteria to identify CIVD
for people with paraplegia or able-bodied individuals. The
only well-accepted criterion is the continuous increase of
at least 1 °C in finger/toe skin temperature. This knowledge
gap should be addressed by future studies, potentially adopt-
ing the Delphi method, to provide more clarity to the CIVD
phenomenon.
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