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Cold pressor test in tetraplegia and paraplegia suggests an
independent role of the thoracic spinal cord in the hemodynamic
responses to cold
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Background: Cold application to the hand (CAH) is associated in healthy people with increase in heart
rate (HR) and blood pressure (BP).
Objective: To study hemodynamic responses to CAH in humans following spinal cord injuries of
various levels, and examine the effect of spinal cord integrity on the cold pressor response.
Design: An experimental controlled study.
Setting: The spinal research laboratory, Loewenstein Hospital, Raanana, Israel.
Subjects: Thirteen healthy subjects, 10 patients with traumatic T4–6 paraplegia and 11 patients with
traumatic C4–7 tetraplegia.
Main outcome measures: HR, BP, HR and BP spectral components (low frequency, LF; high
frequency, HF; LF/HF), cerebral blood flow velocity (CBFV) and cerebrovascular resistance index (CVRi).
Methods: The outcome measures of the three subject groups monitored for HR, BP and CBFV were
compared from 5min before to 5min after 40–150 s of CAH. The recorded signals were digitized online
and analyzed offline in both the time and frequency domains.
Results: During CAH, HR and CVRi increased significantly in all subject groups (Po0.001), and BP in
control subjects and in the tetraplegia group (Po0.01). BP increase was not statistically significant in
paraplegia, and CBFV, HR LF, HR HF and BP LF did not change significantly during CAH in any group.
Conclusions: The CAH effect in tetraplegia and the suppressed BP increase in paraplegia, supported
by the other findings, suggest a contribution of an independent thoracic spinal mechanism to the cold
pressor response.
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Introduction

Cold application to the hand (CAH) is followed by reflex

autonomic phenomena, and has been customarily used as

the ‘cold pressor test’ (CPT) to assess the autonomic nervous

system (ANS). In healthy people, the afferent signals of the

cold pressor reflex are thought to be mediated by cold

temperature nociceptors and sensory nerve fibers, and to be

integrated in the central nervous system, mainly in the

hypothalamus and medullary vasomotor center. The efferent

limb of the cold pressor response is thought to be mediated

by the vagus and sympathetic nerves to the heart and to the

peripheral blood vessels.1

This mechanism is usually reflected by heart rate (HR)

acceleration and by a rise in both diastolic and systolic

blood pressure (BP) in healthy people, which follow

peripheral vasoconstriction and an increase in heart con-

tractility. The normal rise is at least 10mm Hg for diastolic

BP and 15mm Hg for systolic BP. The hemodynamic CPT

effect is maximal about 60 s after limb immersion, and most

people find it remarkably painful to hold their hand in

freezing water for more than 120 s.1 HR and BP changes

following CPT stimulation were not affected by either age

or gender.2
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Cerebral blood flow velocity (CBFV) showed variable

response to CPT. Some studies found bilateral or unilateral

(in the brain hemisphere that is contralateral (Co) to the cold

applied hand) CBFV increase during CPT.3–6 The increase was

smaller at old age but unaffected by gender.4,5 In one study

CPT decreased CBFV.7

Spinal cord (SC) dysfunction can modulate the response to

CPT. Lehmann et al.8 used the absence of cold pressor

responses to confirm the completeness of autonomic lesions

in patients with C5–8 tetraplegia. In 1948, Reiser and Ferris9

showed that spinal anesthesia at the T3–4 level abolished the

pressor response in hypertensive patients, whereas spinal

anesthesia at the T6–8 level dampened it, indicating that the

SC below T4, and mainly at the T4–6 level, takes part in the

CPT mechanism.

Despite this information, knowledge about CPT in patients

with spinal cord injuries (SCI) is scant, and the role of the SC

in the CPT response is not clear. The effect of injury level on

hemodynamic responses, and the effect of SCI on HR and BP

variations and on CBFV during CAH are unknown. To

investigate these and examine the effect of SC integrity on

the cold pressor response mechanism, we studied CAH in

patients with paraplegia and tetraplegia.

Methods

Subjects

Thirteen healthy control subjects and 21 patients with SCI of

3 months to 41 years duration were included in the study.

The control subjects were nine men and four women, 34713

years old. Ten patients, eight men and two women, 38713

years old, had T4–6 paraplegia with American Spinal Injury

Association (ASIA) grade A.10 Eleven patients, all men 4278

years old, had C4–7 tetraplegia, eight with ASIA grade A and

three with ASIA grade B. The age differences between the

groups were nonsignificant. None of the patients had

medical conditions that might affect the results, such as

febrile disease, heart failure, renal failure, diabetes mellitus or

an additional neurological impairment.

Procedure

The ethics committee of Loewenstein Rehabilitation Hospi-

tal approved the study, and all participants signed an

informed consent. In the morning, after a 12-h fast, each

subject lay supine in a relatively quiet hospital environment

with an ambient temperature of about 221C. All subjects

were continuously monitored in the supine position for HR,

BP and CBFV, from 5min before to 5min after CAH by hand

immersion in ice water for 40–150 s. The cold water was

applied for 2min in 29 subjects, for 150 s in one patient, and

for 40–85 s in four subjects, who signaled discomfort.

This was one in a series of experiments performed on the

same subjects, and it was preceded by 10-min 351 head up

tiltings, 120 and 50min before the CAH and by ingestion of

a standard liquid meal 95min before the CAH. Blood

samples were also drawn during the experiment through

an intravenous catheter that had been inserted into a cubital

vein at least 150min before the hand immersion.

Recording and analysis

For HR recording, continuous ECG traces were obtained

using surface electrodes and a preamplifier A/D system

(BIOPAC Systems, Santa Barbara, CA, USA). The Finapres

(Ohmeda, Englewood, CO, USA) system was used for

noninvasive continuous BP recording by means of a small

pressure and optical cuff applied to the subjects’ middle-

finger. ECG and the middle-finger arterial pressure signals

were simultaneously sampled online at 500Hz. The digitized

ECG signal was converted off-line into a continuous HR

signal, and the digitized arterial pressure signal was low-pass

filtered and resampled off-line at 10Hz.

Processed HR and BP signals underwent time and

frequency analysis. The frequency analysis (a spectral

analysis of BP and HR variations) was performed after a

251-sample length median filtering. A Discrete Fourier

transform was used in combination with a Welch Period-

ogram method to compute the power (amplitude squared) of

the sampled signal fluctuations (HR and BP) as a function of

their frequency.11 The integrals of the power values, between

0 and 0.17Hz (low frequency, LF) and between 0.17

and 0.5Hz (high frequency, HF), were calculated to obtain

the low and high frequency components of the power

spectrum.

A transcranial Doppler (TCD) (Smartlite, Rimed, Raanana,

Israel) was used to record CBFV. The TCD probe, applied to

the subjects’ right temple, transmitted a 2MHz pulsed wave

through the ultrasonic window in the temporal bone. The

Doppler frequency shift of the reflected wave was recorded

by the device to compute the flow speed in a proximal

segment of the middle cerebral artery.12 The CBFV signals

were digitized online at a 2Hz rate and submitted to off-line

time-dependent analysis. The cerebrovascular resistance

index (CVRi) was obtained by dividing the BP by the mean

cerebral blood flow velocity (mCBFV).

Statistical analysis

The mean values of HR, BP, HR and BP LF and HF, LF/HF,

mCBFV and CVRi were calculated for two time intervals:

0–5min before ice-water hand immersion (at supine rest

before CAH) and during the 40–150 s of ice-water hand

immersion. Findings during cold application were compared

with those during the preceding rest period. Analysis of

variance with repeated measurements was used to examine

the effects of cold application on the dependent hemody-

namic variables within and between groups (paraplegia,

tetraplegia and healthy participants), and the effects of the

groups themselves on the variables. Post hoc comparisons

between groups and conditions were performed to deter-

mine the specific effect of SCI on the hemodynamic

variables. Correlations between changes in variables were

examined using Pearson’s correlation test.

Before the statistical analysis, the spectral components

were subjected to a square root transformation and their

ratios subjected to a natural logarithm (ln) transformation to

approach normal distributions. Data were analyzed by SPSS

for Windows version 11 (SPSS Inc., Chicago, IL, USA).
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Results

The values of the hemodynamic variables at rest before and

during CAH are shown in Tables 1–3; the effects of CAH are

summarized in Table 4.

HR

Considering all groups together, HR was significantly

increased by CAH (Po0.001). HR mean values increased as

a result of CAH in most patients, irrespective of specific

injury level (e.g., C4, C7, T4 or T5). In the patients with

tetraplegia, the increase in HR was small, but the effect of the

group on the increase in HR was hardly significant

(P¼0.054) (Tables 1a and 4; Figure 1). Group effect on HR

itself during supine rest before CAH (rest-H) and during CAH

was significant (Po0.01); patients with paraplegia showed

higher HR values than the other subjects.

HR power spectrum LF and HF components

The square root of the HR power spectrum LF and HF

components area (HRLF and HRHF) was not significantly

affected by CAH, irrespective of group (Tables 1b, c and 4;

Figure 2). Group effect on the HRLF, during rest-H and CAH

was significant (Po0.001): patients showed lower values

than the control subjects. But group effect on HRHF at rest-H

and CAH was not found significant.

BP

Overall CAH effect on BP was significant (Po0.001): BP

increased in all groups after ice-water hand immersion

(Tables 2a and 4; Figure 1). BP mean values increased as a

result of CAH in most patients, irrespective of specific injury

level (e.g., C4, C7, T4 or T5). The increase, however, was group

dependent (P¼0.013): it was highest in the control and the

tetraplegia groups (Po0.01) and lowest in the paraplegia

group, where the increase was not statistically significant.

Group effect during rest-H and CAH was also significant

(P¼0.001); BP values were higher in the control group than

in the patient groups.

BP power spectrum LF and HF component

The square root of the BP power spectrum LF component

area (BPLF) was not significantly affected by CAH, irrespec-

tive of group, but was positively correlated with BP increase

in the control group (r¼0.684; P¼0.029) and negatively

correlated in the tetraplegia group (r¼�0.868; P¼ 0.002).

The square root of the BP power spectrum HF component

area (BPHF), however, was significantly affected by CAH

(P¼0.017), irrespective of group: it increased in all the

groups, but mainly in patients with paraplegia and mini-

mally in patients with tetraplegia (Tables 2b, c and 4).

Group effect on BP LF, at rest-H and CAH, was significant

Table 1 CAH effect on HR (a) and its spectral components (b–d) in the
three subject groups

Mean7s.d.

Control Paraplegia Tetraplegia

(a) HR (b.p.m.)
0–5min before CAH 72.0979.30 84.76712.69 65.99713.94
During CAH 78.48711.30 93.91718.09 69.80713.75

(b) Square root HR LF
(b.p.m.)
0–5min before CAH 2.3170.94 1.4470.58 1.3670.79
During CAH 2.4070.80 1.7270.94 1.0070.70

(c) Square root HR HF
(b.p.m.)
0–5min before CAH 1.3170.80 0.8070.45 0.7270.47
During CAH 1.3271.02 1.0670.68 0.6370.64

Abbreviations: CAH, cold application to the hand; HR HF, heart rate high

frequency.

Table 2 CAH effect on BP (a) and its spectral components (b and c) in
the three subject groups

Mean7s.d.

Control Paraplegia Tetraplegia

(a) BP (mm Hg)
0–5min before CAH 100.07721.86 88.3178.92 76.57711.11
During CAH 117.49722.94 93.50713.92 85.44714.77

(b) Square root BP LF
(mm Hg)
0–5min before CAH 2.7170.61 1.4370.48 1.2570.64
During CAH 2.2070.71 1.6570.52 1.1070.78

(c) Square root BP HF
(mm Hg)
0–5min before CAH 1.0470.34 0.6670.28 0.7370.20
During CAH 1.1970.62 1.1570.71 0.7470.37

Abbreviations: BP LF, blood pressure low frequency; CAH, cold application to

the hand.

Table 3 CAH effect on Ip and Co CBFV (a and b) and CVRi (c and d) in
the three subject groups

Mean7s.d.

Control Paraplegia Tetraplegia

(a) Ip mCBFV (cm/s)
0–5min before CAH 70.09710.37 61.40713.53 50.78716.46
During CAH 68.50715.06 60.25713.73 50.22711.48

(b) Co mCBFV (cm/s)
0–5min before CAH 69.60719.52 52.16712.52 42.90711.71
During CAH 70.32721.14 56.89711.31 47.89713.79

(c) Ip CVRi (mm Hg/cm/s)
0–5min before CAH 1.4470.34 1.5270.49 1.7370.30
During CAH 1.7370.55 1.8170.65 1.8370.34

(d) Co CVRi (mmHg/cm/s)
0–5min before CAH 1.6170.90 1.8270.58 1.8970.71
During CAH 1.8171.08 1.8170.54 1.9771.02

Abbreviations: CAH, cold application to the hand; Co CVRi, contralateral

cerebrovascular resistance index; Co mCBFV, contralateral mean cerebral

blood flow velocity; Ip CVRi, ipsilateral cerebrovascular resistance index; Ip

mCBFV, ipsilateral mean cerebral blood flow velocity.
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(Po0.001): patients showed lower values than the control

subjects. But group effect on BPHF at rest-H and CAH was not

found to be significant.

HR and BP power spectrum LF/HF

The HR and BP LF/HF ln values were not significantly

affected by ice-water hand immersion, irrespective of group

(P40.1). Group effect on HR LF/HF ln, at rest-H and CAH,

was not found to be significant. But group effect on BP LF/HF

ln was significant (P¼0.012): patients with tetraplegia

showed lower values than the control subjects.

CBFV

mCBFV values at CAH decreased in control subjects and

remained almost unchanged in patients in the cerebral

hemisphere ipsilateral (Ip) to the cooled hand. In the Co

hemisphere it increased in all the groups. But these changes

and the differences between hemispheric responses were not

significant in all the subjects together and in any of the

groups (Tables 3a, b and 4; Figure 1). Group effect on mCBFV

during rest-H and CAH was significant (P¼0.018): patients

with tetraplegia showed lower values than the control

subjects.

Cerebrovascular resistance

Hand ice-water immersion was followed by a significant

increase in CVRi (P¼ 0.001), irrespective of hemisphere or

group (Tables 3c, d and 4). Group effect on CVRi was not

significant at rest-H and at CAH.

Discussion

CAH effect

In the control group, HR and BP increased during CAH, as

described in previous studies, and was related to sympathetic

activation and vagal suppression by the hypothalamus and

brainstem vasomotor center (BVC).1 But a significant

increase was also found during CAH in HR in both patient

groups, and in BP in the tetraplegia group. These findings, in

patients with practically complete SCI, are not compatible

Table 4 The main effects of CAH on hemodynamic variables

The stimulus-
CAH

The variablek Control Paraplegia Tetraplegia

HR m** m** m**
BP m** mJ m**
CBFV (ipsilateral) J kJ kJ
CBFV (contralateral) mJ mJ mJ
CVRi (ipsilateral) m** m** m**
CVRi (contralateral) m** m** m**
HR LF power area J J J

HR HF power area J J J

HR LF/HF J J J

BP LF power area J J J

BP HF power area m* m* m*
BP LF/HF kJ kJ kJ

Abbreviations: BP, blood pressure; CAH, cold application to the hand; CBFV,

cerebral blood flow velocity; CVRi, cerebrovascular resistance index; HR LF,

heart rate low frequency; HR HF, heart rate high frequency; BP LF, blood

pressure low frequency; BP HF, blood pressure high frequency.

m¼Variable increased after the stimulus.k¼ variable decreased after the

stimulus. J¼Non-significant effect. *¼ Po0.05; **¼ Po0.01.
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Figure 1 HR, BP and mCBFV recordings, in each group, after hand immersion in ice water. Mean (lower signal) and meanþ s.d. (upper
signal) values from 5min before to 5min after CAH. CBFV – in right (Ip) hemisphere. CBFV L – in left (Co) hemisphere.

Cold pressor test in SCI
A Catz et al

36

Spinal Cord



with the customary cold pressor reflex model, which

includes afferent sensory nerve fibers and efferent sympa-

thetic pathways that pass through the SC,1 nor with the

absence of cold pressor responses in certain previously

studied patients with C5–8 tetraplegia.8

It may be argued that SCI in this study, despite being

clinically complete, was sufficiently incomplete anatomi-

cally to allow the responses described above. Certain facts

suggest, however, that the explanation does not lie with the

incompleteness of the injuries but rather with a limitation of

the customary cold response model. These facts include (1)

the appearance of the described responses in most ASIA A

patients in this study; and (2) the fact that in the tetraplegia

patients, whose afferent and efferent reflex limbs are

supposed to be damaged according to the model, BP but

not HR increased during CAH significantly more than in

patients with paraplegia, whose afferent reflex limb from the

hand to the brainstem is intact.

Moreover, the significant BP increase in tetraplegia but not

in mid-thoracic paraplegia during CAH implies that activity

in the intact thoracic SC contributes to BP elevation, which

is absent when the thoracic SC is damaged but can be

evident despite cervical SC damage. Such activity may be

initiated by afferent CAH stimulation conveyed to the

thoracic SC through cervical SC segments below the

complete injury (C7,8).

Afferent fibers of the CAH response, which normally pass

through the SC segments C6–T1, are disconnected from the

brain in patients with complete sensory lesions at the C6

segment or above, but not in patients with lower lesions, or

with C5–6 lesions without a complete transection. Therefore,

patients with tetraplegia in the present study, who have ASIA

neurological levels of C4–7, could respond to CAH either

directly, through the uppermost SC, the brainstem and the

vagus, or through the isolated SC and the baroreflex

mechanism, as in autonomic dysreflexia. A pressor activity

at the isolated T4–6 SC is compatible with the description of

pressor response abolition after spinal anesthesia at the T3–4

level, but not at the T6–8 level.9

The possibility that a neural generator located outside the

brainstem activates cold pressor responses is further sup-

ported by the lack of significant change in HR LF and HF and

in BP LF during CAH in any of the groups. Changes in the

power spectrum of HR and BP variations, which represent

sympathetic and vagal activities,13 probably depend on

changes in signal oscillations in the BVC. The BVC contains

an ANS oscillator discharging in a synchronized rhythmical

fashion, which keeps the sympathetic nerves continuously

active, maintaining vascular tone.14 The non-significant

power spectrum changes during CAH may indicate that

changes in the BVC oscillator activity were counteracted by

the forceful baroreflex during CPT, and that an additional

neural generator, which does not interfere with the LF or HF

variations, contributed to the hemodynamic changes during

CPT. The positive correlation of BP LF with BP increase in the

control group, and its negative correlation with BP in the

tetraplegia group, may support the notion that normally

BVC neural generator activation makes a major contribution

to BP increase, but not in the case of cervical SCI. With

cervical SCI, BP may be elevated by a different mechanism

(e.g., a thoracic SC neural generator that does not interfere

with the BP LF or HF), whereas activation of the BVC neural
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Figure 2 HR power spectrum before and during CAH. The power (amplitude squared of HR fluctuations) values are the average (lower curve)
and averageþ s.d. (upper curve) of each group at each fluctuation frequency.
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generator is reduced by the baroreflex in response to the BP

increase.

The significant CVRi increase, which attenuated CBFV

changes following the BP increase in all subject groups,

implies that CAH can increase the cerebrovascular resistance

but not necessarily through SC neural transmission. The

CVRi increase could be a BVC response to higher intracranial

BP or a reflection of cerebrovascular autoregulation by local

tissue changes.15 But CVRi increase in the patient groups in

this study can alternatively suggest that during CAH, the

efferent stimulus is transmitted to the cerebral vessels

through upper cervical SC segments in patients with low

tetraplegia or paraplegia, and through the thoracic SC and

sympathetic chain in patients with upper cervical tetraplegia.

Previous studies in normal subjects, however, showed

conflicting results, only some of which conform to the

findings of the present study. These studies found that CPT

increased or decreased CBFV, increased cerebrovascular

resistance or decreased cerebral small vessels resistance.3–6

Therefore, more data are needed to clarify cerebral circula-

tion responses to CPT.

The evidence that the cold pressor response may be

generated outside the brainstem by a thoracic spinal

mechanism is also reinforced by findings suggesting thoracic

SC involvement in responses to other stimuli, such as food

ingestion16 or cold application to the foot (unpublished data).

Study limitations

As described in a previous publication,16 the design of this

study imposed a few limitations. As in other human SC

studies, the completeness of the SCI is based on clinical

definitions (ASIA grading), which do not exclude the sparing

of autonomic fibers. But the probability of interference of

such sparing with findings in groups with almost-complete

lesions is small.

The preceding tests, which were performed to collect

important information that can be obtained only from

difficult to recruit patients who match the inclusion criteria,

could have confounded the findings. But the time interval

between these tests and the CPT was long, and most likely it

was sufficient to eliminate this effect.

Because multiple analyses increased the chance of in-

cidental findings, only P-values o0.01 were considered

significant for the main inferences.

Conclusions

The significant BP and HR increase during CAH in tetra-

plegia, the suppressed BP increase in paraplegia, and the lack

of significant change in HR LF and HF and in BP LF are

incompatible with the customary cold pressor reflex model

and suggest the contribution of an independent thoracic

spinal mechanism to the cold pressor response. Further

research with additional patients is required to verify these

findings.
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