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Temporal evolution of changes in left ventricular
function induced by cold pressor stimulation
An assessment with radionuclide angiography and gold
195m
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suMMARY The evolutionary changes in left ventricular function induced by cold pressor stimulation
were investigated at 90 second intervals by rapid sequential first pass radionuclide angiography using

the short half life tracer gold 195m. The results in 12 subjects with normal coronary arteries were

compared with those in 12 patients with coronary artery disease. Left ventricular ejection fraction
fell significantly from resting values in both groups after 1 minute of cold pressor, but only in
patients with coronary disease was the significant fall maintained at 2*5 and 4 minutes. In both
groups, the maximum decrease in ejection fraction occurred after 1 minute, whereas the maximum
rise in systolic blood pressure occurred after 2*5 minutes. New abnormalities of regional ventricular
function developed in 10 normal subjects after 1 minute of cold, with a total of 12 new abnormal
segments. Only two such segments were seen at the later stages of imaging. Twenty one new

segments developed after 1 minute in the coronary disease group, and 13 segments remained

abnormal after 4 minutes. Three patients, two of whom had left main stem stenoses, showed
persistent abnormalities of ventricular function after 2 minutes of recovery from cold stimulation.
Thus left ventricular function changes rapidly during a period of cold stimulation in both those

without and those with coronary disease. When the cold pressor test is used with multiple gated
equilibrium imaging, the timing of imaging may be crucial to the results and interpretation of the
test. The discordance between functional changes and rise in blood pressure is further evidence that
alterations in afterload are not solely responsible for cold induced abnormalities.

Cold pressor stimulation has gained some popularity
as a stress test for use with multiple gated equilibrium
radionuclide angiographic (MUGA) studies. It has
been proposed as a sensitive and specific alternative to
dynamic exercise as a way of unmasking abnormalities
of left ventricular function in patients with coronary
artery disease.' More recently, several reports have
challenged the claim that the cold pressor test has
equivalent sensitivity and specificity to bicycle exer-
cise and questioned its use as a stress test with MUGA
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studies.2-5 Careful review of these reports indicates
that the imgng procedures used differ between
institutions, with data acquisition times varying from
2 to 5 minutes.1-4 Haemodynamic adaptation to cold
stimulation was reported by Greeneet al in 1965,6 and
it seems possible that left ventricular function could
change as haemodynamic responses alter. If ventricu-
lar function does not remain stable during the period
of cold stimulation, then the results ofMUGA studies
could vary depending on the timing of acquisition and
its relation to haemodynamic changes.

First pass radionuclide angiography provides an
ideal way of testing this hypothesis, as acquisition
requires only a few cardiac cycles for a few seconds,7
but until recently it was not applicable for multiple
intervention studies because of the unacceptable radi-
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ation burden imposed by the need for multiple bolus
doses of technetium-99m. Gold-195m is a radiophar-
maceutical with a short half life of only 30-5 s. It has
recently been developed and produced in the form of
portable mercury 195m/gold 195m generators for clin-
ical use8 and has been shown to be highly suitable for
rapid sequential first pass studies in patients since it
gives a low radiation exposure.9 The purpose of this
study, therefore, was to investigate the temporal
evolutionary changes in left ventricular function
occurring during cold pressor stimulation.

Patients and methods

Two groups of 12 subjects each were studied. The
first group consisted of nine patients (seven men, two
women), who had undergone cardiac catheterisation
and coronary arteriography for anginal chest pain,
atypical chest pain, or positive electrocardiographic
stress tests, and who had entirely normal coronary
arteriograms. All patients had normal M mode and
cross sectional echocardiograms, and one patient had
some apical hypokinesis on his contrast left ven-
triculogram. The mean age of this group was 48
(range 43-53). An additional three healthy male vol-
unteers (aged 28-32 years), who were asymptomatic,
non-smoking, and normotensive were studied. All
had undergone a maximal symptom limited treadmill
exercise test with normal haemodynamic and elec-
trocardiographic responses. The second group con-
sisted of 12 patients (11 men, one woman), with
angiographically documented coronary artery disease.
All had -50% reduction of luminal diameter. One
patient had single vessel disease, four two vessel dis-
ease, five triple vessel disease, and two triple vessel
disease with additional lesions in the left main stem.
Five patients had a previously documented myocar-
dial infarction, and the mean age of this group was 54
(range 48-64) years. Excluded from the study were
patients with unstable angina, those who were not in
sinus rhythm, those with valvular, myopathic, or
congenital heart disease, and those with left ventricu-
lar aneurysms. Consent for the study was obtained
from all subjects.

RADIONUCLIDE ANGIOGRAPHY
Radionuclide angiography was carried out either on
the day before or within one week after cardiac
catheterisation. No patient received nitrates, calcium
antagonists, or beta blocking drugs on the day of the
study. All subjects were imaged in the anterior projec-
tion while seated using a multicrystal gamma camera.7
First pass radionudlide angiograms were obtained
with the subjects at rest and after 1, 2 5, and 4
minutes of cold pressor stimulation produced by
immersion of one hand in iced water to just above the
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level of the wrist. A final radionuclide angiogram was
obtained after 2 minutes of recovery. For each
radionuclide study a 15-20 mCi (555-740 MBq) bolus
of gold-195 m was injected in a volume of <0.5 ml.
Imaging was carried out for 30 s at each stage with 30
ms framing intervals. Heart rate and sphyg-
momanometer cuff arterial blood pressure were
measured during the last 15 s of each imaging stage to
coincide as closely as possible with the left ventricular
phase of the study.

Data processing
All data were corrected for instrument dead time and
flood field non-uniformity, a uniform mercury 203
source being used for the latter.9 Left ventricular ejec-
tion fraction was measured from left ventricular
time-activity curves as described.7 Regional left ven-
tricular function was evaluated from count based reg-
ional ejection fraction images which display regional
contribution to ejection on a pixel by pixel basis using
a 16 colour scale.'0 Anterior, inferior, and apical seg-
ments were judged visually to be abnormal if regional
ejection fraction fell below 50% in a segment, and if
the abnormality occupied at least half the segment.

STATISTICAL ANALYSIS
For each group statistical differences in heart rate,
arterial blood pressure, and ejection fraction between
rest and the various stages of cold pressor were asses-
sed by a repeated measures analysis of variance.
Where a significant F value was obtained differences
were further analysed with a paired t test. Analysis of
variance was also used to examine differences in the
temporal pattern of changes (interaction) between
those with and those without coronary disease.
Results are expressed as means ± standard deviation.

Results

All subjects completed the protocol, and none com-
plained of angina pectoris. Most complained of dis-
comfort in the immersed hand.

HEART RATE
Changes in heart rate for the two groups are shown in
Fig. 1. Mean heart rate in the non-coronary disease
group was 718±l14-8 beats/min at rest, rising
significantly to 83-8 ±+182 beats/min after 1 minute of
cold pressor (p<0.001). It was not significantly differ-
ent from rest at 2-5 or 4 minutes, although remaining
raised. After 2 minutes of recovery the rate was
700±-10-7 beats/min. In patients with coronary artery
disease the heart rate rose from 65*5± 11-4 beats/nin
at rest to 74.0+9.8 beats/min at 1 minute (p<0-001).
Again, despite remaining raised at 2-5 and 4 minutes,
it was not significantly different'from the values at rest
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Fig. 1 Mean ( +SD) heart rate during the stages ofcold pressor
in (a) subjects with normal coronary arteries and (b) those with
coronary disease.

at these stages. After 2 minutes of recovery the heart
rate was 65.3+11*4 beats/min.
No differences were observed in the pattern of

heart rate response between the two groups.

SYSTOLIC BLOOD PRESSURE
The response of systolic blood pressure to cold pres-
sor is shown in Fig. 2. Mean systolic pressure in those
without coronary disease rose from 130-0_±13.9
mmHg at rest to 140-5± 19.8 mmHg at 1 minute, ris-
ing further to 146-0_21-6 mmHg at 2-5 minutes (both
p<O-OOl vs rest). Pressure remained significantly
raised at 4 minutes, and after 2 minutes' recovery had
fallen to 122-7±16*0 mmHg. In patients with coro-

* p<0 001 vs rest
***p<O 05 vs rest
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nary disease disease pressure rose from 125*0+±12*4
mmHg to 145*0±13*8 mmHg at 1 minute, rising
further to 153*7±11*9 mmHg at 2*5 minutes (both
p<0001 vs rest). Pressure again remained
significantly raised at 4 minutes and although it fell
after 2 minutes' recovery, the values remained just
significantly higher than at rest with a mean of
132-0±12-3 mmHg (p<005).
There was no significant difference in the temporal

behaviour of blood pressure in those with or those
without coronary disease.

EJECTION FRACTION
Changes in left ventricular ejection fraction for the
two groups are shown in Fig. 3. In those without
disease the ejection fraction was 61-8±11-1% at rest
and fell significantly after 1 minute of cold stimulation
to 56X8±_112% (p<0005). Six of the 12 subjects in
this group showed falls of -5%, the largest individual
fall being 16%. After 2-5 minutes the mean ejection
fraction was 59-5±8-5% and was no longer
significantly lower than at rest. Only three subjects
had values depressed by 5% or more compared with
those at rest. At 4 minutes the mean ejection fraction
was 611 l10-5% and after recovery 60-5+9-5%. Two
subjects had ejection fractions :5% lower than those
at rest during these two stages. In patients with coro-
nary disease the ejection fraction was 54.2±8.8% at
rest falling to 45-7± 10-6% after 1 minute of cold pres-
sor (p<0001). In this group, however, the ejection
fraction remained significantly depressed at both 2-5
and 4 minutes of cold pressor (mean 48-2±8-7% and
48.0±10-06% respectively, both p<0*001 vs rest).
After recovery the mean ejection fraction was
51-8±86%. Nine patients had falls of ,5% compared
with those at rest at 1 minute, seven patients at 2-5
minutes and 4 minutes, and two after recovery.

Despite the persistent depression of ejection frac-
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Fig. 2 Mean (±SD) systolic blood pressure during the stages of
cold pressor in (a) subjects with normal coronary arteries and
(b) those with coronary disease.
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Fig. 3 Mean (-+SD) ejection fraction during the stages of cold
pressor in (a) subjects with normal coronary arteries and (b)
those with coronary disease.
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tion in the coronary disease group, no significant dif-
ference in the temporal behaviour of ejection fraction
between the two groups was apparent statistically.

RELATION BETWEEN HAEMODYNAMIC
RESPONSES AND EJECTION FRACTION
As shown in Figs. 2 and 3 the ximum rise in mean
systolic arterial pressure occurred at 2x5 minutes in
both groups, whereas the maximum fall in mean ejec-
tion fraction occurred earlier at 1 minute. Individu-
ally, eight subjects without coronary disease showed
their maximum fall in ejection fraction at 1 minute,
and in five of these blood pressure had not yet peaked.
In patients with disease, eight had their maximum fall
in ejection fraction at 1 minute, and in seven of these
systolic pressure had not yet peaked. This discor-
dance between changes in function and changes in
haemodynamic responses also applied when rate/
pressure double product was examined instead of
pressure alone. In those without disease, five of the
eight with a maximum fall in ejection fraction at 1
minute showed their maximal double product rise at
2-5 minutes. Six patients with coronary disease had a
similar response.

REGIONAL LEFT VENTRICULAR FUNCTION
Fig. 4 shows the number of new regional abnor-
malities compared with those at rest at the various
imaging stages for each of the two groups. Only one
subject with normal coronary arteries showed a reg-
ional abnormality at rest. After 1 minute of cold pres-
sor two normal volunteers and eight subjects with
normal coronary arteries had developed abnormalities
on the regional ejection fraction images, with a total of
12 new abnormal segments. Only one new regional
abnormality remained after 2-5 minutes, two seg-

E Normal coronary arteries
Coronary artery disease

20p
v)
a)

5
E 15

c0

c

z

0I

lmin 2 5min Lmin Recovery

Fig. 4 Number ofnew regional abnormalities appearing at the
different stages of cold pressor compared with the resting
values, in each of the two groups.
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ments were present at 4 minutes, and after 2 minutes'
recovery no regional abnormalities existed. Fig. 5a
shows the sequence of images from a patient with
normal coronary arteries. The regional ejection frac-
tion images remained normal throughout. Although
global ejection fraction fell at 2*5 minutes and at
recovery, the values remained normal at all times.
Fig. 5b shows images from another patient with nor-
mal coronary arteries. In contrast to Fig. 5a, inferior
and apical abnormalities are evident on the 1 minute
image as well as a fall in global ejection fraction from
54% to 490/o. By 2X5 minutes, however, the ejection
fraction returned to the resting value, and regional
function has normal. Function remained normal on
the subsequent images.

Seven patients with coronary disease had regional
abnormalities at rest. Nineteen new segments
appeared after 1 minute of cold pressor, 21 after 2-5
minutes, and 13 after 4 minutes, and 8 new segments
were still apparent after 2 minutes' of recovery. Both
patients with left main stem stenoses and one patient
with triple vessel disease showed persistent abnor-
malities at recovery. Fig. Sc shows the images from a
patient with triple vessel disease and a left main stem
lesion. At rest, the apex shows reduced function at the
site of a previous myocardial infarction. After 1
minute of cold stimulation, there was a pronounced
fall in ejection fraction, and the regional ejection frac-
tion image shows abnormalities throughout. The
abnormalities persisted at 2.5 and 4 minutes, and,
although ejection fraction rose to 45% after recovery,
it remained depressed compared with values at rest,
and there was persistent regional dysfunction in the
inferior, apical, and anterior segments..

Discussion

The problems of motion artefact and of the relatively
long time required for acquisition of an exercise
MUGA study have prompted the search for alterna-
tive stress tests in patients with chest pain or coronary
artery disease which do not require patient motion,
effort, or motivation. The cold pressor test has been
extensively investigated as such an alternative,
although reports of the sensitivity and specificity of
this test compared with dynamic exercise differ. 1-511
The duration of imaging and the time of commence-
ment of imaging vary from centre to centre, with
some workers starting imaging 15 to 30 s after cold
initiation with a 2 to 3 minute acquisition period,351'
while Wainwright et al delayed the start ofimaging for
1 minute and acquired data for 5 minutes.'2 The
results of our study using first pass radionuclide
angiography and the short half life agent gold-195m
indicate that left ventricular function does not remain
stable during the cold pressor test. Rather, it appears
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c

Fig. 5 Colour regional ejection fraction images from gold-I95m studies, each with the end diastolic contour superimposed: (A) rest,
(B) after I minute ofcold pressor, (C) after 2-5 minutes, (D) after 4 minutes, and (E) at recovery. (a) Shows images from a patient
with normal coronary arteries, in whom regional function remained normal. (b) Shows images from another patient with normal
coronary arteries. The I minute images (B) show reduction ofregionalfunction inferiorly and apicaly, and ejectionfraction hasfallen;
regionalfunction and ejectionfraction subsequently normalise. (c) Shows imagesfrom a patient with a left main stem stenosis. The rest
images (A) show reduced function at the apex in the site ofa previous infarction. Global left ventricular dysfunction occurs after 1
minute (B) and persists into the recovery period (E). The 16 colour scale is shown next to three images. Yellow represents maximum
regional ejection fraction, decreasing at 6*25% decrements through red, purple, blue, green, and black. HR, heart rate, BP, blood
pressure, EF, ejection fraction.
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that ventricular function is depressed in most subjects
during the early stages of cold stimulation but returns
to normal rapidly in the absence of significant obs-
tructive coronary artery disease. Multiple gated
radionuclide studies will, therefore, acquire data not
during a steady state but during a period of changing
cardiac function. The resulting ejection fraction and
images of regional wall motion will be integrals of a
number of different functional states. This finding
may help to explain the differences in reported results
of cold pressor stimulation as a diagnostic test for
coronary disease. The high sensitivity and specificity
of the cold pressor test described by Wainwright et
all2 may be related to the practice of delaying the start
of imaging and imaging for a longer period, since sub-
jects with normal arteries will be less likely to have
abnormalities of function after the first minute.
The mechanisms for the induction of functional

abnormalities by cold stimulation are complex. In
patients with coronary disease, it is possible that the
increase in myocardial oxygen demands due to an
increase in arterial blood pressure and heart rate leads
to ischaemia since demand exceeds a limited oxygen
supply. It seems unlikely that this mechanism alone
accounts for the observed abnormalities since the
increments in the double product of heart rate and
blood pressurel3 were much smaller than those nor-
mally produced by bicycle exercise, and the ability of
the latter to detect abnormalities of function is closely
related to the adequacy of exercise and rise in double
product.'4 Although Neill et al failed to detect any
changes in coronary vascular resistance induced by
cold stimulation,'5 Mudge et al clearly documented an
increase in coronary vascular resistance during the
cold pressor test in patients with coronary disease'6
and showed an inappropriate reduction in coronary
flow in some such patients. '7 The calcium antagonist
nifedipine has been shown to abolish the increase in
coronary vascular resistance during the cold pressor
test without affecting changes in left ventricular end
diastolic pressure,'8 and thus compression of
intramural coronary vessels by the raised left ventricu-
lar end diastolic pressure is unlikely to be a mechan-
ism for reduction in coronary flow. Similarly, a recent
study by Goldhaber et al has shown that nifedipine
prevents the cold pressor induced fall in ejection frac-
tion in patients with coronary disease without
significantly altering the double product. 19 This drug
may exert its beneficial effects by systolic unloading of
the left ventricle or by inhibiting alpha mediated
coronary vasoconstriction, which is thought to be cal-
cium dependent.20 Further support for the hypothesis
that cold induced ischaemia is related to a reduction in
supply through vasoconstriction rather than wholly to
increased demand is found in the lack of temporal
relation between the development of functional
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abnormalities and rise in systolic pressure. Our
measurements were made using a cuff and not by
means of an intra-arterial cannula, and therefore we
cannot be exact as to the time of the peak blood pres-
sure response, but Giles et al, using a non-imaging
probe system and beat to beat ejection fraction meas-
urements, reported a similar discordance between
ejection fraction and blood pressure changes with the
cold pressor test.2' Thus myocardial ischaemia during
cold stimulation may result from an imbalance bet-
ween oxygen supply and demand due to alterations in
either variable.
The maintained depression of ejection fraction in

patients with coronary disease and the very prolonged
ischaemia seen in both the patients with left main
stem stenosis and an additional patient with triple ves-
sel disease are of interest. In the patient whose images
are shown in Fig. 5c the double product was lower at
recovery than at rest, and in the other two patients it
was minimally higher than at rest. A previous study
using positron tomography reported prolonged reg-
ional myocardial ischaemia for over 20 minutes after
the cold pressor test in some patients with coronary
disease,22 and it seems possible that in patients with
severe coronary artery disease the mechanisms that
lead to cold adaptation after some minutes6 are not
enough to mitigate the profound ischaemia induced
by cutaneous cold. This in turn may be related to the
exaggerated myocardial release ofl-noradrenaline that
occurs in patients with coronary disease after cold
stimulation23 and which could maintain reductions in
regional myocardial perfusion and increases in oxygen
demands23 despite peripheral adaptation to cold.
Further investigations on a larger number of patients
will be required before the diagnostic or prognostic
use of the phenomenon of prolonged ischaemia will be
apparent.
The population of patients with ischaemic symp-

toms in the absence of high grade obstructive coro-
nary disease is a heterogeneous one, and various
mechanisms for the clinical, electrocardiographic, and
functional abnormalities have been suggested.24
Many such patients show abnormalities of left ven-
tricular function on exercise.24 Half of our patients
without coronary disease showed early falls in ejection
fraction, and most showed early regional abnor-
malities which returned to normal with time despite
continuing cold stimulation, although the exact
mechanism of cold adaptation is not clear. There is
little previously reported information on the early
response of normal volunteers or of patients with
ischaemic syndromes and normal coronary arteries to
cold pressor, but Stratton et al described a decrease in
ejection fraction of -5% as common in normal sub-
jects during the first minutes,25 and 9 of 11 normal
subjects showed decreases in ejection fraction of a
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Cold pressor radionuclide angiography
similar magnitude in the non-imaging probe study.21
Abnormalities in such patients cannot be related to
limitations of oxygen supply caused by fixed coronary
obstruction, and presumably the alpha mediated
coronary vasoconstriction discussed earlier is impor-
tant in producing such abnormalities. The possible
role of focal coronary spasm in producing changes in
ejection fraction and regional abnormalities is not yet
clear. Raizner et al found that cold stimulation pro-
duced focal spasm in most patients with a precatheter-
isation diagnosis of variant angina and also in occa-
sional patients with classical angina or atypical chest
pain.26 All patients had atheromatous plaques at the
site of the spasm. The same workers found a
significant decrease in the luminal diameters of nor-
mal coronary arteries in all subgroups of patients after
cutaneous cold. Their results differ from those of
Feldman et al, who found no evidence of focal spasm
in patients without variant angina, and only a minimal
decrease in coronary diameter in normal and abnor-
mal regions of the coronary tree.27 No provocation
tests for coronary spasm were carried out in our
patients with normal arteries at the time of angiogra-
phy, but some of these subjects with ischaemic syn-
dromes may have experienced spasm during the cold
pressor test. In addition, possible changes in the
coronary microcirculation could contribute more to
changes in coronary vascular resistance than changes
in epicardial vessels,27 but this possibility remains as
yet uninvestigated.
The changes in ventricular function seen in two of

the normal volunteers could also be related to trans-
ient changes in tone of large or small coronary vessels.
The number ofnormal volunteers in the present study
is too small to draw any firm conclusions about the
frequency of cold induced abnormalities in such true
normal subjects, and indeed further studies are
required to investigate specifically whether normal
volunteers react differently to cold from patients with
normal coronary arteries and ischaemic syndromes.
One potential limitation of the study is the

unknown contribution to the left ventricular func-
tional changes of beta adrenergic blockade. Although
no patient received medication on the day of the
study, persistent pharmacological effects of beta bloc-
kade cannot be excluded,28 and this may have affected
the response to cold.29
Our data have important clinical implications for

both the conduct and interpretation of the cold pres-
sor test when used with MUGA studies. Clearly, vari-
ations in timing and duration of imaging with this
technique will affect the results since left ventricular
function is not stable during the imaging period. If
the aim is to detect coronary disease then it would
seem prudent to delay the onset of imaging until after
the first minute as normal subjects will be less likely to
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show abnormalities after this time. Prolonged
ischaemia during the recovery period may be of some
value in defining the extent of induced ischaemia.
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