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ABSTRACT We present a study of the relationship between blood flow and skin temperature under different dynamics of skin-
temperature-change: locally induced thermal shock and well controlled, gradual change. First, we demonstrate memory phe-
nomena for blood flow and skin temperature under both conditions. Secondly, we point out that the ‘‘hysteresis’’ loops obtained are
dependent on initial conditions, indicating physiological response times of more than twenty minutes. We also show that under
thermal shock the level of blood flow is preserved up to some characteristic temperature limit, independently of subject.
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Thermal homeostasis in humans is mainly achieved by

regulation of the level of blood flow in the skin. Accordingly,

blood perfusion through the vessels in the skin surface

constantly adjusts to the skin temperature (1), and the skin

temperature and heat loss rate changes as a result. In this

way, fluctuations in skin blood flow are subject to thermo-

regulation (2). This enables us to examine the dynamics of

thermoregulation from the point of view of the associated

timescales of fluctuation. Experiments have demonstrated

entrainment of blood flow by suitable periodic thermal

perturbation (2,3) and, correspondingly, phase coherence

between simultaneously measured skin blood flow and skin

temperature (4). Nonlinear interplay characterized by nega-

tive feedback control has been proposed to model the

complex relationship between these two physiological mea-

sures (5). However, whereas most of the above studies relate

either mean values or fluctuations of skin blood flow and

temperature (6–8), here we seek the relationship between

these two variables when skin temperature is locally: i), re-

duced by thermal shock and ii), gradually changed. We ex-

pect that the relationship obtained will support the hypothesis

of feedback control with embedded nonlinearity, providing

insight into the underlying physiology and into the dynamical

behavior and characteristic response times of biochemical

mechanisms, such as the promotion of vasoconstriction by

noradrenalin and nitric oxide synthase (9). To the best of our

knowledge, no similar results on the time dependence of the

relationship between skin blood flow and temperature have

been reported.

The data used to study the level of blood flow under ther-

mal shock are the same as reported in an earlier study by

Bandrivskyy et al. (4). Simultaneous, continuous control re-

cordings of basal skin blood flow and skin temperature, with

the sensors placed together on the volar aspect of the forearm,

were performed for 30 min; then under conditions of skin

cooling for 20 min, then for 30 min thereafter, during the

recovery period. Skin cooling was induced by application of

an ice pack to the measurement area and its immediate

vicinity, through a layer of fabric to lessen discomfort.

Measurements were made on 10 healthy subjects. A temper-

ature sensor (Thermilinear, YSI, Yellow Springs, OH) con-

nected to a signal conditioning unit (Cardiosignals, Jožef

Stefan Institute, Ljubljana Slovenia) was used to record skin

temperature. The resolution of temperature was 0.0003�C

within the measurement range of between 20 and 40�C, using

16-bit A/D conversion scaled to 65 V. A Laser-Doppler

probe (DP1T-V2), connected to a DRT4 unit (Moor Instru-

ments, Axminster, UK) was used to record skin blood flow.

This technique allows noninvasive assessment of microvas-

cular blood perfusion, expressed here in arbitrary perfusion

units (AU). The recorded signal indicates the integrated blood

perfusion within the sampling volume, i.e., perfusion in the

capillaries, arterioles, venules, and dermal vascular plexa (10).

The sampling rate for both signals was 400 Hz. For analysis,

the signals were resampled to 10 Hz.

The mean basal values of skin temperature and blood flow

were 33.4 6 0.6�C and 7 6 4 AU, respectively. During cooling

with the ice pack, no distinctive plateau in skin temperature was

reached within 20 min. The lowest skin temperature recorded

for any subject was 25.1�C, and the maximum mean temper-

ature difference achieved for any subject was 6.8�C. Con-

versely, it took ;8 min for every subject to reach a plateau

temperature during the recovery period. This temperature was

32 6 1�C and this is not statistically different from the basal

temperature. The mean blood flow was 6 6 2 AU, also not

significantly different from the basal level.

The relationship between blood flow and skin temperature

during cooling is shown in Fig. 1 a. The values are medians
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of blood flow samples across 10 recordings plotted against

corresponding median values of the skin temperature sam-

ples. The x axis is reversed to correspond to the initial and

final states in real time. The curve obtained is steeply

sigmoid (r2¼ 0.67, p , 0.001). It can be seen that as long as

skin temperature is above 31�C, the level of skin blood flow

is maintained at a constant level. It responds rapidly to a

further decrease in skin temperature, indicating a tempera-

ture threshold at which vascular constriction begins. Fur-

thermore, when the same graph was plotted for the recovery

period (Fig. 1 b), a spontaneous increase in skin temperature

was followed by a slow increase in blood flow. Again, there

is no immediate response but rather a slow increase, be-

coming more rapid after a temperature of ;31�C is reached.

The values of blood flow recorded for a given skin tem-

perature differed between the induced cooling and recovery

warming period (independent of the subject considered),

indicating a hysteresis-like response. In this case, the rate of

skin temperature change was allowed to depend on the ho-

meostatic response to the cooling and recovery stimuli, and so

may be asymmetric. Therefore, we performed another set of

measurements during which the rate of change in temperature

was well controlled.

For local skin cooling and heating, we used a copper plate

(;10 cm2 in area) with a small aperture (;8 mm2) in the

center to accommodate the Laser-Doppler probe. Peltier

elements linked to the plate and to the temperature controller

(Temperature Controller, MTTC-1410, Melcor, Trenton, NJ)

controlled the temperature of the plate to within 6 0.1�C.

The temperature module was built in the Lancaster University

Department of Physics’ Workshop to meet the required

specifications. Skin temperature under the copper plate was

measured with the same sensor as used in the earlier cooling

study. This temperature sensor was placed on the volar

aspect of the lower arm, and the temperature control module,

with incorporated blood flow probe, was placed over it. The

distance between the flow and temperature sensors was mini-

mized. The signal sampling rate was 1200 Hz, re-sampled to

10 Hz before further analysis. Subjects lay supine on a bed in

a ventilated room at 20�C.

Three healthy subjects participated in the study, two males

and one female (mean age 30.3 years). After 15 min of rest,

simultaneous measurements of skin temperature and blood

flow were made as follows. After it was set to 24�C, and skin

temperature was allowed to reach a steady state, the temper-

ature of the module was gradually increased to 42�C, and then

decreased to 24�C. The temperature of the module was

changed in constant steps at a rate of 1�C/min, as monitored

on the temperature controller. At this rate it took 37 min to

round the loop between limiting values. Afterward, the sub-

jects were allowed 30 min to recover, and a similar procedure

was repeated; starting from 42�C, the temperature was

lowered to 24�C and increased back to 42�C. The selected

temperature limits have been found to cause a maximal level

of localized vasoconstriction and vasodilation (6).

The stepwise module temperature change led to an approx-

imately linear response of the skin temperature. However, the

skin temperature recorded under the copper plate generally

differed from the temperature of the copper plate itself. The

skin temperature and plate temperature matched exactly only

between 31 and 32�C when heating from 24�C, and between

36 and 37�C when cooling from 42�C. These particular values

correspond to the lower and upper limits of the ‘‘neutral zone’’

of skin temperature, when a skin area of ;15 cm2 is studied

(11), so the recorded skin temperature lagged slightly behind

the changing plate temperature in the neutral zone, for both

heating and cooling. The decrease in blood flow shown in Fig.

1 a, when the temperature falls below 31–32�C, suggests a

homeostatic response to the temperature falling below the lower

limit value of the neutral zone. The higher limit value (36–

37�C) also corresponds to the regime of temperature-related

FIGURE 1 Skin blood flow versus skin temperature during

local cooling with an ice pack (a) and recovery period (b),

obtained in 10 healthy subjects. Median values of each sample of

blood flow across 10 recordings are plotted against correspond-

ing medians of the skin temperature. Sampling rate is 10 Hz.
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structural changes in hemoglobin (12), and this may play a

role in the increased level of blood flow during warming.

When each sample of blood flow is plotted against the

corresponding skin temperature sample, plots like those in

Fig. 2, a and b, are obtained. Fig. 2 shows a representative

result for one subject. It can be seen that the level of blood

flow depends on skin temperature with memory. In addition,

two different paths are obtained depending on the initial state.

In conclusion, our results demonstrate that the response of

skin blood flow to a change in skin temperature may exhibit a

path contingent upon rate-dependent memory. The memory

phenomenon is evident when skin is subject to a cold shock as

well as during gradual, well-controlled skin-temperature

change. We have shown that a steady level of skin blood

flow must be significantly perturbed by a thermal shock to

cause vasodilation/constriction. Thus, the differing tempera-

ture flow curves obtained during heating and cooling may be

due to true (path-dependent) hysteresis, indicating bistable or

multistable blood flow levels for a given temperature stimulus.

In addition, sensory integration of stimuli over time may result

in a delayed temperature response (a rate-dependent memory

effect). Slowing the rate of controlled temperature change

would reduce rate-dependent effects, reducing the differences

in blood flow patterns during heating and cooling and

narrowing the hysteresis curves. However, a (slower) rate of

2�C temperature change every 5 min was found to give very

similar hysteresis curves, suggesting that path-dependent

hysteresis effects are dominant. Depending on the prior

stimulus, both the skin cooling and skin heating curves differ

even after 20 min, up to the limit of complete vasodilation or

vasoconstriction.

These hysteresis phenomena in the homeostatic response

should be taken into account when comparing blood flow

and skin temperature under thermal perturbations.
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FIGURE 2 Relationship between blood flow and skin tempera-

ture when skin temperature is changed in steps of 1�C/min within a

cycle between 24 and 42�C; starting from 24�C (a) and from 42�C
(b). Each sample value of blood flow is plotted against the cor-

responding sample of skin temperature. Sampling rate is 10 Hz.
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