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Abstract

Aim  The inter-relationships between mean body and local
skin temperatures have previously been established for
controlling hand and foot blood flows. Since glabrous skin
contains many arteriovenous anastomoses, it was important
to repeat those experiments on non-glabrous regions using
the same sample and experimental conditions.

Methods Mild hypothermia (mean body temperature
31.4 °C), normothermia (control: 36.0 °C) and moderate
hyperthermia (38.3 °C) were induced and clamped (cli-
mate chamber and water-perfusion garment) in eight males.
Within each condition, five localised thermal treatments (5,
15, 25, 33, 40 °C) were applied to the left forearm and right
calf. Steady-state forearm and calf blood flows were meas-
ured (venous occlusion plethysmography) for each of the
resulting 15 combinations of clamped mean body and local
skin temperatures.

Results  Under the normothermic clamp, cutaneous blood
flows averaged 4.2 mL 100 mL~!' min~! (£0.28: forearm)
and 5.4 mL 100 mL~! min~! (£0.27: calf). When mildly
hypothermic, these segments were unresponsive to local-
ised thermal stimuli, but tracked those changes when nor-
mothermic and moderately hyperthermic. For deep-body
(oesophageal) temperature elevations, forearm blood flow
increased by 5.1 mL 100 mL~! min~' °C~! (0.9) relative
to normothermia, while the calf was much less responsive:
3.3 mL 100 mL™! min~! °C~! (£1.5). Three-dimensional
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surfaces revealed a qualitative divergence in the control of
calf blood flow, with vasoconstrictor tone apparently being
released more gradually.

Conclusion These descriptions reinforce the importance
of deep-tissue temperatures in controlling cutaneous perfu-
sion, with this modulation being non-linear at the forearm
and appearing linear for the calf.

Keywords Core temperature - Mean body temperature -
Skin blood flow - Skin temperature - Thermoregulation -
Vasomotor

Introduction

When the thermal status of the body moves away from
thermoneutrality, the first autonomic defence is a modifica-
tion of the convective delivery of heat to the skin surface
via the manipulation of cutaneous blood flow (Werner et al.
2008). During such states, tissue temperatures within sev-
eral thermoreceptive fields are simultaneously changing
and, in these circumstances, feedback from the deep-body
(core) sensors more powerfully modulates cutaneous blood
flow (Wyss et al. 1974; Proppe et al. 1976; Werner et al.
2008; Jessen 2011). However, the impact of cutaneous
temperature changes is also important (Werner et al. 2008;
Jessen 2011; Romanovsky 2014). This is because rapid
variations in peripheral thermal feedback can elicit imme-
diate and pronounced autonomic responses (Brown and
Brengelmann 1970; Nadel et al. 1971; Libert et al. 1978;
Tipton 1989), particularly when the central thermal status
is relatively stable. Indeed, this peripheral feedback can
also be important during thermal adaptation (Regan et al.
1996; Tipton et al. 2013; Taylor 2014). Furthermore, both
the cutaneous arterioles and venules respond to localised
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temperature variations (Taylor et al. 1984; Pérgola et al.
1993; Johnson et al. 2014), although the extent of those
localised influences is determined by the status of the back-
ground sympathetic tone, which is itself largely dictated
by the deep-body thermal status (Spealman 1945; Pér-
gola et al. 1993; Caldwell et al. 2014). Thus, variations in
instantaneous cutaneous blood flow result from a complex
interaction of whole body and local thermal influences, and
those interactions were explored in this project with respect
to the forearm and calf.

The hands and feet are particularly well suited to modi-
fying local heat exchanges (Caldwell et al. 2014), and can
fulfil prominent thermoregulatory roles, not just as dry
heat exchangers, but as physiological evaporators (Taylor
et al. 2006, 2014a; Machado-Moreira et al. 2008). Never-
theless, the glabrous (non-hairy) skin of those regions is
uniquely endowed with arteriovenous anastomoses (Clark
1938; Nagasaka et al. 1987; Elstad et al. 2014) that can
dramatically alter local blood flow (Molyneux and Bryden
1981; Hales 1985). Therefore, whilst the inter-relationship
between mean body and local skin temperatures in the
control of hand and foot blood flows has recently been
described (Caldwell et al. 2014), it was important to repeat
those experiments, emphasising skin in which these anas-
tomoses were lacking (i.e. non-glabrous skin), and this was
the focus of the current experiment. However, we must
also understand that these limb segments differ not just in
the nature of the overlying skin, but within their underly-
ing anatomical structures (e.g. bone and muscle masses and
vasculature) and morphological configurations.

In this study, segmental blood flows of the forearm and
calf were mapped over a wide range of clamped mean body
and local skin temperatures, following the methods of Cald-
well et al. (2014). This was performed using purpose-built,
water-filled, displacement plethysmographs (Caldwell and
Taylor 2014) that permitted simultaneous thermal clamping
and segmental blood flow measurements. It was anticipated
that mean body temperature changes would again domi-
nate the control of local blood flow, although it was now
expected that less extreme blood flow changes would occur
at these non-glabrous sites than were observed at the hands
and feet of the same population sample, studied under iden-
tical experimental conditions (Caldwell et al. 2014).

Methods

Details of the methods for thermally stimulating and
clamping discrete skin regions, along with the simultaneous
measurement of segmental blood flow, have been reported
elsewhere (Caldwell et al. 2014; Caldwell and Taylor
2014). Herein, data pertaining to the thermal modulation of
cutaneous blood flow of the human forearm and calf under
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these same experimental conditions are reported. Accord-
ingly, only the novel methods are described in detail, whilst
the other methods are presented in summary form.

Subjects

Eight males participated in three trials following the provi-
sion of written, informed consent. All were asymptomatic,
physically active non-smokers [25.4 years (standard devia-
tion (SD) 6.4), mass 74.5 kg (SD 8.7), height 1.71 m (SD
0.04)]. Procedures were approved by the Human Research
Ethics Committee (University of Wollongong) in accord-
ance with the regulations of the National Health and Medi-
cal Research Council (Australia), and in compliance with
the Declaration of Helsinki.

Procedural overview

This experiment was based on a repeated-measures design,
with participants (dressed only in swimming costumes) act-
ing as their own controls and completing three different tri-
als. Subjects were kept in a supine posture throughout all
phases of this experiment, and every trial commenced with
a subject status check and preliminary set-up (~40 min),
including the donning of a water-perfusion garment. This
was followed by a pre-treatment water immersion in one
of three temperatures (15, 34, 39 °C; ~45 min), transfer
to a climate-regulated chamber and final instrumentation
(~15 min). The purpose of these water immersions was to
elicit three whole-body thermal states that would then be
clamped throughout the experiment, whilst standardising
the possible hydrostatic influences on the intravascular fluid
volume (Stocks et al. 2004) that may be elicited by this pre-
treatment. Accordingly, subjects were removed from the
water at the following oesophageal temperatures: 35.4 °C
(SD 0.38), 37.0 °C (SD 0.27) or 39.2 °C (SD 0.13). To pre-
vent transient changes in thermal state, participants were
immediately covered with cold or warm towels, which per-
mitted partial skin drying, and the perfusion suit was briefly
supplied with either cold (10 °C), thermoneutral (34 °C) or
hot water (48 °C). These strategies were used to sustain the
central thermal state during horizontal movement (gurney)
into a pre-conditioned climate chamber. The experimental
phase then commenced in which local skin temperature
treatments were applied (~180 min), whilst the chamber set
to one of three states: 15 °C (20 % relative humidity), 28 °C
(40 % relative humidity) or 38 °C (40 % relative humidity).
During these treatments (supine), the perfusion suit was
now supplied with water at either 15°, 34° or 48 °C. These
combinations of the pre-experimental water immersion
temperature, chamber air temperature and perfused water
temperature facilitated deep-body, mean skin and mean
body temperature clamping throughout experimentation in
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Fig.1 A schematic of the forearm and calf plethysmographs (alu-
minium). The inner, cylindrical compartments enclosed each limb
segment. These had internal diameters of 10.0 cm (forearm) and
17.5 cm, and respective depths of 15.0 and 20.5 cm. Each limb seg-
ment was covered with a snugly fitting latex membrane (sleeve) that
was sealed within the plethysmograph using outer flanges secured to
aluminium plates mounted on either end of the inner cylinder, creat-
ing water-tight seals. This chamber was then filled with water. The
outer, water-filled compartments were designed to be of an approxi-
mately tenfold larger volume [width: 15.0 cm (forearm), 20.3 cm;
height: 30.0 cm (forearm), 30.5 cm]. These compartments were
isolated from the inner cylinder by aluminium walls, and these,
in combination with the water volume differences, facilitated heat
exchange between these compartments and the rapid cooling, heating
and clamping of segmental skin temperatures. Water was circulated
through the outer compartment from external, temperature-regulated
water baths

each of three targeted states: mild hypothermia, normother-
mia (control) and moderate hyperthermia.

Left forearm and right calf blood flows were meas-
ured using bespoke water-displacement plethysmographs
(Fig. 1; Caldwell and Taylor 2014). These two-com-
partment instruments permitted independent and rapid
cooling or heating, followed by thermal clamping of
the target limb segment. Five local treatment tempera-
tures were used (15 min each) in one of two sequences:
5, 15, 25, 33 and 40 or 40, 33, 25, 15 and 5 °C. Treat-
ments were alternated between the forearm and calf, with
consecutive treatments of the same segment not occur-
ring within 30 min. Therefore, across these trials, seg-
mental blood flows were measured for 15 combinations
of mean body (three states) and local skin temperature
(five states), with the latter covering the broadest possible

range of physiologically relevant, non-pathological skin
temperatures.

Thermal clamping

The climate chamber and water-perfusion garment (140
tubes arranged in parallel, 1-m lengths to form jacket
and trouser components: Paul Webb Associates, Yellow
Springs, OH, USA) enabled the clamping of oesophageal,
mean skin and mean body temperatures following each of
the pre-experimental water immersions. The head, both
hands, both feet and the left forearm or right calf were not
contained within the perfusion garment, although those
sites were either exposed to stable air temperatures or were
housed within a displacement plethysmograph (Fig. 1).
When not being treated, the left forearm and right calf were
clamped at the same temperature as the water provided to
the perfusion garment, as previously described (Caldwell
et al. 2014). Thermal clamping for the rest of the body was
sustained for the entire trial.

Standardisation

Trials were administered in a balanced order and at the
same time of day within subjects, who were their own con-
trols. Subjects presented in a euhydrated, well-rested and
post-absorptive state, as described elsewhere (Caldwell
et al. 2014).

Physiological measurements

Arterial blood flow to the body segment of interest was
measured using water-filled, displacement plethysmo-
graphs constructed for this experiment (Caldwell and
Taylor 2014). Not reported in that communication were
the dimensions of the forearm and calf plethysmographs
(Fig. 1) used to clamp and manipulate local skin tem-
peratures, and then to measure segmental blood flow. The
internal volumes of the forearm and calf plethysmographs
were 1450 and 5376 mL, respectively. These accommo-
dated an average forearm volume of 512 mL (SD 138) and
a calf volume of 624 mL (SD 145). Each limb segment
was covered with a latex sleeve and sealed into the inner
chamber of each plethysmograph. That compartment was
then filled with water, with its corresponding displacement
during venous occlusion (proximally positioned pneumatic
cuffs) being proportional to arterial flow (Abramson et al.
1939). The occlusion cuffs were automatically and inter-
mittently inflated and deflated (50 mmHg; Groothuis et al.
2003) over 2-min data collection periods, during which
six inflation cycles were performed (8-s inflation and 12-s
deflation). Water displacement was detected from pres-
sure changes within a displacement port (MPS-201G,
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Memstech, Singapore), with that signal amplified (four-
channel amplifier, Onspot, Australia), converted to a digi-
tal equivalent (NI USB-9162, National Instruments, Hun-
gary) and sampled at 20 Hz (Labview: version 7, National
Instruments, Hungary). In addition, arterial occlusion cuffs
(inflated to 160 mmHg prior to data collection) were posi-
tioned downstream at the corresponding wrist and ankle to
negate significant artefacts created by autonomically driven
changes in hand and foot blood flows.

Heart rate was recorded continuously (15-s intervals;
Polar Electro Sports Tester, Finland), while mean arte-
rial blood pressure (right brachial artery) was determined
prior to each skin-temperature treatment (Omron SEM-
2, Omron Healthcare Inc., Kyoto, Japan). The latter was
used to derive segmental vascular conductance. A deep-
body approximation of the central blood temperature
(oesophagus; Taylor et al. 2014b), and skin and plethys-
mograph water temperatures (inner and outer compart-
ments) were also recorded continuously (15-s intervals)
using thermistors and a portable data logger (Caldwell
et al. 2014; 1206 Series Squirrel, Grant Instruments Ltd.,
UK). Area-weighted mean skin (ISO 9886 1992) and
mean body temperatures were derived (Vallerand et al.
1992), with deep-body weighting coefficients for the lat-
ter varying across trials: 0.65 (mild hypothermia), 0.70
(normothermia) and 0.80 (moderate hyperthermia). For
the derivation of mean skin temperature, eight local sites
were measured (forehead, chest, scapula, upper arm, fore-
arm, hand, thigh, calf). Forearm and calf skin tempera-
tures were approximated from the water temperature of
the inner chamber of each plethysmograph, as it had pre-
viously been established that those temperatures matched
independently measured skin temperatures (dorsal fore-
arm and anterior calf) below each of the limb-segment
sleeves (Caldwell 2014).

Data analysis

Between-treatment and between-segment comparisons
were evaluated using multivariate analysis of variance,
with three clamped mean body temperatures, five local-
temperature treatments and two blood-flow measurement
sites. Tukey’s HSD post hoc procedure was used to identify
sources of significant difference with a probability thresh-
old of 5 %. Least squares, best-fit linear regression analyses
were performed using individual data from each experi-
mental condition; the resulting parameters were averaged
within conditions. These analyses were applied to both
blood flow and vascular conductance data to investigate
inter-segmental relationships with local skin temperature,
but within each clamped thermal state. Data are reported as
means with standard errors of the means (+) for changes in
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the central dependent variables, or with SDs for highlight-
ing data distributions.

Results
Experimental control and thermal clamping

This experiment was predicated on first altering the ther-
mal status of each participant and then successfully
clamping three distinctly different mean body tempera-
tures. The methods adopted ensured the attainment of that
objective, with oesophageal and mean skin temperatures
remaining clamped throughout each trial (P > 0.05). As
a consequence, and when averaged across all local treat-
ments, three markedly different thermal steady states
were achieved (P < 0.05): mild hypothermia [oesopha-
geal temperature: 36.0 °C (SD 0.15); mean skin tempera-
ture: 22.8 °C (SD 0.21); mean body temperature: 31.4 °C
(SD 0.13)], normothermia [37.0 °C (SD 0.03), 33.6 °C
(SD 0.23), 36.0 °C (SD 0.07)] and moderate hyperther-
mia [38.5 °C (SD 0.06), 37.9 °C (SD 0.09), 38.3 °C (SD
0.03)]. In the normothermic and hypothermic trials, the
average relative mass loss was 0.5 % (P > 0.05), but for
the hyperthermic trial, this was 2.4 % (P < 0.05), as fluid
replacement did not occur during experimentation. Never-
theless, mean arterial pressure remained relatively stable
(P > 0.05), both among conditions and during the local skin
treatments: mild hypothermia 103.3 mmHg (SD 2.5), nor-
mothermia 90.8 mmHg (SD 1.6) and moderate hyperther-
mia 87.7 mmHg (SD 1.3). There was, however, a predict-
able thermal offset for the hyperthermic heart rate relative
to that observed during both normothermia and hypother-
mia: mild hypothermia 63 b min~! (SD 2), normothermia
62 b min~! (SD 1) and moderate hyperthermia 102 b min ™"
(SD 1; P < 0.05).

Localised temperature treatments

With this experimental control, it was assumed the only
sites that might provide variations in either static or
dynamic thermoafferent feedback would be the thermo-
sensitive tissues sealed within the plethysmographs (left
forearm and right calf). Moreover, the five localised ther-
mal stimulations were reproducibly applied to those sites
(Fig. 2a). Whilst these treatments differed significantly
from one another (P < 0.05), thermal stimuli applied to
the forearm did not differ from those applied to the calf
within any of the five treatment levels (P > 0.05); these
took approximately 10 min to stabilise. Accordingly, those
treatments were layered across stable, deep-body tempera-
tures, which differed significantly across these whole-body
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Fig. 2 a Five localised skin-temperature treatments applied to the
left forearm and right calf, and averaged across three clamped, whole-
body thermal states: mild hypothermia, normothermia and moder-
ate hyperthermia. These five treatments were applied by modifying
and then clamping the water temperature of the outer compartment
of each plethysmograph (Fig. 1), with each local thermal treatment
being significantly different (P < 0.05). The target treatment tem-
peratures are displayed on the abscissa, while the actual temperatures
achieved are shown on the ordinate. Data are means with standard
errors of the means (N = 8). b Mean deep-body (oesophageal) tem-
peratures, averaged across the five skin-temperature treatments, but
within the three targeted thermal states. Significant differences are
illustrated by the symbols: (relative to mild hypothermia; P < 0.05)
and *(relative to the normothermic condition; P < 0.05)

thermal states (Fig. 2b; P < 0.05), but not during the local-
ised forearm or calf treatments (P > 0.05).

Cutaneous vascular conductance and blood flow

The changes in vascular conductance accompanying these
thermal treatments of the forearm and calf are shown in
Fig. 3. These data show that, within each of the three ther-
mally clamped states, the segmental vascular responses
tracked changes in the localised thermal stimuli. When
mildly hypothermic, however, neither limb segment was
responsive, and even when normothermic, those segments
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Fig. 3 Vascular conductance of the left forearm (a) and right calf
(b) measured using water-displacement, venous occlusion plethys-
mography. Data were collected within each of three clamped, whole-
body thermal states (mild hypothermia, normothermia, moderate
hyperthermia) with five local skin-temperature treatments applied to
each segment (5, 15, 25, 33, 40 °C). Data are means with bi-direc-
tional standard errors of the means with mean linear regression lines
obtained by averaging parameters derived for each participant. The
sample size for each local treatment was eight unless otherwise noted,
and when data were lost within a local treatment, the correspond-
ing data for the same treatment were omitted from the other ther-
mal states. The mean correlation coefficients for the forearm were:
0.84 (mild hypothermia), 0.85 (normothermia) and 0.99 (moderate
hyperthermia). For the calf, these coefficients averaged: 0.73 (mild
hypothermia), 0.97 (normothermia) and 0.91 (moderate hyperther-
mia). Symbols show sources of significant differences in segmental
vascular conductance for these localised skin-temperature treatments
(P < 0.05), and with respect to either mild hypothermia (f) or normo-
thermia (%)

were much less sensitive to these treatments. Thus, vaso-
constriction and vasodilatation were much more powerfully
induced when subjects were pre-heated. Indeed, significant
between-treatment vascular differences were only observed
between moderate hyperthermia and the other clamped
conditions (P < 0.05). Whilst it is standard practice to
report vascular responses in conductance units, the empha-
sis here was upon autonomically controlled convective heat
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transfer (mass flow). Therefore, since mean arterial pres-
sures did not differ significantly across either trials or treat-
ments (P > 0.05), expressing these data in this form pro-
vided no further information, so the results that follow are
presented in flow units.

Across all treatments, forearm and calf blood flows gen-
erally fell between the lower and upper limits observed for
the foot and hand (respectively) for identical thermal states
and localised thermal treatments (Caldwell et al. 2014).
But unlike our companion experiment, in which segmen-
tal blood flows of the hand exceeded those of the foot
across almost every combination of mean body and local
skin temperatures, the current trials revealed similar nor-
mothermic flows for both the forearm and calf. When in
this state, and when locally treated with temperatures close
to the thermoneutral mean skin temperature (33 °C), fore-
arm blood flows averaged 4.2 mL 100 mL~! min~! (£0.9),
whilst those of the calf were 5.4 mL 100 mL~' min~!
(£1.2; P > 0.05). Since the limb-segment tissue volume
contained within each plethysmograph could be approxi-
mated for each individual (assuming cylindrical geom-
etry), then absolute segmental blood flows could be
approximated. In the normothermic state, those flows aver-
aged 21.1 mL min~! (£4.45; forearm) and 35.2 mL min~!
(£9.11; P > 0.05), with only two subjects having lower
calf blood flows.

Within the mildly hypothermic and normothermic
trials, the vascular responses to altered local skin tem-
peratures were minimal. The mean slopes (sensitivities)
of the forearm and calf relationships between segmen-
tal blood flow and the change in local skin temperature
were 0.04 mL 100 mL~! min~' °C~' (forearm: +0.01)
and 0.02 mL 100 mL~! min~! °C~! (+0.11) when sub-
jects were mildly hypothermic (P > 0.05), and dur-
ing normothermia, both flows were equivalent and
<0.1 mL 100 mL~" min~! °C~! (£0.03). During moderate
hyperthermia, the vascular thermosensitivity of both seg-
ments increased [0.22 mL 100 mL~! min~! °C~" (fore-
arm: £0.07) and 0.18 mL 100 mL~! min~" °C~" (£0.05);
P > 0.05]. Nevertheless, within each segment, and across
the three whole-body thermal states, vascular thermosensi-
tivity was significantly elevated with each step change in
the clamped mean body temperature (P < 0.05), when com-
pared to the hypothermic trial. Thus, when moving from
mild hypothermia to normothermia, forearm vascular sen-
sitivity increased 219 %, whilst the corresponding change
for the calf was 796 %. That difference was dictated by the
lower sensitivity of the hypothermic calf. Relative to the
normothermic trial, moderate hyperthermia was associated
with approximately equal vascular sensitivity increases for
each segment: 250 % (forearm) and 224 % (calf; P > 0.05).

Notwithstanding these differences, both limb segments
responded similarly across the three trials (Fig. 3), with
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vascular conductance almost superimposed during moder-
ate hyperthermia. Consequently, within-trial differences in
either segmental conductance or blood flow were not sig-
nificant during any local treatment (P > 0.05). Therefore,
neither the maximal nor minimal vascular changes differed
between the forearm and calf.

To evaluate the relative impact of changes in deep-
body and local skin temperature in the modulation of
segmental blood flows, intra-segmental flow com-
parisons were made when both the forearm and calf
skin temperatures were about 33 °C, but with sus-
tained normothermic and hyperthermic clamps. In
the latter circumstance, the deep-body (oesopha-
geal) temperature was displaced upwards by 1.5 °C
(£0.1) during the forearm treatments, and 1.6 °C
(£0.1) when the calf was studied. The correspond-
ing changes in segmental blood flow were 7.2 (£0.9;
forearm) and 4.3 mL 100 mL™" min~! (£2.0; calf).
Thus, for equivalent elevations in this deep-body
temperature index, forearm blood flow increased by
5.1 mL 100 mL~! min~! °C~! relative to flows observed
when normothermic, while the calf was less respon-
sive, rising by 3.3 mL 100 mL~' min~' °C~!. Dur-
ing the normothermic clamp, the increases in both
forearm and calf blood flows, over a 35 °C eleva-
tion in local skin temperature (5-40 °C), were only
0.09 mL 100 mL~! min~! °C~", Consequently, the vas-
cular sensitivities of both the forearm and calf were dra-
matically more dependent upon elevations in deep-body
temperature than an equivalent change in local skin
temperature.

Three-dimensional surfaces

From these data, three-dimensional surfaces (Figs. 4,
5) were constructed to describe the cutaneous vascular
responses of mildly hypothermic, normothermic and mod-
erately hyperthermic individuals during the localised appli-
cation of cutaneous thermal stimuli covering a 35 °C range.
Each surface is coded using the colour spectrum to identify
flow variations between minimal (blue) and maximal per-
fusion (orange), and these may be compared with the cor-
responding surfaces created for the hands and feet in the
same subjects under identical conditions (Caldwell et al.
2014).

For the hands and feet (Caldwell et al. 2014), maximal
flows differed by almost a factor of two, whilst during these
trials, forearm and calf blood flows overlapped extensively
throughout the range of observed flows, yielding similar
mean segmental perfusion rates during the normothermic
trial when the local stimulation temperature was 33 °C
[4.2 (forearm) and 5.4 mL 100 mL~! min~!]. These data
are represented as white planes in Figs. 4 and 5, but, for
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Fig. 4 A three-dimensional surface for forearm blood flow across a
6.9 °C range of mean body temperatures and a 35 °C range of local
skin temperatures. Participants were resting, semi-nude and supine
(N = 8) following each of three pre-experimental treatments [separate
trials: mild hypothermia: 36.0 °C (oesophageal temperature); nor-
mothermia: 37.0 °C; moderate hyperthermia: 38.5 °C]. Mean body
temperatures were clamped throughout each trial, whilst five local
skin-temperature treatments were applied (~5, 15, 25, 33, 40 °C).
Segmental blood flows were measured using water-displacement,
venous occlusion plethysmography. Data are averages for each of
the 15, three-dimensional coordinates with other points derived
through extrapolation. Surface colours identify blood flow varia-
tions; blue is minimal and orange maximal flow. The white, trans-
parent plane represents the mean, normothermic calf blood flow
(5.4 mL 100 mL~" min™)

comparative purposes, each plane shows the normothermic
blood flow of the other limb segment. The corresponding
foot and hand blood flows under those normothermic con-
ditions were 2.8 (foot) and 6.7 mL 100 mL~! min~" (Cald-
well et al. 2014).

Whilst quantitative differences in segmental blood flows
were minimal, these three-dimensional presentations reveal
a qualitative divergence. That is, forearm blood flow fell
more sharply to its lower normothermic level when the
mean body temperature was reduced to the normothermic
state (Figs. 3, 4). It then changed very little when mild
hypothermia was induced. Conversely, these same step
changes in the whole-body thermal state resulted in more
uniform vascular responses within the calf. As a result, the
three-dimensional surface for the calf illustrates that, whilst
the thermal dominance of the deep-body tissues over ther-
moeffector control was still evident, vasoconstrictor tone
was released more gradually across the mean body temper-
atures investigated (31.4-38.3 °C).
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Fig. 5 A three-dimensional surface to describe the interaction of calf
blood flow with variations in mean body and local skin temperatures
in supine, resting subjects (N = 8). Participants were pre-heated or
pre-cooled to induce three different thermal states [separate trials:
mild hypothermia: 36.0 °C (oesophageal temperature); normother-
mia: 37.0 °C; moderate hyperthermia: 38.5 °C]. Mean body tempera-
tures were then clamped and five local-temperature treatments were
applied (~5, 15, 25, 33, 40 °C). Data are average three-dimensional
coordinates, with colour coding to identify minimal (b/ue) and maxi-
mal (orange) flow variations. The white plane indicates the mean,
normothermic forearm blood flow (4.2 mL 100 mL™! min~")

Discussion

This experiment has permitted the development of detailed
descriptions for the inter-relationships among forearm and
calf skin blood flows across 15 diverse combinations of
mean body and local skin temperatures. Within this pro-
ject, two working hypotheses were tested. Firstly, it was
postulated that changes in mean body temperature, but not
localised cutaneous stimuli, would dominate the control of
blood flowing to these non-glabrous skin sites (forearm and
calf). This was verified, as had previously been shown for
the hands and feet (Caldwell et al. 2014), and for cutaneous
blood flow in general (Wyss et al. 1974; Proppe et al. 1976).
Secondly, it was anticipated that those thermal stimuli would
elicit less extreme blood flow changes than were observed at
the hands and feet following identical treatments. This too
was supported, and whilst this project was largely descrip-
tive in nature, two related and possibly novel observations
arose. The cutaneous blood flow responses of both limb seg-
ments to these local thermal stimuli were much more pro-
nounced when the mean body temperature was elevated,
relative to the responses observed within the hypothermic
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and normothermic states. This pattern was more apparent at
the forearm. Therefore, the most powerful constriction and
dilatation of these blood vessels will be seen in pre-heated
individuals. In addition, whilst those responses were linear
in nature (Fig. 3), when viewed in a three-dimensional con-
figuration (Figs. 4, 5), an obvious non-linear pattern of blood
flow emerged for the forearm, but not the calf.

An implicit assumption underpinning this research is
that whilst the method used (venous occlusion plethysmog-
raphy) will detect flow changes within all vascular beds
contained within the field of measurement, those measure-
ments will also permit one to draw conclusions relating pri-
marily to cutaneous blood flow. This assumption has been
validated for thermally induced variations in the limb blood
flow of both resting (Edholm et al. 1956; Detry et al. 1972;
Johnson et al. 1976) and exercising individuals (Johnson
and Rowell 1975), providing the limb in question remains
inactive, although our understanding of muscle blood flow
within these states is somewhat imprecise (Johnson et al.
2014; Crandall and Wilson 2015). Accordingly, it is widely
accepted that, under the conditions used in this experi-
ment, plethysmographically determined limb-segment
volume changes will mostly reflect those of the cutaneous
vascular compartment. Nevertheless, it is possible that the
intra-individual muscle blood flows varied over these tri-
als since muscle temperatures would have changed, albeit
to a smaller extent, across the three thermal states. In the
absence of either muscle temperature or blood flow data,
the impact of these variations remains unknown.

On the basis of this assumption, the veracity of the prem-
iss that vascular conductance can be maximised through
the local application of heat to the skin of normothermic
individuals (42 °C: Taylor et al. 1984) was evaluated, as
it was with regard to hand and foot perfusion (Caldwell
et al. 2014). Data presented in Fig. 3 reinforce the truism
that maximal cutaneous vascular conductance can only be
obtained when local heating is applied during whole-body
hyperthermic states, and this applies to both non-glabrous
and glabrous vascular beds (Caldwell et al. 2014). In fact,
one could predict the forearm vascular conductance of a
moderately hyperthermic person, at local skin temperature
<10 °C, would be significantly higher than if that individ-
ual was normothermic and locally heated to 42 °C.

From Fig. 3, it is clear that the cutaneous vascular con-
ductance rises linearly with increments in local skin tem-
perature, albeit imperceptibly so when participants were
hypothermic, and minimally when normothermic. This
characteristic was especially evident at the forearm, which
resembled the responses of the hands and feet (Cald-
well et al. 2014), and is reflected within the precipitous
blood flow reductions as the mean body temperature was
reduced (Fig. 4). This characteristic results from the power-
ful, thermo-protective influence exerted by the underlying
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vasoconstrictor tone evident during mild hypothermia and,
to a lesser extent, during normothermia. Indeed, this is
perhaps the most striking difference between Figs. 4 and
5. It is recognised, of course, that the resolution of these
arrays is limited due to investigating only 15 thermal com-
binations, although it was the vascular responses induced
when moving into the normothermic state that were largely
responsible for abrupt reduction in blood flow.

At the calf, cutaneous blood flows declined in a more
linear fashion with reductions in mean body temperature,
and the deep-body temperature influence on this change
was less powerful. This presumably reflected a more grad-
ual release of the background constrictor tone. Indeed,
while the vascular beds of the forearms (Figs. 3, 4), hands
and feet seem to be dominated by this autonomic constric-
tor drive during normothermia (Roddie et al. 1957), that
tonic activity appears to be a less powerful modulator of
cutaneous blood flow at the calf. This observation requires
verification, and notwithstanding the resolution qualifi-
cation noted above, it may have implications for regional
differences in the neural control of the cutaneous vascu-
lar beds and heat exchange, and to the extent that reduc-
tive observations derived from very small skin sites can be
applied to vascular control within an integrated organism.
It also leads one to ask why the vascular responses of the
forearm and hand might be more alike, whilst those of the
calf and foot appear somewhat dissimilar. However, since
these observations were derived only from healthy and
asymptomatic males, then it is perhaps necessary to verify
these outcomes within a similar sample of women.

Since the upper limbs are principally involved in fine-
motor activities, then a moderate vasoconstrictor tone
under basal conditions will serve a thermo-protective role
for the more susceptible musculature of the hands and fore-
arms. If these resting observations translate into exercising
states, then one may be tempted to seek an evolutionary
explanation that relates to the possible parallel develop-
ment of bipedalism and persistence hunting (Liebenberg
2006), both of which occurred within warm-dry climates
(Gowlett 2001; Cerling et al. 2011), and the combination
of which would impose unique selective pressures on early
hominins (Lieberman 2015). Since long-duration bipedal
exercise dictates that heat production is dominated by mus-
cular activity of the legs, which are much less effected by
cooling (Taylor et al. 2014a), it could be advantageous if
these regions could more readily and more directly dissi-
pate this heat from their overlying surfaces.

Conclusion

In combination with our previous communication on the
cutaneous vascular responses of the hands and feet (Caldwell
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et al. 2014), the current investigation has resulted in the pro-
vision of a comprehensive survey of cutaneous blood flow
variations across a broad range of thermal states. These
three-dimensional descriptions of the mean body and local
thermal relationships with glabrous (hand and foot) and non-
glabrous (forearm and calf) skin blood flows have reinforced
the importance of deep-tissue temperatures in the modula-
tion of cutaneous perfusion. Indeed, locally mediated vaso-
constrictor and vasodilator responses were significantly more
powerful in people who had first experienced whole-body
warming. These data also highlight clear regional differences
in vascular control, as recently defined for sudomotor func-
tion (Taylor and Machado-Moreira 2013), with the more dis-
tal sites typically experiencing greater blood flow extremes.
Finally, the non-linear pattern of blood flow changes evident
in the forearm, hands and feet with changes in mean body
temperature appeared to be absent for the calf.
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