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Okazaki, Kazunobu, Qi Fu, Emily R. Martini, Robin Shook,
Colin Conner, Rong Zhang, Craig G. Crandall, and Benjamin
D. Levine. Vasoconstriction during venous congestion: effects of
venoarteriolar response, myogenic reflexes, and hemodynamics of
changing perfusion pressure. Am J Physiol Regul Integr Comp
Physiol 289: R1354-R 1359, 2005. First published July 7, 2005;
doi:10.1152/ajpregu.00804.2004.—We dissected the relative con-
tribution of arteriovenous hemodynamics, the venoarteriolar re-
sponse (VAR), and the myogenic reflex toward a decrease in local
blood flow induced by venous congestion. Skin blood flow (SkBF)
was measured in 12 supine subjects via laser-Doppler flowmetry /)
over areas of forearm and calf skin, in which the VAR was blocked
by using eutectic mixture of local anesthetics (EMLA sites) and 2)
over the contralateral forearm or calf skin (control sites), using two
different techniques: limb dependency of 23-37 cm below the
heart and cuff inflation to 40 mmHg. During limb dependency,
SkBF decreased at the control sites, whereas it remained un-
changed at the EMLA sites. In contrast, during cuff inflation, SkBF
decreased at the control sites and also decreased at the EMLA sites.
The percent change in SkBF from baseline was greater during cuff
inflation than limb dependency at both the control sites and the
EMLA sites. Estimated skin vascular resistance remained un-
changed at the EMLA sites during cuff inflation, as well as limb
dependency. Thus the decrease in SKBF during venous congestion
with cuff inflation is not solely due to the cutaneous VAR but also
to a reduction in local perfusion pressure. The VAR is therefore
most specifically quantified by venous congestion induced by limb
dependency, rather than cuff inflation. Finally, from both tech-
niques, we calculated that during venous congestion induced by
limb dependency (calf), ~45% of the nonbaroreflex vasoconstric-
tion is induced by the VAR and ~55% by the myogenic reflex.

local circulatory control; axon reflex

WHEN VENOUS PRESSURE in a limb is elevated to pressures >25
mmHg, cutaneous, subcutaneous, and muscle vascular resis-
tances increase within that region, resulting in a reduction in
blood flow of ~40% (2, 5, 16, 17, 31, 32). This reflex has been
termed the venoarteriolar response (VAR), because stretch
receptors reported to be located in small veins are hypothesized
to cause changes in arteriolar vascular tone “upstream” of the
veins (15). During orthostasis, it has been suggested that as
much as 45% of the increase in systemic vascular tone is due
to the VAR, with the remaining 55% due to central reflex
mechanisms elicited via baroreceptor unloading (15, 19, 20).
An attenuated VAR may be one possible mechanism for a
decrease in orthostatic tolerance after simulated microgravity
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exposure (38) or in patients with the postural orthostatic
tachycardia syndrome (34). In addition, it is likely that the
VAR contributes to the maintenance of orthostatic tolerance in
individuals with spinal cord transection (28, 33, 35). Thus the
VAR appears to play a critical role in human cardiovascular
control during orthostatic stress and is a key variable requiring
careful quantification during examination of the effect of grav-
itational perturbations (10, 34, 35, 38).

The VAR has been evaluated during venous congestion
induced by lowering the arm or leg below the heart level (5, 10,
14, 21, 25, 27, 33, 34, 36), during locally applied negative
pressure (32), or during proximal cuff inflation (14, 15, 19, 24,
30, 34, 38). However, during cuff inflation, the consequent
reduction in blood flow may not be due solely to the VAR,
because cuff inflation uniquely decreases local perfusion pres-
sure between arteries and veins, which may reduce blood flow
in the absence of VAR-induced vasoconstriction. Surprisingly,
the hemodynamic effect of cuff inflation on the assessment of
the VAR has not been examined. Moreover, limb dependency
may engage the myogenic reflex (6, 9, 22), as well as the VAR.

The purpose of this study was to dissect the relative contri-
bution of arteriovenous hemodynamics, the VAR, and the
myogenic reflex to the vasoconstriction induced by venous
congestion. To accomplish this objective, we compared
changes in forearm and calf skin blood flow (SkBF) during cuff
inflation and limb dependency at the sites where the VAR was
blocked by local anesthesia (1, 5, 14, 15, 19, 20, 32, 36, 37) and
at unblocked sites.

METHODS

Subjects. Twelve healthy subjects (7 males and 5 females; age 35 =
9 yr, mean *= SD; height 171 = 11 cm; weight 68.0 = 14.9 kg)
participated in this study. The study was performed in accordance
with the Declaration of Helsinki, and all subjects signed an informed
consent form approved by the Institutional Review Boards of the
University of Texas Southwestern Medical Center and Presbyterian
Hospital of Dallas.

Protocol. The topical anesthetic eutectic mixture of local anesthet-
ics (EMLA cream, 2.5% lidocaine, and 2.5% prilocaine; AstraZeneca,
Wilmington, DE) was placed on both forearm and calf skin to block
neurally mediated skin vasoconstriction and was covered with a
Tegaderm dressing at least 2 h before the experiment. After that
period of time, the dressing and the EMLA cream were removed. The
effectiveness of the cream was assessed by testing blockade of tactile
sensation from that area.

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.
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METHODOLOGY TO MEASURE CUTANEOUS VENOARTERIOLAR RESPONSE

The experiment was carried out 2—4 h after subjects ingested a light
meal in a quiet, environmentally controlled laboratory with an ambi-
ent temperature of ~25°C. SkBF was measured during limb depen-
dency, and cuff inflation was measured over areas where the VAR was
blocked with EMLA cream (EMLA sites) and over areas of the
contralateral forearm and calf intact skin (control sites). After estab-
lishment of stable SKBF was observed (usually 20-30 min supine),
baseline data were collected for 2 min. Limb dependency or cuff
inflation was then applied for 2 min, and measurements were repeated.
After a sufficient recovery period (at least 2 min, when SkBF returned
to the baseline level), baseline data collection was repeated. The
alternative intervention (cuff inflation or limb dependency) was then
applied. Choice of limb (right or left) for the EMLA sites, the order of
the measurement at the EMLA and control sites, calf, and forearm,
and the order for limb dependency or cuff inflation were randomized
and counterbalanced among subjects.

Cuff inflation was set at 40 mmHg (Hokanson), which increases
venous pressure to a similar magnitude (4, 11, 13). Because limb
venous pressure in supine humans ranges from 7 to 12 mmHg (mean
value ~10 mmHg) in forearms and from 10 to 20 mmHg (mean value
~15 mmHg) in legs (4, 26, 28), the increase in venous pressure by
cuff inflation is estimated to be ~20-30 mmHg. Because cuff infla-
tion to 40 mmHg is lower than diastolic pressure, limb arterial
pressure is not affected significantly (12), and local perfusion pressure
(arterial minus venous) decreases in accordance with the increase in
limb venous pressure.

Arm or leg dependency was engaged by lowering the subject’s arm
or lower leg off the edge of the table such that the sites of SkBF
measurement were 30 = 3 (range 25—37) and 30 * 4 (range 23-36)
cm below the heart level, respectively, to match the increase in venous
pressure during cuff inflation. With limb dependency, transmural
pressure in the arteries increases in accordance with the hydrostatic
pressure gradient between the heart and the limb (7, 28). Acutely,
venous pressure may not increase proportionally to the same hydro-
static pressure gradient, because the venous valves restrict the back-
ward flow. However, as blood continues to flow from the arteries into
the dependent veins, they are filled up with blood and the venous
valves are forced open in a heartward progression until there is an
uninterrupted hydrostatic column between the central circulation and
the limbs (28). Thus, once all venous valves are open, the venous
transmural pressure is the sum of the dynamic pressure and the
hydrostatic pressure, the same as in the arteries (28). Therefore, the
premise of this study (and the VAR) is that there is no net change in
perfusion pressure in the limb during limb dependency.

Measurements. SKBF was measured via laser-Doppler flowmetry
(Perimed, Jarfilla, Sweden). A laser-Doppler flow probe was placed
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within the region of anesthesia for the EMLA sites or a similar region
without anesthesia on the contralateral forearm or calf for the control
sites. Local temperature was controlled at 34°C via a local heating
element (Perimed). The typical error of repeated measurements of the
assessment of the VAR (relative decrease in SKBF from baseline) with
leg dependency in our laboratory is 14.8%. Heart rate (HR) was
measured by lead II of the electrocardiogram (Hewlett-Packard), and
beat-by-beat arterial blood pressure (BP) was obtained by finger
photoplethysmography (Finapres; Ohmeda) with the finger placed at
the heart level. SkBF, HR, and BP data were recorded at a sampling
frequency of 250 Hz via a commercial data acquisition system
(Biopac, Santa Barbara, CA). Beat-to-beat values of HR, systolic
(SBP), and diastolic BP (DBP), were obtained using a custom pro-
gram for peak detection. Beat-to-beat values of mean arterial pressure
(MAP) were calculated as (SBP — DBP)/3 + DBP. The last 20 s of
data for each 2 min of measurement were averaged and used for
analysis. Also, arm BP was measured before each baseline measure-
ment by electrosphygmomanometry (Suntech), with a microphone
placed over the brachial artery to detect Korotkoff sounds.

Estimation of skin vascular resistance. To determine whether a
decrease in SkBF during cuff inflation or limb dependency was
associated with local vasoconstriction, we estimated an index of skin
vascular resistance (SkKVR) as equal to (Pa — Pv)/SkBF, where Pa is
arterial pressure and Pv is venous pressure (11). At baseline, Pa was
assumed equal to MAP obtained by finger photoplethysmography and
Pv was assumed equal to 10 mmHg (range from 7 to 12 mmHg) in the
forearm and 15 mmHg (range from 10 to 20 mmHg) in the leg (4, 26,
28). During cuff inflation, Pa was equal to MAP and Pv was 40 mmHg
(inflation pressure) (4, 11, 13, 34). During limb dependency, Pa and
Pv were assumed to increase similarly depending on the distance
between the measuring site and the heart level (18, 28).

Data analysis and statistics. Data are expressed as means = SD for
12 subjects. SKBF was normalized to the baseline value and is
presented as a percent change from baseline (%ASKBF) (5). The
effects of local anesthesia, limb dependency, and cuff inflation on
measured variables were determined using two-way ANOVA with
repeated measures. Subsequent post hoc tests to determine significant
differences in the various pairwise comparisons were performed using
Bonferroni corrected #-tests. All statistical analysis was performed
with a personal computer-based analysis system (SigmaStat 3.00;
SPSS).

RESULTS

HR and MAP did not change during limb dependency or
cuff inflation (Table 1). Original tracings of SkBF from a

Table 1. Changes in skin blood flow, estimated skin vascular resistance, heart rate, and mean arterial pressure during cuff
inflation and limb dependency at control and EMLA-treated sites

Cuff Inflation

Limb Dependency

Control sites EMLA sites Control sites EMLA sites
Baseline Inflation Baseline Inflation Baseline Dependency Baseline Dependency
Forearm
SkBF, AU 78£32 30+£10% 89+39 59+28%F 71£37 38*+16* 97+48 97+637%
Estimated SkVR, AU 1.17%0.55 1.67£0.53* 1.07%0.59 1.07x0.717 1.33%0.65 2.46*1.00%% 0.99+0.49 1.16x0.70+
HR, beats/min 65+11 64+11 65*11 6611 6712 64x11 6711 6611
MAP, mmHg 86*13 87x14 87x16 89*14 88x14 89+ 14 89+ 14 90*15
Calf

SkBF, AU 84+45 35£12% 119*45 T7x42%F 85+41 49+23%% 111+43 114=70%%
Estimated SkVR. AU 1.07x0.46 1.44+0.43%* 0.67+0.32 0.75+0.39% 1.03+0.46 1.80+0.81* 0.76=0.36 0.90*+0.60F
HR, beats/min 6610 66*10 6612 6611 66*13 66+13 66+12 66+12
MAP, mmHg 87+10 8611 84+9 85+7 8611 87+13 87*11 897

Values are means = SD, n = 12. EMLA, eutectic mixture of local anesthetics; SkBF, skin blood flow; SkVR, skin vascular resistance; AU, arbitrary units;
HR, heart rate; MAP, mean arterial pressure. *P < 0.05, compared to baseline; TP < 0.05, compared with control sites, £P < 0.05, compared with cuff inflation.
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