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Quantification of residual limb skeletal muscle
perfusion with contrast-enhanced ultrasound
during application of a focal junctional tourniquet

Brian P. Davidson, MD,"" J. Todd Belcik, RDCS,* Brian H. Mott, MD,* Gregory Landry, MD,* and
Jonathan R. Lindner, MD,* Portiand, Ore

Objective: Focal junctional tourniquets (JTs) have been developed to control hemorrhage from proximal limb injuries.
These devices may permit greater collateral perfusion than circumferential tourniquets. We hypothesized that JTs elim-
inate large-vessel pulse pressure yet allow a small amount of residual limb perfusion that could be useful for maintaining
tissue viability.

Methods: Ten healthy control subjects were studied. Transthoracic echocardiography, Doppler ultrasound of the femoral
artery (FA) and posterior tibial artery, and contrast-enhanced ultrasound (CEU) perfusion imaging of the anterior
thigh extensor and calf plantar flexor muscles were performed at baseline and during application of a JT over the
common FA. Intramuscular arterial pulsatility index was also measured from CEU intensity variation during the cardiac
cycle.

Results: FA flow was eliminated by JTs in all subjects; posterior tibial flow was eliminated in all but one. Perfusion
measured in the thigh and calf muscles was similar at baseline (0.33 % 0.29 vs 0.29 = 0.22 mL/min/g). Application of
the JT resulted in a reduction of perfusion (P < .05) that was similar for the thigh and calf (0.08 = 0.07 and 0.10 =
0.03 mL/min/g). On CEU, microvascular flux rate was reduced by =55%, and functional microvascular blood volume
was reduced by =35%. Arterial pulsatility index was reduced by =90% in the calf. JT inflation did not alter left ventricle
dimensions, fractional shortening, cardiac output, or arterial elastance as a measure of total systolic load.

Conclusions: Application of a JT eliminates conduit arterial pulse and markedly reduces intramuscular pulse pressure,
but thigh and calf skeletal muscle perfusion is maintained at 25% to 35% of basal levels. These data suggest that JTs that
are used to control limb hemorrhage allow residual tissue perfusion even when pulse pressure is absent. (J Vasc Surg

2016;63:148-53.)

Application of tourniquets to occlude limb arterial
inflow has been a mainstay of emergent therapy for life-
threatening hemorrhage from trauma. A variety of tourni-
quets have been developed and applied both by civilian
emergency first responders and by military personnel who
treat battlefield injuries."* The importance of continued
advances in tourniquet technology is underscored by an
analysis of U.S. military casualties who died after reaching
a medical treatment facility, where it was estimated that
more than half of the fatal wounds were potentially
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survivable, with hemorrhage being the overwhelming cause
of death.? In civilian trauma and in modern combat situa-
tions, unsuccessful hemorrhage control often involves
bleeding from “junctional” wounds where anatomic con-
straints limit the effectiveness of standard hemostatic
devices. This limitation has led to the development of focal
tourniquets to control hemorrhage from junctional
injuries.*® In contrast to circumferential tourniquets, focal
tourniquets that occlude the common femoral artery (FA)
may allow residual limb perfusion through collateral vessels
originating from the internal iliac artery and pelvic vessels,
which may be advantageous for maintaining tissue viability
during prolonged tourniquet application. This notion is
supported by long-term limb survival and favorable residual
arterial flow in patients with infected pseudoaneurysms
who undergo permanent ligation of the common FA
without revascularization.®”

In this study, we hypothesized that focal junctional
tourniquets (JTs) allow residual skeletal muscle perfusion
despite elimination of large and small arterial pulse pres-
sure. To test this hypothesis, we used quantitative
contrast-enhanced ultrasound (CEU) perfusion imaging,
which has been used previously to evaluate limb muscle
perfusion abnormalities in peripheral arterial disease
(PAD) and diabetes.® ! This technique has the advantage
of providing information on functional microvascular
blood volume (MBV) and intramuscular arterial /arteriolar
pulse pressure.
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METHODS

Study population. The study was approved by the
human Institutional Review Board at Oregon Health &
Science University. Ten consecutive healthy control sub-
jects were studied after giving written informed consent.
Participants between 19 and 50 years of age were recruited
to reduce likelihood for pre-existing PAD. Exclusion
criteria included pregnant or lactating women; history of
cardiovascular disease or PAD; evidence of right-to-left
shunt, ventricular dysfunction, or more than mild valve
regurgitation or stenosis on screening echocardiography;
ankle-brachial index (ABI) =0.9; and any unexplained
symptoms of dyspnea, chest pain, or claudication.

Study protocol. At the time of enrollment, a medical
history and focused physical examination including blood
pressure measurement, cardiopulmonary examination,
and peripheral vascular examination were performed. In
women of childbearing age, pregnancy was excluded by
measurement of urine human chorionic gonadotropin con-
centration. Full echocardiography was performed. Vascular
ultrasound of the FA at the site of device placement was
performed to exclude presence of plaque, aneurysm, or
any other pre-existing structural abnormalities.

Subjects were placed in the supine position and were
fitted with a JT (SAM Medical Products, Wilsonville,
Ore), which involves an adjustable belt and placement of
a deflated compression bladder over the left common FA
(Fig 1, A). Placement of the device generally required
less than 30 seconds. ABI measurement and CEU perfu-
sion imaging of the midanterior thigh extensor muscles
and the midcalf plantar flexor muscles were performed.
The targeted compression device was then inflated over
the left common FA until complete absence of the poste-
rior tibialis (PT) pulse measured by continuous-wave
Doppler ultrasound with a single-element “pencil probe”
(1058-C Vascular Mini-Lab; Parks Medical Electronics,
Aloha, Ore). Complete absence of FA flow distal to the
occluder was confirmed by color flow and pulsed-wave
spectral Doppler ultrasound. CEU perfusion imaging was
then repeated 1 minute after inflation of the occlusion de-
vice. The tourniquet was deflated, and return of pulse pres-
sure was confirmed by PT Doppler signal. The total
duration of occlusion was <7 minutes in all subjects.

ABI. Before inflation of the JT, left leg dorsalis pedis
and PT artery systolic blood pressures were measured
with continuous-wave Doppler ultrasound by the single-
element transducer. ABI was calculated by dividing the
higher of the two pressures by brachial artery systolic blood
pressure.

Echocardiography. Echocardiography was performed
with a phased array transducer interfaced with a cardiac
ultrasound imaging system (S5 transducer, iE33; Philips
Ultrasound, Bothell, Wash). Two-dimensional echocardi-
ography was performed at 1.7 MHz with tissue harmonic
imaging receive filters. Pre-existing ventricular or valvular
dysfunction, pulmonary hypertension, and intracardiac
shunt were excluded before proceeding with the study
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Fig 1. A, Image illustrating the inflatable junctional tourniquet
(JT) device and the wrapping mechanism used to secure the de-
vice. B, Femoral artery (FA) ultrasound image showing B-mode
long-axis ultrasound imaging of the FA (#op) and pulsed-wave
Doppler imaging of FA blood flow velocity (&ottom) before and
after tourniquet inflation, demonstrating complete elimination of
pulsatile blood flow.

protocol. All echocardiographic measurements were made
according to guidelines published by the American Society
of Echocardiography.'> Measurements made both at
baseline and during inflation of the JT included left ven-
tricular (LV) chamber dimension at end systole (LVIDs)
and end diastole (LVIDd) and LV stroke volume (SV)
calculated by the product of LV outflow tract area
measured in the parasternal long-axis view and the time-
velocity integral measured by pulsed-wave spectral
Doppler in the apical five-chamber view. Arterial elastance
(E,) was calculated by (0.9 X systolic blood pressure)/(SV
indexed to body surface area). Fractional shortening was
calculated by (LVIDd — LVIDs)/LVIDd. Because
Doppler values and chamber dimensions can be influenced
by the presence of ultrasound contrast material,'* baseline
and occlusion measurements were both made in the pres-
ence of contrast material.

Vascular ultrasound. Vascular ultrasound was per-
formed with a linear array transducer (L9-3 transducer,
IE33; Philips Ultrasound) to exclude pre-existing
anatomic abnormalities of the left FA at the occluder
inflation site. Long-axis color and spectral Doppler
(3.5 MHz) imaging of the FA was performed immediately
distal to the JT at baseline and during inflation.

Perfusion imaging. CEU perfusion imaging was per-
formed with a multipulse decorrelation algorithm at
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1.6 MHz and a mechanical index of 0.9. Lipid-shelled
octafluoropropane  microbubbles (Definity; Lantheus
Medical Imaging, North Billerica, Mass) were diluted 1:15
in normal saline and infused intravenously at 0.5 mL/min
for obtaining blood pool signal (Iz) from the FA at a
pulsing interval of once per cardiac cycle at end diastole.
The infusion rate was then increased to 1.5 mL/min for
perfusion imaging of the midanterior thigh extensor mus-
cles and the midcalf plantar flexor muscles, which were
imaged in the transaxial plane. Frames were acquired dur-
ing continuous imaging at approximately 50 Hz and at end
diastole during incremental prolongation of the pulsing
interval from one to 15 cardiac cycles. Video intensity
was measured from regions of interest placed over the
thigh rectus femoris and calf soleus and gastrocnemius
muscles after subtracting averaged frames obtained during
continuous imaging to eliminate signal from tissue and
large intramuscular vessels.'*'° Pulsing interval vs intensity
data were fit to the function y = A (1 — P "), where y is
intensity at time #, A is the plateau intensity reflecting
MBV, and f is the rate constant of microbubble replen-
ishment reflecting microvascular blood flux rate. Skeletal
muscle MBV was quantified by the following: A/(1.06 X
Iy x F), where 1.06 is tissue density (g/cm®) and Fis the
scaling factor (3) that corrects for the different infusion rate
for measuring Iz to avoid dynamic range saturation.
Microvascular blood flow was quantified by the product of
MBYV and B.1°

Arterial pulsatility index. The pulse pressure within
small intramuscular arteries and large arterioles was
reflected by the CEU-determined arterial pulsatility index
(API). Video intensity during continuous imaging was
measured from a muscle region of interest drawn to
exclude the presence of any large-conduit intramuscular
arteries or veins. The API was calculated as the ratio of the
peak systolic to diastolic intensity. Because high mechanical
index imaging was used, this value reflects the ratio of
mean systolic to diastolic velocity in the vascular bed. On
the basis of the known beam elevation profile and the frame
rate, signal was derived primarily from arterial vessels with a
mean velocity of >4 cm/s, thereby excluding capillary and
small to medium microvessels.'”'® According to Pois-
cuille’s law governing flow in vessels with Newtonian
conditions, the API will directly reflect the ratio of systolic
to diastolic pressure gradient, assuming minimal pulsatile
change in vessel diameter.

Statistical methods. Data are expressed as mean
(*standard deviation) unless otherwise stated. Compari-
sons of all continuous variables measured at bascline and
during pneumatic tourniquet inflation were performed
with the paired Student #test (two-sided). Comparisons
of API were made by a Wilcoxon signed rank test. Differ-
ences were considered significant at P < .05.

RESULTS

Subject data. All recruited subjects completed the
study protocol without complication, and there were no
echocardiographic reasons for exclusion. The study
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Table. Hemodynamic and echocardiographic data

Baseline Occlusion
Heart rate, beats/min 60 = 11 63 = 12
Systolic blood pressure, mm Hg 115 = 17 111 = 16
Diastolic blood pressure, mm Hg 69 = 11 68 = 8
LVIDd, cm 49 +04 48 0.7
LVIDs, cm 32*0.3 3102
Fractional shortening, % 355 387
SV, mL 76 = 25 80 = 23
SV index, mL/m? 39 + 11 41 = 11
Cardiac output, mL/min 44 1.0 49 £ 1.3
Cardiac index, mL/min/m?> 23+04 25 *+0.6
E,, mm Hg/mL 145+ 036 1.37 = 0.57

E,, Arterial elastance; LVIDd, diastolic left ventricular internal diameter;
LVIDs, systolic left ventricular internal diameter; SV, stroke volume.

population consisted of five men and five women, aged
31 = 7 years (range, 23-47 years). The mean body mass
index of the population was 24.7 = 3.3. Lower extremity
examination findings were normal, and the mean baseline
ABI was 1.12 = 0.10. All subjects tolerated placement of
the JT with only mild discomfort except for one individual,
who subjectively reported moderate to severe discomfort.
Hemodynamic and echocardiographic data. Heart
rate, blood pressure, and echocardiographic measurement
of LV dimensions, SV, and SV index did not significantly
change between baseline and inflation of the JT (Table).
Fractional shortening, the end-systolic pressure—LV
dimension relationship, and arterial elastance (E,) also did
not change, indicating that the JT did not produce any
major change in LV systolic function or afterload.
Conduit vessel and skeletal muscle blood flow. Dur-
ing pneumatic JT inflation, there was immediate elimina-
tion of the triphasic FA Doppler signal in all subjects
(Fig 1). Further inflation of the cuff was needed in
several subjects because of reappearance of a weak PT
Doppler signal within 1 minute of initial inflation. How-
ever, in the one patient with moderate to severe discom-
fort, the PT Doppler signal was not entirely eliminated for
the full duration because of discomfort during further
pneumatic inflation. CEU perfusion imaging was success-
fully performed for both the thigh and calf in all patients
(Figs 2 and 3). Baseline blood flow in the anterior thigh
extensors and calf plantar flexor muscle groups was similar
(Fig 3). During JT occlusion, skeletal muscle blood flow
was significantly reduced by 65% to 75% for both the thigh
and calf muscle groups (Fig 3). In the patient in whom the
PT pulse was reduced but not entirely eliminated, the de-
gree to which perfusion was reduced in the calf was less
than in the group as a whole (18% reduction). Parametric
analysis demonstrated that JT inflation produced significant
reductions in both functional MBV and microvascular flux
rate, with slightly greater reductions in the latter (Fig 3).
Cyclical video intensity was sufficiently robust to measure
API in the thigh in six subjects and in the calf in seven
subjects. The API was significantly lower during JT
occlusion compared with baseline (P < .05), and the
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Fig 2. Example of time vs video intensity data (A) and images at
increasing time after the destructive pulse before (B) and after (C)
tourniquet inflation with contrast-enhanced ultrasound (CEU).
Contrast signal is background subtracted and color coded (orange
to yellow to white). Time-intensity data illustrate a reduction in
both the microvascular flux rate (curve rate constant) and func-
tional blood volume (plateau intensity) with tourniquet occlusion.

reduction in API tended to be greater in the calf (8% =
13% of baseline) than in the thigh (39% * 43% of baseline).

DISCUSSION

The development of focal JTs has been driven primarily
by the increasing proportion of battlefield injuries in recent
military conflicts that involve proximal limb trauma. Tradi-
tional tourniquets are limited in their ability to control
junctional hemorrhage stemming from injuries proximal
to where a circumferential device can be placed. JTs have
also been used to treat nonmilitary trauma and to control
bleeding in limb surgical procedures. These devices appear
to be effective in reducing hemorrhage.**'? Moreover,
studies performed in a porcine model have demonstrated
complete elimination of distal pulsatile blood flow by
Doppler ultrasound and loss of entry of radiographic
contrast material into large distal vessels on computed
tomography.*

A consideration with all forms of tourniquets is whether it
is possible to achieve a balance between complete hemostasis
and maintenance of tissue viability with prolonged applica-
tion. Studies performed in nonhuman primates and humans
by a variety of techniques, such as radiolabeled microspheres,
thermodiftusion, and impedance plethysmography, have
demonstrated that brief application of circumferential tourni-
quets reduces muscle flow by 80% to 99%.2°2% Little is
known about tissue blood flow in the proximal and distal
limb after application of a JT. On the basis of vascular
anatomic considerations, focal occlusion of the common
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Fig 3. Mean (*standard error of the mean) (A) microvascular
blood flow, (B) microvascular blood volume (MBV; a value
normalized to blood pool), and (C) microvascular flux rate (f) in
thigh and calf skeletal muscle at baseline and after tourniquet oc-
clusion. “P < .05 vs baseline.

FA would allow some degree of residual perfusion from
pre-existing pelvic and other collaterals arising from the inter-
nal iliac and circumflex arterial systems. In other words, he-
mostasis may be achieved by femoral JTs through
reduction in pulsatile pressure in large to medium vessels,
yet a small amount of residual flow may prevent necrosis,
which, although it is unproved, may lead to better long-
term function and wound healing. This notion is supported
by the continued viability and even functionality of limbs in
patients with infected pseudoaneurysms who undergo com-
plete and permanent ligation of the FA.° On angiographic
evaluation, residual perfusion is likely to occur through collat-
eral pathways originating from the internal iliac artery (infe-
rior gluteal, obturator, inferior epigastric) that may then
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anastomose with the profunda femoris artery or the circum-
flex branches.”

In the present study, we used quantitative CEU perfu-
sion imaging to examine tissue blood flow during applica-
tion of a pneumatic tourniquet designed to control
junctional hemorrhage. Advantages of using CEU for
assessment of limb perfusion are that it is rapid and safe,
provides spatial assessment of perfusion, and has sufficient
sensitivity to detect flow even when it is severely
reduced.'™®® Limb skeletal muscle perfusion imaging
with CEU at rest and hyperemic flow during exercise stress
has been demonstrated previously to provide information
on the severity of PAD and correlates better with claudica-
tion symptoms than ABI or exercise ABI does.” It has also
been used to evaluate the presence of a collateral arterial
network in severe PAD.' In the current study, we found
that a JT can completely eliminate large-vessel pulse pres-
sure, yet thigh and calf muscle perfusion are reduced by
only 65% to 75%. Although the minimal perfusion neces-
sary to maintain tissue viability in various limb tissues and
muscle fiber types is unclear, microsphere studies have sug-
gested that somewhere between 7% and 40% of normal
resting flow is sufficient to prevent histologic muscle necro-
sis irrespective of the duration of ischemia.?* This rather
wide range produces uncertainty with regard to the
amount of flow needed to maintain viability, which can
be defined either histologically (prevention of necrosis in
different tissues) or in terms of outcomes (need for
amputation). Hence, we cannot say with certainty that
the degree of hypoperfusion during JT inflation in our
study would not result in necrosis in different tissue beds
or that duration would not have an effect on different
tissues.

CEU perfusion imaging is based on the destruction of
microbubble contrast agents within the volume of ultra-
sound field and kinetic modeling of the replenishment of
microbubbles into the sector volume.'® Data on the rate
and extent of signal replenishment when normalized to
blood pool can provide parametric assessment of MBV
and microvascular flux rate.'® Although CEU has been
used to study limb perfusion in models of PAD,'®?® this
study represents its first application to study hemostatic
devices. Our results suggest that flux rate is influenced
more than MBV, arguing against large territories of muscle
that are completely devoid of perfusion.

During CEU imaging, frames obtained with rapid
pulsing intervals (continuous imaging) at a high mechanical
index are used as background to subtract signal from all but
the capillary and other small noncapillary microvessels that
are characterized by slow blood velocity."*!'” Analysis of
the cyclic intensity of frames obtained during continuous
imaging provides a measure of the degree to which intra-
muscular arterial velocity changes from systole to diastole.
As predicted by hydrodynamic principles, cyclical intensity
will then be linearly related to pulse pressure. Although the
API measured from peak systolic and diastolic intensity
during continuous high-power imaging could not be
measured in all subjects, there was a clear reduction in pulse
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pressure during JT inflation that was greater for the more
distal calf muscle groups.

There are several limitations of this study. The number
of subjects was small. The duration of tourniquet occlusion
was brief because of our concerns about discomfort and the
lack of a priori knowledge that residual perfusion would be
present. Accordingly, we are not able to assess whether flow
reduction changes over time. Further studies using
segmental limb CEU will likely provide insight into
spatial-temporal patterns of flow for proximal and distal
limb muscle groups. We also used the minimum occlusion
pressure necessary to eliminate the PT pulse signal on
Doppler ultrasound. Although it is possible that higher
inflation pressures during field use, where recommendations
are to “inflate to desired effect,” could further reduce blood
flow, we do not believe this is the case because our pulsed-
wave Doppler data showed complete obliteration of FA flow
at the inflation pressures used. We did not compare results
of the JT with other forms of tourniquet occlusion during
which there are other potential sources for residual flow,
such as from intraosseal sources.”® This study was per-
formed in a controlled clinical environment and did not
study a hemorrhage control model, which may limit extrap-
olation to field applications. Although we can verify the
presence of sufficient flow to maintain viability, there is no
accurate way of extrapolating our CEU data to determine
the degree of blood loss that would occur with transection
of different thigh or calf muscle groups. Finally, the results
of our study were not performed in a situation of
hemorrhagic shock, in which peripheral vasoconstriction
could influence the degree of muscle perfusion.

CONCLUSIONS

Using quantitative CEU perfusion imaging, we have
demonstrated that application of a focal JT device to the
common FA resulted in a significant reduction in but not
climination of distal skeletal muscle blood flow despite
elimination of pulsatile flow by Doppler ultrasound in
both proximal and distal vessels and severe reduction in
intramuscular pulse pressure. Application of this tourniquet
to occlude FA blood flow did not result in changes in
cardiac function or afterload compared with baseline. The
results of the study may serve as a foundation for the use
of CEU as a rapid noninvasive method to evaluate different
types of tourniquet devices and regional heterogeneity of
flow during tourniquet occlusion.
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