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A B S T R A C T

We evaluated whether moving the “line of crush” from thigh to the calf before onset of tourniquet-mediated
hypertension would prevent or diminish it. We also evaluated any change in pain or functional outcome. Twenty
adult patients were recruited and randomly assigned to either control or intervention groups. Inclusion criteria:
any willing participant >18 years old with foot and/or ankle pathology requiring an operation lasting >90 minutes.
Exclusion criteria included contraindication to general anesthesia, peripheral neuropathy affecting lower limbs of
any etiology, or chronic pain requiring regular opiate analgesia. The intervention group received a thigh tourni-
quet for 60 minutes, after which a calf tourniquet was inflated and the thigh tourniquet was deflated. The control
group received only a thigh tourniquet throughout surgery. At 90 minutes, the control group had mean arterial
pressure of 86.8 mmHg, compared with the intervention group at 76.3 mmHg (p ≤ .014). At end of surgery, the dif-
ference had increased further (control 98.1 mmHg, intervention 78.3 mmHg (p ≤ .001). Moving the line of crush
during limb tourniquet application prevents development of the hypertensive response. For cases in which a pro-
longed tourniquet application is required, a dual-tourniquet technique will prevent intraoperative hypertension
and may influence long-term pain and function.
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Foot and ankle surgeons often request the application of a lower-limb
tourniquet to create a bloodless field during surgery. However, there is a
limit to how long a tourniquet can be applied. Although there is no abso-
lute consensus, recommended practice for the lower limb is to keep the
tourniquet time <2 hours because of the risk of ischemia and reperfusion
injury (1−4). Prolonged tourniquet inflation is associated with macro-
and microscopic pathological changes in muscle, nerve, and other tissue.
In neural tissue, sustained pressure results in reversible neural conduc-
tion block, affecting both motor and sensory nerves (5). Sustained pres-
sure on muscle results in deprivation of oxygen reserves and subsequent
anaerobic metabolism and acidosis. In as little as 60 minutes of tourni-
quet application, ischemic damage occurs to muscle (6).
“Tourniquet pain” and “tourniquet-induced hypertension” are
terms applied to phenomena that are exhibited by patients during
sustained tourniquet application. Awake patients with no anesthesia
report discomfort and a dull ache in the whole of the limb that wor-
sens with time, typically becoming unbearable at »20 minutes.
Patients under general anesthesia do not normally exhibit physiolog-
ical responses to sustained tourniquet application until 60 minutes,
from which point there is a progressive elevation in blood pressure.
In patients who are breathing spontaneously, there may be an
accompanying elevation in minute ventilation. The hypertension
appears to be linear over time and, from »90 minutes, can require
attempts to control or reduce it. There may be associated diaphoresis
and pallor. Unfortunately, the blood pressure elevation is unrespon-
sive to many drugs, including potent opioids (7−11). Aside from
other concerns regarding tissue ischemia injury, these physiological
changes limit the duration that a tourniquet can be applied, even in
the presence of general anesthesia. The exact mechanism of tourni-
quet-induced hypertension is unknown, and certain occurrences are
difficult to explain.
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Regardless of the exact mechanism of action by which the hyperten-
sion is generated, we theorize that the “line of crush” (tissue com-
pressed by the inflated tourniquet) is the key trigger. If this line is
moved before the onset of the hypertensive response, the hypertensive
response could be prevented. The purpose of this study is to see
whether moving the location of the tourniquet to a more distal location
on the leg intraoperatively can reduce the mean arterial pressure (MAP)
and subsequently the hypertensive response.

Patients and Methods

This study is a prospective randomized controlled trial, with a parallel group design.
Full UK Research and Ethics Committee approval was obtained before starting the study.

The participants were recruited from the foot and ankle clinic of a trauma and ortho-
paedics department in a medium-sized district general hospital by a senior foot and ankle
consultant surgeon (C.P.), who either performed or directly supervised all surgical proce-
dures carried out in the trial. A total of 44 potential participants were seen during active
recruitment. The study recruited between August 15, 2015, and April 22, 2016. Twenty-
four patients were excluded based on criteria below, primarily through a requirement
or intention for spinal anesthesia. Fig. 1 shows the Consolidated Standards of Reporting
Trials study flow diagram.

Inclusion criteria were

� Diagnosed with foot and/or ankle pathology that requires an operative intervention
lasting >90 minutes (e.g. hind foot fusion, Lapidus and Akin osteotomies, ligamen-
tous reconstructive surgery);

� Age >18 years;
Figure 1. Consolidated Standards of Reporting Trials (CONSORT 2010) flow diagram outlining t
analog score.
� Willing and able to give informed consent for participation in the study.

Participants were excluded if any of the following conditions applied:

� Contraindication to general anesthesia;
� Diabetic neuropathy affecting the lower limbs;
� Peripheral neuropathy affecting lower limbs of any etiology;
� Persistent pain of >3 months’ duration requiring the use of regular (2£/day) opioid

analgesia;
� Revision surgery;
� Lacking capacity to give consent.

Patients with comorbidities such as sickle cell disease, peripheral vascular disease,
congestive heart failure or poor cardiac reserve, Raynaud’s disease or other vasculitides,
deep vein thrombosis, or thrombophlebitis do not meet our day surgery unit admission
criteria, and therefore were not eligible for the study. This ensured that both groups com-
prised low-anesthetic-risk patients with no contraindications to receiving general anes-
thesia or lower-extremity regional block.

After informed consent, the participants were randomized using sealed envelopes
(prepared by an independent team in a separate location) and assigned to control (sin-
gle tourniquet) or intervention (double tourniquet) groups. The patients were blinded
to this process, but the assessors were not. All patients received a standardized general
anesthetic, which included a regional anesthetic technique of either a popliteal fossa
block or an ankle block (Table) at the discretion of the anesthetist and according to
institution guidelines. Induction was achieved with 10 to 15 mg/kg fentanyl and 1 to
2 mg/kg propofol. If intubation was to be achieved, atracurium 0.5 mg/kg was used.
Maintenance anesthesia was achieved using ≥1 minimum alveolar concentration sevo-
flurane in oxygen/air mixture. Additional analgesia after tourniquet inflation consisted
of paracetamol 1 g intravenously (i.v.), ketorolac 15 mg i.v., and aliquots of fentanyl, at
the discretion of the anesthetist and if no contraindications were present. Ondansetron
he study. Abbreviations: D, postoperative day; FRI, Functional Recovery Index; VAS, visual



Table
Demographic data

Characteristic Control Intervention p Value

Age (yr) 47.1 (23 to 72) 55.1 (30 to 80) ≤.31
Gender (M:F) 4:6 2:8
Height (cm) 166.8 (146 to 186) 166.7 (155 to 181) ≤.984
Weight (kg) 89.8 (58 to 120) 90.3 (62 to 132) ≤.961
Operation
Ankle or hind foot fusion 2 5
Tibialis posterior reconstruction 3 2
Lapidus Akin osteotomy 2 1
Ankle arthroscopy/lateral ligament complex repair 2 0
Spring ligament reconstruction 0 1
Lisfranc joint reconstruction 1 0
Forefoot reconstruction 0 1

Anesthetic regional block:
Popliteal (successful) 8 (8) 10 (9)
Ankle (successful) 2 (2) 0 (0)

Mean total tourniquet time (min) 119.2 (97 to 142) 123.5 (90 to 155) ≤.633

Data are mean (range) or n. The control and intervention groups were equally matched for age, height, weight, and type of operation carried out. All patients received a lower-extremity
block; all blocks were successful in the control group, and only 1 was unsuccessful in the intervention group, as evidenced by pain and no motor blockade.
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4 mg i.v. was administered at the end of surgery for antiemesis. Physiological parame-
ters were recorded preoperatively, after induction of general anesthesia, immediately
before tourniquet inflation (t0), and at the following intervals after tourniquet infla-
tion: 30, 60, and 90 (t30, t60, and t90), then every 5 minutes until end of surgery (tV),
defined as deflation of any remaining inflated tourniquet. In addition, parameters
were recorded every 5 minutes after the deflation of any tourniquet for a minimum of
15 minutes.

In the control group, 2 tourniquets were applied, but only the above-knee tourniquet
was inflated. Immediately before surgical skin preparation, the limb was exsanguinated
with a Rhys-Davies exsanguinator (Anetic Aid, Portsmouth, UK), and the thigh tourniquet
was inflated to 300 mmHg according to the surgeon and institution’s usual practice.

In the intervention group, 2 tourniquets were applied before starting the procedure,
around the thigh and high in the calf muscle bulk in anticipation of a gastrocnemius or tendo
Achilles lengthening should it become necessary. Immediately before surgical skin prepara-
tion, the limb was exsanguinated with a Rhys-Davies exsanguinator (Anetic Aid), and the
thigh tourniquet was inflated to 300 mmHg according to the surgeon and institution’s usual
practice. At 60 minutes, the calf tourniquet was also inflated to 300 mmHg, followed by
release of the thigh tourniquet. This ensured continuity of a bloodless surgical field. In certain
procedures such as a hind foot fusion, in which bony landmarks such as the tibial tuberosity
are required for intraoperative referencing, our simple solution was to carefully cut a small
Figure 2. Demonstration of the location of the dual tourniquet sites an
hole in the drape overlying the landmark and cover it with a piece of Ioban (3M, Bracknell,
UK) or similar antimicrobial-impregnated adhesive. Alternatively, a sterile calf tourniquet
could be used, although we did not use such a device in our study (Fig. 2).

Recruitment ceased once the 20-participant threshold was achieved. All of the
participants subsequently completed the study intervention. All surgery exceeded
90 minutes, so primary outcome data was able to be gathered on all participants.
Four patients did not return their data for postoperative day 1 (D1) or D7 (3 control
group, 1 intervention group); these patients have been included in analysis on an
intention-to-treat basis.

OutcomeMeasures

The primary outcome measure was the MAP at 90 minutes (t90).
Secondary outcome measures included

� MAP at baseline, postinduction and pretourniquet (t0), 30 and 60
minutes posttourniquet (t30 and t60), and at end of surgery (tV);

� Heart rate (HR) at t0, t30, t60, t90, and tV;
d the ability to effectively exsanguinate over the calf tourniquet.
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� Systolic blood pressure (SBP) at t0, t30, t60, t90, and tV;
� Postoperative pain using an 11-point visual analog scale (VAS) pre-
operatively (Dp), postoperative day of surgery (D0), D1, and D7;

� Function using the Functional Recovery Index (FRI) (5) at Dp, post-
operative D0, D1, and D7.

Physiological parameters were measured immediately after induc-
tion of anesthesia and at 30-minute intervals while the tourniquet was
inflated, until 60 minutes. They were then recorded every 5 minutes
until the end of surgery or 15 minutes after deflation of the final tourni-
quet, whichever came last.

VAS and FRI scoring was carried out at 4 stages; preoperatively,
postoperatively on D0 after recovery from anesthesia, on D1, and on
D7. After discharge, participants were given the follow-up question-
naires and requested to complete and return them after completion at
the respective time points.

Statistical Analysis

The power calculation was based on our previous observations and
experience; we expected to demonstrate an elevation of MAP of ≥20
mmHg, compared with baseline in the control group. A power calcula-
tion performed by an independent statistician deemed that a study
maximum population of 5 patients in each group would demonstrate
an 80% probability of a difference between the 2 groups, if one were to
exist. However, to reduce the likelihood of type 1 errors, to increase the
relevance of any secondary outcome measures, and to account for any
loss to follow-up, the sample size was doubled to 10 patients in
each group.

MAP, SBP, and HR are continuous numerical values that are likely to
be normally distributed; therefore the Student’s t test was used for sta-
tistical analysis. Data obtained from the VAS scores were also analyzed
using a t test. The FRI is an ordinal numerical parameter that is not nor-
mally distributed; therefore the Mann-Whitney U test was used to com-
pare between groups, whereas the Friedman test (the nonparametric
equivalent of a 1-way analysis of variance for comparing repeated
measures) was used to analyze changes in scores during the postopera-
tive period compared with baseline. Statistical significance was defined
at the 5% (p ≤ .05) level.

Funding

The study was funded entirely by the host organization, The Queen
Elizabeth Hospital National Health Service (NHS) Foundation Trust,
King’s Lynn.

Results

Patient demographic data is presented in Table.

Primary Outcome Measure: MAP at 90 Minutes

At t90, the mean control group MAP was 87.8 mmHg compared with
the mean intervention group MAP of 76.3 mmHg. This rise of the mean
control group MAP above the mean intervention group MAP is statisti-
cally significant at p ≤ .014, demonstrating a significant interaction
effect and validating our primary outcome measure.

Secondary Outcome Measure 1: Change in MAP Between Groups at All
Time Points

The control group MAP at t0 was 71.9 mmHg, rising to 74 mmHg at
t60. The intervention group MAP at t0 was 74 mmHg, rising to 78.5
mmHg at t60. As such, from baseline to 60 minutes, there is no signifi-
cant difference (p ≤ .31) in MAP between the 2 groups (Fig. 3A).

Looking at change in MAP from t60 to tV, the control group MAP
rises once again from 87.8 mmHg at t90 to 98.1 mmHg at tV. In contrast,
the intervention group remains relatively stable between t60 and tV,
with a MAP of 76.3 mmHg at t90 and 78.3 mmHg at tV. At each time
point after t60, there is a clear change in MAP in the control group com-
pared with the intervention group, with statistical significance at 90
minutes (p ≤ .014) and at end of surgery (p ≤ .0012). This demonstrates
a significant interaction effect, as there is a lower absolute value in MAP
at each time point within the intervention group compared with the
control group (Fig. 3A).

The changes in MAP from baseline in the control group at t60, t90,
and tV are 2.1, 15.9, and 26.2 mmHg, respectively, compared with the
intervention group at 4.5, 2.3 and 4.3 mmHg, respectively. When we
compare the change in MAP between the groups at any time point com-
pared with baseline, this again demonstrates no significant difference at
t60, p ≤ .47; however, it demonstrates a significantly lower change in
MAP in the intervention group at t90 (p ≤ .010) and a profoundly signif-
icantly lower change in MAP at tV (p ≤ .00045). This change in MAP fur-
ther supports a significant interaction effect (Fig. 3B).

Secondary Outcome Measure 2: Change in SBP Between Groups at All Time
Points

Analysis of SBP demonstrates a correlation similar to MAP, in terms
of both absolute change in MAP (Fig. 4A) and change in MAP compared
with baseline (Fig. 4B). Again, there was no significant change in abso-
lute MAP between baseline and 60 minutes, with p ≤ .73 and p ≤ .18,
respectively. However, when comparing the change in MAP relative to
the baseline, a profoundly significant change after the intervention was
introduced. At t60 versus baseline, p ≤ .35; t90 versus baseline, p ≤
.025; and end of surgery versus baseline, p ≤ .007. Following the pattern
previously demonstrated from the MAP data, the change in SBP over the
course of the intervention is again different from the control; i.e., the
rise in SBP above baseline is significantly lower in the intervention
group than the control group, once again demonstrating a significant
interaction effect.

Secondary Outcome Measure 3: Change in HR Between Groups at All Time
Points

Analysis of the changing HR during the course of surgery does not
mirror those of the MAP and SBP data initially. Our data suggest that
there is no absolute significant difference at any time point (Fig. 5A).

Interestingly, when comparing the change in HR at each assessment
stage relative to baseline, we found a significant difference between the
group at end of surgery, where the rise in HR above baseline is signifi-
cantly lower in the intervention group than control, p ≤ .048. This per-
haps demonstrates that of all the physiological parameters measured,
HR is the last to decompensate (Fig. 5B).

Secondary Outcome Measure 4: Change in VAS Scores in the Postoperative
Period

Our data analysis shows that there was no significant change in
VAS at any of the 4 time points (preoperatively, D0, D1, or D7) com-
paring the intervention group to the control, either at rest or with
movement. Although not of statistical significance, a trend did exist
toward a reduced score in the intervention group compared with
the control at each of the 4 assessment stages. It is important to
note that the reduction in VAS score was not greater than the mini-
mally clinically important difference, which is 30 points (12)
(Fig. 6A,B).
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Figure 3. (A) Graph of the absolute change in MAP over time. Error bars denote SEM. *Statistically significant (90 min, p ≤ .014; and end of surgery, p ≤ .0019). (B) Graph of the change in
MAP compared with baseline over time. Error bars denote SEM. *Statistically significant (t90 versus baseline, p ≤ .010; and end of surgery versus baseline, p ≤ .00045). Abbreviations:
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Secondary Outcome Measure 5: Change in FRI in the Postoperative Period

Analysis of the FRI data using the Mann-Whitney U test demon-
strated a significantly lower score in intervention groups on D0, with
the critical value of 1 and the lowest U statistic also being 1, producing
p ≤ .05. At D7, there was a trend toward significance in the intervention
group, with a critical value of 12 and the lowest U statistic of 16.
Because this data is nonparametric, the Friedman test was used to ana-
lyze the presence of 1-way variance in the repeated FRI scoring on the 4
postoperative assessment stages compared with baseline (preoperative
scores) within the same group. No statistical significance was demon-
strated between preoperative and D7 scores in either the control or
intervention groups, with p ≤ .71 and p ≤ .74, respectively (Fig. 7).
Discussion

The outcomes of this study demonstrate that the dramatic physio-
logical effects, notably the hypertensive and HR changes, associated
with prolonged lower-limb tourniquet application can be averted by
moving the line of crush before the onset of these changes, while still
allowing a bloodless surgical field. There may be further benefits to
such a technique, such as improved patient-rated outcome measures
with regards to VAS scores and in the medium to longer term with
regard to FRIs (13), but this study was not sufficiently powered to detect
these effects.

Continuing use of lower-limb tourniquets for foot and ankle surgery
is controversial, with some modern surgical techniques finding
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alternative ways to provide good operating conditions, such as perform-
ing knee arthroplasty without the use of a tourniquet (14). Although a
recognized alternative, it is by no means ubiquitous in knee arthro-
plasty. Moreover, it is important to note that knee arthroplasty cannot
be reasonably compared with foot and ankle surgery, which presents
unique challenges. This is further supported by the use of limb tourni-
quets that are still standard practice across not only foot and ankle sur-
gical practices, but also the upper-limb surgical community (15,16). In
the context of persisting practice, techniques that minimize physiologi-
cal disturbance, and which may reduce long-term complications, are
valid and warranted.

Persistent crush injury to the muscles and nerves under a tourniquet
has been clearly associated with adverse responses, including disrup-
tion of nerve conduction progressing to severe chronic pain
neuroplasticity changes and profound histological evidence of muscle
and nerve dysfunction (5,6,15−19). Crush injury to the skin and vascu-
lature also results in significant damage and functional impairment
(2,16,20−24). Indeed, it is even used in animals to produce a predictable
chronic pain model on which to study chronic pain therapy (25). There
can be little doubt that using a prolonged and severe single line of crush
on the tissues of the lower limb results in adverse consequences, yet a
requirement still persists for a bloodless surgical field to facilitate com-
plex and developing mid- and fore-foot surgery.

Some of the early changes of significant altered neural conduction
may be signified by a hypertensive response to prolonged tourniquet
application. Some propose that altered conduction affects the large
fibers first, but sustained afferent C-fiber input provides afferent noci-
ceptive input to the body, resulting in a hypertensive response (19,26).
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Other suggested mechanisms include elevated systemic norepinephrine
levels (11), with abnormal central activation of the sympathetic nervous
system. Although this study did not focus on or target these mecha-
nisms, one might expect a strategy of relocating the line of crush to pre-
vent such a consequence for a significant amount of tissue of the lower
limb.

There are other irregularities with a hypertensive response to pro-
longed tourniquet application that we believe have not been fully
elucidated or explained. Why should a progressive linear hypertensive
response to a crush injury occur after a predictable 60 minutes in
almost every patient regardless of age, sex, muscle mass, etc.? If we con-
sider this response to be driven by nociceptive pathways, why are
opioids ineffective in delay or treatment? Other anesthetic agents such
as ketamine have also been shown to have no significant effect on tour-
niquet-induced hypertension (27−30). Why is this response immedi-
ately and completely resolved within minutes of release of the
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tourniquet?Why is there a progressive increase in minute ventilation in
the spontaneously ventilated patient during such an event? Why does
the HR not match the other physiologic responses to the same extent?

Regarding tourniquet use on any limb, as mentioned previously,
there are no clear guidelines for orthopedic surgeons, with the excep-
tion of regularly updated publication in a nursing journal (1). The gen-
eral consensus among orthopedic surgeons is that both minimal
pressure and the least amount of time will decrease the risk of injury;
however, tourniquet technique is ultimately the responsibility of the
surgeon (23,24). With no clearly defined guidelines on tourniquet
device application and safe duration of use (12,31), our double tourni-
quet technique offers a realistic, minimally expensive, and ubiquitous
solution. It is common practice that lower-extremity tourniquets are
frequently used for up to 2 hours (1,2). Ideally, interest and substantial
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investment must be focused on fundamental research into the 2-hour
“safe” tourniquet time limit, where a suitably equipped and resourced unit
examines on a microscopic level the biochemical outcomes of end organ
tissue oxygenation and muscle and neural function, which could ulti-
mately put an end to what some might consider a necessary physiological
insult. However, this was not the objective of our pragmatic study, which
focuses on common practice in everyday National Health Service health
economies, with their associated pressures and throughput.

By switching the tourniquet site from thigh to calf at 60 minutes, the
patient is not subjected to the sustained compression effects and subse-
quent sequelae of local complications and systemic tourniquet-induced
physiological derangements at a single site. Instead, the extremity ben-
efits from partial reperfusion, and the line of crush is moved distally, all
the while maintaining a bloodless surgical field. Such an ability to avoid
physiologic consequences of prolonged tourniquet application has been
previously demonstrated only in the upper limb using a double-cuff
technique on awake patients, who subsequently tolerated up to 3 hours
of surgery (32). Again, there is a counterargument that one could
release the tourniquet at the 2-hour mark, then wait a period of time
before reinflation. As far as we know, there is no evidence to suggest
what this “safe period” is. In addition, once the limb has been reper-
fused, it cannot be as effectively exsanguinated a second time because
of the challenges of maintaining a sterile field. We would like to make it
abundantly clear that in using this technique of moving the location of
the tourniquet to a more distal location on the lower limb intraopera-
tively, we adhered to the 2-hour safe period (1,2) with a total combined
tourniquet inflation time of »2 hours (Table). There should be no mis-
conceptions: using our technique does not grant the surgeon an addi-
tional 2 hours of tourniquet use.

Finally, and possibly the least important reason, in the United Kingdom,
National Health Service surgical lists are faced with increasing time pres-
sures, where list efficiency is a priority in terms of patient throughput and
achieving targets. There can be no doubt that patient safety is paramount.
That is why we believe our method safely modifies existing practices with
an anesthetically stable patient, with no derangement to physiological
parameters, and without interruption to surgery. Moreover, we have also
shown there is a definite improvement in the postoperative functional
scores on the day of surgery after recovery from anesthesia, which can
only benefit safe patient throughput in day-case surgery.

The limitations of this study include the small numbers in each
cohort. However, statistically, we recruited double the number required
for an 80% powered study to demonstrate a statistically significant dif-
ference between the 2 groups, if one were to exist. Given that the sec-
ondary outcomes relied heavily on ongoing patient participation in the
first 7 days after their procedure, perhaps in retrospect, we should not
have used postal questionnaires and instead have used a telephone or
online survey so that loss to follow-up was minimal.

The study did not seek to address our underlying questions on the
mechanism provoking the hypertensive response to persistent tourni-
quet application. However, we believe there are several further areas of
research warranted to explore and understand this mechanism more
fully, and that may result in not only greater understanding of the
mechanism, but potentially also safer ways for patients to undergo sur-
gery under tourniquet application, with less risk of significant func-
tional sequelae.

This study moved a line of crush from a territory with normal/intact
sensation to an area that has either ischemic diminished sensory afferent
input or afferents that had been blocked by local anesthetic. Our initial
remit was to work within the boundaries of normal clinical practice in
assessing this pattern of relocation of tourniquet; thus, the results achieved
here provide a readily usable solution to a regularly encountered clinical
problem. However, we are unable to quantify the extent of the role of
afferent neural blockade in negating the hypertensive response.

Finally, it could be argued that a third limb of the study should
have been added, in which patients were randomized to a calf
tourniquet−only group. During the creative conception of this project, the
senior author (C.P.) felt that a calf tourniquet group would preclude such
procedures as gastrocnemius lengthening or tendo Achilles lengthening,
which are procedures in their own right but can also form part of
prolonged foot and ankle reconstructive procedures. It is certainly an area
for further research consideration, where the impact of tourniquet-
induced hypertension is assessed using a calf tourniquet together with a
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popliteal block. Although speculative at this stage, such research could
perhaps direct us to using this potential elegant solution unless perform-
ing a case that would preclude one from using the calf tourniquet
primarily, such as a gastrocnemius or tendo Achilles lengthening.

In conclusion, we have demonstrated an innovative method of ablat-
ing the hypertensive response to prolonged lower-limb tourniquet
application while retaining the perceived surgical advantages of a
bloodless operating field, which may have further implications for clini-
cal practice and outcomes.

Supplementary Materials

Supplementary material associated with this article can be found in
the online version at doi:10.1053/j.jfas.2019.03.019.
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