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Abstract
Introduction The aim of the present study was to compare
a new silicone ring tourniquet (SRT) with a classic pneu-
matic cuV tourniquet (PT) in terms of tolerance and recov-
ery time following their use in healthy volunteers.
Methods Both tourniquets were applied in the arm and
thigh of 15 healthy unmedicated volunteers. PT pressure
was kept at 100 mmHg above the systolic blood pressure.
The appropriate model of the SRT was used according to
the systolic blood pressure. Pain was assessed by visual
analogue scale and arterial blood pressure, pulse rate and
oxygen saturation were monitored in all volunteers.
Results There was no statistically signiWcant diVerence in
tolerance time between SRT and PT in the arm (19.13 vs.
18.25 min) and thigh (21.52 vs. 21.39 min) nor in recovery
time between the two devices.
Conclusion The SRT performed similarly to the classic
PT in terms of tolerance and recovery time when applied in
the arm and thigh of unmedicated healthy volunteers.

Keywords Tourniquet · Silicone ring tourniquet · 
Esmarch · Tourniquet pain

Introduction

Tourniquet use is widespread in orthopaedic surgery to pro-
vide a bloodless operating Weld during surgical procedures
involving the extremities and for intravenous regional
anaesthesia. Pneumatic tourniquet (PT) is the most com-
monly used tourniquet since its introduction by Harvey
Cushing in 1904 [1]. The Esmarch tourniquet is generally
considered less safe than PTs, although some surgeons con-
tinue to use this device [2, 3].

Modern PTs are designed to minimize the incidence of
complications [4], and recent prospective randomized clini-
cal trials have shown no signiWcant long-term deleterious
eVects of using PTs in extremity surgery [5–8].

Although serious complications of the use of a PT are
rare, there is a deWnite morbidity [9–16] and even mortality
[17].

Nowadays, it is generally accepted that wide-cuV PT
systems inXated at low-pressure allow more predictable and
precise pressure regulation at the site of application result-
ing in improved safety for extremity surgery [4]. Neverthe-
less, a recent survey shows that the incidence of tourniquet
complications is still at least as high as that estimated in the
1970s [16].

In order to eliminate these complications, the PTs should
be kept in good condition by routinely checking all valves
and gauges, daily calibration checks, intraoperative fre-
quent monitoring of tourniquet function and monthly per-
formance-assurance tests. The tourniquet should be tested
by inXation and then completely deXated before application
and experienced personnel should apply the appropriated
padding and the tourniquet cuV around the limb [1, 4].

While research continues regarding many aspects of PTs
such as application, safety and sequela [18–23], a new devise
has been introduced in clinical practice recently [24–26].
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The silicone ring tourniquet (SRT) is a novel device
(S-MART™, OHK Medical Devices, Haifa, Israel) consisting
of a silicone ring wrapped within an elastic sleeve (stockinet)
and two straps attached to pull handles. The device is
inserted over the patient’s Wngers or toes and is then rolled
proximally up the limb, compressing the limb and expelling
the blood into the central circulation. The ring is positioned
at the proximal occlusion location while the stockinet
unfolds onto the limb to provide a sterile draping, as the
entire device is sterile (Figs. 2, 3). The use of SRT avoids
all time- and personnel-consuming procedures related to
the maintenance and application, and it can be applied and
removed easily and quickly by the surgeon alone, thereby
eliminating the need for assistance from the operating room
staV. The sterility of the device allows application after skin
preparation and draping, thus shortening tourniquet time.
On the other hand, the SRT has a preset applied pressure
that cannot be changed and the limb circumference at the
occlusion site should be in the range of 20–60 cm for the
leg and 20–40 cm for the arm.

The aim of this study was to compare the classic PT with
this new device designed for exsanguination and occlusion
of the blood Xow to the limb.

Materials and methods

Study design

Fifteen adult healthy unmedicated volunteers with no previ-
ous fracture or operation in the limbs or any type of anae-
mia participated in a four-test study. Data regarding
volunteer’s age, height, weight, sporting activity and smok-
ing were recorded. A Hospital Ethics Committee approval
for this study was obtained. The procedure was also
described to each volunteer prior to obtaining written
consent.

The two diVerent tourniquets were applied on the domi-
nant upper and lower limb of each volunteer, one each time,
with a 2-day interval after each application. In half of the
volunteers (every other volunteer) the PT was studied Wrst
and on the other half the SRT. Also in half of the volunteers
the tourniquet was applied on the arm Wrst and on the other
half in the leg. The only variable in this study was the type
of tourniquet used.

Tourniquet types

A standard PT with an 8-cm-wide cuV for the upper arm
and a 14-cm-wide cuV for the thigh was used (Fig. 1). The
SRT comes in two sizes; a small size for the arm (circum-
ference of the limp at occlusion site up to 40 cm) and
a large size for the leg (circumference of the limp at

occlusion site up to 60 cm). Each size has three tension
models, and for each patient the appropriate model is used
according to the systolic blood pressure measured in the
operating room before the placement of the device. The
device is inserted over the patient’s Wngers or toes and is
then rolled proximally up the limb, compressing the limb
and expelling the blood into the central circulation. The
ring is positioned at the proximal occlusion location while
the stockinet unfolds onto the limb to provide a sterile draping,
as the entire device is sterile (Fig. 2, 3).

Procedure

The procedure was explained to all participants. They also
instructed how to use the Visual Analogue Scale for dis-
comfort/pain, 0 = no discomfort/pain to 10 = the worst pain
[27]. The volunteer was placed in a comfortable, supine

Fig. 1 Pneumatic tourniquet study with the cuV applied on the upper
arm and thigh
123



Arch Orthop Trauma Surg
position out of site of clocks or monitoring equipment. For
ethical reasons it was decided to discontinue the study
when the volunteers felt that pain at either the tourniquet
application site or in the extremity distal to the tourniquet
reached the VAS level of 8.

The circulatory variables of systolic and diastolic blood
pressure, pulse rate, as well as PO2, were monitored using a
noninvasive monitor and cuV/cables were applied in the
non-dominant upper limb. After a 15-min period to allow
stabilization of all recorded variables, the values of these
variables just before the tourniquet application were used as
standards.

The PT cuV was applied over two thicknesses of
smoothly applied cast padding. The limb elevated for 3 min
before the tourniquet inXation. The PT inXation pressure
was 100 mmHg above the standard systolic blood pressure.
The appropriate model of SRT was selected according to
the standard systolic blood pressure and applied as recom-
mended by the manufacturer.

The circulatory variables, PO2, and VAS levels for pain
at the tourniquet application site as well as in the limb distal
to the tourniquet were recorded (a) just after tourniquet
application, (b) every 5 min during maintenance of the
tourniquet on the limb, (c) just before the tourniquet
removal (tolerance time), (d) every 5 min after the tourniquet

removal, and (e) at the time of complete recovery from any
symptoms (recovery time).

The primary outcome of concern was the tolerance time
and recovery time for each tourniquet type. Secondary out-
come was the changes of the systolic and diastolic blood
pressure, pulse rate and PO2 for each tourniquet type.

Statistical analysis

Statistical analysis of the data was performed using the Sta-
tistical Package for the Social Sciences (SPSS), version
11.0 (SPSS, Inc., Chicago, IL, USA). Continuous variables
were expressed as mean § standard deviation and categori-
cal variables were expressed as frequencies and percent-
ages. The normality of continuous variables was tested with
Kolmogorov–Smirnov test. Student’s t test was used to
compare the pre-application values of the circulatory vari-
ables and PO2 between PT and SRT devices, while paired
samples t test was used to assess any device-related diVer-
ences in the tolerance and recovery time. Repeated mea-
sures analysis of variance (ANOVA) was used to examine
the changes of the circulatory variables and PO2 throughout
the application of the devices; post hoc analysis was per-
formed using Bonferroni’s correction. The interaction
between the diVerent devices and the change of all these

Fig. 2 Silicone Ring Tourni-
quet study on the arm. a Mea-
surement of the upper arm 
circumference, b selection of the 
appropriate tension model, c the 
device is inserted over the pa-
tient’s arm and is rolled proxi-
mally up the limb, d and e the 
tourniquet has been applied on 
the upper arm, f the arm after the 
tourniquet removal
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variables over time was established by two-way ANOVA.
One-way analysis of covariance (ANCOVA) was per-
formed to investigate the eVect of the devices on circulatory
variables and PO2 on each measurement, adjusting for pre-
application values. All tests were two tailed and statistical
signiWcance was considered for p values less than 0.05.

Results

Patient data

The study population was comprised of 15 male volunteers,
with a mean age of 32.80 § 4.60 years (range 24–41 years),
mean height of 178.07 § 7.39 cm (range 165–192 cm) and
mean weight of 84.47 § 7.37 kg (range 72–97 kg). The
majority of them were smokers (73.3%; 11 men), while 7
men (53.3%) indulged in sporting activities.

Pain and other symptoms

SRT application produced an immediate pain at the site of
the tourniquet application, while in the PT study tourni-
quet inXation was followed by only some if any discom-
fort (a pressure sensation). In the SRT study, the pain
partially subsided to a tolerable level within a few minutes,

followed by numbness in the hand or foot and again
gradually worsened as the time was passing. In the PT
study, the pain levels at the site of the tourniquet applica-
tion were low for the most part of the study, but were
becoming worse gradually and further quickly just before
the tolerance time.

After the application of the tourniquet the volunteers
started feeling numbness in the hand or the foot at a vari-
able interval time. The numbness was initially felt in the lit-
tle Wnger (ulnar nerve distribution) or in the dorsal Wrst web
space (radial nerve distribution) of the hand, and in the
medial side (saphenous nerve distribution), or in the dor-
sum of the foot (peroneal nerve distribution). This numb-
ness gradually occupied the rest of the hand or foot, and
while it was extending proximally, the hand or foot was
becoming ‘paralyzed’. Eventually, the volunteers were
describing an ‘aching abnormal feeling’ of the limb distal
to the tourniquet application site.

The tourniquets were removed when the pain reached
the VAS level of 8 and this time was recorded as tolerance
time. In both SRT and PT studies the volunteers requested
to have tourniquet removed because of pain distal to the
tourniquet despite the pain level at the tourniquet site being
less than 8 of VAS.

After the tourniquet removal, an initial relief was fol-
lowed by an unpleasant tingling which lasted for several

Fig. 3 Silicone Ring Tourni-
quet study on the arm. a Mea-
surement of the thigh 
circumference, b selection of the 
appropriate tension model, c the 
device is inserted over the pa-
tient’s foot, d the tourniquet is 
rolled proximally up the limb, 
e the tourniquet has been applied 
on the thigh, f the thigh after the 
tourniquet removal
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minutes. Subsequently the ‘paralysis’ disappeared followed
by a gradual relief from numbness.

No diVerence in the sequence of these subjective feel-
ings was noted between the two diVerent tourniquets.

Tolerance and recovery time

The tolerance and recovery time for each device at the arm
and thigh is shown in Table 1.

In the arm, the tolerance time of PT ranged from 9.58 to
29.15 min with a mean value of 18.25 § 4.60 min, while
the tolerance time of SRT ranged from 12.55 to 34.29 min
with a mean value of 19.13 § 5.73 min. Moreover, the
recovery time of PT ranged from 3.40 to 15.03 min with a
mean value of 7.74 § 3.48 min, while the recovery time of
SRT ranged from 4.00 to 15.00 min with a mean value of
8.52 § 3.23 min. SRT device presented a 4.8% and a
10.1% elevation in the tolerance and recovery time, respec-
tively, compared with PT device, but none of these diVer-
ences reached statistical signiWcance (p = 0.220 and
p = 0.339, respectively).

In the thigh, the tolerance time of PT ranged from 13.00
to 34.54 min with a mean value of 21.39 § 5.44 min, while
the tolerance time of SRT ranged from 14.00 to 30.04 min
with a mean value of 21.52 § 5.28 min; the recovery time
of PCT ranged from 5.00 to 12.00 min with a mean value of
7.64 § 1.84 min, while the recovery time of SRT ranged
from 4.50 to 12.00 min with a mean value of
7.62 § 2.21 min. There were no statistically signiWcant
diVerences in the tolerance (p = 0.928) and recovery
(p = 0.959) time between PT and SRT devices.

There was a marginal positive correlation between the
tolerance time of the arm and the thigh (r = 0.329,
p = 0.076), when the data from the two devices were com-
bined; this association was more pronounced in PT
(r = 0.534, p = 0.040) than in SRT (r = 0.164, p = 0.559)
device.

On the contrary, a statistically signiWcant positive corre-
lation was found between the recovery time of the arm
and the thigh in the combined group (r = 0.511, p = 0.004),

in PT (r = 0.513, p = 0.050) and in SRT (r = 0.526,
p = 0.044) device.

Among the combined group, there was a statistically sig-
niWcant positive correlation between the tolerance and
recovery time in the arm (r = 0.438, p = 0.015), but not in
the thigh (r = 0.126, p = 0.509).

Systolic blood pressure

The pre- and post-application mean systolic blood pressure
for each device at the arm and thigh is shown in Tables 2
and 3. One-way repeated measures ANOVA showed statis-
tically signiWcant changes of mean systolic blood pressure
over time (arm: p < 0.001 for PT and p < 0.001 for SRT;
thigh: p = 0.020 for PT and p < 0.001 for SRT). The inter-
action between the two devices and the change of systolic
blood pressure over time was not statistically signiWcant
(p = 0.290). Overall, SRT tourniquet demonstrated signiW-
cantly higher values of systolic blood pressure on tolerance
time (p = 0.050), as well as higher mean maximum
(p = 0.037) values compared with patients’ PT tourniquet.

Diastolic blood pressure

The pre- and post-application mean diastolic blood pres-
sure for each device at the arm and thigh is shown in
Tables 2 and 3. The interaction between the two devices
and the change of diastolic blood pressure values over
time was not statistically signiWcant either (p = 0.056).
At both sides, there was not any statistically signiWcant
tourniquet-related diVerence in the values of diastolic
blood pressure on any of the Wve time frames or in the
mean total and maximum diastolic blood pressure
(Tables 2, 3).

Pulse rate

The pre- and post-application values of pulse rate for each
device at the arm and thigh are shown in Tables 2 and 3.
Overall, pulse rate Xuctuated statistically signiWcantly

Table 1 Tolerance and 
recovery time for arm and leg 
application of both tourniquets

Device p value 95% CI 
of diVerence

PT
Time in minutes 
(mean § SD)

SRT
Time in minutes 
(mean § SD)

Arm

Tolerance time 18.25 § 4.60 19.13 § 5.73 0.220 ¡2.35 to 0.59

Recovery time 7.74 § 3.48 8.52 § 3.23 0.339 ¡2.44 to 0.90

Leg

Tolerance time 21.39 § 5.44 21.52 § 5.28 0.928 ¡3.08 to 2.83

Recovery time 7.64 § 1.84 7.62 § 2.21 0.959 ¡0.85 to 0.89
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throughout the application of the two devices at both sides
(arm: p = 0.063 for PT and p = 0.001 for SRT; thigh:
p = 0.026 for PT and p = 0.004 for SRT). Furthermore, at
both sides, there was no statistically signiWcant diVerence in
pulse rate between the two devices on any of the Wve time
frames; no signiWcant diVerences were also found in the
mean total or maximum pulse rate (Tables 2, 3).

PO2

The pre- and post-application values of PO2 for each device
at the arm and thigh are also shown in Tables 2 and 3. The
eVect of the application of both tourniquets on the pulmo-
nary function at any site (arm and thigh) was not signiWcant

(arm: p = 0.272 for PT and p = 0.467 for SRT; thigh:
p = 0.360 for PT and p = 0.297 for SRT). The interaction
between the two devices and the change of PO2 values over
time was not statistically signiWcant either (p = 0.586 and
p = 0.220 for arm and thigh, respectively). At both sides,
there was not any statistically signiWcant tourniquet-related
diVerence in PO2 values on any of the Wve time frames or in
the mean total and maximum PO2 value (Tables 2, 3).

Discussion

The main Wnding of this study was that there was no statis-
tically signiWcant diVerence in tolerance time and recovery

Table 2 The pre- and post-application values of systolic BP, diastolic
BP, pulse rate, and PO2 for the arm

PT SMART p value

Systolic BP (mmHg)

Pre-operative 110.93 § 7.64 114.27 § 9.54 0.300

After application 113.00 § 5.52 117.73 § 12.60 0.387

Tolerance time 117.53 § 6.96 126.00 § 14.70 0.106

Removal 113.20 § 8.37 119.40 § 10.91 0.110

Final 111.07 § 6.70 117.47 § 10.88 0.032

Total 565.73 § 32.98 594.87 § 52.97 0.028

Maximum value 118.40 § 7.77 128.13 § 13.99 0.036

Diastolic BP (mmHg)

Pre-operative 70.47 § 6.08 73.67 § 9.63 0.288

After application 72.60 § 7.17 75.13 § 9.66 0.837

Tolerance time 75.07 § 7.01 82.27 § 10.75 0.080

Removal 73.93 § 7.07 80.53 § 10.18 0.051

Final 72.27 § 6.11 81.20 § 10.21 0.007

Total 364.33 § 30.87 392.80 § 42.74 0.018

Maximum value 77.07 § 7.97 87.53 § 11.90 0.008

Pulse rate

Pre-operative 70.87 § 8.29 71.60 § 7.65 0.803

After application 72.53 § 8.63 73.20 § 10.97 0.992

Tolerance time 72.00 § 8.77 73.93 § 7.90 0.376

Removal 69.93 § 7.79 68.27 § 8.03 0.138

Final 69.87 § 8.76 69.67 § 7.42 0.495

Total 355.20 § 40.04 356.67 § 38.48 0.685

Maximum value 74.80 § 8.06 76.60 § 9.76 0.541

PO2

Pre-operative 95.93 § 2.40 95.73 § 2.63 0.830

After application 96.07 § 2.22 95.80 § 2.60 0.797

Tolerance time 96.33 § 2.23 96.47 § 2.23 0.576

Removal 96.73 § 2.19 96.00 § 2.67 0.376

Final 96.13 § 2.20 96.27 § 2.40 0.498

Total 481.20 § 10.22 480.27 § 11.22 0.921

Maximum value 97.20 § 2.18 97.07 § 2.40 0.886

Table 3 The pre- and post-application values of systolic BP, diastolic
BP, pulse rate, and PO2 for the leg

PT SMART p value

Systolic BP (mmHg)

Pre-operative 117.67 § 12.62 120.80 § 11.09 0.476

After application 123.00 § 10.95 128.67 § 10.42 0.165

Tolerance time 122.47 § 13.07 131.00 § 11.92 0.050

Removal 123.60 § 7.05 123.07 § 13.42 0.276

Final 120.47 § 9.16 121.47 § 11.90 0.507

Total 607.20 § 48.67 625.00 § 52.14 0.395

Maximum value 127.93 § 9.28 134.93 § 10.01 0.037

Diastolic BP (mmHg)

Pre-operative 74.00 § 12.22 81.20 § 14.08 0.146

After application 80.73 § 8.45 83.80 § 10.27 0.770

Tolerance time 78.93 § 8.61 82.20 § 10.16 0.709

Removal 81.13 § 7.61 78.80 § 6.16 0.084

Final 80.13 § 6.44 79.60 § 8.58 0.258

Total 394.93 § 38.06 405.60 § 37.19 0.624

Maximum value 83.00 § 8.25 90.07 § 12.67 0.309

Pulse rate

Pre-operative 73.60 § 10.07 76.87 § 11.34 0.411

After application 74.93 § 9.87 77.00 § 10.76 0.867

Tolerance time 75.40 § 9.63 79.13 § 10.07 0.554

Removal 70.53 § 9.75 72.07 § 10.78 0.860

Final 71.07 § 10.99 73.60 § 11.44 0.974

Total 365.53 § 45.24 378.67 § 49.10 0.968

Maximum value 79.53 § 9.69 82.33 § 10.71 0.983

PO2

Pre-operative 95.80 § 1.90 96.27 § 1.49 0.460

After application 95.80 § 2.57 96.80 § 1.61 0.281

Tolerance time 96.07 § 2.25 96.53 § 1.96 0.988

Removal 96.33 § 1.88 96.53 § 1.81 0.636

Final 96.20 § 2.04 96.20 § 1.47 0.162

Total 480.20 § 9.97 482.33 § 7.53 0.938

Maximum value 96.93 § 1.98 97.20 § 1.70 0.547
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time between the two tourniquets. Although the diVerence
was not statistically signiWcant, volunteers could tolerate
the SRT slightly longer than the PT. The recovery time was
also longer for the SRT compared with PT. We believe that
this is related to the longer tolerance time for SRT com-
pared with PT, which implies that recovery of any symp-
toms will take more time.

There was a diVerence between PT and SRT in the initial
sensation at the tourniquet application site. While SRT
application produced an immediate pain at the site of the
tourniquet application, tourniquet inXation in the PT study
was followed by only some if any discomfort. The subjec-
tive descriptions by the volunteers (‘feelings’) produced by
maintenance of tourniquet inXation on the extremity as well
as after the tourniquet deXation and removal were consis-
tent with previous published studies [28, 29] and similar in
both SRT and PT studies. Therefore, apart from the initial
diVerence after the SRT and PT application, no other diVer-
ence in the sequence of the subjective feelings was noted
between the two diVerent tourniquets.

The aetiology and neural pathways involved in tourni-
quet pain remain controversial, but are probably multifacto-
rial [30]. It is also not clear whether the mechanical
pressure of the nerve or the nerve ischemia is the main fac-
tor responsible for the tourniquet induced nerve damage.
The results of animal studies [31–33] and human volunteer
studies [34–37] are controversial.

As far as the width of the tourniquet is concerned, it is
known that wider cuVs require lower arterial Xow occlusion
pressure [38, 39] and thus it is accepted that the risk of tour-
niquet-induced injury to the underlying soft tissues is
reduced. On the other hand, human volunteer studies have
shown that wider tourniquets resulted in more pain and
were tolerated for less time than narrow cuVs [28]. A more
recent study found that this is true in higher pressures, but
in lower pressures a wide tourniquet cuV is less painful than
a narrow cuV [30]. Nerve conduction studies in volunteers
have shown recently that wider cuVs resulted in more
severe changes in the nerve than narrow cuVs inXated at the
same pressure and time [40].

The observed changes in blood pressure are well known
[41–44]. The so-called tourniquet hypertension was more
pronounced in the SRT study and we think that this merits a
further clinical investigation. If the SRT application itself
results in higher values of blood pressure this should be
considered from the anaesthetic point of view. An unex-
pected elevation of the systolic blood pressure above a cer-
tain value will result in SRT failure to occlude the blood
circulation into the extremity.

A large inter-individual diVerence was noted in tourni-
quet tolerance time in our study similar to previous studies
[29]. It has also been considered as an idiosyncratic
response to tourniquet application [45]. Statistical analysis

of the results of our study showed a marginal positive cor-
relation between the tolerance time of the arm and the thigh
and a statistically signiWcant positive correlation between
the recovery time of the arm and the thigh. Therefore, it
seems that a volunteer who tolerates an arm tourniquet
longer than another volunteer is likely to tolerate a thigh
tourniquet for longer time as well.

The limitations of this study are (a) the volunteer group
is not comparable to the standard orthopaedic patient
undergoing surgery, where the orthopaedic problem (i.e.
osteoarthritis) or other comorbidities and medications may
alter the perception of pain and (b) this study describes the
immediate eVects of a new device and compares these
eVects to the standard PT. The clinical relevance of the
results of this study is not clear. Comparative clinical stud-
ies are required and in fact two of these studies are under
way in our department.

Nevertheless, several tourniquet studies in the past have
used this study protocol (i.e. healthy volunteers) in order to
compare tourniquets with diVerent cuV width [28–30],
diVerent pressure [29] and application of the same tourni-
quet in diVerent sites [29, 46–48].

In conclusion, this novel device, the SRT—with the
advantages and disadvantages previously described—per-
formed in a similar way to PT as far as the immediate
eVects are concerned in unmedicated healthy volunteers.
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