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ABSTRACT

INTRODUCTION

Background: Limb occlusion pressure, which is present when
blood flow ceases, has not had a practical method described
for attainment. An automated tourniquet system was modified
to set tourniquet pressure based on measurement of limb
occlusion pressure (LOP). In this single surgeon randomized
prospective study, the effectiveness of this system was assessed
on patients undergoing foot and ankle surgery. Materials and
Methods: Two hundred forty-four patients were randomized
to the study group of automated pressure (n = 112) or to the
control group (n = 132). The primary outcome measure was
tourniquet pressure used for either group. Secondary measures
included the time to set the pressure and number of patients
failing LOP measurement. The tourniquet field was assessed
intraoperatively and postoperatively in a blinded manner.
Results: The tourniquet pressure was significantly lower in the
study group at 198.5 ± 20.2 mmHg compared to 259.6 ± 4.4 in
the control group (p < 0.001). The time to measure the LOP
was 20 ± 6 seconds. Six patients failed to be measured. The
quality of the surgical field was judged to be better in the study
group based on all three methods of assessment. Conclusion:
LOP measurement was a practical way of setting tourniquet
pressures for limb surgery. The automated pressure averages
were lower than those routinely used by most surgeons for thigh
tourniquets.

Thigh tourniquet pressures of 300 mmHg or higher are
still routinely used by the many surgeons.6,9,12 The use of
tourniquets in lower extremity surgery is desirable but is not
without risk. Tourniquet complications are still reported by
foot and ankle surgeons.3,12 Tourniquet use may increase
pain and swelling after ankle fracture surgery.4 Tourniquet
pain remains a challenge in extremity surgery and is probably pressure related.2,10,11 Tourniquet pain increases with
prolonged tourniquet time.7 Wound hypoxia is increased
with high versus low tourniquet pressures.1 Higher tourniquet pressures caused greater muscle impairment in a rabbit
study.5
Long tourniquet times may also result in complications.
Two hours is the accepted standard for length of tourniquet
time, but the combination of both pressure and time are
important in avoiding complications.12
Wide contoured cuffs can reduce the pressure required to
achieve limb occlusion.13 The pressure required to achieve
occlusion of blood flow in a limb is dependent on several
factors including the circumference of the limb, the width
of the tourniquet, the fit or firmness of application of the
tourniquet, the compressibility of the underlying vessels and
the patient’s systolic pressure. Using a single rule for inflation
pressure of the tourniquet therefore can potentially lead to
unnecessarily high pressure in some patients and ineffectively
low pressures resulting in a venous tourniquet in others.
This study was designed to determine the extent of
reduction of tourniquet pressure that could be obtained
using limb occlusion pressure measurement in each patient.
Furthermore, the study was to determine if the use of the
ATS 3000 prototype to measure limb occlusion pressure and
calculate tourniquet pressures based on preset increments was
practical in the clinical setting. A third aim of the study was
to compare the quality of the surgical fields in the study
group with those of the control group.
We hypothesized that without compromise to the quality
of the operative field, the tourniquet pressure determined by
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the use of the prototype would be lower than what is usually
chosen by surgeons.
MATERIALS AND METHODS

After obtaining IRB approval, patients undergoing elective
foot and ankle surgery were randomized to one of two
groups: surgeon chosen cuff pressure, or cuff pressure
calculated after measurement of limb occlusion pressure
using a prototype ATS 3000 tourniquet. Patients included
in the study were undergoing open foot and ankle surgery.
Exclusion criteria included patients with vascular disease
preventing tourniquet use, refusal to consent to the study,
arthroscopic procedures and fracture surgery. Patients unable
to communicate for consent were also excluded. Patients
were randomized using a coin toss after the initiation of
general anesthesia. Two hundred forty-two patients were
included in the study. One hundred thirty-two patients were
in the control group and 112 in the study group. All
underwent a foot and ankle procedure under the care of one
surgeon. The average tourniquet time for all patients was 68
minutes.
Measurement of tourniquet pressure in the study group

The device used in the study was a prototype provided
by Western Clinical Devices (Vancouver, British Columbia,
Canada). A prototype photoplethysmograph sensor (similar
to a pulse-oximetry sensor) and a handheld module containing the prototype hardware and software required for the
LOP function were added to a standard Zimmer ATS
2000 tourniquet (Zimmer, Warsaw, IN). The software was
modified, allowing the results of the LOP measurement to
be shown on the standard ATS 2000 display panels, and
the cuff pressure setting to be set to the Recommended
Tourniquet Pressure (RTP). Various error messages related to
the LOP measurement were also displayed (Figure 1). RTP
was defined as the LOP reading plus 40 mmHg for pressures
of less than 130 mmHg, LOP plus 60 mmHg for pressures
between 130 to 190 mmHg, and LOP plus 80 mmHg for
pressures greater than 190 mmHg as determined by the
designers.
The setup procedure was initiated by placing the photoplethysmograph sensor on the second toe. A 5.5-in (13.8 cm)
wide contoured cuff (Delfi Low Pressure Tourniquet Cuff,
Delfi Medical Innovations Inc., Vancouver, BC, Canada)
automatically inflated to 100 mmHg and then deflated while
the patient’s pulse signal was detected and the parameters
were adjusted. If a suitable signal was detected, the pressure was raised incrementally until the pulse signal in the
toe ceased for four consecutive pulse intervals. The cuff was
again deflated and the LOP was displayed along with the
corresponding RTP. The tourniquet set the cuff pressure to
the RTP; however, the clinician could manually override this
pressure setting at any time. This setup routine took approximately 30 seconds.

Fig. 1: Limb occlusion pressure measurement device and wide tourniquet
cuff used.

Patients in the control group had the tourniquet pressure
selected by the surgeon. This was usually in the 250 to
350 mmHg range. This level may have been lower than that
used by other surgeons.12 The surgeon chose higher values
if the patient had a large thigh or elevated systolic pressure.
Intraoperative assessment of the operative field

The field was assessed by the surgeon as excellent, good,
fair or poor. The assessment was made after the procedure.
Factors that were considered when determining the quality of
the field were visibility, venous congestion and bleeding. A
poor field was one in which blood obscured the field, a fair
field had blood present but not significantly interfering with
surgery, a good field had some blood with no interference
with the procedure, and an excellent field had no blood
present.13
Blinded assessment

During the procedure a digital picture was taken. To
standardize the picture, it was taken with flash and using
the same camera (Figure 2). The digital picture was taken
towards the end of the procedure. For procedures requiring
fusion, the picture was taken at the time of hardware insertion
and after debridement had been completed. For hardware
removal, the picture was taken at the completion of the
hardware removal. Care was taken to avoid irrigating the
wound or blotting the field prior to the picture being taken.
Digital picture assessment

Two independent reviewers graded the field quality on
two occasions. The pictures were read 2 weeks apart and
were reshuffled before second review. The kappa statistic
for inter- and intraobserver reliability was calculated using
the results of these readings. Comparing these results with
the intraoperative assessment assessed the validity of the
postoperative assessment.
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analysis and the number of failed measurements for limb
occlusion pressure measurement.
Chi-squared test was used for categorical data. Analysis
of variance was used for numeric data. A weighted Kappa
statistic was used to analyze the reliability of the wound
grading. The weighting was linear which means a miss by 3
is worth 0, a miss by 2 is worth 0.33 and a miss by 1 is worth
0.67. Agreement was considered fair at 0.21 to 0.4, moderate
at 0.41 to 0.6, substantial at 0.61 to 0.80, and almost perfect
at 0.81 to 1.

A

RESULTS
Tourniquet pressure

The average time to measure the limb occlusion pressure
and set the cuff was 20 ± 6 seconds. Six patients (5%) failed
to obtain a tourniquet pressure reading and were therefore
converted to a surgeon chosen pressure. In these patients the
pressure sensor failed to pick up a signal despite the patient
having adequate pulses.
The mean tourniquet pressure in the study group was
198.5 ± 20.2 mmHg compared to 259.6 ± 4.4 in the control
group (p < 0.001). The difference averaged 60 mmHg.
The limb occlusion pressure did not correlate well with
systolic blood pressure recorded at the start of the procedure.
The r 2 value was 0.32 (Figure 3).

B

Reliability and validity of the new assessments

Fig. 2: Examples of a poor field (A) and an excellent field (B) from the
digital pictures taken intraoperatively.

Color assessment of the operative field

The digital photographs were also assessed using the
degree of color change within the operative field. Using
Adobe Photoshop (San Jose, CA) the central portion of the
operative field was outlined (Figure 2). The pixel rating was
averaged for the area. Adobe Photoshop averaged the three
color spectrums over the highlighted area. A score for the
degree of red, blue, and green within the highlighted area
was obtained. The score of red was divided by the score of
green and blue to assess the “redness” of the operative field.
This allowed a blinded score to be used for the operative
field that was objective. The score was compared between
the control group and the study group.

Figure 4 demonstrates the validity of the digital assessment of the operative field. The intraoperative assessment
compared with the blinded digital radiograph assessment
resulted in a near perfect agreement with a weighted Kappa
of 0.94 (unweighted Kappa = 0.91). Comparison within
observers on two occasions (intra observer agreement) of
the postoperative digital pictures resulted in near perfect
agreement and a linear weighted Kappa of 0.94 (unweighted
Kappa = 0.91) (Figure 5). The interobserver agreement of
postoperative digital pictures resulted in moderate agreement with a linear weighted Kappa of 0.45 (Unweighted
Kappa = 0.35) (Figure 6).

Statistical analysis

The primary outcome measure was the tourniquet pressure
in each group. Secondary outcome measures included the
quality of operative field assessed by blinded assessment
of intraoperative digital radiographs, surgeon assessment
and postoperative assessment. Other secondary assessments
included comparison of operative fields based on color

Fig. 3: Limb occlusion pressure versus systolic pressure.
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Fig. 4: Validity: Comparison of intraoperative field versus postop blinded
assessment. Linear Weighted Kappa = 0.94 (unweighted Kappa = 0.91).
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Fig. 5: Intra observer agreement of postoperative digital pictures. Linear
Weighted Kappa = 0.94 (unweighted Kappa = 0.91).
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Fig. 7: Quality of the operative fields as assessed by the surgeon.

in the control group (p > 0.05) (Figure 7). There was a
trend for the study group to be better although the difference
was not significant. The postoperative blinded assessment of
the operative field included the assessment of 167 pictures.
85 subjects did not have an intraoperative digital picture for
assessment for a variety of reasons including failure to obtain
the picture or an inadequate picture.
Of the 80 blinded digital pictures assessed in the study
group, 59 were good or excellent (74%), and of the 87 in the
control group 66 were good or excellent (76%) showing no
difference between the groups.
There was no significant difference in the score of the
digital photographs assessed by digital score. However there
was a trend for the digital score to be worse in the control
group. The digital color score for the study group was
65.6 ± 48 units (a higher score is more red) compared to
75.7 ± 43 units for the control group (p > 0.05).
When the scores were compared between groups (excellent
to poor) within the intraoperative classification there was a
highly significant difference (p < 0.001). This blinded and
quantitative assessment based was therefore validated by the
surgeon’s intraoperative assessment.
DISCUSSION

Fig. 6: Interobserver agreement of postoperative digital pictures. Linear
Weighted Kappa = 0.45 (unweighted Kappa = 0.35).

Operative field assessment

The intraoperative assessment demonstrated 87.5% good
and excellent fields in the study group compared to 80%

This study shows that limb occlusion pressure can be
practically used to set the tourniquet pressure for extremity
surgery. The tourniquet pressure for the study group was
60 mmHg lower than the control group. The surgeon in
the study already was choosing a lower pressure than the
300 mmHg used by many surgeons so the gains may be
more striking for other surgeons.6,9,12 The reduction of
tourniquet pressure may assist in reducing the rate and
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severity of tourniquet complications. Postoperative pain may
also be reduced. From a surgeon’s perspective a reduction
of tourniquet pressure cannot result in a greater degree of
failed operative fields. However, we found the number of
failed fields may be reduced by the use of the automatic
setting.
Some patients failed to obtain a pressure measurement.
The toe sensor failed to pick up a signal despite the patients
having an adequate pulse. In some cases the toes were clawed
or were larger preventing the sensor from seating appropriately. As this was a prototype device future developments
may avoid this.
The standard assessment of the operative field lacks
validation. Bias may also exist as the surgeon knows which
arm of the study the patient belongs to. We therefore designed
a blinded method of assessing the operative field. Concern
exists as the picture taken may not represent the quality
of the operative field and the picture may not represent
the bleeding present in a poor or failed field. However,
there was a reasonable correlation with the intraoperative
assessment.
There was no statistical difference between the study group
and control group on any method of assessment. There may
be a significant difference but the study may not have been
powered to show it. However it would appear even if this
was the case that the fields are at least equivalent. Obtaining
equivalent fields at a lower pressure is encouraging and
may lead to fewer tourniquet related complications. Further
study, perhaps by EMG, would be of value to determine if
the use of automated cuff pressures reduces EMG identified
nerve injury. While a clinical study may be of benefit, nerve
injury, partial or complete, single or multiple, temporary or
permanent are hard to define and may have other causes than
the tourniquet.
Further, we used a digital image assessment of the
color of the operative field. This also appears to be valid
as there was a significant difference between the score
between the intraoperative groups. This technique allows
a value to be applied to the quality of the field as well
as being blinded and objective. We would recommend this
technique for the assessment of the field for future tourniquet
studies.
A limitation of the study was that an assessment of
pain and function was not performed postoperatively. A
lower tourniquet pressure may reduce perioperative pain
as well as reducing complications. Neither were formally
recorded in this study. The color measurement did not have
a color control card. This may increase the error created by
photographic technique. If this technique is used in the future
a sterilized color control card may be beneficial.
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CONCLUSION

We conclude that the tourniquet system allowed lowering
of the tourniquet pressure without compromising the operative field based on three methods of assessment. We would
therefore recommend its use to potentially reduce pressure
related tourniquet complications.
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