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The primary purpose of this proof-of-concept quality 
improvement effort was to evaluate the practicality of 
using near-infrared spectroscopy (NIRS) to measure 
tissue oxygen saturation (Sto2) during total knee arthro-
plasty (TKA) with use of a tourniquet. NIRS sensors 
were applied to the biceps femoris (BF) and gastrocne-
mius (GS) muscles of both lower extremities of patients 
undergoing TKA procedures. For a convenience sample 
of 15 patients, measurement of Sto2 was attempted at 
baseline, following subarachnoid block administration, 
and after tourniquet inflation and deflation. 

Mean baseline Sto2 (SD) was 71% (6%) in the BF mus-
cle and 66% (7%) in the GS muscle. Significant changes 

in Sto2 values were observed following subarachnoid 
block, tourniquet inflation, and tourniquet deflation. The 
Sto2 returned to or above baseline in the BF muscle but 
did not return to baseline in the GS muscle following 
tourniquet deflation. Changes in tissue oxygen satura-
tion resulting from use of a tourniquet can be continu-
ously monitored with the use of an NIRS device. Further 
evaluation of the use of NIRS should be undertaken to 
determine if it could be used to guide safe duration and 
pressure limits for tourniquet inflation. 
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A
ccording to the American Academy of 
Orthopedic Surgeons, more than 600,000 
total knee arthroplasties (TKAs) are per-
formed annually and by 2030 more than 3 
million TKAs are expected to be performed.1 

Although most of these procedures employ the use of a 
tourniquet, the inflation pressure and duration vary in 
practice, and use of a tourniquet has been associated with 
patient morbidity and occasionally mortality.2-9 

Current clinical practice convention for tourniquet 
use on a lower extremity limits the inflation time to 2 
hours at a pressure of 100 mm Hg above the patient’s 
systolic blood pressure. However, the optimal inflation 
pressure to enhance visualization and minimize potential 
tissue injury has never been determined.3,10 The lack of 
evidence-based guidelines regarding tourniquet use in the 
clinical setting suggests the need for an objective method 
to determine safe inflation pressure and time limits. 

The use of near-infrared spectroscopy (NIRS) to measure 
tissue oxygen saturation (Sto2) in the frontal lobe of the 
brain has been employed in the operating room (OR) for 
more than 2 decades. However, few studies have examined 
its use for monitoring lower limb perfusion. Palanca et al11 
established that muscle oxygen saturation decreased with 
increasing lower extremity elevation or decreased perfu-
sion and suggested that NIRS may offer a direct measure of 

muscle oxygen saturation in the lower extremity. Shadgan 
et al12 suggested that NIRS-derived Sto2 data could be 
used to predict the degree of tourniquet-induced injury. 
Reisman et al13 noted that NIRS appears to be a useful tool 
for measuring decreasing perfusion pressure over time, 
which may be a useful indicator of the onset of tissue 
injury and necrosis. Several studies have employed NIRS 
to measure Sto2 in the upper extremity during vascular 
occlusion via tourniquet, the so-called vascular occlusion 
test.14-17 The rates of descent and ascent of muscle Sto2 
during occlusion and reperfusion, respectively, have been 
used to assess oxygen consumption in skeletal muscle and 
to define the origin of vascular disease.15 

The evidence to date suggests that NIRS may have appli-
cation for assessing Sto2 during lower extremity tourniquet 
use and therefore may serve as an objective guide to deter-
mine safe inflation pressure and duration windows. The 
primary purpose of this pilot quality improvement project 
was to determine the practicality of using a NIRS device 
to measure lower extremity Sto2 during TKA procedures 
using a tourniquet. A secondary aim was to determine if 
changes in lower extremity Sto2 during tourniquet inflation 
and deflation could be appreciated using NIRS technology. 

Methods
This quality improvement pilot project was determined 
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to be exempt by the governing institutional review board. 
Near-infrared spectroscopy sensors (Equanox Advance 
Model 8004CA, Nonin Medical Inc) were applied to the 
biceps femoris (BF) and the gastrocnemius (GS) muscles 
on both the operative and nonoperative lower extremities 
of a convenience sample of 15 patients undergoing TKA 
(Figure 1). The BF sensor on the operative leg was posi-
tioned just distal to the tourniquet. Tissue oxygen satura-
tion was monitored continuously from all 4 sensors with 
a precalibrated Model 7600 oximeter (Nonin Medical 
Inc) by the project participants who had extensive expe-
rience with the device, and the data were downloaded to 
a laptop computer at 1-second intervals. 

All patients received a preoperative peripheral nerve 
block (PNB; adductor canal and posterior capsular), 
followed by either a subarachnoid block (SAB) admin-
istered in the preoperative holding area or general anes-
thesia with induction in the OR. Tissue oxygen satura-

tion values were collected at the following times: (1) a 
5-minute baseline period in the preoperative holding 
area before administration of the SAB, (2) following SAB, 
(3) throughout the intraoperative period following tour-
niquet inflation and deflation, and (4) postoperatively 
during transport to the postanesthesia care unit (PACU) 
and for the first 10 minutes in the PACU (Table 1). 

Following baseline and post-SAB administration data 
collection, the oximeter sensor leads were disconnected 
and the patient was transported to the OR. On the pa-
tient’s arrival in the OR, the sensor leads were recon-
nected and the data download resumed except for the GS 
muscle of the operative leg, for which the sensor was in 
the operative field. General anesthesia was then induced 
for those patients not receiving a SAB; sedation, primarily 
by means of a propofol infusion, was initiated for those 
receiving a SAB. A sterile securement dressing (Tegaderm, 
3M Co) was placed over the GS muscle sensor on the 

Table 1.  Flow Chart Showing Data Collection Time Points
Abbreviations: General Induction, general anesthesia begun for patients not receiving a subarachnoid block (4 of 15 patients); OR, 
operating room; PACU, postoperative anesthesia care unit; PNB, peripheral nerve block placed (all 15 patients); SAB, subarachnoid block 
placed (11 of 15 patients); SAB + Sedation = intravenous sedation begun for patients receiving a SAB (11 of 15 patients); StO2 Data, 
tissue oxygen saturation measured and recorded on bilateral lower extremities.

Table 2.  Demographic Characteristics (N = 15)

Demographic Value

Age, mean (SD), y 63 (9)

Height, mean (SD), cm 170 (9)

Weight, mean (SD), kg 95 (11)

Body mass index, mean (SD), kg/m2 32 (4)

Gender, No. %

 Female 7 (46.7)

 Male 8 (53.3)

Surgical extremity, No. %

 Left 8 (53)

 Right 7 (47)

Anesthesia type, No. %

  Subarachnoid block and peripheral 11 (73) 
nerve block

  General anesthesia and peripheral 4 (27) 
nerve block

Figure 1.  Application of Near-Infrared Spectroscopy 
Sensors to Biceps Femoris and Gastrocnemius Musclesa
aNonin Equanox oximeter (Nonin Medical Inc) is in the foreground 
with its associated signal processors (blue pods). Note that 
patients who were monitored as part of the project had sensors 
on both lower extremities. 
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operative extremity, and a sterile ultrasonography probe 
cover (Safersonic–US Inc) was placed over the sensor 
lead and pod using sterile technique. The oximeter cable 
was then reconnected to the pod through a hole cut in 
the end of the probe cover, and data collection resumed. 
The covered sensor lead and pod were fixed in place at 
the patient’s ankle area with a sterile compression dress-
ing (Coban, 3M Co), which was used to exsanguinate the 
extremity before tourniquet inflation. 

A series of paired Student t tests were conducted using 
statistical analysis software (SPSS version , IBM Corp) to 
examine differences in Sto2 between and within the BF 
and GS muscle groups in the operative and nonoperative 
extremities at baseline and following the SAB, and within 
the operative extremity at baseline, following tourniquet 
inflation, and following tourniquet deflation. The level of 
significance was set at a P value of < .05. 

To determine the rate of change of Sto2 from baseline 
following tourniquet inflation and deflation, we per-
formed regression analysis with Sto2 plotted against time 
and then determined the slope of the line of best fit. 

Results
A convenience sample of 15 consecutive patients admit-
ted for TKA had Sto2 measurements recorded. Patient 
demographics are noted in Table 2. The mean (SD) 
tourniquet inflation time for these 15 patients was 56.8 
(14.9) minutes, with a range of 38.7 to 97.9 minutes. 
Eleven of the 15 patients had SAB, and the remaining 4 
patients underwent general anesthesia. During surgical 
manipulation of the operative extremity, the monitor 
cable became disconnected from the oximeter sensor pod 

in 4 of 15 patients, preventing complete capture of Sto2 
measurements. In 3 of 15 patients the surgical extremity 
sensor pod itself malfunctioned and prevented complete 
capture of Sto2 measurements. Therefore, complete Sto2 
data from baseline through recovery were available for 8 
of the 15 patients evaluated. 

A comparison of preoperative baseline mean Sto2 in 
the BF and GS muscle groups between the nonoperative 
and operative extremity showed no significant difference 
(Figure 2). However, preoperative baseline mean Sto2 in 
the GS muscle group was significantly lower than in the 
BF muscle group in both extremities. 

We examined changes in Sto2 following administra-
tion of the SAB because of the expected vasodilation that 
accompanies block administration. There was a measur-
able and significant increase in mean Sto2 in both the BF 
and GS muscle groups in both extremities following SAB 
(Figure 3). The overall increase in Sto2 from baseline 
in both extremities and for both the BF and GS muscle 
groups following SAB was 10.5%. 

Figures 4A and B show changes in mean Sto2 from 
baseline as a result of tourniquet inflation and tourniquet 
deflation in the operative leg in the BF and GS muscles for 
the SAB and the general anesthesia groups. There was a 
significant decrease from baseline in mean Sto2 on tourni-
quet inflation in both muscle groups with both anesthetic 
types. The average decrease in mean Sto2 across both an-
esthetic types was 24% and 27% in the BF and GS muscle 
groups, respectively. On tourniquet deflation there was a 
significant increase of 8.6% above baseline in mean Sto2 
in the BF muscle in the SAB group, whereas the mean 
Sto2 simply returned to baseline in the general anesthesia 

Figure 2.  Comparison of Mean Baseline Preoperative 
Biceps Femoris (BF) and Gastrocnemius (GS) Muscle 
Tissue Oxygen Saturation in Nonoperative and 
Operative Extremity (N = 15)
* P < .05 for BF vs GS.

Figure 3.  Comparison of Mean Tissue Oxygen 
Saturation in Biceps Femoris (BF) and Gastrocnemius 
(GS) Muscles in Nonoperative and Operative 
Extremities at Baseline and After Subarachnoid Block 
(SAB) (n = 11)
* P < .05 for BF baseline vs BF post block; GS baseline vs GS 
post block in the nonoperative and operative extremities). 
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group. Tissue oxygen saturation did not return to baseline 
in the GS muscle for either the SAB or the general anes-
thesia group. The mean Sto2 in the GS muscle was not 
significantly different on tourniquet deflation than it was 
while the tourniquet was inflated during the operative 
procedure for either anesthetic type. The sustained decre-
ment in mean Sto2 below baseline in the GS muscle after 
the tourniquet was deflated was 15% and 20% in the SAB 
and general anesthesia groups, respectively. 

Figure 5 is a comparison of the mean Sto2 at preop-
erative baseline and following tourniquet deflation in the 
in the BF and GS muscles of the operative extremity for 
the 8 patients who had complete data capture (5 in SAB 
group and 3 in general anesthesia group). There was a 7% 
increase in mean Sto2 above baseline in the BF muscle fol-
lowing tourniquet deflation; however, Sto2 did not return 
to baseline after tourniquet deflation in the GS muscle. 

The mean Sto2 value in the GS muscle after achieving 
stability on tourniquet deflation was 17% below baseline. 

Table 3 shows the mean time to return to or above 
baseline in the BF muscle (2 minutes, 28 seconds) or to 
achieve a stable Sto2 value in the GS muscle (16 minutes, 
51 seconds) as well as the rate of change in mean Sto2 
expressed as the slope of the line of best fit following 
tourniquet deflation in the operative extremity. The 
mean time to achieve a stable Sto2 in the GS muscle fol-
lowing tourniquet deflation was, on average, 14 minutes 
and 23 seconds longer than the time to return to baseline 
or above in the BF muscle. In addition, the variability 
associated with the mean time to return to baseline or 
achieve a stable Sto2 following tourniquet deflation was 
greater in the GS muscle (SD = 10 minutes, 12 seconds) 
compared with the BF muscle (SD = 37 seconds). Finally, 
the mean slope of the line of best fit was 0.301 for the 
BF muscle and 0.024 for the GS muscle. Figure 6 shows 
a representative example of the changes from baseline in 
the BF and GS muscles in a patient with a SAB following 
tourniquet inflation and deflation. The example demon-
strates the consistently higher Sto2 in the BF muscle vs 
the GS muscle starting at baseline, the increase in Sto2 
after placement of the SAB, the decreased Sto2 following 
tourniquet inflation, and the increase in Sto2 above base-
line in the BF muscle and the failure to return to baseline 
in the GS muscle following tourniquet deflation. 

Discussion
The primary purpose of this pilot project was to deter-
mine the practicality of using a NIRS device to measure 
lower extremity Sto2 during TKA procedures using a 

Figure 4.  Comparison of Mean Tissue Oxygen 
Saturation in Biceps Femoris (BF) and Gastrocnemius 
(GS) Muscles in Operative Extremity at Baseline 
and After Tourniquet Inflation (T-Up) and Deflation 
(T-Down), by Anesthesia Group. A. Subarachnoid block 
group (n = 5). B. General anesthesia group (n = 3).
* Figure 4A: P < .05 for Baseline vs T-Up; T-Up vs T-Down; 
Baseline vs T-Down in BF muscle/Baseline vs T-Up in GS muscle. 
Figure 4B: P < .05 for Baseline vs T-Up in the BF muscle/Baseline 
vs T-Up; Baseline vs T-Down in GS muscle. 

Figure 5.  Comparison of Mean Tissue Oxygen 
Saturation in Biceps Femoris (BF) and Gastrocnemius 
(GS) Muscles in Operative Extremity at Baseline and 
After Tourniquet Deflation (T-Down) in All Patients 
With Complete Data Capture (n = 8)
* P < .05 for Baseline vs T-Down in the BF and GS muscles. Error 
bars indicate standard deviation.
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tourniquet. We were indeed able to acquire Sto2 values 
using a Nonin Model 7600 oximeter and Model 8004CA 
sensors at baseline, and following tourniquet inflation 
and deflation. Our secondary aim was to determine if 
changes in lower extremity Sto2 during tourniquet infla-
tion and deflation could be captured using NIRS technol-
ogy. We were able to obtain baseline Sto2 measurements 
in 15 patients in the BF and GS muscles of both lower 
extremities and therefore have added to the knowledge 
base with respect to “normal” Sto2 values in the leg. Our 
findings of a baseline mean (SD) Sto2 of 65% (7%) in 
the GS muscle support the findings of Comerota et al,18 
who reported a mean (SD) Sto2 in the GS muscle of 65% 
(19%) in a group of “normal” subjects. In our study, we 
were able to capture an increase in Sto2 values in both the 
BF and GS muscles following SAB, presumably associ-
ated with the resultant vasodilation. We were also able to 
capture the predicted decline in Sto2 on tourniquet infla-
tion and the consequent reduction in blood flow. 

In most of our sample for which we obtained com-
plete data, there was an increase in Sto2 above baseline 
in the BF muscle following tourniquet deflation, which 
is consistent with the reactive hyperemia after a period of 
vascular occlusion reported in the literature. Comerota et 
al18 reported a mean time for Sto2 to return to baseline in 
the GS muscle of 1.95 minutes in normal subjects after a 
walking exercise, which was comparable to our finding 
of a mean time to return to or above baseline in the BF 
muscle following tourniquet deflation of 2 minutes and 28 
seconds. An unexpected finding was the failure of the Sto2 
to return to baseline in the operative extremity GS muscle 
following tourniquet deflation. The mean GS muscle Sto2 
during this period was 55%, which was not significantly 
different than the mean Sto2 achieved following tourni-
quet inflation but was significantly lower than baseline. 
The mean rate-of-change slope in Sto2 calculated for 
the operative extremity GS muscle following tourniquet 
deflation in 8 patients was essentially 0 (0.024), further 
indicating the failure of the Sto2 to return to baseline in 
the immediate postoperative period. This finding suggests 
there is incomplete resolution of the regional hypoxia in 

the muscles of the lower leg following tourniquet defla-
tion in the immediate postoperative period. 

The Model 7600 oximeter calculates Sto2 based on a 
70% contribution from venous blood and 30% from arte-
rial blood and therefore is purported to be a measure of 
both oxygen supply and demand. Applying this premise 
to our findings and assuming that oxygen demand would 
increase following a period of reduced blood flow, ongoing 
cellular metabolism, and the resultant oxygen debt in-
curred during tourniquet inflation suggest that in the 
BF muscle on tourniquet deflation there is an increase 
in oxygen delivery; however, there appears to be a de-
crease in oxygen delivery in the GS muscle. Contributors 
to a decreased oxygen delivery to the GS muscle could 
include any of the following: (1) surgical trauma, edema, 
pressure created by the wound dressing, and elevation of 
the extremity; (2) an alteration in local mediator–driven 

Table 3.  Time for Tissue Oxygen Saturation to Return to or Above Baseline in Biceps Femoris Muscle or to Achieve 
Stable Value in Gastrocnemius Muscle
aEight observations.
bRate-of-change slope after tourniquet deflation.

   Time, min:s 
Muscle Mean (SD) Median Range

Biceps femorisa

 Time to return or above baseline 2:28 (0:37) 2:00 1:52-3:20

 Slopeb 0.301 (0.146) 0.299 0.145-0.596

Gastrocnemiusa   

 Time to stability 16:51 (10:12) 16:28 4:02-23:48

 Slopeb 0.024 (0.028) 0.022 0.002-0.079

Figure 6.  Changes From Baseline in Biceps Femoris 
(BF) and Gastrocnemius (GS) Muscles in a Single 
Patient With Subarachnoid Block (SAB) After 
Tourniquet Inflation (T-Up) and Deflation (T-Down)a
aBaseline value in this example is the mean of a 5-minute 
preoperative data collection period. The other data points 
represent the peak or trough following SAB, T-Up, and T-Down.
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vasodilation as a result of tissue injury and/or nerve block; 
or (3) a “steal” phenomenon whereby increased oxygen 
consumption in the large upper leg muscles following the 
period of tourniquet-induced tissue hypoxia results in a 
reduction in available oxygen to the lower leg muscles. 
Such a reduction in oxygen delivery could contribute to 
the muscle weakness, electromyographic changes, and 
increased pain reported to be caused by mechanical com-
pression from a tourniquet.19-21 In this regard, Ejaz et al8 
showed that TKA procedures without use of a tourniquet 
result in better functional outcomes and improved knee 
range of motion in the early period of rehabilitation.

The primary limitation of this proof-of-concept pilot 
study is the small number of attempted observations 
complicated by the even more limited number of com-
plete datasets from baseline through tourniquet defla-
tion. A larger sample size is not only necessary to verify 
the apparent failure of Sto2 to return to baseline in the 
GS muscle in the immediate postoperative period, and 
perhaps beyond, but also to support evaluation of the 
effect of longer tourniquet inflation times and patient co-
morbidities that could potentially affect lower extremity 
oxygen supply. We did not collect blood pressure data, 
and it is possible that episodes of “hypertension” and 
“hypotension” during tourniquet inflation or on defla-
tion could have contributed to changes in perfusion and 
Sto2. There were several logistical and technical problems 
associated with the data capture. Maintaining sterility of 
the operating field with a nonsterile sensor applied to 
the area of the GS muscle required the development of a 
technique to enclose the sensor, sensor lead, and its asso-
ciated pod within a sterile envelope. The sensor lead with 
pod was subsequently fixed to the ankle area and exposed 
to frequent motion and impact during manipulation of 
the extremity required by the TKA procedure. Despite the 
careful connection of the pod to the oximeter cable and 
fixing of the pod to the patient’s ankle area, there were 
instances in which the cable became disconnected from 
the pod and in which the sensor pod failed to function, 
resulting in loss of data transfer. 

To determine the value of tissue oximetry as an objec-
tive method to make decisions about the safe duration 
of tourniquet application and inflation pressure would 
require that a threshold Sto2 value clearly associated with 
tissue injury and negative patient outcomes be defined. A 
starting point for establishing that threshold value would 
be correlation of Sto2 measurements in muscles groups 
of the lower extremity during varying tourniquet infla-
tion periods and pressures to biomarkers of tissue injury 
such as lactic acid, pH, base deficit, and serum creatine 
phosphokinase. 

Conclusion
We have found that changes in Sto2 resulting from the 
use of a tourniquet can be continuously monitored with 

the use of an NIRS device. Determining the potential ap-
plicability of NIRS technology to surgical tourniquet use 
during TKA procedures is the first step needed toward 
establishing objective Sto2 guidelines. Further study of 
the measurement of Sto2 by application of this technol-
ogy and correlation with markers of tissue injury could 
lead to an objective guide to determine safe duration and 
pressure limits for tourniquet inflation.
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