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Abstract: 

Tourniquet use creates a reduced blood surgical field during total knee arthroplasty 

(TKA), however, prolonged ischemia may cause post-operative tourniquet complications. 
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To understand the effects of tourniquet-induced ischemia, we performed a prospective 

observational study using quantitative broadband diffuse optical spectroscopy (DOS) to 

measure tissue hemodynamics and water and lipid concentrations before, during, and 

after tourniquet placement in subjects undergoing TKA. Data was collected for six 

months and, of the total subjects analyzed (n=24), 22 were primary TKAs and 2 were 

revision TKA cases. We specifically investigated tourniquet-induced hemodynamics 

based upon subject-specific tissue composition and observed a significant relationship 

between the linear rate of deoxygenation after tourniquet inflation and water/lipid ratio 

(W/L, p<0.0001) and baseline somatic tissue oxygen saturation, StO2 (p=0.05). Subjects 

with a low W/L ratio exhibited a lower tissue metabolic rate of oxygen consumption, 

tMRO2 (p=0.008). Changes in deoxyhemoglobin [HbR] (p=0.009) and lipid fraction 

(p=0.001) were significantly different between high and low W/L subject groups during 

deoxygenation. No significant differences were observed for hemodynamics during 

reperfusion and total tourniquet time was neither significantly related to the 

hemodynamic hyperemic response (p = 0.73) nor the time to max StO2 after tourniquet 

release (p = 0.57). In conclusion, we demonstrate that DOS is capable of real-time 

monitoring of tissue hemodynamics distal to the tourniquet during TKA, and that tissue 

composition should be considered. DOS may help surgeons stratify hemodynamics based 

upon tissue composition and eventually aid the pre-operative risk assessment of vascular 

occlusions from tourniquet use during TKA.  

Keywords: diffuse optics, noninvasive, orthopaedic surgery, reactive hyperemia, 

spectroscopy, tissue oxygen saturation  

1. Introduction 
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During total knee arthroplasty (TKA), tourniquets are applied to create a reduced 

blood surgical field [1-3]. Benefits of tourniquet use include decreased intraoperative 

blood loss and overall reduced operative time [4-6]. However, it has also been shown that 

prolonged ischemia distal to the tourniquet may lead to muscle weakness, vascular injury, 

and increased post-operative pain [7]. These negative consequences are associated with 

the duration of inflation suggesting the importance of monitoring tissue hemodynamics 

before, during, and after tourniquet placement [4-6].  

Near-infrared spectroscopy (NIRS) is an optical method that can noninvasively 

characterize deep tissue hemoglobin oxygen saturation of arterial, capillary and venous 

blood volumes. Previously, NIRS has proven useful in the orthopaedic clinical setting 

when monitoring tourniquet assisted procedures [8-10]. Shadgan et al. monitored the 

hemodynamics of the tibialis anterior muscle during ankle fracture repair surgery. This 

study found negative correlations between tourniquet induced muscle damage and local 

tissue changes of NIRS measured total- and oxy-hemoglobin [9], suggesting that muscle 

damage distal to tourniquet application may be assessed using NIRS. A similar study by 

Lin et al., wherein NIRS was applied continuously to monitor tissue oxygenation both 

distal and proximal to tourniquet application during ankle surgery [8]. However, they 

noted that tissue desaturation after tourniquet inflation was highly variable and suggested 

this may be due to inter-subject differences in skin and subcutaneous adipose tissue 

thickness. Indeed, a limitation of NIRS is the commonly invoked assumption that tissue 

is homogeneous [11, 12]. This restricts the ability of NIRS to separate signal 

contributions from multiple layers of tissue [13-16]. When using NIRS to measure 

muscle oxygenation, measurement sensitivity and accuracy are greatly affected by the 
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subcutaneous layer which varies between individuals based on adipose tissue thickness 

[14]. Continuous-wave (CW)-NIRS, the technique used in these studies to date, only 

monitors relative changes in hemoglobin levels and is unable to quantify absolute tissue, 

such as the subcutaneous water and lipid content.  

In this study, we apply a lab-developed hybrid diffuse optical spectroscopy (DOS) 

instrument that utilizes a combination of broadband CW and frequency-domain NIRS to 

quantify hemodynamics and tissue water and lipid composition distal to tourniquet 

application during total knee arthroplasty [17-19]. Unlike typical tissue oximeters which 

use CW- only, a key feature of this broadband technique is its ability to directly measure 

tissue optical properties. This allows for the absolute measurement of oxyhemoglobin 

[HbO2], deoxyhemoglobin [HbR], water, lipid, and tissue optical scattering parameters 

[17-20]. Together, these parameters represent structural and molecular information about 

tissue, indirectly reflecting metabolism, perfusion, hydration and total blood volume [21-

23].  

The purpose of this study was to investigate the intraoperative use of DOS during 

TKA and characterize tourniquet-induced hemodynamics based upon subject-specific 

tissue composition, using a DOS derived W/L ratio. We hypothesized that this 

quantitative sensing approach is sensitive to disparate hemodynamic profiles between 

tissue composition types [24-26], which are important for establishing normative 

measures in relation to patient pain [27], muscle damage [9], and post-operative recovery 

[28, 29]. Therefore, using DOS in this clinical application is especially relevant given the 

patient populations undergoing these procedures often have cardiovascular comorbidities 

which affect pre-operative risk stratification.  
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2. Methods  

2.1 Subject Population  

This prospective observational study was approved by our Institutional Review Board 

and all subjects provided written informed consent. Designed as a pilot feasibility study, 

lower extremity tissue oxygenation was monitored in 34 subjects undergoing total knee 

arthroplasty under general (n=14)_and spinal (n=20) anesthesia. 27 subjects were primary 

TKAs and 7 were revision TKA cases. All cases were done through a medial parapatellar 

approach. Knee flexion was used for most of the bony preparation except during patellar 

resurfacing, balancing, and cement hardening. The surgical technique was not changed or 

adjusted for the research study. DOS signal to noise ratio (SNR) was calculated for each 

case based on the detected optical signal amplitude at each laser diode compared to a 

prior measurement of the instrument noise floor. Subjects that did not meet a minimum 

threshold for DOS (SNR) were excluded from the study. Low SNR was primarily due to 

poor optical coupling between the tissue probe and the DOS instrument itself (n=3) and 

high attenuation due to absorption and scattering of tissue (n=2), which was dependent on 

the subject. Additional reasons for exclusion included instrument failure (n=3), 

inconsistent tourniquet pressure (n=1), and failed instrument calibration (n=1). A total of 

24 subjects (13 female, 11 male) were analyzable and included in the study. A direct 

comparison between primary (n=22) and revision TKA (n=2) cases was not possible due 

to the small sample size in revision cases. Of the 24 subjects, tourniquet pressure was set 

at 250 mmHg, consistent with the standard-of-care for this procedure. The tourniquet 

pressure was not adjusted based on the subject’s blood pressure. Additional subject 

demographics recorded during this study included age, ethnicity, body mass index, 
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height, and weight. In addition, comorbidities were documented. Subject demographics 

and tourniquet inflation time are summarized in table 1.  

2.2 DOS Instrumentation  

Tissue oxygenation was monitored with a fiber-coupled optical probe with a 20 mm 

source-detector separation placed 2 cm distal to a non-sterile tourniquet on the operated 

limb over the quadriceps muscle, outside of the sterile surgical field, prior to surgical 

draping. After the probe was secured, measurements were taken continuously at 15 sec 

intervals. Measurements were concluded just before wound closure was initiated, which 

was defined as the end of the case. Tourniquet was inflated prior to incision and was 

deflated prior to arthrotomy closure after the final implants were placed and the cement 

had fully hardened. Measurements were taken for an average of 13.8 +/- 1.9 min prior to 

tourniquet inflation and 34.4 +/- 17.1 min after tourniquet deflation. Figure 1 shows an 

example case of how the probe was placed and secured. The broadband DOS instrument 

used during the study was conceived and manufactured by researchers at the Beckman 

Laser Institute (University of California, Irvine, USA). The instrument, called a miniature 

diffuse optical spectroscopic imager (mDOSI), performs quantitative tissue absorption 

and scattering spectroscopy by combining laser-based frequency domain (FD) photon 

migration (658, 688, 783, 828 nm) with broadband (650-1000nm) continuous wave (CW) 

reflectance spectroscopy. Details of the combined CW and FD DOS technique have been 

previously described [17]. Briefly, tissue absorption (a) and reduced scattering (’s) 

coefficients were derived from DOS data using model-based fitting. Broadband tissue 

optical scattering was estimated from FD-measured reduced scattering using the equation 

’s = A(/0)
-b

, and used to extract absolute tissue absorption from the CW reflectance. 

Scattering prefactor (A) and scattering power (b) represent reduced scattering coefficient 
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at 0 = 500 nm and wavelength dependence of scattering, respectively. Both parameters 

are reflective of microscopic structures such as collagen and mitochondria [30]. DOS 

noninvasively quantifies absolute bulk tissue concentrations of oxyhemoglobin [HbO2], 

deoxyhemoglobin [HbR], water, and lipid [17]. Somatic tissue oxygen saturation, StO2 is 

defined as [HbO2]/([HbO2] + [HbR]) and total hemoglobin, [THb] is [HbO2] + [HbR]. 

2.3 Data Analysis  

All data was processed in MATLAB (Mathworks, MA USA). Baseline values were 

calculated as the mean of 3 min of data prior to tourniquet inflation and recorded for 

StO2, [HBO2], [HbR], [THb], water and lipid. A unitless water to lipid (W/L) ratio was 

calculated from the baseline water and lipid composition to classify tissue composition. 

To visualize the influence of tissue composition on chromophore changes during 

deoxygenation and reperfusion, two cohorts were created differentiated by the median 

baseline W/L for all analyzed subjects: high (W/L≥0.35, n=12) and low (W/L<0.35, 

n=12).  

The occlusion was analyzed in two separate phases, the deoxygenation and 

reperfusion phase. During the deoxygenation phase, the shape language modeling tool 

(http://www.mathworks.com/matlabcentral/fileexchange/24443) was used to apply a 

linear piecewise fit function during the occlusion [31]. This fitting method estimates the 

temporal breakpoint between the rapid declining deoxygenation phase and steady-state 

ischemia after tourniquet inflation, assuming first-order kinetics during the 

deoxygenation phase. Output variables included a first phase duration time (time between 

tourniquet inflation and ischemia breakpoint), breakpoint StO2 (%), and a goodness of fit 

metric (r-squared value). Figure 2a shows the first phase duration time representing the 

rapid deoxygenation phase. Other variables of interest during deoxygenation included a 
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linear rate of deoxygenation (%/min). This was calculated as the rate of change in StO2 

during the rapid deoxygenation phase. 

The tissue metabolic rate of oxygen consumption (tMRO2) was estimated from the 

initial changes in [HbR] after tourniquet inflation by fitting a linear regression line 

between 0.5 minutes after tourniquet inflation up until steady-state ischemia was 

achieved, determined by the temporal breakpoint. It is at this point when further [HbO2] 

decline is not detected and equilibrium with oxygen delivery is achieved [32, 33]. 

Therefore, this time window was selected for analysis to represent the entire period of 

tissue oxygen consumption as a result of tourniquet application. To estimate tMRO2, 

[HbR] changes were multiplied by 4 to accommodate for the four oxygen molecules per 

hemoglobin. A goodness of fit metric (r-squared value) was calculated for tMRO2. Figure 

2b shows a sample case representing the tMRO2 fitting metric used in this study. 

During reperfusion, the post-occlusion max StO2 was identified. The hemodynamic 

hyperemic response, HHR (%) was quantified by subtracting the baseline StO2 from the 

post-occlusion maximum StO2. The time-to-peak, the time after tourniquet release to 

reach max StO2, was also measured and represented as Tpeak. A sample case dynamic and 

the fitting metrics used for analysis can be seen in figure 2a. 

DOS parameters (StO2, [HbO2], [HbR], [THb], water, lipid and W/L ratio) were 

recorded during deoxygenation and reperfusion for both high and low W/L subject 

groups to account for inter-subject variability in baseline.  

2.4 Statistics  

Statistical tests were completed using IBM SPSS Statistics Software (IBM, NY 

USA). Descriptive statistics, including mean and standard error were calculated for all 

subjects and measured baseline chromophore values. A multivariable linear regression 
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test was performed to include the effects for age, BMI, gender, baseline StO2, and 

baseline THb. Comorbidities were not included in multivariable analysis due to small 

sample size for each individual comorbidity. Both 95% confidence intervals (CI) and beta 

coefficients (β) were calculated. β reflects the change in hemodynamic output variables 

by a single unit in W/L. 

Analysis of variance (ANOVA) for repeated measures was used to determine the 

relationship between W/L ratio and DOS chromophore changes (StO2, [HbO2], [HbR], 

[THb], water, lipid, and W/L ratio). This was done to assess the predictability of 

chromophore changes based on the interaction of W/L and time with subject as a random 

effect to account for multiple measurements. Significance was determined by p<0.05.  

3. Results 

3.1 Baseline Values  

A total of twenty-four subjects undergoing TKA (13 female, 11 male) were analyzed 

for this study. The average age for study participants was 63.5 +/- 12.5 (mean +/- 

standard deviation) years old. Additional demographics recorded included: height (170.8 

+/- 11.2 cm), weight (88.5 +/- 20.7 kg), BMI (30.5 +/- 6.7 kg/m
2
), and ethnicity 

(Caucasian, n=17, Hispanic, n= 6, Asian, n=1). Comorbidities and subject demographics 

are summarized in table 1. The mean baseline StO2 for all subjects (mean +/- standard 

error) prior to tourniquet inflation was 70.1 +/- 2.1%. Average baseline values for the 

hemodynamic parameters HbO2, HbR, and THb were 25 +/- 2.0, 9.7 +/- 0.5, and 34.7 +/- 

2.1M, respectively. Using a linear regression analysis, we observed a significant 

relationship between W/L and baseline THb (p=0.02, r=0.46). Also, there was a 

borderline significant relationship between W/L and baseline HbO2 (p=0.06, r=0.39). 

However, no significance was observed between W/L and the following DOS 
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parameters: StO2 (p=0.61, r=0.11) and HbR (p=0.18,r=0.29). Baseline values for all DOS 

hemodynamic parameters and correlations with W/L are summarized in table 2.  

3.2 Deoxygenation Phase  

The mean first phase duration time, the time it took StO2 to reach a minimum value 

during tourniquet inflation for all subjects, was 25.5 +/- 2.7 min. The linear rate of 

deoxygenation (i.e., change in StO2) was -1.4 +/- 0.1% min. For all subjects, linear fits to 

determine the rates of deoxygenation were associated with a mean r-squared value of 

0.831. The mean minimum StO2 during tourniquet inflation for all subjects was 40.2 +/- 

1.9%. For low and high W/L subject groups, the minimum StO2 was 39.0 +/- 2.7 % and 

41.4 +/- 2.7 %, respectively.  

A linear regression was calculated for the changes in [HbR] during the first phase 

deoxygenation period to estimate tMRO2. For all subjects, the mean tMRO2 was 0.41 +/- 

0.08 µM/sec. Linear regression to [HbR] curves during deoxygenation had a mean r-

squared of 0.888. A multivariable regression analysis to include gender, age, BMI, 

baseline StO2 and THb was performed to determine the relationship between the subjects’ 

W/L ratio and hemodynamic parameters (table 3). We observed a significant relationship 

between W/L and the following parameters: linear rate of deoxygenation (p<0.0001) and 

tMRO2 (p=0.008). There was a positive relationship between baseline StO2 and the first 

phase duration time (p<0.001), showing that tissue with higher oxygen saturation took 

longer to deoxygenate as expected.  

During deoxygenation, StO2 and [HbO2] decreased with time in both subject groups. 

However, the relationship between W/L and the changes in both StO2 and [HbO2] was 

not significant. The opposite trend was observed for [HbR]. Subjects with a greater W/L 

ratio demonstrated a significantly larger change in [HbR] during the first 50 minutes of 
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deoxygenation (p=0.009). Figure 3 shows the observed changes over time for StO2, 

[HbO2], and [HbR]. [THb] decreased immediately after tourniquet inflation in both 

subject groups. However, this change in [THb] was relatively small and most likely the 

result of blood redistribution within the sampled tissue.  

DOS chromophore changes (StO2, [HbO2], [HbR], [THb], water, lipid and W/L ratio) 

during deoxygenation for high and low W/L subject groups are summarized in figure 3. 

The measured water fraction decreased over time in both the high and low W/L ratio 

subject groups, which could also be related to blood redistribution. Unexpectedly, 

subjects with a high W/L ratio showed a decrease in lipid fraction during the first 50 

minutes of deoxygenation (p=0.001). In contrast, subjects with increased probed adipose 

tissue, as indicated by a low W/L ratio had a relatively constant lipid fraction during 

deoxygenation. These changes were also represented in the W/L ratio changes over time.  

3.3 Reperfusion Phase  

18 of 24 subjects exhibited a hemodynamic hyperemic response (HHR), defined as a 

post-occlusive maximum StO2 higher than baseline. Figure 2a shows a representative 

individual StO2 dynamic wherein, after the tourniquet was released, StO2 recovered and 

typically overshot the baseline value demonstrating an HHR. The mean maximum StO2 

following tourniquet release was 75.5 +/- 1.4%, which was 5.4 +/- 1.8% above baseline. 

The average time it took to reach max StO2 after tourniquet release, Tpeak, was 6.7 +/- 0.5 

min. No significant correlations were found between the total tourniquet time and 

hemodynamic parameters during the reperfusion phase: HHR (p=0.73) and Tpeak 

(p=0.57). However, a significant relationship was observed between the extent of the 

subjects’ hyperemic response and two baseline DOS parameters: StO2 (p<0.001), [THb] 

(p=0.008), shown in figure 4. 
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During the first 10 minutes of reperfusion, subjects with a lower W/L ratio exhibited 

a smaller change in lipid fraction over time. There was an unexpected shape observed for 

lipid changes in subjects with greater muscle concentration, as seen in figure 5f. DOS 

chromophore changes (StO2, [HbO2], [HbR], [THb], water, lipid and W/L ratio) in each 

subject group are summarized in figure 5.  

4. Discussion  

In this study, we applied a broadband, quantitative DOS sensing technique within the 

orthopaedic operative setting to quantify hemodynamics in ischemic tissue distal to 

tourniquet application during total knee arthroplasty. Hemodynamics were recorded in 

real-time before, during, and after tourniquet inflation. Unique to this approach compared 

to traditional NIRS, we also quantified water and lipid tissue concentrations. This enabled 

us to derive a water/lipid (W/L) ratio to assess relative amounts of “lean tissue” measured 

within each subject in order to get a more accurate estimation of the probed tissue depth. 

Moreover, this allowed us to characterize how hemodynamic profiles differ based upon 

tissue composition, as in the stratification of subjects based on W/L. Our multivariable 

analysis indicated a significant relationship between W/L and two hemodynamic 

parameters reflecting tissue metabolism – the linear rate of deoxygenation and tissue 

metabolic rate of oxygenation (tMRO2). In addition, high and low W/L subject groups 

had significantly different hemodynamic profiles in deoxyhemoglobin and lipid during 

deoxygenation.  

 In all subjects undergoing TKA, subjects with a greater amount of probed 

adipose, as reflected by a lower W/L ratio, had a significantly slower linear rate of 

deoxygenation and smaller tMRO2 than subjects with a high W/L ratio. Additionally, 

high and low W/L subject groups had significantly different changes in HbR during 
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deoxygenation. Previously, NIRS has been used to monitor muscle hemodynamics and 

assess microvascular changes in skeletal muscle during tourniquet assisted orthopaedic 

surgery. For example, Shadgan et al. demonstrated that greater changes in local 

oxygenated blood volume, distal to the tourniquet resulted in a lesser degree of muscle 

damage during ankle fracture repair surgery [9]. However, due to tissue heterogeneity 

and the complexity of light propagation through multiple layers of tissue [34-36], any 

variability in adipose thickness will affect the measurement sensitivity on muscle 

oxygenation and limit the accuracy of inter-subject comparison [16, 37]. Furthermore, 

errors can be introduced by assuming constant tissue scattering, which is typically 

required in CW-NIRS. For example, Hammer et al. performed a vascular occlusion test 

using a 250 mmHg inflated tourniquet on the brachial artery of human subjects and 

demonstrated when scattering was assumed to be constant, changes in tissue oxygenation 

were overestimated [20]. This may have an important clinical impact in orthopaedic 

surgery since NIRS calculated deoxygenation and reoxygenation rates have been 

previously used to describe muscle oxidative injury due to tourniquet application [9]. 

Quantifying incorrect oxygen changes may lead to an inaccurate understanding of 

tourniquet induced muscle damage. Thus, it is important to use a quantitative broadband 

DOS technique to correctly calculate and correct for the effects of optical scattering in 

order to represent accurate hemodynamics based on patient specific tissue composition.  

Our findings show no significant relationship between the following baseline 

hemoglobin parameters and W/L – StO2, HbO2, HbR. We report a low W/L ratio seen in 

most subjects, representing an increased amount of adipose in the interrogated tissue. 

Nevertheless, the subcutaneous layer contains vasculature sensitive to regional 
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hemodynamics and therefore, we were able to assess tissue metabolism using DOS with 

the linear rate of deoxygenation and tMRO2. tMRO2 was calculated using methods 

previously described [38, 39]. Our results for tMRO2 are similar to those presented by 

Wang et al., where the reported metabolic activity in adipose tissue was determined to be 

0.5 M/sec [40]. Since most of our subjects had a relatively low W/L, metabolic activity 

reflecting adipose tissue is expected [41]. Breakpoint StO2, as we defined it, has been 

used previously to describe the extent of ischemia and the point where oxygen 

consumption and delivery is at equilibrium [32, 33]. It should be recognized that our 

findings of ~40% oxygen saturation “plateau”, which we defined as breakpoint StO2 

agrees with what has been previously reported in the literature for arterial occlusions 

greater than 200 mmHg of the brachioradialis [42]. This study did not report the source-

detector separation or whether a multi-layer correction factor was used [42]. However, it 

was mentioned that a quantitative NIRS technique was employed [42]. In our study, we 

did not observe a correlation between W/L and breakpoint StO2, as it did not differ 

between groups. 

A hemodynamic hyperemic response (HHR) following tourniquet deflation was 

observed in 18 of 24 subjects. The HHR may reflect a healthy, reactive endothelial 

response to tissue ischemia and the dramatic increase in blood flow following tourniquet 

release [43]. Similarly, the time it takes to reach post-occlusive StO2 max, defined as 

Tpeak may be an index of microvascular function [43]. There was no correlation observed 

between the total tourniquet time and hemodynamic parameters during reperfusion. 

Previously, Tujar et al. used NIRS to show that microvascular compliance, as indicated 

by changes in StO2 following tourniquet release, decreases after 90 minutes of tourniquet 
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induced ischemia in subjects’ undergoing hand surgery [10]. It was suggested that 

significant changes in reperfusion parameters occurred after 90 minutes of tourniquet 

induced ischemia [10]. Although these findings were not observed in our study, it may be 

because we only had four subjects with tourniquet times greater than 90 minutes. In our 

study, our multivariable analysis indicated a negative correlation between subjects’ pre-

inflation baseline StO2 and HHR following tourniquet release. This suggests that pre-

inflation tissue oxygenation as measured by DOS may be able to predict the range of 

expected values and extent of the magnitude for the post-occlusive hyperemic response. 

Similarly, Lin et al. reported that twenty-six subjects undergoing tourniquet assisted 

ankle surgery exhibited a strong negative correlation between their baseline NIRS tissue 

oxygen levels and the hyperemic magnitude after tourniquet release [8]. The relationship 

between HHR and Tpeak with W/L was not significant. Interestingly, subjects with a high 

W/L ratio exhibited greater dynamic changes in lipid during deoxygenation and 

reperfusion. This is likely due to high W/L subjects having smaller lipid concentration 

and thus, greater discernable changes during deoxygenation and reperfusion as compared 

to subjects with higher lipid concentration.  

There were several limitations to this study. First, this study was designed as a pilot 

study to assess the feasibility of DOS in this intraoperative application. As such, the study 

had a limited sample size and was underpowered to assess differences between high and 

low W/L groups. Second, clinical outcomes such as post-operative pain, edema and 

strength were not investigated and clinical parameters such as smoking status and 

intraoperative blood pressure were not obtained. Third, due to limited intraoperative 

experience with DOS on lower extremity soft tissues, SNR was insufficient in 5 of the 
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excluded subjects. With low SNR, DOS fails to separate absorption from scattering in 

highly attenuated, ischemic tissue resulting in poor data quality. Finally, our subject 

dependent W/L ratios were not validated with ultrasound. Thus, W/L was only used to 

estimate the measured levels of lean tissue compared to adipose.  

In conclusion, we show that broadband DOS can be used intraoperatively to measure 

real-time soft tissue hemodynamics distal to a tourniquet on the lower extremity and 

established the range of hemodynamics during tourniquet use. In addition, we obtained 

robust physiological information on tissue metabolism using a linear piecewise fit during 

the deoxygenation phase of a long duration tourniquet induced occlusion. Moreover, the 

use of DOS calculated water and lipid fractions enabled us to determine hemodynamic 

parameters that are both dependent and independent of W/L ratios. Although the clinical 

application of this technology is still investigational, our findings are supportive of 

previous reports in the literature relating to noninvasive monitoring of tissue 

hemodynamics during tourniquet assisted orthopaedic surgeries. With additional studies, 

we believe DOS may serve as a viable research tool to better understand how tourniquet 

use is related to post-operative outcomes, and therefore inform and optimize tourniquet 

usage in this and other surgical applications. Finally, the importance of using DOS in 

these clinical applications may increase the understanding and improve the validity of 

hemodynamic changes observed when comparing highly variable, patient-specific 

differences in tissue composition.  
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Figure legends:  

Figure 1. A) Fiber coupled DOS sensor probe placed distal to the tourniquet. B) Probe 

secured using adhesive tape to ensure contact with skin. C) Sterile drapes placed distal to 

the probe to ensure a sterile operating field (proximal part of the limb is at the top of the 

images and the distal leg and knee are at the bottom). DOS = diffuse optical 

spectroscopy.  

Figure 2. Fitting metrics used for analysis shown for a representative case: a) StO2 

dynamics with a linear piecewise fit used to determine breakpoint between rapid 

deoxygenation phase and steady state ischemia and b) tMRO2 represented by the slope of 

a linear regression fit between 0.5 minutes and the time at breakpoint. Time is shown 

after tourniquet inflation. StO2 = somatic tissue oxygen saturation; tMRO2 = tissue 

metabolic rate of oxygenation.  

Figure 3. DOS parameter changes of StO2 (a), HbO2 (b), HbR (c), THb (d), water fraction 

(e), lipid fraction (f), and W/L ratio (g) during deoxygenation within high (line color - 

blue) and low (line color - red) W/L Ratio groups. Data at each time point represents an 

average (+/- 15 secs). DOS = diffuse optical spectroscopy; StO2 = somatic tissue oxygen 

saturation; HbO2 = oxyhemoglobin; HbR = deoxyhemoglobin; THb = Total Hemoglobin; 

W/L = Water/Lipid. 
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Figure 4. Relationships observed between baseline StO2 (a) and baseline THb (b) with 

the subjects’ hemodynamic hyperemic response (HHR). StO2 = somatic tissue oxygen 

saturation; THb = Total Hemoglobin; HHR = hemodynamic hyperemic response.  

Figure 5. DOS parameter changes of StO2 (a), HbO2 (b), HbR (c), THb (d), water fraction 

(e), lipid fraction (f), and W/L ratio (g) during reperfusion within high (line color - blue) 

and low (line color - red) W/L Ratio groups. Data at each time point represents an 

average (+/- 15 secs). DOS = diffuse optical spectroscopy; StO2 = somatic tissue oxygen 

saturation; HbO2 = oxyhemoglobin; HbR = deoxyhemoglobin; THb = Total 

Hemoglobin; W/L = Water/Lipid. 
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Table 1. Tourniquet time and subject characteristics (Age, BMI. Height, Weight, 

Ethnicity, Gender, and Comorbidities) for all subjects analyzed. SD = Standard 

Deviation; BMI = Body Mass Index; W/L = Water/Lipid.  

Parameters All subjects (n=24)_ Low W/L 

(n=12) 

High W/L 

(n=12) 

Range 

Tourniquet Total 

Time, min 
78.7  16.9 (mean  

SD) 

75.8  16.8 81.6  17.2 57.3 – 125.1 

Age, yrs 63.5  12. 5 (mean  

SD) 

 

65.3  15.8 61.7  8.4 25 – 82  

BMI, kg/m
2
 30.5  6.7 (mean  

SD) 

32.5  7.3 28.4  5.8 15.6 – 41.7 

Height, cm 170.8  11.2 (mean  

SD) 

165.0  8.3 175.9  11.2 154.9 - 

193 

Weight, kg 88.5  20.7 (mean  

SD) 

89.4  24.0 87.0  17.8  38.6 - 

124 

Ethnicity, n     

Caucasian n=17 n=7 n=10  

Asian n=1 n=1 n=0  

Hispanic n=6 n=4 n=2  

Gender, n      

Male  n=11 n=3 n=8  

Female n=13 n=9 n=4  

Comorbidities, n      

None  n=9 n=4 n=5  

Rheumatoid 

Arthritis  

n=1 n=1 n=0  

Hyperlipidemia n=7 n=3 n=4  

Hypertension n=9 n=5 n=4  

Hypothyroidism n=4 n=2 n=2  

Iron deficiency 

anemia 

n=1 n=0 n=1  

Pernicious 

anemia  

n=1 n=0 n=1  

Systemic Lupus 

Erythematosus 

n=1 n=1 n=0  

Antiphospholipid 

syndrome 

n=1 n=1 n=0  

Diabetes 

Mellitus type 2 

n=4 n=2 n=2  

Multiple 

Sclerosis 

n=1 n=0 n=1  

Coronary Artery 

Disease 

n=1 n=0 n=1  
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Table 2. Summary of linear regression analysis for correlation between baseline 

hemodynamic parameters and baseline W/L in all subjects. W/L = Water/Lipid; StO2 = 

Somatic tissue oxygen saturation; HbO2 = Oxyhemoglobin; HbR = Deoxyhemoglobin; 

THb = Total Hemoglobin 

DOS Hemodynamic 

Parameters 

r P-value 

StO2, % 0.11 0.61 

HbO2, [µM] 0.39 0.06 

HbR, [µM] 0.29 0.18 

THb, [µM] 0.46 0.02 

 

Table 3. Multivariable regression for hemodynamic outcomes predicted by W/L ratio and 

subject characteristics (gender, age, BMI, Baseline StO2, Baseline THb). Bold indicates 

significance (p<0.05). CI = confidence interval; W/L = Water/Lipid; BMI = Body Mass 

Index; StO2 = Somatic tissue oxygen saturation; THb = Total Hemoglobin.  

 

 First 

Phase 

Duration 

(min) 

Linear Rate of 

Deoxygenation 

(%/min) 

tMRO2 

([M]/sec) 

Breakpoint 

StO2 

HHR 

(%) 

Tpeak 

(min) 

W/L 

Ratio 

      

-

coefficient 

-11.6 -1.9 0.7 -3.7 -0.3 0.08 

95% CI -30.6,7.4 -2.6,-1.3 0.2,1.2 -24.2,16.9 -

13.0,12.4 

-4.7,4.9 

p-value 0.22 <0.0001 0.008 0.71 0.96 0.97 

Female       

-

coefficient 

2.2 -0.04 -0.1 -3.0 1.6 -1.1 

95% CI -6.6,11.0 -0.4,0.3 -0.3,0.1 -12.6,6.5 -4.3,7.5 -3.5,1.3 

p-value 0.60 0.80 0.29 0.51 0.57 0.34 

Age       
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-

coefficient 

-0.06 -0.001 -0.001 0.07 0.05 0.05 

95% CI -0.4,0.3 -0.01,0.01 -

0.01,0.008 

-0.3,0.5 -0.2,0.3 -

0.04,0.15 

p-value 0.71 0.87 0.82 0.73 0.65 0.27 

BMI       

-

coefficient 

0.21 0.02 -0.01 0.12 -0.16 -0.05 

95% CI -0.5,0.9 -0.009,0.04 -

0.03,0.007 

-0.7,0.9 -0.6,0.3 -

0.23,0.13 

p-value 0.54 0.18 0.22 0.75 0.50 0.60 

Baseline 

StO2 

      

-

coefficient 

1.2 0.2 -0.0007 -0.1 -0.66 0.07 

95% CI 0.6,1.8 0.0003,0.04 -0.02,0.01 -0.7,0.5 -1.04,-

0.3 

-0.09,0.2 

p-value <0.001 0.05 0.92 0.75 0.002 0.36 

Baseline 

THb 

      

-

coefficient 

-0.6 -0.02 0.01 0.3 -0.03 0.009 

95% CI -1.3,0.05 -0.05,0.002 -

0.005,0.03 

-0.5,1.0 -0.5,0.4 -0.18,0.2 

p-value 0.06 0.06 0.15 0.4 0.9 0.93 

 




