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Abstract

Objectives.—To determine whether calf muscle hemoglobin oxygen saturation (StO2) obtained 

during a standardized treadmill test was associated with ambulatory function and health-related 

quality of life (HRQoL) in patients with symptomatic peripheral artery disease (PAD). We 

hypothesized that a rapid decline in calf muscle StO2 during walking was associated with impaired 

ambulatory function and HRQoL, and that these associations were independent of ankle/brachial 

index (ABI).

Methods.—Calf muscle StO2, peak walking time (PWT) and claudication onset time (COT) were 

obtained during a treadmill test in 151 symptomatic men and women with PAD. Patients were 

further characterized on demographic variables, comorbid conditions, cardiovascular risk factors, 

ABI, 6-minute walk distance (6MWD), daily ambulatory activity, walking impairment 

questionnaire (WIQ), and on the Medical Outcomes Study Short-Form 36 (MOS SF-36) survey to 

assess HRQoL.

Results.—The median calf muscle StO2 value at rest was 52%, which declined to 22% after only 

one minute of walking during the treadmill test, and reached a minimum value of 9% after a 

median time of 87 seconds of walking. Of the various calf muscle StO2 measurements obtained 

during the treadmill test, the exercise time to the minimum calf muscle StO2 value (log 

transformed) had the strongest univariate associations with PWT (r=0.56, p<0.001), COT (r=0.49, 

p<0.001), 6MWD (r=0.31, p<0.001), WIQ distance score (r=0.33; p<0.001), WIQ speed score 

(r=0.39, p<0.001), WIQ stair climbing score (r=0.37; p<0.001), and the MOS SF-36 physical 

function score (r=0.32; p<0.001). In adjusted multiple regression models, these associations 

persisted (p<0.001) after adjusting for demographic measures, cardiovascular risk factors, 

comorbid conditions, and ABI.
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Conclusions.—More rapid decline in oxygen saturation of the calf musculature during walking, 

indicative of impaired microcirculation, was predictive of impaired ambulatory function and 

HRQoL in patients with symptomatic PAD. Of particular importance, these associations were 

independent of ABI and other common health burdens, highlighting the clinical relevance that the 

microcirculation has on ambulatory function and HRQoL in patients with symptomatic PAD.

Table of Contents Summary

This prospective cross-sectional study of 151 patients with claudication found that the time taken 

for oxygen saturation of the calf muscle to decline to a minimum value during treadmill exercise 

was associated with peak walking time and claudication onset time. This study suggests that more 

rapid decline in calf oxygen saturation, indicative of impaired microcirculation, was predictive of 

impaired ambulatory function and quality of life.

INTRODUCTION

Peripheral artery disease (PAD) is highly prevalent, as 202 million people are affected 

worldwide,1 and prevalence grew by 23.5% in the first decade of this century.1 Furthermore, 

PAD is costly,2 leads to poor quality of life,3 and is associated with a high rate of all-cause 

and cardiovascular mortality.4 Between 40 and 75 percent of patients with PAD have 

symptomatic leg pain during ambulation that is either typical or atypical of classic 

claudication,5 resulting in ambulatory dysfunction,6 impaired functional status which 

declines over time,7,8 and low daily physical activity.9

The hallmark non-invasive clinical test to determine the presence and severity of PAD is the 

ankle/brachial index (ABI), which is a measure of the macrocirculation that can be obtained 

quickly and easily in the clinical setting.10 Additionally, the ABI is clinically relevant 

because it predicts cardiovascular risk associated with mortality and major coronary events 

beyond that explained by the Framingham Risk Score.10 However, ABI is a measure of large 

vessel disease obtained at rest which has relatively low correlation with claudication 

measurements both at baseline11–18 and following exercise intervention.19 In contrast, non-

invasive vascular measures of the microcirculation of the lower extremity musculature 

during exercise may correlate better with claudication and ambulatory function outcomes, 

thereby providing more useful clinical information.

Near Infrared Spectroscopy (NIRS) is a non-invasive technique that provides real-time 

measurement of the microcirculation, as determined by the hemoglobin oxygen saturation 

(StO2) of the calf musculature.20–27 Although a number of factors may influence calf muscle 

StO2, such as lesions in proximal large arteries, microvascular function, and extraction and 

utilization of oxygen by muscle, calf muscle StO2 represents the balance between oxygen 

delivery and utilization to the local tissue,22 and is a marker of the blood volume in the 

microvascular territory of the muscle.28

NIRS technology is readily available, but to date it has been an under-utilized methodology 

to provide insight into calf muscle perfusion and claudication during exercise in patients 

with PAD. We have previously found that calf muscle StO2 during treadmill exercise is 

associated with initial and absolute claudication distances in a small cohort of patients with 
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PAD,13,29 but the association between calf muscle StO2 with a common battery of clinically 

important exercise outcomes has not been examined. Therefore, it is not clear whether calf 

muscle StO2 during standardized treadmill exercise is associated with a variety of clinically 

relevant ambulatory function outcomes obtained from the treadmill test, 6-minute walk test, 

daily physical activity monitoring, and patient-based outcomes of walking and health-related 

quality of life (HRQoL).

The aim of this investigation was to determine whether calf muscle StO2 obtained during a 

standardized treadmill test was associated with ambulatory function and HRQoL in patients 

with symptomatic PAD. We hypothesized that a rapid decline in calf muscle StO2 during 

walking was associated with impaired ambulatory function and HRQoL, and that these 

associations were independent of ABI.

METHODS

Patients

Approval and Informed Consent.—The procedures of this study were approved by the 

institutional review board, and written informed consent was obtained from each patient 

prior to beginning the investigation.

Recruitment.—Patients who had symptomatic PAD (Fontaine Stage II and Rutherford 

Grade I)5 and who were not currently exercising were recruited from vascular laboratories 

and vascular clinics for possible enrollment into the study.

Medical Screening through History and Physical Examination

Protocol.—Patients were evaluated in the morning at the Clinical Research Center.30 

Patients arrived in the morning fasted, but were allowed to take their usual medications. To 

begin the study visit, patients completed the consent form, and their vital signs, demographic 

information, height, weight, body mass index, anthropometric measurements, and waist 

circumference31 were recorded by research personnel. Subsequently, patients had blood 

samples drawn by study nurses, which were then sent to a central lab for analyses for fasting 

blood chemistries. Patients then underwent a medical history and physical examination by 

study physicians, in which claudication history, co-morbid conditions, cardiovascular risk 

factors and current medications were recorded. Following this assessment, patients rested 

supine for 10 minutes under standardized laboratory conditions. Ankle and brachial systolic 

blood pressures were then obtained according to standard guidelines32 by exercise 

physiologists for the calculation of ABI. Patients then performed an eligibility screening 

graded treadmill test in which the ABI was measured from the more affected leg 

immediately after exercise,6 for the purpose of confirming that leg pain was of vascular 

origin, which was one of the criteria for study inclusion. Based on this battery of baseline 

assessments, patients were coded on cardiovascular risk factors and co-morbid conditions 

according to standard definitions,33 and patients were characterized on the presence, 

severity, and symptoms of PAD.
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Inclusion and Exclusion Criteria.—Patients with symptomatic PAD were included in 

this study if they met the following criteria: (a) history of ambulatory leg pain, (b) 

ambulatory leg pain confirmed by treadmill exercise,6 and (c) ABI ≤ 0.90 at rest34 or ≤ 0.73 

after exercise.35 Patients were excluded for the following conditions: (a) absence of PAD 

(ABI > 0.90 at rest and ABI > 0.73 after exercise), (b) non-compressible vessels (ABI > 

1.40), (c) asymptomatic PAD (Fontaine Stage I; Rutherford Grade 0),34 (d) rest pain due to 

PAD (Fontaine stage III; Rutherford Grade II),34 (e) tissue loss due to PAD (Fontaine stage 

IV; Rutherford Grades III and IV),34 (f) use of medications indicated for the treatment of 

claudication (cilostazol or pentoxifylline) initiated within 3 months prior to investigation, (g) 

exercise limited by other diseases or conditions, (h) active cancer, (i) stage 5 chronic kidney 

disease (end stage), as defined by an estimated glomerular filtration rate < 15 ml/min per 

1.73 m36 (j) abnormal liver function (alanine aminotransferase ≥ 56 IU/L), (k) a calf skin 

fold measurement > 50 mm because of the potential interference with the light path of the 

NIRS probe from penetrating the subcutaneous tissue, (l) pulse arterial oxygen saturation of 

the index finger < 95% because of potential deleterious effect on calf muscle StO2 from poor 

pulmonary gas exchange, and (m) failure to complete all of the tests within 3 weeks. A total 

of 218 patients were evaluated for eligibility in this study between January, 2009 and 

December, 2014. Of these patients, 151 patients were deemed eligible to participate in the 

study and 67 were excluded.

Tests and Measurements

Maximal Treadmill Test.—Patients performed a standardized Gardner-Skinner graded 

treadmill test to obtain the outcome measures of claudication onset time (COT) and peak 

walking time (PWT), as previously described.6 The COT, defined as the amount of time 

walked at which the patient first experienced pain, and the PWT, defined as the total time 

walked at which ambulation could not continue due to maximal pain, were both recorded to 

quantify the severity of claudication.

Calf Muscle Microcirculation.—Calf muscle StO2 was measured before and during the 

treadmill test using a continuous-wave, NIRS spectrometer (InSpectra model 325; 

Hutchinson Technology, Inc, Hutchinson, MN), an optical cable attached to a 25-mm probe, 

InSpectra software (version 2.0), and a dedicated laptop computer.13 The non-invasive 

technique of NIRS uses specific, calibrated wavelengths of near infrared light to quantify the 

percentage of hemoglobin oxygen saturation in the microvasculature of the tissue at a depth 

of 25 mm below the NIRS probe, as well as a small contribution of intracellular myoglobin. 

The degree of light absorption is dependent on the amount of oxygen attached to 

hemoglobin in the arterioles, venules, and capillaries. Non-absorbed light is returned as an 

optical signal and analyzed to produce a ratio of oxygenated hemoglobin to total 

hemoglobin, expressed as percentage of StO2 saturation continuously displayed on the 

spectrometer interfaced to a laptop computer.

The probe was attached to the skin over the medial gastrocnemius muscle of the more 

symptomatic leg using a double-sided adhesive light-excluding patch.21 If the severity of 

symptoms were similar for each leg in those with bilateral PAD, we selected the leg with the 

lower ABI value for placement of the probe regardless of history of prior revascularization. 
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A baseline measure of calf muscle StO2 was obtained at rest as patients stood on the 

treadmill for two minutes to allow for equilibration. At the initiation of the treadmill test calf 

muscle StO2 was continuously recorded during exercise, and the following measurements 

were obtained: calf muscle StO2 at the end of the first minute of exercise, the absolute and 

percentage drops in calf muscle StO2 from rest to 1 minute of exercise, the minimum calf 

muscle StO2 value attained during exercise, the absolute and percentage drops in calf muscle 

StO2 from rest to the minimum exercise value, the exercise time taken to reach the minimum 

StO2 value, the rate of decline to the minimum StO2 value, and the calf muscle StO2 at the 

end of the treadmill test.

6-Minute Walk Test.—On a subsequent study visit, patients performed an over ground, 6-

minute walk test in which two cones were placed 100 feet apart in a marked corridor.37 

Trained exercise physiologists supervised the test and instructed the patients to walk as 

many laps around the cones as possible. The 6-minute walk pain-free distance (6MWPFD) 

as well as the total 6-minute walk distance (6MWD) were recorded in feet, and subsequently 

converted to meters.

Walking Impairment Questionnaire (WIQ).—Patient-based ambulatory ability was 

obtained using a validated questionnaire for PAD patients that assesses ability to walk at 

various speeds and distances, and to climb stairs.38

Medical Outcomes Study Short-Form 36 (MOS SF-36 – Rand Version 1.0).—
The patient-based HRQoL was assessed from this instrument.39 We previously found that 

the physical function subscale was the most impaired subscale in patients with symptomatic 

PAD compared to national norms.40 Additionally, we successfully used the physical function 

subscale as the criterion variable to determine minimal clinically important differences in 

treadmill, 6-minute walk, and patient-based outcomes in these patients.41 Therefore, the 

physical function subscale was the primary outcome measure obtained from this 

questionnaire.

Activity Monitoring.—Daily ambulatory activity was assessed during seven consecutive 

days using a step activity monitor (StepWatch3™, Orthoinnovations, Inc., Oklahoma City, 

OK) to determine both the number of steps accumulated each day, and the number of steps 

taken at or above a moderate-to-vigorous pace.42

Statistical Analyses

The data were presented as means (standard deviations, SD) and quartiles (i.e., median, 

minimum and maximum) for continuous variables, and frequencies with percentage (%) for 

categorical variables (Tables I–II). The normality assumption for continuous variables was 

checked based on Shapiro-Wilk tests, and if necessary, log-transformation was applied to 

decrease the variability of data and make data conform more closely to normality. Pairwise 

correlation between the calf muscle StO2 measurements and the clinical exercise outcome 

variables were evaluated by Pearson’s correlation and the non-parametric measure via 

Spearman rank correlation (Table III). Thereafter, multiple regression analyses were 

conducted particularly for the exercise time to the minimum calf muscle StO2 value to 
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evaluate its effect on clinical exercise outcomes adjusted for different sets of potential 

confounding variables including age, sex, race, body mass index, smoking, hypertension, 

diabetes and ABI (Table IV). The parameter estimates with 95% confidence interval (CI) as 

well as adjusted p-values based on Wald tests were obtained. In addition, the partial R2 

values quantifying the partial correlation of determination for the variable of interest and the 

overall R2 values were achieved from multiple regressions. Model diagnosis was also 

explored via the Akaike information criterion and regression assumptions (e.g., linearity, 

residual normality and homogeneity) were investigated through residuals plots. All 

hypothesis tests were two-sided with the significance level of 0.05. Data was analyzed using 

SAS 9.4 Software (SAS Institute, Cary, North Carolina).

RESULTS

The clinical characteristics of 151 patients are shown in Table I. The group had a similar 

distribution of men and women. The men and women were older patients who were, on 

average, in the overweight classification. The mean ABI of 0.70 is indicative of moderately 

severe PAD, and all patients were symptomatic during the treadmill test with mean COT and 

PWT occurring at 193 and 398 seconds, respectively. Cardiovascular risk factors and 

comorbid conditions were highly prevalent, particularly for dyslipidemia (90%), 

hypertension (87%), diabetes (46%), obesity (42%), and current smoking (41%). Most 

patients were managed with medications, as 92.4% of the hypertensive patients were treated 

with anti-hypertensive medications, 78.7% of those with dyslipidemia were treated with 

statin therapy, and 87.0% of patients with diabetes were on medication therapy.

The calf muscle StO2 measurements in the patients at rest and during treadmill exercise are 

displayed in Table II and Figure 1. The median calf muscle StO2 at rest was 52% saturation, 

which declined to a median of 22% saturation after only one minute of walking during the 

treadmill test, representing an absolute drop from rest of 24% saturation and a relative 

percentage drop of 58%. As exercise continued, the median calf muscle StO2 declined 

further and reached a minimum value of 9% saturation after a median time of 87 seconds of 

exercise, representing an absolute drop from rest of 34% saturation and a relative percentage 

drop of 81%. The median rate of decline of calf muscle StO2 from the value at rest to the 

minimum value during exercise was 0.35% saturation/sec. After reaching the minimum 

value of 9% saturation at 87 seconds of exercise, calf muscle StO2 gradually increased to a 

median of 15% saturation by the end of the test.

Univariate regression models between calf muscle StO2 variables and clinical exercise 

outcome variables are shown in Table III. Both Pearson and Spearman correlation 

coefficients were performed and were found to be similar, therefore only the Pearson 

correlation coefficients are presented in Table III. Of the calf muscle StO2 variables, the log 

transformed exercise time to the minimum calf muscle StO2 value had the strongest 

associations. Of particular interest, the associations between log transformed exercise time 

to the minimum calf muscle StO2 value and PWT (r=0.56, p<0.001), COT (r=0.49, 

p<0.001), and 6MWD (r=0.31, p<0.001) are shown in Figure 2.
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Multiple regression models between log transformed exercise time to the minimum calf 

muscle StO2 value and clinical exercise outcome variables are shown in Table IV. Four 

models are shown for each clinical exercise outcome variable. Model 1 examines the 

association between the exercise time to the minimum calf muscle StO2 value and each 

exercise outcome variable without adjustment. Model 2 adjusts for demographic measures of 

age, sex, and race (coded as Caucasian or non-Caucasian). Model 3 adjusts for model 2 

variables plus cardiovascular risk factors and comorbid conditions consisting of body mass 

index, current smoking, hypertension, and diabetes. Model 4 adjusts for model 3 variables 

plus ABI. All four regression models for COT, PWT, 6MWD, WIQ distance score, WIQ 

speed score, WIQ stair climbing score, and MOS SF-36 physical function score were highly 

associated (p < 0.001) with the log transformed exercise time to the minimum calf muscle 

StO2 value. Models 1 and 3 were significant for the log transformed 6MWPFD, and for the 

number of daily steps accumulated during a moderate-to-vigorous walking pace. None of the 

regression models were significant for the total number of daily steps accumulated during 

walking.

DISCUSSION

This is the first study to report how the microcirculation response during a standardized 

treadmill test was associated with a battery of commonly measured and clinically relevant 

exercise outcomes related to ambulatory function and HRQoL in patients with symptomatic 

PAD. In support of our hypothesis, the primary novel finding was that shorter exercise time 

to the minimum calf muscle StO2 value during the treadmill test was highly associated with 

worse ambulatory function and HRQoL outcomes. More importantly, these associations 

persisted even after adjusting for demographic measures, cardiovascular risk factors, 

comorbid conditions, and ABI. The clinical relevance is that exercise, dietary, and 

pharmacological therapies that may improve the microcirculation of the calf muscle may be 

especially beneficial in improving ambulatory function and HRQoL in patients with 

symptomatic PAD.

Change in Calf Muscle StO2 During Exercise.

During the treadmill test, calf muscle StO2 declined rapidly within the first minute of 

walking, indicating that the oxygen delivery was far inadequate to match the increased 

oxygen utilization of the calf muscle in patients with symptomatic PAD. This rapid decline 

in calf muscle StO2 is characteristic of patients with PAD during exercise, as previous 

studies have found a greater decrease in calf muscle StO2 during exercise in patients than in 

controls.24,26,28,43 It is important to note that our study is the first to report that the calf 

muscle StO2 data during exercise was not normally distributed, and thus we provided the 

median responses in which the minimum StO2 value reached a median of 9% saturation at a 

median time of 87 seconds. We have previously found that the most important characteristic 

of calf muscle StO2 during treadmill exercise in patients with symptomatic PAD is the time 

to reach the minimum StO2 value, as this measure was positively associated with COT and 

PWT in smaller cohorts,13,29 and this association persists even after adjusting for ABI.29 As 

such, we primarily focused on this variable to determine the association with key ambulatory 

function and HRQoL outcome measures. A final interesting observation is that once calf 
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muscle StO2 reached the minimum value during exercise, there was a slight increase in it 

beyond that point to the end of exercise (ie, PWT). Since calf muscle StO2 is a balance 

between oxygen delivery to the local tissue and oxygen utilization by the tissue, the slight 

increase after the nadir indicates either a slight increase in oxygen delivery to the calf 

musculature, or a decrease in utilization of oxygen by the calf muscle, or a combination of 

both. The potential mechanisms associated with these changes are beyond the scope of this 

investigation.

Associations of Calf Muscle StO2 with Ambulatory function and HRQoL Outcomes

In the current study, we found that in unadjusted analyses, a shorter exercise time to the 

minimum calf muscle StO2 value was associated with worse ambulatory function and 

HRQoL. The exercise time to minimum calf muscle StO2 accounted for 26% of the variance 

in PWT, 22% of the variance in COT, 8% of the variance in 6MWD, between 10 and 15% of 

the variance in perceived walking ability and physical function related to HRQoL, and 4% of 

the variance in the 6-minute walk pain-free distance and in number of steps taken each day 

at a moderate-to-vigorous pace in patients with symptomatic PAD. Although the exercise 

time to minimum calf muscle StO2 accounted for significant variance in these clinical 

exercise outcomes, the moderate-to-low values suggest that other unexplained factors may 

also exist that are associated with these exercise outcomes. The current findings with PWT 

and COT support our previous observations that a rapid decline in calf muscle StO2 was 

associated with low COT and PWT,13,29 and indicates that poor microcirculation during the 

initial phase of the treadmill test hastens the development of claudication. This is the first 

study to extend these findings by showing that rapid decline in calf muscle StO2 is 

associated with impaired 6-minute walk performance, lower WIQ scores, a worse physical 

function subscale score of HRQoL, and lower levels of daily activity of at least moderate 

intensity.

In contrast to the association with daily activity of moderate-to-vigorous intensity, it is 

interesting to note that this is not true for total daily steps, as the exercise time to the 

minimum calf muscle StO2 value was not related to the accumulated number of steps taken 

each day in univariate or multiple regression analyses. The reason for this lack of association 

is not clear, but we speculate that physical activity performed at light intensity, which is the 

primary activity level completed by patients with PAD,42 is of insufficient intensity to 

induce changes in microcirculation of the calf musculature. We have previously found that 

both supervised and home-based exercise training programs lengthen the exercise time to the 

minimum calf muscle StO2 value, indicative of improved microcirculation.30 The current 

observation that exercise time to minimum calf muscle StO2 is associated with the amount 

of daily ambulation performed at moderate-to-vigorous intensity, but not with total activity 

that includes light intensity, may support our speculation that daily activity needs to be of 

sufficient intensity to impact the calf microcirculation.

Another unique aspect to this study was that we examined the association between the 

exercise time to minimum calf muscle StO2 value and ambulatory function and HRQoL 

outcomes after adjusting for covariates, including ABI. We have previously shown that sex,
29,44 smoking,21 and dyslipidemia45 are related to the exercise time to minimum calf muscle 
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StO2 value. Thus, we used a multiple regression approach to determine if the 

microcirculation of the lower extremity independently explains variation in the ambulatory 

function and HRQoL outcomes of patients with symptomatic PAD. For most of the 

variables, adjusting for age, sex and race in model 2 did not change the association with 

exercise time to minimum calf StO2. These findings suggest that age, sex and race have 

minimal impact on the association between microcirculation and exercise outcomes. The 

exceptions were for the 6-minute walk pain-free distance and the number of daily steps 

accumulated during moderate-to-vigorous activity, in which the association with exercise 

time to minimal calf StO2 was no longer significant after the adjustment. We have previously 

found that women with PAD have lower daily activity levels than men,44 which supports the 

current observation that sex partially explains the relationship between microcirculation and 

daily activity. After further adjustment for body mass index, current smoking, hypertension, 

and diabetes in model 3, and adjustment for ABI in model 4, the association between the 

exercise time to minimal calf StO2 with each clinical exercise outcome remained significant, 

indicating that they did not partially explain the association between microcirculation and 

exercise outcomes. The observation with ABI is of particular importance, as the 

interpretation is that key ambulatory function outcomes such as claudication values during 

treadmill exercise, 6MWD, daily activity, and perceived walking ability and physical 

function are strongly associated with the microcirculation of the lower extremities 

independent of the impairment in the macrocirculation. It is not clear what factors may 

contribute to impairment in microcirculation in patients with PAD and claudication, but we 

speculate that some factors may include endothelial dysfunction, microvascular damage, and 

lower capillary density.

Limitations

Several limitations exist for this study. As with many clinical studies, there may have been a 

self-selection bias for participating. Patients who agreed to participate were volunteers and 

may have represented those with the highest interest in clinical research, the best access to 

transportation, and the best health compared with non-volunteers. Another study limitation 

is related to the cross-sectional design. As such, significant associations between the calf 

muscle StO2 variables and the exercise variables does not indicate causality. Additionally, 

information on the specific locations of arterial lesions in the lower extremities was not 

available on all patients and was not considered in the analyses. Fourteen percent (n = 22) of 

the patients had an ABI at rest in the borderline to normal range, and they qualified for the 

study based on the drop in ABI below 0.73 after exercise. Although this group had mild 

PAD, inclusion of this group had minimal impact on the results because controlling for ABI 

in the multiple regressions (model 4) had little impact on the findings that log transformed 

exercise time to the minimum calf muscle StO2 was significantly associated with the clinical 

exercise outcome variables. Another limitation is that our findings are applicable to 

symptomatic PAD patients, and may not generalize to patients with different stages of PAD, 

such as asymptomatic PAD or critical limb ischemia. However, our results are representative 

of patients with claudication because of the typically high prevalence of comorbid 

conditions.
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There are limitations to this study that are associated with the measurement of calf muscle 

StO2. Although the calf muscle StO2 primarily reflects the relative balance between oxygen 

delivery and oxygen utilization of the local tissue, the contribution of myoglobin to the StO2 

measurement cannot be excluded, especially during the onset on exercise.17 However, any 

contribution that local myoglobin may have on the calf muscle StO2 should be minimal 

beyond the initial few seconds of exercise. Another limitation with the StO2 measure is that 

the redistribution of oxyhemoglobin and de-oxyhemoglobin in the local tissue represents a 

mixture of capillary and venular blood that have different oxygen saturations.17 The 

subcutaneous fat thickness also may interfere with the calf muscle StO2 measurement. 

However, it is unlikely that this affected the results because there is no relationship between 

calf skin fold and calf muscle StO2 in PAD patients,16 and because only patients having calf 

skin folds <50 mm participated. Since subcutaneous tissue is only half the thickness of the 

skin fold measurement, the penetration of the light path of the NIRS probe to a depth of 25 

mm should go beyond the subcutaneous tissue into the calf musculature. Finally, we only 

had one probe to measure calf muscle StO2, and therefore we selected the more symptomatic 

leg to study at the exclusion of the contralateral leg.

Conclusion and Clinical Significance

In conclusion, more rapid decline in oxygen saturation of the calf musculature during 

walking, indicative of impaired microcirculation, was predictive of impaired ambulatory 

function and HRQoL in patients with symptomatic PAD. Of particular importance, these 

associations were independent of ABI and other common health burdens, highlighting the 

clinical relevance that the microcirculation has on ambulatory function and HRQoL in 

patients with symptomatic PAD. The clinical significance is that behavioral and medical 

therapies that may improve the microcirculation of the calf muscle may be especially 

beneficial in improving ambulatory function and HRQoL in patients with symptomatic PAD.
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ARTICLE HIGHLIGHTS

Type of Research:

Single-center, prospective, cross-sectional study.

Key Findings:

Calf muscle oxygen saturation was measured during a standardized treadmill test, and the 

time taken to reach the minimum value (log transformed) was predictive of peak walking 

time (r=0.56, p<0.001) and claudication onset time (r=0.49, p<0.001). These associations 

persisted (p<0.001) in adjusted multiple regression models.

Take home Message:

More rapid decline in oxygen saturation of the calf muscle during walking, indicative of 

impaired microcirculation, was predictive of impaired ambulatory function and quality of 

life in patients with claudication.
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Figure 1. 
Box plot of calf muscle hemoglobin oxygen saturation (StO2) at rest, at 1 min of exercise, at 

the minimum value during exercise, and at peak walking time (PWT) in symptomatic 

patients with peripheral arterial disease.
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Figure 2. 
Scatter plots between the log-transformed exercise time to the minimum calf muscle 

hemoglobin oxygen saturation (StO2) and claudication onset time (COT) (Panel A), peak 

walking time (PWT) (Panel B), and 6-minute walk distance (6MWD) (Panel C).
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Table I.

Clinical characteristics of symptomatic patients with peripheral artery disease (n = 151).

Variables Values

Mean (SD) [Min, Max]

Age (years) 65 (10) [39, 89]

Weight (kg) 82.5 (18.5) [47.2, 140.6]

Height (cm) 168.7 (9.5) [147.0, 193.0]

Body Mass Index (kg/m2) 29.0 (6.1) [18.0, 48.4]

Ankle/Brachial Index - Rest 0.70 (0.27) [0.32, 1.28]

Claudication Onset Time (sec) 193 (162) [21, 782]

Peak Walking Time (sec) 398 (262) [36, 1200]

6-Minute Walk Pain-Free Distance (m) 184 (117) [15.2, 516.0]

6-Minute Walk Distance (m) 342 (96) [121.9, 520.0]

Total Daily Steps (steps/day) 6438 (3442) [56, 20,112]

Moderate-to-Vigorous Daily Steps (steps/day) 1416 (1364) [0, 8,020]

WIQ Distance Score (%) 35 (32) [1, 100]

WIQ Speed Score (%) 33 (23) [0, 100]

WIQ Stair Climbing Score (%) 39 (29) [0, 100]

MOS SF-36 Physical Function Score (%) 43 (20) [5,90]

Number (Percentage %) with Characteristics Present

Sex (% Men) 81 (54)

Race (% Caucasian) 79 (52)

Current Smoking (% yes) 62 (41)

Hypertension (% yes) 132 (87)

Dyslipidemia (% yes) 136 (90)

Diabetes (% yes) 69 (46)

Obesity (% yes) 63 (42)

Lower Extremity Revascularization (% yes) 57 (38)

Bilateral Leg Pain (% yes) 96 (64)

Coronary Artery Disease (% yes) 47 (31)

Chronic Kidney Disease (% yes) 38 (25)

Chronic Obstructive Pulmonary Disease (% yes) 42 (28)

MOS SF-36 = Medical Outcomes Study Short-Form 36 survey, WIQ = walking impairment questionnaire
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Table II.

Calf muscle hemoglobin oxygen saturation (StO2) variables in symptomatic patients with peripheral artery 

disease.

Variables Mean (SD) Median (Min, Max)

StO2 at rest (% saturation) 53 (19) 54 (3, 96)

StO2 at 1 minute of exercise (% saturation) 26 (23) 22 (1, 86)

Absolute drop in StO2 from rest to 1 minute of exercise (% saturation) 27 (19) 24 (0, 82)

Percentage drop in StO2 from rest to 1 minute of exercise (%) 56 (35) 58 (0, 98)

Minimum exercise StO2 (% saturation) 16 (19) 9 (1, 79)

Absolute drop in StO2 from rest to the minimum exercise value (% saturation) 36 (19) 34 (1, 85)

Percentage drop in StO2 from rest to the minimum exercise value (%) 71 (28) 81 (2, 99)

Exercise time to minimum StO2 (sec) 203 (250) 87 (4, 1092)

StO2 rate of decline to exercise minimum (% saturation/sec) 0.57 (0.75) 0.35 (0.02, 7.14)

StO2 at peak walking time (% saturation) 22 (21) 15 (1, 94)
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Table III.

Univariate regression models between calf muscle hemoglobin oxygen saturation (StO2) variables and clinical 

exercise outcome variables in 151 symptomatic patients with peripheral artery disease. Values are Pearson 

correlation coefficients.

Calf Muscle StO2 
Variables

COT PWT 6MWPFD 
§

6MWD Total 
Steps

MV 
Steps

WIQ 
Dist

WIQ 
Speed

WIQ 
Stairs

PF 
Score

Absolute drop in StO2 

from rest to 1 minute of 
exercise

−0.25 † −0.17 0.02 0.14 0.18 * 0.15 −0.06 −0.06 −0.09 −0.05

Percentage drop in StO2 

from rest to 1 minute of 
exercise

−0.30 ‡ −0.26 † −0.08 −0.03 0.09 0.07 −0.11 −0.15 −0.19 * −0.13

Absolute drop in StO2 

from rest to the 
minimum exercise value

−0.08 0.02 0.11 0.22 * 0.25 † 0.25 † −0.00 0.03 0.06 0.03

Percentage drop in StO2 

from rest to the 
minimum exercise value

−0.14 −0.08 −0.02 0.04 0.13 0.17 −0.07 −0.06 −0.06 −0.05

Exercise time to 

minimum StO2 § 0.49 ‡ 0.56 ‡ 0.19 * 0.31 ‡ 0.14 0.20 * 0.33 ‡ 0.39 ‡ 0.37 ‡ 0.32 ‡

StO2 rate of decline to 

exercise minimum §
−0.48 ‡ −0.49 ‡ −0.11 −0.19 * −0.00 −0.06 −0.30 ‡ −0.33 ‡ −0.31 ‡ −0.28 ‡

*
(p < 0.05),

†
(p < 0.01),

‡
(p < 0.001).

§
Log transformed data.

COT = claudication onset time

PWT = peak walking time

6MWPFD = 6-minute walk pain-free distance

6MWD = 6-minute walk distance

MV = moderate-to-vigorous walking

WIQ = walking impairment questionnaire

Dist = distance

PF = physical function from the Medical Outcomes Study Short-Form 36 survey
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Table IV.

Multiple regression models between the log transformed exercise time to the minimum calf muscle StO2 

(predictor) and clinical exercise outcome variables in 151 symptomatic patients with peripheral artery disease.

Clinical Exercise Outcome Variables Model Estimate (95% CI) Partial R2 P Value AIC Overall R2

Claudication Onset Time 1 67.50 (48.32, 86.67) 0.24 < 0.001 1927.3 0.24

2 64.81 (45.63, 83.98) 0.22 < 0.001 1929.5 0.26

3 67.81 (48.64, 86.98) 0.23 < 0.001 1920.7 0.29

4 65.56 (46.39, 84.73) 0.22 < 0.001 1920.4 0.31

Peak Walking Time 1 125.26 (95.68, 154.84) 0.32 < 0.001 2058.2 0.32

2 120.17 (90.59, 149.75) 0.29 < 0.001 2053.0 0.37

3 125.00 (95.42, 154.58) 0.32 < 0.001 2040.9 0.40

4 120.33 (90.76, 149.91) 0.31 < 0.001 2032.4 0.44

6-Minute Walk Pain-Free Distance * 1 0.11 (0.02, 0.20) 0.04 0.018 296.7 0.04

2 0.09 (−0.01, 0.18) 0.02 0.073 296.0 0.08

3 0.10 (0.01, 0.19) 0.03 0.045 296.9 0.12

4 0.08 (−0.01, 0.18) 0.02 0.081 296.7 0.14

6-Minute Walk Distance 1 25.36 (12.54, 38.18) 0.09 < 0.001 1749.8 0.09

2 22.93 (10.11, 35.76) 0.08 < 0.001 1738.2 0.20

3 26.14 (13.32, 38.96) 0.11 < 0.001 1721.3 0.27

4 23.26 (10.44, 36.08) 0.10 < 0.001 1708.4 0.35

Total Daily Steps 1 210.40 (−22.29, 443.10) 0.02 0.078 2662.7 0.02

2 155.27 (−77.42, 387.96) 0.01 0.212 2665.1 0.04

3 201.11 (−31.58, 433.80) 0.02 0.100 2641.7 0.13

4 163.33 (−69.37, 396.02) 0.01 0.180 2639.8 0.16

Moderate-to-Vigorous Daily Steps 1 113.99 (22.68, 205.30) 0.04 0.016 2382.1 0.04

2 81.08 (−10.23, 172.39) 0.02 0.095 2382.2 0.08

3 95.84 (4.53, 187.15) 0.03 0.046 2363.4 0.14

4 86.90 (−4.41, 178.21) 0.02 0.072 2363.5 0.16

WIQ Distance Score 1 9.03 (4.93, 13.12) 0.11 < 0.001 1461.3 0.11

2 8.28 (4.18, 12.38) 0.09 < 0.001 1460.2 0.15

3 8.64 (4.55, 12.74) 0.10 < 0.001 1455.9 0.17

4 7.96 (3.86, 12.06) 0.09 < 0.001 1447.6 0.23

WIQ Speed Score 1 7.65 (4.71, 10.60) 0.15 < 0.001 1361.3 0.15

2 7.18 (4.23, 10.12) 0.13 < 0.001 1360.6 0.19

3 7.63 (4.69, 10.58) 0.14 <0.001 1355.2 0.21

4 7.27 (4.33, 10.21) 0.14 < 0.001 1349.6 0.26

WIQ Stair Climbing Score 1 9.30 (5.59, 13.00) 0.14 <0.001 1421.6 0.14

2 7.89 (4.18, 11.59) 0.11 < 0.001 1403.3 0.27

3 8.15 (4.44, 11.86) 0.12 < 0.001 1396.1 0.30

4 8.11 (4.40, 11.81) 0.12 < 0.001 1398.7 0.30

MOS SF-36 Physical Function Score 1 5.40 (2.80, 8.00) 0.10 < 0.001 1323.7 0.10

2 4.54 (1.95, 7.14) 0.07 < 0.001 1313.0 0.19
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Clinical Exercise Outcome Variables Model Estimate (95% CI) Partial R2 P Value AIC Overall R2

3 4.65 (2.05, 7.25) 0.08 < 0.001 1307.3 0.22

4 4.33 (1.74, 6.93) 0.07 0.002 1306.7 0.24

*
Log transformed data, AIC = akaike information criterion, MOS SF-36 = Medical Outcomes Study Short-Form 36 survey, StO2 = hemoglobin 

oxygen saturation ,WIQ = walking impairment questionnaire.

Model 1: unadjusted. Model 2: adjusted for age, sex, race. Model 3: adjusted for Model 2 plus body mass index, smoking, hypertension, diabetes. 
Model 4: adjusted for Model 3 plus ankle-brachial index.
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