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1609, 2017. First published October 5, 2017; doi:10.1152/jappl-
physiol.00585.2017.—We employed near-infrared optical techniques, 
diffuse correlation spectroscopy (DCS), and frequency-domain near-
infrared spectroscopy (FD-NIRS) to test the hypothesis that super-
vised exercise training increases skeletal muscle microvascular blood 
flow and oxygen extraction in patients with peripheral artery disease 
(PAD) who experience claudication. PAD patients (n � 64) were 
randomly assigned to exercise and control groups. Patients in the 
exercise group received 3 mo of supervised exercise training. Calf 
muscle blood flow and oxygen extraction were optically monitored 
before, during, and after performance of a graded treadmill protocol at 
baseline and at 3 mo in both groups. Additionally, measurements of 
the ankle-brachial index (ABI) and peak walking time (PWT) to 
maximal claudication were made during each patient visit. Supervised 
exercise training was found to increase the maximal calf muscle blood 
flow and oxygen extraction levels during treadmill exercise by 29% 
(13%, 50%) and 8% (1%, 12%), respectively [P � 0.001; median 
(25th percentile, 75th percentile)]. These improvements across the 
exercise group population were significantly higher than correspond-
ing changes in the control group (P � 0.004). Exercise training also 
increased PWT by 49% (18%, 101%) (P � 0.01). However, within 
statistical error, the ABI, resting calf muscle blood flow and oxygen 
extraction, and the recovery half-time for hemoglobin\myoglobin 
desaturation following cessation of maximal exercise were not altered 
by exercise training. The concurrent monitoring of both blood flow 
and oxygen extraction with the hybrid DCS/FD-NIRS instrument 
revealed enhanced muscle oxidative metabolism during physical ac-
tivity from exercise training, which could be an underlying mecha-
nism for the observed improvement in PWT. 

NEW & NOTEWORTHY We report on noninvasive optical mea-
surements of skeletal muscle blood flow and oxygen extraction 
dynamics before/during/after treadmill exercise in peripheral artery 
disease patients who experience claudication. The measurements 
tracked the effects of a 3-mo supervised exercise training protocol and 
revealed that supervised exercise training improved patient ability to 
increase microvascular calf muscle blood flow and oxygen extraction 
during physical activity. 

near-infrared spectroscopy; diffuse correlation spectroscopy; periph-
eral artery disease; exercise training; claudication 

INTRODUCTION 

Approximately two million Americans with peripheral ar-
tery disease (PAD) experience claudication, a walking-induced 
muscle pain that is relieved only by rest (55). Claudication 
discourages ambulation, and patients experiencing claudication 
generally have sedentary lifestyles and poor health-related 
quality of life (27, 63, 65). In most patients, the underlying 
cause of claudication is impaired muscle blood flow caused by 
systemic atherosclerosis. As a result, these patients experience 
an exercise-induced imbalance between oxygen supply and 
demand in active muscles. To date, several studies have re-
ported strong correlations between exercise training and miti-
gation of claudication symptoms (53, 64). 

The mechanisms behind exercise training-induced improve-
ment, however, are not well understood. A useful diagnostic 
for the presence of PAD is the ankle-brachial index (ABI), the 
ratio of ankle and brachial (arm) systolic blood pressures 
measured in the supine position (1, 40). Clinically, a resting 
ABI � 0.90 indicates the presence of PAD, and lower ABI 
values correspond to severe arterial stenosis (40, 54). Interest-
ingly, exercise training has not been found to improve ABI in 
patients with claudication (53); this observation suggests that 
exercise training does not directly treat systemic atherosclero-
sis. Instead, exercise training may increase the muscle oxygen 
supply and demand balance through microvascular alterations 
such as formation of new collateral blood vessels (i.e., angio-
genesis) and improvement of endothelial vessel dilation in 
existing collateral blood vessels (64). In this study, we employ 
the optical techniques of diffuse correlation spectroscopy 
(DCS) and frequency-domain near-infrared spectroscopy (FD-
NIRS) to further characterize these responses to exercise and 
thereby derive a deeper understanding of the underlying mech-
anisms that produce improvement. We hypothesize that super-
vised exercise training will increase maximal skeletal muscle 
microvascular blood flow and oxygen extraction during phys-
ical activity in patients with PAD who experience claudication. 

DCS and FD-NIRS, respectively, employ near-infrared light 
to noninvasively measure tissue microvascular blood flow, 
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tissue oxygen saturation, and total hemoglobin/myoglobin con-
centration (13, 25, 33, 34, 39, 61, 71). In combination, these 
measurements of blood flow and blood oxygenation provide 
access to the oxygen metabolic status of muscle (13, 34, 71). 
Here, we incorporated DCS and FD-NIRS measurements into 
a randomized clinical study to ascertain the effects of super-
vised exercise training on microvascular calf muscle blood 
flow and oxygen extraction in patients with claudication. 
Through concurrent monitoring of blood flow and blood oxy-
genation, this work builds upon previous investigations that 
used continuous-wave near-infrared spectroscopy (CW-NIRS) 
to study the effects of exercise training on oxygen saturation 
alone (4, 30). We found that even after a relatively brief 3-mo 
period of exercise training, maximal calf muscle blood flow, 
oxygen extraction levels, and oxygen consumption levels in-
creased during physical activity. In addition to quantification 
and elucidation of these phenomena, the novel measurement 
approach reported here could help clinicians optimize exercise 
training protocols for claudication treatment in the future. 

METHODS 

Study design. We conducted a randomized clinical trial at the 
University of Pennsylvania. The study was approved by the institu-
tional review board at the University of Pennsylvania, and all subjects 
recruited provided written informed consent. Subjects with intermit-
tent claudication and a diagnosis of PAD made two initial visits to the 
testing center before supervised exercise training. In the first visit, 
each subject’s medical and surgical history was assessed with a 
screening questionnaire, and a history of intermittent claudication was 
confirmed with the San Diego Claudication and Walking Impairment 
Questionnaires (20). Additionally, each subject’s ABI at rest was 
measured bilaterally with Doppler sonography (1), and each subject 
performed a graded treadmill protocol, i.e., 2 mph, 0% initial grade 
with 2% grade increase every 2 min until maximal claudication (2). 
The subject’s peak walking time (PWT) was defined as the walking 
time on the graded treadmill protocol at which ambulation could not 
continue because of maximal claudication. Reproducibility of each 
subject’s baseline PWT was confirmed via completion of the graded 

treadmill protocol at a second visit that took place within 1 mo after 
the first visit. Subjects for which PWT between the two visits deviated 
by �25% were excluded. 

After the second visit, subjects were randomized to an exercise 
group or a control group. Subjects in the exercise group performed 
three 60-min supervised exercise training sessions each week for a 
period of 3 mo at the vascular laboratory of the University of 
Pennsylvania. The protocol that was followed during the supervised 
training sessions is described elsewhere (10). Briefly, subjects walk on 
a treadmill at an initial speed of 2.0 mph to a mild to moderate pain 
level, stop and rest until the claudication pain has completely abated, 
and then resume walking. This pattern repeats for a total of 60 min. If 
subjects can walk longer than 8 min without rest, the treadmill 
walking becomes more challenging via grade and speed increases in 
subsequent training sessions (10). 

During a third visit, roughly 3 mo after the second visit, each 
subject in the exercise and control groups completed the graded 
treadmill protocol, and each subject’s ABI at rest was measured 
bilaterally. Furthermore, in 64 subjects (29 in the exercise group, 35 
in the control group) calf muscle blood flow and oxygen extraction in 
the most symptomatic leg were noninvasively monitored before, 
during, and after the visit 2 and visit 3 graded treadmill tests; these 
measurements utilized a custom-built hybrid DCS/FD-NIRS instru-
ment described elsewhere (51, 71). The custom instrument interleaved 
DCS and FD-NIRS measurements to derive muscle blood flow and 
oxygen extraction fraction every 8 s. 

The optical probe (Fig. 1) was secured above the calf flexor (i.e., 
the probe was centered above the gastrocnemius muscle at the axial 
position roughly corresponding to the maximum girth of the calf) with 
double-sided medical tape (no. 1509; 3M Health Care, St. Paul, MN) 
and a 4-in.-wide elastic bandage (ACE; 3M Health Care). For the 
2-min baseline and 4-min recovery monitoring periods immediately 
before and after the graded treadmill test, respectively, the subjects 
stood at rest on the treadmill. 

Muscle blood flow monitoring with DCS. DCS estimates blood flow 
by quantifying rapid speckle intensity fluctuations of multiply scat-
tered coherent near-infrared light induced by red blood cell motion (6, 
7, 60). For the DCS measurement, a continuous-wave, long-coher-
ence-length 785-nm laser illuminates a point on the skin above the 
calf muscle via a multimode prism-coupled source fiber (Fig. 1A). The 

Fig. 1. A: schematic of optical probe head used for monitoring exercise-induced changes in calf muscle blood flow and oxygen extraction. Eight prism-coupled 
fiber-optic bundles (Fiberoptic Systems, Simi Valley, CA) embedded in urethane rubber enabled probing of the calf muscle with near-infrared light at multiple 
source-detector distances spanning 2.2–3.8 cm. Near-infrared light was sequentially delivered to the tissue through 5 fused silica multimode source fibers (S1, 
S2, S3, S4, FS; 400-�m core/0.22 NA). The DCS measurement used a bundle of 8 single-mode fibers (FD; 780 HP/0.13 NA) to detect highly coherent light 
delivered via fiber FS (2.5 cm source-detector separation), from which a blood flow index is obtained. The FD-NIRS measurement employed two 1-mm diameter 
bundles of borosilicate fiber (D1, D2; 0.55 NA) to detect the amplitude and phase of multispectral intensity modulated light delivered from fibers S1, S2, S3, 
and S4. The combination of multispectral amplitude and phase measurements across the 8 source-detector distances provided a single measure of muscle oxygen 
extraction and total hemoglobin/myoglobin (see text). Orange arrows show the direction of light propagation through an exemplar optical source fiber, which 
is reflected 90° by the prism to the tissue (the direction is reversed for the detector fibers). B: schematic showing the time line of the randomized clinical study. 
Sixty-four PAD subjects were monitored with DCS and FD-NIRS before, during, and after a graded treadmill test at 2 visits separated 3 mo apart. After the initial 
visit, the subjects randomized to the exercise group did 3 mo of supervised exercise training (see text). 
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near-infrared photons propagate diffusively through the muscle along 
random walk pathways such that the light scatters from moving red 
blood cells. A bundle of single-mode detection fibers positioned 2.5 
cm away from the source couples diffusive light emerging from the 
calf muscle to two arrays of four single-photon-counting avalanche 
photodiodes. The detected light fields are sensitive to blood flow at an 
average depth of roughly 1 cm below the skin surface. Higher blood 
flow produces comparatively more rapid speckle intensity fluctuations 
at the detectors. 

Specifically, the detected normalized intensity temporal autocorre-
lation function, g2��� � �I�t�I�t � ���⁄�I�t��2 , is computed at multiple 
delay times, �; here I(t) is the detected light intensity at time t, and the 
angular brackets, ��, represent time averages. A DCS blood flow index 
(F) is derived from the decay rate of g2(�) with a homogeneous 
semi-infinite tissue model (6, 7). It also should be noted that the tissue 
absorption and scattering measurements made with FD-NIRS (see 
Muscle oxygen extraction fraction monitoring with FD-NIRS) were 
used as inputs in the semi-infinite tissue model. The DCS method for 
measuring muscle blood flow has been validated in humans with 
arterial spin-labeled perfusion MRI (72) and with venous occlusion 
NIRS (47). 

DCS F measurements were made before and after exercise. Since 
the DCS measurement sampling rate (0.13 Hz) is too low to permit 
filtering of motion artifacts induced by moving muscle fibers during 
exercise (62), the DCS-measured index represents a mixture of blood 
flow and mechanical motion. Consequently, DCS F measurements 
during treadmill exercise cannot be accurately obtained and were 
excluded from the analysis. 

Muscle oxygen extraction fraction monitoring with FD-NIRS. Mus-
cle oxygen extraction fraction measurements were made with a 
custom-built three-wavelength (685, 785, 830 nm) multichannel FD-
NIRS spectrophotometer (51, 71). The FD-NIRS device sequentially 
delivered radio-frequency intensity-modulated light (70 MHz) at each 
wavelength to four source positions above the calf muscle (Fig. 1A). 
Each source produced a diffuse photon density wave in the muscle 
oscillating at the same 70-MHz frequency (25). The amplitude and 
phase of the diffusing waves were measured at two detector positions 
over the muscle. Application of the semi-infinite tissue model to the 
amplitude and phase measurements made at eight source-detector 
distances spanning 2.2–3.8 cm permitted simultaneous determination 
of the muscle absorption and reduced scattering coefficients at each 
wavelength (25). It should be noted that the source and detector fiber 
coupling coefficients to the tissue were obtained with a self-calibrat-
ing approach (3, 71). To reduce cross talk between the muscle 
absorption and scattering induced by noise, we first temporally aver-
aged the amplitude and phase data across the baseline interval (Fig. 
1B); then we computed the baseline absorption and reduced scattering 
coefficients. We assumed a temporally constant tissue scattering 
coefficient at this baseline value, and we fit each set of amplitude 
measurements made at the eight source-detector distances to the 
semi-infinite tissue model to extract the absorption coefficient. 

Muscle absorption in the near-infrared spectral window depends 
predominantly on oxy-hemoglobin\myoglobin (HbO2\MbO2), deoxy-
hemoglobin\myoglobin (Hb\Mb), and water concentrations. Note that 
since hemoglobin and myoglobin have very similar optical spectra, 
the HbO2\MbO2 and Hb\Mb notations indicate that the optical mea-
surements of these concentrations should be viewed as a combination 
of muscle hemoglobin and myoglobin (15). Assuming a muscle water 
volume fraction of 70% (67), we used measurements of muscle 
absorption at three near-infrared wavelengths to quantitatively resolve 
HbO2\MbO2 and Hb\Mb concentrations, from which the muscle total 
hemoglobin\myoglobin concentration, i.e., THC � HbO2\MbO2   
Hb\Mb, and muscle tissue oxygen saturation, i.e., StO2 

� (HbO2\MbO2)/ 
THC, were calculated. 

FD-NIRS StO2 
measurements reflect a mixture of arteriole, capillary, 

and venous blood and do not separate venous from arterial saturations 

(21). Specifically, StO2 
� kaSaO2 

  kcScO2 
  kvSVO2, where SaO2

, ScO2
, 

and SVO2 are the arteriolar, capillary, and venous saturations, respec-
tively, and ka, kc, and kv are the respective weight of each compart-
ment’s contribution to the total blood volume (ka   kc   kv � 1). 
Here we employ a standard simplification that represents ScO2 

as a 
weighted average of the arteriolar and venous saturations, i.e., 
SVO2 � (1 � kw)SaO2 

  kwSVO2. Assuming an arteriolar oxygen 
saturation of unity, the muscle oxygen extraction fraction [i.e., OEF 
(SaO2 

� SVO2)/SaO2
] is given by OEF � (1 � StO2

)/ , where 
kv   kckw is a vascular weighting constant (21). For each subject visit, 
we assumed that remained constant through the baseline, graded 
treadmill, and recovery periods of DCS/FD-NIRS monitoring (Fig. 
1B). Consequently, the factor divides out in the computation of 
relative changes in OEF during treadmill exercise. We discuss this 
“constant-� assumption in DISCUSSION. 

Data analysis and statistical methods. Figure 2 shows temporal 
plots of the visit 2 and visit 3 fractional (relative) changes in calf 
muscle blood flow (i.e., rF � F/Fo) and OEF (i.e., rOEF � OEF/ 
OEFo) for a PAD subject in the exercise group. Here, Fo and OEFo are 
the average F and OEF across the baseline monitoring interval. To test 
the hypothesis that exercise training enhances blood flow, we com-
puted the average rF during the first 30 s of the recovery interval for 
visit 2 and visit 3 for every subject. These averages are denoted rFv2 

and rFv3 (Fig. 2). We further characterized the ability of the vascu-
lature to increase OEF by computing the average rOEF during the last 
30 s of treadmill exercise, i.e., rOEFv2 and rOEFv3 (Fig. 2). It should 
be noted that, since DCS flow (F) measurements during exercise 
cannot be accurately obtained because of motion artifacts, we as-
sumed that rFv2 and rFv3 are good approximations of maximal 
end-exercise blood flow levels. 

In combination, measurement of rF and rOEF enables calculation 
of relative changes in muscle tissue oxidative metabolism (i.e., 
rVO2 � VO2/VO2,o) via Fick’s law (21, 71): rVO2 � rF rOEF. This 
expression assumes that arteriolar oxygen concentration (micromole 
per volume blood) does not change, i.e., arteriolar hematocrit is 
constant (21, 71). Here, we utilize this expression to compute rVO2 

from rOEF and rF measurements. 
A third parameter we obtained during visit 2 and visit 3 is the 

recovery time (TR) for hemoglobin/myoglobin desaturation (15). This 
is the half-time (i.e., time duration to half-maximum) for the OEF to 
return to baseline, which is essentially the half-time for StO2 

to return 
to baseline (Fig. 2). Additional computed variables at each visit from 
the calf-muscle DCS/FD-NIRS measurements include THCo, Fo, 
StO2,o

, THC, and �StO2
; here, the subscript “o” denotes the average 

of the parameter at baseline, and THC and �StO2 
represent average 

THC and StO2 
during the last 30 s of treadmill exercise minus THCo 

and StO2,o
, respectively. Finally, we report baseline reduced scattering 

coefficients (i.e.,  s,o 
� ) for the muscle measured at each FD-NIRS 

wavelength. 
For each parameter, we derived a ratio of visit 3 to visit 2 values. 

A Wilcoxon rank sum test for equal medians implemented in 
MATLAB R2016a (ranksum; MathWorks, Natick, MA) was used 
to determine significant differences in the ratios between the 
exercise and control groups. To test for differences between visit 3 
and visit 2 in a single group, a Wilcoxon signed-rank test also 
implemented in MATLAB R2016a (signrank) was employed. Sum-
mary statistics are reported as median (25th percentile, 75th 
percentile). Finally, to assess the impact of demographic discrep-
ancies between the exercise and control groups, we carried out a 
least-squares fitting of the rFv3-to-rFv2 ratio to the following 
multivariate linear regression model (fitlm in MATLAB) of demo-
graphic variables: rFv3/rFv2 � 0   1Gen   2HTN   3Diab   

4Smoke. Here, Gen, HTN, Diab, and Smoke are binary categorical 
variables (i.e., dummy variables that are either 1 or 0) representing 
patient sex, hypertensive status, diabetes status, and smoking status. 
The same fit was carried out for the rOEFv3-to-rOEFv2 ratio. 
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RESULTS 

Demographics of the exercise and control group popula-
tions are shown in Table 1. ABI, age, body mass index 
(BMI), race, and medication use were similar between the 
two groups. The percentage of men in the exercise group 
population was larger than in the control group. The exer-

cise group was also modestly more hypertensive, contained 
a larger percentage of subjects with type 2 diabetes, and 
contained a lower percentage of current smokers than the 
control group. Additionally, the thickness of the near-sur-
face tissue layer overlying the muscle (i.e., skin and adipose 
tissue) was measured from MRI anatomical images and 
provides rough estimates of the thickness at the site of 
application of the optical probe (described in Study design). 
The thickness was slightly lower in the exercise group than 
in the control group. 

Average preexercise training (i.e., visit 2) DCS/FD-NIRS 
calf muscle measurements, ABI, and PWT across both the 
exercise and control group populations are reported in Table 2. 
Both F and OEF increased during exercise, while THC de-
creased; note that the increase in OEF corresponds to a de-
crease in StO2 

. We observed high variability in the Fo mea-
surements. This observation reflects variability in resting mus-
cle blood flow across subjects, and it likely also reflects 
variability in other factors such as differences in the layer 
thickness of the adipose tissue located above the muscle and 
the pressure of the probe against the muscle (47). Variability 
in the reduced scattering coefficients (i.e.,  s,o 

� ) of muscle 
across the subject population was ~20%. We did not observe 
significant changes in the reduced scattering coefficients due to 
treadmill exercise (data not shown). 

Table 3 summarizes the preexercise and postexercise train-
ing measurements in both the exercise and control groups. 
Exercise training improved PWT on average by 49% (18%, 
101%) across individuals in the exercise group, but a signifi-
cant change in the ABI from exercise training was not ob-
served, i.e., 1% (�10%, 10%). In the control group, the 
changes in PWT and ABI between visit 2 and visit 3 were �3% 

Treadmill Exercise Treadmill Exercise 

Time (minutes) Time (minutes) 

Visit 2 Visit 3 

Fig. 2. Temporal plots of fractional changes in 
calf muscle blood flow (F) and oxygen extraction 
fraction (OEF) from treadmill exercise in a PAD 
patient (see Fig. 1). F measurements during tread-
mill exercise have motion artifacts and are not used 
(see text). Relative F and OEF, i.e., rFv2 Fex,v2/ 
Fo,v2 and rOEFv2 OEFex,v2/OEFo,v2, are the 
“maximal” F and OEF changes from treadmill 
exercise for visit 2; Fex,v2 is the average F during 
the first 30 s following cessation of treadmill 
exercise, and OEFex,v2 is the average OEF during 
the last 30 s of treadmill exercise. Similarly, rFv3 

and rOEFv3 are the maximal F and OEF changes 
for visit 3. TR,v2 and TR,v3 are the visit 2 and visit 
3 desaturation recovery times (see text), and 
PWTv2 and PWTv3 are the peak walking times. 
Note that PWTv3 � PWTv2, rOEFv3 � rOEFv2, 
and rFv3 � rFv2. 

Table 1. Demographics of study population 

Exercise Control 

n 29 35 
ABI 0.64 (0.54, 0.76) 0.65 (0.53, 0.79) 
Sex 

Male 24 (83%) 17 (49%) 
Female 5 (17%) 18 (51%) 

Age, yr 66 (58, 69) 67 (60, 76) 
BMI, kg/m2 28.7 (26, 30.4) 28.6 (24.5, 30.9) 
Race 

White 15 (52%) 15 (43%) 
Black 13 (45%) 20 (57%) 
Hispanic 1 (3%) 

Diabetes 
No history 16 (55%) 25 (71%) 
Type 2 13 (45%) 10 (29%) 

Smoking status 
Nonsmokers 24 (83%) 22 (63%) 
Current smoker 5 (17%) 13 (37%) 

Hypertension 
Hypertensive 27 (93%) 26 (74%) 
Normotensive 2 (7%) 9 (26%) 

Thickness of near-surface layer 
(skin and adipose tissue), mm 3.2 (2.4, 4.5) 4.0 (2.6, 6.1) 

Medication use 
Statin 20 (69%) 27 (77%) 
Cilostazol 9 (31%) 6 (17%) 

Data are n (%) or median (25th percentile, 75th percentile). 
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(�11%, 24%) and 5% (�11%, 13%), respectively; these 
changes were not significant. 

The optical DCS/FD-NIRS results indicate that exercise 
training enhances both calf muscle oxygen delivery (i.e., via 
increased blood flow) and oxygen extraction during physical 
activity (Fig. 3). The ratio rFv3/rFv2 of 1.29 (1.13, 1.50) across 
individuals in the exercise group was significantly higher than 
the ratio of 0.90 (0.72, 1.17) in the control group (P � 0.001) 

(Fig. 3). Similarly, the ratio rOEFv3/rOEFv2 of 1.08 (1.01, 
1.12) in the exercise group was significantly higher than the 
ratio of 0.95 (0.89, 0.99) in the control group (P � 0.001), and 
the ratio rVO2,v3/rVO2,v2 of 1.46 (1.12, 1.68) in the exercise 
group was significantly higher than the ratio of 0.83 (0.69, 
1.08) in the control group (P � 0.001). 

In the exercise group rFv3 was significantly higher than rFv2 

(P � 0.001) and rOEFv3 was significantly higher than rOEFv2 

(P � 0.001). In the control group there was no significant 
difference between rFv3 and rFv2 (P � 0.3), but, surprisingly, 
rOEFv3 was lower than rOEFv2 (P � 0.001). Exercise training 
did not significantly affect StO2,o

, THCo, Fo, THC, and TR, 
i.e., no significant differences for these parameters were found 
in the visit 3-to-visit 2 ratios between the exercise and control 
groups (Fig. 4 and Table 3). Additionally, exercise training did 
not significantly affect muscle reduced scattering coefficients 
(data not shown). 

Finally, from the multivariate linear regression models (see 
Data analysis and statistical methods), no demographic vari-
able was significantly related to rFv3/rFv2 and rOEFv3/rOEFv2 

(P � 0.2 for all demographic variables). 

DISCUSSION 

In the clinical study, we used the optical techniques of DCS 
and FD-NIRS to test the impact of exercise training on calf 
muscle F and OEF in PAD patients with claudication. Exercise 
training was found to enhance the vasculature’s ability to 
increase both oxygen delivery and oxygen extraction during 
physical activity (Fig. 3). These improvements in oxygen 
delivery and extraction further demonstrate improved muscle 
oxidative metabolism (Table 3). Significant effects from exer-
cise training on resting calf-muscle F and StO2 

were not 
observed (Fig. 4). The hybrid DCS/FD-NIRS approach enables 
concurrent monitoring of more physiological variables in PAD 
patients than NIRS-only approaches (4, 8, 19, 28, 30, 32, 33, 

Table 2. DCS/FD-NIRS preexercise training measurements 

Variables Mean � SD Median (25%, 50%) 

ABI 0.63 � 0.14 0.63 (0.52, 0.73) 
PWT, s 480 � 283 420 (286, 640) 
StO2,o

, %  59 � 14 58 (48, 72) 

THCo, �M 106 � 47 98 (64, 143) 
Fo, 10�9 cm2/s 5.30 � 5.07 3.81 (1.79, 6.17) 
�StO2

, %  �14 � 7 �13 (�18, �9) 

THC, �M �5.6 � 10.7 �6.2 (�12.5, 1.8) 
rOEF OEFex/OEFo 1.31 � 0.16 1.30 (1.20, 1.41) 
rF Fex/Fo 2.08 � 0.79 1.97 (1.49, 2.39) 
rVO2 � rF rOEF 2.72 � 1.02 2.55 (1.91, 3.18) 
TR, s  109 � 61 101 (55, 153) 
 s,o (685 nm), cm�1 5.64 � 1.16 5.82 (4.91, 6.65) 
 s,o (785 nm), cm�1 5.56 � 1.57 5.82 (3.82, 6.37) 
 s,o (830 nm), cm�1 5.05 � 1.09 4.90 (4.33, 6.00) 

n � 64. See Data analysis and statistical methods for definitions of 
variables. ABI, PWT, StO2

, THC, F, OEF, VO2, TR, and  s denote, respec-
tively, the ankle-brachial index, peak walking time, muscle tissue oxygen 
saturation, muscle total hemoglobin\myoglobin concentration (micromole per 
volume of tissue), muscle blood flow index, muscle oxygen extraction fraction, 
muscle oxygen metabolism, half-time (time duration to half maximum) for 
OEF to recover to baseline after exercise, and muscle tissue reduced scattering 
coefficient. The subscript “o” denotes the average of the parameter at baseline, 

THC and �StO2 
represent average THC and StO2 

during the last 30 s of 
treadmill exercise minus THCo and StO2,o

, OEFex is the average OEF during the 
last 30 s of treadmill exercise, and Fex is the average F during the first 30 s of 
recovery following cessation of treadmill exercise. 

Table 3. Preexercise training (visit 2) and postexercise training (visit 3) DCS/FD-NIRS measurements in exercise group and 
control group populations 

Variables 

Exercise Group (n � 29) Control Group (n � 35) 

Visit 2 Visit 3 Visit 2 Visit 3 

ABI 0.64 (0.54, 0.76) 0.65 (0.53, 0.79) 0.59 (0.52, 0.72) 0.59 (0.55, 0.67) 
PWT†, s  447 (303, 729) 605 (396, 1153) 416 (277, 557) 469 (305, 737) 
rF* 
(i.e., Fex/Fo) 

1.94 (1.34, 2.48) 2.31 (1.94, 2.85) 1.99 (1.52, 2.21) 1.74 (1.35, 2.63) 

rOEF* 
(i.e., OEFex/OEFo) 

1.27 (1.15, 1.41) 1.34 (1.21, 1.54) 1.32 (1.22, 1.41) 1.21 (1.15, 1.34) 

rVO2* 
(i.e., rF rOEF) 

2.40 (1.82, 3.00) 3.43 (2.77, 3.83) 2.59 (1.95, 3.21) 2.09 (1.69, 3.43) 

TR, s  87 (60, 139) 87 (61, 130) 114 (50, 162) 92 (49, 159) 

StO2,o
, %  59 (47, 73) 67 (54, 72) 56 (42, 68) 59 (49, 70) 

�StO2
*, % �12 (�18, �7) �15 (�24, �9) �14 (�18, �10) �9 (�15, �7) 

THCo, �M 117 (62, 149) 141 (104, 159) 91 (64, 137) 124 (96, 168) 
THC, �M �6.0 (�14.2, 2.7) �5.8 (�16.3, 3.4) �6.2 (�11.0, 1.4) �6.6 (�14.1, 0.6) 

Fo, 10�9 cm2/s 4.28 (2.66, 8.68) 5.04 (2.14, 9.65) 3.41 (1.62, 5.45) 3.78 (2.05, 6.87) 

Data are median (25th percentile, 75th percentile). ABI, PWT, StO2
, THC, F, OEF, VO2, and TR denote, respectively, the ankle-brachial index, peak walking 

time, muscle tissue oxygen saturation, muscle total hemoglobin\myoglobin concentration (micromole per volume of tissue), muscle blood flow index, muscle 
oxygen extraction fraction, muscle oxygen metabolism, and half-time (time duration to half maximum) for OEF to recover to baseline after exercise, respectively. 
The subscript “o” denotes the average of the parameter at baseline, THC and �StO2 

represent average THC and StO2 
during the last 30 s of treadmill exercise 

minus THCo and StO2,o
, OEFex is the average OEF during the last 30 s of treadmill exercise, and Fex is the average F during the first 30 s of recovery following 

cessation of treadmill exercise. *P � 0.001, †P � 0.001 for the difference in visit 3-to-visit 2 ratios between exercise and control groups. P � 0.05 for other 
variables. 
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35, 36). Hybrid DCS/FD-NIRS has been demonstrated in a 
variety of tissues, including skeletal muscle, brain, and tumor 
(11–13, 17, 25, 26, 34, 39, 61). Importantly, hybrid DCS/FD-
NIRS is complementary to venous/arterial occlusion NIRS 
techniques for measurement of muscle blood flow and oxida-
tive metabolism. Venous/arterial occlusion NIRS techniques 
can measure absolute muscle blood flow and oxidative metab-
olism in clinical units (5, 14, 23, 49, 57), but they are not well 
suited for continuous monitoring since venous/arterial occlu-
sion interrupts blood flow. This limitation can be mitigated by 
using venous/arterial occlusion NIRS to calibrate hybrid DCS/ 
FD-NIRS for concurrent absolute muscle blood flow and oxi-
dative metabolism monitoring (34). 

Regulation of blood flow in tissue under normal conditions 
is predominantly governed by variations in vasomotor tone and 
diameter of the terminal small arteries and arterioles (44, 59). 
During exercise under normal conditions, an increase in blood 
flow arising from substantial dilation of arterioles is accompa-
nied by an increase in red blood cell number per volume of 
tissue in the capillary bed. An increased capillary red blood cell 
density, which arises from capillary blood volume expansion 
and/or higher capillary hematocrit, enables increased oxygen 
diffusion to the tissue (i.e., an increased oxygen extraction per 
unit of blood delivered) (16, 18, 22, 43, 56, 59). Endothelium-
mediated vessel dilation is impaired in PAD patients (37, 64, 
69), and evidence exists that in animal models (48) and human 
subjects (9, 50) exercise training improves endothelial dilation 

of collateral vessels. This mechanism could explain the ob-
served improvement in maximal blood flow reached from 
treadmill exercise in the PAD exercise training group (Fig. 3). 

It is also plausible that improved blood flow from endothe-
lial dilation is associated with improved capillary blood vol-
ume expansion. In this case, the resulting enhancement in red 
blood cell density in the capillaries could explain the observed 
improvement in maximal oxygen extraction reached because of 
treadmill exercise (Fig. 3). Potential mechanisms of capillary 
blood volume expansion include vascular recruitment of addi-
tional capillaries (i.e., increased capillary density) (18, 22, 43, 
59) as well as elevated blood volume/hematocrit in existing 
capillaries, which extends the capillary length for oxygen 
exchange (i.e., longitudinal recruitment) (16, 56). Also, data 
from animal models show enhanced angiogenesis from exer-
cise training that results in increased capillary density (46, 48). 
Plausibly, exercise training in PAD patients could increase 
muscle capillary density by this mechanism; this effect could 
help account for the improved capillary blood volume expan-
sion and oxygen extraction in the exercise training group. 

Although enhanced capillary blood volume expansion raises 
the expectation that exercise training can significantly affect 
total hemoglobin/myoglobin concentration (i.e., micromole per 
volume of tissue), significant changes in THC from exercise 
training were not observed (Table 3). During exercise, two 
competing factors can influence THC: muscle contraction and 
capillary blood volume expansion. Muscle contraction com-
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Fig. 3. Box plots of the ratio rFv3/rFv2 (A) and the 
ratio rOEFv3/rOEFv2 (B) for the control (n � 35) 
and exercise (n � 29) PAD population groups (for 
definitions of the ratios, see Fig. 2). P values in the 
plots indicate significant differences between the 
exercise and control groups. Additionally, the ra-
tios for the exercise group of both parameters are 
significantly higher than unity (P � 0.001). 
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/StO2,v2 
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(n � 35) and exercise (n � 29) PAD population 
groups. P values in the plots show no significant 
differences in these parameters between the exer-
cise and control groups. 
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presses the venous component of the vascular tree, which 
extrudes venous blood volume from the muscle and decreases 
THC. Capillary blood volume expansion, on the other hand, 
increases THC. At maximal exercise, we observed a decrease 
in THC (Tables 2 and 3), which is consistent with reports from 
others (52, 71) and suggests that muscle contraction predom-
inantly influences THC via the venous vasculature. 

Additionally, the average observed improvement in maximal 
OEF of 8% from exercise training is fairly small, which 
suggests that enhancement in capillary blood volume expan-
sion is also a small effect. This expansion effect is likely 
diluted even further by the presence of tissue “background 
absorbers” in muscle (e.g., myoglobin, water, lipids, melanin). 
For example, capillary blood volume expansion affects hemo-
globin in blood but not myoglobin in muscle. Thus, the 
myoglobin contribution to the THC signal, which is unknown 
but has been roughly estimated at ~20% (28, 71), could reduce 
the sensitivity of the THC measurement to capillary blood 
volume increases. Changes in background absorbers during 
exercise tend to influence THC more than StO2 

(67), and thus 
measurement errors are likely larger in THC than in �StO2 

. 
Thus the enhancement in capillary blood volume expansion 
from exercise training could be too small to detect with our 
FD-NIRS instrument. Another possibility is that more effective 
muscle contraction or muscle hypertrophy in trained subjects 
leads to greater venous compression that counterbalances im-
proved blood volume expansion in capillaries. Future work is 
needed to confirm the hypothesis that exercise training does not 
affect THC. 

In two previous clinical studies, venous occlusion strain 
gauge measurements demonstrated that exercise training in 
PAD patients increased maximal calf blood flow reached from 
plantar flexion exercise by 30% (31) and 38% (41). These 
increases are consistent with our optically measured increase of 
29% (13%, 50%) in the maximal calf blood flow from tread-
mill exercise (Fig. 3). Exercise training has also been shown to 
decrease short-chain acylcarnitine concentrations (intermedi-
ates of oxidative metabolism) in the plasma and muscle of 
PAD patients, which in turn indicates increased oxidative 
muscle metabolism (41, 42). This observation is consistent 
with our results, in which the observed improvement in max-
imal blood flow and oxygen extraction during physical activity 
clearly demonstrates improved muscle oxidative metabolism. 

We further note that two prior uncontrolled studies (i.e., no 
randomized control group) of PAD patients examined the 
effects of exercise training on StO2 

with CW-NIRS measure-
ments (4, 30). One of these studies (30) found significant 
changes in �StO2 

from exercise training (consistent with our 
results in Table 3), while the other study did not (4). 

Our measurements did not demonstrate a significant effect 
from exercise training on the hemoglobin/myoglobin desatu-
ration recovery time TR (Fig. 4). Higher maximal calf blood 
flow reduces TR, but higher maximal calf oxygen extraction 
increases TR (15). We speculate that our TR results are ex-
plained by these two competing factors roughly canceling each 
other. The two NIRS studies mentioned above also showed no 
effects on TR of exercise training (4, 30). 

Effects on resting blood flow. We did not observe significant 
differences from exercise training in the resting StO2,o 

and Fo 

parameters (Fig. 4 and Table 3). Our resting optical blood flow 

results are consistent with those reported from a previous 
clinical study in PAD patients, where venous occlusion strain 
gauge plethysmography measurements of resting calf muscle 
blood flow were not affected by exercise training (31). Addi-
tionally, and in agreement with our results, a previous CW-
NIRS study of PAD patients reported no significant change 
from exercise training in StO2,o 

(4). 
Preexercise training results. Recent reviews have docu-

mented previous investigations of muscle hemodynamic mea-
surements with near-infrared light (8, 25, 28, 33, 35, 36, 60, 
70). Our average (mean � SD) visit 2 TR of 109 � 61 s (Table 
2) is comparable to other TR measurements in the literature, 
e.g., 129 � 98 s (32) and 104 � 39 s (19). Our average StO2,o 
measurements are also roughly consistent with previously 
published measurements (4, 19, 32, 51). To our knowledge, 
Table 2 contains the first reported calf muscle THCo measure-
ment in PAD subjects. 

We note that our FD-NIRS measurement of �14 � 7% for 
�StO2 

is consistent with previous frequency-domain measure-
ments of �StO2 

in PAD patients (51, 71). On the other hand, 
our measured �StO2 

drop is lower than other published mea-
surements in the literature made with CW-NIRS devices, e.g., 
�38 � 18% (32), �50 � 30% (19), and �38% (�44%, 
�33%) (4). In fact, the CW-NIRS systems are low cost and 
robust, and are sensitive to oxygenation changes, but they do 
not measure absolute tissue optical properties (absorption and 
reduced scattering) (28). Typically, CW-NIRS systems have to 
make assumptions about tissue scattering and mean optical 
path length of light through tissue in order to derive hemoglo-
bin concentration changes (36, 58). Errors in these assump-
tions, as well as in the relative changes in optical path lengths 
that occur during exercise because of variations in tissue blood 
volume and composition (36), affect the accuracy of absolute 
�StO2 

estimates based on CW-NIRS. These problems might 
contribute to the discrepancy between FD-NIRS and CW-
NIRS �StO2 

measurements. In the future, it will be useful to 
directly compare hemodynamic measurements made with CW-
NIRS and time-domain/frequency-domain NIRS devices dur-
ing exercise in PAD subjects. 

Our average maximal blood flow increase of 108 � 79% 
following treadmill exercise (Table 2) is roughly consistent 
with previous measurements of blood flow increase from 
submaximal plantar flexion exercise in healthy control sub-
jects, i.e., 116 � 96% (39). Another clinical study using ve-
nous occlusion strain gauge plethysmography reported close to 
a 400% maximal hyperemic blood flow increase from plantar 
flexion exercise in PAD patients (31). In this earlier study, 
however, subjects performed plantar flexion exercise during 
arterial cuff occlusion, and consequently the maximal hyper-
emic blood flow is a result of the combined effects of arterial 
occlusion and ischemic exercise (31). This “combined effects 
response” could be substantially higher than the response from 
ischemic exercise alone. 

Constant-� assumption for OEF calculation with FD-NIRS. 
The observed decrease in THC during exercise raises questions 
about the constant- assumption used for calculating OEF 
changes (see Muscle oxygen extraction fraction monitoring 
with FD-NIRS). Recall that is a vascular weighting constant 
that depends on the percentages of venous and capillary blood 
in the blood volume sampled by FD-NIRS (21). If the decrease 
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in THC is reflective of a decrease in venous blood volume, then 
could be smaller during exercise. If is not constant, then the 

maximal oxygen extraction change during exercise is given by 
OEFex/OEFo � [(1 � StO2,ex

)/(1 � StO2,o
) ( o/ ex)]. There-

fore, smaller during exercise will produce an underestimate 
of the OEF change from exercise. Depending on how much 
changes during exercise, our reported results of rOEF in Table 
2 and Table 3 may be underestimates. 

The magnitude of the variation depends on the changes in 
arteriole, capillary, and venous blood volume fractions in the 
total blood volume sampled by FD-NIRS. Rough estimates of 
these blood volume fractions at rest and during exercise have 
been reported for healthy adults; they are, in part, based on 
mathematical modeling of oxygen transport in muscle (45). In 
this work, ka,o, kc,o, and kv,o at rest were roughly 0.1, 0.15, and 
0.75, respectively; during exercise, ka,ex, kc,ex, and kv,ex reached 
approximate steady-state values of 0.1, 0.3, and 0.6, respec-
tively. Using these weights and assuming kw � 0.5, we take the 

coefficients at rest and during exercise to be o � 0.83 and 
ex � 0.75. The assumption that o �
 ex leads to a 10% 

underestimate of the actual oxygen extraction fraction change 
during exercise. In future work, this source of error can be 
quantified more accurately by using muscle oxidative metab-
olism measurements made with venous/arterial occlusion 
NIRS techniques to estimate o and ex (5, 23, 49, 57). 

If the visit 2 and visit 3 o-to- ex ratios are comparable, then 
the effects described above normalize out for the ratio rOEFv3/ 
rOEFv2 shown in Fig. 3. We believe that this is a reasonable 
assumption, since exercise training has not been found to have 
a significant effect on total hemoglobin (Table 3). If the 
assumption breaks down, however, then our reported rOEFv3/ 
rOEFv2 still provides a lower bound of the true value. Im-
proved arteriole dilation and capillary blood volume expansion 
could make ka,ex and kc,ex higher and kv,ex lower in visit 3 
compared with visit 2. This phenomenon leads to a larger 

o/ ex in visit 3 compared with visit 2, since is more sensitive 
to decreasing kv than increasing kc. Therefore, our conclusion 
that exercise training improves muscle oxygen extraction dur-
ing physical activity remains intact. 

Finally, preliminary evidence of a larger decrease in THC 
during exercise in PAD patients compared with healthy control 
subjects has been reported (71). Plausibly then, o/ ex is higher 
in PAD patients than healthy control subjects. If this is the 
case, the OEF change during exercise will be more severely 
underestimated in PAD patients than in healthy control sub-
jects when making the assumption that o/ ex is unity. This 
confounding factor may help explain why the change in 
tissue oxygen saturation during exercise has not been con-
sistently found to be an indicator of PAD in the CW-NIRS 
literature (66). 

Limitations. Demographic differences between the exercise 
and control groups exist in our study, most noticeably in sex. 
The exercise group is predominantly male, while the control 
group is not (Table 1). However, no significant difference in 
ABI between the exercise and control groups was observed in 
their preexercise visit (P � 0.3), suggesting that the groups are 
similar in terms of PAD severity. Also, from a multivariate 
linear regression analysis, none of the demographic variables 
was found to be significantly related to rOEFv3/rOEFv2 and 
rFv3/rFv2. Therefore we do not expect the sex discrepancy 

between the exercise and control groups to change the conclu-
sions of the study. 

In DCS and FD-NIRS muscle measurements, there is always 
some contribution from overlying tissues above the muscle 
(e.g., skin and adipose tissues) (71). Given the measured 
superficial tissue layer thicknesses reported in Table 1, and the 
source-detector separations of our probe, this effect is expected 
to be small for changes in F and OEF (71). The superficial 
tissue contributions could be larger in the control group com-
pared with the exercise group because of the slightly larger 
superficial tissue thicknesses in the control group. Small sam-
pling depth variations also arise between the DCS and FD-
NIRS measurements, since the source-detector geometries for 
the two measurement techniques are not identical. These sam-
pling depth variations could give rise to small variations in 
superficial tissue contributions. If the superficial tissue layers 
contribute similarly to the visit 2 and visit 3 signals, however, 
we expect that these effects will roughly divide out in rOEFv3/ 
rOEFv2 and rFv3/rFv2. Additionally, since rVO2 � rF rOEF, 
these effects would also roughly divide out in rVO2,v3/rVO2,v2. 

Tissue heterogeneities that arise from overlying tissues 
above the muscle can also influence the proportionality coef-
ficient between the DCS blood flow index (F) and absolute 
muscle blood flow (47, 72). Thus, caution should be exercised 
per interpretation of Fo as a measure of absolute resting blood 
flow. Variations in Fo across subjects reflect variations in 
resting blood flow, but they can also reflect variations in other 
factors such as adipose/skin thickness (47, 72). Relative blood 
flow changes (rF), on the other hand, are more robust to these 
effects (47, 72). The ratio Fo,v3/Fo,v2 (Fig. 4), on which our 
conclusion about exercise training effects on resting blood flow 
is based, is also robust to these effects. Nevertheless, future 
work is desirable to confirm the influence of exercise training 
on resting muscle blood flow. 

In the present study, the DCS sampling rate was too slow to 
permit filtering of motion artifacts induced by moving muscle 
fibers during exercise. Because of this limitation, as an approx-
imation of the maximal blood flow reached during exercise, we 
computed the average relative blood flow during the first 30 s 
of recovery following cessation of exercise. It should be noted 
that if the blood flow decreased significantly during this 30-s 
interval, our computed relative blood flow changes (Tables 2 
and 3) will underestimate the relative blood flow change during 
exercise. In healthy adults, muscle blood flow was previously 
measured to decay to 63% of maximum after heavy exercise in 
40 –50 s (29, 38). In our data, the average (mean � SD) time 
for the blood flow to decay to half of its maximum value was 
72 � 30 s. It is plausible that blood flow could remain elevated 
longer in PAD subjects compared with healthy control sub-
jects, because PAD subjects have smaller maximal blood flow 
levels and it therefore takes longer to clear accumulated me-
tabolites from heavy exercise. In the present study population 
of PAD subjects, we found no significant difference between 
the first and last blood flow measurements during the 30 s 
following cessation of exercise; this observation suggests that 
blood flow is not decreasing in this interval. However, ulti-
mately the poor DCS sampling rate (i.e., 1 measurement every 
8 s) hinders our confidence in conclusions about muscle blood 
flow kinetics. In future work, this limitation can be overcome 
by using recent technological improvements that greatly im-
prove the DCS sampling rate (24, 39, 68). We hypothesize that 
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if the reported relative blood flow changes in Table 3 under-
estimate the relative blood flow changes during treadmill 
exercise, then the underestimation affects the pre- and postex-
ercise measurements (i.e., rFv2 and rFv3) about equally; in this 
case our conclusions about the ratio rFv3/rFv2 are not affected. 

Conclusions. In a randomized study of 64 PAD patients with 
intermittent claudication, we employed optical DCS and FD-
NIRS techniques to demonstrate enhanced maximal calf mus-
cle blood flow, oxygen extraction levels, and oxygen metabo-
lism levels from exercise training. No enhancement was ob-
served in resting calf muscle blood flow or oxygen saturation. 
Additionally, exercise training did not affect the recovery 
half-time for hemoglobin/myoglobin desaturation. 
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