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Abstract The time course of muscle oxygen desatu-
ration (StO, kinetics) following exercise onset reflects
the dynamic interaction between muscle blood flow
and muscle oxygen consumption. In patients with
peripheral arterial disease (PAD), muscle StO, kinet-
ics are slowed during walking exercise; potentially
reflecting altered muscle oxygen consumption relative
to blood flow. This study evaluated whether StO,
kinetics measured using near infrared spectroscopy
(NIRS) would be slowed in PAD during low work rate
calf exercise compared with healthy subjects under
conditions in which blood flow did not differ. Eight
subjects with PAD and eight controls performed 3 min
of calf exercise at 5, 10, 30, and 50% of maximal vol-
untary contraction (MVC). Calf blood flow responses
were measured by plethysmography. Power outputs
were similar between groups for all work rates. In
PAD, the time constants of StO, kinetics were signif-
icantly slower than controls during 5% MVC
(135 +1.7 vs. 69 +125s, P<0.05) and 10% MVC
work rates (14.5 = 2.7 vs. 6.8 = 1.1 s, P < 0.05). Blood
flow assessed when exercise was interrupted after 30 s
did not differ between PAD and control subjects at
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these work rates. In contrast, the StO, time constants
were not different between groups during 30 and 50%
MVC work rates, where blood flow responses in PAD
subjects were lower as compared with controls. Thus in
PAD, the slowed StO, kinetic responses under condi-
tions of unimpaired calf blood flow reflect slowed
muscle oxygen consumption in PAD skeletal muscle
during low work rate plantar flexion exercise as com-
pared with healthy skeletal muscle.

Keywords Cardiovascular disease - Oxygen
saturation - Skeletal muscle - Exercise - Near infrared
spectroscopy

Introduction

Individuals with peripheral arterial disease (PAD)
have arterial stenoses that may limit leg blood flow
responses during exercise at high, but not low, muscle
work rates (Pernow and Zetterquist 1968; Sorlie and
Myhre 1978). However, there are abnormalities of
oxidative metabolism in PAD-affected skeletal muscle
that may additionally impair oxygen consumption
(Brass et al. 2001; Pipinos et al. 2003). With exercise, it
has been demonstrated that systemic oxygen uptake
kinetics are slowed in PAD following the onset of
walking exercise (Barker et al. 2004; Bauer et al. 1999,
2004a). These systemic findings are consistent with an
impaired ability to increase muscle blood flow, muscle
oxygen consumption, or both following the onset of
exercise. However, our understanding of the interac-
tion between muscle blood flow and oxygen con-
sumption during exercise at the level of the PAD
skeletal muscle remains incomplete.
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The balance between muscle oxygen consumption
and muscle blood flow is reflected in net muscle
oxygen extraction. With muscular contractions,
muscle oxygen partial pressure (PO,) and microvas-
cular PO, decrease, of which changes in hemoglobin
oxygen saturation can be measured by the absor-
bance of oxygen-binding proteins. Across the rest to
exercise transition, modeling studies have suggested
that the time course (i.e. kinetics) of exercise-in-
duced changes in venous oxygen content may indi-
cate differences in the dynamic balance of muscle
oxygen delivery relative to muscle oxygen con-
sumption (Ferreira et al. 2005). Accordingly, evalu-
ation of the kinetics of muscle hemoglobin
desaturation following exercise onset in PAD could
provide insight into the potential influences of mus-
cle blood flow and oxygen consumption in diseased
compared with healthy muscle.

A non-invasive surrogate for muscle oxygen
extraction is the assessment of tissue oxygen satura-
tion (StO,) using Near Infrared Spectroscopy (NIRS)
(MacDonald et al. 1999; Myers et al. 2005; Quaresima
et al. 2001). In perfused muscle, StO, may be con-
sidered conceptually similar to venous hemoglobin
oxygen saturation under varied conditions (Esaki
et al. 2005; Myers et al. 2005). Thus, it is reasonable
that the measured time course of change in StO, with
exercise may parallel changes in the balance of mus-
cle oxygen consumption relative to muscle blood flow.
Previously, we observed slowed muscle StO, kinetics
in PAD patients following the onset of treadmill
exercise compared with controls (Bauer et al. 2004a).
If blood flow was the primary variable limiting PAD
muscle oxygen consumption, the expected StO, re-
sponse would be more rapid kinetics of oxygen
extraction to meet the metabolic demand following
exercise onset. In contrast, at very low exercise work
rates the initial blood flow responses in PAD may not
be impaired, providing conditions that would allow
for a comparison of the changes in StO, and inferred
oxygen extraction dynamics between PAD and con-
trol subjects. In previous studies, neither the work
performed nor the blood flow response could be
controlled or measured. Therefore, the aim of the
present study was to evaluate StO; kinetics following
the onset of exercise in patients with PAD and
healthy controls during isolated, single-leg plantar
flexions incorporating conditions in which the antici-
pated blood flow response would be similar in the two
groups. We tested the hypothesis that muscle StO,
kinetics would be slowed at low work rates in PAD
compared with healthy controls when blood flow re-
sponses to these exercise intensities were preserved.
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Methods
Subjects

Eight male subjects with PAD and eight healthy men
without clinical cardiopulmonary disease were identified
prospectively and enrolled in this study. All subjects with
PAD were symptomatic, and limited by claudication
pain, but were able to perform all testing procedures.
Peripheral arterial disease was defined by a resting an-
kle-brachial index (ABI) < 0.90 (ABI: the ratio of the
highest ankle systolic blood pressure in each leg to the
highest brachial systolic pressure). The PAD index leg
was defined as the leg with the lowest ABI. Subjects were
excluded who had a documented history of coronary
artery disease, previous myocardial infarction or coro-
nary revascularization, angina, stroke, congestive heart
failure, diabetes mellitus, or were taking beta-receptor
blocking agents. All subjects provided informed consent,
and the study was approved by the University of Colo-
rado Multiple Institutional Review Board in accordance
with the Declaration of Helsinki.

Exercise protocol

All subjects performed an incremental treadmill test
for the characterization of peak exercise capacity.
Subjects performed four exercise trials across two
separate visits. The exercise trials consisted of 3-min
calf plantar flexion at 5, 10, 30, and 50% of maximal
voluntary contraction (MVC) using a high-resolution
dynamometer (+1 Newton) (KinCom, Chattanooga,
TN, USA). A subset of eight subjects (four PAD; four
controls) returned for additional testing to perform
exercise trials at 5% MVC and 10% MVC for char-
acterization of early blood flow responses with low
work rate exercise. In the follow-up experiments,
plantar flexion contractions were performed for 30 s at
5 and 10% MVC work rates.

The dynamometer was adjusted for isotonic plantar
flexion contractions from 0 to 15°. Calf exercise was
performed in the supine position with the knee at full
extension. Contraction frequency was maintained at
0.5 Hz with the aid of an audible metronome. A
recovery period of at least 25 min separated each
constant work rate bout with subsequent exercise
testing performed when resting calf blood flow and
StO, had returned to pre-exercise values.

Tissue oxygen saturation (StO;)

Tissue oxygen saturation was measured using a
continuous-wave,  near-infrared, four-wavelength
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spectrometer (InSpectraTM Model 325, Hutchinson
Technology, Inc, Hutchinson, MN, USA) as de-
scribed in detail (Myers et al. 2005). The device
measured the absorption of near-infrared light at
four wavelengths (680, 720, 760, and 800 nm) as the
log (reference intensity/sample intensity). The
resulting relative absorption values were used in the
calculation of the second derivative of the absorption
versus wavelength curves at 720 and 760 nm. The
StO, value (in the units of percent saturation) was
derived using the ratio of the second derivatives at
720 and 760 nm, and an empirically scaled relation-
ship to pure blood hemoglobin samples of known
oxygen saturation (Myers et al. 2005). Thus, tissue
oxygen saturation (StO,) was determined directly
from the absorption of NIR light independent of
calculated absolute or relative changes in oxy- and
deoxyhemoglobin concentrations. The 2nd derivative
method has been shown to be experimentally robust
at low and high tissue hemoglobin concentrations
and has been validated with hemoglobin oxygen
saturation in skeletal muscle using co-oximetry
(mean error of 3% vs. co-oximeter) (Myers et al.
2005).

Prior to each visit, the InSpectra device was cali-
brated using a light scattering standard (closed cell
foam prepared by the manufacturer) and the calcu-
lated StO, measurement verified by comparison with
optical references of scattering medium with absor-
bance properties equivalent to 38 and 90% hemoglobin
saturation (coefficient of variation of 2.7 and 0.09% for
low and high values, respectively). The InSpectra Tis-
sue Spectrometer provided discrete StO, measure-
ments at a data acquisition rate of 6 Hz to a dedicated
computer.

Optical data were acquired with a probe positioned
over the lateral gastrocnemius muscle of the index leg.
Anatomic localization of the StO, probe was deter-
mined prior to study and was marked for identical
placement for all subsequent visits. The probe was
firmly attached to the skin by an adhesive patch that
eliminated contamination by ambient light. The StO,
probe had a fixed distance of 25 mm from the LED
light source to photodetectors. The spacing between
the light source and photodetectors provided light
attenuation measurements of tissue depth of approxi-
mately 12 mm. Because skin and subcutaneous thick-
ness may influence the NIR measurements through the
inclusion of oxygenated blood in these regions (van
Beekvelt et al. 2001), skin and subcutaneous tissue
thickness was assessed by digital calipers over the
sampling site using 2D ultrasound (VingMed system 5,
GE Milwaukee, WI, USA).

Calf blood flow

Calf blood flow (ml/100 ml tissue/min) was measured
in the supine position by venous occlusion strain gauge
plethysmography (D.E. Hokanson Inc. Issaquah, WA,
USA) using methods previously described (Bauer
et al. 2004b). Resting blood flow was calculated as the
average of five separate measurements with a coeffi-
cient of variation of 7% for repeated measurements.
Post-exercise blood flows are presented as individual
readings, determined as the first flow immediately
following the last contraction.

To estimate the dynamics of the blood flow re-
sponse, subjects willing to participate returned to the
laboratory for another series of plantar exercise ses-
sions at 5 and 10% MVC identical to those above,
except that the exercise was stopped after 30 s to allow
an estimate of calf blood flow using plethysmography
at that time point. This application of plethysmography
to assess blood flow during calf exercise has previously
been reported (Egana and Green 2005).

Peak oxygen uptake and arterial oxygen saturation

For subject characterization, peak oxygen uptake was
measured using pulmonary gas exchange during graded
treadmill exercise testing using a metabolic measure-
ment system (CPX/D, Medical Graphics Corporation,
St. Paul, MN, USA) (Bauer et al. 1999). Arterial
hemoglobin saturation was monitored and recorded
during rest, exercise, and recovery of all experiments
by an oximeter placed on the index finger of the
dominant hand (Ohmeda Corp., Louisville, CO, USA).

Data analysis

The raw StO, data for each constant work rate test
were averaged into 1-s time bins for data smoothing
and subsequent data processing using a custom soft-
ware program (NIRPro, University of Colorado
Health Sciences Center, Denver, CO, USA). The StO,
data were curve-fit to a mono-exponential plus delay
mathematical model using an iterative least-squares
technique by means of a commercial graphing/analysis
program (Sigmaplot 2002) as previously described
(Bauer et al. 2004a).

StO, (1) = StO,(b) + Ay (1 — e~ (=TPD/) (1)
For the individual StO, responses, StO,(b) represents
the resting StO, baseline value. TD1 is the time delay

parameter from the onset of exercise to the point of
StO, decrease below baseline as determined by the
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computer algorithm, 71 is the time constant, and A, is
the total decrease in StO, from baseline to steady state.

Statistical analysis

Group differences were calculated using Student’s ¢
test. The Pearson’s R coefficient was used to evaluate
significant correlations. Statistical significance was ac-
cepted as P < 0.05 (NCSS 2000-Statistical Software,

Kaysville, UT, USA). Data are presented as
mean + SEM.
Results

There were no differences between control and PAD
subjects in age or other demographics (Table 1). Four
PAD subjects were taking medications indicated for
the treatment of hypertension, and two control subjects
were treated with statin medications. The resting ABI
of the index leg and peak treadmill oxygen uptake in
PAD subjects were reduced compared with controls
(P < 0.01). Peak treadmill exercise was claudication-
limited in all PAD subjects; however, there were no
differences between groups for calf plantar flexion
MVC. Resting arterial hemoglobin saturation was 94%
or higher in all subjects and revealed no changes in any
subject during graded or constant work rate exercise
testing. Skin and subcutaneous tissue thickness over
the region of interest for PAD and control subjects
were not different between groups (5.76 + 0.82 and
5.72 £ 1.16 mm, respectively).

Table 1 Subject characteristics

Control (n = 8) PAD (n =38)
Age (years) 63 +2 64 +3
ABI, index leg 1.25 + 0.02 0.68 + 0.05%*
Peak VO, (ml kg™' min™") 262+ 1.2 17.3 + 1.40%*
MVC, index leg (N) 591 + 67 528 + 68
Medications® n n
Aspirin 0 8
Statin 2 8
Ca** blockers 0 4
Diuretic 0 2

Values are mean + SEM

ABI Ankle-brachial index, Peak VO, peak oxygen uptake dur-
ing graded treadmill exercise testing, MV C maximal voluntary
contraction

##*P < (.01 for PAD versus control

# Refers to the number of subjects taking repsective medications
in each group (n)
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StO, kinetics

The patterns of StO, responses during exercise were
qualitatively similar between PAD and control sub-
jects (Fig. 1). In both groups the StO, responses were
characterized by a time delay following the onset of
exercise, with a subsequent decrease in StO, which
reached a new steady state after 20-40 s. The mag-
nitude of the maximal decrement in StO, from
baseline to steady state increased with increasing
work rate.

The StO, time constants were slower at 5 and 10%
MVC exercise in the PAD subjects compared with
controls (P < 0.01 and P < 0.05, respectively Table 2,
Fig. 2). The StO, time constant was independent of
work rate in controls, but decreased at work rates
above 10% MVC in PAD subjects. As a result, no
differences were observed between groups for the
StO, time constants at 30 or 50% MVC exercise. The
change in StO, time constant between low and high
work rate exercise (10% MVC-50% MVC) was sig-
nificantly greater in PAD subjects than controls
(7.7 £ 2.8 vs. 1.6 £ 1.8 s, respectively, P < 0.01). An
inverse correlation was observed between the time
constant of StO, during 10% MVC exercise and peak
oxygen uptake (ml/min) in PAD subjects (R = -0.88,
P < 0.01). The amplitude of StO, decrease (Al) was
similar between groups for all work rates except at
10% MVC exercise where the amplitude parameter
was greater in the PAD group compared with controls
(P < 0.05).

Calf blood flow responses to plantar flexion

Resting blood flows were not different between PAD
and control subjects (Fig. 3). Calf blood flows were
also not different after 30 s of 5 and 10% MVC exer-
cise in PAD subjects versus controls (P = 0.64 and
P =0.23, at 5 and 10% MVC, respectively). In con-
trast, post-exercise blood flow was significantly reduced
in the PAD subjects compared with controls at 30%
(P < 0.05) and 50% MVC exercise (P < 0.01) but not
at lower work rates (Fig. 3).

Discussion

The on-kinetics of muscle oxygen desaturation were
slowed in PAD at work rates associated with increases
in blood flow not different from responses in controls.
During higher work rates and apparent blood flow
limitation, muscle oxygen desaturation became more
rapid in PAD subjects. Since the changes in muscle



Eur J Appl Physiol (2007) 100:143-151 147
Fig. 1 StO, responses from a A 100
control subject (a) and patient
with peripheral arterial
disease (b) in the transition
from rest to exercise across
constant work rates. Exercise
time begins at time = 0
2
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»

oxygen saturation reflect the balance of muscle blood
flow relative to oxygen consumption, the slowed time
course of muscle oxygen desaturation following the
onset of light and moderate exercise indicates an
impairment to increase oxygen consumption in PAD-
affected muscle early in exercise compared with heal-
thy skeletal muscle.

Blood flow and dynamic calf exercise

Previous studies using NIRS have reported both slo-
wed and accelerated muscle oxygen extraction re-
sponses in PAD during various forms and intensities
of exercise (Bauer et al. 2004a; Kemp et al. 2001).

20 40 60 80 100
Time (sec)

One possibility for this discrepancy may relate to
differences in work rates performed, and thus differ-
ential limitations of muscle blood flow relative to
muscle oxygen demand. Based on these concepts, the
present study evaluated both low and high work rates
to elicit two unique hemodynamic conditions in the
PAD subjects: (1) where PAD blood flow responses
were similar to controls at similar power output, and
(2) under conditions where PAD blood flow was re-
duced relative to the control subjects. This paradigm
was based upon empirical observations in PAD which
suggested near-normal blood flow increases with low
levels of exercise (Bernink et al. 1982; Green 2002;
Pernow et al. 1975; Sorlie and Myhre 1978) and im-
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Table 2 Muscle StO; kinetics during constant work rate calf exercise in PAD and healthy controls

Power output (W) StO,(b) (%) Al (%) 71 (s) TD1 (s)

5% MVC

Control 1.7+02 815 -14+3 69 +12 32132
PAD 23+05 82 +3 21 +4 13.5 £ 1.7* 203 +£25
10% MVC

Control 32+03 79 +5 -18+5 6.8 +1.1 18.6 £ 1.9
PAD 35+05 80 +3 —43 + 8% 145 +2.7* 154 £ 2.6
30% MVC

Control 6.9 + 0.6 78 5 —45 +7 75+ 1.1 11.8 £ 1.5
PAD 6.2+ 0.8 81 +3 -58+7 7.9 +0.7 91+13
50% MVC

Control 8.6 0.8 83 +4 56 + 6 75 +12 105+ 13
PAD 79 + 1.1 82 +4 62 +7 6.8 +0.8 7.6 +1.3

Values are mean = SEM. PAD, peripheral arterial disease. MV C maximal volunatry contraction, StO, (b) muscle saturation (%) at
baseline, 7/ StO, time constant, 7D1 time delay, A/ Amplitude of StO, decrease. 5% MVC kinetic data reflect n = 6 for controls and
n =7 for PAD. All other kinetic parameters reflect n = 8 for each group. *P < 0.05, PAD vs. Control

F.lg.Z., Repr'esentaotlve StO, A 100 100
kinetics during 10% MVC
calf plantar flexion exercise in 907 T =995 90
a control subject (a) and 80 “{rzprtr S / k - 80
patient with peripheral 70 - \‘\.\Y;&‘-— 70
arterial disease (b). Exercise £ 604 il ‘WAL 60 =
begins at time = 0. Following ~ 3
. (@) 50 1 ~ 50
a time delay, StO; falls to & S
steady state with a time 407 40 3.
constant (t;). Triangles 30 4-"'“"""“““"“""\nfu.-.-n-...-_.._.x\_qwn_.--vu-__-u...--...--k 30 &
denote curve fit. The time 20 - 20
course of total hemoglobin 10 L 10
concentration [tHb] is also 0 o
T T
shown -25 0 25 50 75
Time (sec)
B 100 100
90 - 90
I iy r 80
70 70
® 60 e | 60 T
N . L 50 ©
o 50 —famupgquntn antynnuent L S i 50 S
B 40 B stk T SR
30 -3 &
20 r 20
10 - 10
0 T T 0
-25 0 25 50 75

paired leg blood flow responses at higher exercise
work rates due to the peripheral arterial occlusive
disease (Pernow et al. 1975; Sorlie and Myhre 1978).
The present study (using plethysmography to estimate
the early and end-exercise blood flow) was able to
achieve hemodynamic responses in PAD that were
similar to controls at low work rates and reduced at
high work rates (Fig. 3).
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Time (sec)

Differential StO, kinetics in PAD versus controls

Using computer simulations, Ferreira et al. (2005)
demonstrated that in healthy muscle, the kinetics of
oxygen extraction following exercise onset is rapid and
determined by the dynamic relation between muscle
blood flow and oxygen consumption during exercise. In
the present study, early calf blood flow responses were
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Fig. 3 Comparison of calf blood flow (CBF) in peripheral
arterial disease (PAD) patients and control subjects measured
at rest and immediately following the last contraction at each
work rate. Thirty second CBF data are from four PAD and four
controls assessed following independent exercise trials lasting
30 s. All other data represent mean + SE of eight subjects per
group. *P < 0.05, **P < 0.01 PAD vs. control

similar in PAD and control subjects during low work
rate exercise, yet the time course of muscle oxygen
desaturation was prolonged in PAD muscle. Given the
apparent similarities in blood flow responses during low
work rates, the slower rate of desaturation is most
consistent with a slower dynamic increase of muscle
oxygen consumption in the PAD-affected muscle
(Ferreira et al. 2005), a finding that is consistent with
the abnormalities of oxidative metabolism previously
reported in PAD subjects (Brass et al. 2001; Kemp
et al. 2002; Pipinos et al. 2003, 2006). For example,
specific enzymes of the electron transport chain exhibit
decreased activities on a per mitochondrion basis in
muscle from PAD patients (Brass et al. 2001). More-
over, in vivo data indicate the initial rate of oxidative
ATP synthesis following the onset of exercise is re-
duced in PAD skeletal muscle, suggesting a role for
abnormal control of oxidative metabolism in the muscle
of subjects with PAD (Kemp et al. 2002). Damage to
skeletal muscle mitochondria and potential impairment
of function is consistent with the finding of mitochon-
drial ischemia-reperfusion injury observed in other
models such as myocardium (Lesnefsky and Hoppel
2003). Thus, claudication-induced ischemia followed by
reperfusion injury might also be anticipated in the af-
fected skeletal muscle of patients with PAD.

The present data do not indicate that oxygen
extraction at steady state was impaired in PAD, as
muscle oxygen desaturation was similar or greater in

PAD compared with controls. Rather, the slowed PAD
StO, kinetics suggest that the ability of muscle to
rapidly increase muscle oxygen consumption was im-
paired despite adequate blood flow following exercise
onset, resulting in the slowed kinetics of muscle de-
saturation. Similar responses have been previously
described by our group during submaximal treadmill
exercise. These studies in PAD demonstrated both
slowed kinetics of muscle oxygen desaturation (Bauer
et al. 2004a) and slowed systemic oxygen uptake
(Bauer et al. 1999) following the onset of exercise.
However, these responses eventually achieved similar
steady state values to controls by the end of exercise.
Of note, true maximal oxygen consumption by skeletal
muscle mitochondria cannot be assessed in vivo due to
the limitation imposed by blood flow and claudication
as clearly evidenced in the reduced peak VO, of the
PAD cohort. Importantly, mitochondrial injury leading
to a kinetic defect of oxygen uptake (and resulting in a
markedly altered intracellular milieu for any given rate
of oxygen consumption) may or may not be associated
with a defect in maximal oxygen consumption.

Effect of work rate on StO, kinetics in PAD

The time course of muscle oxygen desaturation was
more rapid in PAD subjects during high work rates as
compared with the same subjects at lower work rates.
Computer modeling suggests the kinetics of oxygen
extraction are exquisitely sensitive to perturbations in
the balance of muscle blood flow to oxygen consump-
tion such that even a minor slowing and mis-match of
blood flow relative to oxygen consumption results in
faster oxygen extraction kinetics (Ferreira et al. 2005).
In this manner, any impairment of blood flow relative
to oxygen demand following the onset of exercise (as
was likely the case in PAD subjects at high, but not low
work rates) would have the effect of speeding muscle
StO, kinetics. Moreover, observed differences in StO,
kinetics between two populations or exercise condi-
tions will always be the summation of potential dif-
ferences caused by blood flow and muscle oxygen
consumption. Thus, we speculate this could explain the
discordance of StO, kinetics across low and high work
rates of the present study as well as the differences in
responses observed in the literature under varying
exercise and hemodynamic conditions (Bauer et al.
2004a; Kemp et al. 2001).

Implications of altered StO, kinetics

Slowed kinetics of muscle oxygen uptake in PAD likely
result in a greater depletion of phosphocreatine and
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reliance upon non-oxidative means of ATP synthesis
early in exercise (Kemp et al. 2002). The accumulation
of metabolites (e.g. H+, Pi, lactate ion) secondary to
the obligate substrate-level phosphorylation required
to support exercise contractions may have adverse ef-
fects on muscle contractile performance (Greenhaff
et al. 2002). Indeed, these higher metabolite concen-
trations may affect muscle performance even if
equivalent net oxygen extraction and rates of oxygen
consumption are eventually achieved at steady state, or
if maximal muscle oxidative capacity, per se, is pre-
served. The accumulated oxygen deficit incurred fol-
lowing the onset of low work rate exercise could thus
contribute to the premature fatigue observed during
ambulation in patients with PAD. It is presently un-
clear to what extent the abnormalities of oxidative
metabolism in PAD skeletal muscle contribute to the
exercise intolerance of these patients. However, our
findings of slowed muscle oxygen desaturation during
isolated low work rate exercise in PAD skeletal muscle
appear to support the concept that muscle metabolic
abnormalities may play a role in the limited exercise
function of this patient population.

Limitations

Plethysmography has significant limitations when used
to assess dynamic changes in blood flow, as continuous
measures of blood flow cannot be obtained during
exercise but only after exercise contractions. However,
the intermittent nature of the contraction during calf
exercise has facilitated the application of plethysmog-
raphy to assessing blood flow in these conditions (Eg-
ana and Green 2005). Further, the quantitative
concordance of the PAD blood flow responses obtained
in this study with previous invasive studies (Pernow and
Zetterquist 1968; Sorlie and Myhre 1978) strongly
supports our inferences as to the relative time course
and contributions of blood flow relative to muscle
oxygen consumption in the StO, responses observed.

Skin and adipose thickness have been shown to
influence measures of muscle oxygenation using NIRS
(van Beekvelt et al. 2001). None of our subjects had a
skin and subcutaneous adipose thickness equal to or
greater than 15 mm, minimizing this effect. Neverthe-
less, because near infrared light must pass through
these superficial, non-active tissue layers, it may be
impossible to quantitatively evaluate purely muscle
oxygen saturation, per se. Despite this limitation, it was
possible to evaluate the relative change and kinetics of
estimated muscle oxygen extraction with exercise since
the change in tissue oxygen saturation during exercise
was fairly large.
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Muscle StO, measures may also be influenced by the
absorption spectra of myoglobin and hemoglobin,
which are nearly identical yet may have differing
kinetics of desaturation (Marcinek et al. 2003; Tran
et al. 1999). However, given the sizable difference in
myoglobin versus hemoglobin concentrations in per-
fused skeletal muscle, its contribution is estimated to
be relatively small (Mancini et al. 1994; Seiyama et al.
1988). Additionally, our estimates of tissue hemoglobin
concentration (tHb) indicated a small decrease in tHb
with contractions in all subjects prior to muscle StO,
desaturation. Thus, although the StO, algorithm has
been shown to be robust to changes in [tHb] (Myers
et al. 2005), we cannot exclude the possibility that
dynamic changes in [tHb] following exercise onset may
have affected the StO, measurements.

Conclusions

Muscle StO; kinetics were slowed in PAD compared
with control subjects during low calf work rates elicit-
ing similar increases in calf blood flow. During higher
work rates and reduced blood flow responses, PAD
StO, kinetics were accelerated as compared with low
work rates, while the Kkinetics were work-rate inde-
pendent in healthy subjects. The results in PAD during
low work rate exercise are consistent with an impaired
ability to increase muscle oxygen consumption in
PAD-affected skeletal muscle following the onset of
exercise.
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