
INNOVATIVE METHODOLOGY

Diffuse correlation spectroscopy and frequency-domain near-infrared
spectroscopy for measuring microvascular blood flow in dynamically
exercising human muscles

Valentina Quaresima,1* Parisa Farzam,2* Pamela Anderson,3 Parya Y. Farzam,2 Daniel Wiese,3

Stefan A. Carp,2 Marco Ferrari,1 and Maria Angela Franceschini2
1Department of Life, Health and Environmental Sciences, University of L’Aquila, L’Aquila, Italy; 2Optics at Athinoula A.
Martinos Center for Biomedical Imaging, Massachusetts General Hospital, Harvard Medical School, Charlestown,
Massachusetts; and 3Dynometrics, Cambridge, Massachusetts

Submitted 10 May 2019; accepted in final form 5 September 2019

Quaresima V, Farzam P, Anderson P, Farzam PY, Wiese D,
Carp SA, Ferrari M, Franceschini MA. Diffuse correlation spec-
troscopy and frequency-domain near-infrared spectroscopy for mea-
suring microvascular blood flow in dynamically exercising human
muscles. J Appl Physiol 127: 1328–1337, 2019. First published
September 12, 2019; doi:10.1152/japplphysiol.00324.2019.—In the
last 20 yr, near-infrared diffuse correlation spectroscopy (DCS) has
been developed for providing a noninvasive estimate of microvascular
blood flow (BF) as a BF index (BFi) in the human skin, muscle, breast,
brain, and other tissue types. In this study, we proposed a new motion
correction algorithm for DCS-derived BFi able to remove motion
artifacts during cycling exercise. We tested this algorithm on DCS
data collected during cycling exercise and demonstrated that DCS can
be used to quantify muscle BFi during dynamic high-intensity exer-
cise. In addition, we measured tissue regional oxygen metabolic rate
(MRO2i) by combining frequency-domain multidistance near-infrared
spectroscopy (FDNIRS) oximetry with DCS flow measures. Recre-
ationally active subjects (n � 12; 31 � 8 yr, 183 � 4 cm, 79 � 10 kg)
pedaled at 80–100 revolutions/min until volitional fatigue with a work
rate increase of 30 W every 4 min. Exercise intensity was normalized
in each subject to the cycling power peak (Wpeak). Both rectus femoris
BFi and MRO2i increased from 15% up to 75% Wpeak and then
plateaued to the end of the exercise. During the recovery at 30 W
cycling power, BFi remained almost constant, whereas MRO2i started
to decrease. The BFi/MRO2i plateau was associated with the rising of
the lactate concentration, indicating the progressive involvement of
the anaerobic metabolism. These findings further highlight the utility
of DCS and FDNIRS oximetry as effective, reproducible, and nonin-
vasive techniques to assess muscle BFi and MRO2i in real time during
a dynamic exercise such as cycling.

NEW & NOTEWORTHY To the best of our knowledge, this study
is the first to demonstrate that diffuse correlation spectroscopy in
combination with frequency-domain near-infrared spectroscopy can
monitor human quadriceps microvascular blood flow and oxygen
metabolism with high temporal resolution during a cycling exercise.
The optically measured parameters confirm the expected relationship
between blood flow, muscle oxidative metabolism, and lactate pro-
duction during exercise.

blood flow; diffuse correlation spectroscopy; exercise; muscle oxida-
tive metabolism; near-infrared spectroscopy

INTRODUCTION

Previous studies on the regulation of skeletal muscle blood
flow (BF) during exercise in humans (32) have been severely
limited by the lack of high-temporal-resolution methods for the
continuous, precise determination of muscle BF at the micro-
circulatory level (19). Such methods would provide a better
understanding of regional muscle BF regulation. Although
contrast-enhanced ultrasound has the potential to estimate
overall microcirculatory BF, this method cannot be applied
during dynamic high-intensity muscle exercise (19). Since the
end of the 1980s, near-infrared spectroscopy (NIRS) has been
utilized to investigate local muscle oxidative metabolism at rest
and during different exercise modalities. One of the key ad-
vantages of using NIRS is that its signals can yield acceptable
signal-to-noise ratios even during dynamic exercise. Detailed
NIRS reviews have been published on the methodology (also
known as tissue oximetry), the medical/sports sciences appli-
cations, and its potential limitations (3, 17, 23, 34). Recently,
the review by Grassi and Quaresima (20) from an “exercise
physiology point of view” was devoted to discussing some of
the main issues relating to the role of NIRS in the functional
assessment of oxidative metabolism in skeletal muscles during
exercise, with specific attention to integrative aspects and to
the factors limiting exercise tolerance. In the last 20 years a
complementary optical technique, near-infrared diffuse corre-
lation spectroscopy (DCS), has been developed for the contin-
uous measurement of BF in tissue. Applications to human
skeletal muscle, breast cancer, and the brain cortex (11, 27, 37)
have been demonstrated. DCS uses the temporal fluctuations of
diffusely reflected light to quantify the motion of moving
scatterers, which in tissue is dominated by the motion of red
blood cells; DCS provides a noninvasive estimate of deep
tissue microvascular BF as a BF index (BFi) with units cm2/s.
DCS-derived BFi has been validated against established mus-
cle perfusion measurement methods, specifically arterial spin
labeling MRI in human calf (41) and fluorescent microspheres
in murine quadriceps (35). DCS-derived BFi has also been
recently validated in humans with Doppler ultrasound during a
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rhythmic handgrip exercise (2, 39) demonstrating that DCS-
derived BFi is more reliable and less susceptible to motion
artifacts than Doppler ultrasound. By combining oximetry and
DCS flow measures, the tissue regional oxygen metabolic rate
(MRO2i), a parameter closely linked to underlying physiology
and pathological states, can be quantified (11, 36). The MRO2i

is an important parameter that has been investigated in the
human newborn brain, given the strong dependence of this
organ on aerobic metabolism (15, 16). Very recently, the first
device combining frequency-domain multidistance NIRS (FD-
NIRS) and DCS technologies has become commercially avail-
able; this instrument, described in Ref. 7, is capable of
measuring the absolute concentrations of deoxygenated-hemoglo-
bin (deoxy[Hb�Mb]), oxygenated-hemoglobin (oxy[Hb�Mb]),
total hemoglobin (total[Hb�Mb]), and hemoglobin oxygen satu-
ration (StO2; %) as well as BFi and MRO2i. The same quantities
can be measured in newborns by a recent commercially available
system that combines time-domain NIRS and DCS (1, 18). Re-
garding the application of the hybrid FDNIRS-DCS system for
human skeletal muscle studies, so far, the instrument has been
utilized only to measure relative BFi changes in flexor digitorum
superficialis muscle BF during the 10-s end-stage resting periods
of exercise of varying power (24). In the latter (24) and in most of
the prior studies (utilizing noncommercial devices), recently re-
viewed by Hou et al. (27), DCS has never been used continuously
during dynamic exercise because of the large motion artifacts
inherent to the DCS method, which mask the motion of the red
blood cells. In fact, previous works have limited BFi analysis to
short intervals during the exercise, in which the muscle is not
contracted and not moving, or during plantar flexion exercise (21,
38). In this study, we propose a new empirical model that is able
to compensate for the motion artifacts and muscle fibers contrac-
tions, allowing us to recover BFi continuously during dynamic
cycling exercise.

Concerning the time course of muscle BF during human
incremental exercises, a plateauing of microvascular BF at
submaximal work rates in the quadriceps [over 60% cycling
power peak (Wpeak)] and in the flexor digitorum superficialis
(over 66% Wpeak) were found in the studies using either the
invasive indocyanine green method and NIRS (22) or the
noninvasive DCS approach (24), respectively.

The aims of this study were to 1) provide, for the first time
to the best of our knowledge, a proof of concept demonstration
of the feasibility of DCS-derived BFi measurement during
dynamic high-intensity muscle exercise using a motion correc-
tion algorithm; 2) compare muscle and subcutaneous BF
changes induced by a dynamic exercise; and 3) combine
DCS-derived BFi and FDNIRS oximetry � DCS-derived
MRO2i measurements on the right superficial rectus femoris
during a ramp-incremental cycling exercise until volitional
fatigue. We hypothesized that BFi and MRO2i would increase
with increasing exercise intensity and would plateau at a
submaximal work rate. The relationship between BFi and
MRO2i with lactate production was also investigated. Limita-
tions and assumptions of the present study are discussed.

METHODS

Participants. Eighteen recreationally active subjects were enrolled.
Enrollment criteria included practicing endurance training at least 3
times a week (~40 min each time at moderate intensity) and excluded
subjects with any knee instability or chronic conditions, including

heart or respiratory disorder, smoking, or substance abuse. The study
protocol was reviewed and approved by the Institutional Review
Board for Partners Healthcare, the Partners Human Research Com-
mittee. The study method was designed and carried out in accordance
with the Partners Human Research Committee requirements and the
regulations that govern human subjects research in compliance with
the latest version of the Declaration of Helsinki. Each participant gave
written informed consent to participate in the study. All the partici-
pants were familiar with the testing protocols and were instructed to
abstain from caffeine, alcohol, and intensive physical exercise for 24 h
before the experimental procedure. The experimental protocol con-
sisted of performing a ramp-incremental test on an electronically
braked cycle ergometer (Model E3, Kettler, Germany). Before begin-
ning the protocol, basic information was collected for each subject.
This information included age, height, weight, and sex. Body mass
index was calculated and expressed as kilograms per square meter.
Subcutaneous adipose tissue thickness (ATT) over the superficial
rectus femoris was measured using a skinfold caliper. Peripheral
arterial oxygen saturation (SpO2) and hemoglobin level (HGB) were
measured by a pulse CO-oximeter (Rad-87, Masimo, Irvine, CA).
Body temperature was measured using a noncontact thermometer
(CVS Health Rigid Tip Digital Thermometer) before the incremental
ramp test. In addition, each subject wore a heart rate (HR) monitor
strap (Polar Electro Oy, Kempele, Finland) around the chest to record
HR continuously during the test. Supplementary Table S1 summa-
rizes the anthropometrics and physiological measures of the 18
subjects (all Supplemental Material is available at https://doi.org/
10.6084/m9.figshare.8101103).

Experimental protocol. Each subject performed a ramp-incremental
cycling exercise. A fiber-optics probe, connected to the FDNIRS-DCS
device, was positioned over the belly of the right superficial rectus
femoris using tissue palpations (Fig. 1). The probe was attached to the
skin with a transparent film dressing and was secured around the thigh
using a black self-adherent wrap bandage. The accuracy of the contact
between the probe and the skin was verified at the end of the protocol
(i.e., slightly depressed cutaneous area corresponding to the location
of probe). Although both the vastus lateralis and rectus femoris are
dominant locomotor muscle groups during cycling, the rectus femoris
was chosen to minimize optical fiber movement throughout the
exercise. The two muscle groups, however, do have different fiber-
type composition and have different electromyogram activation pat-
terns during maximal ramp exercise (8). The scheme of the adopted
protocol is shown in Fig. 1. The ramp protocol consisted of a 2-min
rest on the bike, then a 4-min warm up at 30 W, followed by a 30-W
incremental ramp. The subjects were instructed to maintain a constant
pace of ~80–100 revolutions/min throughout the entire exercise.
According to the Internal Review Board recommendation, the subjects
were informed to ask for the interruption of the protocol as soon as
they were unable to maintain the pedal cadence (80–100 revolutions/
min) and/or they felt tired. Considering that the subjects were recre-
ationally active with a heterogeneous performance, it was expected
that everyone, independently of the sex, could be able to achieve a
Wpeak of at least 210 W. This threshold was chosen a priori consid-
ering that several previous studies demonstrated that quadriceps BF
increases during the ramp cycling exercise and plateaus at submaxi-
mal exercise (200–220 W) (22). Among the 18 subjects, only 12 male
subjects were considered in the study because they were able to reach
or pass this threshold (age: 31 � 8 yr; weight: 79 � 10 kg; height:
183 � 4 cm) (Supplemental Table S1 and Fig. S1).

At the limit of the tolerance, the bike power was set to 30 W for 4
min. The recording ended after a 2-min rest with no pedaling. Cycling
power peak (Wpeak) was determined as the power output during the
final stage of exercise lasting a minimum of 1.5 min. During the last
30 s of each interval, a small pinprick blood sample was taken from
the fingertip to measure the lactate concentration (Lactate Plus Meter,
Nova Biomedical, Waltham, MA). Two readings were repeated at
each interval.
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FDNIRS-DCS instrumentation. A hybrid system, equipped to em-
ploy FDNIRS and DCS, was used to measure superficial rectus
femoris hemodynamics and oxidative metabolism during the ramp-
incremental cycling exercise (MetaOx, ISS Inc., Champaign, IL). A
detailed description of this device can be found elsewhere (7, 24). The
FDNIRS component includes 1 source channel with 8 time-shared
diode laser-emitting light at different wavelengths (from 670 to 830
nm) and 4 photomultiplier detector channels. The DCS component
includes 1 long coherence length solid-state laser at 850 nm and 8
photon-counting detectors. The 2 modalities are acquired simultane-
ously at 10 Hz to provide and display in real-time oxy[Hb�Mb],
deoxy[Hb�Mb], total[Hb�Mb], StO2, BFi, and MRO2i (7). The light
from the FDNIRS and DCS components is delivered to the tissue via
optical fibers with a custom three-dimensional printed probe (Fig. 1).
At the probe end, source and detectors of the 2 modalities are
combined with the small DCS fibers (5.6-�m core diameter single-
mode fibers for the detectors, 100-�m core diameter multimode fiber
for the source) at the center of the larger FDNIRS fiber bundles
(2.5-mm diameter multimode fiber bundles) and terminated with glass
prisms to direct the light perpendicularly toward the tissue and
maintain a low profile as described in Ref. 5. The fibers are distributed
in a row with the FDNIRS detectors located at 15, 20, 25, and 30 mm
from the source and the DCS detector fibers located at 5, 15, 20, and
25 mm from the source, increasing the number of detectors at larger
separations to improve signal-to-noise ratio. The probe, shown in Fig.
1, is very light and measures 4.5 � 2 � 0.8 mL.

Data analysis. The details of the FDNIRS data analysis have been
previously described (15). In brief, the multidistance FDNIRS method
was used to recover the tissue optical properties (absorption and reduced
scattering coefficients, �a and �=s, respectively) at the 8 wavelengths
(14), and deoxy[Hb�Mb], oxy[Hb�Mb], total[Hb�Mb], and StO2 were
derived from the absorption spectra assuming a 75% tissue water
concentration. StO2 reflects the oxygenation of a mixture of arterial
and venous blood, with a higher contribution from the capillaries (20).
To estimate BFi from the DCS data, we derived the temporal intensity

autocorrelation function (g2) at each source-detector separation and
used the semi-infinite homogeneous medium solution to the correla-
tion diffusion equation to fit the autocorrelation curves and estimate
the BFi (12). FDNIRS AC amplitude and phase values and DCS
intensity autocorrelations were acquired with a 100-ms temporal
resolution. However, to minimize noise and motion artifacts, all the
derived parameters were calculated by applying a moving average of
100 points (10 s) [by using the “smooth” function of MATLAB
(MathWorks, Natick, MA) programs] and then downsampled to 5 s.
For the BFi calculations, we used the �a and �=s at 850 nm estimated
by extrapolating the spectra obtained with FDNIRS. In addition, to
further reduce motion artifacts, we applied the motion correction
method described in the next section. We used the DCS measures at
5 mm to evaluate subcutaneous BFi (ssBFi). For the muscle BFi, we
considered the DCS measures at larger source-detector separations.
To minimize partial volume effect because of differences in depth
penetration, we considered BFi at 15-mm and at 20–25-mm depth
from the surface in subjects with ATT lower than 4 mm and higher
than 4 mm, respectively. In subject 9, although his ATT was higher
than 4 mm, we had to use BFi at 15 mm because of the low photon
count rate at larger separations. In all cases, we verified that BFi

temporal changes measured during exercise at 1.5-, 2.0-, and 2.5-cm
separations were consistent with each other, the only difference being
larger absolute BFi values at larger separations because of the greater
contribution of the muscle tissue compared with the one from the
subcutaneous adipose tissue layer. Finally, as done previously (13),
using the Fick’s principle, we estimated the MRO2i as: MRO2i �
HGB � BFi � (SpO2�StO2)/(0.75 � molecular weight of hemoglo-
bin) (10) from the time-varying BFi and StO2, with HGB and SpO2

measured by pulse oximetry before starting the exercise, the molec-
ular weight of hemoglobin (64,458 g/mol), and the venous ratio
correction for StO2 being 0.75 (29). For the averages across subjects,
in each subject at every level we averaged the final 1.5–2 min of data.
Since the maximum power reached by each subject has differed, to
obtain the same number of power levels on all subjects, exercise
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Fig. 1. Left: drawing of a subject cycling on a stationary bicycle with a frequency-domain (FD) multidistance near-infrared spectroscopy (FDNIRS)-diffuse
correlation spectroscopy (DCS) probe attached to the right superficial rectus femoris. Top right: schematic diagram of the measurement protocol. The power was
increased by 30 W at the end of each 4-min cycling step. During the last 30 s of each step, a small pinprick blood sample was taken from the fingertip to measure
the lactate concentration. Bottom right: drawing of fiber-optic probe geometry and photograph of the probe. In the drawing the larger and lighter-gray circles
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intensity was normalized to the Wpeak (33), and for each subject only
levels close (up to � 5% difference) to 0%, 15%, 30%, 45%, 60%,
75%, 90%, 100%, 15%, and 0% Wpeak were considered.

Removing motion artifacts from DCS data. DCS is sensitive to the
displacement (movement) of the red blood cells over different time-
scales (from ns to ms). During exercise, cell movement is due to the
additive combination of BF and body movement; the contribution of
the latter is an order of magnitude larger than BF (Fig. 2). As it can
be seen in Fig. 2, at the onset of pedaling there is a large jump in the
uncorrected BFi because of the pedaling-induced bulk body move-
ment that needs to be compensated for to be able to accurately
quantify tissue BF during exercise. The effect of pedaling motion is
also seen as an oscillation in the FDNIRS AC amplitude, and it can be
used to determine the real-time pedaling rate as described below. We
hypothesized that these two components could be modeled as addi-
tive, and they could be isolated by independently measuring the
subject’s movement speed or, more precisely, the pedaling rate. Some
cycle ergometers provide the pedaling rate; unfortunately, this wasn’t
the case of the cycle ergometer adopted for this study. Hence, the
pedaling rate was calculated using the oscillatory signal in the
FDNIRS data. Specifically, a 20-s Fourier transform was applied to
the normalized FDNIRS amplitude (AC), measured at 10 Hz at 1 of
the 8 wavelengths; for each interval, a 15-s overlap with the previous
interval was used to obtain a cycling rate value every 5 s. Supple-
mental Fig. S2 shows an example of Fourier transform and estimated
cycling frequency for a representative subject. To correct for the
pedaling motion artifact and the muscle fibers contractions, we intro-
duced an additional term in the DCS scattering particle displacement
expression. For stationary subjects, the scattering particle displace-
ment is typically modeled as �	r2(
)� � 6BFi� (7), where BFi is the
DCS BF index (the effective diffusion coefficient) and 
 is the

correlation time delay. We modified this equation by adding a term
proportional to the pedaling rate and tested two possible empirical
models: random walk �	r2(
)� � 6BFi� � KDPr� and linear motion
�	r2(
)� � 6BFi� � KVPr�2, where Pr is the pedaling rate. KD and
KV are subject-dependent scaling factors determined from the BFi

change at the onset of the ramp-incremental exercise with a 30-W
load. Specifically, their values are calculated by solving the equation
resulting from the requirement that the average corrected BFi value
immediately after motion onset (the first 20 s during the 30-W load
phase) matches the BFi value right before motion onset (the last 20-s
baseline BFi). We found that the correction using the random walk
term better minimizes the large artifacts because of changes in
pedaling rate throughout the exercise and at the end of the exercise
when subjects stop pedaling. In addition, for the random walk model,
the same KD can be used to remove motion artifacts at all source-
detector separations, whereas KV changes substantially with source-
detector separation. As a result, in our data analysis, this random walk
correction model was used. Taking advantage of the linearity of the root
mean square displacement with 
, the corrected BF index (BFicorr) was
computed simply as BFicorr � BFi � KDPr.

Statistical analysis. All statistical analyses were conducted using
SPSS 20.0 (SPSS Inc., Chicago, IL). Descriptive data are presented
as means � SD unless otherwise noted. Oxy[Hb�Mb], deoxy
[Hb�Mb], total[Hb�Mb], StO2, BFi, ssBFi, and MRO2i (calcu-
lated as the mean of the last 2 min before the start of the exercise and
the last 2 min of each step shown in Fig. 2) were compared across
work rates using one-way repeated measures analyses of variance.
When a significant overall effect was found, a Tukey post hoc analysis
was performed to determine where significant differences existed.
Statistical significance was defined as P � 0.05. A plateau was
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considered present in a response when a minimum of two consecutive
work rate transitions elicited no significant increase.

RESULTS

Figure 3 shows the BFi (downsampled to 0.2 Hz) before
(BFinc; gray line) and after (BFicorr; orange line) random walk
model correction for three representative subjects. Subject 13
couldn’t keep the pedaling rate at 180 W and terminated the
exercise before reaching 210 W. This subject (excluded from
the averaged results) had dramatic changes in pedaling rate at
the power level of 180 W. This case helps to demonstrate the
efficiency of the correction model on recovering artifact-free
BFi. In subject 5 (who couldn’t keep the pedaling rate over the

last part of the exercise), the noncorrected BFi decreased
during the exercise, whereas, as it was expected, BFicorr in-
creased because of the increased metabolic demand. In subject
18 (who was able to maintain a constant pedaling rate), the BFi

correction shifted the y-axis. The random walk model correc-
tion, across all 18 measured subjects, consistently has mini-
mized the non-physiological “jumps” when subjects changed
the pedaling rate and/or stop pedaling. In a few instances,
including subjects 5 and 18 shown in Fig. 3, the correction
algorithm has overcompensated, producing slightly negative
BFi values during the recovery phase (30 W). Figure 4 depicts
the response of StO2, ssBFi, BFi, and MRO2i versus time,
measured by the FDNIRS-DCS instrumentation, during the
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entire protocol on a representative subject (subject 12). StO2

decreased with the increasing of the bike power level and
promptly recovered (when switching from 270 to 30 W) to
reach values higher than those measured at the pre-exercise
time. BFi and MRO2i increased significantly from baseline
values as the cycling power was increasing. When the power
level was approaching 150 W (~60% Wpeak), BFi plateaued,
followed by a plateau of MRO2i. The BFi plateau was found to
be associated with the rise of lactate concentration. The ssBFi

also increased as the cycling power increased and plateaued
when lactate concentration was starting to increase. As ex-
pected, the ssBFi increase was substantially lower (77%) than
the BFi increase in the muscle. However, this ssBFi increase
was found significant, and its general trend was similar to the
trend of the BFi increase in the muscle. During the recovery,
BFi and MRO2i promptly dropped to their corresponding
values that were observed at the load between 90 and 120 W,
whereas ssBFi further increased with respect to the value found
at the last step of the ramp exercise. At the end of the recovery
phase, both BFi and ssBFi were higher than their values
observed at the baseline; in addition, BFi was found higher
than ssBFi. The still-high BFi and ssBFi values during the
recovery phase are explainable by the need to satisfy the

muscle postexercise increased metabolic demand (30) and the
heat dissipation, respectively.

By design, participants achieved different Wpeak levels, with
an average Wpeak of 242 � 24 W (Supplemental Fig. S1 and
Supplemental Table S1). To obtain averages across subjects,
only levels close (up to � 5% difference) to 0%, 15%, 30%,
45%, 60%, 75%, 90%, and 100% Wpeak were considered.
Figure 5 displays the group mean profiles of the finger-stick
capillary blood lactate, HR, StO2, total[Hb�Mb], BFi, and
MRO2i of the right superficial rectus femoris during the ramp-
incremental cycling exercise averaging the last 1.5–2 min of
each power level. The HR, as expected, progressively in-
creased up to Wpeak; blood lactate remained constant for the
first few intervals and started to increase around 60% Wpeak.
Similarly, StO2 remained quite constant until 60% Wpeak and
then started to decrease with the increasing of the power.
Nevertheless, only StO2 at Wpeak was significantly different
from the pre-exercise level. At the end of the exercise, StO2

promptly recovered, reaching the pre-exercise values; total
[Hb�Mb] increased over the interval 15%–60% Wpeak and
plateaued at above 60% Wpeak. The large error bars of
total[Hb�Mb] values are due to the large intersubject variabil-
ity of the hemoglobin concentration. Both rectus femoris BFi

Fig. 5. Group mean profiles of the finger-stick
capillary blood lactate (A), heart rate (HR; B),
hemoglobin oxygen saturation (StO2; C), total he-
moglobin (total[Hb�Mb]; D), blood flow index
(BFi; E), and tissue regional oxygen metabolic rate
(MRO2i; F) during the ramp-incremental cycling
exercise across normalized power. For each power
the last 1.5–2 min of data were averaged. Values
are means � SE. Data points with symbols in
common are not significantly different from each
other (P � 0.05). Black is used for consecutive
data points and red for nonconsecutive points.
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and MRO2i increased over the interval 15%–75% Wpeak and
then plateaued until the end of the exercise. The BFi plateau
was associated with the rising of the lactate concentration.
During the recovery at 15% Wpeak, BFi and MRO2i started to
decrease (although only MRO2i decreased significantly). The
time course of group mean profiles of normalized StO2,
total[Hb�Mb], HR, and MRO2i (Supplemental Fig. S3) con-
firms the time course of the same parameters reported in the
Fig. 5.

Figure 6 illustrates the differences between group average
BF at large and short separations. At Wpeak, the changes of the
absolute values of ssBFi (Fig. 6A) were observed ~65% lower
than the changes of the absolute values of BFi (Fig. 4E).
Figure. 6B shows the average across subjects of BFi and ssBFi

normalized to the max flow rate during exercise.
The two curves are almost superimposable during the exer-

cise, whereas diverge during the recovery phase. In particular,
ssBFi remains almost unchanged, whereas BFi significantly
decreases.

DISCUSSION

Summary of results. In this study, we proposed a new motion
correction algorithm for DCS-derived BFi that is able to
remove motion artifacts using an additive term proportional to
the pedaling rate. We tested the motion correction algorithm on
18 subjects during cycling exercise and demonstrated for the
first time, to the best of our knowledge, that DCS can be used
to quantify BFi continuously during dynamic high-intensity
muscle exercise. In addition, we combined DCS with FDNIRS
to obtain both hemodynamic and oxygen metabolism measure-
ments of the right superficial rectus femoris during the incre-
mental exercise performed until volitional fatigue.

Comparison with other methods. Over the years, several
methods for determining skeletal muscle BF have been devel-
oped, allowing for the assessment of global flow to the limbs
and more local muscle-specific BF (19).

However, a high-resolution method for the continuous de-
termination of BF at the microcirculatory level in the exercis-
ing human skeletal muscle is still lacking. In recent years, a
novel optical technique, known as DCS, has been developed. It
offers the ability to quantify relative changes in microvascular
muscle BF with high speed and accuracy. DCS-derived BFi has
been validated against established muscle perfusion measure-
ment methods, specifically arterial spin labeling MRI (41) and
fluorescent microspheres (35). Unfortunately, DCS is highly
sensitive to motion artifacts that distort signals coming from
the exercising muscle. Very recently, 11 studies carried out on
human skeletal muscle, utilizing integrated NIRS/DCS instru-

ments, were reviewed by Hou et al. (27). In most of those
studies, BFi was measured during and/or after cuff occlusion.
Only two studies have reported BFi data during plantar flexion
exercise (26, 42) and one during handgrip exercise (21). The
algorithms proposed in those studies cannot be adopted for
protocols implying dynamic muscle exercises, like cycling.
Three recent studies (2, 24, 39) have validated DCS-derived
measurements of skeletal muscle BF during rhythmic handgrip
exercise comparing DCS with Doppler ultrasound, an estab-
lished flow imaging modality commonly used to assess skeletal
muscles. Bangalore et al. (2) and Tucker et al. (39) were able
to measure BFi during stationary exercise. Furthermore, Ham-
mer et al. (24), using the same instrumentation adopted for the
present study and analyzing the BFi signal only during the 10-s
end-stage resting period, found a relative agreement between
brachial artery BF (measured by Doppler ultrasound) and BFi

(measured by DCS) only up to ~60%–70% peak power. At this
power, BFi plateaued, whereas brachial artery BF was continu-
ing to increase. All three of these studies have demonstrated a
good agreement between DCS and Doppler ultrasound data,
both in terms of the magnitude of change and of the temporal
relationship. In addition, DCS-derived BFi was found to be
more reliable and less susceptible to artifacts than Doppler
ultrasound (2). Although the very recent study by He et al. (25)
has demonstrated the possibility to provide absolute cerebral
BF measurements by DCS and intermittent intravenous injec-
tions of the optical contrast agent indocyanine green, this
single-subject calibration procedure is not practical for muscle
measurements in the sport settings.

Significance of findings. The noninvasive measure of muscle
oxygen consumption is of great interest in exercise physiology
(20). It is well known that during exercise, skeletal muscle
perfusion increases in direct proportion to the metabolic de-
mand (30). A recent review highlights the formation, interac-
tion, and effect of vasodilator substances that are likely candi-
dates to be important for BF regulation in human skeletal
muscle (32). In the present study at the Wpeak, BFi increased ~7
times with respect to the pre-exercise level. A very similar BF
increase was found at Wpeak by Calbet et al. (6) during
incremental exercise until exhaustion on the cycle ergometer.
In that study, femoral venous BF was measured invasively
using constant-infusion thermodilution. In the present study,
BFi has plateaued from around 75% Wpeak through the 15%
Wpeak stage during the recovery phase (Fig. 4), whereas MRO2i

has plateaued from around 75% Wpeak up to 100% Wpeak and
then immediately has started to decrease after the subjects
reached their tolerance limit and the bike power setting was
decreased to 30 W. The plateaued BFi was associated with the

A                                               B
Fig. 6. Group mean profiles of absolute subcutaneous
blood flow index (ssBFi; A) and normalized muscle (or-
ange) and subcutaneous (purple) BFi (B) during the ramp-
incremental cycle exercise across normalized power. Val-
ues are means � SE. Data points with symbols in common
are not significantly different from each other (P � 0.05).
Purple and orange are used for consecutive data points and
gray for nonconsecutive points.
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well-known rising lactate concentration that indicates a pro-
gressive involvement of the anaerobic metabolism. In fact, if
the duration of the exercise is sufficient to increase body/core
temperature, skin BF increases to facilitate heat loss (30). This
is confirmed by the ssBFi data (Fig. 5). Interestingly, ssBFi was
unchanged during the recovery period, whereas muscle BFi

consistently decreased during the 2-min no-pedaling recovery
phase (Fig. 4). The maintenance of a high skin blood flow at
the end of cycling exercise is confirmed by a recent study that
has utilized laser Doppler flowmetry to provide a qualitative
index of skin blood (9).

StO2 started to decrease at high cycling powers (60%
Wpeak). Deoxy[Hb�Mb] did not plateau toward the end of the
ramp-incremental exercise (data not shown). A recent study
performed on subjects able to reach a greater Wpeak (around at
300 W) with respect to the ones in the present study demon-
strated that an oxygen extraction reserve still exists in different
pools of active muscle fibers of the quadriceps at the end of a
ramp exercise to exhaustion (28). The greater magnitude in the
reserve was observed in the deeper portion of the vastus
lateralis, which is likely due to a greater population of slow-
twitch fibers.

Methodological considerations. In the present study, the
probe of the commercial system utilized also by Hammer (24)
was replaced by a custom-built probe with DCS and FDNIRS
fibers colocalized to measure the same tissue with the two
modalities. In addition, the multiple DCS source-detector sep-
arations allowed us to differentiate subcutaneous from muscle
BF. Muscle activation was not measured in the present study;
therefore, the temporal activation of the rectus femoris couldn’t
be determined. The negative motion-corrected BFi values,
observed in some subjects during the recovery phase (Fig. 2),
are due to the assumption that BFi does not change at the onset
of the motion. It is plausible that a small increase of BF
happens immediately as soon as the subject starts moving.
Although we can refine the algorithm by imposing the correc-
tion factor to not give negative BFi values, we plan to optimize
the motion correction procedure in future studies by asking the
subject to move for few seconds and then stop, then to repeat
this a few times at the beginning of the measurements. This
will allow us to quantify the constant by imposing that BFi at
the end of the short motion period returns to the initial value.

Limitations. This study has some limitations that are sum-
marized as follows:

1. Testing of the DCS motion artifact compensation algo-
rithm only during cyclic motion.

2. The lack of validation of the DCS motion artifact
algorithm by an independent BF measurement. The
algorithm could be validated against, for example, the
BF measurement obtained by the invasive indocyanine
green method and NIRS (22, 40).

3. Empirical model of the motion correction algorithm.
This method is strongly dependent of probe location and
coupling. Therefore, the calibration needs to be repeated
every time the probe is removed and replaced. Smaller
artifacts should be obtained by using a wearable DCS
instrument.

4. Single local BFi measurements. The optimal DCS tech-
nology should include a multisite system to reveal
consistent differences in StO2 and BFi, which are ex-

pected in the quadriceps muscle groups during ramp-
incremental cycle exercise (28, 40).

5. High cost and complexity of the instrumentation. Al-
though this device is a high-end system for research,
there are viable solutions to make DCS more affordable
and wearable to be easily exploited for muscle physiol-
ogy applications. The challenges and the future prospec-
tive of DCS instrumentations have been recently re-
viewed (27). Portable inexpensive NIRS/DCS systems
utilizing advanced algorithms should be soon widely
commercialized for routine utilization (31, 43).

6. Small sample size. The study should be performed on a
larger number of subjects to make a consistent interpre-
tation of the BF kinetics.

7. No trained cyclists included in the study. In the present
study, only recreationally active subjects were recruited.
Therefore, at the end of the protocol, as guided by the
Institutional Review Board, the Wpeak, the lactate con-
centration, and the HR were not high as in the case of
those observable in trained cyclists.

8. No observation of the breakpoint in muscle oxygenation
kinetics. Taking into account that in the present study
the Wpeak was overestimated, it is reasonable that it was
not possible to observe the deoxy[Hb�Mb] breakpoint
that has been observed at the end of a cycling incre-
mental exercise (around 80% Wpeak) (4, 5). In fact, the
true maximal effort would result in a lower relative
work rate if scaled to a true maximal effort.

9. Blood lactate measurements. These values are global
measurements and may not precisely reflect the super-
ficial rectus femoris anaerobic metabolism.

10. Lack of skin temperature monitoring. Body temperature
as well as the local temperature measured on the skin
overlying the quadriceps muscle should be monitored in
future studies to better investigate the relationship be-
tween BFi and muscle oxidative metabolism during the
exercise and the recovery phase.

11. Lack of pulmonary oxygen uptake measurements. For
this reason, it was not possible to evaluate the subjects’
performances.

Conclusions. These findings further highlight the utility of
DCS and FDNIRS oximetry as an effective, reproducible, and
noninvasive technique to assess muscle BFi and MRO2i in real
time during a dynamic exercise such as cycling. This paper
describes a robust BF correction algorithm for cyclic motion.
These results represent important groundwork for future stud-
ies aimed at investigating the pathophysiology of microvascu-
lar BF and oxidative metabolism relationship during dynamic
exercise.
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