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Abstract:  Calf blood flow was measured simultaneously in healthy 
human subjects (n = 7) during cuff inflation and deflation using near-
infrared diffuse correlation spectroscopy (DCS) and arterial spin 
labeled perfusion MRI (ASL-MRI). The DCS and ASL-MRI data 
exhibited highly correlated absolute and relative dynamic flow 
responses in each individual (p < 0.001).  Peak flow variations during 
hyperemia were also significantly correlated, though more for relative 
(p = 0.003) than absolute (p = 0.016) flow.  Repeated measurement 
variation was less than 8% for both modalities.  The results provide 
much needed quantitative blood flow validation of the diffuse optical 
correlation method in humans. 
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1. Introduction 

Although a variety of methods for assessment of tissue blood flow have been explored [1-13], 
it has been difficult to continuously measure local muscle blood flow in humans non-
invasively and directly.  Conventional venous occlusion plethysmography measures limb 
blood flow when venous outflow is occluded based on the volume increase with time in a 
limb segment [4, 7].  This method, however, does not provide regional and continuous 
information and can be used only in the static state or during brief exercise, since venous 
occlusion interrupts blood flow.  Doppler ultrasound is a common clinical tool but is limited 
to measurement of blood flow within large vessels [8, 9].  Laser Doppler Flowmetry (LDF) is 
used primarily for non-invasive and continuous monitoring of the skin perfusion [10, 11], 
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although recently Binzoni et al have extended its application to relatively deeper tissues (~0.5 
cm below tissue surface) [2].  Arterial spin labeled perfusion magnetic resonance imaging 
(ASL-MRI) [12-15] and dynamic contrast agent MRI [16-18] provide perfusion images with 
high spatial resolution; however, their clinical use is limited due to high cost, low throughput 
and low mobility.  Positron emission tomography (PET) [6] has similar clinical limitations 
with decreased spatial  resolution compared to MRI.   

Near-infrared diffuse correlation spectroscopy (DCS) [19, 20] is an emerging technique 
for non-invasive measurement of blood flow in deep tissues.  It enables continuous 
measurements of blood flow with high temporal (~100 ms) and limited spatial (~1 mm) 
resolution in tissue.  DCS has been applied for the investigation of cerebral hemodynamics 
[21-25], photodynamic therapy [26, 27], cancers [28, 29], and muscle physiology [30].   
Measurements of blood flow by DCS have been validated semi-quantitatively with color-
weighted power Doppler Ultrasound in mouse tumors [26] and with laser Doppler in rat brain 
[22, 23].  Although these experiments suggest DCS is sensitive to microvascular flow, the 
method has not been directly compared to a validated approach in humans, and widespread 
clinical acceptance of the diffuse optical flow technique requires validation.     

The primary objective of this study was to validate DCS tissue blood flow measurements 
in humans by comparison with a relatively established flow imaging modality: arterial spin 
labeled perfusion MRI (ASL-MRI).  Utilizing magnetically labeled arterial blood water as an 
endogenous tracer, the ASL-MRI method has been shown to provide quantitative 
measurement of tissue perfusion in “classical” units of (ml/min)/100g-tissue [12, 13].  Note, 
herein we will use the term “tissue blood flow” interchangeably with “tissue perfusion”.   

Validation studies of ASL-MRI against other modalities in animal models have included 
comparisons with microspheres [31], hydrogen clearance [32], and flowmeters [33].  Cerebral 
blood flow (CBF) measurements with ASL-MRI have been shown to agree with results from 
H2 

15O-PET in humans at rest [34] and during functional activation [35], and with the dynamic 
susceptibility contrast agent approach [16-18].  ASL-MRI CBF measurements both at rest and 
during task activation have been demonstrated to be highly reproducible over time intervals 
ranging from a few minutes to several days [36-39], and the ASL-MRI measurement has been 
validated in skeletal muscle by comparison with venous occlusion plethysmography [14].  

For validation purposes, it is desirable to compare the flow responses measured by the 
two techniques in the same tissue region.  Therefore, in the present investigation calf muscle 
blood flow was concurrently measured by DCS and ASL-MRI during a reactive paradigm.  
The MRI measurement also provided anatomic information for accurate co-registration of the 
optical and MRI measurements.  To the best of our knowledge, these explorations are the first 
concurrent clinical measurements of blood flow in human skeletal muscles using optical and 
MRI techniques, as well as the first direct validation of DCS blood flow in humans. 

2. Materials and methods 

2.1 Experimental configuration and protocols 

Seven male healthy volunteers (ages 25–42) participated in the study with IRB approval and 
appropriate consent.  Figure 1 shows a schematic of the measurement configuration.  The 
volunteers were positioned supine and a custom-designed nonmagnetic optical probe for the 
DCS measurement was placed over the calf and secured with an elastic bandage.  Flexible 
silicone material was used to tightly hold source and detector fibers in place.  The calf (with 
the optical probe) was then placed into the MRI knee coil.  The optical probe in the MRI room 
was connected to the DCS instrument in the control room by optical fibers through a port in a 
magnetic-field-shielded wall (see Fig. 1). 

The accuracy and reliability of the ASL-MRI measurement is limited when muscle blood 
flow is low [14], e.g. in the resting state.  Therefore we employed a cuff inflation paradigm to 
create a brief period of ischemia and hyperemic response.  A nonmagnetic cuff was placed on 
the thigh, and connected to a tourniquet machine (Zimmer ATS 1000, Soma Technology, Inc., 
OH) in order to induce cuff inflation.  A five-minute cuff inflation paradigm was tested: 2-
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minute baseline → 5-minute cuff inflation (250 mmHg) → 5-minute deflation.  This paradigm 
was carried out twice on three volunteers to assess repeatability.  MRI image slice and DCS 
probe position were marked to facilitate repeated data acquisition from the same location.  In 
addition to the primary validation study on seven subjects (n = 7), the influence of probe 
pressure on muscle blood flow was tested; ASL-MRI data following cuff inflation were 
compared under two measurement conditions: (1) No optical probe (n = 4), and (2) wrapped 
probe on leg with elastic bandage (n = 4).  Table 1 summarizes the measurements. 

 
 

 
 
 
 
 

Subject # 
Thickness (mm) of the near-
surface layer (skin and 
adipose tissue) 

Concurrent 
measurement 
DCS+ASL-MRI 

ASL-MRI 
measurement only 
(without optical probe) 

1 5.6 Repeat twice   

2 5.6 Repeat twice   

3 5.6 Repeat twice   

4 4.7 Once Once 

5 7.5 Once Once 

6 4.7 Once Once 

7 4.7 Once Once 

Mean 5.5     

STD 1.0     

 

Table 1.  Subject information and measurement summary.  The thickness of the near-surface layer was 
measured from the MRI anatomic image.  Concurrent optical-MRI measurements were repeated twice on 
three subjects (#1 to #3) to assess repeatability.  In order to investigate the probe pressure influence on 
muscle blood flow, four subjects (#4 to #7) were measured with and without optical probe, respectively. 

90º 
Optical Fibers (>12 meters)  

MRI Room Control Room  

MRI Coil Optical Instrument (DCS) 

Non-magnetic probe 

 

Fig. 1.  Schematic of the concurrent optical-MRI measurement.  A custom-designed nonmagnetic fiber-
optic probe (see Fig. 2(d)) was placed over the calf.  The tips of source and detector fibers were bent 90º 
and tightly held in place by flexible silicone material.  The calf (with the optical probe) was then placed 
into the MRI knee coil.  The optical probe in the MRI room was connected to the DCS instrument in the 
control room by 12-meter-length fibers through a port in a magnetic-field-shielded wall. 

 

Port 
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2.2 Diffuse correlation spectroscopy (DCS) 

Details of the optical instrument for diffuse correlation spectroscopy are described elsewhere 
[30].  Briefly, a narrowband CW laser (785 nm, Crystalaser Inc., NV) with long coherence 
length (> 50 meter), four fast photon-counting, avalanche photodiodes (APD) (SPCM-AQR-
14-FC, Pacer Components Inc., UK), and a four-channel autocorrelator board (Flex03OEM-
4CH, Correlator Inc., NJ) facilitated measurements of blood flow.  The light intensity 
fluctuations within a single speckle area are detected using a single mode fiber and an APD.  
The autocorrelator takes the APD output and uses photon arrival times to compute the light 
intensity autocorrelation function.  From the normalized intensity autocorrelation function, we 
calculate the electric field temporal autocorrelation function G1(r,τ), which satisfies the 
correlation diffusion equation in highly scattering media [19, 20, 40-42].  The correlation 
diffusion equation can have different forms depending on the nature and heterogeneity of the 
scatterer motion.  For the important case of random ballistic flow in the tissue vasculature, the 
mean-square displacement, (〈Δr2(τ )〉), of the scattering particles (e.g. blood cells) in time τ 
is  〈Δr2(τ )〉 = 〈V2

〉τ2.  Here 〈V2
〉 is the second moment of the cell speed distribution.  For the 

case of diffusive motion,  〈Δr2(τ )〉 = 6DBτ, where DB is an effective diffusion coefficient of 
the moving scatterers.  We have found that the latter model very often provides better quality 
fits than the former model [23].  In this case the correlation function G1(r,τ) will decay 
approximately exponentially in τ.  Its decay rate, Γ (sec-1), depends on a parameter 
α (proportional to the tissue blood volume fraction), and on the motion of the blood cells.  A 
description of these concepts and approximations can be found in references [22, 23, 43].  

The DCS measurement explicitly yields a blood flow-index αDB [22, 23, 30].  The 
effective diffusion constant, DB (cm2/sec), differs from the traditional Stokes-Einstein 
diffusion coefficient [44], and α (unitless) represents the fraction of photon scattering events 
in the tissue from moving cells.  Changes in this flow-index (αDB) have been found to 
correlate well with other flow measurement modalities such as laser Doppler [22, 23] and 
color-weighted power Doppler Ultrasound [26].   The reported relative change of tissue blood 
flow, rBF, is derived from the relative change of αDB, i.e. rBF = αDB/(αDB)baseline.  The utility 
of rBF has been demonstrated in several physiological contexts [21-24, 26, 29, 30]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.  2.  MRI images (a, b, and c) obtained from one subject’s calf. The optical probe and the MRI 
marker can be seen from 2-D (a) and 3-D (b) anatomic MRI images of human leg. The ASL-MRI 
perfusion image is shown in (c). The region of interest (ROI) shown in (a) and (c) was selected for the 
comparison of tissue responses measured by DCS and ASL-MRI. The optical probe (d) had 2 source 
(S1 and S2) and 4 detector fibers (D1 to D4). Source-detector separations ranged from 0.5 to 3 cm. 
 

Markers (Vitamin E Pill) 

ROI 

(a) (b) 

Optical Probe 

(d) (c) 

ROI 
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The DCS probe shown in Fig. 2(d) had two multi-mode source fibers (diameter = 200 μm, 
length = 12 meter) and four single-mode detector fibers (diameter = 7 μm, length = 12 meter).  
An optical switch (1*4 Prism, Dicon Fiberoptics Inc., CA) connected with the CW laser 
source (785 nm) was employed to switch the two source positions consecutively.  Four 
detector fibers were connected to the four APDs.  The full-frame-acquisition time for the DCS 
measurement was 3.4 seconds.   

The source-detector separations of the optical probe ranged from 0.5 to 3 cm (see Fig. 
2(d)).  From diffusion theory, light penetration depth depends on tissue optical properties and 
source-detector separation.  In the previous study we have experimentally demonstrated that 
signals detected by source-detector pairs with large separations (>2 cm) derived 
predominately from the muscle layer, provided the thickness of the near-surface layers (skin 
and adipose) was small [30].  The thickness of the near-surface layer derived from the MRI 
anatomic images of the present population (5.5 ± 1.0 mm, n = 7, see Table 1) was comparable 
with that of previous population (5.5 ± 0.4 mm, n = 10) [30].  Thus, in this study muscle flow 
responses were obtained by averaging data taken with large source-detector separations (i.e. 
2.5 and 3 cm). 

2.3 Arterial Spin Labeled MRI (ASL-MRI)  

ASL-MRI measurements were conducted in a 3.0 Tesla Siemens Trio whole-body MR 
system.  A custom designed dual-tuned proton/phosphorous transmit-receive knee coil (Nova 
Medical, Inc., Wakefield, MA) was employed.  A single-slice version of the continuous ASL 
(CASL) sequence was utilized for muscle perfusion MRI [45, 46].  The raw image series were 
separated into label and control pairs and then pair-wise subtracted.  The labeling plane was 6 
cm proximal to the imaging slice in the axial plane, whereas the inversion plane was placed 6 
cm distal to the imaging slice during the control state.  Imaging parameters were: single slice 
of 1 cm thickness, field of view = 22 cm, matrix size = 48 x 64, TR/TE = 4000/13ms, tagging 
duration = 2 sec. A post labeling delay of 1900 ms was employed based on previous testing 
[47].  Because the employed cuff occlusion paradigm may cause relatively large dynamic 
changes in the raw echo-planar image (EPI) series, the pair-wise subtraction between 
successive label and control acquisitions is susceptible to contamination from the changes in 
the “static” signals. To minimize this confounding effect, the control image series were first 
linearly interpolated so that the pair-wise subtraction was carried out using time matched label 
and control images [48].  

In order to eliminate the residual static signal between label and control acquisitions 
caused by imperfection of the gradient, the polarity of the applied gradient was flipped every 
pair of label and control acquisitions.  Consequently for analysis, two adjacent data points in 
the subtracted difference perfusion image series were averaged, resulting in an effective 
temporal resolution of 16 seconds per sample [49].  Flow quantification followed the model in 
reference 46 (Eq. [1]), assuming blood T1 = 1.5 sec and a blood-tissue water partition 
coefficient of 0.9 mL/g. 

2.4 Co-registration of optical and ASL-MRI measurements 

MRI anatomic images enabled co-registration of DCS and ASL-MRI measurements. For 
example, the location of DCS probe is determined approximately from the rectangular 
deformation area due to probe pressure on the tissue surface (see Fig. 2(a), Fig. 2(b) and Fig. 
2(c)).  For precise localization, a vitamin E pill, positioned at the center of the DCS probe was 
used to assist in MRI slice selection of the identical calf region (see Fig. 2(a) and Fig. 2(b)).  
The region of interest (ROI) (see Fig. 2(a) and Fig. 2(c)) underneath the DCS probe was 
selected for extraction of data from the ASL-MRI measurements.  The ROI was selected 
according to a simulation of the photon path distribution in the homogeneous tissue for a 
source-detector pair with a large separation (i.e. 3 cm) [30].  The selected ROIs excluded 
voxels containing large vessels. 
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2.5 Characterization of flow responses 

The time course of DCS measurements of relative blood flow (rBF) and ASL-MRI 
measurements of perfusion are presented as measured values ± their error bars.  In order to 
evaluate DCS measurement accuracy we assumed that signal fluctuations measured at rest are 
due to instrumental and physiological noise [30], and we estimated a percent error from the 
standard deviation of 20 measurement time-points at rest divided by their mean.  The ASL-
MRI measurement error was estimated by the standard deviation of measurement time-points 
during cuff-occlusion, since most of the patients were not measured by the ASL-MRI at rest.  
The measurement error of baseline/cuffed perfusion measured by ASL-MRI is large as a 
result of the very low blood perfusion which produces a poor signal-noise-ratio [50].  We thus 
limited the comparison of the two measurements to data taken in the vicinity of the hyperemic 
peak, that is, excluding DCS/ASL-MRI data with MRI perfusion less than 10 (ml/100g)/min 
[50]. 

To characterize flow responses, mean and standard deviation are calculated for peak 
blood flow (reactive hyperemia) after release of cuff-occlusion, a time constant is calculated 
from release of cuff-occlusion to peak blood flow (i.e. Time-to-Peak (sec)), and recovery half-
time is calculated (i.e. Time-after-Peak (sec)).  Figure 3(a) illustrates the definition of these 
variables.  A two-sample t-test was used to identify the differences between DCS and ASL-
MRI measurements.  Correlations between DCS and ASL-MRI measurements were 
determined by linear regression analysis.  The criterion for significance was p < 0.05.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.  Time course of the blood flow response from two healthy volunteers (a and b) measured by DCS (dark 
circles) and ASL-MRI (light crosses) during 5-min cuff occlusion. DCS/MRI measurement error was estimated by 
the signal variations at rest/during cuff occlusion.  Vertical lines indicate beginning and end of the cuff occlusion. 
Blood flow responses were characterized by peak blood flow, Time-to-Peak (sec), and Time-after-Peak (sec). 
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3. Results 

3.1 Flow responses 

Figure 3 shows the typical dynamic changes in blood flow measured by DCS and ASL-MRI 
during 5-minute cuff occlusion from two volunteers.  The DCS and ASL-MRI blood flow 
curves exhibited similar dynamic responses in each individual.  For the DCS measurement, 
the rapid increase of cuff pressure induced a significant decrease in blood flow (-91.0 ± 3.2%, 
n = 7), assigning 100% as the baseline.  The typical reactive hyperemic peak blood flow 
following the release of cuff inflation was 267.0 ± 50.2%.  These optical measurement results 
are in good agreement with previous optical-only observations of healthy volunteers (-90.0 ± 
2.4%, 311.4 ± 90.8%, n = 10) [30]. 

As noted above, the signal-noise-ratio (SNR) of the ASL-MRI method is relatively poor 
when tissue perfusion is low.  For example, muscle blood flow at rest (3-5 (ml/100g) /min [7, 
51, 52]) and during cuff occlusion (biological zero flow) are fairly low, and their 
measurements are accompanied by relatively large error bars in ASL-MRI perfusion 
responses (see Fig. 3).  Occasional “negative flow” ASL-MRI values were also observed 
during cuff occlusion (see Fig. 3); these arise from raw signal contamination even with the 
time matched subtraction after interpolation [53] (Note, the ASL signal requires a subtraction 
of label and control image pairs).  For this reason we employed a cuff manipulation paradigm 
to generate a state of hyperemia.  On average, the mean peak ASL-MRI flow after release of 
cuff occlusion was 68.1 ± 21.2 (ml/100g)/min (n = 7).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.  Correlations between ASL-MRI flow and DCS relative blood flow (a), and DCS flow-
index αDB (b). All datasets (solid dots) are obtained by ASL-MRI and DCS at identical time 
points from 7 subjects, including seven peak flow values (empty circles). Peak flow is defined as 
the maximum flow value after release of cuff occlusion (see Fig. 3(a)). 
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To evaluate the measurement repeatability, three subjects were sequentially measured 
twice.  The variations in peak blood flow between two repeated measurements on three 
subjects (n = 3) were less than 8% for both DCS and ASL-MRI.   

The probe pressure on soft muscle tissues introduced muscle deformation (see Fig. 2) 
which sometimes affected the muscle blood flow.  When wrapping the optical probe, it was 
found that the mean peak ASL-MRI flow (57.7 ± 21.2 (ml/100g)/min, n = 4) was significantly 
lower than that without the optical probe (100.2 ± 32.5 (ml/100g)/min, p = 0.03). 

3.2 Correlations between optical and ASL-MRI measurements 

Figure 4 shows the comparison of muscle blood flow measurements obtained by ASL-MRI 
and DCS at identical time points during 5-minute cuff occlusion from 7 subjects.  We 
compared DCS flow and absolute ASL-MRI perfusion data taken around the peak of the 
hyperemia after cuff release.  Significant linear correlations (R2 > 0.60, p < 0.001) between 
absolute ASL-MRI perfusion and DCS relative blood flow (Fig. 4(a)), and DCS absolute 
flow-index αDB (Fig. 4(b)) were found.  The peak values of blood flow showed stronger 
correlations (R2 > 0.70, p < 0.05, see Fig. 5) than those obtained from all data points (see Fig. 
4).  Note also, the DCS relative blood flow (rBF) exhibited a stronger correlation with ASL-
MRI perfusion than the absolute DCS flow-index αDB for all data points and for peak flow 
(see Fig. 4 and Fig. 5).   

In this study we also observed that the ASL-MRI Time-to-Peak (52.6 ± 7.8 sec) and ASL-
MRI Time-after-Peak (36.6 ± 7.8 sec) were shorter than the DCS Time-to-Peak (62.2 ± 9.2 
sec) and DCS Time-after-Peak (46.4 ± 9.3 sec), respectively.  These differences, however, are 
not significant (p > 0.08), and they may be attributed to measurement errors created by the 
low ASL-MRI temporal resolution (16 seconds).     
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Fig. 5.  Correlations between ASL-MRI peak flow and DCS peak relative blood flow (a) 
and DCS peak flow-index αDB (b). 
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4. Discussion and conclusion 

In this study, the absolute DCS flow-index αDB and its relative change (rBF) were found to be 
significantly correlated with tissue blood perfusion measured by ASL-MRI; correlation in the 
latter case was stronger.  Uncertainty about the assumed value of the tissue scattering 
coefficient µs' (5 cm-1) can introduce calculation errors in the absolute index αDB [30].  In 
principle, however, µs' can be concurrently measured using a hybrid instrument [22, 23, 30], 
thus eliminating  this source of error.  The variation of the fiber-tissue coupling coefficients 
during each measurement or between different measurements may also create errors in 
estimation of αDB.  These calculation and measurement errors are largely normalized out in 
the rBF data [30].  Therefore, it is not surprising to observe the stronger correlations of ASL-
MRI with relative blood flow (rBF). 

In our observation range (i.e. for ASL-MRI perfusion >10 (ml/100g)/min) the absolute 
DCS measurement (αDB), in units of cm2/s, was found to be linearly proportional to the ASL-
MRI measurement, in units of (ml/100g)/min (see Fig. 4(b)).  These observations suggest that 
absolute DCS data may be regarded as an index of blood flow, and the slope of the best-fit 
line in Fig. 4(b), i.e. [1.5 ± 0.15] x 10-9 (cm2/s)/(ml/100g)/min, can be used for calibration of 
DCS data (αDB).  Over a narrow observation range (i.e. for ASL-MRI perfusion > 40 
(ml/100g)/min), the linear correlation between the two measurements became stronger (see 
Fig, 5(b)).  This was likely due to the smaller percentage error of the ASL-MRI measurements 
at higher flow levels.  The slope of this best-fit line, i.e. [1.7 ± 0.47] x 10-9 
(cm2/s)/(ml/100g)/min, can be used for better calibration of DCS flow-index in the higher 
flow observation range.  Conceptually, some limitations are apparent.  The factor α is a 
measure of the ratio of moving scatterers (i.e. blood cells) to static scatterers in tissue.  This 
factor could vary with tissue-type, subject hematocrit, etc.  In addition, the microscopic nature 
of the effective diffusion coefficient, DB, is not well understood, and it will certainly depend 
on the spatial distribution and relative volume fraction of arterioles, venules and capillaries of 
the observed tissue microvasculature.  In principle some of these factors (e.g. hematocrit) can 
be concurrently measured and corresponding corrections applied, but, for the long-term, it is 
important to catalogue this slope across tissue type and over large sample sizes.    After such a 
study, it should be possible to derive calibration coefficients specific to particular organs, 
tissues and disease.    

On the other hand, measurements of relative changes of blood flow are valuable.  Such 
changes have already been shown to be useful in a variety of clinical contexts, for example 
diagnosis of cancer [28, 29, 54, 55], evaluation of muscle vascular disease [30], and 
assessment of therapeutic response [26, 27, 29, 56, 57].  Some of these measurements 
monitored relative blood flow changes continually for several hours/days/weeks after 
radiation treatment [26, 29], and information obtained from these studies was useful for 
estimation of treatment effect.  Taken together, our results indicate that relative blood flow 
(e.g., rBF measured by DCS) holds potential for the purpose of longitudinal monitoring of 
tissue physiological status, and we have established in this paper that rBF is closely related to 
blood flow measured by ASL-MRI.  

The concurrent measurement also provided an opportunity to evaluate the influence of 
probe pressure on muscle blood flow.  The pressure created by the optical probe affected 
blood flow significantly, but was not an issue for this study since the increased pressure 
affected DCS and ASL-MRI measurements to the same degree.  In future all-optical 
measurements, it will be desirable to tape (without wrapping) a ‘light-material’ probe on calf 
to reduce pressure or to measure pressure directly using embedded pressure sensors in order to 
insure repeatability. 

MRI provides anatomic information for accurate co-registration of optical and ASL-MRI 
measurements.  Such information (e.g. the thickness of tissue layers) is useful for more 
precise quantification of DCS signals, including blood flow heterogeneity in different tissue 
layers (e.g., skin, adipose, muscle).  Even at large source-detector separations there always 
exists some contribution to the DCS signal from overlaying tissues (skin and adipose).  The 
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ASL-MRI/Optical approach takes a first step towards understanding these effects, but will 
require more source-detector coverage and multi-layer modeling for progress.  

Finally, we revisit the claim that near-infrared diffuse correlation spectroscopy (DCS) and 
arterial spin labeled perfusion MRI (ASL-MRI) both measure microvascular flow.  Diffuse 
optical techniques are known to be sensitive to smaller vessels such as arterioles, capillaries, 
and venules in tissue [58]; the absorption in large vessels is so large that photons are absorbed 
before penetrating through these structures.  ASL-MRI also measures blood flow through 
tissue microvasculature, but transit related effects can give rise to intravascular signals from 
large vessels in ASL-MRI perfusion images, thereby increasing the vascular/arterial weighting 
in the measured ASL-MRI signal.  In order to determine the optimal parameters for ASL-MRI 
in human muscles, multiple ASL-MRI measurements at a series of delay times (900, 1200, 
1500, 1900 ms) were carried out in a separate pilot study [47], and a long delay of 1900 ms 
was chosen for the present study.  This choice weighted the ASL-MRI signal more towards 
the microvasculature.  Furthermore, the reported ASL-MRI perfusion values were extracted 
from ROIs that were manually drawn to exclude voxels containing large vessels.  Therefore, 
we believe the two techniques in this study compare signals from essentially the same tissue 
microvasculature.   

To conclude, we have shown that diffuse correlation spectroscopy (DCS) and ASL-MRI 
quantify the same temporal dynamics of tissue microvascular flow.  DCS provides a rapid, 
non-invasive, portable and quantitative bedside tool for assessment of muscle blood flow.  
Both DCS relative blood flow (rBF) and absolute flow-index (αDB) are strongly correlated 
with the ASL-MRI perfusion.  Those findings represent a first step toward calibration of 
diffuse optical flow-indices.   
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