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Abstract: We propose a new near-infrared spectroscopy (NIRS) method for quantitative 
measurements of cerebral blood flow (CBF). Because this method uses concepts of coherent 
hemodynamics spectroscopy (CHS), we identify this new method with the acronym NIRS-
CHS. We tested this method on the prefrontal cortex of six healthy human subjects during 
mean arterial pressure (MAP) transients induced by the rapid deflation of pneumatic thigh 
cuffs. A comparison of CBF dynamics measured with NIRS-CHS and with diffuse correlation 
spectroscopy (DCS) showed a good agreement for characteristic times of the CBF transient. 
We also report absolute measurements of baseline CBF with NIRS-CHS (69 ± 6 ml/100g/min 
over the six subjects). NIRS-CHS can provide more accurate measurements of CBF with 
respect to previously reported NIRS surrogates of CBF. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Maintaining adequate cerebral blood flow (CBF) is critically important for brain function and 
tissue viability, especially for patients in the neurocritical care unit (NCCU) with conditions 
such as acute ischemic stroke, traumatic brain injury, and subarachnoid hemorrhage [1,2]. 
Although multiple factors may contribute to the poor outcome in those patients, a major focus 
of the intensive care is to prevent delayed ischemia due to low blood supply to the brain tissue 
[3]. Continuous bedside monitoring of CBF could improve outcome by providing the ability 
to detect any signs of impaired CBF in the patients and allow for suitable interventions to 
prevent ischemia before permanent tissue damage occurs. 

Conventional imaging techniques, such as oxygen-15 positron emission tomography 
(PET), single-photon emission computer tomography (SPECT), perfusion magnetic resonance 
imaging (MRI), and xenon-computed tomography (Xe-CT), can measure CBF accurately, but 
these techniques are not suited for clinical bedside monitoring because they are costly, unable 
to provide continuous monitoring, involve major instrumentation, and may require radiation 
exposure and patient transport [4]. Transcranial Doppler ultrasound (TCD) is more common 
for clinical practice because this technique can record temporal changes in cerebral blood 
flow velocity (CBFV) in large arteries noninvasively and continuously. However, TCD 
cannot probe microvascular blood flow, which limits this technique from monitoring regional 
ischemic conditions in the brain. Besides, performance of TCD is operator dependent and 
may not be applicable in 10-15% of patients due to lack of ultrasound transmission windows 
[5,6]. 

Optical techniques using near-infrared light are promising for portable, continuous, long-
term and noninvasive monitoring of regional CBF at bedside settings. Hemoglobin difference 
([HbD]), defined as the difference between the tissue concentrations of oxy-hemoglobin 
([HbO2]) and deoxy-hemoglobin ([Hb]), is a quantity measured by near-infrared spectroscopy 
(NIRS). [HbD] has been observed to be highly correlated with CBF [7]. However, [HbD] is 
not solely sensitive to CBF but also to cerebral blood volume (CBV) and cerebral metabolic 
rate of oxygen (CMRO2). Furthermore, [HbD] does not take into account the delay, due to the 
blood transit time in the microvasculature, between tissue concentrations of [HbO2] and [Hb] 
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and the driving changes in CBF. Diffuse correlation spectroscopy (DCS) is another optical 
technique that can measure CBF directly based on the decorrelation of the intensity 
fluctuations of the multiple-scattered light [8–10]. Relative changes in blood flow index (BFI) 
measured by DCS have been shown to correlate with relative changes in CBF as assessed by 
standard modalities, such as TCD [11], Xe-CT [12], arterial spin labeling MRI (ASL-MRI) 
[13], and velocity encoding MRI (VENC-MRI) [14]. However, DCS measurements do not 
provide absolute CBF, which hampers the capability of DCS to determine when CBF has 
fallen under critical levels. Recently, we introduced a method, namely coherent 
hemodynamics spectroscopy (CHS), to characterize cerebral hemodynamics that are coherent 
with a given physiological quantity and we have described how it may be used to obtain CBF 
from NIRS measurements [15–18]. This method is based on an analytical model that relates 
[HbO2] and [Hb] to perturbations in CBV, CBF, and CMRO2 [15,19]. CHS improves on the 
[HbD] estimation of CBF dynamics by correcting for CBV changes and for the blood transit 
times in the capillary and venous compartments. Quantitative measurements of capillary 
blood volume and capillary transit time by CHS also provide absolute values of local CBF. 
The clinical applicability of CHS and its ability to provide absolute CBF at baseline has been 
reported in our previous work [17,20,21]. Here, we report for the first time dynamic 
measurements of CBF with NIRS-CHS, their comparison with [HbD] and DCS 
measurements, and a critical analysis of absolute and relative measurements of CBF with 
NIRS-CHS. 

The scope of this work is to validate the temporal dynamics of microvascular CBF 
measured with NIRS-CHS in a protocol that involves induced transient changes in mean 
arterial pressure (MAP). The blood pressure changes were induced by a rapid deflation of a 
pneumatic cuff applied to both subject’s thighs after 2 minutes of sustained inflation at a 
super-systolic pressure. Thigh cuff deflation is a well-established method for producing 
transient changes in arterial blood pressure and in CBF measured by TCD [11,22,23]. We 
have validated the temporal dynamics of CBF measured with NIRS-CHS by comparison with 
relative CBF measured concurrently with DCS in the same tissue volume. In addition to the 
validation of dynamic CBF measurements, we also discuss the sensitivity to model 
parameters and the effect of model assumptions on NIRS-CHS measurements of CBF. 

2. Methods 

2.1 Subjects 

Six healthy subjects (3 females; 3 males; age range: 22-33 years) participated in this study. 
The Tufts University Institutional Review Board approved the experimental protocol, and the 
subjects provided written informed consent prior to the experiment. Experiments were 
performed in accordance with the Declaration of Helsinki. 

2.2 Data acquisition and measurement protocol 

Concurrent and co-localized NIRS and DCS measurements were performed. The NIRS 
instrument is a commercial frequency-domain tissue spectrometer (Imagent, ISS, Inc., 
Champaign, IL) that operates at wavelengths of 690 and 830 nm and at a modulation 
frequency of 140 MHz. The DCS instrument is home-built according to the specificiations of 
previously reported systems [10,13,14]. It uses a long-coherence-length continuous-wave 
laser (DL785-070-3O, CrystaLaser, Inc., Ren, NV) emitting light at 785 nm, and a bundle of 
four co-localized few-mode optical fibers (SMF-28-100, NA: 0.14, core: 8.2 μm, single-mode 
cutoff wavelength at 1260 nm, Thorlabs, Newton, NJ) for collection. The detection fibers 
were wrapped around a 15-cm diameter cylinder to convert higher-order modes into non-
propagating leaky modes. This setup of detection fiber is similar to what have been reported 
in literature [24], which results in bending-insensitive transport of six modes at 785 nm for 
the detection fibers. The detected light for DCS is delivered to an avalanche photodiode 
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if the intensity was too low, i.e. if the detected photon count rate was less than 5 kHz. The 
method assumes the mean squared displacement of the moving scatterers to follow a 
Brownian motion model [8]. For the fitting procedure, absorption and scattering coefficients 
( aμ and ')sμ  at 785 nm were extrapolated from optical properties measured at 690 and 830 

nm with frequency-domain NIRS. While the time-dependent aμ  at 785 nm was estimated 

from the time traces of [HbO2] and [Hb], 'sμ  was assumed to be constant and extrapolated 

from 'sμ  measured at 690 and 830 nm using the power-law dependence 0' ~ ( / ) b
sμ λ λ −  

(where 0λ  = 690 nm). We restricted the fit to the early portion of the 2 ( )g τ  curve, wherein 

2 ( )g τ  was greater than 1.05, to give more weight to longer photon pathlengths and increase 

the sensitivity of the BFI signal to cerebral contributions [26]. Then, the relative CBF 
measured by DCS ( rCBF ( )DCS t ) is computed as follows: 

 
0

BFI( )
rCBF ( )  ,

BFIDCS

t
t =  (1) 

where 0BFI  is the average BFI value during baseline. The time traces of rCBFDCS  were 

smoothed via a moving average window size of 3 frames (~3.6 s). Examples of 2 ( )g τ from 

one experiment are shown in Fig. 2 during baseline and at 5 s following the cuff release. We 
note that the steeper slope of 2 ( )g τ  during baseline compared with the one after cuff release 

is consistent with higher blood flow during baseline. With the setup of the detection fibers, 
we initially obtained β = 0.15 ≅ 1/6 as expected for six-mode detection fibers. Here in this 
study, the correlation factor β = 0.12 is lower than the theoretical prediction. We hypothesize 
that this could be due to laser instability. However, we note that β is constant during the 
whole experiment, and since we only care for relative changes in CBF measured by DCS we 
expect that this low β will not affect the results of this study. 

 

Fig. 2. Measured intensity autocorrelation curves during baseline and during the cuff-release-
induced transient (5 s following the cuff deflation) as a function of delay time τ . The fits to 
the hemogeneous semi-infinite DCS model are presented in black dashed lines. The fits are 

constrained to the early delays corresponding to 2 ( )g τ  ≥ 1.05. BFI value is 3.4 × 10−9 cm2/s 

during baseline and 1.9 × 10−9 cm2/s at 5 s following the cuff release. 

2.3.2 Near-infrared spectroscopy 

We obtained absolute baseline cerebral concentrations of oxy-hemoglobin ([HbO2]0), deoxy-
hemoglobin ([Hb]0), and total hemoglobin ([HbT]0) from the initial baseline measurement 
with the multi-distance optical probe by applying diffusion theory for a semi-infinite 
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homogeneous medium. The method to calculate absolute optical properties from multi-
distance amplitude (AC) and phase measurements in frequency-domain NIRS is described 
elsewhere [27]. Optical signal changes collected with the NIRS/DCS probe at a 3.5 cm 
source-detector distance were translated into relative changes in cerebral hemoglobin 
concentrations 2[HbO ]Δ , [Hb]Δ , and [HbT]Δ  by applying the modified Beer-Lambert law 

[28]. Differential pathlength factors for 690 and 830 nm light were determined from the tissue 
optical properties measured at baseline [29]. Here, we did not apply corrections that we have 
previously considered for water contributions to absorption [30] and for the layered structure 
of the examined tissue [31]. The reason is that these two corrections would modify the 
cerebral concentrations in opposite directions (water-corrected [HbT] is lower and layer-
corrected cerebral [HbT] is greater than uncorrected [HbT]) and would still be associated with 
assumptions (the volume fraction of water in tissue) and approximations (a tissue structure 
made of regular layers). 

AC amplitudes (rather than average DC intensities) at the two wavelengths were used for 
the conversion of hemoglobin concentrations via the modified Beer-Lambert law. We found 
that using AC amplitudes for NIRS and the optical fiber arrangement of the NIRS/DCS probe 
[Fig. 1(b)], there was negligible crosstalk between the NIRS and DCS measurements. The 
superposition of the relative changes to the absolute baseline measurements provided 
temporal dynamic measurements of absolute concentrations [HbO2], [Hb], and [HbT]. Time 
traces of hemoglobin concentrations and MAP were low-pass filtered with a cut-off frequency 
of 0.2 Hz to remove contributions from respiration and cardiac pulsation. For further analysis 
with the hemodynamic model, we used the dynamic responses of [HbO2] and [Hb] within 10 
s following the thigh cuff deflation, which corresponds to the time frame in which cerebral 
autoregulation is less confounded by other intervening phenomena like the baroreflex 
mechanism [32,33]. 

2.3.3 Hemodynamic model and fitting procedures 

The CHS model describes how the time traces of [HbO2], [Hb], and [HbT] are related to the 
time-dependent changes in cerebral blood volume (CBV), cerebral blood flow (CBF), and 
cerebral metabolic rate of oxygen (CMRO2) [15,16,19]. The key equations are: 

 
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

2 0 0 0

( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
0 - 0 - 2( )

[HbO ]( ) ctHb [ CBV (1 cbv ( )) CBV CBV (1 cbv ( ))]

ctHb [ ( ) CBV ( ) ( )CBV ( )]*[cbf ( ) cmro ( )] ,

a a a c c c v v v

c

c v c c c a v v v
RC LP G LPv

t S t S S t

S
S S h t S S h t t t

S

= + + + +

+ +



– – –

  (2) 

 
( ) ( ) ( )( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

0 0 0

( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
0 - 0 - 2( )

[Hb]( ) ctHb [ 1 CBV (1 cbv ( )) 1 CBV 1 CBV (1 cbv ( ))]

ctHb [ ( ) CBV ( ) ( )CBV ( )]*[cbf ( ) - cmro ( )] ,

a a a c c c v v v

c

c v c c c a v v v
RC LP G LPv

t S t S S t

S
S S h t S S h t t t

S

= + + + +

+





– – –

– – –

  (3) 

 0[HbT]( ) ctHb CBV [1 cbv( )] ,t t= +  (4) 

where * denotes the convolution operator. Lowercase notation denotes normalized relative 
changes in CBV, CBF, and CMRO2 with respect to baseline (i.e., 0cbv( ) CBV( ) / CBVt t= Δ , 

0cbf ( ) CBF( ) / CBFt t= Δ , 2 2 2|0cmro ( ) CMRO ( ) / CMROt t= Δ ), and ctHb is the concentration 

of hemoglobin in blood. The superscripts indicate the arterial (a), capillary (c), or venous (v) 
compartment values of hemoglobin saturation (S), CBV and cbv. ( )c is the Fåhraeus factor 
that accounts for the reduced hematocrit in the capillaries with respect to large blood vessels. 
The mean capillary and venous saturations depend on arterial satuation (S(a)) and mean 
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capillary transit time (t(c)) according to 
( )( ) ( ) ( )(1 ) / ( )
cc a t cS S e tα α= ––  and 

( )( ) ( ) ,
cv a tS S e α−=  

respectively. The symbol  denotes a spatial average over the average length of one 

capillary, and α is the rate constant of oxygen diffusion. The impulse response functions 

associated with the blood transit time in the capillary bed 
( )

[ ( )]
c

RC LPh t−  and in both capillary 

and venous compartments 
( )

[ ( )]
v

G LP
h t

−
 are given by the resistor-capacitor (RC) and Gaussian 

low-pass filters, respectively, as functions of ( )ct  and ( )vt  [16,19]. The baseline cerebral 
blood volume is defined as: 

 ( ) ( ) ( ) ( )
0 0 0 0CBV CBV CBV CBV  ,a c c v= + +  (5) 

or: 

 
( ) ( ) ( ) ( )
0 0 0

0 0 0

CBV CBV CBV
1  .

CBV CBV CBV

a c c v

= + +


 (6) 

To clarify how the retrieval procedure works, we divide the variables/parameters of Eqs. 
(2)-(4) into three categories: (a) measured, (b) assumed, and (c) fitted, as described below. 

(a) Measured parameters: 2[HbO ]( )t , [Hb]( )t  and 0CBV . The latter is computed from 

0[HbT]  measured at baseline as 0 0CBV [HbT] /ctHb=  (where the value of ctHb is 

assumed as specified in point (b) below). cbv(t) is obtained based on Eq. (4): 

0 0

CBV( ) [HbT]( )
cbv( )

CBV [HbT]

t t
t

Δ Δ= = . 

(b) Assumed parameters: S(a) = 0.98, ctHb = 2.3 mM, α = 0.8 s−1, and ( )
0 0CBV /CBV 0.3.a =  

α was assumed because t(c) is coupled with α through the product αt(c) in the expressions 
for S(c) and S(v). ( )

0 0CBV /CBVa was assumed to avoid crosstalk with the fitted parameter
( )

0

( )
0CBV /CBVcc , and the specific value used (0.3) was based on reported measurements 

with positron emission tomography in the living human brain [34]. 

For the dynamic variables, we assumed cbv(c)(t) = 0 based on the fact that cerebral 
capillary recruitment and dilation has been reported to be negligible [35–37]. From 
this assumption, cbv(t) is then expressed as the weighted sum of cbv(a)(t) and 
cbv(v)(t): 

 
( ) ( )

( ) ( )0 0

0 0 0

CBV CBV[HbT]( )
cbv( ) cbv ( ) cbv ( ) ,

[HbT] CBV CBV

a v
a vt

t t t
Δ= = +  (7) 

Recent studies by our group have suggested that cerebral blood volume changes in 
response to MAP dynamics are dominated by venous contributions in the lower 
frequency range (f < 0.2 Hz) [38,39]. On the basis of these studies, we partition the 
total cerebral blood volume changes into 80% venous and 20% arterial. This implies 
that ( )CBV ( ) 0.2 CBV( )a t tΔ = Δ  and ( )CBV ( ) 0.8 CBV( )v t tΔ = Δ or: 

 

1( )
( ) 0

0

CBV
cbv ( ) 0.2 cbv( ) ,

CBV

a
a t t

−
 

=  
 

 (8) 

 

1( )
( ) 0

0

CBV
cbv ( ) 0.8 cbv( ) .

CBV

v
v t t

−
 

=  
 

 (9) 
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Note that in Eq. (8) the coefficient ( ) 1( )
0 0CBV /CBVa −

 is assumed, while in Eq. (9) 

the coefficient ( ) 1( )
0 0CBV /CBVv −

 is derived from Eq. (6) where ( )

0

( )
0CBV /CBVcc is 

one of the fitting parameters. Finally, for the inversion procedure, we considered 
cbf(t) and cbv(t) to be related by a high-pass impulse response function [ ( ) ( )AR

RC HPh t− ] 

that depends on a cutoff frequency for cerebral autoregulation (fc
(AR)). This 

relationship assumes that cbf(t) could be estimated from cbv(t) by an RC high-pass 
filter relationship ( )cbf ( ) ( ) cbv( )AR

RC HPt kh t t−= ∗ , where k is the inverse of the modified 

Grubb’s exponent [16,33]. 

(c) Fitted parameters: t(c), t(v), ( )

0

( )
0CBV /CBVcc , fc

(AR), and k. They are obtained by fitting 

the measured [HbO2](t) and [Hb](t) over the 10 s following the cuff release to Eqs. (2) 
and (3). The fit was performed using the MATLAB function “fmincon” to minimize the 
sum of squared differences between the model prediction and the measured data. The 
parameters were obtained from the fit by setting limits within physiological ranges [16]. 
We used the MATLAB function “GlobalSearch” that uses a scatter-search mechanism 
for generating trial points within pre-defined bounds, and finds the best local minimum 
from those trial points with “fmincon”. To compute the error on each parameter, we 
applied a bootstrapping technique [40]. We computed the residuals as the difference 
between the data and the best fit. Then the residuals were randomly sampled and added 
to the fit to represent a new data set. We performed the fit again on the new data set and 
repeat this sampling procedure 20 times to obtain a distribution of parameter values. The 
standard deviation of the 20 results was used to represent the error on the fitting 
parameters. We found that performing the fit by using “GlobalSearch” and bootstrapping 
give similar results to using 48 different sets of initial guesses evenly spreaded 
throughout the range of upper and lower bounds of the five parameters. 

From the fitted parameters, an absolute value of CBF at baseline (CBF0) is computed 
as follows in units of milliliters of blood per 100 grams of tissue per minute 
(ml/100g/min) based on the central volume principle [17]: 

 

( ) ( )
0

( ) ( )
0 0 0

0 ( ) ( )

CBV

CBV [HbT] CBV1 1
CBF  ,

ctHb

c c

c c

c c
b bt tρ ρ

= =




 (10) 

Where ρb is the mass density of brain tissue, taken to be 1.04 g/ml. 

Finally, under the assumption of constant CMRO2(t), the values of t(c), t(v), and 
( )

0

( )
0CBV /CBVcc  obtained from the time domain fit were used to compute 

normalized changes in CBF with respect to baseline (
( ) ( ) 0cbf   CBF / CBFNIRS CHS NIRS CHSt t− −≡ Δ ) by taking the inverse Fourier transform of 

the following equation [16]: 

 

   ( ) ( )
2 ( ) ( )

0 0 0
-

( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( )0 0

( )
0 0

[HbO ]( ) [Hb]( ) CBV ( ) CBV ( )
(2 1) (2 1)

[HbT] CBV CBV
cbf ( )  ,

CBV CBV
2 ( ) ( ) ( ) ( )

CBV CBV

a v

a v

NIRS CHS
c c c v

c v c a v v
RC LP G LPv

S S

S
S S H S S H

S

ω ω ω ω

ω

ω ω− −

Δ − Δ Δ Δ− − − −
=

 
 − + −
  



  (11) 
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where the tilde denotes Fourier transformation with angular frequency ω. The 
complex transfer functions ( ) ( )c

RC LPH ω−  and ( ) ( )v
G LPH ω−  are the Fourier transforms of 

the corresponding impulse response functions (c) ( )RC LPh t− and ( ) ( )v
G LPh t− . We observe 

that if CMRO2 changes cannot be neglected, the left-hand side of Eq. (11) becomes
 

- 2cbf ( ) cmro ( )NIRS CHS ω ω– . Similar to the inversion procedure, we also assumed 

 ( )
CBV ( ) 0.2 CBV( )

a
ω ωΔ = Δ  and  ( )

CBV ( ) 0.8 CBV( )
v

ω ωΔ = Δ . The normalized 

CBF is - -rCBF ( )  1  cbf ( )NIRS CHS NIRS CHSt t= + . The absolute dynamic CBF is 

( ) ( )- 0 -CBF   CBF rCBF NIRS CHS NIRS CHSt t= . We note that only three out of the five 

parameters used for the time domain fit (t(c), t(v), and ( )

0

( )
0CBV /CBVcc ) were used 

for calculating  -cbf ( )NIRS CHS ω  in Eq. (11). Specifically, we released the assumption 

of an RC high pass filter relationship between cbv(t) and cbf(t). 

2.4 Statistical analysis 

To compare the dynamic responses of [HbD] ([HbO2] – [Hb]), CBFNIRS-CHS, and rCBFDCS, we 
measured the values of time-to-minimum (tmin) and time-to-half-recovery (t1/2) (in units of 
second) for these time traces in the interval of 20 s following the thigh cuff deflation. The 
minimum value following the cuff release defines the maximum decrease from baseline, and 
the time interval between the cuff release and the time of the minimum is defined as tmin. We 
denote with t1/2 the time needed to recover from the minimum value to half of the maximal 
decrease. A two-tailed signed-rank test was performed to determine statistically significant 
differences between tmin and t1/2 obtained from [HbD], CBFNIRS-CHS, and rCBFDCS. Analyses 
were performed with MATLAB, and statistical significance was associated with p-values < 
0.05. 

3. Results 

3.1 CBF dynamics with NIRS-CHS 

In this section, we study how variations or uncertainties in the CHS parameters and in the 
relative arterial-to-venous contributions to cerebral blood volume changes affect the 
amplitude and temporal dynamics of CBF in response to the cuff release. In other words, how 
the key parameters in Eq. (11) affect the calculation of  -cbf ( )NIRS CHS ω  and its inverse Fourier 

transform which yields its temporal dynamics. Based on the average NIRS measurements 
from the subjects reported in this paper, we simulated temporal traces of Δ[HbO2] and Δ[Hb] 
following the cuff release (Fig. 3(a)), with a maximal decrease of 2 μM for Δ[HbO2](t) and a 
maximal increase of 0.5 μM for Δ[Hb](t). We assumed [HbT]0 = 48 μM. First, we start with a 
set of initial parameter values: ( ) 0.7 s,ct =  ( ) 5 s,vt =  ( )

0

( )
0CBV /CBV 0.4cc = and 

(
0

)
0CBV CBV .3/  0a = (i.e., (

0
)

0CBV CBV  3)/ 0.v = . By assuming equal arterial and venous 

contributions to blood volume changes ( ) ( )( ) ( )( CBV   CB )Va vt tΔ = Δ , the time trace of cbf(t) 

could be generated as shown in Fig. 3(b). cbv(t) is generated as the normalized change in 
Δ[HbT](t) with respect to [HbT]0. 
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of cbf(t) measured by NIRS-CHS as compared to Δ[HbD]. This is the correction for the delay 
of Δ[HbD](t) with respect fo cbf(t) due to capillary and venous blood transit times. 

As relative arterial-to-venous baseline blood volume increases from 0.1/0.5 = 0.2 to 
0.5/0.1 = 5, cbf(t) peaks 0.6 s later and decreases 4-10% more. This latter result can be 
explained by the fact that changes in CBF do not affect the concentrations of Hb and HbO2 in 
the arterial compartment [15], so that a greater sensitivity to the arterial compartment 
translates given changes in [Hb] and [HbO2] into greater changes in CBF. 

One common effect that one can observe in Fig. 4 is the greater decrease in cbf(t) when 
the dynamic blood volume changes are venous (right panels of Fig. 4) vs. when they are 
arterial (left panels of Fig. 4). This effect could be explained mathematically by Eq. (11): as 

( )CBV ( )v tΔ  becomes greater than ( )CBV ( )a tΔ  (and  ( )
CBV ( )

v
ωΔ  becomes greater than

 ( )
CBV ( )

a
ωΔ ), after considering that ( ) ( )(2 1) (2 1)a vS S− > − , one can see that the numerator 

on the right-hand side of Eq. (11) becomes smaller, since 
  ( )

2

0

[HbO ]( ) [Hb] ( )

[HbT]

a
ω ωΔ − Δ

 is 

subtracted by a smaller amount. 
While the relative sensitivity of optical measurements to the arterial, capillary, and venous 

compartments is still unclear, in this work we assumed 
( )

0

0

CBV
0.3

CBV

a

=  based on a PET study 

[34], and we fitted for 
( ) ( )

0

0

CBV

CBV

c c
 (

( ) ( ) ( )
0 0

0 0

CBV CBV
then 1 0.3

CBV CBV

v c c

= − −


). 

3.2 NIRS-CHS measurements of dynamic CBF transients in human subjects 

Figure 5 shows a representative case of the model fit to the data over 10 s immediately after 
the thigh-cuff release. The figure shows the measured absolute hemoglobin traces (symbols) 
and the model fit (continuous lines) from subject 3. 

Baseline NIRS measurements yielded the following tissue concentration values (mean ± 
standard error over six subjects): 2 0[HbO ] 39 3 μM,= ±  0[Hb] 11 1 μM,= ±  and

0[HbT] 51 3 μM.= ±  The CHS fit to the transient responses of [HbO2] and [Hb] yielded the 

following values for the hemodynamic parameters (mean ± standard error over six subjects):
( ) 0.7 0.1 s,ct = ±  ( ) 5.3 0.8 s,vt = ±  and ( ) ( )

0 0CBV /CBV 0.41 0.02.c c = ±  The value of the 

transit time in the capillaries, t(c)~0.7 s, is within the reported range of 0.3 to 1.7 s as measured 
by fluorescence videography in rats [41]. The transit time in the veins, t(v) (which here 
represents the venous drainage time within the banana-shaped optically probed volume), of 
~5 s corresponds to an overall length of ~5 mm for the draining venules in the probed volume 
and a typical speed of blood flow in the venule of 1 mm/s [42]. The capillary compartment 
contribution to the total baseline blood volume, ( ) ( )

0 0CBV /CBV ,c c  of 0.41 is within reported 

physiological values of 0.3 to 0.65 in the human brain cortex [43]. These values of t(c) and 
( ) ( )

0 0CBV /CBVc c  are somewhat lower than those reported in a previous study that used the 

same thigh cuff deflation protocol in eleven healthy human subjects during normal breathing 
[33]: 1.1 ± 0.1 s for t(c) and 0.54 ± 0.03 s for ( ) ( )

0 0CBV /CBV .c c  In that previous study, the 

change in blood pressure was assumed to be equal to the relative change in arterial blood 
volume at the cardiac pulsation, and the arterial blood volume fraction ( )

0 0CBV /CBVa  was 

derived based on this assumption. This procedure led to a much lower value of 
( )

0 0CBV /CBVa  (~0.04) compared to the assumed value in this study. Another difference of 

that study is that it performed a separate fit for α, which is always multiplied by t(c) in the 

 
 

                                                                        Vol. 10, No. 4 | 1 Apr 2019 | BIOMEDICAL OPTICS EXPRESS 2127 



expressions for capillary and venous saturations [t(c) appears independently of α only in the 
microvascular impulse functions of Eqs. (2) and (3)]. 

 

Fig. 5. Typical time traces after thigh-cuff release (t = 0; data from subject 3). Symbols show 
measured hemoglobin concentrations, solid lines depict the model fit obtained from the 
MATLAB function “GlobalSeach”. 

Figure 6 shows the grand averages of ΔMAP (relative change in MAP), Δ[HbT], Δ[HbD], 
rCBFNIRS CHS− , and rCBFDCS as mean values (symbols) and standard errors (error bars) across 

the six subjects. The time axis ranges from 5 s-before to 20 s-after the deflation of thigh cuffs, 
and the dashed line at t = 0 s indicates the cuff release. For comparison, NIRS and MAP 
signals were down-sampled to the DCS sampling rate at 0.83 Hz. As shown in Fig. 6, a 
transient drop in MAP induces transient decreases in [HbT], [HbD], CBFNIRS CHS−  and

rCBFDCS . Following the cuff deflation, rCBFNIRS CHS− and rCBFDCS showed similar temporal 

dynamics, which lead the delayed temporal dynamics of Δ[HbD]. Specifically, the time to 
minimum of CBF from the cuff deflation (tmin) was 5.3 ± 0.7 s with NIRS-CHS, 5.5 ± 0.3 s 
with DCS and 7.9 ± 0.8 s with Δ[HbD], whereas the time to half recovery of (t1/2) was 9.7 ± 
0.9 s for rCBFNIRS CHS− , 9.9 ± 0.8 s for rCBFDCS , and 12 ± 1 s for Δ[HbD]. All values are 

reported as mean ± standard error over the six subjects. 

[H
bO

2
](

t) 
(

M
)

[H
b

](
t) 

(
M

)

 
 

                                                                        Vol. 10, No. 4 | 1 Apr 2019 | BIOMEDICAL OPTICS EXPRESS 2128 



 

Fig. 6. Grand averages of ΔMAP, Δ[HbT], Δ[HbD], rCBFNIRS CHS− , and rCBFDCS , (all relative 

to baseline) across six subjects. Symbols represent the mean, and error bars represent standard 
errors. The dashed vertical line indicates the time of cuff deflation (t = 0). 

The difference of tmin for rCBFNIRS CHS−  and rCBFDCS  was not statistically significant (two-

sided non-parametric signed rank test, p = 0.69), whereas the mean difference between tmin for 
rCBFNIRS CHS−  and Δ[HbD] was −2.6 s and significantly different from 0 (two-sided non-

parametric signed rank test, p = 0.03). Similarly, the difference of t1/2 for rCBFNIRS CHS− and 

rCBFDCS  was not statistically significant (two-sided non-parametric signed rank test, p = 

0.90), whereas the mean difference between t1/2 for rCBFNIRS CHS−  and Δ[HbD] was −2.7 s and 

significantly different from 0 (two-sided non-parametric signed rank test, p = 0.03). 
The maximum reduction in CBFNIRS CHS− following the cuff deflation was 10% ± 2%, 

ranging from 6% to 17%. The corresponding reduction in rCBFDCS was 39% ± 5%, ranging 

from 20% to 54%. Furthermore, we did not observe a meaningful correlation between the 
amplitudes of the CBF transients measured with NIRS-CHS and with DCS. We will comment 
on these results for the amplitude of CBF changes in the discussion section. 

3.3 Absolute CBF with NIRS-CHS in human subjects 

Absolute baseline CBF (CBF0) values were obtained from the fitted values of t(c) and
( ) ( )

0 0CBV /CBV .c c  We found an average CBF0 of 69 ± 6 ml/100g/min (mean ± standard 

deviation) over six subjects, with a range of 53-110 ml/100g/min. Table 2 shows CBF0 values 
obtained from the fit for every single-step response in each subject. To estimate the 
uncertainty of CBF0, we assumed relative errors of 5% in 0[HbT]  [44], 10% in ctHb on the 

basis of healthy ranges in men and women (of course this error may be significantly reduced 
if ctHb is measured from a blood test on the subject), and 1% in each of t(c) and 
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( ) ( )
0 0CBV /CBV ,c c  based on the results of this work. The uncertainty of CBF0 obtained from 

Eq. (10) is then ~11% of the measured value. 
It is also important to mention a systematic source of error in CBF0, which results from 

the CHS estimate of t(c). A careful inspection of the CHS equations for [HbO2] and [Hb] [Eqs. 
(2) and (3)] shows that t(c) almost always appears in conjunction with α in the product αt(c) (α 
is the rate constant of oxygen diffusion from capillary blood to tissue), through the 
expressions for <S(c)> and S(v). The only exception is the appearance of t(c) (separate from α) in 
the capillary and venous impulse response functions [ (c) ( )RC LPh t− and ( ) ( )v

G LPh t− ]. Consequenly, 

the assumed value of α (which is directly related to the baseline CMRO2) has a direct impact 
on the CHS estimate of t(c), with greater values of α resulting in smaller values of t(c). 

Table 2. Baseline CBF0 measured on the six subjects with NIRS-CHS 

Subject # CBF0 (ml/100g/min) 
1 87 ± 10 
2 70 ± 8 
3 53 ± 6 
4 110 ± 12 
5 63 ± 7 
6 78 ± 9 

4. Discussion 

In this study, we applied the mathematical CHS model to obtain dynamic absolute 
measurements of CBF from NIRS measurements in six healthy human subjects. This is the 
first time that NIRS-CHS is compared with another optical technique, DCS, that is applied 
concurrently and in the same tissue volume. We also showed that NIRS-CHS can generate 
absolute measurements of CBF that are co-localized with measurements of CBV. 

We observe that the blood flow index obtained from DCS is a direct measure of blood 
flow and is affected by the speed of moving red blood cells in all vascular compartments, 
while NIRS-CHS provides an indirect measurement of CBF and is sensitive to the effects of 
blood flow only in the capillary and venous vascular compartments. Specifically, DCS is 
based on the time scale of intensity decorrelation, which directly depends on the speed of 
moving scattering centers (i.e., red blood cells in the blood stream) regardless of the blood 
compartment. Instead, NIRS-CHS is based on dynamic measurements of [HbO2] and [Hb], 
which are affected by the oxygen diffusion from blood to tissue and by the speed of blood 
flow in the microcirculation. A greater blood flow results in a faster intensity decorrelation in 
DCS and a smaller deoxygenation of hemoglobin in NIRS-CHS (under the assumption of 
negligible changes in tissue oxygen consumption). Changes of blood flow in the arterial 
compartment have no effect on the changes in [HbO2] and [Hb] since there is no oxygen 
exchange in the arteries. On the contrary, changes of blood flow in the capillary compartment 
will affect the rate of deoxygenation and the concentrations of both HbO2 and Hb in tissue. 
The capillary compartment is actively altering the ratio of [HbO2] and [Hb], while the venous 
compartment is passively propagating those changes. Of course, changes in blood flow likely 
occur in all vascular compartments, but the NIRS-CHS method is specifically sensitive to 
capillary flow changes. 

In terms of temporal dynamics, we have found that CBF measured with NIRS-CHS is in 
good agreement with CBF measured with DCS, which is not the case for [HbD] (see Fig. 6). 
Although NIRS studies in the literature have proposed [HbD] as a surrogate for CBF [45–47], 
validation studies of [HbD] only compared the correlation between amplitude of changes in 
[HbD] and CBF during perturbations in MAP [7,47]. Instead, the temporal dynamics of 
[HbD] and CBF were not compared. Equations (2) and (3) show that [HbD] dynamics are 
determined by temporal changes in CBV, CBF, and CMRO2. Equation (11), where CMRO2 
dynamics are neglected, shows how CHS measurement of CBF subtract CBV dynamics from 
[HbD] dynamics [see the numerator of the right-hand-side of Eq. (11)]. Furthermore, the 
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introduction of the transfer functions associated with the blood transit times in the capillary 
bed ( )[ ( )]c

RC LPH ω−  and in the venous compartment ( )[ ( )]v
G LPH ω−  in the expression for 

cbf ( )NIRS CHS ω−  accounts for the time lag between blood flow changes and the associated 

changes in the cerebral concentrations of HbO2 and Hb [see the denominator of the right-
hand-side of Eq. (11)]. This delay results in a shorter time-to-minimum (tmin) and time-to-half-
recovery (t1/2) values in CBFNIRS CHS− as compared to [HbD] (see Fig. 6), and in earlier peaks of 

cbf ( )NIRS CHS t−  for longer t(c) and t(v) (see Fig. 4 and Table 1). The assumption of negligible 

changes in CMRO2 seems reasonable in our protocol, which does not involve brain activation 
paradigms, and where cerebral hemodynamics are induced by systemic changes in arterial 
blood pressure. We observe that even during brain activation protocols, the increase of CBF 
has been reported to be much greater (~30%) than CMRO2 changes (~5%) [48,49]. We note 
that when changes in CMRO2 are not negligible, our approach is still valid but Eq. (11) yields 
cbf(t) – cmro2(t) instead of cbf(t). In this case, NIRS-CHS can be used in conjunction with an 
independent measurement of cbf(t) to yield cmro2(t). 

While we found a good agreement between the characteristic times of the rCBFNIRS CHS−  

and rCBFDCS transients following the thigh cuffs release, their amplitudes of changes were 

significantly different (about 10% with NIRS-CHS vs. 39% with DCS) and showed no 
correlation. The reduction in CBFNIRS CHS−  of 10%, ranging from 6% to 17%, is in agreement 

with previous CBF changes measured with TCD, in a similar protocol, which are in the range 
10-20% [11,32,50]. This is also in reasonable agreement with the reported changes in rCBF 
measured with DCS, also in a similar protocol, after correcting for scalp flow contributions 
(median % decrease of 9.1%, 95% confidence interval of 6.8-11.2%) [11]. These results 
suggest that the discrepancy in the amplitudes for CBF measured with DCS and NIRS-CHS 
in this study may reflect different relative sensitivities of the two techniques to blood flow in 
the scalp and in the brain, which may also result from the different source detector separation 
used in this study for NIRS (3.5 cm) and DCS (2.5 cm). The unknown blood flow changes in 
the superficial tissue layers (scalp, skull, etc.) and in deeper brain tissue, and the unknown 
relative sensitivity to such changes in the NIRS-CHS and DCS techniques, may also account 
for the lack of correlation between the amplitudes of CBF changes measured with NIRS-CHS 
and with DCS. The lack of discrimination of extracerebral and cerebral blood flow is a 
limitation of this study, which will need to be addressed in future work aimed at depth 
discrimination (through layered models or tomographic reconstruction, or by application of 
external pressure onto the scalp to suppress scalp hemodynamics [51,52] to identify and 
correct for extracerebral tissue confounds in NIRS-CHS measurements of CBF. 

In addition to relative CBF dynamics, we have described how NIRS-CHS can measure 
absolute CBF and reported an average value of 69 ± 15 ml/100g/min (mean ± between-
subject standard deviation) in six healthy adult human subjects, ranging from 53 to 110 
ml/100g/min. In a study of CBF measurement variability, Henriksen et al reported mean 
values of 50 ± 9, 66 ± 13, and 59 ± 10 ml/100g/min for CBF in the gray matter in 17 healthy 
young subjects (age range: 20-30 years) as measured with ASL-MRI, diffusion contrast 
enhanced perfusion (DCE) MRI, and PET, respectively [53]. Grandin et al reported a value of 
59 ± 13 ml/100g/min for cortical gray matter blood flow by using MRI bolus tracking and 45 
± 6 ml/100g/min by using PET in 13 healhty male volunteers [54]. Vonken et al reported an 
average CBF in gray matter of 69 ± 21 ml/100g/min in 41 healthy subjects using dynamic 
susceptibility contrast MRI [55]. Here, we found comparable or slightly greater CBF values, 
on average, than reported in literature. It is noted that our absolute CBF measurements using 
NIRS-CHS depend on various approximations and assumptions in the model, and we need to 
further study the impact of such assumptions on the accuracy, precision, reliability, and 
reproducibility of absolute CBF measurements. In particular, we are currently exploring 
options to minimize the systematic error on t(c) (and therefore on CBF0) associated with the 
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assumed value of the oxygen diffusion from capillary blood to tissue (α). It is possible that 
these assumptions introduce systematic errors on CBF0 and would possibly have minimal 
effects on the reproducibility of CBF0 measurements on a single subject, so that longitudinal 
studies or cerebral perfusion monitoring on individual subjects may not be negatively 
impacted. However, the robustness and reliability of absolute baseline CBF measurements 
with NIRS-CHS needs to be further demonstrated in future studies. 

5. Conclusion 

In this study, we have presented a new optical approach using NIRS in conjunction with CHS 
to non-invasively and continuously measure CBF in human subjects. We have reported a first 
comparison of this technique using concurrent and co-localized diffuse correlation 
spectroscopy (DCS) measurements of local CBF dynamics during transient changes in mean 
arterial pressure caused by thigh cuffs release following 2 min of cuff inflation at a super-
systolic pressure. The CBF dynamics measured with DCS were in much better agreement 
with CBFNIRS CHS−  than with [HbD], a common NIRS surrogate of blood flow. However, we 

have found a discrepancy in the amplitude of CBF changes between NIRS-CHS and DCS, 
which we assign to confounding contributions from scalp blood flow and that will be further 
investigated in future studies. Even though DCS measurements are directly sensitive to the 
motion of red blood cells, we note that current models of quantification in DCS (i.e. the 
diffusion correlation equation) rely on NIRS measurements of the temporal trend of absolute 
optical properties. Therefore, both techniques will benefit from future comparative studies. If 
NIRS-CHS measurements of CBF will be further validated, they will leverage the typically 
high signal-to-noise ratio of NIRS, and provide a strong complement to the NIRS assessment 
of cerebral blood volume. In fact, the continuous co-registration of local CBV and CBF 
provides a rich hemodynamic characterization that may correlate with functional, 
physiological, and pathological states. 

Funding 

National Institutes of Health (NIH) (R01 NS095334, R21 EB020347). 

Acknowledgments 

We thank Kosar Khaksari and Nishanth Krishnamurthy for useful discussions. 

Disclosures 

The authors declare that there are no conflicts of interest related to this article. 

References 

1. A. L. de Oliveira Manoel, A. Goffi, T. R. Marotta, T. A. Schweizer, S. Abrahamson, and R. L. Macdonald, “The 
critical care management of poor-grade subarachnoid haemorrhage,” Crit. Care 20(1), 21 (2016). 

2. M. A. Kirkman, G. Citerio, and M. Smith, “The intensive care management of acute ischemic stroke: An 
overview,” Intensive Care Med. 40(5), 640–653 (2014). 

3. Y. Z. Al-Tamimi, N. M. Orsi, A. C. Quinn, S. Homer-Vanniasinkam, and S. A. Ross, “A review of delayed 
ischemic neurologic deficit following aneurysmal subarachnoid hemorrhage: Historical overview, current 
treatment, and Pathophysiology,” World Neurosurg. 73(6), 654–667 (2010). 

4. M. Wintermark, M. Sesay, E. Barbier, K. Borbély, W. P. Dillon, J. D. Eastwood, T. C. Glenn, C. B. Grandin, S. 
Pedraza, J.-F. Soustiel, T. Nariai, G. Zaharchuk, J.-M. Caillé, V. Dousset, and H. Yonas, “Comparative overview 
of brain perfusion imaging techniques,” Stroke 36(9), e83–e99 (2005). 

5. A. V. Alexandrov, A. M. Demchuk, T. H. Wein, and J. C. Grotta, “Yield of transcranial Doppler in acute 
cerebral ischemia,” Stroke 30(8), 1604–1609 (1999). 

6. C. W. A. Pennekamp, M. L. Bots, L. J. Kappelle, F. L. Moll, and G. J. de Borst, “The Value of Near-Infrared 
Spectroscopy Measured Cerebral Oximetry During Carotid Endarterectomy in Perioperative Stroke Prevention. 
A Review,” Eur. J. Vasc. Endovasc. Surg. 38(5), 539–545 (2009). 

7. M. Tsuji, A. duPlessis, G. Taylor, R. Crocker, and J. J. Volpe, “Near infrared spectroscopy detects cerebral 
ischemia during hypotension in piglets,” Pediatr. Res. 44(4), 591–595 (1998). 

 
 

                                                                        Vol. 10, No. 4 | 1 Apr 2019 | BIOMEDICAL OPTICS EXPRESS 2132 



8. C. Cheung, J. P. Culver, K. Takahashi, J. H. Greenberg, and A. G. Yodh, “In vivo cerebrovascular measurement 
combining diffuse near-infrared absorption and correlation spectroscopies,” Phys. Med. Biol. 46(8), 2053–2065 
(2001). 

9. J. P. Culver, T. Durduran, D. Furuya, C. Cheung, J. H. Greenberg, and A. G. Yodh, “Diffuse optical tomography 
of cerebral blood flow, oxygenation, and metabolism in rat during focal ischemia,” J. Cereb. Blood Flow Metab. 
23(8), 911–924 (2003). 

10. N. Roche-Labarbe, A. Fenoglio, H. Radhakrishnan, M. Kocienski-Filip, S. A. Carp, J. Dubb, D. A. Boas, P. E. 
Grant, and M. A. Franceschini, “Somatosensory evoked changes in cerebral oxygen consumption measured non-
invasively in premature neonates,” Neuroimage 85(Pt 1), 279–286 (2014). 

11. A. B. Parthasarathy, K. P. Gannon, W. B. Baker, C. G. Favilla, R. Balu, S. E. Kasner, A. G. Yodh, J. A. Detre, 
and M. T. Mullen, “Dynamic autoregulation of cerebral blood flow measured non-invasively with fast diffuse 
correlation spectroscopy,” J. Cereb. Blood Flow Metab. 38(2), 230–240 (2018). 

12. M. N. Kim, T. Durduran, S. Frangos, B. L. Edlow, E. M. Buckley, H. E. Moss, C. Zhou, G. Yu, R. Choe, E. 
Maloney-Wilensky, R. L. Wolf, M. S. Grady, J. H. Greenberg, J. M. Levine, A. G. Yodh, J. A. Detre, and W. A. 
Kofke, “Noninvasive measurement of cerebral blood flow and blood oxygenation using near-infrared and diffuse 
correlation spectroscopies in critically brain-injured adults,” Neurocrit. Care 12(2), 173–180 (2010). 

13. S. A. Carp, G. P. Dai, D. A. Boas, M. A. Franceschini, and Y. R. Kim, “Validation of diffuse correlation 
spectroscopy measurements of rodent cerebral blood flow with simultaneous arterial spin labeling MRI; towards 
MRI-optical continuous cerebral metabolic monitoring,” Biomed. Opt. Express 1(2), 553–565 (2010). 

14. E. M. Buckley, D. Hance, T. Pawlowski, J. Lynch, F. B. Wilson, R. C. Mesquita, T. Durduran, L. K. Diaz, M. E. 
Putt, D. J. Licht, M. A. Fogel, and A. G. Yodh, “Validation of diffuse correlation spectroscopic measurement of 
cerebral blood flow using phase-encoded velocity mapping magnetic resonance imaging,” J. Biomed. Opt. 17(3), 
037007 (2012). 

15. S. Fantini, “Dynamic model for the tissue concentration and oxygen saturation of hemoglobin in relation to 
blood volume, flow velocity, and oxygen consumption: Implications for functional neuroimaging and coherent 
hemodynamics spectroscopy (CHS),” Neuroimage 85(Pt 1), 202–221 (2014). 

16. J. M. Kainerstorfer, A. Sassaroli, B. Hallacoglu, M. L. Pierro, and S. Fantini, “Practical Steps for Applying a 
New Dynamic Model to Near-Infrared Spectroscopy Measurements of Hemodynamic Oscillations and Transient 
Changes: Implications for Cerebrovascular and Functional Brain Studies,” Acad. Radiol. 21(2), 185–196 (2014). 

17. S. Fantini, A. Sassaroli, J. M. Kainerstorfer, K. T. Tgavalekos, and X. Zang, “Non-invasive assessment of 
cerebral microcirculation with diffuse optics and coherent hemodynamics spectroscopy,” Proc. SPIE 9690B, 1–9 
(2016). 

18. S. Fantini, A. Sassaroli, K. T. Tgavalekos, and J. Kornbluth, “Cerebral blood flow and autoregulation: current 
measurement techniques and prospects for noninvasive optical methods,” Neurophotonics 3(3), 031411 (2016). 

19. S. Fantini, “A new hemodynamic model shows that temporal perturbations of cerebral blood flow and metabolic 
rate of oxygen cannot be measured individually using functional near-infrared spectroscopy,” Physiol. Meas. 
35(1), N1–N9 (2014). 

20. K. T. Tgavalekos, A. Sassaroli, X. Cai, J. Kornbluth, and S. Fantini, “Coherent hemodynamics spectroscopy: 
initial applications in the neurocritical care unit,” Proc. SPIE 10059, 100591F (2017). 

21. J. M. Kainerstorfer, A. Sassaroli, K. T. Tgavalekos, and S. Fantini, “Dynamic cerebral autoregulation measured 
with coherent hemodynamics spectroscopy (CHS),” Prog. Biomed. Opt. Imaging - Proc. SPIE 9319, 1–6 (2015). 

22. R. Aaslid, K. F. Lindegaard, W. Sorteberg, and H. Nornes, “Cerebral autoregulation dynamics in humans,” 
Stroke 20(1), 45–52 (1989). 

23. R. B. Panerai, R. P. White, H. S. Markus, and D. H. Evans, “Grading of cerebral dynamic autoregulation from 
spontaneous fluctuations in arterial blood pressure,” Stroke 29(11), 2341–2346 (1998). 

24. M. Diop, K. Verdecchia, T.-Y. Lee, and K. St Lawrence, “Calibration of diffuse correlation spectroscopy with a 
time-resolved near-infrared technique to yield absolute cerebral blood flow measurements,” Biomed. Opt. 
Express 2(7), 2068–2081 (2011). 

25. E. M. Buckley, A. B. Parthasarathy, P. E. Grant, A. G. Yodh, and M. A. Franceschini, “Diffuse correlation 
spectroscopy for measurement of cerebral blood flow: future prospects,” Neurophotonics 1(1), 011009 (2014). 

26. J. Selb, D. A. Boas, S.-T. Chan, K. C. Evans, E. M. Buckley, and S. A. Carp, “Sensitivity of near-infrared 
spectroscopy and diffuse correlation spectroscopy to brain hemodynamics: simulations and experimental 
findings during hypercapnia,” Neurophotonics 1(1), 015005 (2014). 

27. S. Fantini, M. A. Franceschini, J. B. Fishkin, B. Barbieri, and E. Gratton, “Quantitative determination of the 
absorption spectra of chromophores in strongly scattering media: a light-emitting-diode based technique,” Appl. 
Opt. 33(22), 5204–5213 (1994). 

28. A. Sassaroli and S. Fantini, “Comment on the modified Beer-Lambert law for scattering media,” Phys. Med. 
Biol. 49(14), N255–N257 (2004). 

29. S. Fantini, D. Hueber, M. A. Franceschini, E. Gratton, W. Rosenfeld, P. G. Stubblefield, D. Maulik, and M. R. 
Stankovic, “Non-invasive optical monitoring of the newborn piglet brain using continuous-wave and frequency-
domain spectroscopy,” Phys. Med. Biol. 44(6), 1543–1563 (1999). 

30. M. A. Franceschini, S. Fantini, A. E. Cerussi, B. B. Barbieri, B. Chance, and E. Gratton, “Quantitative 
spectroscopic determination of hemoglobin concentration and saturation in a turbid medium: analysis of the 
effect of water absorption,” J. Biomed. Opt. 2(2), 147–153 (1997). 

 
 

                                                                        Vol. 10, No. 4 | 1 Apr 2019 | BIOMEDICAL OPTICS EXPRESS 2133 



31. B. Hallacoglu, A. Sassaroli, and S. Fantini, “Optical Characterization of Two-Layered Turbid Media for Non-
Invasive, Absolute Oximetry in Cerebral and Extracerebral Tissue,” PLoS One 8(5), e64095 (2013). 

32. R. Aaslid, K. F. Lindegaard, W. Sorteberg, and H. Nornes, “Cerebral autoregulation dynamics in humans,” 
Stroke 20(1), 45–52 (1989). 

33. J. M. Kainerstorfer, A. Sassaroli, K. T. Tgavalekos, and S. Fantini, “Cerebral autoregulation in the 
microvasculature measured with near-infrared spectroscopy,” J. Cereb. Blood Flow Metab. 35(6), 959–966 
(2015). 

34. H. Ito, I. Kanno, H. Iida, J. Hatazawa, E. Shimosegawa, H. Tamura, and T. Okudera, “Arterial fraction of 
cerebral blood volume in humans measured by positron emission tomography,” Ann. Nucl. Med. 15(2), 111–116 
(2001). 

35. W. Kuschinsky and O. B. Paulson, “Capillary circulation in the brain,” Cerebrovasc. Brain Metab. Rev. 4(3), 
261–286 (1992). 

36. A. Villringer, A. Them, U. Lindauer, K. Einhäupl, and U. Dirnagl, “Capillary perfusion of the rat brain cortex. 
An in vivo confocal microscopy study,” Circ. Res. 75(1), 55–62 (1994). 

37. U. Göbel, B. Klein, H. Schröck, and W. Kuschinsky, “Lack of capillary recruitment in the brains of awake rats 
during hypercapnia,” J. Cereb. Blood Flow Metab. 9(4), 491–499 (1989). 

38. K. Tgavalekos, T. Pham, N. Krishnamurthy, A. Sassaroli, and S. Fantini, “Frequency-resolved analysis of 
coherent oscillations of local cerebral blood volume and systemic arterial pressure,” PLoS One 14(2), e0211710 
(2019). 

39. K. Khaksari, G. Blaney, A. Sassaroli, N. Krishnamurthy, T. Pham, and S. Fantini, “Depth dependence of 
coherent hemodynamics in the human head,” J. Biomed. Opt. 23(12), 1–9 (2018). 

40. B. Efron and R. LePage, Introduction to Bootstrap (Springer-Science+Business Media, 1993). 
41. S. N. Jespersen and L. Østergaard, “The Roles of Cerebral Blood Flow, Capillary Transit Time Heterogeneity, 

and Oxygen Tension in Brain Oxygenation and Metabolism,” J. Cereb. Blood Flow Metab. 32(2), 264–277 
(2012). 

42. A. R. Pries and T. W. Secomb, “Blood Flow in Microvascular Networks,” Microcirculation 67, 3–36 (2008). 
43. F. Cassot, F. Lauwers, C. Fouard, S. Prohaska, and V. Lauwers-Cances, “A novel three-dimensional computer-

assisted method for a quantitative study of microvascular networks of the human cerebral cortex,” 
Microcirculation 13(1), 1–18 (2006). 

44. B. Hallacoglu, A. Sassaroli, M. Wysocki, E. Guerrero-Berroa, M. Schnaider Beeri, V. Haroutunian, M. Shaul, I. 
H. Rosenberg, A. M. Troen, and S. Fantini, “Absolute measurement of cerebral optical coefficients, hemoglobin 
concentration and oxygen saturation in old and young adults with near-infrared spectroscopy,” J. Biomed. Opt. 
17(8), 081406 (2012). 

45. M. Tsuji, J. P. Saul, A. du Plessis, E. Eichenwald, J. Sobh, R. Crocker, and J. J. Volpe, “Cerebral Intravascular 
Oxygenation Correlates With Mean Arterial Pressure in Critically Ill Premature Infants,” Pediatrics 106(4), 625–
632 (2000). 

46. J. S. Soul, P. E. Hammer, M. Tsuji, J. P. Saul, H. Bassan, C. Limperopoulos, D. N. Disalvo, M. Moore, P. Akins, 
S. Ringer, J. J. Volpe, F. Trachtenberg, and A. J. du Plessis, “Fluctuating pressure-passivity is common in the 
cerebral circulation of sick premature infants,” Pediatr. Res. 61(4), 467–473 (2007). 

47. H. Bassan, K. Gauvreau, J. W. Newburger, M. Tsuji, C. Limperopoulos, J. S. Soul, G. Walter, P. C. Laussen, R. 
A. Jonas, and A. J. du Plessis, “Identification of pressure passive cerebral perfusion and its mediators after infant 
cardiac surgery,” Pediatr. Res. 57(1), 35–41 (2005). 

48. P. T. Fox and M. E. Raichle, “Focal physiological uncoupling of cerebral blood flow and oxidative metabolism 
during somatosensory stimulation in human subjects,” Proc. Natl. Acad. Sci. U.S.A. 83(4), 1140–1144 (1986). 

49. P. T. Fox, M. E. Raichle, M. A. Mintun, and C. Dence, “Nonoxidative glucose consumption during focal 
physiologic neural activity,” Proc. Natl. Acad. Sci. U.S.A. 83(4), 1140–1144 (1986). 

50. R. B. Panerai, N. P. Saeed, and T. G. Robinson, “Cerebrovascular effects of the thigh cuff maneuver,” Am. J. 
Physiol. Heart Circ. Physiol. 308(7), H688–H696 (2015). 

51. W. B. Baker, A. B. Parthasarathy, T. S. Ko, D. R. Busch, K. Abramson, S.-Y. Tzeng, R. C. Mesquita, T. 
Durduran, J. H. Greenberg, D. K. Kung, and A. G. Yodh, “Pressure modulation algorithm to separate cerebral 
hemodynamic signals from extracerebral artifacts,” Neurophotonics 2(3), 035004 (2015). 

52. R. C. Mesquita, S. S. Schenkel, D. L. Minkoff, X. Lu, C. G. Favilla, P. M. Vora, D. R. Busch, M. Chandra, J. H. 
Greenberg, J. A. Detre, and A. G. Yodh, “Influence of probe pressure on the diffuse correlation spectroscopy 
blood flow signal: extra-cerebral contributions,” Biomed. Opt. Express 4(7), 978–994 (2013). 

53. O. M. Henriksen, H. B. W. Larsson, A. E. Hansen, J. M. Grüner, I. Law, and E. Rostrup, “Estimation of 
intersubject variability of cerebral blood flow measurements using MRI and positron emission tomography,” J. 
Magn. Reson. Imaging 35(6), 1290–1299 (2012). 

54. C. B. Grandin, A. Bol, A. M. Smith, C. Michel, and G. Cosnard, “Absolute CBF and CBV measurements by 
MRI bolus tracking before and after acetazolamide challenge: repeatabilily and comparison with PET in 
humans,” Neuroimage 26(2), 525–535 (2005). 

55. E. J. P. A. Vonken, M. J. P. van Osch, C. J. G. Bakker, and M. A. Viergever, “Measurement of cerebral 
perfusion with dual-echo multi-slice quantitative dynamic susceptibility contrast MRI,” J. Magn. Reson. Imaging 
10(2), 109–117 (1999). 

 

 
 

                                                                        Vol. 10, No. 4 | 1 Apr 2019 | BIOMEDICAL OPTICS EXPRESS 2134 




