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Abstract. We present a pilot clinical application of coherent hemodynamics spectroscopy (CHS), a technique to
investigate cerebral hemodynamics at the microcirculatory level. CHS relies on frequency-resolved measure-
ments of induced cerebral hemodynamic oscillations that are measured with near-infrared spectroscopy (NIRS)
and analyzed with a hemodynamic model. We have used cyclic inflation (200 mmHg) and deflation of a pneu-
matic cuff placed around the subject’s thigh at seven frequencies in the range of 0.03 to 0.17 Hz to generate CHS
spectra and to obtain a set of physiological parameters that include the blood transit times in the cerebral micro-
circulation, the cutoff frequency for cerebral autoregulation, and blood volume ratios across the three different
compartments. We have investigated five hemodialysis patients, during the hemodialysis procedure, and six
healthy subjects. We have found that the blood transit time in the cerebral microcirculation is significantly longer
in hemodialysis patients with respect to healthy subjects. No significant differences were observed between the
two groups in terms of autoregulation efficiency and blood volume ratios. The demonstration of the applicability of
CHS in a clinical setting and its sensitivity to the highly important cerebral microcirculation may open up new
opportunities for NIRS applications in research and in medical diagnostics and monitoring. © 2014 Society of Photo-
Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0O.19.2.026005]
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1 Introduction

The study of cerebral hemodynamic oscillations, by using a
number of different techniques, has led to a series of important
results that opened new opportunities for the investigation of
brain function, physiology, and pathological conditions. For
example, the study of spontaneous low-frequency oscillations
(LFOs) (£0.1 Hz), which reflect a combination of systemic
cardiovascular dynamics and local metabolic and flow regula-
tion effects,' has led to the assessment of resting state functional
connectivity using functional magnetic resonance imaging” and
near-infrared spectroscopy (NIRS).* Different brain states, such
as rest versus functional activation*> or different sleep stages,®
are also associated with different features of cerebral LFOs as
measured with NIRS. Spontaneous cerebral blood flow oscilla-
tions (measured with transcranial Doppler ultrasound) and sys-
temic arterial blood pressure oscillations (measured with finger
plethysmography) have been used to assess cerebral autoregu-
lation.” Phase shifts measurements between hemodynamic and
blood pressure oscillations typically require high coherence
levels, for example >0.4" or >0.5,* and it was observed
that cerebral hemodynamic oscillations induced by paced
breathing feature a significantly higher coherence with respect
to spontaneous LFOs.® Because of their stronger coherence and
reliability, induced hemodynamic oscillations have been elicited
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by paced breathing,3° repeated head-up tilting,'® squat-stand
maneuvers,'' and cyclic thigh cuff inflation-deflation'* at
frequencies ~0.1 Hz. These approaches were typically aimed
at eliciting quantifiable changes in cerebral autoregulation
since the cyclic perturbations associated with paced breathing,
head-up tilting, squat-stand maneuvers, and thigh cuff inflation—
deflation all induce oscillations in the arterial blood pressure, so
that measurements of the associated cerebral blood flow oscil-
lations provide an assessment of cerebral autoregulation mech-
anisms. The vast majority of the studies in the literature were
based on inducing oscillations at a single frequency, with a few
exceptions in which multiple frequencies of paced breathing
were considered, namely (0.10, 0.17, 0.25 Hz),’ (0.10,
0.25 Hz)," and (0.10, 0.12,0.17, 0.25, 0.50 Hz)."* These studies
at multiple frequencies were aimed at assessing the effect of
end-tidal CO,, which is reduced at higher breathing rates,” deter-
mining the optimal paced breathing frequency for baroreflex
sensitivity assessment,'> and measuring the level of cross-
correlation between the oscillations in the heart rate and blood
pressure at different respiratory rates.'* Recently, we proposed
a new kind of frequency-resolved measurement of induced
cerebral hemodynamic oscillations, which we named coherent
hemodynamics spectroscopy (CHS).!> CHS involves amplitude
and phase measurements of the oscillations in the tissue concen-
trations of deoxy-hemoglobin (D), oxy-hemoglobin (O), and
total hemoglobin (7') that are induced by periodic physiological
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challenges at multiple frequencies. NIRS is an ideal technique
for the measurement of D, O, and T, and in our first demonstra-
tion of CHS we have used paced breathing at 11 different
frequencies (0.071, 0.077, 0.083, 0.091, 0.100, 0.111, 0.125,
0.143, 0.167, 0.200, 0.250 Hz) to obtain the CHS spectra
that are based on the amplitude and phase of the oscillations
of D, O, and T as a function of frequency.'®'” The high
coherence between the driving oscillations in the arterial blood
pressure and the induced, measured oscillations in the concen-
trations of oxy-, deoxy-, and total hemoglobin were exploited to
model the cerebral microvasculature response as a linear time
invariant system,'” providing a quantitative framework for
CHS and allowing for the determination of a number of physio-
logical parameters by fitting the measured CHS spectra with
the model equations. '® It is the combination of (A) the richer
information content of frequency-resolved measurements of
hemodynamic oscillations, and (B) the quantitative framework
provided by the new hemodynamic model' that accounts for
the innovation of CHS and for its ability to yield specific
physiological parameters related to the cerebral microcircula-
tion. Specifically, measurable physiological parameters with
CHS include the speed of blood flow in the cerebral microvas-
culature, the distribution of blood volume and its dynamic
changes in the arterial, capillary, and venous compartments,
and autoregulation effectiveness at the microvascular level.

In this work, we further develop the CHS technique by dem-
onstrating its applicability in a clinical setting, namely the hemo-
dialysis unit. We collected CHS spectra by inducing coherent
cerebral hemodynamic oscillations by means of cyclic thigh cuff
inflation/deflation at multiple frequencies within the range
of 0.03 to 0.17 Hz. Hemodialysis patients are an ideal popula-
tion to evaluate the clinical applicability of CHS, given the
high prevalence of micro- and macrovascular disease, including
cerebrovascular disease, a within-person changing hemodynamic
environment over a short period of time that occurs as part of
usual care, and possibly variable capacity for vascular autoregu-
lation, all making for a vulnerable brain. Cardiovascular disease
is the leading cause of death among dialysis patients, with 10- to
50-fold higher rates of cardiovascular mortality at any given age
than in the general population.'® Although this increase in mor-
tality may represent a more rapid development and progression
of vascular disease in dialysis patients, it is also a manifestation
of the increased incidence and prevalence of cardiovascular dis-
ease among people with kidney disease not yet on dialysis.? In
late-stage kidney disease, much of the cardiovascular disease
burden appears to affect the microvasculature, including the
cerebrovascular circulation, and at all stages of kidney disease,
but most notably in dialysis patients, there is a high risk of both
clinically recognized stroke and subclinical cerebrovascular dis-
ease.”!?? Previous NIRS studies in the hemodialysis unit have
found a lower baseline cerebral tissue oxygenation in hemodi-
alysis patients compared to healthy controls*® and peritoneal
dialysis patients,?* and a greater hemoglobin concentration and
reduced microvascular compliance measured in the calf muscle
as a result of hemodialysis.?* The effect of hemodialysis on the
regional cerebral blood flow has been investigated with Xenon
ventilation scintigraphy, where a mild reduction in cerebral blood
flow was shown following as compared to before hemodialysis,?
and with magnetic resonance imaging, where dialysis patients
had lower cerebral blood flow than healthy controls.?® The effect
on large artery blood flow velocity has been assessed with trans-
cranial Doppler ultrasound, revealing a significant decrease in
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blood flow velocity following dialysis as compared to prior
to hemodialysis.>’ Although some studies have reported a sig-
nificantly lower regional cerebral blood flow in hemodialysis
patients (before dialysis) versus healthy controls,’! other studies
have not observed a significant difference in the regional cer-
ebral blood flow? or in the middle cerebral artery flow veloc-
ity®? of hemodialysis patients (before dialysis) and healthy
controls. There are limited dynamic studies conducted during
the hemodialysis procedure.

Since the CHS is sensitive to the cerebral capillary and
venous blood transit times, the vulnerable cerebral microvascu-
lature in hemodialysis patients and the impact of hemodialysis
on cerebral blood flow provide a valid benchmark to demon-
strate the potential applicability of CHS to a clinical population,
and to perform a comparison with a healthy control group. To
induce hemodynamic oscillations at a given frequency, we
have opted for cyclic thigh cuff inflation-deflation because it
does not require any active involvement from the subject (as
opposed to the paced breathing protocol), any movement (as
opposed to squat-stand maneuvers or repeated head-up tilting),
and it can be performed automatically in a highly reproducible
fashion.

2 Methods

2.1 Data Acquisition and Measurement Protocol

The NIRS measurements were performed with a commercial
frequency-domain tissue spectrometer (OxiplexTS, ISS,
Inc., Champaign, Illinois) operating at a data acquisition rate of
6.25 Hz. The source—detector optode pair was held in place on
the left side of the subject’s forehead by a flexible headband. We
avoided the central portion of the forehead because of the pres-
ence of the superior sagittal sinus, and either side of the forehead
was suitable for this study aimed at global cerebrovascular
effects. An additional black band was placed around the sub-
ject’s head to exert a slight pressure on the optical probe to guar-
antee consistent skin contact and to prevent ambient light from
reaching the detector. The source-detector separation was
3.5 cm. At the source location light was delivered at wave-
lengths of 690 and 830 nm. Detected light intensity changes
at 690 and 830 nm were translated into oxy- and deoxy-
hemoglobin concentrations in tissue (O and D) by utilizing
the modified Beer—Lambert law** with a differential pathlength
factor (DPF) obtained by using diffusion theory expressions
in terms of the tissue optical properties.>> We measured the
tissue optical properties with multidistance frequency-
domain spectroscopy,® resulting in DPF values in the range
of 4.9 to 6.7 at 690 nm and 4.1 to 5.6 at 830 nm over all subjects
examined.

To induce cerebral hemodynamic oscillations, a pneumatic
cuff was placed around the left thigh of each participant and
connected to an automated cuff inflation device (E-20 Rapid
Cuff Inflation System, D. E. Hokanson, Inc., Bellevue,
Washington). The thigh cuff was periodically inflated (to a pres-
sure of ~200 mmHg) and deflated for four periods at seven dif-
ferent frequencies in the following order: 0.08, 0.17, 0.05, 0.10,
0.125, 0.07, and 0.03 Hz. A schematic diagram of the experi-
mental setup is shown in Fig. 1. The effect of a cyclic inflation-
deflation of the thigh cuff is to induce a cyclic increase—decrease
of the arterial blood pressure.”> The modulation of the
arterial blood pressure determines oscillations in the cerebral
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Fig.1 Schematic diagram of the experimental setup for hemodialysis patients. Subjects were seated and
a rapid cuff inflation system (E-20, D. E. Hokanson, Inc., Bellevue, Washington) was used to induce
cerebral hemodynamic oscillations by cyclic inflation-deflation of a thigh cuff placed on the left thigh
of the subject. Seven frequencies of oscillations were induced within the range 0.03 to 0.17 Hz.
Near-infrared spectroscopy (NIRS) data were collected with an optical probe placed on the left side
of the subjects’ forehead (NIRS head probe). The optical probe was connected to a commercial tissue
spectrometer (OxiplexTS, ISS, Inc., Champaign, lllinois). The experimental setup for healthy controls
was the same as for hemodialysis patients, with the obvious difference of the absence of the hemodi-

alysis system.

concentrations of deoxy-hemoglobin (D) and oxy-hemoglobin
(0) that can be measured by NIRS.

The four periods of cyclic cuff inflation-deflation at a given
frequency were followed by at least 1 min of rest to allow for
subject recovery, with the rest time varying over all measured sub-
jects from 1 to 10 min. These rest periods are not strictly required
so that they may be avoided to reduce the measurement time for
CHS spectra. All measurements on hemodialysis patients were
performed within the first hour of dialysis treatment.

2.2 Human Subjects

Eleven subjects participated in the study: five patients undergoing
hemodialysis treatment (HD, numbered 1 to 5) and six healthy
adult volunteers (numbered 6 to 11). All participants gave
their written informed consent prior to participating in this

study. Hemodialysis patients were recruited from a Boston
area hemodialysis unit. The hemodialysis session was performed
per the patient’s usual treatment protocol via an upper extremity
arteriovenous (AV) fistula or graft. Blood flow rates through the
hemodialysis apparatus ranged from 300 to 450 ml/ min. All
dialysis sessions were clinically uneventful. Demographic and
clinical characteristics for hemodialysis patients are reported in
Table 1. Average age of the healthy subjects, 2 males and 4
females, was 27 y (range: 24 to 30 y). None of the healthy sub-
jects had any record of cardiovascular or neurological disease.

2.3 Data Processing

For each frequency of induced oscillations (0.03 to 0.17 Hz), we
performed Fourier analysis of the time traces of deoxy- and
oxy-hemoglobin concentrations [D(7) and O(z)]. We kept for

Table 1 Demographic and clinical characteristics of dialysis patients.

Peripheral
Subject Age Dialysis Previous  Primary cause vascular Myocardial MAP
ID Gender range duration smoker of ESRD disease Stroke  Diabetes infarction (mmHg)
1 F 60+ <1 year No Primary GN No No No No 85
2 F 20t0 40 5+ years No Secondary No No No No 82
GN
3 F 60+ 1 to 3 years No Diabetes No No Yes Yes 95
4 M 401060  3to 5 years Yes Diabetes Yes Yes Yes No 88
5 F 20t040  1to 3 years Yes Secondary Yes No No No 92
GN

Note: GN, glomerulonephritis; ESRD, end stage renal disease; MAP, mean arterial pressure.
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further analysis only those trials for which the power spectra of
both D and O showed a peak at the frequency of the cuff cyclic
inflations. Temporal drifts were removed from all oxy- and
deoxy-hemoglobin concentration signals by a third-order polyno-
mial detrending. Detrended D(¢) and O(t) temporal traces were
then filtered by using a linear-phase band-pass finite impulse
response filter based on the Parks—McClellan algorithm.*® The
center frequency of the band-pass filter (f;) was set to the
thigh cuff inflation/deflation frequency, and the filter’s bandwidth
was set to f £ 0.01 Hz. Furthermore, we only considered those
oscillations of D and O with an amplitude above a threshold value
of 0.015 uM according to the noise level measured on tissue-like
phantoms over the same bandwidth considered here.
Oscillations in the cerebral concentrations of deoxy- and oxy-
hemoglobin were represented using phasor notation as D(w) and
O(w),>* respectively, where  is the angular frequency of the
induced oscillations and the bold face indicate two-dimensional
phasors defined in terms of the amplitude and phase of the oscil-
lations. Based on this phasor representation, total hemoglobin
phasors are given by a vector superposition of the phasors asso-
ciated with the deoxy- and oxy-hemoglobin concentration oscil-
lations: T(w) = D(w) + O(w). The amplitude and phase of the
oscillations of deoxy- and oxy-hemoglobin concentrations
[respectively |D| and Arg(D), |O| and Arg(O)] were assessed
by the analytic signal method®*® as described previously.®!6’

D(w)

O(w
(

=

ACBV(®) CBV

2.4 Coherent Hemodynamics Spectroscopy (CHS)

The Coherent Hemodynamics Spectroscopy (CHS), recently
proposed by Fantini,' is based on frequency-resolved measure-
ments of the amplitude and phase of the hemoglobin concentra-
tion phasors D(®), O(w), and T(w). In order to minimize the
sensitivity to the frequency dependence of the amplitude of
the oscillatory stimulation, the method is based on measuring
amplitude ratios (|D|/|O|, |O|/|T|) and phase differences
[Arg(D)-Arg(0), Arg(O)-Arg(T)] of the induced hemo-
dynamic oscillations.'® To average the phase values and ampli-
tude ratios within a given stimulus frequency, we selected those
time windows featuring oscillations with a stable phase, as
assessed by a lack of monotonic change and/or phase slips>
in the time dependence of the instantaneous phase differences
Arg(D)-Arg(O) and Arg(O)-Arg(T). Mean values and standard
deviations for angular data were calculated by using circular sta-
tistics.*’ Specifically, the angular standard deviation (in radians)
was calculated as /2(1 — r) where r is the magnitude of the
resultant vector of the circular distribution of measured phase
angles.*!

By assuming that periodic thigh cuff inflation/deflation does
not involve any significant oscillation in the cerebral oxygen
consumption (so that its associated phasor can be neglected),
the model equations for the phasor ratios D(w)/O(w) and
O(w)/T(w) can be written as follows:'®

CBV

ACBV()
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$(@ 8BV + S0 + [E5L ((5©) - 57 )CB—\{wazé—Lp
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D

ACBV()

B e cBV” . (AutoRe
(@) + (S - S</))H(61LP(w)}k BV, Hl(zc—tHPg)(w) [ACBV + 1}

ACBV@
ACBV()

where F(©) is the Fahraeus factor (i.e., the ratio of capillary to
large vessel hematocrit), superscripts (a), (¢), and (v) for CBV,,
(baseline cerebral blood volume) and S (hemoglobin saturation)
indicate partial contributions from the arterial, capillary, and
venous compartments; H;{g_LP(a)) and Hglu,(a)) are the com-
plex transfer functions for the capillary (RC low-pass) and
venous (Gaussian time-shifted low-pass) filters respectively;'’
ACBV@ and ACBV(") represent the amplitude of the oscilla-
tions of the arterial and venous blood volume, respectively; k is

the inverse of the modified Grubb’s exponent (high-frequency

flow-to-volume amplitude ratlo) and HEM® (1) is the RC

high-pass transfer function!® characterized by the cutoff fre-
quency [(w¢ (AutoReg) ] that describes the cerebral autoregulation
effects. Autoregulatory effects are modeled by the following
expression that describes the dynamic relationship between
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1
(©))

the blood flow velocity phasor in the capillary compartment
[ebf(w)] and blood volume changes [cbv(w)]:'®

cbf(0) = KHie e (w)chv(w) = kHge s ()

(@ )

cBVY CBV!
bv (@)

cBv, PV @+ Gy

cbv(") ( )] 3)

Here, we set to zero the blood volume changes in the capil-
lary compartment [cbv(®)(w) = 0] because of the negligible
dynamic dilation and recruitment of capillaries in brain tissue.**
We note that the hemoglobin concentration phasors [O(w),
D(w), T(w)] have absolute units of micromolar, whereas
cbf(w) and cbv(w) are dimensionless since their magnitudes
indicate amplitude of oscillations normalized to the baseline
(or average) values.'>!®

February 2014 « Vol. 19(2)



Pierro et al.: Reduced speed of microvascular blood flow in hemodialysis patients versus healthy controls. ..

Table 2 Upper and lower limits implemented in the fitting procedure for the six parameters of the hemodynamic model.

HO) (s) £ (s) FOCBVY /CBVY ACBVY /ACBVY wlVR9) /(21 (Hz) kCBVY /CBV,
Lower limit 0.4 1 0.8 0.2 0 0.4
Upper limit 1.4 3 2.4 5 0.15 1.6
Kainerstorfer et al.'"® showed that by taking the ratios measurements of amplitude and phase as input values and,
D(w)/O(w) and O(w)/T(w) the number of independent by minimizing a cost function (¥?) given by the sum of the
parameters in the model is eight, and they can be reduced to squares of the fit residuals, finds the best match between data
six by assuming specific values for «, the rate constant of oxy- and model by f1tt1ng for the six unknown parameters [¢(¢)
gen diffusion, and $(@), the arten’al saturation. Here, we assume 1, FOCBV{ /CBVY, ACBV©@ /ACBV®), "R, and
the fixed values @ = 0.8 s~ and §@ = 0.98. Thus, the remain- kCBV(“ /CBVO] within  specific ranges. Fo]lowmg the
ing six unknown parameters of the model are: (1) 19, (2) 1@ approach of Kainerstorfer et al.,'8 we have set the upper and
3) FOCBV{ /CBV" (4) ACBV /ACBV<1 ) w A““’Reg) lower limits listed in Table 2, which represent physiological
and (6) kCBV / CBVO 18 ¢) and +(*) are the mean blood tramrt ranges for the six parameters.
trmes in the caprllary and venous compartments, respectively. Fifty-four different initial guesses equally distributed across
Fle CBV / CBV "'is the baseline ratio of capillary-to-venous the considered six-dimensional parameter space (Table 2) were
blood volume fractlon, and ACBV(@ /ACBV) is the amplitude used to explore all associated solutions and their sensitivity to
ratio of the arterial-to-venous blood volume oscillations in initial guesses. For each initial guess, every single y? value (cor-
response to the cyclic thigh cuff inflation. aJEAmOReg /(27) is responding to each step of the MATLAB fitting procedure) and
the autoregulatron cutoff frequency of the high pass filter trans- the corresponding solution for the six parameters were stored for
fer function [HR[\C““;}?Q( )] that provides a measure of the autor- further analysis. For each subject, only those sets of six param-
egulation efficiency. Higher cutoff frequencies indicate a eters corresponding to y* values smaller than a threshold value
broader frequency range in which the brain can eff1c1ently were selected in order to retain only a subset of best fits. We
counteract blood pressure changes. Lastly, kCBV / CBV, is found that although solutions associated with the smallest x>
the venous-to-total blood volume ratio multrphed by the values generate the best fits, there are other solutions with mar-
high-frequency flow-to-volume amplitude ratio (k).'® ginally larger y values that also result in good fits that lie within
To identify the best fit between the analytical model expres- one standard deviation of the data for the four measured spectra.
sions of Egs. (1) and (2) and the four CHS spectra [|D|/|O], The solutions of the six parameters are presented as their respec-
|O|/|T|, Arg(D)-Arg(O), Arg(0)-Arg(T)], we used a nonlin- tive mean and standard deviation calculated within the »? thresh-
ear-fitting procedure (function “Isqcurvefit”) available in old obtained for each specific subject. Due to the small number
MATLAB. This algorithm considers the frequency-resolved of subjects in the two groups, a Wilcoxon rank sum test
(@ 1 (6)
s 7 5 °
I 2 — [
Iy ] O e 3 oo gt WRE A
S o S
(c) (d)
0.4 (0]

0.1

0O, D (uM)
é
O, D (uM)
%

-0.2
04 -0.1
(e)
= 0 = 0 ()
] (@)
£g J £3 '“’°aﬂ
<2 180 = 8 2008
a= 8= " f
% @ -300
< - : : < , : :
3600 50 100 0 20 40 60
Time (s) Time (s)

Fig. 2 Representative results recorded on subject 7 during baseline and during four periods of cyclic
thigh cuff inflation to a pressure of 200 mmHg (indicated by the shaded areas) at frequencies of
0.07 Hz (left panels) and 0.125 Hz (right panels). (a) and (b) Raw data of deoxy- and oxy-hemoglobin
concentrations changes (D and O); (c) and (d) band-pass filtered D and O time traces; (e) and (f) instan-
taneous phase difference between D and O phasors [Arg(D)-Arg(0)] at the frequency of cyclic thigh cuff
inflation [(e) 0.07 Hz; (f) 0.125 Hz].
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was used to test whether there was a statistically significant
difference between the average fitting parameters for the hemo-
dialysis patients and the healthy subjects.

3 Results

Figure 2 displays representative time traces of O(t) and D(r)
during baseline and cuff occlusions for a healthy subject
(Subject 7) at two frequencies of cyclic thigh cuff inflation:
0.07 Hz [panels (a), (c), (¢)] and 0.125 Hz [panels (b), (d), (f)].
Unfiltered data [Figs. 2(a)-2(b)] and associated filtered O(¢) and
D(¢) oscillations [Figs. 2(c)-2(d)] are shown for the 0.07- and
0.125-Hz cuff occlusions, respectively. Shaded areas mark the
periods of inflated thigh cuff. Panels (e) and (f) show the instan-
taneous phase difference between D(r) and O(t) before and
after cuff occlusion onset for the 0.07- and 0.125-Hz induced
oscillations. We observe increased amplitude values for D and
O oscillations right after the cuff-occlusion for the 0.125-Hz
stimuli [Fig. 2(d)], whereas no significant amplitude increase
was observed at 0.07 Hz [Fig. 2(c)]. We also observe greater
phase stability for both frequencies during the periodic thigh
cuff inflation/deflation with respect to the baseline period
[Figs. 2(e) and 2(f)]. These findings, observed in other subjects
as well at all frequencies considered, confirm that the periodic
thigh cuff occlusion method introduces a good phase stability
between the induced O and D oscillations. By contrast, the
amplitudes of the induced O and D oscillations consistently
exceed the amplitude of baseline spontaneous oscillations only
at stimulation frequencies >0.10 Hz.

The measured amplitude and phase spectra for the hemodi-
alysis patients (Subjects 1 to 5) and the healthy subjects
(Subjects 6 to 11) are shown in Figs. 3 and 4, respectively.
No adjustable scaling factors have been used in the fitting pro-
cedures. In both figures, symbols represent the measured data

(@) (b) (©) (d)

Arg(0)-Arg(T) [o/|T] Arg(D)-Arg(O) [D|O]
20 (deg) (deg)
o 0 0.6
Subject 1 0 \/ 1| 180 \\ 03
30 0 360 0
%0 5 0 0.6
Subject2 ’\\_/ 1o -160 L\ 03 \/
30 0 360 0
30 o 0 06
Subject3 0 \.‘\ 100180 [aas 03 Lo
30 0 360 0
30 o 0 06
Subjectd  0f%, . ylewe 180 \\\ K]
30 0 360 0
30 5 0 0.6
Subject 5 0 \ 1 /@Nmo \\ 03
30 0 360 0
0 01 02 0 0102 0 0102 0 01 02

Frequency (Hz)  Frequency (Hz) Frequency (Hz) Frequency (Hz)

Fig. 3 Coherent hemodynamics spectra (CHS) measured on the fore-
head of five hemodialysis patients (Subjects 1 to 5) on the basis of
measured deoxy-, oxy-, and total hemoglobin concentration phasors
[D(w), O(w), and T(w)]. (a) Phase difference Arg(0)-Arg(T); (b) ampli-
tude ratio |O|/|T|; (c) phase difference Arg(D)-Arg(0); (d) amplitude
ratio |D|/|O|. The symbols represent experimental data (error bars are
standard deviations), whereas the lines represent the best fits
obtained with the hemodynamic model.
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whereas lines represent the fits with the smallest > value
obtained with the model Egs. (1) and (2).

Even though seven different frequencies of cuff inflation
were used in all subjects, Figs. 3 and 4 only show the data points
that fulfilled our inclusion criteria (presence of a peak in the
Fourier spectrum at the stimulation frequency, amplitudes
above a set threshold). The data points in the spectra of Figs. 3
and 4 indicate the cases, where it was possible to successfully
detect the induced cerebral hemodynamic oscillations with
NIRS. We noticed a lower success rate in hemodialysis patients
than in healthy subjects. Although healthy subjects measure-
ments were performed in a laboratory environment with highly
compliant subjects, hemodialysis patients’ measurements were
performed in a dialysis unit under more challenging experimen-
tal conditions (moving subjects, other clinical/diagnostic
devices connected to the patient as part of the hemodialysis pro-
cedure, typically larger sense of discomfort experienced by
patients during to thigh cuff inflation, etc.).

Our results for the mean and standard deviation of the fitting
parameters are shown in Fig. 5. Over the eleven subjects, #(¢)
ranges from 0.4 to 1.39 s, whereas #*) ranges from 1.06 to
3.00 s. Figures 5(a) and 5(b) in Fig. 5 show consistently higher
capillary and venous blood transit times for the hemodialysis
patients with respect to healthy subjects. Differences resulted
to be statistically significant (p < 0.05, Wilcoxon rank sum
test) for both capillary and venous blood transit times. Our mea-
sured time constants indicate slower capillary and venous blood
flow velocities in hemodialysis patients with respect to healthy
subjects.

Panels (c)-(f) of Fig. 5 report the results for the other four
fitting parameters, for which we have not observed significant
differences between hemodialysis patients and healthy subjects.

(a) (b) () (d)
Arg(0)-Arg(T) |oKT Arg(D)-Arg(0) [Dl/10]
30 (deg) (deg)
o 0 086
Subject6  O™ee— | oo 480 \\ 03
20 0 360 0Lee——"
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Subject7 o L.._,\,\ 40— g0 haa a 08| e e
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Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)

Fig. 4 The CHS measured on the forehead of six healthy subjects
(Subjects 6 to 11) on the basis of measured deoxy-, oxy-, and
total-hemoglobin concentration phasors [D(w), O(w), and T(w)].
(@) Phase difference Arg(O)-Arg(T); (b) amplitude ratio |O|/|T|;
(c) phase difference Arg(D)-Arg(O); (d) amplitude ratio |D|/|O|.
The symbols represent experimental data (error bars are standard
deviations when larger than the symbol size), whereas the lines re-
present the best fits obtained with the hemodynamic model.

February 2014 « Vol. 19(2)



Pierro et al.: Reduced speed of microvascular blood flow in hemodialysis patients versus healthy controls. ..

t(s) t (s) F@cBv /cBV®
(a) (b) (c)
1.5 HD : Healthy 4 HD : Healthy 4 - HD 1 Healthy
1
L 390 01 o 3 1
§§ ® 2 : i 2 4 : % ¢
0.5 *® * § Py 1
r 1 : ¢ g oo o of
0 " — 0 e 0 — ‘
1 3 57 9 11 1 3 5*7 9 11 1 3 5* 7 9 11
Subject # Subject # Subject #
ACBV(® /ACBV(®) wAHtOReD 11y, (H2) kCBV" /CBY,
(d) ©) U
4 HD : Healthy 015 . HD : Healthy 2 HD : Healthy
I | }
3 % | 0.1 - | 1.5 | 2 +
2 | I 1 - I
N | o —F—
1 , 0.05 . 05 ,—’§f. ¢
§ ¢ ¢ @ ' ' *
0 1 R acum SO I
1 7 9 11 1 3 5 7 9 11 1 3 5 7 9 11
Subject # Subject # Subject #

Fig. 5 Summary of our results for the six fitting parameters, expressed as mean =+ standard deviation, for
the five hemodialysis patients (HD) (subjects 1 to 5) and the six healthy subjects (subjects 6 to 11).
Horizontal lines are the average values for each of the six parameters for the two groups. (a) blood transit
time in the capillary compartment [(°)]; (b) blood transit time in the venous compartment [t()]; (c) baseline
capillary-to-venous blood volume ratio [%(©)CBV. /CBV."]; (d) ratio of the arterial-to-venous amplitude
of blood volume oscillations [ACBV.? /ACBV!"]; (e) autoregulation cutoff frequency [w "™ /(2x)];
(f) high-frequency flow-to-volume amplitude ratio times the venous-to-total blood volume ratio

[KCBV. /CBV,].

In particular, we have found no significant difference between
the cut-off frequencies for autoregulation in the two groups. Our
measured autoregulation cutoff frequency [o!""**¢' /(27)] val-
ues range between 0.02 and 0.05 Hz in all measured subjects.
These values are lower than the autoregulation cut-off frequency
reported on the basis of arterial blood pressure and flow velocity
measurements (0.15 Hz).** This difference may reflect the fact
that NIRS measurements and CHS assess local microcirculation
phenomena, whereas finger plethysmography and transcranial
Doppler ultrasound assess systemic and macrocirculation effects.

We conclude this section by observing that in the cases in
which the fitting parameters took values at the set limits of
Table 2, we found that the quality of the fits would not signifi-
cantly improve by letting the fitting parameters take values out-
side of the physiological ranges of Table 2.

4 Discussion

We have reported a new set of frequency-resolved measure-
ments of cerebral hemodynamic oscillations measured with
NIRS in hemodialysis patients and healthy controls. We have
induced hemodynamic oscillations at controlled frequencies by
cyclic thigh cuff occlusions, and analyzed the NIRS data accord-
ing to the recently proposed technique of CHS.'> Among a num-
ber of possible protocols to induce hemodynamic oscillations,
we have used a passive protocol (cuff occlusion of the thigh)
for its applicability in a clinical environment and for its high
level of automation and reproducibility. The minimum amount
of time required to measure our CHS, based on seven different
stimulation frequencies (0.03 to 0.17 Hz), was ~14 min plus
several minutes to position the thigh cuff and the NIRS
probe on the subjects’ forehead. Because of patients’ time con-
straints before dialysis onset and after treatment, the CHS
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measurements were only performed during the dialysis pro-
cedure itself. Although cuff occlusions were performed at
seven frequencies between 0.03 and 0.17 Hz, the measured
CHS spectra indicate the range 0.05 to 0.10 Hz as the most suc-
cessful frequencies to induce measurable periodic oscillations in
the cerebral hemodynamics. The acquisition time for CHS may
be shortened by performing online detection of reliably induced
hemodynamic oscillations. Furthermore, rest periods between
stimuli at different frequencies may be shortened or eliminated,
and multiple frequencies may be excited simultaneously by intro-
ducing specially shaped temporal stimulations (step function,
cycles with variable periods, etc.). Another approach to speeding
up the collection of the CHS data is to consider one single period
for each frequency of induced oscillations. Each stimulus in this
study consisted of four inflation/deflation periods. In principle, a
single D(t) and O(t) period is sufficient to assess the amplitude
ratios and phase differences necessary to CHS analysis as we have
previously observed in a study based on a paced breathing pro-
tocol.'® However, in this work, we found that multiple inflation/
deflation periods may be required to achieve a stable phase rela-
tionship between cerebral D and O oscillations, and this may
depend on the specific protocol/application considered.

We observed increased amplitudes of D and O oscillations in
response to the periodic thigh cuff inflation for frequencies
above 0.1 Hz (see Fig. 2). At lower frequencies, the presence of
strong spontaneous LFOs®* may explain the lack of enhanced
oscillations at the thigh cuff inflation frequency. However,
despite a lack of enhanced amplitude, even at frequencies
below 0.1 Hz we have found an improved phase stability of
the induced oscillations, indicating some level of synchroniza-
tion of intrinsic cerebral hemodynamic oscillations at the fre-
quency of the thigh cuff inflation.
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Measured CHS spectra, combined with Fantini’s hemo-
dynamic model,'® allowed for the measurement of several
physiological parameters. The major results of this study are
the longer blood transit times [#9) and ¢(*)] in hemodialysis
patients with respect to healthy subjects. Longer capillary
and venous blood transit times correspond to a reduced cerebral
blood flow velocity in the microcirculation. Reduced blood flow
velocity in the middle cerebral artery has been repeatedly mea-
sured by transcranial Doppler ultrasound during hemodialy-
sis, 2426324546 and it has been tentatively associated with
increased blood viscosity?*** or oxygen carrying capacity alter-
ations.?** Our findings on the hemodialysis patients, all mea-
sured within the first hour of the hemodialysis procedure,
indicate a reduced blood flow velocity with respect to the
healthy control group, suggesting either a chronically reduced
flow velocity for this population, or a relatively rapid decrease
in flow velocity that is associated with the initiation of the hemo-
dialysis procedure. These results are consistent with transcranial
Doppler findings?* conducted pre and posthemodialysis, which
showed a significant lower flow velocity values for patients at
the start of hemodialysis with respect to healthy controls. We
observe, however, that our study did not feature age-matched
clinical and control groups, so that aging effects may have con-
tributed to our results. More studies are required to investigate
the specific clinical conditions and aging effects contributions to
the observed reduction in microvascular cerebral blood flow.

Our results for the autoregulation cut-off frequency

(0" /(27)] do not indicate a significant difference

between the autoregulation efficiency in hemodialysis patients
(n = 5) and healthy subjects (n = 6). It has been found that spe-
cific cohorts of hemodialysis patients feature normal autoregu-
lation,*? and that the hemodialysis procedure does not directly
impact cerebral autoregulation,*¢ even though one case study
reported that intermittent hemodialysis could negatively impact
autoregulation.’” However, some critically ill hemodialysis
patients did feature a significantly impaired autoregulation,*®
and some comorbid conditions such as vascular disease and
old age may account for impaired autoregulation in hemodialy-
sis patients.* Of note, all hemodialysis sessions reported here
were clinically uneventful, with heart rate and mean arterial
pressures before and after dialysis remaining stable.

5 Conclusions

We have presented the first clinical demonstration of CHS' by
performing frequency-resolved NIRS measurements of cerebral
hemodynamic oscillations induced by cyclic thigh cuff occlu-
sions in hemodialysis patients and healthy subjects. Measured
CHS spectra, combined with the quantitative analysis carried
out with Fantini’s model,'>*° allowed for the assessment of sev-
eral physiological parameters in a clinical setting, namely the
dialysis unit, therefore showing potential for clinical as well
as research studies. Because of the critical importance of cer-
ebral hemodynamics at the microcirculation level, the proposed
method lends itself to a broad range of applications, including
functional brain studies, anesthesia, stroke, traumatic brain
injury, neurovascular disorders, etc. Future research should
identify optimal protocols for investigating cerebral hemo-
dynamic oscillations (either spontaneous or induced) over a
range of frequencies, methods to reduce the time required for
the collection of CHS spectra, efficient fitting procedures to
obtain reliable measures of the accessible physiological param-
eters, and extension of the CHS method to spatially resolved
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approaches for either mapping or depth-resolved measurements.
These prospects may open new opportunities for research
and clinical applications, and may lead to a new class of tools
to study the cerebral hemodynamics with near infrared
spectroscopy.
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