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Abstract: “Diffuse correlation spectroscopy” (DCS) is a technology
for non-invasive transcranial measurement of cerebral blood flow
(CBF) that can be hybridized with “near-infrared spectroscopy”
(NIRS). Taken together these methods hold potential for monitoring
hemodynamics in stroke patients. We explore the utility of DCS
and NIRS to measure effects of head-of-bed (HOB) positioning at
30°, 15°, 0°, -5° and 0° angles in patients with acute ischemic stroke
affecting frontal cortex and in controls. HOB positioning significantly
altered CBF, oxy-hemoglobin (HbOs) and total-hemoglobin (THC)
concentrations. Moreover, the presence of an ipsilateral infarct was a
significant effect for all parameters. Results are consistent with the
notion of impaired CBF autoregulation in the infarcted hemisphere.

© 2009 Optical Society of America
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1. Introduction

Ischemic stroke is the leading cause of morbidity and long term disability in Europe
and the United States and is among the leading causes of death [1, 2]. It is also the
second leading cause of dementia (after Alzheimer’s disease). The projected cost of
stroke care will reach trillions of dollars over the next five decades. Stroke accounts for
nearly 10% of deaths in the Western hemisphere and about 5% of health-care costs [3].
Thus, although some progress has been made in the primary and secondary prevention
of stroke and in its acute management, there remains a pressing need for additional
strategies to reduce the burden of stroke on individual patients and on society.

The goal of most medical interventions in acute ischemic stroke care is to maximize
blood perfusion in the affected region and surrounding ischemic penumbra by increas-
ing local and/or global cerebral blood flow (CBF). Intervention strategies to increase
CBF are based on the premise that normal autoregulation of CBF is disrupted and
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perfusion of the infarcted and penumbral regions are dependent on perfusion pres-
sure [4, 5]. These interventions include keeping the patient flat, intravenous hydration,
withholding anti-hypertensive therapy, and hypertensive therapy with pressor drugs.
In practice, however, brain perfusion is rarely measured and a measurement of local
microvascular CBF is almost entirely inaccessible. Furthermore, neurological symptoms
may not occur until CBF drops to 40% of normal, and prolonged periods of cerebral
ischemia increase the likelihood that neurological symptoms will become irreversible as
CBF further drops to 20% of normal [6, 7]. The ability to measure CBF at the bedside
would provide new opportunities for study of cerebrovascular autoregulation, permit-
ting hemodynamic interventions to be optimized, and potentially administered before
the onset of neurological symptoms. Furthermore, because of the high prevalence of
stroke and the enormous cost of its management, even strategies with modest benefits
are worth pursuing.

To date, imaging modalities such as oxygen-15 positron emission tomography (1°0-
PET), single-photon emission computed tomography (SPECT), dynamic susceptibility
contrast or arterial spin labeled bolus tracking perfusion MRI (ASL-MRI), and Xenon
enhanced computed tomography (Xenon-CT) have been used to measure CBF in stroke
patients [8-12]. However, because they are costly and are not portable, these methods
tend to be used once, if at all, during the course of a patient’s hospitalization. Further-
more, CBF can only be measured while the patient is supine for MRI, PET and CT
techniques.

The primary clinical modality for serial monitoring of CBF at the bedside is the Tran-
scranial Doppler (TCD) ultrasonography [13] technique which measures flow velocities
in the major arteries. However, only the proximal portions of the intracranial arteries
can be insonated and TCD provides no information about microvasculature perfusion
through collateral vessels. Furthermore, since velocity changes predict CBF variation
only if vessel diameters do not change, TCD has limited utility in stroke evaluation [14],
with the best success in patients with proximal arterial occlusions [15]. Nevertheless,
TCD has been used to monitor the effects of head-of-bed (HOB) positioning on middle
cerebral artery (MCA) velocity in patients with large hemispheric strokes [16], finding
a decrease with elevation of HOB, but only patients with partial recanalization of the
MCA could be studied.

The present study explores the potential of diffuse optics for CBF monitoring at
the bedside. Previously, spectroscopic optical monitoring (“near-infrared spectroscopy”
(NIRS)) has been used for transcranial measurements of total hemoglobin concentration
(THC), blood oxygen saturation [17, 18], and, indirectly, for CBF monitoring using an
exogenous tracer [19]. In stroke patients, NIRS studies [20] have explored detection of
hemispheric CBF and oxygenation reduction [19, 21-23], cerebrovascular reactivity [24,
25], and local functional changes [26-28]. Some studies have shown utility for monitoring
acute ischemic stroke longitudinally [29], providing information complementary to the
macrovascular CBF obtained with TCD [24]. Hargroves et al [30] have shown that NIRS
is able to detect changes in blood oxygen saturation during postural alterations in stroke
patients.

“Diffuse correlation spectroscopy” (DCS) (or “diffusing wave spectroscopy” (DWS))
[31-34] is a novel technique that has been applied to characterize blood flow in deep
tissues. DCS uses the temporal intensity fluctuations of scattered light to probe CBF.
It shares the light penetration advantages of NIRS but provides a much more direct
measure of CBF [35-37]. The technique has been extensively validated in vivo, in tissues,
including comparisons with laser Doppler flowmetry (LDF) [35] , Doppler ultrasound
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(DU) [35, 38-40], arterial-spin labeled MRI (ASL-MRI) [35, 36, 41-44], Xenon-CT [45],
fluorescent microsphere measurement of CBF [46, 47|, and against expectations from
invasive and non-invasive measures of physiology [35-37, 48-50]. Recently, its clinical
feasibility as a bed-side monitor was also tested for assessing cerebral autoregulation
in acute stroke [51-53], in traumatic brain injury [45, 51, 54] and in measuring the
carbon dioxide reactivity of neonates with congenital heart defects [42, 43]. In other
clinical problems, the feasibility of DCS has been demonstrated for monitoring diseased
and healthy human muscle [44, 55], for monitoring prostate, lung, breast and head &
neck cancers of humans [56-58] and cancer models in animals [38, 40, 59, 60]. These
developments indicate the potential of all-optical methods for continuous non-invasive
estimation of cerebral metabolic rate of oxygen extraction (CMRO2) [35, 36, 48-50]. In
total, these studies have shown that DCS can reliably provide a flow index proportional
to relative changes in CBF.

Here we demonstrate the clinical potential of concurrent bedside optical CBF and
THC monitoring in acute ischemic stroke patients. We hypothesized that optical probes
placed on the forehead of patients with acute ischemic stroke (AIS) affecting the anterior
circulation, would detect differences in autoregulatory impairment between the affected
and unaffected hemispheres during head-of-bed (HOB) manipulations. The term au-
toregulation is used in this manuscript to describe cerebral blood flow changes with
HOB positioning. We also compared findings of CBF with concurrent measurements of
THC using NIRS.

Seventeen patients with AIS were recruited and studied on one or more occasions
during their hospitalization. A comparison group of eight subjects with vascular risk
factors was also studied on one occasion. At each time point, changes in CBF (rCBF)
and THC (ATHC) from each hemisphere were measured sequentially at four HOB
positions (30°, 15°, 0°, -5°, and 0°) and normalized to the value at HOB=30° (rCBF3q0)
for comparison between subjects and hemispheres. Throughout this manuscript, “r”
denotes “relative” change (i.e. as opposed to “regional” which is sometimes employed
in the literature).

Overall, this study demonstrates use of DCS on stroke patients, demonstrates DCS as
a new diagnostic tool with the potential to develop into a non-invasive bed-side monitor
of local microvascular CBF, and demonstrates the potential of complementary hemo-
dynamic information available by hybridizing NIRS with DCS. DCS-NIRS probes are
demonstrated to detect hemispheric differences in cerebrovascular hemodynamics using
the simple bedside intervention of altering a patient’s head-of-bed (HOB) position. The
ability to measure cerebrovascular hemodynamics at the bedside provides new oppor-
tunities for individualized stroke care based on each patient’s hemodynamics responses
to these types of interventions. (Note, part of this data was previously published in
abstract form [51-53]).

2. Materials and Methods

2.1.  Study Design and Patient Enrollment

This study was conducted at the Hospital of the University of Pennsylvania with a
study protocol approved by the local institutional review board. Written consent was
provided by subjects or their family members. Two groups of subjects were enrolled:
(1) Subjects without stroke but with vascular risk factors (VRF) and age-matched to
the stroke group, and (2) patients with acute ischemic stroke (AIS). Race was recorded
as Caucasian (C), African American (AA), Asian (A) and other (O) .

Subjects in the VRF group had no neurological deficits and were screened for history
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of at least one of the following cardiovascular disease risk factors: hypertension (HTN),
diabetes mellitus (DM), hyperlipidemia (LIP), coronary artery disease (CAD), previ-
ous myocardial infarction (MYCI), previous stroke (STR), previous transient ischemic
attack (TIA), previous or current smoking (TOB) or atrial fibrillation (AFIB). All sub-
jects were using medication for at least one of these conditions. This group was selected
to rule out effects due to the advanced age of the AIS group and the common occurence
of these risk factors.

The AIS group consisted of patients admitted to the stroke service with radiographic
evidence or clinical suspicion of acute ischemic stroke involving the frontal lobe cortex.
Exclusion criteria included intracranial hemorrhage on initial CT or MRI scan and in-
ability to lie supine for 15 minutes. Admission NIH Stroke Scale (NIHSS) was scored
for each patient at the time of admission. Vascular risk factors identical to those in the
VRF group were ascertained from verbal history and available medical records. Stroke
etiology was classified according to the “Trial of ORG 10172 in Acute Stroke Treat-
ment” (TOAST) criteria [61] as large-artery atherosclerosis (LAS), small-artery occlu-
sion (SAO), cardioembolic (CE), cryptogenic (CRYP) and other causes (OTHER). A
neurologist reviewed all available head CT and brain MRI data to determine stroke (or
infarct) laterality (“Stroke Lat.”), vascular territory, and region(s) of brain involved.
The primary indicators for radiographic evidence of stroke were hypodensity on CT
and/or diffusion restriction on diffusion MRI sequences. CT and MR angiographic data
were also used to support the assessment of vascular territory involvement where avail-
able. Vessel involvement (“Vessel Inv.”) was characterized as middle cerebral artery
(MCA), anterior cerebral artery (ACA). Brain region involvement (“Brain Reg. Inv.”)
was characterized as frontal (F), temporal (T), parietal (P) and occipital (O). If or-
thostasis (“Orth. Symp.”), defined by the presence of worsening neurological symptoms
with altered HOB position, was observed during the study, it was noted.

Measurements were planned for three separate days. Probes were placed on the fore-
head about 1.5-2 ¢cm symmetrically left and right of the mid-line in order to avoid
sinuses. The probes were held tightly onto the skin with black foam pads using medical
tape and a circumferential, black elastic band. Both rCBF and ATHC were measured in
both frontal lobes for 5 minutes each at HOB angles of 30°, 15°, 0°, -5°, and 0° sequen-
tially (Figure 1). Each probe contained one source and one detector fiber for NIRS,
and one source and two detector fibers for DCS measurements. The source-detector
separation was 2.5 cm for both techniques. All fibers were custom made with tips bent
at 90°.

2.2.  Optical Method: Background And Analysis

Near-infrared photons undergo thousands of scattering events before reaching a detector
displaced 3 cm from the source fiber at the tissue surface (Figure 1). Photon absorption
also occurs, mainly due to tissue oxy- and deoxy-hemoglobin, water and lipid. Scattering
is dominated by cell organelles, and a detectable amount of scattering comes from red
blood cells (RBCs). If photons are scattered from moving RBCs, then the diffuse light
intensity on the tissue surface will fluctuate in time. The resultant fluctuations of the
detected intensity are measured by DCS. NIRS measures the differential change in the
transmitted light intensity at multiple wavelengths due to absorption and scattering
which, in turn, depend on changes in concentrations of oxy- and deoxy-hemoglobin
(AHbO2 and AHb) among other factors.

The “detection volume” depends on the tissue optical properties and the source-
detector separation (Figure 1). Tissue optical properties or tissue dynamics within this
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Fig. 1. Illustration of the measurement protocol (top), the probe positioning (mid-
dle), and the corresponding volume interrogated by the diffusing photons . (Bot-
tom) Sample intensity auto-correlation data measured at HOB = 30° and -5°.

volume, such as those due to CBF variation from HOB positional changes, are detectable
in the decay rate of the DCS intensity auto-correlation function (ga2(7)) (see Figure 1
for example data) or in the amplitude and phase of the diffusing wave NIRS signal. The
DCS analysis employed a semi-infinite, homogeneous medium model for the head [31,
32, 35, 36, 49]. This model was iteratively fit to the measured auto-correlation functions
and a flow-index for each hemisphere was extracted in seven second intervals. For NIRS,
a modified Beer-Lambert equation [62, 63] with assumed photon path-lengths from the
literature was used to analyze data [35, 36]. NIRS calculations report AHbOs, AHb
and their sum relative to the 30° baseline (i.e. AHbOg 300, AHbgge, ATHC3p0). DCS
flow indices for each HOB angle were averaged and divided by the average flow index
at the 30° baseline, providing CBF relative to that at 30°, i.e. rCBF3q0.

Here we present a simple outline of data analyses schemes that are described more
fully in references [35, 36, 49].

2.2.1. Differential pathlength method for NIRS:

In order to estimate oxy- and deoxy-hemoglobin concentration changes in a rapid and
simple manner we employed the so-called “differential pathlength method” [64—66]. This
formulation can be derived approximately from the diffusion equation approach using
Green’s function solutions (in our case, in the semi-infinite, homogeneous geometry) [67].
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In this formulation, the standard Beer-Lambert law is modified to account for the
lengthening of the mean photon pathlength due to scattering and absorption effects
in tissue. A “differential pathlength factor” (DPF) is introduced, which is the ratio
of the mean photon pathlength to the physical separation of the source-detector pair.
The DPF depends on experimental conditions such as geometry and wavelength and
has minimal dependence on source-detector separation for large (~2 cm) separations
[66]. Let I(t,\) be the light intensity measured by the source-detector pair at time,
t, and employing light with wavelength (\). Furthermore, let Ip(< tszpe >,) be the
average intensity measured by the same source-detector pair and wavelength on the
same subject with the HOB at 30°. The differential pathlength approach relates changes
in attenuation, AA(t,\) =1n %,
between measurement states, i.e.

to the change in tissue absorption (A (t,A))

I(t,\)

AA(t,N) = lnm = —Apg(t, \)DPE(\)r . (1)
Here r is the source-detector separation and the subscript “0” is used to denote the
baseline measurement. AHbsge and AHbOg 300 concentration changes can be calculated
from Apg(X) at several wavelengths, using values from the literature for the extinction
coefficients of (efp(N), €mpo, (M) [68] and the DPF values for an average, healthy adult
head (DPF(Ag90)=6.5, DPF(A785)=6.4, DPF(Ag30)=5.8) [64, 65] . Hemoglobin concen-
tration changes are calculated by solving the following matrix equation at each time

point;
l:AMa()\lat):| _ [GHb(/\lﬂf) GHbOZ(/\Lt)} { AHDb(t) ] 2)
Apia(Az,t) emp(A2,t)  €mpo, (A2,1)] [AHVO2(1)]

In our case, we use all three wavelengths to improve the signal-to-noise ratio and
reduce the effect of fluctuations due to erratic fluctuations of a single laser. A substantial
literature exists on the weaknesses and strengths of this formulation [66, 69-72], and
experimental tabulations of the differential pathlength factor, DPF, are available for
several organs [64, 65]. It is beyond the scope of this paper to discuss more of the
details of this commonly employed formulation. The resultant Apg(¢,\) at 785nm is
used in DCS analysis to include the (minimal) effects of changes in absorption over time
on the correlation function measurements.

2.2.2.  Semi-infinite approximation for DCS:

In most flow experiments the fundamental quantity of interest is the electric field
(E(r,t)) temporal autocorrelation function Gi(r,t,7) = (E(r,t) E*(r, t + 7)) or its
Fourier Transform. Here the angle brackets ( ) denote ensemble averages or averages
over time for actual measurements. 7 is called the correlation or delay time. In this
study, the solutions for the photon correlation diffusion equation in a semi-infinite ge-
ometry were employed [31, 32, 35, 36, 49]

3M/ e—K(t,’r)r e—K(t,T)rg
Gi(r,t,7) =" — 3
rtr) = ( . — . (3)
where 7 is the source-detector separation and ro = /12 + (2, +225)?2 is the separation
between an “image source” and the detector, z, = /%’ is equal to the random walk

1+R,. . . . . . .
step, zp = 33,3 1J_r Reff ? is the distance of an imaginary boundary, R.ss is the reflection

coefficient which depends on the ratio of the indices of refraction of tissue and air,
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K2(t,7) = (pa(t, A\1ss) + sapskd < Ar2(t,7) >)/(3ul), 1), is the tissue reduced scatte-
ring coefficient (assumed to be constant over time), k, is the wavevector of the photons
in the tissue, (Arg?(t,7)) is the mean-square displacement in time 7 of the scattering
particles (i.e. red blood cells), and « represents the fraction of photon scattering events
in tissue from moving cells.

Experimentally, we measure the intensity (I(¢)) autocorrelation function,
ga(r,t,7) =< I(t)I(t+7) >/ < I(t) >2 which is related to the normalized field cor-
relation function, g1 (r,t,7) = G1(r,t,7)/ < E(t)E*(t) >, by the Siegert relation;

gz(r,t,T):1+ﬂ|gl(r,t,7)|2 . (4)

[ is a parameter that depends on the source coherence, detection optics, ambient light
and other external factors. In our experiments, (3 is allowed to be time dependent and is
fitted and calculated from the measured data. While we see small variations in 3 of less
than 0.1, accounting for them reduces signal fluctuations (unpublished phantom data).

The correlation diffusion equation can have different forms depending on the nature
of the particle motion, and on the variations of these motions with position in the
sample. We use a formulation wherein the mean-square displacement (Arg?(t,7)) =
6D p(t)7, red blood cells are taken to undergo an “effective” Brownian motion with a
diffusion coefficient D 5. Note D g is not the particle diffusion coefficient due to standard
Brownian motion described by Einstein [73]. We then fit the measured autocorrelation
function using Equation 3 for a “blood flow index” (i.e. BFI(t) =aDpg(t)). As discussed
in Section 1, we have previously shown that changes in a fitted BFI(t) measure changes
in CBF relatively accurately.

2.8.  Instrumentation

A portable custom-built instrument was employed [35, 49]. DCS uses a long coherence
length laser (785 nm). Three lasers (690nm, 785nm, 830nm) modulated at 70 MHz
were used for NIRS. For DCS, the output of four high sensitivity avalanche photo-diode
detectors operating in photon-counting mode were fed to a correlator board which
computed the intensity auto-correlation functions in real time. For NIRS, a homodyne
detection scheme with two detector channels was used [35, 49].

The data acquisition was interleaved between NIRS and DCS. For each probe, first
NIRS data was acquired for 0.5 seconds, then DCS data was acquired for 3 seconds.
This gives a total of 7 seconds of measurement time per data point since there are two
probes. The fitted results reflect the mid-point of the acquisition period with respect
to the start of the study.

2.4. Statistical Analysis

Data for each parameter was stored as a continuous variable over time. The data was
then averaged for the last four minutes of each HOB position to avoid potential transient
effects. On a few occasions, the patient condition changed transiently (e.g. the patient
spoke), and we have carefully marked and avoided those times in our averaging. This
averaged data was used in the statistical analysis.

To estimate and test for changes in mean rCBF and hemoglobin concentrations, we
fit a linear mixed effects (LME) model (library “nlme” in R, http://www.r-project.org)
[74], accounting for correlations between repeated measurements for each patient. Tests
of relevant coefficients from the model were two-sided and used a Type I error rate
of 0.05. We assessed changes in mean rCBF and mean hemoglobin concentrations as
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a function of three factors: HOB angle, the presence of an infarction in a given hemi-
sphere, and the number of days since reported stroke onset (NDAY). The variability
was modeled as a function of the side of infarction based on analysis of residuals and
the Akaike Information Criteria [75]. Significance factors of interest were assessed using

a likelihood ratio test for appropriate nester models.

To assess the measurement repeatability for individual patients, the correlation coef-
ficient (R) between paired measurements at a HOB of 0° was calculated. Clinical data
were described using mean-+standard error.

Table 1. Detailed patient characteristics (see Section 2.1 for details).

General Characteristics

Age (years) Gender Race Risk Factors Study Days
1 70 F C STR,TOB 3,7
2 53 M AA STR,HTN,LIP,TOB 1,2,4
3 57 M C TOB 2
4 83 M C CAD,CHF,DM,AFIB 2,3,5
5 87 F AA HTN,AFIB,TOB 3.4
6 75 F AA STR,HTN,CHF,AFIB 2,3,4
7 59 M AA TOB 2,3
8 47 F C TOB 3.4
9 73 F C HTN 3,4,5
10 58 M AA HTN,TOB 14,7
11 44 F AA None 2,3,5
12 56 F AA HTN,TOB 1,2,3
13 93 F AA HTN,LIP 2,5
14 75 M AA HTN,LIP 2,3,4
15 47 F C TOB 2,3,6
16 47 F C STR,TIA,HTN,DM,LIP 4,7,11
17 79 M C HTN,LIP,CAD,CHF,TOB 2
Stroke Related
Stroke Lat.  Vessel Inv. Brain Reg. Inv. NIHSS Etiology Orth. Symp.

1 Right MCA F,T 18 CE No
2 Right MCA FT 9 CE No
3 Left ACA MCA F,P 2 LAS No
4 Right MCA F,T,P 18 CE No
5 Left MCA F,T,P 24 CE No
6 Left MCA F,T,P 22 CE No
7 Left ICA F.P 6 LAS Yes
8 Right MCA F 5 CE No
9 Left MCA F,T,P 20 CRYP No
10 Left MCA F, T 3 LAS No
11 Right MCA F,T,P 18 OTHER No
12 Left MCA F,T,P 15 CRYP No
13 Left MCA F, TP 26 OTHER No
14 Left MCA F,T,P 24 CRYP No
15 Left MCA,ACA F,T,P 19 CE Yes
16 Left MCA F, T 7 SAO Yes
17 Left MCA F, TP 22 CRYP No
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3. Results

Reliable measurements were obtained from all subjects. Figure 1 shows typical measured
temporal auto-correlation functions with a faster decay rate when the HOB is lowered
from 30° to -5°, indicating an increase in CBF.

The seventeen AIS patients aged between 44 and 93 years (65+16), with admission
NTIHSS score from 2 to 26 (15£8). The mean number of days since reported stroke onset
(NDAY) for the first optical study was 2.2+0.8 days. The middle cerebral artery (MCA)
territory only was involved in 14 cases while the anterior cerebral artery territory was
also involved in 3 additional cases. Orthostatic symptoms were present in three patients.
Patient details are summarized in Table 1 and statistical findings from the optical data
in Table 2.

rCBF3p0 in the AIS group showed a large variability between subjects, presumably
due to differences in their clinical condition. Figure 2 shows variations in CBF with
positioning on the first study day for all patients. Results from subsequent days had
similar levels of variability (data not shown).

Repeated measurements at flat HOB, i.e. when lowering from 15° and when raising
from -5°, showed a strong correlation to initial value (R=0.96), indicating excellent
repeatability within each study day (R=0.96). HOB positioning was significantly as-
sociated with changes in frontal hemispheric rCBF3gpo in both infarct (p=0.008) and
non-infarct (p=0.005) hemispheres. The presence of an “infarct” in a given hemisphere
was significantly associated with increased variability in rCBF3go versus HOB position
(p=0.02). Figure 3(a) shows one representative result on the third day after stroke onset
from a 70 year old female with a right MCA occlusion. During rest periods between
changes of HOB, the variations in measured rCBFggo were smaller than changes due
to HOB angle, and a large discrepancy was observed between hemispheres.

Similarly, AHbO2 390, AHbgge and ATHC3p0 in the ALS group showed a large vari-
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Table 2. Statistical findings in acute ischemic stroke (AIS) group. SEM=Standard
Error of Mean. Bold font implies statistical significance .

CBF
Infarct Non-Infarct
rCBF300 (SEM) | p-value | rCBFgpo (SEM) | p-value
(%) (%)
15° 112(9) 105(8)
HOB 0° 130(7) 0.008 125(7) 0.005
-5° 137(8) 127(8)
<2 124(9) 125(8)
NDAY | 34 133(8) 0.3 123(8) 0.1
>4 121(9) 110(9)
Infarct p-value
Effect:
YES 0.02
Oxy-Hemoglobin
Infarct Non-Infarct
AHbO2(SEM) p-value | AHbO32(SEM) | p-value
(M) ()
15° 1.6(1.2) 0.7(1.4)
HOB 0° 4.2(1.0) 0.004 2(1) 0.15
-5° 5.5(1.2) 3(1.2)
<2 4.2(1.2) 2.8(1.4)
NDAY | 34 2.9(1.2) 0.5 1.3(1.1) 0.3
>4 4.4(1.3) 0.8(1.3)
Infarct p-value
Effect
YES 4x10~°
Deoxy-Hemoglobin
Infarct Non-Infarct
AHDb(SEM) p-value AHb(SEM) p-value
(M) (p)
15° 0.3(0.5) -0.3(0.5)
HOB 0° 0.4(0.5) 0.6 -0.5(0.6) 0.9
-5° 0.9(0.6) -0.3(0.7)
<2 -0.1(0.4) 0.1(0.5)
NDAY | 34 1(0.5) 0.1 -1.1(0.6) 0.1
>4 1.3(0.6) -0.05(0.7)
Infarct p-value
Effect:
YES 0.001
Total Hemoglobin ‘
Infarct Non-Infarct
ATHC(SEM) p-value ATHC(SEM) p-value
(M) (M)
15° 1.8(1.5) 0.3(1.7)
HOB 0° 4.5(1.4) 0.03 1.5(1.5) 0.4
-5° 6.3(1.7) 2.6(1.8)
<2 4.1(1.4) 2.9(1.6)
NDAY | 34 3.6(1.6) 0.7 0.4(1.6) 0.3
>4 5.3(1.8) 0.5(1.9)
Infarct p-value
Effect:
YES 4x107°
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Fig. 3. (a) tCBF300 and (b) ATHC3po as a function of time with HOB angle
from a patient with right MCA occlusion. HOB position is a significant factor in
both hemispheres, but a larger effect is observed in the infarct (right) hemisphere.
Blue(gray) indicate left(right) hemispheres.

ability between subjects but with excellent repeatability (R=0.94). Unlike rCBF 390, the
HOB effect on AHbOg 300 and ATHC3g0 was significant only in the infarct (p=0.004
and p=0.03) but not in the non-infarct (p=0.15 and p=0.4) hemisphere. AHbggo was
not significant in either hemisphere (p=0.6 and p=0.9). Nevertheless, the presence of an
“infarct” in a given hemisphere was significantly associated with increased variability for
all quantities. These findings are in qualitative agreement with rCBF 300 findings. NIRS
data is, however, harder to interpret since local changes in oxy- and deoxy-hemoglobin
concentration are dependent on complex parameters such as the local oxygen extraction
fraction. Figure 3(b) shows ATHC3p0 from the same patient. During rest periods be-
tween changes of HOB, the variations in measured ATHC3g0 are smaller than changes
due to HOB angle and a very large discrepancy is observed between the infarct and
non-infarct hemispheres.

Several measurements were conducted in each patient between 1 and 11 days post-
stroke. To consider the effect of NDAY, we categorized each measurement as occurring
between 1-2, 3-4, or >4 days after the reported stroke onset. We anticipated that NDAY
might have a larger effect on the infarct hemisphere than on the non-infarct hemisphere,
but this was not observed. Bi-variate analysis (including NDAY with HOB) did not
change our conclusions.

We note that approximately 75% of the patients had maximal CBF and THC at 0°
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or -5°. However, four (~25%) patients exhibited maximal CBF and THC at HOB>0°
which we denote as being “paradoxical”.

Eight subjects were enrolled in the control VRF group (mean age 64 years). Both
hemispheres showed similar rCBFggo response to changes in HOB angle. At a given
angle, the variations in rCBF3go due to physiology and instrumental noise were smaller
than changes due to HOB angle (Figure 4(a)). The ATHC3q0 results agree qualitatively
with rCBF30p0 (Figure 4(b)). As expected, there is no statistical difference between
two hemispheres (p=0.57) with rCBF3po depending equally strongly on HOB angle
(p=0.0001). Repeated measurements at flat HOB, i.e. when lowering from 15° and
when raising from -5°, showed a strong correlation to initial value (R=0.95), confirming
measurement reproducibility. Similar results where obtained with THC but without
achieving significance with HOB changes.

Finally, in an analysis comparing randomly selected hemispheres for all subjects in the
VREF group to the infarcted hemispheres for all subjects in the AIS group, a statistically
significant difference was observed between the two groups for rCBF3g0 (p=0.02) and
for ATHC300 (p=0.0001).
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Fig. 4. rCBF300 (a) and ATHC300 (b) changes over time with HOB angle in a sub-

ject with vascular risk factors. Blue(gray) lines indicate left(right) hemispheres.
Thick vertical bars indicate HOB changes to the labeled angle.

4. Discussion

This study demonstrates the feasibility of hybrid DCS-NIRS technology for monitoring
differences in autoregulatory impairment between the affected and unaffected hemi-
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spheres in acute stroke patients. As predicted, the presence of an ischemic infarct was
significantly associated with changes in ipsilateral rCBF3po as HOB positions varied.
In addition, repeat measurements at 0° HOB showed a high degree of intra-subject re-
peatability (R>0.9), suggesting that DCS provides reproducible measurements of CBF.
These findings provide the first demonstration of DCS as an effective modality for
measuring changes of CBF in acute stroke patients, building upon prior studies that
used DCS to measure CBF in healthy human subjects [35, 36].

A key observation was the variable impact of acute ischemic stroke on cerebrovascu-
lar autoregulation. While the results for the VRF (control) group were similar between
individuals and did not show any significant variations in rCBFggo response between
hemispheres, the AIS group showed a large variability between subjects. Most impor-
tantly, for the AIS group a statistically significant difference was observed between
infarct and non-infarct hemispheres. For the AIS group, the majority of patients dis-
played maximal CBF at a HOB angle of 0° to -5°, while approximately 25% exhibited
maximal CBF at an elevated HOB angle of 15° to 30°. All subjects of the VRF group,
however, showed maximal CBF at -5°. The basis for a paradoxical response is uncertain,
but could be due to elevated intracranial pressure (ICP), hemodynamic consequences of
heart failure, or autonomic dysfunction. Similar paradoxical responses have been previ-
ously reported in traumatic brain injury [76]. Close examination of a recent work that
used NIRS to monitor blood oxygen saturation during postural changes in acute stroke
patients reveal a paradoxical response and large intra-subject variability in line with
our results [30].

Although measurements of ICP and cerebral perfusion pressure (CPP) were not avail-
able in our patients, and the precise mechanism for the paradoxical responses could not
be determined, these findings suggest that flat HOB may not represent the optimum
therapy for all patients with acute hemispheric stroke. We note that DCS results were
recently compared to changes in ICP and CPP during HOB changes in traumatic brain
injury patients indicating a close correlation between hemodynamic parameters meas-
ured by DCS-NIRS and perfusion pressures (ICP and CPP) in instances of damagedau-
toregulation [45, 51, 54]. Furthermore, paradoxical responses similar to those observed
in the AIS group reported here were confirmed in this patient group [45, 51, 54].

Some patients did not exhibit a change in CBF with different HOB angles, suggest-
ing that cerebrovascular autoregulation is not universally disrupted. In patients with
normal autoregulation, the risks of flat positioning might be avoided altogether if a
diagnostic modality such as DCS were available to determine whether CBF was depen-
dent on positioning. Pneumonia occurs in approximately 5% of acute stroke patients,
with aspiration pneumonia accounting for 60% of the cases [77]. There is a strong link
between aspiration risk and a flat HOB [78], especially in stroke patients with decreased
consciousness. Other common complications associated with a flat HOB position and
immobilization are symptomatic deep venous thrombosis [79], and pulmonary embolism,
which causes up to 25% of early deaths after stroke [80].

Another finding was that NDAY was not significantly associated with HOB-related
CBF changes across the population (p=0.11). The unpredictable response of CBF to
HOB angle over time suggests that cerebrovascular autoregulation recovers at a vari-
able rate from patient to patient. Some previous studies have suggested the degree of
autoregulatory impairment may be related to the malignancy and worsening of the
stroke, [81] providing a further rationale for the development of real-time monitoring of
CBF at the bedside.

Our finding that flat HOB position improves CBF with a stronger change in the
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infarcted hemisphere in most (~75%) of AIS subjects is generally consistent with pre-
vious reports on impairment of autoregulation in acute stroke patients [16, 30, 82, 83].
Schwarz et al [16] found that CPP was maximal at 0° corresponding to elevated mean
arterial pressure (MAP) and ICP. Similarly, mean blood flow velocity ing the middle
cerebral artery (V,,MCA) measured by TCD was also maximal at 0°. They did not
observe any subjects who showed a paradoxical response. Furthermore, in nearly half of
their patients V,, MCA could not be measured on the infarcted hemisphere since there
was a permanent occlusion of the MCA. Where V,,MCA was measured bilaterally,
there was a larger effect on the infarcted hemisphere consistent with our findings. A
newer study by Wojner-Alexander et al [82] also observed that V,,, MCA was maximal
at 0° HOB.

HOB-related CBF changes observed in the VRF group are generally consistent with
prior studies of positional blood flow in patients with ischemic risk factors performed
using TCD. Lipsitz et al. [84] found that mean MCA blood flow velocity decreased
by 14% on continuous TCD monitoring of elderly hypertensive subjects during change
from the sitting to standing position. Asil et al. [85] similarly demonstrated a 13-16%
decrease in MCA blood flow velocity in diabetic patients 1.5 minutes after changing from
a supine to upright position. Changes in microvascular CBF observed in the present
study were somewhat larger, which may be attributable to differences in the specific
vasculature probed by TCD and DCS and to differences in the positioning protocol used.
Future studies with concurrent DCS and TCD will be required to better characterize
the relationship between these measures.

Several future methodological improvements can be anticipated based on corrections
to the technical limitations of this study. We have previously shown that DCS does
indeed penetrate to the cortex and measures local CBF [35, 36]. Nevertheless, all such
diffuse optical methologies hold potential for signal contamination from changes of blood
flow in superficial layers such as the scalp. We note, however, that by self-normalizing
data from each hemisphere to data taken at 30° elevation, we effectively ameliorate the
effects of such systemic changes. Presumably, the only observable hemispheric changes
to survive normalization are due to hemodynamic differences in the cortical tissue.
Future studies may incorporate both small and large source-detector separations to
allow separation of scalp and cortex contributions. In addition, quantification with the
diffuse optical method can be improved by knowledge of skull thickness derived by CT
or MRI.

In the present studies, optical probes were placed on the forehead. Accordingly, we
limited our investigation to acute stroke patients whose infarct or ischemic penumbra
involved the frontal lobe cortex. A follow-up study is currently underway to assess the
feasibility of monitoring CBF changes in other regions. If successful, future instruments
with larger probe arrays could be used to monitor CBF throughout the cortex.

While the primary aim of this study was to explore the sensitivity of DCS for de-
tecting hemodynamic effects of HOB changes in patients with acute ischemic stroke,
we also obtained concurrent NIRS data for comparison. NIRS measurements of THC
and HbO2 most closely approximate CBF, and showed reasonable agreement with DCS
measurements in the ischemic hemisphere. Indeed, all NIRS parameters showed more
significant associations with the infarcted hemisphere than CBF by DCS, whereas only
CBF showed significant HOB effects in the unaffected hemisphere and in the control
group with vascular risk factors. The sensitivity of NIRS to ischemic physiology proba-
bly reflects its sensitivity to both CBF and metabolism, and the differential sensitivities
of DCS and NIRS suggest that they will likely provide complementary information in
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the management of acute ischemic stroke and other central-nervous system disorders.

Although these data are preliminary, the observed variability in autoregulatory im-
pairment and recovery has implications for individualized therapy in stroke manage-
ment. Current guidelines from the American Stroke Association state that patients
with acute, ischemic stroke should be empirically placed in a flat HOB position upon
admission to the hospital. There is no formal recommendation on how long to keep
a patient supine, but the authors recommend that stroke patients be observed closely
during the transition to sitting and standing for any new neurological symptoms [86].
Our data suggest that this empirical approach to HOB manipulations in acute stroke
patients may not be optimal for some subjects, and suggests the possibility that in
the future, individualized management based on CBF monitoring could improve stroke
outcomes by minimizing the risk-to-benefit ratio of hemodynamic interventions such
HOB positioning, volume expansion, and hypertensive therapy. Bedside monitoring of
stroke patients with DCS and NIRS may also allow changes in CBF and metabolism
to be detected prior to the onset of clinical symptoms.
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