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Abstract

Background—This study assesses the utility of a hybrid optical instrument for noninvasive
transcranial monitoring in the neurointensive care unit. The instrument is based on diffuse correlation
spectroscopy (DCS) for measurement of cerebral blood flow (CBF), and near-infrared spectroscopy
(NIRS) for measurement of oxy- and deoxy-hemoglobin concentration. DCS/NIRS measurements
of CBF and oxygenation from frontal lobes are compared with concurrent xenon-enhanced computed
tomography (XeCT) in patients during induced blood pressure changes and carbon dioxide arterial
partial pressure variation.

Methods—Seven neurocritical care patients were included in the study. Relative CBF measured
by DCS (rCBFps), and changes in oxy-hemoglobin (AHbO,), deoxy-hemoglobin (AHb), and total
hemoglobin concentration (ATHC), measured by NIRS, were continuously monitored throughout
XeCT during a baseline scan and a scan after intervention. CBF from XeCT regions-of-interest
(ROIs) under the optical probes were used to calculate relative XeCT CBF (rCBFx.cT) and were
then compared to rCBFpcs. Spearman’s rank coefficients were employed to test for associations
between rCBFpcg and rCBFx.cT, as well as between rCBF from both modalities and NIRS
parameters.

Results—rCBFpcg and rtCBFx.c1 showed good correlation (r;=0.73, P = 0.010) across the patient
cohort. Moderate correlations between rCBFpcg and AHbO,/ATHC were also observed. Both NIRS
and DCS distinguished the effects of xenon inhalation on CBF, which varied among the patients.

Conclusions—DCS measurements of CBF and NIRS measurements of tissue blood oxygenation
were successfully obtained in neurocritical care patients. The potential for DCS to provide
continuous, noninvasive bedside monitoring for the purpose of CBF management and individualized
care is demonstrated.

Keywords

Near-infrared spectroscopy; Diffuse correlation spectroscopy; Cerebral blood flow; Xenon CT;
Neurocritical care
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Introduction

Measurement of cerebral blood flow (CBF) provides valuable information for clinical
management of neurocritical care patients, but current modalities for monitoring CBF are often
limited by practical and technological hurdles. Such hurdles include cost, exposure to ionizing
radiation, and the logistical challenges and increased risk to critically ill patients when
transportation out of the neurointensive care unit is required [1]. Furthermore, standard
radiological modalities such as CT, PET, and MRI cannot provide continuous measures of
CBF that may be required in clinically unstable patients. Bedside techniques for monitoring
CBF include transcranial Doppler (TCD) ultrasonography [2], and thermal diffusion [3] and
laser Doppler flowmetries [4]. However, TCD ultrasonography is limited to observations of
large vessel flow velocities, which do not necessarily reflect microvascular perfusion in
patients with cerebrovascular disease [5], and both thermal diffusion and laser Doppler
flowmetries are invasive.

Diffuse correlation spectroscopy (DCS) is a novel noninvasive optical technique with potential
as an alternative approach for bedside CBF monitoring. DCS uses near-infrared light within
the therapeutic spectral window (i.e., wavelengths from ~650 to ~950 nm) to provide a
continuous, transcranial measure of blood flow. Changes in blood flow are obtained from DCS
by measuring the decay rate of the detected light intensity autocorrelation function (g) [6—
8]. At present, quantitative absolute measurements of CBF with DCS are difficult to obtain,
and thus we typically derive microvascular relative CBF (rtCBFpg), i.e., blood flow changes
relative to some baseline period. Near-infrared spectroscopy (NIRS) is a more widely known
optical monitoring technique that derives concentration changes of oxy- and deoxy-
hemoglobin (AHbO,, AHb) [9,10]. In this study, we have integrated DCS with NIRS in a hybrid
optical instrument that simultaneously monitors CBF and oxy- and deoxy-hemoglobin
concentrations. The instrument thus facilitates monitoring both CBF and oxygen metabolism
in neurocritical care patients. The continuous and noninvasive nature of these optical
techniques may lead to new clinical tools in the neurointensive care unit.

NIRS and, more recently, DCS have been employed to measure tissue perfusion and
oxygenation in human populations. For example, NIRS/DCS has detected changes in
autoregulatory function associated with ischemic stroke [11] and healthy aging [12].
rCBFpcs measurements also have been validated against fluorescent microspheres in brain-
injured piglets [13]. This study is the first to evaluate rCBFpcg in an adult neurocritical care
population.

In this preliminary study, we assessed the feasibility of DCS as a continuous monitor of CBF
in neurocritical care patients by comparing DCS measurements of CBF with a more established
technique, stable xenon-enhanced CT (XeCT) [14,15]. XeCT is a diffusible tracer technique
that provides quantitative CBF by administering xenon via inhalation and using the time-
dependent concentration of xenon in tissue as a measure of perfusion. XeCT CBF calculations
are based on the modified Kety-Schmidt equation, which describes the relationship of CBF to
the tracer blood/brain partition coefficient and tracer concentration in the brain and arterial
blood [16]. We performed continuous bedside NIRS/DCS with two serial concurrent XeCT
measurements in a cohort of patients in whom pharmacological or physiological interventions
aimed at altering CBF were administered. We hypothesized that rCBFpcg would correlate with
CBF measured by XeCT in co-registered spatial regions of the injured brain, and that
correlations would also exist between CBF measured by both techniques and NIRS parameters.
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Patients were considered eligible for study enrollment if they were >18 years old and were
receiving care in the Hospital of the University of Pennsylvania neurointensive care unit for
aneurysmal subarachnoid hemorrhage, traumatic brain injury, or ischemic stroke. Patients were
recruited through the Department of Neurology and the Neurosurgery Clinical Research
Division under a research protocol for the study of portable xenon-enhanced CT. Written
consent for both the XeCT and optical monitoring portions of the study was provided by the
subject (if able) or by a legally authorized representative. All studies were conducted in the
patient’s room, following protocols approved by the University of Pennsylvania Institutional
Review Board.

As part of routine neurocritical care, a variety of physiologic parameters were monitored
throughout the duration of the study. Intracranial pressure (ICP) was monitored either by an
external ventricular device or a fiberoptic intraparenchymal catheter (Camino-MPM1; Integra
NeuroSciences, Plainsboro, NJ). Cerebral perfusion pressure (CPP) was calculated from the
difference between mean arterial pressure (MAP), measured by an arterial line, and ICP.

The hybrid diffuse optical device used in this study contains both DCS and NIRS modules.
The DCS module uses two long-coherence-length, continuous-wave 785 nm lasers
(CrystaLaser Inc., Reno, NV) for sources, eight photon-counting fast avalanche photodiodes
(Perkin Elmer, Canada) for detection, and two 4-channel autocorrelator boards
(Correlator.com, Bridgewater, NJ) to compute g,. The NIRS module employs three
wavelengths of amplitude-modulated near-infrared light (685, 785, and 830 nm) for sources,
and two photomultiplier tubes for detection. The probe held four optical fibers (one source and
detector each for DCS/NIRS) at a fixed configuration (Fig. 1, inset) to permit the two optical
modalities to measure nearly concurrent changes in approximately the same volume of tissue.
The source—detector separation was 2.5 cm, and the depth of penetration of light into tissue
was approximately 1.25-1.5 cm. As shown in Fig. 1, perturbations from voxels within the
darkest banana-shaped region (about 1.25 cm deep) have the greatest influence on the detected
optical signal, with lighter regions having progressively less influence. This penetration depth
permits the near-infrared light to interrogate microvasculature within the surface region of adult
cerebral cortex [17].

Optical probes were positioned on both sides of the forehead, over the left and right frontal
poles. rCBFpcs, AHbO,, AHb, and ATHC for each hemisphere were updated every 7 s.
Positioning and shielding of the probes were adjusted until adequate signal was confirmed prior
to data collection. In one instance, optical data could not be obtained; this patient had traumatic
epidural and subdural hematomas along the anterior bifrontal convexities. These particular
hematomas prevented sufficient photon transmission through the cortex due to excessive
absorption by the concentrated blood.

DCS data analysis used a Brownian diffusion model to characterize relative blood flow [7,8],
along with a semi-infinite, homogeneous medium model for the optical properties of the head
to fit the measured autocorrelation functions [18]. Decay curves that failed to fit the model
produced low confidence results and were omitted from the analysis. A modified Beer—
Lambert law was used for NIRS analysis [19]. Details of both DCS and NIRS analyses have
been published previously [20,21].
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Stable Xenon-Enhanced CT

Xenon CT studies were performed with a portable CT scanner (Neurologica Ceretom®) and
a stable xenon delivery circuit using the following parameters: inhalation of 28% xenon mixed
with oxygen, 100 kV/5-6 mA CT parameters, low dose resolution (2 s scan), 8 time points (2
during baseline and 6 during xenon administration), 6 imaging locations (two 1 cm images per
2 s scan), and estimated dose CTDIw = 120 mGy (CereTom portable CT scanner, Neurologica,
Danvers, MA). Six adjacent 10-mm-thick axial quantitative CBF maps (along with their
respective confidence maps) were generated using product software (Xenon-CT System 2,
Diversified Diagnostic Products Inc, Houston, TX) to derive blood flow (ml/100 g brain/min)
for each voxel of the CT image [15,22-24].

The XeCT scans were used clinically to evaluate the effect of a physiological intervention on
CBF, e.g., manipulation of MAP or arterial partial pressure of carbon dioxide. The specific
intervention performed was at the discretion of the attending neurointensivist and varied
depending on the particular clinical scenario. For example, if regions of oligemia were observed
on the baseline XeCT, then MAP was increased by approximately 20% by administering
increased doses of vasopressors. If regions of hyperemia were observed, then vasopressor dose
was lowered, antihypertensive medications were administered, or ventilation rate was
increased. A second XeCT scan was then performed after a minimum of 10 min to re-evaluate
CBEF after the intervention.

Regions-of-interest (ROIs) of approximately 6—8 ml from the CBFx,.cT images, corresponding
to the regions of cerebral cortex under the optical probes, were chosen by a physician blinded
to the optical results. Figure 2 shows a representative noncontrast CT image slice where optical
probes can be seen on the forehead, with outlined ROIs on the corresponding CBF map. ROIs
with greater than 30% of pixels having motion artifact or beam-hardening artifact, e.g., due to
surgical staples or monitoring equipment, were identified by visual inspection and excluded
from the analysis [25].

Statistical Analysis

Results

For each ROI, the change in relative CBFx.c1 (tCBFx.cT) Was calculated as the percentage
change from the baseline scan: TCBFxecT = (CBFxecT 1N — CBFxecT BL)/CBFxcCT BL- Here
CBFxcct N refers to absolute CBFxecT measured after intervention from the second scan, and
CBFxcct BL 18 absolute CBFxecT from the baseline scan. All continuous time-series data
(NIRS/DCS/MAP) were computed using the average (< >) of the 2-min period prior to xenon
administration for both baseline (Atgy ) and intervention (Atpy) XeCT scans: rtCBFpcg =
[<rCBFpcs(AtiN)> — <tCBFpcs(Atgr)>]/ <tCBFpcs(Atgr)>. The changes AHbO,/AHb/
AtHC/AMAP were defined as AY = <Y(Atyn)> — <Y(Argp)>, with Y representing the
parameter of interest. The period prior to xenon administration was used to exclude the possible
effects of hemodynamic change due to pharmacological effects of xenon gas [26].

Spearman’s rank coefficients were used to assess various correlations between rCBFx,.cT,
rCBFpcs, AHbO,, AHb, and ATHC. To analyze the effects of xenon wash-in on CBF, a paired
Student’s z-test was used to compare population-averaged CBF from the minute before xenon
inhalation had begun to population-averaged CBF at the time that xenon had fully washed in
(6 min after start of inhalation).

Clinical and study data for the 10 episodes of measurement are provided in Table 1. The eight
patients (five males/ three females) had a mean age of 48 years (range, 18-82 years). The
Glasgow Coma Score (GCS) ranged from 3 to 15 on admission, and from 3 to 9 on the day of
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measurement, while study timing ranged from ICU day 2 to 9. Interventions included decrease
in vasopressor medication dose (four patients), increase in vasopressor medication dose (two
patients), increase in ventilator respiratory rate (one patient), and increase in antihypertensive
medication dose (one patient). Pharmacological and physiological interventions are
summarized in Table 1.

Comparisons between XeCT and NIRS/DCS parameters were performed using at least one
ROI from seven patients (due to poor XeCT confidence, thus exclusion, for both ROIs in Pt.
5), while comparisons between NIRS and DCS parameters were performed using data from
all eight patients. Changes in MAP, CPP, CBFx,.cT, and DCS data for baseline and intervention
measurements with sufficient confidence are presented in Table 2.

Comparison of rCBFyecT and rCBFpcs/NIRS Data

Changes in CBF measured by DCS and XeCT were in good agreement. Figure 3 shows the
observed correlation (rg = 0.73, P = 0.010), indicating a positive and significant association
between rCBFx.c1 and rCBFpcg. The linear fit by simple regression has a slope equal to 1.1,
with an offset of 9.3%. AHbO, was moderately correlated with rCBFx.c1 and bordered on
significance (rg = 0.57, P = 0.053). Correlation was not found for either AHb (r; =—-0.51, P =
0.087) or ATHC (rg=0.41, P =0.193).

Comparison of rCBFpcs and NIRS Data

rCBFpcs had a moderate correlation with AHbO, (g =0.59, P =0.011) and ATHC (r4=0.49,
P =0.037), but no correlation was found with AHb (ry =—0.06, P = 0.788).

Xenon Inhalation Effects on DCS/NIRS

Figure 4 illustrates one patient’s reaction to xenon inhalation. rCBFpcg and ATHC changed
by 10.9% and 2.1uM, respectively, in the left frontal cortex and 6.4% and 1.3 uM, respectively,
in the right frontal cortex, while MAP increased by 16 mmHg. Such responses observed among
the cohort were heterogeneous, and, as a result, they were not significant in the population as
a whole (2.6% £ 11.5%, P = 0.191) with a range of —21.3% to +29.2% relative to baseline.
AHDbO, (0.1 ptM 1.9 uM, P=0.853) and ATHC (0.4 uM + 1.4 uM, P =0.089) varied similarly,
while AHb increased (0.4 pM + 1.0 uM, P = 0.035).

Discussion

In this preliminary study, the feasibility for noninvasive continuous bedside CBF and
oxygenation monitoring in the neurocritical care unit using a hybrid optical device was
demonstrated. Importantly, DCS/NIRS monitoring of frontal cortical microvascular
hemodynamics was performed noninvasively across a range of patients without requiring
transport outside the neurointensive care unit. Only frontal epidural or subdural hemorrhages
with large enough absorbance to prevent photon detection posed a barrier to the optical signal.
DCS measurements of changes in relative CBF correlated well with changes in CBF measured
by a well-established, low-throughput technique: stable xenon-enhanced CT. In addition,
significant correlations between DCS measurements of rCBF and NIRS measurements of
AHbO, and ATHC were demonstrated. The association between AHbO, and rCBFx,cT only
bordered significance (P = 0.053), while no correlation was found for ATHC or AHb with
rCBFXeCT.

DCS has not been previously validated in critically brain-injured patients. XeCT is one method
used to assess CBF in these patients, with the advantage of providing quantitative CBF
measurements and coverage through much of brain parenchyma. However, XeCT requires
exposure to ionizing radiation and cannot provide continuous or even frequent CBF
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measurements. The good correlation between DCS- and XeCT-measured CBF in this study
suggests that DCS may therefore complement existing perfusion imaging techniques by
providing continuous, bedside monitoring of CBF in specific cortical ROIs.

As a secondary aim, we examined the correlations between changes in NIRS parameters
(AHbO,, AHb, and ATHC) and changes in CBF, as determined by both DCS and XeCT. NIRS
assessment of AHbO, is sometimes used as a surrogate of CBF. In this study, we found
moderate correlation with rCBFp g but not with rCBFx.cT. One explanation for this finding
is simply that more data were available to compare DCS to NIRS than to compare XeCT to
NIRS (due to low confidence images from XeCT). The small number of patients was the main
limitation of the study, and may have introduced a bias. However, perturbations in cortical
metabolic rate, ICP, arterial inflow, or venous drainage may also complicate the relationship
between AHbO, and CBF in neurocritical care patients. Our findings suggest that direct
measurements of CBF using DCS are superior to NIRS surrogates and will enhance the
diagnostic specificity of transcranial optical monitoring.

Both DCS and NIRS detected the effects of xenon inhalation on CBF and oxygenation. This
well-documented phenomenon (“xenon-enhanced flow activation”) occurs with the inhalation
of stable xenon. As an inert gas, xenon is an anesthetic in high concentrations (70%) [26]. Horn
et al. [27] observed xenon-enhanced flow activation in a brain-injured population (using
thermal diffusion flowmetry) and demonstrated variability in the magnitude of CBF response
(—29% to +44% relative to baseline) that was similar to the variability detected by DCS
(—21.3% to +29.2% relative to baseline). Studies by Giller et al. and Hartmann et al. recorded
a heterogeneous response in blood velocity and flow even in a healthy cohort [28,29]. To our
knowledge, there are no prior studies employing optics to investigate the effects of xenon
inhalation on oxygenation. Examination of the full time-course of CBF throughout XeCT scans
could improve the accuracy of the CBF map, but calculations of a simulated 35-45% CBF
increase due to xenon-enhanced flow activation yield only a minor 3—5% enhancement in
calculated flow as most of the calculations are completed prior to the onset of flow activation
[30,31]. Thus, despite inducing changes in CBF during xenon gas inhalation, the resulting
enhancement or reduction in calculated CBF is small compared to errors due to CT noise,
motion artifacts, etc.

Like NIRS, DCS has several clinical limits. Light penetration depth is only a few centimeters
due to light attenuation by tissue. In the present application, flow measurements were limited
to near the surface of the cerebral cortex. In addition, optical data could not be resolved in the
presence of underlying extra-axial hemorrhage. Edema directly beneath the optical probes may
also prevent signal detection when light absorption is high. Furthermore, since DCS detects
changes in CBF more reliably than absolute blood flow. Thus, measurements during a baseline
period must be obtained prior to long-term monitoring. Development of an absolute measure
of CBFpsg is an area of active research, although arguably, trends in CBF may be more
clinically relevant since absolute healthy/ischemic thresholds remain unclear [32-34].

DCS is also limited by the fact that it is a local measure of CBF, and each source—detector pair
is only able to probe a region of several cubic centimeters in size. However, multiple probe
pairs could be strategically placed with the guidance of CT or MRI to provide continuous
monitoring of the most clinically relevant areas of the brain. Continuous noninvasive CBF
measurements in multiple regions could be generated using DCS with significantly less
morbidity than using multiple intracerebral monitors.

The good correlation between DCS and XeCT observed in this pilot study provides support
for further evaluation of the clinical utility of DCS. Given the dynamic, evolving, and
heterogeneous nature of intracranial pathology in brain-injured patients, continuous CBF
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monitoring may provide the neurointensivist with an important tool for early detection of
secondary injury. Since CBF reductions often precede the onset of new clinical symptoms and
infarction, DCS monitoring has the potential to detect changes in cerebrovascular physiology
while ischemic changes are still reversible. In addition, the configuration of hybrid
instrumentation with NIRS would provide comprehensive assessment of cortical blood flow
and oxygenation using a single device and the same probes. Additional studies are warranted
to assess the utility of DCS/NIRS for neurocritical care, such as by correlating long-term DCS/
NIRS measurements of cerebrovascular hemodynamics with patient outcome.
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Fig. 1.

Right: Schematic of the source—detector separation of the optical probe. The resulting area of
highest probability signal origin is shown as dark gray, with the lighter areas having lower
probability of signal. Left: Schematic of optical probe, with DCS/NIRS source—detector pairs
in crossed configuration at a fixed separation of 2.5 cm to measure approximately same volume
of tissue
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Fig. 2.

Left: Representative axial slice from bone-windowed, non-contrast CT scan (Pt. 7) showing
optical probes on both sides of the forehead (arrows). Right: CBF map from XeCT baseline
scan of the same axial slice with ROIs under DCS/NIRS probes outlined
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Fig. 3.

Scatter plot illustrating the correlation between rCBFpcg and rCBFx.c calculated from ROIs

drawn under the optical probes. The fit line has a slope of 1.1 and an offset of 9.3%
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Fig. 4.

Example of xenon-enhanced flow activation. Vertical lines indicate the following marks:
beginning of baseline CT scan (BL), xenon gas washing in, and lastly end of xenon-CT scan.
Measurements from the left and right frontal optical probes are indicated by light gray and dark
gray lines, respectively. Once xenon begins to wash in, tCBFpcg in both hemispheres begins
to increase (fop panel) and elevated CBF is maintained throughout the duration of the scan.
ATHC increases in both cerebral hemispheres during the scan (middle panel), with a concurrent
rise in MAP (bottom panel)
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