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Perfusion-Dependent Cerebral
Autoregulation Impairment in
Hemispheric Stroke

Nils Hecht, MD ®,"2 Max Schrammel, MD,"?? Konrad Neumann, PhD,*
Marc-Michael Muller, MD,"?® Jens P. Dreier, MD ©,2%789 Peter Vajkoczy, MD,?
and Johannes Woitzik, MD"%3

Objective: Loss of cerebral autoregulation (CA) plays a key role in secondary neurologic injury. However, the regional
distribution of CA impairment after acute cerebral injury remains unclear because, in clinical practice, CA is only
assessed within a limited compartment. Here, we performed large-scale regional mapping of cortical perfusion and CA
in patients undergoing decompressive surgery for malignant hemispheric stroke.
Methods: In 24 patients, autoregulation over the affected hemisphere was calculated based on direct, 15 to 20-minute
cortical perfusion measurement with intraoperative laser speckle imaging and mean arterial blood pressure (MAP)
recording. Cortical perfusion was normalized against noninfarcted tissue and 6 perfusion categories from 0% to >100%
were defined. The interaction between cortical perfusion and MAP was estimated using a linear random slope model
and Pearson correlation.
Results: Cortical perfusion and CA impairment were heterogeneously distributed across the entire hemisphere. The
degree of CA impairment was significantly greater in areas with critical hypoperfusion (40-60%: 0.42% per mmHg and
60-80%: 0.46% per mmHg) than in noninfarcted (> 100%: 0.22% per mmHg) or infarcted (0-20%: 0.29% per mmHg)
areas (*p < 0.001). Pearson correlation confirmed greater CA impairment at critically reduced perfusion (20-40%:
r = 0.67; 40-60%: r = 0.68; and 60-80%: r = 0.68) compared to perfusion > 100% (r = 0.36; *p < 0.05). Tissue integrity
had no impact on the degree of CA impairment.
Interpretation: In hemispheric stroke, CA is impaired across the entire hemisphere to a variable extent. Autoregulation
impairment was greatest in hypoperfused and potentially viable tissue, suggesting that precise localization of such
regions is essential for effective tailoring of perfusion pressure-based treatment strategies.
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erebral autoregulation (CA) is defined as the intrinsic
Ccapacity of cerebral vasculature to maintain constant
cerebral blood flow (CBF) within physiological ranges of
cerebral perfusion pressure (Cpp).? Impaired CA with
more or less zero-slope relationship between CPP and
CBF has previously been reported in various settings of

acute brain injury and is associated with an increased risk
of secondary neurologic injury.>® To individually detect
and react to secondary neurological worsening, continuous
bed-side assessment of CA in real-time has meanwhile
been established as extended monitoring in neurointensive

care.”® In this context, dynamic CA describes the real-

View this article online at wileyonlinelibrary.com. DOI: 10.1002/ana.25963
Received Aug 3, 2020, and in revised form Nov 18, 2020. Accepted for publication Nov 18, 2020.

Address correspondence to Dr Nils Hecht, Department of Neurosurgery, Charité — Universitdtsmedizin Berlin, Charitéplatz 1/Luisenstrasse 64, 10117 Berlin,
Germany. E-mail: nils.hecht@charite.de

From the 'Department of Neurosurgery, Charité — Universitatsmedizin Berlin, corporate member of Freie Universitat Berlin, Humboldt-Universitat zu Berlin,
and Berlin Institute of Health, Berlin, Germany; 2Center for Stroke Research Berlin (CSB), Charité — Universitatsmedizin Berlin, corporate member of Freie
Universitat Berlin, Humboldt-Universitat zu Berlin, and Berlin Institute of Health, Berlin, Germany; *Department of Neurosurgery, University of Oldenburg,

Oldenburg, Germany; “Institute for Biometry and Clinical Epidemiology, Charité — Universitatsmedizin Berlin, corporate member of Freie Universitét Berlin,

Humboldt-Universitét zu Berlin, and Berlin Institute of Health, Berlin, Germany; SDepartment of Anesthesiology, University of Schleswig-Holstein, Kiel,
Germany; ®Department of Neurology, Charité — Universitatsmedizin Berlin, corporate member of Freie Universitat Berlin, Humboldt-Universitit zu Berlin,
and Berlin Institute of Health, Berlin, Germany; 'Department of Experimental Neurology, Charité — Universitdtsmedizin Berlin, corporate member of Freie

Universitat Berlin, Humboldt-Universitat zu Berlin, and Berlin Institute of Health, Berlin, Germany; 8Bernstein Center for Computational Neuroscience

Berlin, Berlin, Germany; and “Einstein Center for Neurosciences Berlin, Berlin, Germany

358 © 2020 The Authors. Annals of Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.


https://orcid.org/0000-0001-9989-649X
https://orcid.org/0000-0001-7459-2828
mailto:nils.hecht@charite.de
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fana.25963&domain=pdf&date_stamp=2020-12-07

time CBF response to changes in blood pressure
(BP) using continuous monitoring techniques and time-
correlation methods,” where CPP is recorded together
with regional CBF,'® middle cerebral artery (MCA) flow
velocity,'" near-infrared spectroscopy,'” or brain tissue
partial pressure of oxygen (ptiO,)."”

At present, assessment and interpretation of CA
remains limited by 2 main factors: (1) techniques for con-
tinuous CA assessment mainly rely on surrogate cerebral
perfusion markers, and (2) each technique only permits
CA assessment within a small cerebral tissue sample. In
acute cerebral injury, this is problematic because the
regional distribution and degree of CA impairment may
vary depending on the extent and severity of the underly-
ing (ischemic) injury. In patients with large hemispheric
infarction, for example, it was shown that CA impairment
can occur in nonischemic tissue neighboring the infarct
but also in areas more remote.*'# The cause for this seem-
ingly random distribution pattern remains unknown but
the occurrence and degree of CA impairment could be
influenced by the underlying perfusion level within the
affected dssue, because hypoperfusion with metabolic
compromise represent triggers of CA impairment.® Thus,
a more differentiated approach toward CA assessment
based on a comprehensive regional understanding of CA
may help optimize BP-guided treatment decisions aiming
to prevent secondary neurological injury.®'>~"”

Patients requiring surgery for malignant hemispheric
stroke (MHS) represent an ideal population to investigate
the pathophysiology of CA, because surgical decompres-
sion exposes a large proportion of the affected hemisphere.
This offers the unique opportunity for dynamic and direct
real-time measurement of cortical perfusion above a large
surface area of the human brain using noninvasive optical
blood flow imaging. Here, others and our group have pre-
viously shown the feasibility and validity of intraoperative
laser speckle imaging (iLSI) based on dynamic light scat-
tering off moving particles, mainly erythrocytes.'® > In
the present study, we used continuous iLSI for large-scale,
real-time cortical perfusion mapping and offline CA assess-
ment in patients undergoing decompressive hemi-

craniectomy (DC) for MHS.

Methods

Study Design and Patient Population

This prospective observational study was approved by the
ethics committee of the Charité-Universititsmedizin Berlin,
Germany (EA4/109/07) and performed in compliance with
Health Insurance Portability and Accountability Act regula-
tions. Between July 2009 and January 2013, 24 patients
who underwent DC for treatment of space-occupying
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MCA infarction with the risk of malignant edema develop-
ment were included after informed consent was obtained.
To determine the association between spontaneous fluctua-
tions in BP and changes in CBF, cortical perfusion above
the affected hemisphere and mean arterial blood pressure
(MAP) were recorded for 15 to 20 minutes in each patient
using noninvasive iLSI and arterial BP monitoring. The
degree of cortical autoregulation impairment was estimated
based on the interaction between spontaneous MAP fluctu-
ations and changes in cortical perfusion. The initial neuro-
logical deficit was assessed using the Glasgow Coma Scale
(GCS) and modified National Institutes of Health Stroke
Scale (mNIHSS). Outcome at 12 months was determined
according to the modified Rankin Scale score (mRS).
Demographic, clinical, and radiographic patient data were
retrospectively analyzed by a clinician who was not directly
involved in the patients’ care.

Patient Management

Treatment was performed according to the guidelines of
the German Society of Neurosurgery. “Malignant” MCA
infarction and the indication for surgery was defined
according to the uniform inclusion criteria of the 4 ran-
domized controlled trials on hemicraniectomy, DECI-
MAL, DESTINY I, DESTINY II, and HAMLET.?**°
Exclusion criteria, such as premorbid mRS >1, premorbid
Barthel Index < 95, other concomitant severe disease that
would confound with treatment, or life expectancy

hemi-
4.26-28

<3 years were not applied. Decompressive

craniectomy was performed as previously describe
During surgery, all patients were anesthetized with prop-
ofol and remifentanil and received a bodyweight-adapted
dose of 50 mg/kg mannitol 30 minutes before skin inci-
sion, according to our institutional guidelines. Mean arte-
rial BP was targeted at 80 to 90 mmHg and coregistered
during the iLSI perfusion measurement. The end-
expiratory carbon dioxide concentration during surgery
was maintained at a level corresponding to an arterial par-
tial pressure of carbon dioxide between 38 and 42 mmHg.
Postoperatively, ~patients were transferred to our
neurointensive care unit. Intracranial pressure (ICP) was
continuously monitored and patients remained intubated
and sedated until ICP was within normal ranges. A critical
ICP threshold was defined as ICP >20 mmHg for longer
than 10 minutes and treated with cerebrospinal fluid
drainage, osmotic therapy, and deep sedation. Blood gases,
electrolytes, and glucose were controlled every 4 hours. A
routine postoperative computerized tomography (CT) or
magnetic resonance imaging (MRI) scan was performed
within 24 hours after surgery to rule out procedure-related

complications.
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Neuroimaging Analysis

Neuroimaging characteristics shown in the Table were
determined from CT or matched diffusion weighted imag-
ing (DWI) and fluid attenuated inversion recovery
(FLAIR) sequences of MRI sequences. In a subgroup of
19 patients with available postoperative MRI, the cortical
extent of the infarcted tissue was superimposed onto the
laser speckle perfusion maps based on the cortical surface
anatomy, as previously described.”’ Significant hemody-
namic mismatch at the timepoint of MRI was excluded
by perfusion-diffusion mismatch analysis. Perfusion-
weighted imaging was performed with a serial T2*
weighted  single-shot gradient echo-planar  imaging
(0.1 mmol/kg

bodyweight; Magnevist; Schering) was injected as a bolus

sequence. Gadolinium-contrast ~ agent
rate of 4 to 6 mL/second. Volumetric analysis was per-
formed with image guidance software (Brainlab Cranial
Planning SmartBrush version 2.6.0.121; Brainlab AG,
Munich, Germany, and Visage Imaging 7, Visage Imag-
ing, Berlin, Germany). Volume gain was calculated as ipsi-
lateral volume minus contralateral volume. Swelling was
determined as volume gain divided by contralateral vol-
ume. Volume of infarction corrected for swelling was cal-
culated as volume of infarction divided by swelling plus 1.

Intraoperative Laser Speckle Imaging

After craniotomy and durotomy, a laser speckle imager
(MoorFLPI; Moor Instruments Ltd., Axminster, UK) was
positioned perpendicular over the infarcted hemisphere
with a distance of 300 mm. The total exposed surface area
(A), as shown in the Table , was estimated based on the
spherical length (a = major radius) and width (b = minor
radius) of the bone flap according to the following:

A=axXbxnr

Cortical perfusion in the arbitrary perfusion unit
CBF-Flux was recorded within an 18 X 24 cm imaging
field over the exposed cortical hemisphere with purpose
designed data acquisition software (MoorFLPI measurement
software, version V3.0; Moor Instruments Ltd.) for 15 to
20 minutes at 25 Hz using a temporal filter of 100 frames
per image to allow optimal spatial resolution (760 X 568
pixel, exposure time 8.4 ms) and minimize potential
motion artifacts.'”*" This resulted in an actual image acqui-
sition rate of 0.25 Hz and 225 to 300 consecutive laser
speckle perfusion maps. Identical focal lens settings and
exposure times were maintained during all measurements.
Direct illumination of the surgical field by light sources
other than the laser was avoided. Corresponding MAP
levels were recorded at 0.02 Hz (Fig 1).

360

Data Processing of Laser Speckle

Perfusion Maps

The iLSI blood flow maps were analyzed by positioning
polygonal regions of interest (ROIs) within the entire area
of the surgically exposed imaging field under exclusion of
the large surface vasculature (MoorFLPI review software,
version V3.0; Moor Instruments Ltd.). Within each ROI
and patient, a pixel-by-pixel calculation of arbitrary corti-
cal perfusion expressed as CBF-Flux was performed to
determine the mean perfusion in each ROI. Next, CBF-
Flux above the entire hemisphere was normalized against
the mean CBF-Flux within the suspected noninfarcted ter-
ritory, which we defined as 100% based on the mean
CBF-Flux that we recorded within that region.l9’2]

Perfusion-Based Autoregulation Assessment
The algorithm for perfusion-based autoregulation assessment
is illustrated in Figure 2. After normalization, 6 categories of
cortical perfusion ranging from 0% to >100% were defined
and a maximum of 10 polygonal ROIs were positioned
above the parenchymal areas corresponding to each of the
6 perfusion categories. Next, cortical perfusion within each
ROI and perfusion category was calculated for the 15 to
20-minute LSI recording period to estimate the interaction
between MAP fluctuations and changes in cortical perfusion.
In addition, the degree of CA impairment for each
perfusion level was assessed by Pearson correlation. In a
subgroup of 19 patients, ROIs from critical perfusion
levels 40 to 60% and 60 to 80% were categorized
according to their location within infarcted or non-
infarcted tissue to determine the relevance of the tissue

viability on the degree of CA impairment.

Statistical Analysis

The sample size was based on availability. Of all the
patients that were included in our prospective MHS neu-
romonitoring trial, 33 underwent iLSI. Of these, 9 patients
were excluded from CA analysis due to an incomplete
(n = 2) iLSI data set, unavailability of coregistered BP
(n = 5), or a temporal filter set at zero instead of
100 frames per second (n = 2). Descriptive summary sta-
tistics are presented as mean =+ standard deviation (SD) or
median and range (minimum — maximum), as appropri-
ate. Means, standard errors (SEs), and 2-sided 95% confi-
dence intervals (95% ClIs) of the interaction between
MAP fluctuations and changes in CBF-Flux were esti-
mated from a random slope model. The linear model
equation of the linear random slope model was MAP, and
the perfusion category and the interaction of both vari-
ables were as fixed effects. In addition to the fixed effects,
the model contained a random intercept and MAP (ran-
dom slope) as random effects, which model individual

Volume 89, No. 2
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TABLE. Demographic and Clinical Patient Data
Exposed Vol. of
Initial GCS/ Time to cortical Vol. of Vol. Swelling, infarction, 12-mo
No. Age, sex mNIHSS Location surgery, h surface, cm? infarction, cm® gain, m’ % corrected, cm® mRS
1 59, M 15/18 MCA/ 29 188 528 179 30 407 4
PCA (R)
2 62, M 9/20 MCA (L) 14 219 352 78 14 310 6
3 59, M 14/14 MCA (R) 46 272 217 73 13 191 3
4 43, F 13/16 MCA (R) 25 196 211 78 16 181 3
5 59, F 11/17 MCA / 47 179 363 90 22 299 4
ACA (L)
6 29, M 4122 MCA / 8 220 494 130 21 409 6
ACA (L)
7 49, M 15/19 MCA / 18 212 380 109 20 316 4
PCA (R)
8 44, M 14/12 MCA (R) 36 221 370 163 26 293 5
9 72, F 13/16 MCA/ 29 159 377 117 24 305 6
ACA /| PCA
(9]
10 44, M 15/14 MCA (R) 36 182 261 70 14 228 2
11 82, F 12/20 MCA/ 18 165 356 108 23 291 6
PCA (R)
12 48, F 8/12 MCA/ 32 188 372 48 10 337 6
ACA / PCA
(9]
13 68, M 12/15 MCA/ 29 225 407 136 23 332 4
ACA (R)
14 47, M 13/12 MCA/ 14 198 643 226 42 452 5
ACA / PCA
®)
15 70, M 12/16 MCA/ 31 232 680 249 42 479 5
ACA (R)
16 74, F 13/21 MCA/ 24 N/A 415 76 14 363 6
ACA (R)
17 60, M 14/10 MCA (R) 44 229 352 128 23 286 6
18 52, F 15/21 MCA (R) 30 201 188 89 18 159 3
19 63, F 12/17 MCA/ 20 195 443 75 16 383 5
ACA / PCA
®)
20 50, M 10/19 MCA (L) 46 209 300 116 21 249 4
21 57, M 8/18 MCA (L) 45 206 303 118 22 249 4
22 72, M 15/13 MCA (R) 36 191 378 189 38 274 4
23 60, M 13/11 MCA (R) 24 178 399 162 26 316 4
24 68, F 12/15 MCA/ 31 N/A 442 95 16 381 4
ACA / PCA
®)
59 (29-82) 13 (4-15)/16 29.5 (8-47) 203 +25.3 385 4+ 118.8 121 £51.1 22 +85 312 + 81.4 4 (2-6)
(10-22)
ACA = anterior cercbral artery; F = female; GCS = Glasgow Coma Scale score; h = hours; L = lef M = male; MCA = middle cerebral artery;
mNIHSS = modified National Institutes of Health Stroke Scale; mRS = modified Rankin Scale score; N/A = not available; PCA = posterior cerebral
artery; R = right; Vol. = volume.
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deviation from the mean structure. The multiple level of
significance was a = 0.05. The level of significance for
each comparison of the mean slopes depending on the
perfusion category was Bonferroni adjusted to o = 0.003.
The degree of autoregulation impairment for each perfu-
sion category and between infarcted and noninfarcted sur-
face areas was characterized by Pearson correlation and
compared by 1-way analysis of variance or a paired Stu-
dent’s ¢ test. Statistics were performed with GraphPad
Prism for Mac (version 8.4.1; GraphPad Software, San
Diego, CA) and R (version 3.5.0; The R Foundation for
Statistical Computing, Vienna, Austria).

Results

Demographic, clinical, and radiographic data are presented
in the Table . The mean individually exposed cortical sur-
face area was determined at 203 + 25.3 cm®. BP during
the recording period is illustrated in Figure 3. For each
perfusion category, 578 (577 for *“> 100%”) polygonal
ROIs were analyzed across all hemispheres during the
entire iLSI recording period. In patients number 2, 7,
9, and 16, we observed hemodynamic propagation pat-
terns of spontaneous spreading depolarization across
5.7 cm?, 3.7 cm?, 5.5 cm?, and 4.5 cm® of the exposed
cortical surface area.

The degree of autoregulation impairment was esti-
mated with a random linear slope model (Fig 4A) with
the interaction between MAP and CBF-Flux serving as a
proportional measure. As a first sign of a globally impaired
autoregulation, we observed that a linear cortical perfusion
change (%) per mmHg change in MAP did in fact occur
across all levels of perfusion. However, this linear cortical
perfusion change (expressed as the slope of the regression
lines) differed significantly depending on the underlying
level of perfusion and was significantly greater in regions

with critically reduced perfusion (“40-60%” %z and

“60-80%" % ) compared to areas with higher
(“>100%" % and “80-100%" % ) or lower
(“0-20%” % and “20-40%” 9”‘73”—3[{072) perfusion levels
(*p<0.001 for each comparison; Fig 4B), suggesting a
greater autoregulation impairment in areas with
hypoperfused “penumbral” perfusion compared to regions
of likely noninfarcted or infarcted tissue. To express the
degree of autoregulation impairment using a more widely
applied measure of cerebral autoregulation, CBF-Flux and
MAP were additionally calculated as linear Pearson corre-
lation coefficients®'>* and 7>0.4 was defined as the
threshold for “severe” impairment.”® In line with our
findings above, linear Pearson correlation confirmed sig-

nificantly greater autoregulation impairment in areas with
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critically reduced but not definitely infarcted cortical per-
fusion (“20-40%” r = 0.67; “40-60%” » = 0.68; and
“60-80%” 7 = 0.68) compared to regions with likely non-
infarcted tissue (“>100%” r = 0.36; *p<0.05 for each
comparison; Fig 5). In regions with critically reduced per-
fusion levels and greatest CA impairment, the underlying
tissue viability had no impact on the degree of CA impair-
ment (Fig 6).

Discussion

For the first time, we directly demonstrate that
autoregulation in hemispheric stroke is impaired across
the entire affected hemisphere and that CA impairment
occurs to a variable degree. Importantly, this degree was
influenced by the underlying cortical perfusion level and
greatest in regions of hypoperfused but still potentially via-
ble tissue. Together, this highlights that localization of
such regions may be essential for effective management of
CPP-targeted treatment strategies.

Methodology for Cerebral Perfusion and CA
Assessment

In patients with large ischemic stroke, longitudinal track-
ing of pathophysiological changes is essential to individu-
ally detect and react to secondary neurological worsening.
In this context, monitoring and assessment of cerebral per-
fusion and CA may be useful for personalized targeting of
cerebral perfusion management goals, determination of
the response to interventions, and prognostication.'>”" In
neurocritical care, CBF or surrogate CBF parameters for
CA assessment can be continuously measured with mini-
mally invasive regional CBF or ptiO, microprobes.’>>’
However, this technology only provides information on a
very limited tissue compartment, which may lead to mis-
interpretation and under-representation of the global cere-
bral perfusion. In the present study, the large surgical
exposure presented a unique opportunity to map and
characterize the pathophysiological cortical (parenchymal)
perfusion response to systemic BP fluctuations in high
spatial-temporal resolution using noninvasive LSL. In the
context of CA assessment in an experimental rodent
model, LSI was shown to reliably determine the perfusion
response to BP changes within and beyond the physiologi-
cal limits of CA.>* Importantly, iLSI is characterized by a
dynamic response sensitivity even to minor flow

changes1 9,20.35

and able to categorize perfusion thresholds
that correspond to eventually infarcted and noninfarcted
tissue in the human brain.*" This allowed us to define dif-
ferent cortical perfusion levels across the entire affected
hemisphere according to likely infarcted, penumbral, or

noninfarcted tissue.
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Laser Speckle perfusion maps

3500 - NAP 92 L

1750

CBF-Flux
FIGURE 1: Intraoperative laser speckle perfusion maps of the left cortical surface after hemicraniectomy and opening of the
dura. Arbitrary perfusion is calculated in CBF-Flux ranging from 0 to 3500 and visualized in a color-coded perfusion map.
Snapshots of the LSI perfusion recording taken at a mean arterial pressure (MAP) of 72 mmHg (left image) and 92 mmHg (center
image) show a visible perfusion change. The dashed area illustrates the region of suspected undisturbed cortical perfusion. The
right image shows a corresponding photograph of the exposed cortical surface with overlay of potentially undisturbed cortical

perfusion area. CBF = cerebral blood flow; f = frontal; LSI = laser speckle imaging; p = parietal; t = temporal.

For calculation and estimation of CA, there is cur-
rently no widely accepted “best choice.”'® In the present
study, we performed a time-correlated CA estimation,
because the direct association between pressure and cere-
bral perfusion represents the most fundamental concept of
cerebrovascular autoregulation and can be helpful to guide
treatment decisions and predict outcome.*® Importantly,
time-correlation represents the most frequently used CA
assessment tool in neurointensive care, because neu-
romonitoring permits continuous assessment of (surrogate)
cerebral perfusion. Therefore, we believe that our findings
can be directly translated to neurointensive care, where
dynamic CA cannot be recorded in high regional resolu-
tion. The fact that MAP was chosen as a parameter for
“pressure” instead of CPP is explained by the fact that

only a small fraction of our patients required pre- or intra-
operative placement of an external ventricular drain or
intracranial pressure probe. However, this also presents a
limitation that needs to be addressed, because we naturally
cannot exclude that to some extent the variable cerebro-
vascular occlusion pattern in our patients may have
influenced the degree of the cerebral perfusion change in
response to the spontaneous BP fluctuations.

Perfusion-Dependent Autoregulation in Ischemic
Stroke

BP management remains one of the most essential thera-
peutic targets for dynamic optimization of cerebral perfu-
sion but the ideal BP level particularly in the acute phase
of large vessel occlusion is unclear. Both very high and

Perfusion-based autoregulation analysis
B 0-20% 3 40-60%

0-20% Polygonal ROIls

E
o

-« L en
----------r--i---i-il»--------i'--.

FIGURE 2: For perfusion-based autoregulation assessment, arbitrary perfusion (CBF-Flux) was first normalized against the mean
CBF-Flux within the region of potentially noninfarcted tissue, defined as 100% (dashed area). Next, 6 categories of cortical
perfusion ranging from 0% to > 100% were defined and 10 polygonal regions of interest (ROls) were positioned above
parenchymal areas corresponding to each of the 6 perfusion categories (left panels; for the purpose of visualization, the
polygonal ROIs for each of the 6 categories were circled in 6 different colors). The image on the right shows a magnification of
the inlay in the O to 20% perfusion category and depicts the shape and placement of 3 polygonal ROIs in this perfusion
category. During the 15 to 20-minute LS| measurement, cortical perfusion was recorded within each ROI for estimation of the
interaction with corresponding mean arterial blood pressure using a linear random slope model and Pearson correlation analysis.
CBF = cerebral blood flow; LSI = laser speckle imaging.
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FIGURE 3: Line graph showing the range of spontaneous
blood pressure fluctuation during the laser speckle recording
period in each patient. The dashed gray line illustrates the
overall mean arterial blood pressure (MAP).

very low BP levels are harmful and associated with worse
outcome.””*® One of the main concepts to guide BP
management in critically ill patients follows the idea to
maintain an individually optimal level of CPP, but

depending on the degree of CA impairment, optimal CPP
may differ widely.>>** Against this background, our find-
ings suggest that this corridor of optimal CPP may even
differ within and not just between affected individuals,
the of

autoregulation impairment that we observed was highly

because degree and regional distribution
heterogenous. Specifically, CA impairment was greatest in
regions with critically reduced perfusion and linked to the
underlying perfusion level, which appeared to be heteroge-
neously distributed across the exposed cortical surface.
Interestingly, regions with critically reduced perfusion and
greatest CA impairment were not visually tied to the core
of the infarct but highly variable in size and location, as
illustrated in Figure 2. Clinically, this observation is highly
relevant because it shows that bedside placement of neu-
romonitoring probes roughly in the penumbra of the
ischemic core or directly next to the noninfarcted tissue
border may not accurately reflect the regions with the

highest risk of secondary neurologic injury based on their

A Linear increase in CBF-Flux (%) per mmHg mean arterial pressure
1601 Perfusion n mean  SE Cl195%
120 O >100% 577 022 0,06 0,11 0,34
% O 80-100% 578 0,32 0,06 0,20 0,44
u‘:..’ 80 B 60-80% 578 048 0,06 0,36 0,60
L
@ O 40-60% 578 042 0,06 0,31 0,54
401 B 20-40% 578 0,33 0,06 0,21 0,45
@ 0-20% 578 0,29 0,06 0,17 0,41
94 140
Mean arterial pressure (mmHg)
B Effect strength based on the slope of the regression lines (mean * SE)
0.6
% 05 p-values
= 08 I ........................................ S 100% B0-100% 60-80% 40-60% 20-40%
I 04
E { } 80-100%  0.001*
5 0.3 I T 60-80%  0.000* 0.000*
02 1 40-60%  0.000* 0.000* 0.065
X 0.1 20-40%  0.000* 0.750  0.000* 0.001*
[T
0.0l . . . . . 0-20% 0.019* 0.378  0.000* 0.000* 0.230
QGQ QQO 000 QQO QQO QQO
oV :19")‘ @,@ QJQfb %Q'\Q 7,@

CBF-Flux (%)

FIGURE 4: (A) Dot plot of the arbitrary CBF-Flux according to the mean arterial pressure (MAP) during the 20-minute LSI
monitoring period at a low frequency sampling rate of 0.02 Hz for illustration of the linear relationship between cortical
perfusion and MAP for each perfusion category. The overall CBF-Flux/MAP sample size and mean slope of the regression lines
are given on the right. (B) The mean slope of the regression lines (=linear increase in CBF-Flux [%] per mmHg MAP) is plotted for
each perfusion category to show the strength of the association between CBF-Flux and MAP for each perfusion level. Significant
differences between the mean slopes are indicated in bold (right panel). The level of significance for each comparison was
Bonferroni adjusted to o = 0.003. In areas with perfusion patterns between 40% and 80%, perfusion changes per mmHg MAP
were significantly greater than in areas with more likely infarcted (0-40%) or noninfarcted (80 > 100%) tissue, indicating greater
impairment of cerebral autoregulation. CBF = cerebral blood flow; Cl = confidence interval; LS| = laser speckle imaging. [Color
figure can be viewed at www.annalsofneurology.org]
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Autoregulation impairment
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FIGURE 5: Autoregulation impairment calculated as a
Pearson correlation of CBF-Flux and MAP for each perfusion
category in all patients. The dashed gray line indicates our
defined threshold of impaired autoregulation above r = 0.4.
Correlation coefficients are presented as mean + 95%
Cl. *p <0.05; 1-way ANOVA with Bonferroni correction.
ANOVA = analysis of variance; CBF = cerebral blood flow; CI
= confidence interval; MAP = mean arterial pressure. [Color
figure can be viewed at www.annalsofneurology.org]

degree of CA impairment, which in our patients was ran-
domly spread across the hemisphere and determined at a
perfusion level of 40 to 80%. Next to the underlying
occlusion and reperfusion pattern of the ischemic stroke,
this heterogenous distribution of CA impairment could be
influenced by cerebrovascular collateralization, because
LSI findings in experimental stroke have shown that BP
elevation can rapidly increase blood flow both in the core
and within the penumbra, prevent expansion of the blood
flow deficit, and diminish the inverse blood flow response
to spreading depolarization.*’ This appears in line with
our observation of global CA impairment using iLSI in
humans and suggests that CA impairment may serve as a
mechanism to harness collateral recruitment as a bridging
therapy in ischemic stroke.

An explanation for the link between the cortical per-
fusion level and degree of CA impairment could be the
perfusion-dependent accumulation of cytotoxic metabo-
lites and tissue acidosis, which correlates with the degree
of CA impairment in the acute phase of large ischemic
stroke.*** The fact that CA impairment in tissue with
perfusion levels at or above 100% was significantly less
supports this hypothesis and, consequently, extended neu-
romonitoring — including parenchymal microdialysis —
should be considered at the earliest possible timepoint to
permit rapid identification of impaired autoregulation
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patterns the moment they occur within tissue at highest
risk for secondary neurological injury and infarct progres-
sion. Notably, our finding of increasingly normal CA
along the gradient from low to increasingly higher perfu-
sion also corresponds to the profound changes that the
spreading depolarization continuum and its associated
hemodynamic responses undergo from the core to increas-
ingly well perfused tissue.*® Fittingly, in patients with
traumatic brain injury, it could be shown directly that
normal CA was associated with normal and disturbed CA
with an inverse hemodynamic response to spreading
depolarization.44

Taken together, our findings argue for a more differen-
tiated approach toward effective CA monitoring and high-
light the importance to identify and target tissue regions
with critically reduced perfusion levels and highest CA
impairment before implantation of multimodal neu-
romonitoring probes. In patients requiring open surgery, dis-
tinction of critical hypoperfusion can be done with
intraoperative optical imaging. In patients not requiring sur-
gery, high-resolution CT-based or MR-based cerebral perfu-
sion imaging could help identify ROIs with critically
reduced perfusion and permit stereotactic implantation of
neuromonitoring probes using image guidance technology.

Limitations

A technical limitation of this study is that our setup for
arterial BP recording and CBF-Flux assessment required
2 separate measurement and recording modalities that do
not allow synchronous recording of BP and CBF-Flux
waveforms, like established solutions for multimodal bed-
side neuromonitoring.45 Naturally, this restricts a more
detailed and high-resolution analysis of the temporal asso-
ciation between BP fluctuations and the cerebral perfusion
changes that we noted. Second, intraoperative iLSI pro-
vides no direct information on tissue integrity. This repre-
sents a limitation, because CPP-based treatment strategies
targeting penumbral perfusion patterns are useless if the
underlying tissue is already infarcted. To get a better
understanding of our findings in the context of tissue
integrity and perfusion, we superimposed the extent of the
cortical infarction onto the iLSI perfusion maps in a sub-
group of patients that received early postoperative MRI.
Under exclusion of significant perfusion/diffusion mis-
match at the timepoint of MRI, brain tissue viability did
not influence the degree of CA impairment in areas with
greatest CA impairment and critical perfusion patterns,
which underlines that CA impairment appears to depend
more on the regional perfusion level than on the underly-
ing brain tissue viability itself. Third, it was previously
shown in a noninjured rodent model that the occurrence
of spreading depolarization did not affect the physiological
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FIGURE 6: (A) Three-dimensional cortical surface reconstructions from the MP-RAGE data set of the postoperative MRI with overlay of the
cortical infarct extension according to the DWI signal change in Patient number 20. (B) Corresponding screenshots of gray-scale raw
speckle images and blood flow maps with overlay of the DWI infarct extension show the positioning of the ROIs for assessment of the
40 to 60% (left) and 60 to 80% (right) perfusion levels. The graphs illustrate the degree of autoregulation impairment depending on ROI
localization in infarcted (red) or noninfarcted (green) tissue for 19 patients. The dashed gray line indicates a threshold of impaired
autoregulation above r = 0.4. Correlation coefficients are presented as mean + 95% Cl. CBF = cerebral blood flow; Cl = confidence
interval; DWI = diffusion weighted imaging; MRI = magnetic resonance imaging; ROIs = regions of interest.
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cerebrovascular perfusion response to changes in MAP.*
In acute brain injury, however, the hemodynamic
response to spreading depolarization is highly variable and
particularly in ischemic stroke, the spatial-temporal influ-
ence of the spreading depolarization propagation pattern
on CA remains unknown. Of course, spontaneous spread-
ing depolarization that occurs at the infarct border and in
areas of nonterminal infarction could have influenced CA
within our ROIs, because the hemodynamic change asso-
ciated with spreading depolarization propagates across the
cortex and there appears to be a perfusion-dependent shift
along the spreading depolarization-continuum toward per-
sistent depolarization with sustained hypoperfusion in tis-
sue with already critically reduced perfusion levels.'”* =%
Although we observed hemodynamic spreading depolariza-
tion propagation patterns in 4 patients, however, for the
following reasons we decided to omit these propagation
patterns in the context of our present analysis. First, per-
sistent depolarization with sustained hypoperfusion was
not noted'” and the cortical surface affected by spreading
depolarization propagation represented less than 1% of
the cumulative exposed cortical surface area. Second,
spreading depolarization-associated hemodynamic propaga-
tion patterns were generally rare and, if they occurred, then
just briefly and not during the entire monitoring period."”
Third, spreading depolarization propagation could have
occurred directly before the start of our iLSI recording and
remained undetected so that ultimately our setup did not
permit us to draw a reliable conclusion regarding the effect of
spreading depolarization propagation on CA.
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