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Abstract The measurement of autoregulatory delay by
near-infrared spectroscopy (NIRS) has been proposed as an
alternative technique to assess cerebral autoregulation,
which is routinely assessed via transcranial Doppler
sonography (TCD) in most centers. Comparitive studies of
NIRS and TCD, however, are largely missing. We inves-
tigated whether cerebrovascular reserve (CVR), as assessed
via TCD, correlates with the delay of the autoregulatory
response to changes in arterial blood pressure (ABP) as
assessed by NIRS, i.e., if impaired upstream vasomotor
reactivity is reflected by downstream cortical autoregula-
tion. Twenty patients with unilateral high-grade steno-oc-
clusion of the middle cerebral artery (MCA) underwent
bilateral multichannel NIRS of the cortical MCA distri-
butions over a period of 6 min while breathing at a constant
rate of 6 cycles/min to induce stable oscillations in ABP.
The phase shift ¢ between ABP and cortical blood oxy-
genation was calculated as a measure of autoregulatory
latency. In a subgroup of 13 patients, CO, reactivity of the
MCAs was determined by TCD to assess CVR in terms of
normalized autoregulatory response (NAR). Mean phase
shift between ABP and blood oxygenation was signifi-
cantly increased over the hemisphere ipsilateral to the
steno-occlusion (n = 20, p = 0.042). The interhemispheric
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difference A¢@ in phase shift was significantly larger in
patients with markedly diminished or exhausted CVR
(NAR < 10) than in patients with normal NAR values
(NAR > 10) (p = 0.007). Within the MCA core distribu-
tion territory, a strong correlation existed between A¢ and
CO, reactivity of the affected MCA (n = 13, r = —0.78,
p = 0.011). NIRS may provide an alternative or supple-
mentary approach to evaluate cerebral autoregulation in
risk assessment of ischemic events in steno-occlusive dis-
ease of cerebral arteries, especially in patients with insuf-
ficient bone windows for TCD.

Keywords Cerebral autoregulation - Cerebrovascular
reserve - Middle cerebral artery - Near-infrared
spectroscopy - Steno-occlusive disease

Introduction

Impaired cerebral autoregulation (CA) is an important
consideration in risk assessment of ischemic events in
steno-occlusion of brain supplying arteries [1]. In particu-
lar, reduced cerebrovascular reserve (CVR), i.e., a dimin-
ished capacity of downstream resistance vessels to dilate in
response to decreased cerebral perfusion pressure (CPP),
has been associated with an increased risk of ischemic
stroke [2, 3]. A clinically established surrogate measure for
CVR is the increase of arterial blood flow velocity in
response to standardized vasodilatory stimuli as assessed
by transcranial Doppler (TCD) sonography of the affected
artery [4, 5]. This measure reflects the autoregulatory
capacity of the entire downstream resistance vasculature,
and thus may not be sufficiently sensitive to identify iso-
lated hemodynamic risk zones within the distribution ter-
ritory of the insonated artery. Identification of such risk
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zones may improve the understanding of autoregulatory
dysfunction in the cerebrovascular network and, ultimately,
may optimize patient stratification [6].

Near-infrared spectroscopy (NIRS) enables the mea-
surement of cortical blood oxygenation, and thereby allows
the assessment of CA at a microvascular level [7]. The
delay between changes in arterial blood pressure (ABP)
and cortical blood oxygenation has already been used in
different pathologies to characterize CA [6, 8—14]. Here,
we compared this approach with CVR assessment using
TCD. We investigated, in particular, whether in steno-oc-
clusive disease of the middle cerebral artery (MCA), phase
shift between induced oscillations in ABP and blood oxy-
genation, as assessed by multichannel NIRS in the cortical
MCA distribution, is increased and whether it correlates
with CVR as assessed by TCD, i.e., if impaired upstream
vasomotor reactivity is reflected by downstream cortical
autoregulation.

Methods
Study population

Twenty patients (mean age 55.3 £ 12.5 years) in the
chronic stage of unilateral high-grade stenosis or occlusion
of the MCA were enrolled in this study. Patients were
recruited from our hospital-based neurovascular outpatient
clinic. All patients underwent standardized color-coded
duplex sonography of the extra- and intracranial arteries to
confirm cerebral macroangiopathy and to exclude relevant
concomitant vascular pathology of the supraaortic vessels;
in all patients, steno-occlusion was established by two
independent, experienced investigators. Assessment of
bilateral cerebrovascular reserve (CVR) by standard CO,
test was possible in 13 patients, whereas continuous mea-
surement of MCA blood flow velocities could not be per-
formed in seven patients, possibly due to insufficient
temporal bone windows. None of the patients had a history
of major stroke or presented with significant neurological
signs at the time of investigation, i.e., no ischemic events
for at least 6 months. Detailed patient characteristics are
given in Table 1. The institutional ethics committee (Ethics
Committee of the Otto-von-Guericke University Magde-
burg) approved the study protocol. All patients gave writ-
ten informed consent prior to enrollment.

Ultrasound
Patients underwent standardized ultrasound examination

of the extra- and intracranial arteries using an Aplio XG
US system (Toshiba, Tokyo, and Japan). Transcranial
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Table 1 Patients’ characteristics
Patient Age, Sex Site IS peak PS peak NAR
no. year systolic flow  systolic flow

velocity, cm/s  velocity, cm/s
1 49 M L 48 9.7
2 60 F R 260 163 35.6
3 39 F R 32
4 60 F L 278 106 44.1
5 57 M L 57
6 44 F L 37 4.6
7 73 F L 248 73 39.7
8 46 M L 482 60 6.6
9 69 F R 268 73 62
10 31 M L 63 -0.9
11 60 M R 246 43 67.9
12 77 M R 266 130 37.8
13 58 F R 29
14 53 M L 339 54
15 71 M L .. 49
16 41 M L 343 52 44.6
17 45 M R 355 71 63.2
18 66 F L 36
19 49 M R 315 103 —18.9
20 49 M R 18

Patients with bone windows insufficient for the measurement of NAR
are underlined

IS intra-stenotic, PS post-stenotic, NAR normalized autoregulatory,
response, M male, F female

duplex sonography was applied to confirm MCA stenosis
based on intra-stenotic blood flow velocity. High-grade
stenosis was assumed at a peak systolic velocity greater
than 220 cm/s [15]. Segmental occlusion was diagnosed
in the case of absent or minimal flow signals along the
M1 segment of the MCA. Post-occlusion blood flow
velocities obtained in these patients likely result from
collateral blood flow.

Doppler CO, test

CVR capacity was assessed by measuring CO, reactivity
using bitemporal fixed 2-MHz probes (Multi-Dop X4;
DWL, Sipplingen, Germany), which allowed for continu-
ous measurement of MCA blood flow velocities in both
hemispheres. For the affected hemisphere, measurements
were performed distal to the steno-occlusion. End-tidal
CO,; concentration was simultaneously monitored using a
capnometer (Normocap 200; Datex-Ohmeda, Helsinki,
Finland). For both hemispheres, normalized autoregulatory
response (NAR; according to the formula:
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CBFV: post-stenotic cerebral blood flow velocity of the
middle cerebral artery under normal (normal) and hyper-
capnic (hyper) conditions; ECTO,: percentage of end-tidal
CO,; under normal (normal) and hypercapnic (hyper) con-
ditions [16]) was determined as the increase in steady-state
blood flow velocity per 1 % increase in end-tidal CO, con-
centration, as induced by inspiration of carbogen gas for
2-3 min (95 % O,, 5 % CO,) as previously described [17].
CVR was considered sufficient for NAR > 10, markedly
diminished if NAR < 10, and nearly or completely absent if
NAR < 5[16]. NAR could not be assessed in seven patients
due to insufficient temporal bone windows.

Near-infrared spectroscopy

Cortical concentrations of oxygenated hemoglobin (oxyHb)
were measured using multichannel continuous wave NIRS
(ETG 4000; Hitachi, Tokyo, Japan) employing 4 x 4 probe
holders for simultaneous measurement of up to 24 channels
per hemisphere. Inter-optode distance was 3 cm. Data were
acquired over a period of 6 min at a sampling rate of 10 Hz.
For both hemispheres, the lowermost seven channels were
ignored to avoid signal contamination by the temporalis
muscle. According to the international 10-20 system, ref-
erence optodes were aligned to F3/4 and C3/4 to cover the
cortical distribution territory of the MCA and its transition to
the parasagittal territory of the anterior cerebral artery. For
visualization, optode positions were determined relative to
three anatomical landmarks (nasion, right and left preau-
ricular point) using an electromagnetic digitizer system
(Polhemus ISOTRAK II; Inition, London, UK).
Examinations took place in a dark and quiet environ-
ment with patients in the supine position. Patients were
asked to breathe at a rate of six breaths per minute to
reinforce Mayer oscillations in ABP at 0.1 Hz [18]. ABP
was simultaneously recorded via servo-controlled finger
plethysmograph (Ohmeda 2300; Englewood, USA).

Data analysis

Data analysis was performed using the in-house software
based on MATLAB (R2009b; The Mathworks Inc, Natick,
MA, USA). ABP and oxyHb time series were bandpass fil-
tered at 0.08-0.12 Hz using a Hamming window-based finite-
response filter successively applied in forward and backward
directions to avoid phase distortion. The phase shift between
the resulting time series was then determined as the temporal
mean of the phase difference between the respective analytical
signals obtained by Hilbert transformation [19].
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Statistical analysis

The interhemispheric difference A¢ in mean phase shift
between ABP and oxyHb was tested for statistical signifi-
cance at the group level using Student’s paired ¢ test. Sub-
groups were tested for significant differences in A¢ using the
unpaired 7 test. A stepwise permutation method employing
Student’s ¢ as the test statistic, applying the maximum
statistic approach to correct p values for multiple testing, was
used to compare hemispheres on a per region basis [20].
Similarly, statistical inference of the correlation between
phase shift and CO, reactivity (NAR) was conducted by
permutation testing employing Pearson’s r as the test statistic
and the maximum statistic approach to correct p values [21].

Statistical analysis was performed using MATLAB.
Mean values are given as mean £ SD. Throughout the
text, ¢ denotes the phase shift between ABP and oxyHb,
and A denotes the interhemispheric difference in phase
shift or, equivalently, the phase shift between the affected
and contralateral hemisphere.

Results

Steno-occlusion of the left MCA was diagnosed in 11 patients,
whereas the right MCA was affected in nine patients. Mean
phase shift between ABP and oxyHb averaged over all
channels was significantly increased by A¢p = 10.49 £+
17.26° over the affected hemisphere when compared to the
contralateral hemisphere (p = 0.014). The smallest increase
was found for parasagittal regions B (Ap = 5.87 £+ 15.85)
and C (Ap = 4.26 £ 26.15°) and the largest increase for
regions G (Ap = 16.42 £+ 31.35°) and F (Ap = 14.34 £
21.38°) in the core distribution of the MCA (Fig. 1a). Statis-
tical significance of the regional differences, however, with-
stood correction for multiple testing only for region F
(p = 0.042).

Among the 13 patients suitable for the CO, inhalation
test, three patients displayed a nearly or completely
exhausted reactivity (NAR = —19, —0.9, and 4.6) of the
affected MCA. In two patients, CO, reactivity was mark-
edly diminished (NAR = 6.6 and 9.7), whereas in the
remaining eight patients, reactivity was normal
(NAR = 494 £+ 12.9). Mean NAR of the non-affected
MCA was 59.3 £ 38.6 %. The difference in phase shift
between affected and contralateral hemisphere was signif-
icantly increased by 22.7 £ 6.4° in patients with markedly
diminished or exhausted CVR (NAR < 10) when com-
pared to patients with sufficient CVR (Fig. 2, p = 0.007).
A strong negative correlation between NAR of the affected
MCA and the interhemispheric difference in phase shift
existed for regions E (Fig. 3b, r = —0.78, p = 0.011) and
H (r = —0.71, p = 0.04).
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Fig. 1 NIRS data acquisition and analysis. Optodes were arranged on
the scalp according to the 10-20 EEG system (a). Red and blue
spheres mark light sources and detectors, respectively. Numbers
indicate the location of the corresponding channels, each between a
source-detector pair. Yellow circles denote the optodes aligned to F3
and C3 over the left hemisphere. Corresponding optodes over the
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Fig. 2 Interhemispheric difference A¢ in autoregulatory latency in
unilateral middle cerebral artery steno-occlusion. Box whisker plot of
Ag@ in patients with markedly diminished CVR (NAR < 10) and
sufficient CVR (NAR > 10)

Discussion

The results of the present study suggest that hemodynam-
ically relevant steno-occlusion of the MCA is associated
with a significant delay in autoregulatory response to
changes in ABP as assessed in the respective cortical dis-
tribution territory by NIRS. Patients with markedly
diminished or absent CVR displayed a significantly larger
delay than patients with sufficient CVR. Within the MCA

210 240
t[s]

right hemisphere were aligned to F4 and C4. Letters denote areas
defined for the evaluation of regional differences. Each area
encompassed four adjacent channels. For each channel, the phase
shift ¢ between oscillations in systemic arterial blood pressure (ABP)
and oxygenated hemoglobin (oxyHb) was determined as a measure of
autoregulatory latency (b)

core distribution, a strong inter-individual correlation
existed between autoregulatory delay and CVR. The delay
decreased towards the parasagittal distribution of the
anterior cerebral artery. This spatial pattern suggests that
multichannel NIRS may allow for pathophysiologically
relevant cortical mapping of autoregulatory dysfunction
[6]. This may be important in steno-occlusion of MCA
branches that cannot be assessed by TCD sonography.
NIRS has previously been suggested as a promising
modality for the assessment of cerebral autoregulation in
different pathologies and clinical settings [6, 8—14]. Here,
we compared an NIRS-based approach for the evaluation
of dynamic autoregulation with a standard clinical routine
based on TCD. In accordance with a previous study con-
ducted on a macrovascular level [22], static and dynamic
testings of cerebral autoregulation in the present study
yielded similar results as reflected by a strong correlation
between CVR and autoregulatory delay. This correlation
may, in part, result from both CVR and autoregulatory
delay being dependent on vascular tone. In hemodynami-
cally relevant steno-occlusion, reduced CVR results from
persistent arteriolar dilatation, and thus from a decrease in
vascular tone. Hypercapnia has been shown to lead to the
deceleration of the autoregulatory response to changes in
ABP, suggesting that vascular tone may also affect
dynamic autoregulation [23]. Whether CVR is more sen-
sitive to clinically relevant hemodynamic compromise in
macroangiopathy [24, 25] will have to be investigated in
future studies with the long-term follow-up. Future studies
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Fig. 3 Interhemsipheric difference in autoregulatory latency between
affected and contralateral hemispheres and cerebrovascular reserve
(CVR) capacity in unilateral steno-occlusion of the middle cerebral
artery (MCA). Color-coded representation of phase shift ¢ between
systemic arterial blood pressure (ABP) and cortical blood

may also address the sensitivity of this approach to
pathophysiological parameters, such as the individual pat-
tern of collateral flow [26, 27].

The following study limitations should be taken into
account: the number of subjects is small, but leads to
highly significant results, possibly reflecting adequate
sensitivity of this NIRS-based approach. The present NIRS
results need to be verified in patients without temporal
bone window for TCD.

In conclusion, our results render NIRS a potential
alternative to the standard Doppler CO, test for the iden-
tification of hemodynamic risk states in patients with
cerebrovascular disease. Although the application of NIRS
in the present study is restricted to unilateral steno-occlu-
sion, it supplements clinical practice, as TCD cannot be
performed in up to 18-35 % of patients due to insufficient
temporal bone windows [28-30]. Further studies evaluating
the clinical outcome in patients with macroangiopathy are
warranted to assess the sensitivity and reliability of NIRS
in clinical routine.
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oxygenation in the affected (right) and contralateral (left) hemi-
spheres as determined by near-infrared spectroscopy (a). For region E
in the MCA core distribution, A versus normalized autoregulatory
response (NAR) is given as a scatter plot with a regression line (red
line and 95 % confidence interval) (b)
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