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terhemispherical differences of TTP as measured by PWI and 
NIRS were closely correlated (r = 0.86).  Conclusions:  Nonin-
vasive measurements of cerebral ICG kinetics by NIRS pro-
vide a useful means of detecting cerebral perfusion deficits 
in patients with acute stroke, which correlate well with those 
obtained by PWI.  Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 In the past few years, evidence has accumulated that 
the early restoration of cerebral blood flow (CBF) is a pre-
requisite for a favorable outcome in acute ischemic stroke 
 [1–3] . Therapeutic reopening of an occluded cerebral ves-
sel might prevent the progression of an ischemic infarc-
tion into the surrounding tissue at risk of infarction, the 
so-called penumbra. However, the time window for 
thrombolytic therapy is narrow and requires rapid logis-
tics and decision making. The NINDS rtPA trial, for in-
stance, used a 3-hour time window for thrombolytic 
therapy  [4]  and the recently published ECASS III trial 
shows a beneficial outcome within up to 4.5 h  [5] . Thus, 
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 Abstract 

  Background:  In acute stroke patients, there is a need for 
noninvasive measurement to monitor blood flow-based 
therapies. We investigated the utility of near-infrared spec-
troscopy (NIRS) to determine cerebral perfusion in these pa-
tients.  Methods:  Eleven patients were investigated within 
1.4  8  2.2 days after onset of an ischemic middle cerebral ar-
tery infarction by monitoring the kinetics of an intravenous 
bolus of indocyanine green (ICG). For ICG kinetics, bolus 
peak time, time to peak (TTP = time between 0 and 100% ICG 
maximum), maximum ICG concentration, rise time (time be-
tween 10 and 90% ICG maximum), slope (maximum ICG/
TTP), and blood flow index (BFI = maximum ICG/rise time) 
were obtained. Perfusion-weighted MRI (PWI) and NIRS mea-
surements were performed within 24 h, and the interhemi-
spherical differences of TTP values were compared.  Results:  
Stroke patients showed an increased bolus peak time (p  !  
0.02), TTP (p  !  0.01), and rise time (p  !  0.01), whereas slope 
(p  !  0.01) and BFI (p  !  0.01) were diminished at the site of in-
farction as compared to the unaffected hemisphere. The in-
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only a minority of acute stroke patients are currently 
treated with rtPA. In addition to intra-arterial or intrave-
nous rtPA, general supportive care including manage-
ment of respiration, cardiac rhythm, arterial blood pres-
sure, body temperature and glucose metabolism has 
therefore received increased attention and shown to pre-
vent worsening of the neurological injury  [6–8] . In par-
ticular, the elevation of blood pressure in acute ischemic 
stroke could achieve major importance in terms of in-
creasing the penumbral CBF and improving the func-
tional outcome as shown in small, uncontrolled studies 
 [9, 10] . Until the completion of randomized trials a close 
monitoring of potential side effects on brain function and 
perfusion as well as of benefits from blood pressure-re-
lated therapies has recently been postulated  [11] .

  However, CBF measurements with MRI or PET are 
time consuming and expensive and might therefore not 
be suitable for monitoring of acute stroke patients. In this 
scenario, near-infrared spectroscopy (NIRS) is an en-
couraging, noninvasive tool to study cerebral oxygen-
ation and hemodynamics at the bedside. Animal studies 
measuring CBF with an intravenous bolus of indocya-
nine green (ICG) and NIRS have shown a high correla-
tion between absolute blood flow measurements obtained 
with the radioactive microsphere technique and CBF val-
ues obtained noninvasively with ICG NIRS  [12] . In a pilot 
study, we could recently demonstrate a reduced cerebral 
perfusion at the site of infarction in patients with acute 
ischemic stroke  [13] . In addition to ICG NIRS, the advent 
of spatially resolved spectroscopy has provided a means 
to continuously measure cerebral blood oxygenation 

noninvasively with a good correlation to standardized 
methods  [14] . Therefore, NIRS seems to be an ideal bed-
side tool to monitor cerebral oxygenation, as well as CBF 
in critically ill patients.

  The aims of our study were to assess cerebral perfu-
sion and tissue oxygenation in middle cerebral artery 
(MCA) infarction by NIRS and to compare these CBF 
values with perfusion-weighted MRI (PWI) data.

  Patients and Methods 

 We noninvasively measured CBF and tissue oxygenation in 
both hemispheres of 11 patients (6 male, 5 female; mean age, 65.8 
 8  12.4 years) with an acute infarction in the territory of the MCA 
by means of NIRS (NIRO 300, Hamamatsu Photonics KK, Japan). 
All patients were evaluated according to the National Institutes of 
Health Stroke Scale score at the time of the measurement, or, in 
ventilated patients, at the time before intubation. The site and ex-
tent of infarction was confirmed either by CT or MRI. In every 
patient, both the kinetics of an intravenous bolus of ICG (ICG-
Pulsion, Pulsion Medical Systems, Munich, Germany) and tissue 
oxygenation were assessed by NIRS 1.4  8  2.2 days after symptom 
onset.

  The NIRS optodes were placed bilaterally on the scalp above 
the territory of the MCA using the 10-20 EEG system  [15] . These 
locations corresponded to F3-F4. The interoptode distance was 4 
or 5 cm depending on the individual light absorption. The NIRS 
device emits light at 4 distinct wavelengths (775, 810, 853, and 913 
nm), and the photodetector collects the scattered light with a sam-
ple rate of 6 Hz. The study was performed in a quiet environment, 
and patients were in a supine position. ICG was injected rapidly 
into the antecubital vein through an 18-gauge catheter or into a 
central venous line with a mean dosage of 0.1 mg/kg body weight. 
A differential path length factor of 6 was adopted, and absolute 

�ICG 
(μmol/l)

ICG bolus
injection

0 5 10 15 20 25 30 35 40 45
Time (s)

0.02

0

0.01
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0.04

  Fig. 1.  NIRS ICG measurement in a patient 
with left MCA infarction showing time in-
tensity curves from the affected (gray line) 
and the unaffected (black line) hemi-
sphere. 
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concentration changes of ICG from light attenuation were calcu-
lated according to a modified Beer-Lambert law with a commer-
cial software (Hamamatsu Photonics KK, Japan)  [12] . For off-line 
analysis, the bolus peak time, the time to peak (TTP, defined as 
time between 0 and 100% of the maximum ICG concentration), 
the rise time (defined as time between 10 and 90% of the maxi-
mum ICG concentration), the maximum ICG concentration 
( � mol/l), the slope (maximum  � ICG/TTP), and the blood flow 
index (BFI =  � ICG/rise time) were calculated for both hemi-
spheres.  Figure 1  shows a typical measurement.

  Before each ICG measurement, mean values of the cerebral 
tissue oxygenation index (TOI) of each hemisphere provided by 
the NIRS device were obtained during an observation period of
1 min. PWI (1.5 T, MR-Vision and Sonata, Siemens, Erlangen, 
Germany) was performed within 24 h of the NIRS measurements 
using dynamic contrast-enhanced MRI with the following pa-
rameters: TR/TE = 1,440/43, flip angle = 90°, FOV = 230, matrix 
= 128  !  128, slice thickness = 5 mm, intersection gap = 2 mm. A 
bolus of 0.1 mmol/kg Gd-DTPA was injected followed by 20 ml 
normal saline during acquisition of 600 images. The perfusion 
images were processed to obtain TTP values from an elliptic re-
gion of interest below F3-F4 of the 10-20 system using the middle 
frontal gyrus as anatomical landmark with a diameter of 4 or 5 
cm according to the distance of the NIRS interoptodes  [15] . The 
interhemispherical differences of TTP assessed with both meth-
ods were compared.

  All stroke patients who received a PWI protocol were consec-
utively and prospectively enrolled in this study. The protocol was 
approved by our Institutional Ethics Review Board, and informed 
consent was obtained from each patient or their relatives prior to 
the procedure.

  Statistics 
 All values are given as means  8  standard deviation. The dif-

ferences of TOI and ICG kinetics between both hemispheres were 
calculated by a nonparametric, matched-pairs Wilcoxon test. 
The correlation between the interhemispherical differences of 
TTP assessed from ICG kinetics (NIRS) and from PWI was cal-
culated by Pearson’s or Spearman’s formula. A value of p  !  0.05 
was considered to indicate a statistically significant difference. 
All statistical analyses were performed with SPSS (version 12, 
SPSS Inc.).

  Results 

 Clinical Characteristics 
 Seven patients had an infarction in the territory of the 

left MCA, and in 4 cases the right MCA was affected. In 
3 patients, the anterior cerebral artery was additionally 
involved. The mean National Institutes of Health Stroke 
Scale score was 14.1  8  4.7 (range, 7–21), and stroke vol-
umes ranged between 30 and 100% of the territory of the 
MCA. The ipsilateral internal carotid artery was occlud-
ed in 3 cases, in 1 patient due to a nontraumatic arterial 
dissection. Significant carotid artery disease of the unaf-
fected side was excluded by duplex sonography.

  Cerebral Perfusion and Tissue Oxygenation 
Measurements 
 The values of the ICG kinetics are summarized in  ta-

ble 1 . Most parameters of the cerebral ICG kinetics dif-
fered significantly between the site of infarction and the 
unaffected hemisphere. On the affected side, the TOI was 
lower than on the unaffected side; however, the difference 
was not statistically significant ( table 1 ).

  Correlation between ICG Kinetics and PWI 
 We found a close correlation between the interhemi-

spherical TTP difference obtained with ICG NIRS and 
PWI measurements (r = 0.857; p = 0.001;  fig. 2 ).

  Discussion 

 Monitoring cerebral hemodynamics and oxygenation 
in patients with acute ischemic stroke might be crucial to 
prevent secondary ischemic damage in the peri-infarct 
tissue and subsequent clinical deterioration. In this sce-

Table 1. Comparison of cerebral ICG kinetics (means with standard deviations in parentheses) between the af-
fected and unaffected hemisphere (matched-pairs Wilcoxon test)

Variable MCA infarction Unaffected
hemisphere

Wilcoxon
p value

Bolus peak time, s 26.1 (8.9) 21.8 (6.8) 0.012
TTP, s 14.49 (5.6) 10.90 (4.1) 0.007
Rise time, s 9.2 (3.7) 6.3 (2.4) 0.007
ICG peak, �mol/l 0.056 (0.054) 0.063 (0.022) 0.084
Slope, �mol/l/s 0.0052 (0.0054) 0.0071 (0.0060) 0.004
BFI, �mol/l/s 0.0087 (0.0095) 0.0125 (0.0108) 0.003
TOI, % 58.5 (8.6) 61.0 (10.1) 0.374

D
ow

nl
oa

de
d 

by
: 

N
ie

de
rs

äc
hs

is
ch

e 
S

ta
at

s-
 u

nd
 U

ni
ve

rs
itä

ts
bi

bl
io

th
ek

   
 

13
4.

76
.1

62
.1

65
 -

 1
0/

2/
20

13
 1

1:
59

:2
6 

A
M



 Cerebral Perfusion and Oxygenation in 
Acute Ischemic Stroke 

Eur Neurol 2009;62:338–343 341

nario, a simple test for this purpose is of major interest. 
Our study shows that the perfusion deficit in patients 
with acute MCA infarction can be measured noninva-
sively with NIRS. The interhemispherical TTP differenc-
es assessed with NIRS correlated well with those obtained 
by PWI.

  Physiological variables of our patients were assumed 
constant during our measurements; however, as we fo-
cused our study on interhemispherical differences of per-
fusion and oxygenation, a major influence e.g. from dif-
ferences in FiO 2  seems negligible, as it would affect both 
hemispheres.

  It has recently been proven that the semi-quantitative 
assessment of CBF by PWI correlates well with absolute 
regional blood flow measurements by PET, if a TTP 
threshold of 4–6 s as compared to the unaffected hemi-
sphere is adopted  [16, 17] . The clinical importance of the 
parameter TTP measured by PWI has recently been 
shown: TTP was the best predictor of both infarct growth 
and successful recanalization in thrombolytic therapy 
 [18, 19] . In our study, we calculated cerebral ICG kinetics, 
e.g. TTP values from light attenuation of an intravenous 
bolus of the dye ICG by NIRS in patients with ischemic 
stroke and found a good correlation with corresponding 
indices of PWI. Whether TTP measurements by NIRS 
provide similar clinical information in patients with 
acute cerebral infarctions has still to be evaluated. Using 
a double indicator dilution technique from the jugular 
bulb with ICG and NIRS a reduced CBF was found in pa-

tients with acute hemispheric stroke with poor outcome, 
but this requires catheterization of the internal jugular 
vein and the spatial resolution is inferior to our technique 
 [20] .

  In acute ischemic stroke, a reduction in CBF goes 
along with a local hemoglobin deoxygenation due to an 
increased oxygen extraction fraction, which character-
izes the penumbral zone  [17] . Recently, in hyperacute 
ischemic stroke an increased deoxyhemoglobin level as 
well as an abnormal visualization of leptomeningeal veins 
were seen by T 2  * -based blood oxygen level-dependent 
MRI; these data may indicate an increased oxygen ex-
traction fraction in the affected tissue characterizing the 
ischemic penumbra  [21–23] . However, this encouraging 
metabolic MRI technique cannot be applied for continu-
ous monitoring. Within our study, we did not find sig-
nificant differences in cerebral tissue oxygenation in the 
affected hemisphere. This might be due to the limited 
sample size, the well-known influence from extracere-
bral tissue, and from a reopening of the occluded vessels 
over time. Furthermore, not all of our NIRS measure-
ments were performed at the day of symptom onset, so 
that the results might underestimate the local decrease in 
tissue oxygenation as well as the perfusion deficit at the 
site of infarction. Further studies should consider the 
rapid time course of ischemic stroke.

  There are several general limitations concerning the 
NIRS technique, as well as specific limitations to our 
study. First, the spatial resolution of conventional NIRS 
devices is poor, so that simultaneous measurements are 
restricted to a few positions. This means that we proba-
bly measured the hypoperfusion and tissue oxygenation 
of the infarct core as well as the penumbral zone. Second, 
skin blood flow has been shown to influence NIRS mea-
surements, especially if the optodes are placed in the 
temporal region  [24, 25] . This could explain the lack of 
correlation between ICG kinetics and rCBF measure-
ments by the Xenon-133 clearance technique in neuro-
surgical patients  [26] . On the other hand, animal studies 
comparing CBF measurements by ICG and NIRS with 
established methods showed a high correlation of the pa-
rameter BFI with those assessed by the radioactive mi-
crosphere technique, and CBF measurements by ICG ki-
netics in volunteers agreed with those assessed by PWI 
 [12, 27] . Our result of a close correlation of ICG kinetics, 
e.g. the parameter TTP with corresponding PWI values, 
underlines these observations. Third, the penetration 
depth of NIRS in the reflection mode is only about 1 cm 
beneath the brain surface, so that oxygenation of deeper 
tissue, e.g. subcortical infarctions, cannot be assessed 
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  Fig. 2.  Correlation between intraindividual TTP differences (sec-
onds) from frontotemporal regions of interest in patients under-
going PWI and ICG NIRS (n = 11). 
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 [28] . A good reproducibility of the parameter BFI as a 
relative measure of rCBF has been shown in healthy as 
well as in pediatric patients  [29, 30]  although an in-
creased accuracy of CBF measurements by NIRS has re-
cently been shown using a two-detector partial path 
length algorithm which reduces the influence of extra-
cerebral tissue perfusion  [31] . In principal, time-resolved 
NIRS approaches could become useful to separate cere-
bral from extracerebral contributions to the ICG kinet-
ics  [32] . With this technique a significant delay in cere-
bral transit time has recently been found in patients with 
acute and chronic vessel occlusion but not in volunteers 
 [33] .

  In conclusion, our study shows that in patients with 
ischemic stroke the perfusion deficit can be assessed by 
NIRS. This technique is easy to apply at the bedside, re-
peatable, reproducible, without toxic effects, and might 
be used to guide therapy in the early stages after symptom 
onset  [30, 34] . Although transcranial Doppler and duplex 
sonography could theoretically also be used for this pur-
pose, modern NIRS devices can assess cerebral perfusion 
(and tissue oxygenation) as the main target for therapeu-
tic strategies in cerebrovascular diseases. Whether NIRS 
measurements in ischemic stroke might predict outcome 
and if NIRS monitoring can be used to guide therapy has 
to be shown in prospective studies.
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