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High b value DWI in evaluation of the hyperacute
cerebral ischemia at 3T: A comparative study
in an embolic canine stroke model
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Abstract. Previous studies have indicated that the temporal
change of relative diffusion weighted imaging (fDWI) signal
intensity may help to determine the onset time of a stroke.
Furthermore, several studies have indicated that high b value
DWI offered improved detection rates for hyper-acute ischemic
lesions compared with standard b value DWI. However, the
temporal changes of the rDWI on high b value DWI remain
unclear. Therefore, based on our embolic canine stroke model,
we evaluated the temporal evolution of rDWI on high b value
DWI, and further compared its diagnostic value in predicting
the onset time of ischemic stroke with rDWI on standard
b value DWI. Twelve canine MCAO models were established,
and DWI was performed at 1, 2, 3,4, 5 and 6 h after MCAO,
with 3 b values of 1,000, 2,000 and 3,000. High b value DWI
detected all ischemic lesions after 1 h, while standard b value
did not detect the ischemic lesions in one dog at 1 h. With all
three of the tested b values, rDWIs increased continuously
within 6 h, while relative apparent diffusion coefficient (rADC)
values rapidly decreased in 1 h, then became relatively stable.
The area under the curve values for rDWI with b value of
1,000, 2,000 and 3,000, in predicting ischemic lesions within
3 h were 0.897, 0.929 and 0.938, while for rADC were 0.645,
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0.583 and 0.599, respectively. Therefore, the results indicated
that the rDWI was helpful in aging hyper-acute ischemic stroke,
while rADC appeared not to be. High b value DWT had a higher
detection rate for ischemic lesions and better predictive efficacy
in determining the onset time of hyper-acute stroke.

Introduction

Diffusion-weighted imaging (DWI) is a non-invasive imaging
technique which can provide quantitative information about
Brownian motion in normal or abnormal tissue (1). DWI enables
the measurement of the apparent diffusion coefficient (ADC),
and has been established as an essential magnetic resonance
(MR) sequence for stroke imaging (2,3). DWI has been shown to
be highly sensitive for detecting hyper-acute cerebral ischemia,
as early as 30 min after arterial occlusion (4,5). Furthermore, a
number of studies have indicated that the relative signal inten-
sity (rSI) of DWI may provide useful information about the time
course of ischemia events, help to determine the onset time of
ischemic lesions and select optimal management for patients
with acute ischemic stroke (6-9).

Recently, with the improvement in the MR gradient
technology and field strength, increased diffusion sensitivity
without significant loss of signal to noise ratio (SNR) is now
possible (10). As a result, high b value DWT has been applied in
stroke related studies. For example, previous studies indicated
that high b value DWI could detect more ischemia lesions earlier
in the same period (11-14). However, the temporal changes of
the rDWI and relative rADC derived from high b value DWI
and their diagnostic values in evaluating the onset time of acute
ischemic stroke remains unclear (15-17).

The aim of the present study was to evaluate the temporal
evolution of rDWI and rADC in three different b values, and
further compare their diagnostic performances in identifying
the onset time of acute ischemic stroke, based on an embolic
canine model with clear onset time (18,19).

Materials and methods

Animal preparation and model establishment. All animal care
and experimental procedures were performed in accordance
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with regulations specified by the Guide for the Care and Use
of Laboratory Animals (NIH Publication No. 85-23, revised
1996) and the protocol was approved by the Institutional
Animal Care and Use Committee of Nanjing Medical
University.

A total of 12 male beagles (13-15 kg; Laboratory
Animal Center of Nanjing Medical University) were anes-
thetized by intravenous injection with 3 ml/kg pentobarbital
(Pentobarbital Sodium Salt; Chemical Reagent Company,
Shanghai, China). Detailed procedures were described in
our previous studies (18-20). In brief, two autologous clots
(1.4 and 1.7 mm in diameter and 5 mm in length) were
injected into the left middle cerebral artery (MCA). Then,
after the occlusion of MCA was confirmed by angiography
(Axiom Artis; Siemens AG, Miinchen, Germany), a 5-F
catheter (Terumo Medical Corporation, Tokyo, Japan) was
guided 2 cm distally to the orifice of the ipsilateral internal
cerebral artery (ICA) to block the blood flow for 2 h. After
successful embolization, animals were transported to the
MR imaging suite for MR scanning.

MR imaging. MR scanning was performed in a 3.0-T
MR whole-body scanner (Magnetom Trio; Siemens
Medical Solutions, Erlangen, Germany). An 8-channel,
transmit-receive extremity coil (15 cm in diameter) was
used. Different b values DWI acquisitions were performed at
a serial of time points of 1, 2, 3,4, 5 and 6 h after MCAO,
respectively. DWI scanning parameters were as following:
Twenty-two coronal sections acquired covered the entire
brain; b values were 50/1,000, 50/2,000 and 50/3000, with
TR/TE=5,500/97 msec, 5,500/105 msec and 5,500/110 msec,
respectively; field-of-view=200 mm, matrix=192x192, section
thickness/gap=2/0 mm, NEX=4. In addition, other MRI
sequences, such as T2, FLAIR, TOF and SWI, were acquired
in the same session. Each acquisition required ~40 min. All
ADC maps were generated from 2-point analysis on a pixel
basis. ADC values were calculated as follows:

ADCx=In (SI,/SI,)/(b,-b,)

in which SI;and SI, are the signals at b=50 and b=1,000, 2,000
and 3,000 respectively. All the dogs were transferred back to
the animal facility after MR scanning.

Imaging assessment. Hyper-intensity on DWI (b=3,000) along
with hypo-intensity on ADC map were defined as hyper-acute
infarction. Circular regions of interest (ROI) on MR images
were measured by two neuroradiologists. Hyper-acute
infarctions were detected in all dogs on the DWI images of
high b value (b=3,000) within 1 h after MCAO, so ROI was
positioned on initial DWI (b=3,000) images (1 h) that showed
the most obvious lesions, and the corresponding mirror ROI
was placed at the same position on contralateral cerebral
hemisphere. After the ROI was determined on the initial DWI
images, the same ROIs were placed at the same location on
the DWI images with other b values. Average ROI size was
150.4+37.2 mm?.

The rDWI and rADC were calculated using the following
equations, respectively:
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rDWI=ST,

1schemic/SInormal

rADC=ADC; JADC

ischemic normal*

Statistical analysis. Repeated-measure analysis was used to
assess the longitudinal changes of mean rDWI and rADC of
three b values at six different time points. Receiver operating
characteristic (ROC) curve was used to analyze the diagnostic
performance of rDWI and rADC value for identifying the isch-
emic lesion within 3 h (including 3 h). Next, ROC curves for
rDWI and rADC of three b values in identifying hyper-acute
lesions within 3 h were paired and compared using Wilcoxon
analysis. The linear regression curve was plotted using
GraphPad Prism statistical analysis software (version 5.0;
GraphPad Software, Inc., San Diego, CA, USA). All numerical
data are reported as the mean + standard deviation. SPSS soft-
ware, version 17.0 (SPSS, Inc., Chicago, IL, USA) was used
for all statistical analysis. P<0.05 was considered statistically
significant.

Results

Ischemic model establishment and lesion detection. A total
of 12 stroke models were successfully established without
any complication. All lesions could be detected using high
b values (b=2,000 and 3,000) DWI images since 1 h after
MCAO. However, the ischemic lesions of only 11 dogs could
be observed on standard b value (b=1,000) DWI images,
leaving one appeared normal on standard b value (b=1,000)
DWI image at 1 h after MCAO. All ADC maps appeared
hypointensive in all models at all the time points. Mean rDWI
and rADC values of three b values at different time points
after MCAO are shown in Table I. At each time point the DWI
signal intensity of the ischemic region is significantly higher
compared with the contralateral normal region, while the
ADC value of the ischemic region is significantly lower than
the contralateral normal value (P<0.05). The temporal changes
of ischemic lesion on DWI and ADC maps after MCAO at
three b values are shown in Figs. 1 and 2.

Association between rDWI and rADC over time after MCAO.
The rSIs of DWI images with three different b values (1,000,
2,000 and 3,000) were all linearly correlated to time within 6 h
after MCAO (r=+0.73, +0.77 and +0.81, respectively; P<0.05).
However rADCs appeared poor correlation to time at b values
of 1,000 and 3000 (r=-0.29 and -0.26, respectively; P<0.05).
When b value is set to 2,000, there was no significant correla-
tion with time (P=0.074). The rSIs of DWI images with three
different b values increased continuously and significantly
until 4 h after stroke (P<0.05), compared with each previous
time point. The rADCs rapidly and significantly decreased
within 1 h after stroke, then were relatively stable. No signifi-
cant differences were detected at all the time points at b values
of 2,000 and 3,000 (both P>0.05), while at a b value of 1,000
there was statistical difference between 1 and 2 h (P<0.05).
The changes in rtDWI and rADC over time are shown in Fig. 3.

Association between rDWI and rADC at different b values.
All rDWT values appeared to be higher at a high b value
compared with a standard b value (b=1,000 and 3,000;
P<0.05). There were no significant differences at 1,5 and 6 h
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Table I. Mean values of rDWI and rADC of three b values at different time points.

rDWI (b value) rADC (b value)

Time (h) 1,000 2,000 3,000 1,000 2,000 3,000

1 1.43+0.22 1.48+0.19 1.59+0.15° 0.57+0.05 0.63+0.06¢ 0.66+0.06¢
2 1.60+0.18 1.78+0.14* 1.84+0.15* 0.57+£0.04 0.62+0.06¢ 0.64+0.07¢
3 1.77£0.21 1.94+0.18* 2.11+0.16%° 0.56+0.04 0.60+0.05¢ 0.63+0.06¢
4 1.92+0.25 2.18+0.31° 2.31+£0.26 0.54+0.03 0.60+0.05¢ 0.62+0.06¢
5 2.08+0.27 2.27+0.31 2.40+0.24* 0.55+0.05 0.59+0.05¢ 0.63+0.04<¢
6 2.13+0.26 2.33+0.22 2.50+0.30* 0.53+0.04 0.59+0.08 0.59+0.08

1P<0.05 vs. rDWI (b=1000); "P<0.05 vs. rDWI (b=2000); “P<0.05 vs. rADC (b=1000); ‘P<0.05 vs. rADC (b=2000). rDWI, relative diffusion
weighted image; rADC, relative apparent diffusion coefficient.

Figure 1. Longitudinal change in hyperacute ischemic lesions on diffusion weighted image (DWI) images with three different b values (b=1,000, 2,000 and
3,000) at each time point after middle cerebral artery occlusion (MCAO) in a canine model. Hyperintensive lesion can be detected on high b values (b=2,000
and 3,000) DWI images since 1 h after MCAO. On standard b value (b=1,000) DWI image at the 1 h time point the same region appeared normal.

o

1l 2

Figure 2. Longitudinal change in hyperacute ischemic lesions on apparent diffusion imaging maps with three different b values (b=1,000, 2,000 and 3,000) at
each time point after middle cerebral artery occlusion in a canine model.

time points between b values of 1,000 and 2,000, whereas At every time point except 6 h (P=0.064) after MCAO, the
significant differences were observed at 2, 3 and 4 h. rADCs appeared higher at high b value compared with the
Comparing the rDWIs at b=2,000 with b=3,000), significant  standard b value (b=1,000 and 3,000, P<0.05). There were no
differences were detected at 3 h after MCAO, but not at 1,2,  significant differences at 6 h time points between b values of
4,5 and 6 h after. 1,000 and 2,000, whereas significant differences were found
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Figure 3. Time courses of relative diffusion weighted image (rDWI) and
rADC after middle cerebral artery occlusion. The rDWIs with three dif-
ferent b values increased continuously and significantly until 4 h (P<0.05),
compared with each previous time point. The rADCs rapidly and signifi-
cantly decreased within 1 h, then stabilized. "P<0.05 vs. tDWI at the prior
time point; “P<0.05 vs. rADC at the prior time point. IDWI, relative signal
intensity of ischemic lesions on diffusion weighted image; rSI, relative signal
intensity; rADC, relative apparent diffusion coefficient.

at 1,2, 3,4 and 5 h. Comparing the rtDWIs at b=2,000 and
b=3,000, significant differences were detected at 5 h after
MCAO, but not at 1, 2, 3, 4 and 6 h after.

Comparison of the diagnostic performances within 3 h
between rDWI and rADC of different b values. The AUC of
the ROC for rADC at different b values in identifying ischemic
lesions within 3 h were 0.645 (b=1,000, 95% CI: 0.523-0.754),
0.583 (b=2,000, 95% CI: 0.460-0.698) and 0.599 (b=3,000,
95% CI: 0.477-0.713).

The AUC values of the ROCs for rDWI at different
b values in identifying ischemic lesions within 3 h were
0.897 (b=1,000, 95% CI: 0.803-0.956), 0.929 (b=2000, 95%
CI: 0.843-0.976) and 0.938 (b=3,000, 95% CI: 0.855-0.981).
The optimal threshold values for rDWI at different b values
were 1.67 (sensitivity, 0.972; specificity, 0.667), 1.94 (sensi-
tivity, 0.917; specificity 0.806) and 2.18 (sensitivity, 0.889;
specificity, 0.889). Among rDWIs at different b values
respectively, a higher b value indicated larger AUC, although
the differences did not reach significant (P>0.05) (Figs. 4
and 5).

Discussion

The results of the present study suggest that rDWI at all
three tested b values appeared to be a useful parameter for
predicting the onset time of ischemic stroke. Furthermore,
the high b value DWI had a higher detection rate for isch-
emic lesions compared with the standard b value DWI. High
b value DWI was able to detect the hyper-acute ischemic
lesions which appear normal on standard b value DWI.
Furthermore, rDWI at high b value seemed to be a better
parameter than rDWI at standard b value in predicting isch-
emic stroke, although the differences were not significant.
Secondly, relative lower AUC values were acquired when
using rADC to predict whether the stroke onset time was

tADG_1000
------ rADC_2000
rADC_3000

Sensitivity

1 1 L 1
40 60 B0 100
100-Specificity

Figure 4. Receiver operating characteristic values for rADC with dif-
ferent b values in identifying ischemic lesions within 3 h. The area
under the curve values were 0.645 (b=1,000, 95% CI: 0.523-0.754),
0.583 (b=2,000, 95% CI: 0.460-0.698) and 0.599 (b=3,000, 95%
CI: 0.477-0.713). rADC, relative apparent diffusion coefficient.
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Figure 5. Receiver operating characteristic values for relative diffusion
weighted imaging ({DWI) at different b values in identifying ischemic lesions
within 3 h. The area under the curve values were 0.897 (b=1,000, 95% CI:
0.803-0.956), 0.929 (b=2.,000, 95% CI: 0.843-0.976), 0.938 (b=3,000, 95%
CI: 0.855-0.981). The optimal threshold value for rDWI at different b values
were 1.67 (sensitivity: 0.972, specificity: 0.667), 1.94 (sensitivity: 0.917,
specificity: 0.806) and 2.18 (sensitivity: 0.889, specificity: 0.889).

within 3 h or not. The rADC at all three tested b values may
not be a suitable marker for predicting the onset time of a
stroke event.

The ADC value, which was sensitive for hyper-acute
ischemic stroke, was able to detect the water molecule diffu-
sion alteration at 30 min after stroke onset (4,5). Previous
studies have demonstrated its value on depicting the
pathological process of ischemic events (21,22). However, at
present a number of studies have proposed that there may
not be a close correlation between neuronal damage and
the ADC value (23,24). In the present study, the AUC of
the ROC values for rADC in identifying ischemic lesions
within 3 h were 0.645, 0.583 and 0.599 at b values of 1,000,
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2,000 and 3,000, respectively, suggesting that the rADC may
not be a reliable predictor of onset time. Thus we insisted that
ADC value was not a reliable predictor of irreversible tissue
damage, particularly for ischemic events exceeding 3 h (25).

Compared with the rADC results, rDWI appears to
be a superior marker for identifying ischemic lesions with
an onset time within 3 h. In the present study, the rDWIs
of three b values increased continuously and significantly
until 4 h, compared with each previous time point. The AUC
of ROC values for rDWI in identifying ischemic lesions
within 3 h were 0.897, 0.929 and 0.938 at b values of 1,000,
2,000 and 3,000, respectively. These results were consis-
tent with prior animal studies. However, a number of other
studies indicated no change in rDWI within the first 24 h,
particularly in the posterior circulation and lacunar stroke.
We speculated that this was due to various causes resembling
ischemic stroke, and that different underlying mechanisms
of stroke may have resulted in the contradictory findings.
Furthermore, hypothesized that during our ischemic model
establishment the cerebral flow was heavily blocked and
predominantly no early recanalization was detected in the
hyper-acute period, thus the ischemic damage progressed
gradually after stroke onset, which was reflected in the result
with the continuously increased rDWI. However, in certain
prior studies, particularly for cases of lacunar stroke, the
occluded vessels were recanalized prior to MRI scanning,
thus the rDWI would not increase continuously. In summary,
rDWI may be a useful predictor of ischemic events; however,
its value should be discussed in detail after classifying the
etiology of ischemic events.

The rDWIs appeared higher at high b value (b=3,000)
compared with the standard b value (b=1,000) at the majority
of time points, which suggests that the contrast ratio of
DWT intensity at high b value is higher compared with the
standard b value (13). The same pattern was observed with
rADC values, which showed higher at high b value (b=3,000)
compared with the standard b value (b=1,000). As the ADC
value in ischemic tissue is lower compared with normal tissue,
the contrast ratio of ADC value at high b value is lower than
that at standard b value (6,16,17). The reason for this may be
the smaller degrees of ADC and DWI reduction in ischemic
tissue compared with normal tissue. The exact mechanism of
this difference between the normal and ischemic tissue is not
yet clear. Brugieres et al (26) reported that it may be due to
slow diffusing component fraction, which might be reflected
more on MR imaging at higher b value. Also, based on the
DWTI principle:

DWI SI=SI, x e*APC

The DWTI SI is influenced by the diffusion gradient and
ADC. When the b value increases, the effect of increased
diffusion gradient overwhelms the decreased ADC value.
Such may be reflected in the result with higher contrast ratio
of DWI signal intensity, which could be regarded as the same
as rDWI (6).

The diagnostic value of high b value DWI in hyperacute
ischemic stroke remains controversial. Purroy et al (12) and
Meyer et al (16) had ever indicated that the high b value had no
impact on diagnosis of acute ischemic stroke. Furthermore,
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the NEX parameter needed to be increased to raise the SNR
which would extend the MRI scan time (10,16,17). Therefore,
Meyer et al suggested that the high b value DWI was not a
practical stroke image modality. By contrast, a number of
previous studies have speculated that the high b value DWI
had its distinctive value in hyper-acute ischemic stroke, for
instance that high b value DWI could detect the ischemic
lesions which appeared as normal in standard b value DWI.
Based on the present results, we would support the latter
view, for three reasons: Firstly, high b value (b=3,000)
DWI was ale to detect all ischemic lesions from 1 h after
MCAO while standard b value (b=1,000) DWI missed one
lesion at 1 h after MCAO, which was accordant to previous
studies (11-13). The high b value DWT had a higher detection
rate for ischemic lesions compared with standard b value
DWI. Secondly, ROC results indicated that rDWT at higher
b value was better than standard b value in identifying
hyper-acute ischemic stroke, although differences were not
significant. The statistical discrepancy might be caused by
the limited size of the sample. Further studies with larger
samples are required to clarify whether high b value rDWI
could be a better index to age the ischemic lesions. Thirdly,
we did not increase the NEX so as to increase the SNR in the
present study, all the DWI scans had equal scan time. In addi-
tion, the noise was acceptable. Therefore, the SNR or image
quality as well as the scan time should not be a barrier to the
clinical use of high b value DWTI in the setting of hyper-acute
stroke.

There were a number of limitations to the present study.
Firstly, we acquired the images at an interval of 1 h, and the
time point of 4.5 h for clinical thrombolysis was excluded
from acquisition. Although we can explain that there were
other MRI sequences, such as TOF, SWI also acquired in
one session (the acquisition time was ~40 min once), the time
point of 4.5 h should be admitted in future study. Secondly,
how rADC and rDWI rapidly change within 1 h after MCAO
remains unclear, this requires further evaluation in future
studies. Thirdly, to further determine the diagnostic value
of high b value DW imaging, the sample size needs to be
increased in future studies.

High b value DWI had a higher detection rate for
hyper-acute ischemic lesion compared with standard b value
DWI. The rDWI may be helpful in identifying hyper-acute
ischemic stroke within the first 3 h after stroke based on
the present canine stroke model, while rADC was not. The
rDWT of high b value DWI seemed to provide better diag-
nostic value in predicting the onset time of ischemic stroke
compared with standard b value DWI. Further studies with
larger sample sizes are required to clarify the value of high
b value rDWI.
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