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Abstract We developed a new computerized scheme for

proper display of brain diffusion-weighted magnetic reso-

nance images (DWIs) and apparent diffusion coefficient

(ADC) maps based on density histogram analysis. In our

scheme, DWI volumes and b0 image volumes of 44 cases

were first created, and brain regions on DWI volumes were

segmented. ADC map volumes were then derived from both

volumes. The density histogram was determined from the

brain regions on these volumes, and the voxel value corre-

sponding to the maximum in the density histogram was

determined for each volume. The display gray level for each

of the two volumes was adjusted by setting the determined

voxel value as window conditions. In a comparison between

the existing manual method and our automated method, the

variation in the gray levels was evaluated quantitatively. The

variation in the average of the cross-correlation values

determined for pairs of density histograms in each of the

DWIs and ADC maps was 57.3 and 27.1 % with the existing

method, respectively, and 7.7 and 2.7 % with our scheme,

respectively, which indicated a more consistent display of

images with our scheme. The performance of the

two-alternative-forced-choice method for visual comparison

of pairs of images in each of the DWIs and ADC maps

adjusted by our scheme was judged to be better than those of

the existing method by 75.1 % and 92.7 %, respectively.

Our computerized scheme would be a promising technique

for an accurate, prompt automated adjustment of display

conditions in brain DWIs and ADC maps.

Keywords Computerized scheme � Diffusion-weighted

magnetic resonance image � Apparent diffusion coefficient

maps � Acute ischemic stroke � Display condition

adjustment

1 Introduction

In diagnostic imaging of hyperacute ischemic stroke, com-

puted tomography (CT) can show subtle image findings of

the initial stage of cerebral ischemia. However, subtle find-

ings that appear on brain CT images within 6 h of the

occurrence of symptoms could be overlooked if the CT

images are not interpreted carefully; the recognition accu-

racy varies with the observer’s experience [1]. On the other

hand, diffusion-weighted magnetic resonance images

(DWIs) can clearly demonstrate the ischemic regions, and

they can identify ischemic regions much better than can CT

in both detection sensitivity and observer agreement [2, 3].

Moreover, apparent diffusion coefficient (ADC) maps

derived from the DWIs and concurrent images (b value = 0:

b0 image) are used for deciding whether the high-intensity

regions on DWIs are due to T2 shine-through phenomena or

due to the diffusion restriction [4–6]. The degree of signal

intensity and the range of cerebral ischemia in these images

can provide important information for decisions regarding

treatment strategy [7–11]. However, this image information
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can change substantially depending on the display condi-

tions such as the window level and width [12]. Therefore,

observing DWIs and ADC maps under improper image

display conditions may result in detection errors for local-

ized lesions and inaccurate delineation of the ischemic

range.

As a solution for these problems, the standardization

method of setting the image display conditions for DWIs,

which is determined by use of the signal intensity of the

thalamus in a b0 image, was proposed by the Acute Stroke

Imaging Standardization Group in Japan (ASIST-Japan)

[13–15]. Recent reports by ASIST-Japan indicated that this

method can decrease the variation of DWI display condi-

tions among institutions and operators. However, the pro-

posed method is time consuming, because the selection of

the region of interest (ROI) in the thalamus must be done

manually by operators. Moreover, the incidence of intra-

cerebral hemorrhage and lacunar infarction is greater for

the thalamus than for other organs [16], and when a cir-

cular ROI is selected for the location, including these

diseases in a b0 image, the signal intensity and image

contrast in DWIs may change greatly. In addition, even if

an ROI is selected for a location outside the lesions in the

thalamus by reduction of the ROI size to avoid such an

issue, the variation in display conditions can be very large

due to inadequate sampling of image data.

To compensate for these shortcomings with the method

proposed by ASIST-Japan, we have developed a comput-

erized scheme [17] that can automatically adjust the display

conditions in DWIs using the pixel value corresponding to

the maximum determined from the density histogram for

the brain regions in b0 images. Consequently, the signal

intensity and image contrast of DWIs obtained by the

computerized method were visually more similar than those

obtained by the ASIST-Japan-based manual method.

In this study, we developed a new computerized scheme,

without using the b0 images for proper display of DWIs,

which is based on analysis of the density histogram. In

diagnostic imaging and treatment decisions for hyperacute

ischemic stroke, although not only DWIs but also ADC

maps are used effectively, the study of the standardization

of display conditions for ADC maps has not been reported

previously, even by ASIST-Japan. Therefore, we also

developed a computerized scheme for automated adjust-

ment of display conditions in ADC maps.

2 Materials and methods

2.1 Image database

In this study, we used DWIs and b0 images from 44 cases,

which were obtained within the first 6 h after stroke onset,

with use of two 1.5 T MRI scanners (Genesis Signa and

Signa Excite, GE Healthcare, Milwaukee/WI/USA). These

images were obtained from 29 men and 15 women (age

range 22–89 years, mean age 66.9 ± 14.9 years). Our

institutional review board approved the use of this image

database for this study. For the scanning conditions, the

spin-echo echo-planar imaging (SE-EPI) sequence was

chosen, and the scan parameters were set as follows: rep-

etition time = 5000–10000 ms, echo time = 86–102 ms,

flip angle = 90�, slice thickness = 5 mm, and motion-

probing gradient (MPG) = 3 directions. The variation in

the repetition time and echo time was large because this

image database was created with images obtained at two

institutions (Kiryu Kosei General Hospital and Central

Gunma Neurosurgical Hospital) where the scan parameters

were different. Both images were obtained from 16 to 24

slices (mean 21.2 ± 2.3 slices) per case, depending on the

range of scanning.

2.2 Creation of volume data

The overall computerized scheme for automated adjust-

ment of display conditions in brain DWIs and ADC maps is

shown in Fig. 1. In our computerized scheme, the original

brain DWIs and b0 images [matrix size 256 9 256, gray-

scale 12 bits, pixel size (field of view): 0.820–0.937 mm

(210–240 mm)] were entered into a computer, and the

volume data were produced by combining all of the slices

in each of the two images.

2.3 Segmentation of brain regions and creation

of ADC map volumes

For segmenting of the initial brain regions, DWI volumes

were first binarized by means of a thresholding technique,

Fig. 1 Overall computerized scheme for automated adjustment of

display conditions for brain DWIs and ADC maps
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which is based on discriminant analysis [18]. The candi-

dates were then identified in the binarized volumes, and the

obvious noise was removed by setting of a threshold of

1 % as the ratio of the identified candidate volumes to the

image volumes. Finally, the brain regions on the DWI

volumes were segmented by use of reverse processing of

gray-level, labeling, and erosion/dilation techniques.

Figure 2 shows an example of (a) a slice of original DWIs,

(b) its initial binary image by use of a thresholding tech-

nique, (c) its binary image of brain regions after labeling

and morphologic processing applied to image (b), and (d) a

slice of the ADC map volume. The ADC map volumes [19]

were derived based on the signal intensity at each voxel in

segmented brain regions of the b0 image volumes and the

original DWI volumes together with the strength of the

MPG. In addition, the strength of the MPG of the b0

images and the DWIs was set to 0 and 1000 s/mm2,

respectively.

2.4 Analysis of density histogram

An important part of our algorithm is density histogram

analysis, to adjust the gray level of brain DWIs and ADC

maps. In a previous study [20], we adopted the method of

using a CT value of the maximum frequency in the

density histogram to normalize the gray level in the CT

images which may differ among cases and scanners. As a

result, highly accurate processing was achieved. For this

reason, we also applied this method for proper adjustment

of the display conditions of MR images in the present

study.

Figure 3 illustrates our method on a density histogram

for analysis of the brain regions in DWI volumes. The

density histogram (see Fig. 3a) was first determined for the

entire brain regions in each of the original DWI volumes

and the ADC map volumes. The density histogram inclu-

ded commonly the mixture of the voxel values corre-

sponding to both normal and abnormal regions.

We removed abnormal areas in the density histogram

determined from DWI volumes using the variable thres-

holding technique [21] (see threshold in Fig. 3a). Next, the

density histogram for normal brain regions in each of the

two volumes was smoothed by use of the simple moving-

average method in every 20 sections on the voxel values

(see Fig. 3b), because the variation among frequencies for

each voxel value on the initial density histogram can

influence the determination of a voxel value corresponding

to the maximum frequency. In addition, the number of

sections for the simple moving average was optimized for

each case by examination of the variation in the voxel

value corresponding to the maximum in the density histo-

gram by changes in the number of sections from 5 to 30.

Finally, the voxel value corresponding to the maximum

frequency in the density histogram was determined from

the smoothed density histogram for each volume (see

Fig. 3b).

Fig. 2 Segmentation of brain images: a DWI, b binary image by use

of a thresholding technique based on discriminant analysis, c binary

image of brain regions with labeling and morphologic processing, and

d ADC map of brain regions with labeling and morphologic

processing

Fig. 3 Illustration of our

method for analysis of density

histogram of DWI volumes:

a initial density histogram

determined from the entire brain

regions where voxel values

above the threshold

corresponding to an abnormal

region are removed, b smoothed

density histogram only for

normal brain region
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2.5 Adjustment of display conditions in the DWIs

and ADC maps

We adjusted the display conditions for DWI volumes by

defining the voxel value corresponding to the maximum

frequency as a window center, and two times the voxel

value as a window width (WW), whereas the display

conditions for ADC map volumes were adjusted by

determination of three times the voxel value as a window

center, and two times the window center as a WW. These

window conditions were determined empirically so that the

signal intensity and image contrast of both volumes

adjusted by our computerized scheme would match to the

gray level of each volume adjusted by the manual methods

as much as possible.

In addition, the grayscale for both volumes was con-

verted into eight bits with the equation

gði; j; zÞ ¼ 255� f ði; j; zÞ
WW

ð1Þ

where the functions g(i, j, z) and f(i, j, z) are the signal

intensity at each voxel of the converted volumes and the

original volumes, respectively. When g(i, j, z) was larger

than 255, the voxel value was set to 255.

2.6 Evaluation of our computerized scheme

2.6.1 Voxel values corresponding to the maximum and full

width at half maximum in the density histogram

For quantitative evaluation of the signal intensity and

image contrast, we used two parameters, namely, the voxel

value (HP) corresponding to the maximum determined

from the density histogram and the voxel value (HW)

corresponding to the full width at half maximum in the

density histogram for DWI volumes and also for the ADC

map volumes.

With the consensus of two neurosurgeons, the manual

method by ASIST-Japan with use of 44 cases of brain

DWIs and b0 images was first performed; manual

adjustment of the display conditions by use of ADC maps

created by this study was also performed. The grayscales

of the original DWI volumes and the ADC map volumes

were then converted separately by use of the WW

determined by the manual method. Finally, the density

histogram was determined from the brain regions in each

of the two volumes converted by the manual method and

our computerized method, and the HP and the HW were

obtained. In a comparison between the manual method

and our computerized method for each of the DWIs and

ADC maps, the variation in the HP and HW was evaluated

among cases.

2.6.2 Cross-correlation for density histogram

Cross-correlation (CC) has been applied to the evaluation

of the shape similarity in pattern recognition and registra-

tion among images [22, 23]. In this study, to evaluate the

variation in the signal intensity and image contrast among

cases, we determined the CC for the density histogram of

the converted volumes concerning the shape of the density

histogram.

We first prepared 20 cases randomly selected from the

44 cases of DWIs and ADC maps adjusted by two different

methods. The CC values for the density histogram in the

brain regions for 190 pairs of all combinations obtained

from the 20 cases were then determined from the equation

CC ¼ 1

B

XB�1

B¼0

ðf � f Þðg� gÞ
rf rg

ð2Þ

where B is the grayscale in eight bits, f and g are the

frequencies of each voxel value of the density histogram in

the brain regions for each of the pairs, f and g are the

averages, and rf and rg are the standard deviations. In a

comparison between the manual and computerized meth-

ods for each of the DWIs and ADC maps, the variation in

the CC values among the 190 pairs was evaluated.

2.6.3 Two-alternative-forced-choice (2-AFC) study

for visual evaluation of similarity of displayed

images

We also performed a 2-AFC study using the 190 pairs of

DWIs and of ADC maps adjusted by manual and com-

puterized methods. The observers were five radiologists

with 9–29 years of experience (mean experience

14.6 ± 8.2 years). Before the observer study, we provided

a summary of the study and explained the evaluation pro-

cedure to the observers. For the 2-AFC method, the 190

pairs adjusted by two different methods were displayed

side by side on a liquid–crystal display (LCD) monitor,

which is illustrated in Fig. 4. We asked the observers to

evaluate the subjective similarity of the signal intensity and

image contrast in the brain regions for pairs of DWIs and of

ADC maps, and to select the more similar pair by com-

paring the pairs of images adjusted by the two different

methods. In comparison between the methods for each of

the DWIs and ADC maps, the selection rate of each

method in the 190 pairs was determined.

3 Results

The average and the standard deviation of the HP obtained

from the density histograms in DWIs and ADC maps for

Display adjustment of brain MR images 205



the 44 cases based on the manual methods and on the

computerized scheme are shown in Table 1. With the

existing manual method (ASIST-Japan), the variation in HP

for the 44 cases for the signal intensity determined from the

DWIs was 13.2 %, and it was 1.1 % with our computerized

method. For the ADC maps, the variation in HP was 14.2 %

with the existing method, and 2.6 % with our method. The

standard deviations between the two methods for HP

determined for each case in the DWIs and ADC maps were

significantly different (p \ 0.001). Thus, our computerized

method can display more consistent images than can the

manual method.

The average and the standard deviation of the HW

obtained from density histograms in the DWIs and ADC

maps for the 44 cases based on the two methods are shown

in Table 2. With the existing method, the variation in HW

for image contrast in the DWIs was 25.8 and 12.4 % with

our method. The variation in HW for ADC maps with the

existing method was 20.6 and 14.9 % with our method.

The standard deviations between the two methods for HW,

determined for each case in the DWIs and ADC maps,

differed significantly (p \ 0.001 and p \ 0.01, respec-

tively). Thus, this result indicated a more consistent display

of images with our computerized method.

The average and the standard deviation of the CC values

determined from density histograms in each of the DWIs

and ADC maps for the 190 pairs of 20 cases based on the

two methods are indicated in Table 3. The variation in CC

values for DWIs was 57.3 % with the existing method, and

7.7 % with our method. The variation in CC values for

ADC maps was 27.1 % with the existing method, and

2.7 % with our method. The statistical significance of the

difference in the standard deviations between the two

methods for the CC value was determined for each pair of

DWIs and ADC maps. As a result, the two differed sig-

nificantly, with a p value for both that was \0.001. These

Fig. 4 Illustration of two pairs

of selected images on an LCD

monitor for 2-AFC studies by

use of DWIs adjusted by the

manual method (right) and our

computerized scheme (left). The

position (right or left) was

selected randomly for each case

Table 1 Comparison of the manual method and the computerized

scheme for the average and the standard deviation of the peak voxel

value (HP) obtained from density histograms in each of the DWIs and

ADC maps for 44 cases

Manual method Computerized method

DWI

Average 112.5 127.2

Standard deviation 14.9 (13.2 %) 1.4 (1.1 %)

ADC map

Average 50.6 46.6

Standard deviation 7.2 (14.2 %) 1.2 (2.6 %)

Table 2 Comparison of the two methods for the average and the

standard deviation of the histogram width (HW) obtained from density

histograms in each of the DWIs and ADC maps for 44 cases

Manual method Computerized method

DWI

Average 39.9 44.7

Standard deviation 10.3 (25.8 %) 5.5 (12.4 %)

ADC map

Average 46.6 42.7

Standard deviation 9.6 (20.6 %) 6.3 (14.9 %)
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results suggest that our computerized scheme can provide a

more consistent display compared with existing manual

methods.

The selection rate obtained by 2-AFC studies for the

subjective similarity of pairs of displayed images in each of

the DWIs and ADC maps based on the two methods is

shown in Table 4. The selectivity for pairs of images in the

DWIs and ADC maps adjusted by use of our computerized

scheme showed larger values for all observers, and the

mean value among observers was 75.1 and 92.7 %,

respectively. Thus, it seems clear that our computerized

method can display more similar brain images than can the

manual method.

Figures 5 and 6 show three cases of brain DWIs and

ADC maps, respectively, adjusted by the two different

methods. The upper images (a, b, and c) were obtained by

the manual method, and the lower images (d, e, and f) were

obtained by our computerized scheme. In the DWIs and

ADC maps adjusted by the existing manual method

(ASIST-Japan) and by neurosurgeons, the gray levels in the

normal brain regions were different visually among cases,

and were not consistent. On the other hand, the signal

intensity and image contrast of images in all cases obtained

by our computerized method in DWIs and ADC maps were

more similar than those obtained by the manual method.

This result shows that our computerized scheme based on

the density histogram analysis can be used for reduction of

the variation of gray levels among cases in brain DWIs and

ADC maps.

4 Discussion

The gray levels in each of the brain DWIs and ADC maps

are known to differ among vendors and subjects, and also

to change depending on static magnetic fields and scanning

conditions [24]. Therefore, the gray levels in the DWIs and

ADC maps cannot be used for the quantitative evaluation,

and thus the ratio of average gray levels in an abnormal

region and the contralateral normal region for the median-

sagittal line of the brain has been applied for the decision

on the reversibility of brain ischemic regions by use of

ADC maps [25, 26]. In this study, we determined the gray

level corresponding to the maximum for each of the DWIs

and ADC maps based on density histogram analysis, and

then converted the grayscale for both images using these

gray levels. In addition, the variation in the gray levels on

converted images was determined. Consequently, the var-

iation in the gray levels of both images obtained by our

method has decreased significantly among cases compared

with that obtained by existing methods. With this com-

puterized scheme, we can normalize the gray levels in the

DWIs and ADC maps which may differ among vendors

and subjects. Thus, it would be possible to evaluate

quantitatively the normalized ischemic regions in the DWIs

and ADC maps using our computerized method.

In the present study, it was suggested that our comput-

erized scheme can provide a more consistent display

compared with existing manual methods. However, veri-

fication of clinical usefulness with our computerized

scheme will be required in the future. In particular, it will

be important to make a clinical assessment on localized

lesions with different display methods by carrying out an

observer performance study using both images adjusted by

the existing manual method and our automated method.

The central processing unit (CPU) time for processing

required for this computerized scheme was about 7.0 s per

case with our computer (Pentium D, CPU 3.60 GHz). This

result indicates that observers could interpret brain DWIs

and ADC maps accurately and promptly using the com-

puterized scheme without complicated and time-consum-

ing manual adjustment of the display conditions, such as

Table 3 Comparison of the two methods for the average and the

standard deviation of the cross-correlation (CC) value determined

from density histograms in each of the DWIs and ADC maps for 190

pairs of 20 cases

Manual method Computerized method

DWI

Average 0.572 0.900

Standard deviation 0.328 (57.3 %) 0.070 (7.7 %)

ADC map

Average 0.751 0.936

Standard deviation 0.212 (27.1 %) 0.025 (2.7 %)

Table 4 Comparison of the two methods for the selection rate

obtained by 2-AFC studies for the subjective similarity of pairs of

images in each of the DWIs and ADC maps

Observer Manual method (%) Computerized method (%)

DWI

A 24.2 75.8

B 29.5 70.5

C 24.2 75.8

D 25.8 74.2

E 21.1 78.9

Average 24.9 75.1

ADC map

A 6.3 93.7

B 8.4 91.6

C 4.7 95.3

D 11.6 88.4

E 5.3 94.7

Average 7.3 92.7
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the window level and width. This computerized scheme

using density histogram analysis is therefore a promising

technique for automated adjustment of the display condi-

tions in brain DWIs and ADC maps, and it would be useful

for radiologists and neurosurgeons for (1) preventing

incorrect decisions due to artifacts, (2) reducing the vari-

ation in decisions about the ischemic range, and (3)

achieving a proper assessment of thrombolytic therapy.
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