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Early Detection of Global Cerebral Anoxia:
Improved Accuracy by High-b-Value Diffusion-
Weighted Imaging with Long Echo Time

Khin K. Tha, Satoshi Terae, Toru Yamamoto, Kohsuke Kudo, Chihiro Takahashi, Masaki Oka,
Shinji Uegaki, and Kazuo Miyasaka

BACKGROUND AND PURPOSE: Early and accurate detection of global cerebral anoxia is
important for determination of prognosis and further management. We evaluated whether
accuracy in early detection of global cerebral anoxia was improved by high-b-value diffusion-
weighted imaging (DWI) with long echo time (TE).

METHODS: Routine DWI (b = 1000 s/mm?* TE = 139 ms), high-b-value DWI (b = 3000
s/mm?; TE = 190 ms), T2-weighted imaging (T2WI), and fluid-attenuated inversion recovery
(FLAIR) imaging were acquired in six patients who experienced cardiopulmonary arrest within
24 hours and six volunteers. Region of interest—based analysis was performed. Regions of
interest of patients showing significant decrease in apparent diffusion coefficient (ADC) values
than volunteers were considered abnormal. Three neuroradiologists independently assessed
images of the patients for conspicuity of hyperintensity within regions of interest. Receiver
operating characteristic (ROC) analysis was performed, and the area under the curve (4z) was
compared among sequences and observers. Average contrast and contrast-to-noise ratios
between abnormal regions of interest and regions of interest of normal surrounding paren-
chyma were calculated.

RESULTS: For all observers, high-b-value DWIs achieved the largest Az, and FLAIR imaging
the lowest Az. Az of routine DWI and T2WI were between these values. High-b-value DWI and
FLAIR imaging showed no significant interobserver variation in Az, whereas routine DWI and

T2WI did. High-b-value DWI also achieved the largest contrast and contrast-to-noise ratios.
CONCLUSION: High-b-value DWI with long TE improved accuracy in early detection of
global cerebral anoxia. Application of the sequence would facilitate early diagnosis.

Several attempts are made to achieve early and accu-
rate detection of global cerebral anoxia, because its
presence and extensiveness influence prognosis and
further clinical management (1-4). Among the cur-
rently developed techniques, diffusion-weighted im-
aging (DWI)—an MR imaging sequence—is known
to allow detection of global cerebral anoxia early (ie,
within 24 hours) within the acute period (1, 5). It
enables early detection through its high sensitivity to
restricted diffusion immediately following anoxic in-
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sult (1, 6). In the acute period, it shows restricted
diffusion due to global cerebral anoxia as hyperinten-
sity with decreased apparent diffusion coefficient
(ADC) values, usually in cerebral cortex, deep gray
matter, and cerebellum (1, 6).

Techniques that can improve accuracy in detection
of global cerebral anoxia are desirable for more ac-
curate determination of prognosis and management.
Theoretically, high-b-value DWI can offer improved
contrast between abnormal and normal tissues (7, 8).
With improved contrast, improved accuracy in detec-
tion can be expected. There are, however, some po-
tential disadvantages of high-b-value DWI, among
which the reversal of gray-white matter contrast can
limit accuracy in detection (7-10). One possible way
to eliminate the reversal of gray-white matter contrast
is through suppression of signal intensity from back-
ground brain parenchyma by using long echo times
(TEs). In this study, we determined whether the high-
b-value DWI with long TE (b = 3000 s/mm? TE =
190 ms) could improve accuracy in detection of the
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TABLE 1: Demographic characteristics of the patients
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Time to Restore Interval
Patient Age Spontaneous GCS at GCS at between Insult
(no.) () Sex Insult Beating (min) Admission MRI and MRI (h) Clinical Outcome
1 79 M Choking 30 3 3 18.3 Vegetative state
2 20 M Atrial fibrillation 30 3 3 21.9 Vegetative state
3 69 M Ventricular fibrillation 33 4-6 4-6 3.8 Vegetative state
4 79 F Choking 33 3 3 8.1 Vegetative state
5 54 M Hanging 29 3 3 8.6 Vegetative state
6 25 F Hanging 35 3 3 16.6 Deceased

Note.—GCS refers to Glasgow Coma Scale.

acute period of global cerebral anoxia, over routine
DWI (b = 1000 s/mm? TE = 139 ms). T2-weighted
imaging (T2WI) and fluid-attenuated inversion recov-
ery (FLAIR) imaging, which may show signal inten-
sity abnormalities (1, 4, 8), were also evaluated.

Methods

Study Population

The imaging data for this prospective study was collected
over a 19-month period (from October 2001 through April
2003). The study included all patients who were admitted for
histories of cardiopulmonary arrest and underwent MR exam-
ination within 24 hours from the anoxic insult. Six patients
(four men and two women; age range, 2079 years; mean age,
54.3 years) were eligible for the study. Demographic data of the
patients, type of insult, the time taken to restore spontaneous
beating, clinical status on hospital admission and MR exami-
nation, interval between the insult and MR examination, and
clinical outcome are shown in Table 1. To determine the
normal ADC values, MR studies were also obtained from six
healthy volunteers (four men, two women; age range, 26—68
years; mean age, 47.1 years). The study was performed accord-
ing to guidelines of the institutional review board, and in-
formed consent for MR examination was obtained from fami-
lies of the patients and all volunteers.

Imaging

All MR examinations were conducted on a 1.5-T MR im-
ager, which is equipped with echo-planar imaging capabilities
and can generate maximum gradient strength of 20 mT/m, slew
rate of 125 T/m/s, and minimum rise time of 160 ws. The MR
imaging protocol consisted of the routine DWI, high-b-value
DWI, T2WI, and FLAIR imaging sequences. For all se-
quences, 19 5-mm-thick axial sections, parallel to the connec-
tion line between anterior and posterior commissures, were
obtained. The interslice gap was 1.5 mm, and the field of view
(FOV) was 240 mm X 240 mm. The matrix size in acquiring
DWI was 128 X 128, interpolated into 256 X 256. The matrix
sizes for T2ZWI and FLAIR imaging were 512 X 512 and 256 X
256, respectively.

A single-shot spin-echo echo-planar pulse sequence was
used for DWI. The diffusion-encoding gradients were simulta-
neously activated along three orthogonal axes (X, Y, and Z) to
generate trace DWIs. The high-b-value DWI was achieved
through incrementation of gradient strength and duration. For
each sequence, the echo-planar images with no diffusion
weighting were also obtained, for use in image registration,
placement of regions of interest, calculation of ADC and T2
values, and construction of signal intensity density curves. The
repetition time (TR), TE, and total number of excitation
(NEX) for routine DWI were 4,180 ms, 139 ms, and 2, and
those for high-b-value DWI were 5510 ms, 190 ms, and 10,

respectively. Total acquisition time for routine DWI was 33
seconds, and that for high-b-value DWI was 220 seconds.

The imaging parameters for T2ZWI and FLAIR imaging were
as follows: TR = 4500 ms; effective TE = 105 ms; echo train
length (ETL) = 7; NEX = 2, for T2WI; and TR = 9000 ms;
TE = 104 ms; inversion time (TI) = 2500 ms; ETL = 11;
NEX = 1, for FLAIR imaging. The total acquisition time for
T2WI was 258 seconds, and that for FLAIR imaging was 200
seconds.

Generation of ADC Maps

The ADC maps were generated on a workstation, by using a
two-point estimation technique. The ADC value (D) corre-
sponding to each b value (b) was derived from the formula,

1 S(b) = S(0)e ",

where S(b) is the signal intensity of DW image at a given b
value and S(0) is the signal intensity at b value of 0 s/mm?. To
reduce error in calculation of ADC values, the DW images and
echo-planar T2-weighted images were registered before gener-
ation of ADC maps. A commercially available software was
used for the purpose.

Evaluation

To facilitate quantitative assessment, region of interest—
based analysis was performed. Sixty-nine regions of interest,
each measuring 4.7 mm X 4.7 mm, were placed at the left half
of the brain of each patient or volunteer (Fig 1 and Table 2).
Regions of interest were manually placed at each anatomic
position on the echo-planar images with no diffusion weighting,
T2-weighted images, and FLAIR images. In case of DWI,
regions of interest, which were initially placed on the echo-
planar images with no diffusion weighting, were directly super-
imposed. Care was taken to avoid inclusion of CSF and gross
signal intensity heterogeneity in regions of interest. To main-
tain consistency, placement of all regions of interest was done
by an author who did not take part in image interpretation.

ADC Values of Regions of Interest

The ADC values of regions of interest were measured. For
each b value, regions of interest of the patients showing signif-
icant decrease in ADC values, compared with those of volun-
teers at corresponding locations (P < .01 by z test), were
considered abnormal. Depending on the ADC values, regions
of interest of the patients were divided into four groups: (1)
regions of interest showing significant ADC decrease at both b
values (abnormal regions of interest), (2) regions of interest
showing no significant ADC decrease at both b values (normal
regions of interest), (2) regions of interest showing significant
ADC decrease only at b value of 3000 s/mm? gregions of
interest abnormal only for b value of 3000 s/mm~), and (4)
regions of interest showing significant ADC decrease only at b
value of 1000 s/mm? (regions of interest abnormal only for b
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Fic 1. T2-weighted image of a patient, showing positions of
regions of interest. The regions of interest are shown in square
boxes (with white borders). The section shown contains four
regions of interest. Regions of interest for other sequences are
also set at the same positions.

TABLE 2: Regions of interest (ROIs) in each subject

Location Total ROIs

Frontal cortex 15
Superior frontal gyrus
Middle frontal gyrus
Inferior frontal gyrus
Frontal part of cingulate gyrus
Precentral gyrus
Parietal cortex 15
Postcentral gyrus
Insular cortex
Inferior parietal lobule
Precuneus
Parietal part of cingulate gyrus
Temporal cortex 15
Superior temporal gyrus
Middle temporal gyrus
Inferior temporal gyrus
Hippocampus and uncus
Parahippocampal gyrus

W W W ww W W W w W

W W W ww

Occipital cortex 6
Cuneus 3
Lingual gyrus 3
Deep gray matter 6
Corpus striatum 3
Thalamus 3
Pons 3
Cerebellum 9
Vermis 3
Superior to the great horizontal fissure
Inferior to the great horizontal fissure 3

(98]
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value of 1000 s/mm?). Only those regions of interest that
achieved agreement of ADC results between the two b values
(abnormal and normal regions of interest) were used in assess-
ment of accuracy and calculation of average contrast and con-
trast-to-noise ratios.

Assessment of Accuracy in Detection of Signal Intensity
Abnormalities

Three neuroradiologists (9-19 years experience), blinded to
clinical information about the patients, independently assessed
the images of patients for conspicuity of signal intensity abnor-
malities within regions of interest, by using a five-point confi-
dence rating scale: 1 = definite absence of signal intensity
abnormality; 2 = probable absence of signal intensity abnor-
mality; 3 = indeterminate; 4 = probable presence of signal
intensity abnormality; and 5 = definite presence of signal
intensity abnormality. To minimize bias, image interpretation
was done in four sessions, and an interval of 2 weeks was kept
between sessions. Each session was arranged to contain all four
sequences from six patients, but not more than single sequence
per patient.

The receiver operating characteristic (ROC) analysis was
performed for each sequence and observer, by using ROCKIT
0.9B software (C. E. Metz, University of Chicago). The ROC
curves were calculated by plotting the true-positive fraction
against likelihood of obtaining false-positive findings at each
confidence level. The area under curve (4z) was obtained to
compare diagnostic accuracy among sequences and observers.
In addition to evaluation of overall Az the Az value for each
anatomic lobe (ie, frontal, parietal, temporal, or occipital lobe),
deep gray matter (basal ganglia and thalami), brain stem, and
cerebellum (including vermis) was also calculated. A univariate
z-score test was used to determine statistical significance at 0.05.

Sensitivity, specificity, positive and negative predictive val-
ues of each sequence were evaluated by

Number of ROIs which showed
significant ADC decrease and
. achieved positive rating ( > 3)
VY = Number of ROIs which showed
significant ADC decrease

2) Sens

Number of ROIs which showed
significant ADC decrease and
. achieved negative rating ( < 3)
Specificity = Number of ROIs which showed
no significant ADC decrease

3)

Number of ROIs which showed
significant ADC decrease and
Positive _ achieved positive rating (> 3)
predictive value ~— Number of ROIs which achieved
positive rating (> 3)

4)

Number of ROIs which showed
no significant ADC decrease and
Negative _ achieved negative rating ( < 3)
predictive value — Number of ROIs which achieved
negative rating ( < 3)

5)

Calculation of Average Contrast and Contrast-to-Noise Ratios

First, the contrast and contrast-to-noise ratios between the
abnormal and normal regions of interest were calculated for
each anatomic area.

The contrast ratio of each area was given by

6) (81, — S1,)/(SI, + S1,),
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ADC values of abnormal and normal regions of interest of the patients, measurable at b = 1000 s/mm? (A) and at b = 3000

s/mm? (B). For each column, the uppermost point indicates the maximum ADC value. The middle point indicates the mean ADC value,

and the lowermost point the minimum. The bars indicate SDs.

where S7, is the average signal intensity of abnormal regions of
interest and S/, is the average signal intensity of normal regions
of interest.

The contrast-to-noise ratio was given by

7) (S, = S1,)/ o,

where o is the average standard deviation of noise, measured as
average standard deviation of 10 regions of interest placed
somewhere within FOV, but outside the brain and free from
artifacts.

Using the above ratios, the average contrast and contrast-
to-noise ratios were then calculated. For both purposes, statis-
tical significance between any two sequences was determined
by paired ¢ test, and the significance level was set as 0.05.

Calculation of T2 Value

To evaluate the influence of changes in T2, T2 values were
calculated for all regions of interest. The two spin-echo echo-
planar imaging sequences with no diffusion weighting (ie, the
spin-echo echo-planar T2-weighted images obtained at TE =
139 ms and TE = 190 ms) were used in this calculation (11, 12).
The T2 value (T2) of each region of interest was derived from

67(139/T2)

SI,

8) S71b = ¢~ (1902

where S1, is the signal intensity of each region of interest at TE
of 139 ms and S, is the signal intensity of the same region of
interest at TE of 190 ms. The T2 values for each group of
regions of interest of the patients were compared with those for
normal volunteers. Unpaired ¢ test was used to determine
significance at 0.05.

Signal Intensity Attenuation Curves for DWis

To observe the relationship between signal intensity atten-
uation on DWIs and b values, the natural logarithm of signal
intensity ratio (InS[b]/S[0]) was plotted against b value (b). The
curves for each group of regions of interest of the patients were
compared with the curve for normal volunteers.

Estimation of Contrast-to-Noise Ratio and Az Assuming Equal
NEX

To allow comparison of contrast-to-noise ratios between the
two DWI sequences with different NEX, the contrast-to-noise
ratio of high-b value DWI, assuming 2 NEX, was calculated.

Further, Az values of high-b value DWI with 2 NEX were
estimated from the parameters of ROC curves on probability
scale (13, 14). The Y intercept («) and the slope (B) of ROC
curves on probability scale for high-b value DWI with 10 NEX
were determined first. The equations applied include
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Fic 3. The ROC curves of each MR image achieved by the three observers. The high-b-value DWI holds the largest area under the
curve (A2). The Az of the routine DWI (b = 1000 s/mm?), T2WI, and FLAIR imaging follow in descending order.

9) a = (SI, - SI,)/o;, and
10) B = 0',,/0'1,

where S1, is the average signal intensity of abnormal regions of
interest, SI,, is the average signal intensity of normal regions of
interest, o | is the standard deviation of signal intensity distri-
bution of abnormal regions of interest, and o, is the standard
deviation of signal intensity distribution of normal regions of
interest. o7 and o,, are given by,

11) o= VUZ,O + o and,
12) o, = Voz,,o + o2,

where oy, is the intrinsic standard deviation of signal intensity
distribution of abnormal regions of interest, o, is the intrinsic
standard deviation of signal intensity distribution of normal
regions of interest, and o is the standard deviation of noise
distribution which is proportional to NEX. When NEX de-
creases by one-fiftth—ie, from 10 NEX to 2 NEX—g; and o,
increase to Vo, + 402 (ie, V0%, + 502) and Vo2, + 402 (ie,
Va?,, + 50%). By using o, 0, 0, and « and B of high-b value
DWI with 10 NEX, « and B of high-b-value DWI with 2 NEX
were estimated. Then, the Az value for high-b-value DWI with
2 NEX was calculated (13, 14).

Results

ADC Values of Regions of Interest

The total number of regions of interest in six pa-
tients was 414. The contributions of abnormal regions
of interest and normal regions of interest were 164
(39.6%) and 155 (37.4%), respectively. The number
of regions of interest abnormal only for b value of
3000 s/mm? was 29 (7.0%), and that for b value of
1000 s/mm? was 66 (15.9%). The ADC values of
abnormal and normal regions of interest of patients

and normal volunteers for each b value and anatomic
area are shown in Fig 2.

Assessment of Accuracy in Detection of Signal
Intensity Abnormalities

The ROC curves and the overall area under ROC
curve (Az) achieved by each MR image are shown
in Fig 3 and Fig 4. For all observers, the largest
overall Az value was achieved by the high-b value
DWI. For observer 1 and observer 3, the overall Az
value achieved by high-b value DWI was followed
by that of routine DWI, T2WI, and FLAIR imag-
ing, in descending order. For observer 2, the overall
Az value achieved by routine DWI was almost the
same as that by T2WI. FLAIR imaging achieved
the smallest overall Az value. The univariate z score
test did not show any interobserver variation for the
overall Az value of high-b-value DWI and FLAIR
imaging. Interobserver disagreement, however, was
noted for the overall Az value of the routine DWI
and T2WI. High-b-value DWI also achieved the
largest Az value for each anatomic area that could
be evaluated (Table 3).

Sensitivity, specificity, positive and negative predic-
tive values of each sequence are shown in Table 4.
Sensitivity and positive and negative predictive values
of high-b-value DWI were greater than any other
sequences.

Figures 5 and 6 illustrate that the signal intensity
abnormalities are more conspicuous on high-b-value
DWL
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Fic 4. Histogram showing Az for each MR image and observer. Asterisk represents statistical significance (P < .05 by univariate z
score test). For all observers, the high-b-value DWI achieves the largest Az. For observer 1, Az between any two sequences shows
statistically significant difference. For observer 2, the statistically significant difference is noted between the high-b-value DWI or FLAIR
images and any other sequences. No significant difference is observed between routine DWI and T2WI. For observer 3, statistically
significant difference is noted between any two sequences, except for Az between T2WI and FLAIR imaging.

TABLE 3: The area under curve (Az) of each anatomical area

Routine  High-b-Value FLAIR
DWI DWI T2WI  Imaging

Overall 0.73 0.84 0.67 0.58

Frontal lobe 0.72 0.81 0.59 0.57
Parietal lobe 0.67 0.89 0.65 0.60
Temporal lobe 0.67 0.69 0.55 0.55
Occipital lobe * * * *

Deep gray matter 0.79 0.90 0.70 0.44
Cerebellum 0.81 * 0.82 0.56

Note.—Asterisks represents degenerate data.

TABLE 4: Overall sensitivity, specificity, positive and negative pre-
dictive values of each sequence

Routine High-b-Value FLAIR

DWI DWI T2WI Imaging
Sensitivity 0.66 0.74 0.44 0.27
Specificity 0.79 0.83 0.87 0.87
Positive predictive value 0.80 0.87 0.79 0.65
Negative predictive value .70 0.76 0.61 0.55

Calculation of Average Contrast and Contrast-to-
Noise Ratios

The average contrast and contrast-to-noise ratios
for each MR image are shown in Table 5.

The high-b-value DWI achieved significantly larger
contrast ratio than any other sequences (P < .05). No
statistically significant difference was noted among

other sequences. The largest contrast-to-noise ratio
was also achieved by high-b-value DWI. Statistically
significant difference in contrast-to-noise ratio was
noted between the high-b-value DWI and routine
DWI or FLAIR imaging (P < .05). No statistically
significant difference was noted among other
sequences.

Calculation of T2 Value

Abnormal regions of interest and regions of inter-
est abnormal only for b value of 1000 s/mm? revealed
significant T2 shortening (P < .05; Table 6).

Signal Intensity Attenuation Curves for DWIs

The signal intensity attenuation curves are shown
in Fig 7. The abnormal regions of interest showed
least signal intensity attenuation. The curve for nor-
mal regions of interest was closest to that for normal
volunteers. The distance between the curve for ab-
normal regions of interest and that for normal regions
of interest was greater at high b value. The curves
deviated from linearity with increasing b values, im-
plying nonmonoexponential nature of signal intensity
decay. The curve for regions of interest abnormal
only at b value of 3000 s/mm?* showed more marked
deviation from linearity than that for regions of in-
terest abnormal only at b value of 1000 s/mm?. This
curve approached that for normal volunteers at low b
values but deviated upward at high b values. In con-
trast, the curve for regions of interest abnormal only
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at b value of 1000 s/mm? approached that for normal
volunteers at high b values but ran farther away from
it at low b values.

Estimation of Contrast-to-Noise Ratio and Az
Assuming Equal NEX

The calculated contrast-to-noise ratio for high-b-
value DWI with two NEX was 2.945/\/5 = 1.317—ie,
larger than that of routine DWI with equal NEX
(1.112). The Az value of high-b-value DWI with 2
NEX was estimated as 0.76—ie, larger than the Az
value of routine DWI (0.73).

Discussion

At high b values, the signal intensity from all tissues
decline, depending on the ADC value (8). In princi-
ple, tissues with low ADC values suffer little signal
intensity loss. Conversely, tissues with high ADC val-
ues experience pronounced signal intensity loss. This
explains why the contrast and contrast-to-noise ratios
between anoxic tissue (ie, tissue with very low ADC
value) and surrounding normal brain parenchyma (ie,

GLOBAL CEREBRAL ANOXIA 1493

Fic 5. Routine DW image of a patient
(A). High-b-value DW image (B). T2-
weighted image (C). FLAIR image (D). The
signal intensity abnormalities of bilateral
cerebral cortex are more conspicuous on
the high-b-value DWI.

tissue with relatively high ADC value) improved at
high b values—the findings noted in this study (Table
5). In this study, larger NEX—five times larger than
the routine DWI—was used in acquiring high-b-value
DWI to maintain the signal intensity-to-noise ratio
(9). Thus, the contrast-to-noise ratio for high-b-value
DWI was five times larger than it should be for equal
NEX. For fairer comparison, theoretical contrast-to-
noise ratio of high-b-value DWI, assuming 2 NEX,
was made. This gave the contrast-to-noise ratio of
1.317 for high-b-value DWI with 2 NEX—the value
still larger than that of routine DWI (ie, 1.112). Fur-
ther, from the results of theoretical calculation, the
Az value of high-b-value DWI with 2 NEX was found
to be larger than that of routine DWI with equal
NEX.

In this study, it is likely that the improved contrast
and contrast-to-noise ratios have allowed improved
accuracy in detection of global cerebral anoxia. In
contrast to our findings, the improved contrast of
high-b-value DWTI has failed to improve detection in
acute cerebral infarction (15, 16). We speculate that
this discrepancy be attributable to the difference in
pattern of distribution between the two conditions (1,
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Fic 6. Routine DW image of another pa-
tient (A). High-b-value DW image (B). T2-
weighted image (C). FLAIR image (D). The
signal intensity abnormalities of bilateral
cerebral cortex and deep gray matter are
more conspicuous on the high-b-value
DWI.

TABLE 5: The average contrast and contrast-to-noise ratios

AJNR: 26, June/July 2005

Routine High-b-Value FLAIR

Sequence DWI DWI T2WI Imaging
The average contrast ratio 0.018 = 0.083 0.121 = 0.163 0.016 = 0.097 0.010 = 0.033
The average contrast-to-noise ratio 1.112 = 4.600 2.945 +5.132 0.863 = 9.698 0.399 *+ 1.697

Note.—Data are presented as mean = SD.

TABLE 6: T2 values of ROIs

Subjects ROIs T2 value (ms)
Patients Abnormal ROIs 111.3 = 31.6*
Normal ROIs 156.1 £ 144.3
ROIs abnormal only for b-value ~ 133.5 = 49.9
of 3000 s/mm?
ROIs abnormal only for b-value 87.8 £32.1*
of 1000 s/mm?*
Volunteers 138.1 £ 2455

Note.—Data are represented as mean = SD. * indicates a statisti-
cally significant difference to volunteers (P < .05).

17). Acute cerebral infarction involves single vascular
territory, whereas in acute period of global cerebral
anoxia, widespread involvement of cerebral cortices,
deep gray matter, and cerebellum is common. In this
study, signal intensity abnormalities were bilateral

and symmetrical in all patients (Figs 5, 6). Although
unilateral and focal signal intensity abnormality of
acute cerebral infarction can be easily recognizable
on routine DWI, bilateral and symmetrical signal in-
tensity abnormalities of acute period of global cere-
bral anoxia may be difficult to detect if the contrast
between anoxic tissue and normal tissue is
insufficient.

In this study, TE of 190 ms was used in acquiring
high-b-value DWI. This TE was longer than the re-
ported TEs (<150 ms) for high-b-value DWI (7-9, 15,
16, 18-21). The use of long TE is advantageous in
suppressing the signal intensity from background
brain tissue—valuable for better visualization of hy-
perintensity, getting rid of the reversal of gray-white
matter contrast (Fig 5, 6). The reversal of gray-white
matter contrast results from dependence of signal
intensity attenuation of tissues on ADC value (7-9).
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Fiac 7. The signal intensity attenuation curves for DWI. The horizontal (X) axis represents b value (b) and the vertical (Y) axis represents

the logarithmic ratio of signal intensities (In S[b]/S [0]).

Fic 8. Routine DWI with long TE (190 ms) of a normal subject.
Signal intensity from background brain tissue still persists.

This altered pattern of contrast may sometimes lead
to erroneous interpretation, if the reader is not ac-
customed to these images. Besides, hyperintensity of
normal white matter can obscure the extent of signal
intensity abnormalities, especially in cases with early
white matter involvement (10). Compared with high-
b-value DWI, suppression of background signal inten-
sity is insufficient in routine DWI with the same TE
(Fig 8).

Pattern of signal intensity attenuation differed
among four groups of regions of interest, defined in
this study (Fig 7): (1) abnormal regions of interest, (2)
normal regions of interest, (3) regions of interest
abnormal only for b value of 3000 s/mm? and (4)
regions of interest abnormal only for b value of 1000
s/mm?. The curve representing abnormal regions of
interest (39.6% of total regions of interest) deviated
obviously away from other curves. The curve repre-
senting normal regions of interest (37.4% of total

regions of interest) approached that for normal vol-
unteers. The attenuation curve representing regions
of interest abnormal only for b value of 3000 s/mm?*
(7.0% of total regions of interest) showed less atten-
uation at high b values. This may indicate relative
increase in the fraction of low-mobility water mole-
cules (slow-diffusing component) (7, 8). When the
fraction of low-mobility water molecules becomes
large, the attenuation curve tends to the case of ab-
normal regions of interest only for b value of 3000
s/mm?. This may occur when there is relative increase
in viscosity of intracellular milieu or macromolecular
dissociation (22, 23). The curve representing abnor-
mal regions of interest only for b value of 1000 s/mm?
(15.9% of total regions of interest) approached that
of normal volunteers at high b values, but deviated
upward and away from that of normal volunteers at b
value of 1000 s/mm? Exact underlying pathologic
process or etiology to this observation is not under-
stood; however, the finding of T2 shortening in these
regions of interest—possibly due to release of free
radicals (24, 25)—may implicate.

The optimum b-value, or the b-value at which the
maximum contrast-to-noise ratio is achieved, has
been considered as best for diagnosis (8, 18). This
theoretical optimum b value is usually calculated from
the ADC values of abnormal and normal regions of
interest (18). In this study, the ADC values obtained
from the routine DWI gave the optimum b value of
1070 ms. If theoretical calculation of contrast-to-
noise ratio is made, the b value of 3000 s/mm? would
show a 17% decrease in the ratio, compared with the
optimum b value. In practice, however, the contrast-
to-noise ratio achieved by the high-b-value DWI was
larger than that of the routine DWI (b ~ 1070 ms),
even assuming equal NEX. This may reflect that the
theoretical contrast-to-noise ratio is a weak function
to b values. The discrepancy between theoretical and
practical contrast-to-noise ratios may owe to T2
shortening in the abnormal regions of interest (Table
6). When T2 of anoxic tissue (abnormal regions of
interest) decreases, the contrast between anoxic and
normal tissues also decreases. This will demand a
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higher b value to maximize the contrast-to-noise ra-
tio—the value higher than the theoretical optimum b
value. Thus, the theoretical optimum b value, derived
only from the ADC values of abnormal and normal
regions of interest, cannot always optimize accuracy
in detection. ROC analysis is the most practical
method for evaluation of accuracy in detection.

Az, as well as contrast or contrast-to-noise ratios
achieved by T2WI and FLAIR imaging, was smaller
than the routine DWI or high-b value DWI (Figs 4
and 5 and Table 5). Further, even assuming equal
NEX, the Az value achieved by T2WI or FLAIR
imaging was smaller than the two DWI sequences.
Although specificity achieved by T2WI or FLAIR
imaging was slightly superior to high-b-value DWI,
these imaging sequences are not comparable to the
two DWI sequences in terms of sensitivity and posi-
tive and negative predictive values (Table 4). In ad-
dition, the acquisition time for T2WI or FLAIR im-
aging is much longer (ie, 258 seconds for T2WI and
200 seconds for FLAIR imaging) than the DWI se-
quences with equal NEX. Thus, detection of global
cerebral anoxia by T2WI or FLAIR imaging is con-
sidered inferior to the DWI sequences. To under-
stand hyperintensity of abnormal regions of interest
on T2WI, the property of short and long T2 relax-
ation components should be taken into account. T2
spectrum of tissue is known to contain short (~20 ms)
and long (~110 ms) T2 relaxation components (26,
27). In this study, T2 values were measured by using
spin-echo echo-planar T2-weighted images with long
TEs (TE = 139 ms and 190 ms). Measurement of T2
values by using long TE:s is sensitive to long T2 relax-
ation component, but insensitive to short T2 relax-
ation component. Thus, we speculate that the short
T2 relaxation component, not observed in our mea-
surement, might be prolonged in these abnormal re-
gions of interest because the long T2 relaxation com-
ponent was not prolonged.

Early and accurate prediction of neurologic out-
come is important for determination of further clini-
cal management (3). Erroneous prediction of poor
outcome may deny provision of further life support-
ing measures, whereas a falsely optimistic prognosis
may encourage needless prolongation of life support
(3). Early and accurate prediction of neurologic out-
come can be achieved through early and accurate
detection of global cerebral anoxia (1, 2). It has been
suggested that the diffuse cortical hyperintensity on
DW images indicates devastating injury and poor
neurologic outcome, whereas focal hyperintensity
limited to some cortices only is associated with mild
hypoxia in which significant neurologic recovery can
be expected (2). Our finding of improved accuracy in
early detection of global cerebral anoxia by high-b-
value DWI suggests that high-b-value DWI is a useful
tool for early detection of global cerebral anoxia.

Conclusion

Our study has shown that the high-b-value DWI
with long TE improves accuracy in detection of global
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cerebral anoxia, over other MR imaging sequences, in
the acute period. Application of high-b-value DWI
with long TE in suspected cases of global cerebral
anoxia would prove value in early diagnosis and thus
early and accurate determination of prognosis and
further management.
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