
High b-Value Diffusion-Weighted MRI of Normal Brain

Jonathan H. Burdette, David D. Durden, Allen D. Elster, and Yi-Fen Yen

Purpose: As MR scanner hardware has improved, allowing for increased gradient
strengths, we are able to generate higher b values for diffusion-weighted (DW)
imaging. Our purpose was to evaluate the appearance of the normal brain on DW
MR images as the diffusion gradient strength (“b value”) is increased from 1,000 to
3,000 s/mm2.

Method: Three sets of echo planar images were acquired at 1.5 T in 25 normal
subjects (mean age 61 years) using progressively increasing strengths of a diffusion-
sensitizing gradient (corresponding to b values of 0, 1,000, and 3,000 s/mm2). All other
imaging parameters remained constant. Qualitative assessments of trace images were
performed by two neuroradiologists, supplemented by quantitative measures of MR
signal and noise in eight different anatomic regions.

Results: As gradient strength increased from b � 1,000 to 3,000, both gray and
white matter structures diminished in signal as expected based on their relative diffu-
sion coefficients [calculated average apparent diffusion coefficient (ADC) values: gray
matter � 8.5 × 10−4 mm2/s, white matter � 7.5 × 10−4 mm2/s]. The signal-to-noise
ratios for the b � 1,000 images were approximately 2.2 times higher than for the b �
3,000 images (p < 0.0001). As the strength of the diffusion-sensitizing gradient in-
creased, white matter became progressively hyperintense to gray matter. Relative to
the thalamus, for example, the average MR signal intensity of white matter structures
increased by an average of 27.5%, with the densely packed white matter tracts (e.g.,
middle cerebellar peduncle, tegmentum, and internal capsule) increasing the most.

Conclusion: Brain DW images obtained at b � 3,000 appear significantly different
from those obtained at b � 1,000, reflecting expected loss of signal from all areas of
brain in proportion to their ADC values. Consequently, when all other imaging pa-
rameters are held constant, b � 3,000 DW images appear significantly noisier than b
� 1,000 images, and white matter tracts are significantly more hyperintense than gray
matter structures.

Index Terms: Magnetic resonance imaging—Magnetic resonance imaging,
techniques—Brain.

Diffusion-weighted (DW) magnetic resonance (MR)
brain imaging has become an important component of
the modern imaging armamentarium, using powerful
gradients coupled with rapid data acquisition to accen-
tuate phase shifts between protons with different rates of
diffusion. Contrast in the resulting DW image is derived
principally from a combination of T2 and apparent dif-
fusion coefficient (ADC) effects (1,2). The relative de-
gree of diffusion weighting is a function of the “b value,”

which in turn depends on the strength and timing of the
diffusion-sensitizing gradients (3).

Almost all DW imaging studies published to date have
used b values of �1,200 s/mm2 (4–21). Recently, how-
ever, more powerful gradients have become commer-
cially available, allowing the generation of DW images
with b values of �3,000 s/mm2. In our preliminary ex-
perience, we noted that higher b-value brain images dem-
onstrated several features and properties not well appre-
ciated at lower b values. We therefore set out to system-
atically study and analyze the differences between b �
1,000 and b � 3,000 DW brain images in a set of normal
subjects.

METHODS

Our study population comprised 25 patients and
volunteers (with institutional review board approval)
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referred for MRI over a 3 month period whose routine
brain MR images were interpreted as “within normal
limits for age” by two board-certified neuroradiologists.
The population consisted of 11 men and 14 women,
ranging in age from 32 to 86 years, with a mean age of
61 years. All examinations were performed at 1.5 T on a
commercially available MR scanner (Echo-Speed LX;
GE Medical Systems, Milwaukee, WI, U.S.A.) equipped
with high performance gradients of maximum strength
40 mT/m and slew rate of 150 T/m/s.

For each patient, single-shot spin-echo echo-planar
imaging was performed in the axial plane using progres-
sively increasing strengths of a tridirectional diffusion-
sensitizing gradient (corresponding to b values of 0,
1,000, and 3,000 s/mm2). All other imaging parameters
remained constant (TR � 10,000 ms, TEeff � 97 ms,
FOV � 24 cm, 128 × 192 matrix, thickness � 5 mm,
NEX � 2). The b � 1,000 and b � 3,000 data sets were
displayed as trace DW images, averaging information
obtained during sequential activation of the x-, y-, and
z-axis diffusion-sensitizing gradients.

The two neuroradiologists jointly performed qualita-
tive evaluations of the b � 0, b � 1,000, and b � 3,000
image sets on all subjects. Thereafter, quantitative re-
gion-of-interest measurements of MR signal and noise
were obtained in eight anatomic brain regions: posterior
limb of the internal capsule, frontal lobe white matter,
cerebral peduncle, tegmentum, thalamus, parietal gray
matter, cerebellar hemisphere, and middle cerebellar pe-
duncle. All measurements were performed in the left
cerebral hemisphere of each subject. From these mea-
surements, MR signal ratios of each anatomic area rela-
tive to thalamus and signal-to-noise-ratios (SNRs) were
calculated. The ADC of each area was also computed
with a two point regression technique using the b � 0
and b � 1,000 images (22,23). Statistical analysis was
performed using data tools in Excel for Windows 2000
(Microsoft, Redmond, WA, U.S.A.).

RESULTS

As gradient strength increased from b � 1,000 to
3,000, both gray and white matter structures diminished

in signal intensity as expected based on their relative
diffusion coefficients (Table 1). Averaging results from
five white matter and two gray matter structures, we
calculated the ADC value of white matter and gray mat-
ter to be approximately 7.5 × 10−4 and 8.5 × 10−4 mm2/s,
respectively, and as low as 7.0 × 10−4 mm2/s in the
posterior limb of the internal capsule. As a result of this
gray matter-white matter differential, as the b value is
increased, gray matter decreased in signal intensity rap-
idly and white matter became relatively hyperintense.
We considered the cerebellar hemisphere to be a mixture
of gray matter and white matter structures, and the cal-
culated ADC value was 7.3 × 10−4 mm2/s, a value most
similar to white matter, accounting for the relatively hy-
perintense appearance of the cerebellum on the b �
3,000 images.

When no diffusion-sensitizing gradients were used (b
� 0), white matter was generally significantly hypoin-
tense compared with gray matter on the T2-weighted
echo planar images (Fig. 1). When diffusion gradients
were raised to the b � 1,000 level, white matter in-
creased in signal relative to gray matter but still remained
slightly hypointense. On b � 3,000 images, most white
matter tracts were significantly hyperintense relative to
cortex and deep gray matter structures.

Region-of-interest signal measurements substantiated
these visually apparent observations. Figure 2 displays in
graphical form average calculated signal ratios (normal-
ized to thalamic signal) for both b values. Reflecting
differences in ADCs, the normalized b � 1,000 and
3,000 signals ranged from 1.12 and 1.08 in the parietal
gray matter to 1.20 and 1.54 in the posterior limb of the
internal capsule.

In general, the b � 3,000 images appeared “noisier”
when compared with the b � 1,000 images, a trend
confirmed quantitatively (Fig. 3). As expected, the SNR
at b � 1,000 was significantly larger (p < 0.0001) than
at b � 3,000. For all regions analyzed, the average SNR
was 26 ± 4.2 and 12 ± 2.2 for b � 1,000 and 3,000,
respectively.

DISCUSSION

DW imaging has become a vital component in the
evaluation of the brain by MR, particularly in the setting

TABLE 1. Average signal ratios, signal-to-noise ratios, and apparent diffusion coefficient (ADC) values in each anatomic
region in 25 normal subjects

Anatomic location

Signal ratiosa Signal-to-noise ratios
ADC values

(×10−4 mm2/s)b � 1,000 b � 3,000 b � 1,000 b � 3,000

Internal capsule 1.20 1.54 28 13 7.0
Frontal white matter 0.85 1.00 20 9 7.9
Cerebral peduncle 0.98 1.17 23 10 7.8
Tegmentum 1.33 1.86 31 16 7.6
Middle cerebellar peduncle 1.15 1.64 27 13 7.2
Thalamus 1.00 1.00 24 9 8.5
Parietal gray matter 1.12 1.08 26 9 8.4
Cerebellar hemisphere 1.26 1.56 29 14 7.3

a Normalized to thalamus.
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of acute cerebral infarction (4–21). With advancing hard-
ware technology, stronger gradients and faster slew rates
have led to higher b values and the ability to obtain
images with a much greater degree of diffusion weight-
ing. In this study, we have shown the benefits and limi-
tations of high b-value DW imaging in the normal brain.

Our results can be understood based on several simple
and well-established concepts. First, it should be recog-
nized that the MR signal on DW images is a mixture of
effects due to spin density, T2, and ADC (the extremely
long TR minimizes T1 contributions to signal intensity).
The spin density and T2 effects, sometimes called
“shine-through,” are reduced using higher b values.

Applying a larger diffusion gradient exponentially de-
creases signal in all structures but to different degrees
based on the ADC value within each voxel. Published
ranges for typical ADC values (mm2/s) in the normal

brain include the following: CSF � 2.9 × 10−3–3.0 ×
10−3, gray matter � 8 × 10−4–10 × 10−4, and white
matter � 2 × 10−4–10 × 10−4 (24,25). With use of our
ADC values for parietal gray matter (8.4 × 10−4) and
internal capsule white matter (7.0 × 10−4), which are
within these published ADC ranges, theoretical signal
changes in the gray matter, white matter, and CSF can be
calculated at the different b values using the following
model (26,27) for MR signal intensity (SI) of the DW
imaging sequence:

SI = k � SD � e−TE�T2 � e−b�ADC

where k is an arbitrary scaling constant, TE � 97 ms,
and SD is spin density. With an increase from b � 1,000
to 3,000, one would expect the signal in parietal gray
matter and internal capsule white matter to decrease by

FIG. 1. A 78-year-old woman with history of syncopal episodes has a normal brain MR exam. A–F: Diffusion-weighted echo planar
images, with A and D acquired at b = 0 s/mm2, B and E acquired at b = 1,000 s/mm2, and C and F acquired at b = 3,000 s/mm2. A–C
are the same axial slice at the level of the lateral ventricles, and D–F are at the same level above the lateral ventricles in the region of
the centrum semiovale. When b = 3,000 (C and F), the white matter tracts are relatively hyperintense compared with gray matter and the
images are noisier than the b = 1,000 images (B and E).
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factors of 5.4 and 4.2, respectively. With the lower ADC,
white matter signal decreased the least. Thus, the white
matter should appear hyperintense compared with gray
matter. Our measurements substantiate these conclu-
sions. All white matter structures were relatively more
hyperintense on the b � 3,000 images (Figs. 1 and 2).
When analyzing the b � 3,000 images, it is important to
be aware of this relative hyperintensity of the white mat-
ter so as not to erroneously diagnose pathology in these
regions.

SNR issues become important at higher b-value DW
imaging owing to the exponential loss in signal with
increasing b value. We purposely kept our parameters the
same for the b � 1,000 and b � 3,000 images so that
SNR comparisons could be easily performed. As shown
in Fig. 3, the SNRs were significantly lower in all ana-
tomic structures in the b � 3,000 images. To maintain
equivalent SNR levels between b � 1,000 and b �
3,000 brain images, the number of excitations would
have to be increased by a factor of 4.7.

In summary, increasing the diffusion gradient from b
� 1,000 to b � 3,000 creates greater diffusion weight-
ing of the final image but at the expense of a significant

reduction in SNR. The appearance of the brain on high
b-value DW images is significantly different from low
b-value images, with white matter becoming relatively
hyperintense and the cortical gray matter becoming so
hypointense that anatomic surface landmarks of the brain
may be lost.

CONCLUSION

We evaluated the appearance of the normal brain on
DW MR images as the diffusion gradient strength (b
value) increased from 1,000 to 3,000 s/mm2 and found
that the brain appeared significantly different on DW
images as the b value increased. As expected, with in-
creasing b value, both gray and white matter structures
exhibited diminished signal based on their ADC values,
but given their lower ADC values, the white matter struc-
tures appeared relatively hyperintense compared with
gray matter on the b � 3,000 images. In addition, when
all other imaging parameters are held constant, at b �
3,000, the SNRs were significantly lower than at b �
1,000. Further studies are necessary to determine wheth-

FIG. 3. Bar graph shows signal-to-
noise ratios (SNRs) for eight ana-
tomic regions at b = 1,000 (black
bars) and b = 3,000 (shaded bars).

FIG. 2. Bar graph shows the average
calculated signal ratios (normalized to
thalamus) in eight anatomic regions at
b = 1,000 (black bars) and b = 3,000
(shaded bars).
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er the benefits of this increased diffusion sensitivity at b
� 3,000 are worth the significant loss in SNR (or,
equivalently, increased imaging time to maintain SNR),
the obscuration of surface landmarks of the brain, and
the creation of images where the white matter tracts are
significantly hyperintense compared with gray matter
structures.
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