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Computing Diffusion Rates in T2-dark Hematomas and

Areas of Low T2 Signal

Joseph A. Maldjian, John Listerud, Gul Moonis, and Faez Siddiqi

BACKGROUND AND PURPOSE: It has been suggested that restricted diffusion is present
within hematomas with intact red cell membranes, however, computing apparent diffusion
coefficient (ADC) values in areas of low T2 signal can be problematic. Our purpose was to
show the pitfalls of measuring diffusion within hematomas with intracellular blood products
and to present a framework based on the properties of expected values for computing ADC
values from regions with signal intensities close to that of the background noise (ie, T2-dark
hematomas).

METHODS: Twelve patients with intracranial hematomas who had undergone diffusion im-
aging were retrospectively identified during a 2-year period (four intracellular oxyhemoglobin,
seven intracellular deoxyhemoglobin, one intracellular methemoglobin). Regions of interest
were drawn on the hematomas, the contralateral white matter, and over the background. ADC
values were computed using a variety of methods. 1) using expected values incorporating the
variance of the background, 2) computing the mean of the regions of interest before taking the
natural log, 3) masking negative values, and 4) masking the background at 0.5% increments
from 0.5to 5.5% and including the masked voxels (an intrinsically flawed method). Two-tailed
Student’s t test was performed between the white matter and the hematoma ADC values.

RESULTS: There was no dtatistically significant difference between the hematomas and the
white matter for methods 1 through 3 (P = .14, P = .23, and P = .83, respectively). Only
method 4 revealed a statistically significant difference, beginning at 0.5% masking (P = .04)
and becoming progressively more significant with increased masking (P = 4.14 x 10-7 at 5.5%
masking). The effect of masking was limited to the T2-dark hematomas.

CONCLUSION: Thereisno restriction of diffusion for in vivo hematomas with intracellular
blood products. The T2 blackout effect for T2-dark hematomas on diffusion-weighted images
should not be interpreted asfast diffusion. The method of expected values can be used to obtain
measurements for regions with signal intensities near the background noise. Using literature
values for RBC self-diffusion, we computed lower limits of diffusion for hematomas with in-
tracellular blood products to be 0.3 x 10-3 mm?Z/s,

The MR imaging appearance of various stages of
hemorrhage has been well documented during the
last decade (1-3). With the advent of new imaging
sequences, there is the natural tendency to try to
categorize, confirm, and extend our understanding
of the various stages in the evolution of blood prod-
ucts using this new information. Diffusion imaging
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is the newest addition to the MR armamentarium.
There have been some early reports attempting to
distinguish various stages of hemorrhage on the ba-
sis of “‘restricted’” diffusion. It has been suggested
that restricted diffusion is present within hemato-
mas with intact red cell membranes (intracellular
oxyhemoglobin, deoxyhemoglobin, and methemo-
globin) (4). T2-dark hematomas have signal inten-
sities very close to the background noise on echo-
planar diffusion images. Obtaining accurate
diffusion measurements in regions in which the T2
signal is low can be problematic because an indi-
vidua pixel value may be dominated by the ther-
mal and electronic noise of the imaging system.
We present a framework based on the properties
of expected values for computing apparent diffu-
sion coefficient (ADC) values from regions with
signal intensities close to that of the background
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noise (ie, T2-dark hematomas). We show that T2-
dark hematomas (with intracellular blood products)
have diffusion rates comparable with that of the
brain (despite the low signal on the diffusion-
weighted images). We further show the problems
associated with improper use of background mask-
ing, which become especially evident in regions re-
turning signal intensities in the range of the back-
ground noise. We show that ADC measurements in
these regions can be strongly influenced by post-
processing methods.

M ethods

Between August 1997 and July 1999, all clinical cases at
our institution included diffusion imaging. Using a web-based
DECrad (IDX Systems Corp., Burlington, VT) report search
feature developed at our institution, we retrospectively identi-
fied patients who had intracranial hematomas during that pe-
riod and had undergone diffusion imaging. Patients with he-
matomas smaller than 2 cm were excluded, as were patients
with cerebral infarctions. Subjects were selected on the basis
of conventional imaging findings indicative of intracellular
blood products. A total of 12 subjects who fit this requirement
were identified. All hematomas were predominantly within the
white matter. A neuroradiologist further grouped subjects as
individuals with either T2-dark (seven intracellular deoxyhem-
oglobin and one intracellular methemoglobin) or T2-bright
(four intracellular oxyhemoglobin) hematomas. Because he-
matomas usually have a combination of blood products, this
grouping was done on the basis of the maor constituent de-
termined from the signal intensities on the T1- and T2-weight-
ed images. However, al of the hematomas had imaging char-
acteristics of purely intracellular blood products. All imaging
was performed on a 1.5-T clinical imager (Signa; GE Medical
Systems, Milwaukee, WI), equipped with an Echospeed gra-
dient system for echo-planar imaging. Imaging consisted of a
sagittal T1-weighted localizer and then fast spin-echo T2-
weighted (4000/85 [TR/TE]) and fluid-attenuated inversion re-
covery (11000/140; inversion time, 2200 ms) sequences. Dif-
fusion-weighted imaging was performed using a spin-echo
echo-planar sequence (10000/125; field of view, 24; matrix,
128 X 128; b value, 1000 mm?Z; number of directions, three).
The diffusion gradients were applied sequentiadly in three or-
thogonal directions to generate three sets of axial diffusion-
weighted images (Sx, Sy, and Sz), in addition to a baseline
image (Sp), with no diffusion gradients. The diffusion images
were transferred to a workstation for off-line processing using
software developed in IDL (Research Systems Inc., Boulder,
CO). Isotropic diffusion-weighted images were calculated us-
ing the following relationship.

S = cube root(Sx* Sy* Sz) 1)

Diffusion trace maps were computed from the isotropic dif-
fusion image and the baseline image on a pixel-by-pixel basis
by using the following relationship:

S = Se D) @

where S is the isotropic diffusion-weighted signal, S, is the
baseline signal intensity without diffusion gradients, D is the
average trace, and b is the gradient attenuation factor. The im-
ages were not masked for background noise. Regions of inter-
est (ROI) were drawn on the Sy images directly on the portions
of the hematomas corresponding to intracellular blood prod-
ucts. The ROI were placed to encompass as much of the T2-
dark or T2-bright areas as possible. ROl were also drawn on
areas of uninvolved white matter from the contralateral hemi-
sphere and from alarge region in the background of the image,
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well outside the brain. The ROl were saved as binary masks
and were used to generate data, using a variety of methods as
described below. Method 1 describes the framework of ex-
pected values. The remaining methods were chosen to be rep-
resentative of postprocessing algorithms, which are likely to
be commonly in use for generating ADC values.

Method 1: Expected Values

This method is intended as the reference standard with
which the other methods will be compared. MR images are
magnitude images representing the absolute value of the real
component after Fourier transformation of the raw data. For
most cases, use of the absolute value is not a problem, because
the signal from the brain is so robust. However, when signal
intensities are close to the background noise, the true mean
signal intensity for an ROI cannot be obtained by taking the
average signal directly from the magnitude image (5). Thisis
most easily shown by noting that the average signal of a back-
ground region on a magnitude image is always greater than 0.
Because the noise is white (6), the true mean of the background
noise in the complex image away from artifactual ghostsis O.
Furthermore, the SD of the magnitude of the complex pixel
values is constant across the image. This property may be tak-
en into account to obtain a true mean signal intensity from a
T2-dark hematoma. This problem can be addressed by using
the squares of the signal intensities in the framework of ex-
pected values. The variance for any random variable X (7) can
be expressed as follows:

Var(X) = E(X?) — E(X)? ©)

so that E(X) = sgrt[E(X?) — Var(X)].

For complex random variables, the same relations hold true
when we substitute the hermitian symmetric product (eg, X ®
X*) for a squared quantity (eg, X?). For noise pixels, E(X ise)
= 0, and s0 Var(Xpeise) = E(XZneise), @nd, considering our
assumption of white noise across the image, Var(Xggna) =
Var(Xnoise) = E(XZ6ise). FoOr pixels with non-zero signal, the
magnitude u = | E(X) | therefore satisfies the following equa-
tion.

M= s:]rt[E(Xét_:)r'lal) — E(XZoise)] 4

The variance for each case was obtained using the average of
the squared pixel values from a large background ROI. Note
that to maintain independence, it is important to square the
values before taking the average. The mean ROI for each he-
matoma was obtained using equation 4, with the variance com-
puted from the background ROI as a measure of the noise.
This procedure was repeated separately for the Sy image and
for the diffusion-weighted images. Trace ADC values were
computed by substituting these mean values into equation 2.
The same procedure was used for the white matter ROI. Sta-
tistical analysis was conducted using a two-tailed t test be-
tween the hematomas and the white matter regions, assuming
equal variances.

Method 2: Mean ROI

This method is most comparable with obtaining ROI from
the imager console. The ROI were applied to the Sy image and
the isotropic diffusion image separately. These values were av-
eraged and then used in computing the mean trace for the ROI
by using equation 2. Using this method, all points were in-
cluded in the computation. Stetistical analysis was conducted
using a two-tailed t test between the hematomas and the white
matter regions assuming equal variances.

Method 3: Negative Masked Diffusion Trace Maps

This is an intrinsically flawed method conceptually similar
to method 4, that follows, but partially corrected by proper
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Fic 1. T2-bright left temporal hyperacute hematoma (intracellular oxyhemoglobin).
A, Axial T1-weighted image (600/20/1) (left) shows isointense blood products. Axial fast spin-echo T2-weighted image (4000/85/1)
(middle) shows high signal intensity. Diffusion-weighted isotropic image (10000/125/1) (right) shows increased signal relative to the brain.
B, Trace ADC map displayed without background masking (/eff) shows hematoma to have diffusion rates comparable with the brain.
Trace ADC map displayed with 2% background masking (right) shows similar appearance for this T2-bright hematoma.

elimination of thresholded values. This method is included be-
cause it is likely to be implemented by software routines writ-
ten *in house.”” Computation of the trace requires taking the
negative of the natural log of the ratio of the isotropic diffusion
image and the baseline images (S and S, respectively, in equa-
tion 2). Points at which the signal intensity increases on the
isotropic diffusion image will return negative trace values. This
will occur for some voxels in which the signal is at the level
of the background because of random variations in noise. In-
cluding these voxels will tend to lower the true ADC value
artifactually. The ROl were applied to the computed trace
maps to generate mean ADC and SD for each region. Vaues
of less than or equal to O in the trace maps were excluded from
the computation of the mean ROI. Statistical analysis was con-
ducted using a two-tailed t test between the hematomas and
the white matter regions, assuming unequal variances (because
negative values were masked out on the trace values for the
hematomas).

Method 4: Background Masking and Including the Masked
Voxels

This is a flawed method of data processing, which we in-
cluded to show its effect on trace values for T2-dark hemato-
mas. It is a method that provides statistics similar to those
reported elsewhere (4) and results virtually identical to those
of awidely used commercial software package (FuncTool, GE
Medical Systems). A series of binary mask images with back-
ground values set to 0 was generated on the basis of the base-
line image (0.5% to 5.5% masking at 0.5% increments). Trace
maps were first computed, without masking, using equation 2
with the baseline and diffusion-weighted images. The masks
were then applied to the trace maps, and the ROI were applied
to the masked trace maps to generate mean ADC and SD for
each region. Masked values of 0 in the trace maps were in-
cluded in the computation of the mean ROI. Mean ADC values
were computed separately for the T2-dark and T2-bright he-
matomas and were plotted as a function of percent masking.
Statistical analysis was conducted between the hematomas and
the white matter regions for each level of masking by using a
two-tailed t test and assuming different variances because the
masking would affect white matter regions and hematoma re-
gions differently.

Satistical Analysis

Additiona statistical analysis was performed using a two-
tailed t test for white matter regions between each method of
analysis. Two-tailed Student’s t test was performed for hema-
toma trace measurements between methods 1 and 2 and for

methods 1 and 3. Linear regression was performed to compare
methods 2, 3, and 4 versus method 1.

Results

The T1-weighted, T2-weighted, and isotropic
diffusion-weighted images for severa representa-
tive hematomas are presented in Figures 1 through
3. Case 1 shows blood products consistent with hy-
peracute blood (intracellular oxyhemoglobin). The
images show isointense signal intensity on T1-
weighted images, with corresponding high signal
intensity on the T2-weighted images. Case 2 shows
acute blood (mostly intracellular deoxyhemoglobin,
isointense on T1-weighted images, and T2-dark).
Case 3 shows early subacute blood (intracellular
methemoglobin, T1-bright, T2-dark). The isotropic
diffusion-weighted images for all the T2-dark he-
matomas showed low signal intensity (which would
intuitively be expected to correspond to ““fast” dif-
fusion). Table 1 lists the trace ADC values for all
the hematomas obtained using the method of ex-
pected values. There was no significant difference
in the mean between T2-dark hematomas (mean =
0.73881 x 103 mm?/s, SD = 0.22) and contra-
lateral white matter regions (mean = 0.829892, SD
= 0.20, P = .36). Similarly, there was no signifi-
cant difference between T2-bright hematomas
(mean = 0.631, SD = 0.14) and the contralatera
white matter (mean = 0.783, SD = 0.093, P =
.15) or between the entire group of hematomas and
the contralateral white matter (P = .14). There was
no significant difference between the T2-dark and
the T2-bright hematomas (P = .26).

Using method 2 (mean ROI before computing
natural log), there was also no significant difference
in the means between either T2-dark (P = .51) or
T2-bright (P = .12) hematomas and the contralat-
eral white matter or between the entire group of
hematomas and the contralateral white matter (P =
.23). Table 2 lists the trace ADC values for al the
hematomas obtained using method 2. Again, there
was no significant difference in the means for
the hematomas between method 2 and method 1
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Fic 2. T2-dark left frontal acute hematoma (intracellular deoxyhemoglobin with some intracellular methemoglobin).

A, T1-weighted image (600/20/1) (left) shows predominantly isointense blood products (deoxyhemoglobin) with some areas of hyper-
intensity centrally (intracellular methemoglobin). Fast spin-echo T2-weighted image (4000/85/1) (middle) shows predominantly low signal
intensity corresponding to intracellular blood products. Diffusion-weighted isotropic image (10000/125/1) (right) shows marked hypoin-
tensity relative to the brain. This would intuitively be expected to correspond to fast diffusion (compare with CSF in ventricles).

B, Trace ADC map displayed without background masking (/eft) shows hematoma to have diffusion rates comparable with the brain,
with some dropped points at the periphery. The dropped points are caused by background noise variation resulting in negative ADC
values. Note that the diffusion within the hematoma is neither restricted nor fast relative to the brain. Trace ADC map displayed with
2% background masking (right) shows dramatic loss of pixels within hematoma.

TABLE 1: Trace ADC values computed using method of expected
values (103 mm?2/s)

Hematoma White Matter

Oxy 0.726925 0.880048
Oxy 0.474243 0.699799
Oxy 0.515351 0.828368
Oxy 0.8059 0.724449
Deoxy 0.67969 0.719682
Deoxy 0.707531 0.719307
Deoxy 0.420512 0.70857

Deoxy 0.88423 0.823743
1C met 0.825337 0.756269
Deoxy 0.823644 0.806703
Deoxy 1.068655 1.274971
Deoxy 0.30314 0.738174

Note—P = .36 for T2-dark hematomas vs white matter; P = .15
for T2-bright hematomas vs white matter; P = .14 for entire group
Vs white matter.

TABLE 2: Trace ADC values computed using method 2 (mean
ROI [10-3 mm?2/g])

Hematoma White Matter

Oxy 0.723328 0.880344
Oxy 0.475738 0.698333
Oxy 0.49857 0.828216
Oxy 0.781943 0.722936
Deoxy 0.688186 0.717211
Deoxy 0.664113 0.71884

Deoxy 0.40879 0.709159
Deoxy 0.943057 0.832963
IC met 0.89364 0.757488
Deoxy 0.913708 0.81000

Deoxy 1.167979 1.32426

Deoxy 0.204988 0.737225

Note—P = .51 for T2-dark hematomas vs white matter; P = .12
for T2-bright hematomas vs white matter; P = .23 for entire group
vs white matter.

(P = .92). Figure 4 shows the close correspondence
between methods 2 and method 1 (intercept =
—0.13, slope = 1.2, R? = 0.98, standard error =
0.038). Method 2 tended to underestimate the ADC
values dlightly at values below 0.7 X 103 mm?/s
(Fig 4).

Using method 3 (masking for negative ADC val-
ues), there again was no significant difference in
the mean between either T2-dark (P = .74) or T2-
bright (P = .10) hematomas and the contralateral
white matter or between the entire group of he-
matomas and the contralateral white matter (P =
.83). Table 3 lists the trace ADC values for all the
hematomas obtained using method 3. There was no
significant difference in the mean for the hemato-
mas between method 3 and method 1 (P = .67).
Plotting method 3 versus method 1 provides a slope
close to identity (intercept = 0.056, slope = 0.98,
R2 = 0.71, standard error = 0.144), but the quality
of fit is worse than that for method 2 (Fig 4).

Using method 4 (masking at progressive thresh-
olds), there was a significant difference shown be-
tween T2-dark hematomas and contralateral white
matter beginning at 1.5% masking (P = .019),
which became progressively more significant (P =
4.2 X 1076 at 5.5%). Table 4 lists the trace ADC
values for all the hematomas obtained using meth-
od 4 at progressive levels of masking. An opposite
trend was observed for T2-bright hematomas (P =
.03 at 0.5% to P = .09 at 5.5%). For the entire
group of hematomas compared with the contralat-
eral white matter, the P values ranged from P =
.04 at 5% masking to P = 4.14 X 107 at 5.5%
masking. The mean and SD of method 4 at 2%
background masking (mean = 0.444 X 103 mm?/
sand SD = 0.278) compared well with previously
published results (4). Compared with the contralat-
eral brain, this method of analysis would imply re-
stricted diffusion (relative to the brain) for these
hematomas. The effect of thresholding on the ADC
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Fic 3. T2-dark right frontal subacute hematoma (intracellular methemoglobin).

A, T1-weighted image (600/20/1) (leff) shows predominantly hyperintense blood products. Fast spin-echo T2-weighted image (4000/
85/1) (middle) shows predominantly low signal intensity corresponding to intracellular blood products. Diffusion-weighted isotropic image
(10000/125/1) (right) shows T2 blackout effect with marked hypointensity relative to the brain.

B, Trace ADC map displayed without background masking (/eff) shows hematoma to have diffusion rates comparable with the brain,
with some dropped points within the lesion. Trace ADC map displayed with 2% background masking (right) shows dramatic loss of
pixels within hematoma.

TABLE 3: Trace ADC values computed using method 3 (hegative
masked images [10-3 mm?2/s])

Hematoma White Matter S et

Oxy 0.64593 0.7935 A iy

linefit thod 3
Oxy 0.4292 0.62849 e
Oxy 0.50717 0.74668 ——identity line
Oxy 0.68012 0.65162
Deoxy 0.6365 0.64445
Deoxy 0.72657 0.64631

0 .2 0.4 0.8 2] 1 1.2

Deoxy 0.36662 0.64057 s
Deoxy 1.02655 0.76051
IC met 1.11782 0.68482 Fic 4. Plot of average ADC of hematomas for method 1 (ex-
Deoxy 0.92475 0.92475 pect(_ed values) versus methods 2, 3, and 4 (at 2% masking) with
Deoxy 1.09146 1.18841 Imle fits. A nearlyd perfect corLesdpondednce |sthown between ADC
Deoxy 0.58987 0.66593 values computed using method 1 and method 2 (mean ROI) (in-

tercept = —0.13, slope = 1.2, R? = 0.98, standard error =
Note—P = .74 for T2-dark hematomas vs white matter: P = .10 0.038). Although method 3 (negative masked voxels) shows a

hri ; . p = : slope close to identity, the fit is not as good as for method 2
fl(;rWThZitt;r:Tg];;tter:ematomas vs white matter; P = .83 for entire group (intercept = 0.056, slope = 0.98, R? = 0.71, standard error =

0.144). Method 4 shows a poor correspondence with method 1
(intercept = —0.076, slope = 0.759, R? = 0.36, standard error
= 0.233), most notably at the lower ADC values.

TABLE 4: Trace ADC values for hematomas using method 4 (progressive masking [10-3 mm?2/s])*

0.5% 1.5% 2.5% 3.5% 4.5% 5.5%
Oxy 0.64593 0.645934 0.645934 0.645934 0.645934 0.645934
Oxy 0.4292 0.429196 0.429196 0.401928 0.339011 0.29534
Oxy 0.44372 0.357934 0.212056 0.077289 0.042161 0.012367
Oxy 0.68012 0.680115 0.680115 0.680115 0.680115 0.680115
Deoxy 0.6365 0.636502 0.559561 0.520636 0.188089 0.089985
Deoxy 0.56451 0.408147 0.226459 0.15236 0.107094 0.084774
Deoxy 0.35671 0.351483 0.304165 0.171285 0.11973 0.079581
Deoxy 0.82615 0.43 0.188111 0.090797 0.025372 0.005269
IC met 0.65785 0.226791 0.12563 0.079412 0.050922 0.01602
Deoxy 0.88061 0.574966 0.313182 0.242193 0.104916 0
Deoxy 1.09146 1.091456 0.992375 0.503154 0.093379 0
Deoxy 0.26982 0.158071 0.0423 0 0 0
P1** 0.2 0.019 0.003 21 X 105 4.4 x 1076 42 x 1076
P2 0.03 0.04 0.07 0.09 0.09 0.09
P3 0.04 0.0019 0.0003 6.9 X 106 43 x 107 4.14 x 1077

* Although masking was performed at 0.5% increments, values are displayed here at 1% increments for brevity.
** P] = P value for T2-dark hematomas vs white matter at each level of masking; P2 = P value for T2-bright hematomas vs white matter at
each level of masking; P3 = P value for entire group vs white matter at each level of masking.
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Fic 5. Average ADC plotted against percent background mask-
ing. For the T2-dark hematomas, a dramatic decrease in ADC
values is evident as more of the masked voxels (with values of
0) are included in the computation. For the T2-bright hematomas,
there is only a small decrease in ADC values across the range
of masking values. There is no variation in the ADC of white
matter values, which shows that background masking becomes
an issue only with areas of very low T2 signal.

value can be seen in Figure 5, in which average
ADC is plotted against percent background mask-
ing. For the T2-dark hematomas, a dramatic de-
crease in ADC vaues is evident, as more of
masked voxels (with values of 0) are included in
the computation. For the T2-bright hematomas,
there isonly asmall decrease in ADC values across
the range of masking values. Panels B of Figures
1 through 3 show the effect of masking on the ADC
maps for some representative cases. For the T2-
dark hematomas, background masking can be seen
to remove a significant number of voxels from the
hematoma. Figure 4 shows the poor correspon-
dence between method 4 (plotted at 2% back-
ground masking) and method 1 (intercept =
—0.076, slope = 0.759, R2 = 0.36, standard error
= 0.233). The correspondence notably deteriorates
at the lower ADC values.

Discussion

On diffusion-weighted images, fast diffusion is
low in signal and restricted diffusion (as in acute
infarcts) shows high signal. However, because there
is a contribution from the baseline image to the
diffusion-weighted image, all areas of high signal
intensity do not represent slow diffusion. This ef-
fect has been termed T2 shine-through. Diffusion-
weighted images of T2-dark hematomas show very
low signal intensity (similar to or lower than that
for CSF), implying very fast diffusion rates. How-
ever, this is not confirmed on the trace maps, on
which the diffusion rates are clearly much slower
than for CSE. We propose that this T2-blackout ef-
fect represents the corollary of the T2-shine-
through effect. T2-dark hematomas have very low
signal intensity, often at the level of the background
noise. These background level voxels will show
low signal on the diffusion-weighted images as
well, but this does not represent fast diffusion.
Rather, they are dark on diffusion-weighted images
because there is very little signal returning from
these regions. The clinical intuitions derived from
T2-weighted imaging in which contrast changes de-

T2-DARK HEMATOMAS 117

pending on whether membranes are intact or lysed
cannot be extended to diffusion MR imaging.

Obtaining accurate diffusion trace measurements
is complicated in that T2-dark hematomas have sig-
nal intensities in the range of the background. For
the most part, this is not an issue in routine neu-
roimaging when the magnitude of the pixel value
is far above noise levels. However, in the case of
hematomas with intracellular blood products (other
than oxyhemoglobin), this becomes a very signifi-
cant issue. Specificaly, the echo-planar T2 signal
intensity of deoxyhemoglobin and intracellular
methemoglobin is extremely low. In many cases, it
is a the level of the background noise, meaning
that the average signal returning from these regions
isless than the SD of the complex pixel noise. With
the application of diffusion gradients, any tissue
should drop its signal intensity relative to the base-
line image. In the presence of background varia-
tions, however, it is possible for a background pixel
to show a higher magnitude of signal intensity on
the diffusion image than on the baseline image,
producing a negative ADC value (which is nonsen-
sical and a violation of the second law of thermo-
dynamics). To remove these nonphysical pixels, it
is tempting to use masking to exclude them from
generation of the trace image. However, for T2-
dark hematomas, we have shown that even low lev-
els of masking (0.5%) can introduce masked voxels
into the hematoma. This is graphically shown in
Figure 5. There is a dramatic decrease in ADC val-
ues for T2-dark hematomas with progressive
amounts of masking and inclusion of the masked
voxels within the analysis.

We present a variety of potential methods for
computing ADC values in areas of low T2 signal.
The only conceptually accurate method is that of
using the framework of expected values. Method 2
(mean ROI) is flawed because it cannot obtain the
true mean in areas of low T2 signal. In the presence
of noise and low signal-to-noise ratios, the proba-
bility distribution of magnitude MR images is no
longer gaussian. Rather, the probability distribution
is characterized by a Rice-Nakagami function, and
finally, by a Rayleigh distribution in the limit of
zero signal. Method 3 (masking of negative ADC
values) is intrinsically flawed because it excludes
pixels that can contribute to the mean. Even a pixel
with a magnitude that is within the noise envelope
could contribute signal to a properly constructed
expected value. Arbitrarily thresholding such pixels
ignores contributions from some regions of the dis-
tribution of the random pixel noise. Method 4
(background masking and including the masked
voxels) is flawed for two reasons: 1) similarly to
method 3, it arbitrarily excludes contributions from
regions of the random pixel noise distribution, and
2) it artificially increases the denominator of the
calculation by including masked voxels. These se-
vere flaws in method 4 result in the observation of
restricted diffusion within the hematomas.
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TABLE 5: Reported values for ADC in human packed RBCs re-
computed for body temperature

Reference Method ADC (103 mm2/g)*
(14 NMR 0.28
9 NMR 0.31
(13) THO** 0.48

* ADC corrected to 37°C by using Arrhenius eguation (15) with
Ead = 24.5 kJoule mole, and Ea p = 17.6 kJoule/mole (10).
** Titrated water tracer.

Background masking is a commonly used data
processing strategy to reduce computational load
by limiting the voxels entering into an analysis.
This can also improve the aesthetics of an image
by removing signal from voxels outside the brain.
Although we performed our ADC analyses offline,
MR manufacturers do provide tools for performing
ADC computations online or at the imaging con-
sole. These commercia agorithms provide user-de-
finable amounts of masking to remove background
pixels. FuncTool, for example, is a postprocessing
package that can generate ADC maps from diffu-
sion images. However, the algorithm within
FuncTool aso will include masked voxels in the
reporting of a mean value from an ROI. Thus, ar-
tificially low estimates for diffusion trace values
can be obtained in any areas that have signa in-
tensities in the range of the background (hemato-
mas, hemorrhagic strokes) and in which back-
ground masking was used.

We present a framework using the properties of
expected values to obtain accurate measurements
for regions that have signa intensities near the
background range. The major assumptions of this
method are that the noise is normally distributed
with a mean of 0 (before taking the magnitude) and
that the variance is constant across the image. We
show close agreement between this method and
that using the means of the regions directly (with-
out any masking). We have shown that there is no
evidence for restricted diffusion within T2-dark he-
matomas. This finding is further supported by pre-
vious in vitro work in this area.

Nuclear MR diffusion measurement methods
have been applied to the study of the self-diffusion
of water in tissues for many years. RBC prepara-
tions have been among the most convenient and
consequently the earliest studied (8—14). These
studies have been complemented by diffusion with
tracer methods. Many of these diffusion measure-
ments were obtained using packed RBC prepara-
tions. Because these preparations had had their ex-
tracellular fluid removed, the measurements
provided a lower limit for diffusion in hematomas
with intact cell membranes. Table 5 provides ADC
values from the literature for packed RBC prepa-
rations. The average ADC of 0.3 X 103 mm?/sfor
nuclear MR measurements from Table 5 constitutes
a lower limit on the value of the ADC that may be
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observed in hematomas with intracellular blood
products. The actual observed ADC values may be
expected to vary above this lower limit, depending
on the fractional extracellular fluid volume of the
hematoma.

Conclusion

There is no restriction of diffusion for in vivo
hematomas with intracellular blood products. This
confirms the observations from in vitro studies per-
formed during the past 2 decades. The T2-blackout
effect for T2-dark hematomas on diffusion-weight-
ed images should not be interpreted as fast diffu-
sion. Commercially available imaging software for
computing trace values can include masked voxels
in the reporting of the mean, which will artificially
lower the ADC values in areas of low T2 signal
(ie, hematomas and hemorrhagic stroke). The meth-
od of expected values can be used to obtain mea-
surements for regions with signal intensities near
the background noise. Using literature values for
RBC self-diffusion, we compute lower limits of
diffusion for hematomas with intracellular blood
products to be 0.3 X 10-3 mm?/s.
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