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Use of Significance Image to Determine Patterns of
Cortical Blood Flow Abnormality in Pathological

and at-Risk Groups
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Southampton, United Kingdom

The purpose of this work was to determine whether certain patho-
logical groups and other groups at risk for neurological damage
exhibited distinctive patterns of regional cerebral blood flow (rCBF)
abnormality. Methods: HMPAO SPECT images obtained from six
groups of subjects were compared with a normal cortical rCBF
atlas, based on multivariate, voxel-by-voxel methods. In each case,
a significance image was outputted, highlighting voxels with deficits
of =3 s.d. of normal. Abnormal patterns were examined for the six
groups, which comprised a further 40 normal volunteers, 18 diver
controls, 50 divers with decompression iliness (DCI), 34 boxers, 23
schizophrenics and 21 subjects with Alzheimer’s disease. Results:
The tages of abnormal cortical voxels for each group were
0.41%, 0.53%, 1.38%, 1.05%, 0.56% and 2.24%, respectively. The
percentages of images in each group with at least one lesion of 10
or more connected abnormal voxels and at least 10 lesions of two or
more connected voxels, respectively, were 8% and 8% (normal
volunteers), 17% and 11% (diver controls), 38% and 38% (divers
with DCI), 41% and 29% (boxers), 26% and 13% (schizophrenics)
and 90% and 48% (subjects with Alzheimer’s disease). This sug-
gests that multiple small lesions are as common as single large
lesions for divers with DCI but not for patients with Alzheimer’s
disease or schizophrenia. Large lesions are located predominantly in
the parietal and inferior temporal regions for Aizheimer's disease, in
the parietal and occipital regions for divers with DCI and boxers and
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in the inferior frontal region for schizophrenia. Conclusion: It ap-
pears that the groups considered here do have different rCBF
patterns and that the significance image is a useful way of demon-
strating this fact.

Key Words: regional cerebral blood flow; decompression iliness;
boxing; schizophrenia; Alzheimer's disease
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Previously, a method was described for determining the
significance of abnormalities in a regional cerebral blood flow
(rCBF) SPECT image using a normal atlas built from a mean
and several principal component (PC) images from a database
of normal control subjects (/). This method has since been
optimized for differentiating further normal control subjects
from patients with dementia (2). This study represents an
application of this work to certain pathological groups of
subjects and other groups of subjects considered to be at risk for
neurological damage.
The groups examined were:

1. Normal controls;

2. Undersea divers with no history of decompression illness
(DCI);

Undersea divers with DCI;

Amateur boxers;

Schizophrenics; and
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6. Subjects with Alzheimer’s disease.

In each case, the subjects were selected for research testing
according to specific criteria and, apart from divers with DCI
who were admitted after accidents, they were not merely
referred to the Department of Nuclear Medicine as patients.

MATERIALS AND METHODS

Database of Normal Images

To set ranges of normality, it is first necessary to collect a
reference database of normal images. It is important that this
database is sufficiently large and varied to form a representative
sample of the normal population. Often, this is not possible due to
ethical considerations, and some degree of compromise is neces-
sary.

As an example, rCBF SPECT images were obtained from 50
normal volunteers (30 men, 20 women; age range 18-58 yr;
median age = 28 yr). Strict exclusion criteria were applied in their
selection, including no history of neurological disease, no previous
head injuries involving concussion and no active participation in
boxing or undersea diving (3).

The acquisition and reconstruction procedure was as previously
defined (/), involving an intravenous injection of 600 MBq of
99mTc-HMPAO; acquisition of images of 64 X 64 matrix size at 64
projections using a gamma camera (Siemens ZLC7500)/computer
(Park Medical MICAS V) system; and filtered backprojection
using a soft Shepp-Logan filter, resulting in image matrices of
64 X 64 X 64. These were subsequently zoomed to 32 X 32 X 32
matrices without loss of relevant information. Voxels were cubic,
with a side length equal to 0.64 cm.

Preprocessing

Before an atlas can be formed, it is necessary to align these
images using some form of image coregistration. Because rescaling
during the processing stage can lead to problems (2), it is also
necessary to scale the images at this stage. Currently, it is thought
that scaling to global values is the best solution.

For the rCBF example, a reference image was selected from the
normal database and all other images registered with respect to it
using a three-dimensional affine transform with 12 degrees of
freedom because this was considered appropriate for low-resolu-
tion SPECT images. Specifically, a coordinate transfer function
{a;} from (x,y,z) space to (r,s,t) space was determined such that:

r = a; + apx + apy + auz,

S = ay tapx + apgy + ayz,

t = a3 t+ apx + apy + ajz.

The method was fully automatic and was based on the concept of
optic flow developed by Horn and Schunck (4). A detailed
mathematical description of the method and its application to
SPECT images is provided by Barber et al. (5,6), who also
measured the accuracy of the technique for HMPAO images of a
similar nature to those used here. They concluded that the method
was appropriate for such images, although it is possible that this
conclusion may not extend to high-resolution images.

Because the cortical region alone was considered, scaling was to
global counts in this region with respect to the reference image.
The cortical region was defined on the reference image by a
nuclear medicine physician. A two-dimensional region correspond-
ing to cortex was drawn carefully using a number cluster keypad on
each axial section considered by the physician to include cortex.
Sixteen such sections were used, and the three-dimensional cortical
region thus formed involved a total of 5,892 voxels. Because all
images were first registered with respect to the reference image, the
defined region could be superimposed on each registered image.
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FIGURE 1. The axial sections of the mean cortical image of the normal atlas
are shown. The sections are depicted from top to bottom, left to right,
starting at the top of the brain.

A ratio of cortical count density to cerebellar count density was
also obtained because the latter region is considered to be fairly
stable in most, but not all, pathologies. There was some concern
that, if this ratio was sufficiently low, a uniformly reduced rCBF in
the cortex, when normalized to global cortical counts, would be
interpreted as normal. A normal range for this ratio was established
using values obtained from the reference database, and subsequent
images with reduced ratios outside the lower limit were examined.

Construction of Normal Atlas

A normal atlas was then formed from the database of normal
images consisting of a mean image, several PC images and a
residual s.d. image (/). To obtain these, a PC analysis was
performed on the cortical region of the images using the voxel as
a variable. The resulting components may be displayed as PC
images, which represent patterns of correlated normal variation
within the database of normal images. The factor loadings or
coefficients represent the positive or negative contribution of each
PC image to each original image.

The number of PC images to be used will depend on the type of
image being considered. The coefficients of the PC images for the
normal reference set were normalized so that they represented
numbers of s.d. of their own range. This is possible because there
exists one available degree of freedom involving the respective
scaling of coefficients and PC images.

Four PC images were used for the normal rCBF atlas because
this number was shown to give optimal differentiation between
normal controls and patients with dementia (2). A fuller description
of this trial appears later. The first four eigenvalues account for
9.3%, 7.1% (cumulative 16.4%), 5.8% (22.2%) and 5.1% (27.3%)
of the total variance in the images. It has been shown that noise
alone accounts for around 54% of the variance in these images (7).
The mean image and first PC image are shown in Figures 1 and 2,
respectively. Note that all voxels outside the cortical region have
been masked by the procedure.

Analysis of Subsequent Images
For subsequent images, a nearest normal equivalent (NNE)
image was obtained automatically from the normal atlas by adding
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FIGURE 2. The axial sections of the first cortical PC image of the normal atlas
are shown. The sections are depicted from top to bottom, left to right,
starting at the top of the brain. The background gray level represents a value
of zero. Positive and negative values are depicted as brighter and darker,
respectively, than the background level.

the mean image to a linear combination of the PC images (/). The
coefficient for each PC image was calculated by representing the
new image as a vector, subtracting from it the mean image vector
of the normal atlas and forming the scalar product of the resultant
vector with the appropriate component. The result was then divided
by the sum of squares of the elements of the component. This
follows directly from the orthogonal properties of PCs. In the
construction of the NNE image, the coefficients were constrained
to lie within a normal range. This is necessary because coefficients
are meant to represent degrees of normal deviation from the mean
image of the atlas. Clearly, there is a danger that, in certain
circumstances, very large coefficients might represent abnormality.

The NNE image was compared with the original and positive
and negative difference images formed. These were then compared
with the residual image, and significance images were obtained,
corresponding alternatively to positive and negative differences
and measured in numbers of s.d. All calculations are performed at
the voxel level.

For the SPECT example, coefficients outside the range [—3,3]
were set to these limits. This ensures that the coefficients are within
*3 s.d. of the normal range. For rCBF, only regions of count
deficiency were considered to be important. Hence, a single
significance image was required, corresponding to count deficient
voxels in the original image.

Analysis of Coefficients

The rationale behind the method was that, because only normal
studies were used to construct the atlas, coefficients will represent
normal deviation from the mean normal image. As such, they
should not relate directly to abnormality.

Although it is not the subject of this study to relate components
to variables such as age and sex, it is interesting to examine the
possibility that such relationships exist. For this purpose, a multi-
variate general linear model with type III sum of squares (SPSS
Advanced Statistics, version 7.5) was performed on the normal
reference set, using the unconstrained coefficients of the four

components as dependent variables, sex as a fixed factor and age as
a covariate.

Although it was not expected that the coefficients will relate
directly to abnormality, it was possible that they related indirectly
through a covariate such as age. For instance, if an abnormal
pattern is related to the aging process, this pattern may present
itself among a normal population with a large age range. This is
why the coefficients of the model were constrained to lie within *+3
s.d. of the normal range. To test the extent of this problem, the
number of subjects in each group requiring such a constraint on at
least one coefficient was calculated.

Thresholding by s.d. was performed on the significance image to
define whether or not a voxel should be classed as abnormal. This
thresholding produced an image with binary elements.

Clearly, in a three-dimensional image containing many voxels,
there will be several apparently abnormal voxels occurring by
chance. It is unlikely, however, that many connected abnormal
voxels, e.g., as in a real lesion, will be due to a chance finding. This
suggests that thresholding the number of connected abnormal
voxels is necessary to define a lesion in the image. This will vary,
not only with the type of image but also with the suspected
pathology being investigated.

In a previous study involving images of 40 normal controls and
200 patients with dementia (2), receiver operating characteristic
curves were generated using the s.d. threshold as the variable for
different values of other parameters, such as the number of
components and the threshold number of connected voxels. The
area under the receiver operating characteristic curve was maxi-
mized when four components were used, together with a threshold
of around 10 connected voxels. An acceptable false-positive rate,
i.e., less than 10%, was obtained for this value using an s.d.
threshold of 3 (2), although this rate is clearly greater than a chance
finding. These values were adopted in the current study.

Location Masking

It is usually of great importance to determine the location of any
suspected lesions in an image. This may be done by visual
inspection of the significance image. Alternatively, a registered
image may be divided into appropriate regions by a physician.
These regions may then be used to mask the s.d. threshold image
and result in output for each location. This latter approach is more
appropriate for cases in which patterns of abnormality are sought in
a database of images corresponding to a particular pathology.

For rCBF images, mutually exclusive regions corresponding to
left frontal (LF) and right frontal (RF), left parietal (LP) and right
parietal (RP), left inferior frontal (LIF) and right inferior frontal
(RIF), left inferior temporal (LIT) and right inferior temporal (RIT)
and occipital region (OR) were defined by a nuclear medicine
physician on the reference image in the normal database. These
regions are shown in Figure 3.

Pathological and at-Risk Groups

The groups studied were as follows.

Normal Controls. A further 40 normal controls, subject to the
same exclusion criteria as before, were imaged for rCBF. Because
these were chosen primarily to be matched against boxers, they
were all men (age range 18-29 yr; median age = 22 yr).

Undersea Divers. Eighteen undersea divers, with no history of
DCI, were imaged as part of a case—control study of the effect of
DCI on rCBF (8). The group included 1 woman and 17 men (age
range 26-59 yr; median age = 38 yr), and participation in diving
ranged from novice (<30 dives) to experienced (>300 dives)
divers.
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FIGURE 3. The regions corresponding to LF (1), RF (2), LP(3) RP (4), lJF(5),
axial section of

RIF (6), UT (7), RIT (8) and OR (9) are shown for each
cortex.

Divers with DCI. Fifty divers suffering from DCI were imaged
for rCBF both as part of and subsequent to the aforementioned
case—control study (9). Dysbarism, giving rise to DCI, is caused by
an uncontrolled rapid ascent to the surface from depths beyond
10 m, resulting in a massive release of gas bubbles, from nitrogen
in solution, due to rapid decompression. These bubbles produce gas
emboli, which give rise to clinically manifest signs and symptoms,
e.g., sensory loss, numbness, tingling, pain in joints, motor weak-
ness and cerebral cortical perfusion defects, on SPECT imaging
(10). Other possible causes of perfusion abnormalities, e.g.,
trauma, cerebrovascular disease, dementia and so on, can be
elicited by detailed history-taking or, if serious enough to have
given rise to clinical signs and symptoms, would have been
apparent at compulsory diving medical examinations.

The divers were brought to a compression chamber as soon as
possible (generally within hours) after the onset. They were
examined by the duty diving medicine specialist before recompres-
sion and controlled decompression. They were injected with
9°mTc-HMPAO, before recompression if possible, and imaged in
the Department of Nuclear Medicine. The group included 5 women
and 45 men (age range 15-56 yr; median age = 29).

Amateur Boxers. Thirty-four boxers were imaged as part of a
study into the effects of boxing on rCBF (3). These were amateur
boxers who represented either the Royal Navy or British Army at
the time of request. None of the boxers had sustained a relevant
head injury outside the ring (defined as more than momentary loss
of consciousness or concussion lasting more than a minute) or had
a history of neurological illness. Although it is not possible to
remove entirely the potentially confounding factor of concurrent
drug abuse, it should be emphasized that all 34 boxers, as well as
many members of the normal control and both diving groups, were
service personnel. As such, it is hoped that any confounding
variables would be common to all of these groups. Drug abuse is
an extremely serious offense in the British forces and results in
dismissal. It is strongly believed that the prevalence of drug abuse
in British Service personnel is less than in their civilian counter-
parts.

All boxers in the group were men, the age range was 18-29 yr
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FIGURE 4. The original image, the NNE image, the significance image and
the 3 s.d. masked image are shown for a single axial section of the cortex for
a subject with Alzheimer’s disease.

(median age = 20 yr), and the duration of participation in boxing
was between 3 mo and 17 yr, involving up to 250 bouts (median =
40 bouts).

Schizophrenics. Twenty-three schizophrenics were referred to
the Department of Nuclear Medicine, Royal Hospital Haslar, and
imaged so that rCBF patterns could be examined. These patients
were chosen from consecutive patients in contact with the psychi-
atric services in three hospitals (Park Prewett Hospital, Royal
South Hants Hospital and Knowle Hospital) in the Wessex region
of England. If, on case note review, these patients appeared likely
to fulfill the DSM-III-R criteria for schizophrenia (//), they were
invited to attend a clinical interview to confirm the diagnosis and
to assess the severity of symptomatology. Exclusion criteria were:
previous history of organic psychiatric disorder, mental handicap,
epilepsy, head injury, substance abuse, cerebrovascular disease,
neurological disorder and use of psychotropic medication other
than neuroleptics and antichlorinergics in the previous 2 mo.
Symptomatology was recorded using the Present State Examina-
tion (ninth edition) (/2). The group included 6 women and 17 men,
and the age range was 20—68 yr (median age = 35 yr).

Subjects with Alzheimer’s Disease. Twenty-one subjects classi-
fied as suffering from “probable Alzheimer’s disease” under the
National Institute of Neurological and Communicative Disorders
and Stroke—Alzheimer’s Disease and Related Disorders Associa-
tion classification (/3) had rCBF images taken before and after
drug treatment. A full screen designed to identify secondary causes
of dementia was performed (/4). Patients with significant renal or
hepatic dysfunction, blood dyscrasias or any intercurrent serious
physical illness were excluded. In this study, the images taken
before treatment were used to examine patterns of abnormality.
The group included 11 women and 10 men and the age range was
60-84 yr (median = 79 yr).

RESULTS

An axial section of an image of a subject with Alzheimer’s
disease is shown together with the corresponding section of its
NNE image in Figure 4. Also shown are the corresponding
significance and s.d. threshold sections.
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TABLE 1
Percentages of Abnormal Voxels in Each Region

Region
Cotex LF RF LP RP UF RIF LT RIT OR

Reference set 0.07 0.06 0.03 0.07 0.10 0.08 0.03 0.10 0.09 0.05

Normmals 041 0.31 0.36 0.29 0.15 0.31 0.33 0.52 0.49 0.83

Divers 053 0.38 0.45 0.56 0.52 0.41 0.52 0.58 0.62 0.60

DCI 138 1.42 0.82 1.62 1.48 1.47 062 1.16 1.11 235

Boxers 1.05 057 0.55 1.04 1.37 1.13 0.87 1.09 1.14 1.66

Schizophrenia 0.56 0.51 0.49 0.43 0.60 1.43 1.24 0.57 0.48 0.46

Alzheimer's 224 152 220 1.98 2.28 4.01 3.06 2.57 1.57 3.05
disease

The percentages of abnormal voxels in the cortex and each of
its subdivisions are shown for each group in Table 1.

The numbers of studies with at least 1 lesion of 10 or more
connected voxels, at least three lesions of five or more con-
nected voxels and at least 10 lesions of 2 or more connected
voxels in the cortex are shown for each group in Table 2.

The number of studies with at least one lesion of 10 or more
connected voxels contained within a given sector is shown for
each group in Table 3. Note that numbers of subjects with at
least one large lesion do not sum to the value shown in Table 2
because a single subject may have multiple large lesions in
several sectors. Also, a large lesion across a sector boundary
might split to give a large lesion in both sectors, a large lesion
in one of the sectors or no large lesion in either sector.

The normal range for cortex—cerebellum count density ratios,
based on 2 s.d. on either side of the mean, was found to be
0.610-0.723. Three subjects in all categories had values of
<0.610, including one diver control (0.608) and two subjects
with Alzheimer’s disease (both 0.600), all with values above the
3 s.d. lower limit of 0.581. Both Alzheimer’s subjects were
classified as abnormal by each of the three criteria used in Table
2, whereas the diver control was classified as abnormal by the
two criteria involving greater than five connected voxels.

Using the multivariate general linear model with the Wilks’
lambda statistic to analyze the unconstrained coefficients of the
normal reference set for the four components, we found that age
was a significant covariate (p < 0.05), whereas sex was not a
significant factor (p > 0.2). Univariate tests of between-subject
effects revealed that age was a significant effect for the first
component only (p < 0.05).

The number of subjects within each group who had one or
more coefficients originally outside the normal range [—3,3]
were as follows: reference normal controls (1 of 50); further
normal controls (0 of 40); diver controls (0 of 18); divers with
DCI (2 of 50); boxers (1 of 34); schizophrenics (1 of 23); and
subjects with Alzheimer’s disease (1 of 21). Although there is

a tendency for the odd individual in the pathological and at-risk
groups to require coefficient constraint, there is nothing to
suggest that this is a serious problem.

DISCUSSION

The importance of having a representative reference set has
already been stated. Clearly, the selection of normal controls
used for validation is from a different population, regarding age
and sex distribution, than those used for the reference set.
Nevertheless, differences in the detection of abnormalities
between these two groups shown in Tables 1-3 suggest that a
reference set of 50 normal images is too small. Due to ethical
and radiation protection considerations, large reference sets are
not practical at the current time.

Tables 1 and 2 show clearly that some of the groups (subjects
with Alzheimer’s disease, divers with DCI and boxers) are
much more likely to provide an abnormal result than the others,
based on the criteria used here.

Using a chi-square test with Yates’ correction on the results
shown in Table 2, the incidence of at least one large (=10
voxels) lesion was increased significantly in subjects with
Alzheimer’s disease (chi-square = 37.6; p < 0.001), divers
with DCI (chi-square = 9.6; p < 0.005) and boxers (chi-
square = 10.0; p < 0.005), with respect to the 40 normal
controls. The incidence of at least three medium (=5 voxels)
lesions was increased significantly in subjects with Alzheimer’s
disease (chi-square = 24.5; p < 0.001) and divers with DCI
(chi-square = 8.8; p < 0.005) but not in boxers (chi-square =
3.3; p > 0.05). The incidence of at least 10 small (=2 voxels)
lesions was increased significantly in subjects with Alzheimer’s
disease (chi-square = 10.9; p < 0.001), divers with DCI
(chi-square = 9.6; p < 0.005) and boxers (chi-square = 4.7,
p < 0.05). The incidence of large or medium or small lesions
was not increased significantly in schizophrenics or diver
controls (p > 0.05).

Table 2 shows also that the incidence of multiple small
lesions was as great as the incidence of at least one large lesion
for divers with DCI but not for subjects with Alzheimer’s
disease. This is consistent with the findings of Staff et al. (10),
who used texture analysis on similar images and reported
coarsely patchy rCBF patterns in divers with DCI.

Table 3 shows that large lesions are located predominantly in
the parietal and inferior temporal regions for Alzheimer’s
disease and in the parietal and occipital regions for divers with
DCI and boxers. The results for subjects with Alzheimer’s
disease are consistent with the findings of other researchers
(15-22), thereby generating some confidence in the use of the
method.

There is some evidence that schizophrenics may have abnor-
mal rCBF patterns, but this is not conclusive. Previous research
on schizophrenics (23,24) has indicated blood flow deficiencies

TABLE 2
Number of Studies Deemed Abnormal by Each Criterion TABLE 3
Number of Studies with at Least One Large (10 Voxels) Lesion in
Criterion Each Region
10 Region
1 lesion/ 3 lesions/ lesions/ )

No. 10 voxels 5 voxels 2 voxels No. LF RF P RP UF RIF UT RIT OR

Reference set 50 0 0 0 Reference set 50 0 0 0 O O ©O 0 0 O
Normals 40 3 4 3 Normals 490 0 0 1 0o 0 O 1 0 2
Divers 18 3 3 2 Divers 18 0 0 2 0 0 O 0o 0 1
DCI 50 19 20 19 DCI 50 4 4 6 6 4 1 6 3 7
Boxers 34 14 10 10 Boxers 4 1 1 4 4 2 0 3 3 7
Schizophrenia 23 6 4 3 Schizophrenia 23 0 0 1 1 1 2 1 2 2
Alzheimer’s disease 21 19 16 10 Alzheimersdisease 21 3 6 7 10 3 3 10 6 5
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in the frontal lobes. Table 1 provides some corroborative
evidence of this finding, particularly in the inferior frontal
regions. Similarly, although divers with no history of DCI have
slightly higher percentages of abnormal voxels and 10-voxel
lesions, there is insufficient statistical evidence to prove that
this is a real effect.

Problems with the technique at present include the represen-
tative nature of the normal reference set; the need for different
reference sets from center to center and from imaging device to
imaging device within a center; and the normalization to global
values when this parameter, in itself, may contribute to the
diagnostic process. The first of these can only be answered with
a better understanding of the risks involved and the trade-off
with having an inadequate reference population; the second
requires better standardization of device and method between
centers; whereas the third may involve combining the use of the
method with a ratio of global values to values obtained from a
reference region unaffected by pathology. In this study, signif-
icantly reduced cortex—cerebellum count density ratios were
found rarely and, when found, did not affect classification using
most of the adopted criteria, although any subsequent estima-
tion of severity of abnormality may have been reduced.

Another problem specific to this analysis is the choice of
further normal controls for comparison purposes. Clearly, it
would be advantageous to have sex- and age-matched controls
for each pathological and at-risk group, particularly because the
first component may be related to age. Again, this is not
possible for ethical reasons due to the numbers and age range
required to handle disparities between groups, such as amateur
boxers and subjects with Alzheimer’s disease.

Although it is an implicit assumption of the adopted
approach that the normal reference set is sufficiently repre-
sentative of the normal population to yield a stable normal
atlas, no implicit statistical assumption is made regarding
individuals in the pathological and at-risk groups, other than
that they are indicative of their group. Any conclusions
drawn should therefore be viewed with this in mind. Neither
is the  assumption made that differential patterns actually
exist between these groups and the normal population. Other
techniques, such as discriminant analysis, actively seek such
patterns and, when used subsequently as a classifier, assume
that the groups have been sampled in a representative
manner, an exercise that is nearly impossible for abnormal
groups. It is precisely for this reason that the current
approach was adopted.

CONCLUSION

The significance image, as defined here, appears to be a
useful way of assessing suspected abnormalities in medical
images. As demonstrated in the example considered, it may be
used with apparent success to determine patterns of abnormality
in different pathological and at-risk groups.

Large rCBF abnormalities are detected in the great majority
of subjects with Alzheimer’s disease, whereas divers with DCI
and boxers also have a significantly increased incidence of such
abnormalities with respect to normal controls. The incidence of
multiple small lesions is as great as single (or multiple) large
lesions in divers with DCI. Schizophrenics and divers with no
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history of DCI appear to have a raised incidence of large
lesions, although this was not statistically significant here.
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