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Three-dimensional stereotactic surface projection (3D-SSP) is a widely
used method for the analysis of clinical "8F-FDG brain studies. However,
for PET amyloid scans the use of 3D-SSP is challenging because of
nonspecific uptake in white matter. Our objective was to implement a
method for 3D-SSP quantification and visualization of 18F-flutemetamol
images that avoids extraction of white matter signal. Methods: Trian-
gulated brain surface models were extracted from a T1-weighted MR
template image. Using an '8F-flutemetamol-negative template, a max-
imum depth for each vertex on the surface models was calculated to
avoid extraction of white matter. The method was evaluated using "8F-
flutemetamol images from 2 cohorts. Cohort 1 consisted of 105 healthy
volunteers and was used to create a normal database for each refer-
ence region. Cohort 2 consisted of 171 subjects including patients with
Alzheimer disease and mild cognitive impairment and healthy volun-
teers. Images were spatially normalized using an adaptive template
registration method, and SUV ratio 3D-SSP values were computed
using the pons and cerebellar cortex as reference regions. Images from
cohort 2 were then compared with the normal database and classified
into negatives and positives, based on a calculated z score threshold.
The results were compared with consensus visual interpretation results
from 5 trained interpreters blinded to clinical data. Results: With the
pons as the reference region, the optimal z score threshold was 1.97,
resulting in an overall agreement with visual interpretation results in 170
of 171 images (99.42%). With the cerebellar cortex as the reference
region, the optimal z score threshold was 2.41, with an overall agreement
with visual interpretation in 168 of 171 images (98.25%). Conclusion:
Variable-depth 3D-SSP allows computation and visualization of
18F-flutemetamol 3D-SSP maps, with minimized contribution from white
matter signal while retaining sensitivity in detecting gray matter signal.
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Alzheimer disease (AD) has a high prevalence among the
elderly population, and the incidence is rising (/). Amyloid accu-
mulation in the brain is a hallmark of AD and therefore also a
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relevant target of pharmacologic therapy (2). PET contributes to
antemortem diagnosis of AD with 2 different classes of approved
radiopharmaceuticals, '8F-FDG for visualization of regional brain
metabolism and amyloid-binding tracers. Pittsburgh compound B
(MC-PIB) (3) belongs to the second class and binds to amyloid
plaques in the brain and has been used for the in vivo assessment
of amyloid deposits in the brain in AD research. Because of the
logistic limitations due to the short half-life of 'C, amyloid trac-
ers using the longer-lived radiolabel '®F have been developed: '3F-
florbetapir (4,5), '®F-florbetaben (6,7), and '8F-flutemetamol (8,9),
all approved in the United States and European Union, and the
late-stage investigational amyloid imaging agent NAV4694 (10).

Evaluation of AD pathology using amyloid tracers and PET in
clinical routine currently relies mainly on visual interpretation,
and all approved agents are currently recommended to be assessed
by visual image interpretation techniques as part of the approved
instructions for use. Quantitative methods are relatively elaborate
and are mainly used in research. In general, quantification requires
a work sequence of coregistration of PET image to MR image,
intensity normalization of PET activity to a reference region
in either the pons or the cerebellum, outlining of relevant anatomic
regions, and comparison of acquired regional values to a normal
database. Reporting of image findings is therefore primarily text-
based, with occasional images of raw PET data.

Three-dimensional stereotactic surface projections (3D-SSP) of
I8F-FDG brain studies have become widespread for analysis and
reporting. 3D-SSP of '3F-FDG is able to reveal image patterns
associated with AD (/]). A previous study comparing quantifica-
tion using 3D-SSP with visual assessment for detection of mild
cognitive impairment and AD showed that 3D-SSP gave more
accurate results, especially for the novice interpreter (/2).

The 3D-SSP method defines a large number of points on a brain
surface model defined in a standard stereotactic space for which
each point is associated with a vector perpendicular to the brain
surface (surface normal) (Fig. 1). After registration of a patient’s
PET image to the stereotactic space (spatial normalization), the
method determines the maximum cortical uptake for each surface
point by sampling the registered image in the inverse direction of
the surface normal into the brain to a predefined depth. The max-
imum value sampled along each ray is then mapped to the corre-
sponding surface point.

Both '8F-FDG and amyloid PET images show changes in cor-
tical uptake associated with AD. However, although '3F-FDG
shows highest uptake in normal cortical gray matter, all current
amyloid tracers show significant uptake in gray matter only when
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FIGURE 1. lllustration of subset of all normal vectors defined on brain
surface model.

amyloid is present. However, images based on amyloid tracers
also show nonspecific binding in white matter, and in amyloid-
negative (A3 —) images activity in white matter is higher than in
cortical gray matter.

The original 3D-SSP method samples data to a predefined depth
that is the same across the brain cortex (/7). Although this ap-
proach works well for '8F-FDG, it may be problematic when
applying 3D-SSP to images obtained using PET amyloid tracers
because of the potential that white matter uptake is included if
measuring too deep into the cortex while measuring too shallow
may cause loss in sensitivity. Hence, for amyloid tracers it is
important to have a method that can successfully project cortical
uptake but at the same time minimize the risk for blending in
signal emanating from white matter. With access to an MR image,
the subject’s brain cortical thickness can be calculated directly and
used for the appropriate depth definition. However, for robust and
routine automated analysis of amyloid PET in the clinic a method
independent of MR might be preferable.

Our objective was to develop a method for 3D-SSP quantification
and visualization of '8F-flutemetamol images that avoids white mat-
ter signal contamination and without dependence on MR information.

MATERIALS AND METHODS

Pooled data from 6 previous clinical studies of '3F-flutemetamol
were used. Approvals for the studies were obtained from the Ethical
Committees of the participating centers, and written informed consent
was obtained from all participants. Data were grouped into 2 cohorts:
a healthy cohort (cohort 1) comprising 105 healthy volunteers from 3
studies (9,13,14); and a test cohort (cohort 2) comprising 33 patients
with clinically probable AD, 80 patients with mild cognitive impair-
ment, and 59 healthy volunteers, giving a total of 172 subjects.

Data in cohort 2 were from a phase-III study in which the effectiveness
of an electronic training program for interpretation of '8F-flutemetamol
images was assessed (15).
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18F-flutemetamol PET images were acquired as 6 X 5 min frames
starting 85-90 min after injection of approximately 185 MBq of
I8F_flutemetamol. For this study, the first 4 frames were summed to
yield an image corresponding to a 20-min static scan.

Blinded Image Evaluation (BIE)

In a previously performed BIE study (/5), each subject’s PET
image was interpreted separately by 5 interpreters who were each
blinded to all subjects’ clinical information. Interpreters were trained
using a computer-based electronic training program. Images were
reviewed in color, typically using a Sokolov or Rainbow color scale.
The interpreters were trained to review the following regions: frontal,
posterior cingulate/precuneus, lateral temporal, inferior parietal, and
striatum. Images were scaled to place the uptake in the pons at 90% of
intensity maximum. Images were then defined as amyloid-positive
(AB+) if any region had an abnormal appearance, that is, the intensity
in any gray matter region listed above was clearly in excess of 50% of
the image’s maximum intensity or there was an absence of a well-
defined sulcal/gyral pattern. The results of the BIE were available for
all scans in cohort 2. In this study, most visual read results were used
to dichotomously classify images as AB— or AR+, that is, the scan
classification on which at least 3 of 5 interpreters agreed.

3D-SSP Implementation

The Montreal Neurologic Institute (MNI) standard space (16,17)
together with an MR T1-weighted template from the International
Consortium for Brain Mapping (ICBM) (/8) were used as reference
space. A binary brain mask was created based on the ICBM T1 tem-
plate image. Triangulated surface models in MNI space corresponding
to the whole brain and the left and right hemisphere were extracted
from the binary brain mask using a marching cubes (/9) algorithm. To
receive more visually appealing surfaces than the original somewhat
blocky surfaces generated by the marching cubes algorithm, the sur-
faces were smoothed using the Visualization Toolkit (20) implemen-
tation of a surface smoothing algorithm that prevents the surfaces
from shrinking (27). Finally, for each surface point of the surface
models the inverse surface normal was calculated.

The maximum projection depth for each surface point of the surface
models was calculated individually. The rational for this was that the
thickness of the cortex varies across the brain and that it is important
to sample as much as possible of the cortex without entering the white
matter that shows nonamyloid specific binding of '8F-flutemetamol
for both AB— and AR+ images. The variable maximum projection
depth can be computed in different ways; in the method described here
a '8F-flutemetamol-negative template (22), intensity normalized to a
region defined in the cerebellar cortex, was used.

A threshold for determining the border between gray and white
matter was chosen by visual inspection in such way that it corresponded
to the boundary of gray and white matter using the MNI space
probabilistic gray and white matter masks provided with SPMS8
(Wellcome Department of Cognitive Neurology, University College
London) for guidance together with the '8F-flutemetamol-negative
template. A threshold value of 1.2 times the cerebellar cortex mean
value was found to successfully discriminate white matter from gray
matter in the '8F-flutemetamol-negative template.

Before the individual depths were calculated, both a maximum depth,
dyae and a minimum depth, d,,,;,, was chosen. The use of a minimum
depth allows for compensation for atrophy or possible errors in the spatial
normalization of the cortex. A large number of spatially normalized
I8FE_flutemetamol and MR images were visually inspected, and it was
concluded that the d,,,,, set to 12 mm and d,,,;, set to 2 mm were suitable.

The individual SSP maximum depth for each surface point was
determined using the following criteria. Starting at the surface, the
I8F_flutemetamol-negative template was sampled with a fixed-step
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length of 0.1 mm along the inverse surface normal until a value larger
than the threshold was sampled or d,,,,, Was reached using the following
criteria:

e If a value larger than the threshold is found, use the depth where
this value is found as the SSP maximum depth for the current
surface point.

e If no value larger than the threshold is found, use d,,,, as the SSP
maximum depth for the current surface point.

e If a value larger than the threshold is found and its depth is less
than the minimum depth, set the SSP maximum depth for this
surface point to the minimum depth d,,,;,,.

In Figure 2 the calculated variable depth for SSP as defined above is
illustrated. The red outer contour displays the whole-brain surface in
which all surface points are defined, and the blue inner contour illus-
trates calculated SSP maximum depth for surface projections. The
contours are displayed on the !8F-flutemetamol-negative template
used for calculating the variable depth.

All images from cohort 1 and 2 were spatially normalized to the
MNI standard space with a specialized image registration method
using an adaptive template for handling different uptake patterns in
AB— and AB+ !8F-flutemetamol images (22).

SUV ratio (SUVR) images (23) in standard space were created
using all spatially normalized images from cohort 1 and 2. An SUVR
image is obtained by dividing each voxel in the scan with the mean
value of a reference region. In this study, the following 2 reference
regions were used: the pons and cerebellar cortex.

A normal database was created using the SUVR images from cohort 1.
For each image, the maximum SUVR, SSP,,,,, for each surface point
of the surface models was calculated by sampling the image at a fixed-
step length of 0.1 mm along the inverse surface normal, starting at the
surface point going into the precalculated maximum depth associated

FIGURE 2. Variable-depth contour (blue) and brain surface contour
(red) overlaid on '8F-flutemetamol-negative template.
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to the point. With the SSP,,,, for each surface point for all healthy
volunteers in cohort 1, the mean SSP,,.y, s and SD for the SSP,,,4,
0, for each surface point were calculated. These were then stored as
the normal database for 3D-SSP.

With a normal database, a patient image can be compared with the
normal database in the following way: for each surface point, the
maximum SUVR intensity, SSP,,,., can be calculated for the patient
image in the same way as for the images contributing to the normal
database. The SSP,,,, for each surface point can then be compared with
the normal database as proposed by Minoshima et al. (/1), that is, a z
score can be calculated for each surface point according to Equation 1.

SSszLx - p“)‘gf

O'ref

z= Eq. 1

The z score represents the number of SDs a single patient is from the
group mean.

Mapping the SSP,,,, directly onto its associated surface point of the
3D surfaces gives the 3D-SSP SUVR views of the image, whereas
mapping the calculated z scores gives the 3D-SSP z score views of the
image.

Visualization

A 3D rendering algorithm was implemented to visualize the
3D-SSP SUVR and z scores. The implementation allows fused display
of the '8F-flutemetamol image and the patient’s MR image if available
or the ICBM T1 template if the patient’s MR image is not available.
When displaying fused images, it is possible to blend the PET and the
MR ranging from 100% PET to 100% MR. It is also possible to
threshold the PET. SUVR and z score values below the threshold will
be completely transparent, allowing the fused MR to show (Fig. 3).

If the patient’s MR image is available, it can be transformed to the
standard space along with the patient’s '8F-flutemetamol image. With
the patient’s MR image in standard space, its intensities can be pro-
jected onto the same 3D surfaces as for the '8F-flutemetamol image.
Because the 3D surface models are created in such a way that they are
on the surface of the brain (except the medial part of the hemispheres),

FIGURE 3. 3D-SSP maximum-intensity results of AR+ '8F-flutemetamol
image. (Upper left) PET values only. (Upper right) PET values with
threshold set so that MR information is visible in areas in which PET
values are below threshold. (Lower left) PET values with opacity set to
50%, revealing patient-specific MR information. (Lower right) PET val-
ues with opacity and threshold set.
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FIGURE 4. Surface regions used for cortical surface region: prefrontal,
parietal, posterior cingulate, precuneus, temporal lateral, and anterior
cingulate.

not much anatomic information of the brain is shown if the MR in-
tensity values are taken from voxels corresponding to the points on the
3D surfaces. By visual inspection of a large set of MR images, it was
concluded that a depth of 6 mm was suitable as a predetermined depth
for the MR intensity projections, because it gave detailed anatomic
information of the MR images as well as being deep enough to com-
pensate for the possible registration errors and atrophy.

Experiments
A cortical surface region was created, based on several cortical
regions from a volume-of-interest atlas derived from the automated
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FIGURE 5. Cortical surface region z score for 171 subjects from co-
hort 2 plotted against age (pons as reference region). Calculated z score
threshold of 1.97 gave concordance between quantitative and visual
read in 170 of 171 images (99.42%). SoT = standard of truth, estab-
lished by consensus from 5 experienced interpreters blinded to clinical
data.
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anatomic labeling atlas (24). The following volumes of interest, known for
having elevated uptake in amyloid-positive cases (25,26), were selected for
the creation of the cortical surface region: prefrontal, parietal, posterior
cingulate, precuneus, temporal lateral, and anterior cingulate. The surface
region was created as follows: for each surface point, on the left and right
hemispheres, the volume-of-interest atlas was sampled along the inverse
surface normal into a predefined maximum depth of 10 mm. If any of the
volumes of interest listed above was sampled, the surface point was la-
beled as part of a corresponding surface region (Fig. 4). Finally, a logic or
operation was applied to all the surface regions to create the final cortical
surface region.

For all surface points of the cortical surface region, retention ratios
based on SSP,,,, were calculated for all SUVR images. With the re-
tention ratios for all the surface regions for all images, z scores for
cohort 2 could be calculated using the normal database created from
cohort 1.

To evaluate the variable depth, an image was classified as AR— if
the calculated z score for the cortical surface region had a value
strictly lower than a predefined z score threshold. In the same way,
an image was classified as AR+ if the calculated z score had a value
equal to or higher than the predefined z score threshold.

A z score threshold, which was optimal for discriminating between
AB— and AR+ images, was determined on the basis of the sensitivity
and specificity in cohort 2 using the major interpreter agreement from
the BIE as standard of truth. A receiver-operating-characteristic
(ROC) analysis was performed, and the area under the curve (AUC)
was calculated and used as a measure of the ability of the method to
dichotomously classify the scans into AB— and Ap+.

Statistical Analysis
Statistical analysis was performed using R (27), and ROC analysis
was performed using the pROC plug-in (28).

RESULTS

One image in cohort 2 failed to register into template space
because of prefrontal atrophy and was therefore excluded from the
rest of the study, leaving a total of 171 images in cohort 2.

ROC analysis showed that both the pons and the cerebellar cortex
separated standard of truth AB— and standard of truth AR+ images
with an AUC of 1.00 (AUCpons = 0.9997 and AUC,crepeliar cortex =
0.9989). The optimal z score threshold using the pons as the refer-
ence region was calculated to 1.97, resulting in an overall visual
read agreement in 170 of 171 images (99.42%) (Fig. 5). When the
cerebellar cortex was used as the reference region, the optimal z
score threshold was calculated to 2.41, resulting in an overall visual
read agreement in 168 of 171 images (98.25%). The results of the
ROC analysis are summarized in Table 1.

3D-SSP for Visual Assessment

Figure 6 shows 3 cases ranging from a typical AB— to a typical
AB+. z scores are calculated using cerebellar cortex as reference
region. z scores are presented using a rainbow color scale and

TABLE 1
Results of ROC Analyses
Reference Z score
region threshold Sensitivity Specificity AUC
Pons 1.97 1.00 0.99 1.0
Cerebellar cortex 2.41 0.99 0.98 1.0
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FIGURE 6. 3D-SSP z score images of 3 patients overlaid on ICBM T1 template (cerebellum as reference region). Threshold of z = 2.0 is applied,
allowing MR to show where PET values are lower than z = 2.0. (A) Typical AR- case. (B) Image shows some typical AD patterns. (C) Typical AR+ case.

overlaid on the ICBM MR T1 template. A threshold of z = 2.0 is
applied to all z score values, whereas z score values below the value
2.0 are completely transparent, thus revealing the MR template.

DISCUSSION

We implemented a variable-depth 3D-SSP method that
is suitable for use with amyloid imaging data. We used a
I8F_flutemetamol-negative template to define the individual max-
imum depth for each 3D-SSP ray. We defined a cortical surface
region and by averaging 3D-SSP points intersecting this surface
region, we computed cortical SUVRs. We used a healthy cohort to
define the reference range, and then we used a test cohort to
evaluate the method by computing cortical z scores. We performed
an ROC analysis and computed the AUC for the reference regions
pons and cerebellar cortex, both yielding an AUC of 1.0. Our
results showed that the method proposed in this study minimizes
the sampling of white matter uptake, resulting in automated quan-
tification and visualization with an accuracy of identifying patho-
logic uptake similar to that of BIE by trained observers. The
combination of reliable quantification and didactic reporting pre-
sented here might be of relevance for more widespread adoption of
amyloid imaging in clinical routine.

3D-SSP analysis still puts high demands on the spatial normal-
ization to compensate for the different patterns in AB— and AR+
images. In this study, the use of the adaptive template spatial nor-
malization strategy was considered essential to optimize the use
of variable-depth 3D-SSP. This approach does not require MR or
I8BF_-FDG (29) from the same patient for registration to the template.

The presented method determines the individual maximum depth
for each surface point using a threshold on a '8F-flutemetamol—
negative template. It may also be possible to define such individual
maximum depth based on information from an average of several
segmented MR images. However, because of partial-volume effects
in PET images the use of MR-based methods to estimate the cor-
tical thickness should be used with care. An age-correction factor
for the individual maximum depth could also be relevant, because
the thickness of the cortex decreases during normal aging, allowing
the maximum depth applied in individual subject analysis to de-
crease with age.
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The calculated z score threshold for defining a presence of
amyloid was substantially higher when the cerebellar cortex was
used as a reference, compared with the pons. This finding suggests
a larger normal variation in the cerebellar cortical region of in-
terest, and the results of this study would therefore point to the
pons as the favored reference region. However, both structures
were previously used as reference regions in studies of quantita-
tive accuracy (26,30,31) with good results, suggesting that the
graphical definition of the region has an impact. This study found
only an insignificantly higher accuracy referencing pons, and even
larger and prospective studies would be needed to determine a
preference for either structure. In clinical practice, however,
access to an automated implementation of both approaches
might be useful for confirmation in certain cases.

In clinical practice today, the detection of cerebral amyloidosis
based on PET is dichotomous, and a quantitative approach with a set
cutoff might help the reviewing physician to reduce ambiguous
reporting in borderline cases. This study confirmed that both the
pons and the cerebellar cortex are useful as reference regions for
SUVR calculations, and the high accuracy of the method, compared
with trained interpreters in a validated material, is encouraging. In
addition to the visual appeal of whole-brain presentation, 3D-SSP
applied to amyloid PET might therefore become a useful adjunct
tool for more inexperienced interpreters, which, however, requires
further validating studies. Even though 3D-SSP images were
carefully inspected visually during the development of the described
method and quantitative results showed excellent agreement with
BIE, which in turn was validated against autopsy-derived levels of
amyloid, it is suggested that further studies should be performed
potentially based only on the 3D-SSP or in a combination of a
traditional BIE to prospectively evaluate the diagnostic value of the
method. The proposed method is potentially applicable to other
amyloid tracers but should be evaluated with tracer-specific
templates.

CONCLUSION

The described variable-depth 3D-SSP method allows for
computation of '8F-flutemetamol 3D-SSP maps in which contri-
bution from white matter signal is minimized while retaining
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sensitivity in detecting gray matter signal. Further studies are
needed to evaluate the impact of the method for amyloid imaging
in clinical routine.
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