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The purpose of this study was to develop a reliable observer-
independent approach to delineating volumes of interest (VOIs)
for functional brain regions that are not identifiable on structural
MR images. The case is made for the raphé nuclei, a collection of
nuclei situated in the brain stem known to be densely packed
with serotonin transporters (5-hydroxytryptaminic [5-HTT]
system). Methods: A template set for the raphé nuclei, based
on their high content of 5-HTT as visualized in parametric
11C-labeled 3-amino-4-(2-dimethylaminomethyl-phenylsulfanyl)-
benzonitrile PET images, was created for 10 healthy subjects.
The templates were subsequently included in the region sets
used in a previously published automatic MRI-based approach
to create an observer- and activity-independent probabilistic
VOI map. The probabilistic map approach was tested in a different
group of 10 subjects and compared with a manual delineation ap-
proach. Results: In addition to providing an observer-independent
solution, the probabilistic map approach returned a higher spe-
cific binding determined in a larger region, ultimately providing
better data fitting in kinetic modeling. Conclusion: We devel-
oped a fast, observer-independent, reliable approach to delin-
eating regions that can be identified only by functional imaging,
here exemplified by the raphé nuclei. This approach can
be used in future studies to create functional VOI maps based
on neuroreceptor fingerprints retrieved through in vivo brain
imaging.
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The raphé nuclei are located in the brain stem and
constitute the core of the 5-hydroxytryptaminic (5-HTT)
(serotonin) system (/). Alterations in general morphology
and serotonin activity in this area have been reported in de-
pression (2-5) and bipolar disorder (4,5) and also in
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degenerative diseases (6). Accordingly, the raphé nuclei
constitute a highly interesting brain region for PET in neu-
ropsychiatric research on the serotonin system. However,
delineation of an area for the raphé nuclei is complicated by
the anatomic location and structure of the region. The nuclei
consist of a heterogeneous group of cells around the midline
of the brain stem that is poorly defined toward the sur-
rounding tissue; it is, therefore, difficult to identify not only
structurally but also histologically the raphé nuclei in brain
images (/).

So far, the raphé nuclei region has been defined manually,
either directly on the functional image or on a coregistered
MR image, by the placement of circles with a fixed diameter
on consecutive slides directly on PET scans, around the
center of highest activity (2,7); placement of a circle of a
fixed diameter on MR images in the midbrain in front of the
aqueduct (5); or direct delineation on PET images, without
further description (8,9). These approaches are, however,
prone to be biased by physiologic and pathologic activity
alterations in this area and do not fully take into account the
individual shape and size of the brain. Furthermore, these
methods are highly user-dependent and are likely to be
associated with high inter- and intraobserver variability.

Here, we describe a probability map-based automatic
approach for the delineation of the raphé nuclei on MR and
PET images. The method is strictly observer-independent
and based on a probabilistic mapping algorithm to delineate
anatomic regions, as described earlier (/0). In 10 subjects, we
identified the raphé region in the PET images and transferred
the volume of interest (VOI) to the coregistered MR images;
these 10 MRI templates were then subsequently used as
templates when creating a probability-based VOI in 10 new
subjects.

MATERIALS AND METHODS

Subjects

Twenty volunteers were recruited by newspaper advertisement.
MR and PET images from 10 of the healthy subjects (age, 22-40y;
5 women) were used to establish templates for the raphé nuclei
region, and the template was subsequently applied to images from
the other 10 healthy volunteers (age, 25-63 y; 6 women). The
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protocol was approved by the Ethics Committee of Copenhagen and
Frederiksberg ((KF) 01-156/04, (KF) 01-124/04, and (KF) 11-
283038). Exclusion criteria included history of medical or neuro-
psychiatric disorders and drug abuse.

PET and MRI Coregistration

PET scans were obtained with an 18-ring scanner (Advance;
GE Healthcare), operating in 3-dimensional acquisition mode and
producing 35 image slices with an interslice distance of 4.25 mm.
The final PET voxel size was 2 x 2 x 4.25 mm. After a 10-min
transmission scan, a dynamic 90-min emission scan was initi-
ated on intravenous injection of !'C-labeled 3-amino-4-(2-dime-
thylaminomethyl-phenylsulfanyl)-benzonitrile (!C-DASB) (246~
590 MBq) for 12 s. The acquisition consisted of 36 time frames,
increasing progressively in duration from 10 s to 10 min. The
attenuation- and decay-corrected recordings were reconstructed by
filtered backprojection using a Hann filter (6 mm).

High-resolution 3-dimensional T1-weighted, sagittal, spoiled
gradient echo scans of the head were acquired on a 3-T MRI scanner
(Magnetom Trio; Siemens) with an 8-channel head coil (Invivo).
The MRI voxel size was 1 X 1 X 1 mm.

The emission recording across frames 10-36 was automatically
aligned to frame 26. Then the PET image (using an average of
frames 10-36) was coregistered to the MR image using the auto-
mated image registration algorithm (http://bishopw.loni.ucla.edu/
AIRS5/); the quality of each coregistration was evaluated visually.

Quantification and Region Assessment

The radioligand ''C-DASB binds with high affinity and selec-
tivity to 5-HTT sites (/7). For quantification, we used the modified
reference tissue model with k," calculated for each subject individ-
ually, as described by Ichise et al. (/2).

PMOD (version 2.85; PMOD Technologies) was used for the
kinetic modeling; this software returns a value, x2, that describes the
deviation between estimated and actual time—activity curves (i.e.,
goodness of fit) based on a cost function.

Delineation of VOI

First, parametric images of the specific binding (BPyp) of ''C-
DASB were created. On ''C-DASB parametric images, the rostral
raphé nuclei can easily be identified as the center of highest activity
(Fig. 1). However, a delineation of the raphé region by the appli-
cation of a fixed activity threshold directly on the PET image is
prone to be biased by physiologic and pathologic alterations. In-
stead, we used an extension of the method described by Svarer et al.
(10) in which the functional raphé nuclei region defined from
binding potential images is included in MRI VOI template sets.

FIGURE 1. Three-dimensional overlay of MR image and
parametric map of ""C-DASB PET image representing BPyp to
5-HTT. BPnp was thresholded until only activity in area of raphé
nuclei was visible.
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FIGURE 2. Creation of template: delineation of rostral raphé
nuclei on parametric PET image by increasing threshold until no
activity outside raphé area is included (A) and then transferring
VOI to coregistered MR image (B).

These templates are then used as described by Svarer et al. (/0) to
create a probabilistic map of the raphé region for new subjects,
which is threshold-independent of the binding potential images for
these subjects.

Creating the Template Set

The raphé nuclei VOIs on the parametric images (representing
BPyp for each voxel) were identified for the 10 template subjects by
applying an individually determined threshold. First, the threshold
at the level of the rostral midbrain or the interpeduncular fossa, iden-
tified on the coregistered MR image, was established; this threshold
was then fixed on consecutive slices in the caudal direction. The
threshold was settled on the first slices in a strictly reproducible
manner by gradually increasing the threshold of BPyp (using 0.01
steps) until at no level did the VOI exceed the mediolateral brain
stem (Fig. 2). According to histologic (/) and cytoarchitectonic (/3)
studies, it is at this level that we expected raphé activity. Usually, the

FIGURE 3.
10) onto MR image of test subject creates probabilistic VOI (A);
in second step, VOI is transferred from MR image of test
subject to coregistered PET image (B).

Warping from several template MR images (n =
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last remaining activity outside the raphé was small nonconfluent
volumes in the vicinity of thalamus.

In this way, for all 10 images, the VOI encompassed the rostral
portion of the raphé nuclei, mainly the nucleus raphé dorsalis. The
VOI was then transferred to each subject’s coregistered MR image
to be used for the subsequent warping procedure (Fig. 3). Addi-
tionally, we used our common template set as described earlier (/0)
to create a probabilistic VOI for the cerebellum, thalamus, caudate,
and putamen to determine k,’ from the extracted time-activity
curves for reference binding (cerebellum) and high-binding regions
(thalamus, caudate, and putamen).

Using Template Set to Create Observer-Independent
Probabilistic VOI

In a method similar to the one employed by Svarer et al. (10), we
then used the resulting 10 VOI templates to define the raphé nuclei
region for the remaining 10 test subjects (Fig. 3). In short, the
probabilistic VOIs are created by the estimation of a warp field from
each of the 10 template MR images to the MR image of the in-
dividual, and the warp field is then applied to the template raphé
nuclei VOI. In each new subject, the 10 warped VOIs constitute a
unique probabilistic map that is thresholded to define the final VOI.
This threshold is automatically determined by adjusting it so the
volume of the generated region has the same volume as the mean
regional volume of all the transferred template regions, as described
in Svarer et al. (/0). Accordingly, the generated VOI had a volume
that fit the volume of the brain region in the new subject and, thereby,
the brain size for that subject.

Comparison of Probabilistic and Manual Delineation

For comparison, manual delineation was also performed, as
described by other groups (2,7). Starting at the level in which the
interpeduncular fossa was first clearly visible and continuing in the
caudal direction, circles with a fixed diameter (6 mm) were drawn
directly on 4-5 slices on the summed PET images centered around
the highest activity. This task was performed independently for the
same 10 test subjects by 3 trained observers.

To evaluate the effect of the VOI determined by either approach
(probabilistic or manual), time—activity curves were extracted for
all 10 test subjects and the raphé nuclei BPyp was calculated for
each subject as mentioned above. We used a 2-way ANOVA to
compare BPyp and x? between the automatic and the manual
approaches. Additionally, for evaluation of the interobserver var-
iability, we calculated the interclass correlation coefficient be-
tween all 3 observers using Matlab-based software (MathWorks).

RESULTS

The probabilistic map approach resulted in a volume for
the raphé VOI that was more than twice as large as the VOI
derived from the manual approach (1.41 = 0.12mL vs.0.58 =
0.04 mL). The interclass correlation coefficient for the
observer-dependent delineation approach was only 0.47.
Time-activity curves derived from the observer-independent
approach showed less noise, resulting in a better fit repre-
sented by a significantly lower x2 value (Fig. 4B), compared
with the value determined from manual delineation by 3
different observers. Values were 12.57 £ 4.29 (probabilistic
VOI), 15.30 = 5.41 (observer 1), 14.51 £ 4.72 (observer 2),
and 14.50 £ 5.48 (observer 3). Probabilistic VOI delineation,
compared with manual delineation, resulted in a significantly
lower x? value (P < 0.001; 2-way ANOVA). As shown in
Figure 4A, BPyp resulting from the probabilistic map
approach, compared with manual delineation, was 4.40 =
0.44 (probabilistic VOI), 3.65 = 0.65 (observer 1), 3.58 =
0.62 (observer 2), and 3.45 *= 0.57 (observer 3); thus,
probabilistic VOI delineation, compared with manual delin-
eation, resulted in a significantly higher BPyp value (P <
0.001; 2-way ANOVA).

DISCUSSION

With an extension of the probability map—based approach,
we have shown here the feasibility for objective identification
of functional brain VOIs that are not identified by their
anatomic structure but rather by their anatomic relationship
to other brain structures. The templates were created on the
basis of the activity contrast to the neighboring region, the
thalamus. Although this approach may seem to be somewhat
arbitrary, the resulting volumes were consistently defined
and served the purpose of raphé delineation in the indepen-
dent sample. Further, although the method returns volumes
that are more than 2 times larger than those found by a manual
approach, the resulting BPyp was significantly higher and
goodness of fit was improved, supporting the idea that the
raphé VOI is more correctly identified. In accordance with
the improved goodness of fit, we observed less noisy time—
activity curves for the raphé (probably largely due to the

36
- 30 -
g °
T n v
- 4 u A Vv 20 ]
n A v
2 Egm R vy S % % _E_ %
£ 2 104 o . 4
o ... n uA Yyv
L n
§
‘% o T T T T 0 T T T T
N N 4 > » N ‘v ]
L ¢ & & L ¢ & & o
& & & & \,}s" & & & FIGURE 4. BPyp (A) and resulting x
o,;'o\\ o o & o,p‘\ o o° o° (B) obtained using probabilistic VOI and
° € VOI of 3 observers. Horizontal lines rep-

DEeLINEATION OF FuncTioNAL BRAIN REGIONS ¢ Kalbitzer et al.

resent means, and bars indicate SD.

93



inclusion of a larger volume) associated with better count
statistics. The volume of the probabilistic VOI (~1.4 mL) ex-
ceeds what was found in cytoarchitectonic studies in humans
for the rostral raphé nuclei (~70 mL) (/3). This is mainly
caused by 2 factors. First, the probabilistic VOI we created
merged activity of all subnuclei of the nucleus raphé dorsalis
in 1 region, including most of the interfascicular, ventral,
ventrolateral, and dorsal portions. The manually delineated
VOI usually did not include activity from the interfascicular
and ventrolateral subnuclei. Second, the probabilistic VOI is
based on and created for activity measured with PET, which
suffers from low resolution and partial-volume effects and is,
thus, less precise than activity measured using histologic
sections. On the other hand, the raphé region is difficult to
accurately outline in histologic sections, which further may
have undergone some shrinkage. We do not attempt to val-
idate the appropriateness of the identified raphé volume.
However, the probabilistic VOI approach is far superior to the
current alternative, namely manual delineation on the func-
tional image, which is labor-intensive, subjective, less re-
producible, and potentially biased in disorders in which the
raphé activity is altered.

The large interobserver variability observed with the
manual approaches was surprising, particularly because the
observers are experts in anatomic delineations and they re-
ceived the same instructions. Our finding suggests that results
published about manual approach—defined raphé regions are
likely to be associated with considerable noise, not only be-
cause of the more noisy time—activity curves but also because
of the larger interobserver variability and smaller BPyp,
which requires larger sample sizes to correctly identify group
differences or associations. To build the probability map, we
used templates from 10 healthy subjects and we did not at-
tempt to validate the effect of including more or fewer sub-
jects. We have, however, previously shown that inclusion of
6 subjects is enough to stably identify even small VOIs
correctly (/0) and found that inclusion of additional subjects
or templates did not significantly improve the estimates. An
alternative approach would be to create a probabilistic map
in standard space, and that could easily have been done. It
has previously been shown, however, that this approach is
inferior to a probabilistic map created on the basis of
10 independent templates (10, 14).

The defined VOI encompassed the rostral portion of the
raphé nuclei only, mainly the nucleus raphé dorsalis (Fig. 1).
Although the fact that only the rostral portion is included may
be seen as a relative limitation, the rostral group of the raphé
nuclei produces more than 85% of serotonin in the entire
human brain. However, the approach would need to be
properly validated for assessment of, for example, 5-HT 5
receptor binding.

Although in this particular case we showed the approach
to be valid for 5-HTT binding in the raphé nuclei region,
the approach is principally applicable for any functional
brain region, no matter which imaging modality (e.g.,
SPECT, PET, and functional MRI [fMRI]) is used, as long
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as the functional image comes with a structural image of
sufficient quality. Because of the large intersubject variabil-
ity of the structure—function relationship in fMRI studies, it
may be more difficult to create VOIs based on information
obtained with this technique, compared with receptor PET.
However, functional delineation of the brain by neurotrans-
mitter receptor fingerprints as described by Zilles et al. (15)
would be an obvious way to apply the probability map—
based approach, by combining different templates for dif-
ferent tracers to ultimately create a probabilistic map of the
receptor fingerprint of a functional region.

CONCLUSION

We have presented a fast, observer-independent probabil-
ity map—based method that yields less noisy data and higher
binding potentials and is more reproducible for quantifica-
tion of the serotonin transporter binding in the raphé nuclei.
The approach may prove useful for delineations of other
functional brain regions that lack a clear anatomic correlate,
in which functionality is defined with molecular imaging,
fMRI, or magnetoencephalography.

Templates and software for the probabilistic VOI map are
freely available and included in the software package for
partial-volume correction (PVElab; http://nru.dk/pveout).
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