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Abstract. The purpose of this study was to assess the ability of the
newly developed FreeSurfer (FS) PET processing pipeline to reproduce
the results reported by Mc Mahon et al. 2014. Mc Mahon et al. 2014 in-
vestigated di↵erences of the serotonin transporter (SERT) between sum-
mer and winter scans in patients su↵ering from Seasonal A↵ective Disor-
der (SAD) versus healthy controls, and for various genotypes. Seventeen
SAD patients (8 men, 9 women; age, 27 ± 9 y) and 23 healthy controls
(10 men, 13 women; age, 25 ± 7 y) underwent [11C]-DASB PET imag-
ing two consecutive times in a randomized sequence (winter or summer),
defined by a 12 week interval centered around winter or summer solstice.
A global volume weighted non-displacable binding potential (BPND) was
estimated for all patients with the purpose of evaluating seasonal vari-
ation at the group level. We intended to evaluate reproducibility and
consistency of the results reported by Mc Mahon et al. 2014 by com-
paring the corresponding results obtained with the newly developed FS
PET pipeline, and with a special focus on current state-of-the-art meth-
ods. In general PET analysis using the FreeSurfer PET pipeline was able
to reproduce the results estimated by gold standard procedures such as
PVElab and SPM8. We were not able to obtain the exact same results as
reported by McMahon et al., however this is likely to be caused by initial
assumptions of volumes of interest and subsequent processing choices.
The reported results seemed to be within an accepted range, indicating
that FreeSurfer may be used as feasible tool in the analysis of PET data.

1 Introduction

Since the first published paper on Seasonal A↵ective Disorder (SAD) by Rosen-
thal and colleagues (1984), an increasing body of theoretical as well as exper-
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imental hypotheses of the underlying pathology have accumulated and formed
our modern notion of this phenomenon [1, 2]. It is estimated that up to 6% of
the American population are a↵ected by SAD, and additionally 15% may su↵er
from sub-syndromal SAD also referred to as ”winter blues” [3]. In the human
brain, SAD manifests itself as a mental condition characterized by a phasic oc-
currence of major depression during wintertime and with subsequent remission in
summertime [1]. It is hypothesized to be in part triggered by a seasonal misregu-
lation of the serotonin transporter (SERT), the mechanism by which endogenous
serotonin (5-HT) is inactivated and recycled into the presynaptic terminal [2, 4].
These fluctuations are particularly evident in carriers of the short 5-HTTLPR
polymorphism (S-allele carriers). In particular, healthy controls without any sig-
nificant symptoms of seasonality show the ability to increase their cerebral SERT
levels during summer as compared to winter, whereas SAD individuals show re-
duced cerebral SERT levels in the summer and increased levels in the winter [4].
The latter case e↵ectively results in a decrease of endogenous serotonin, creating
the typical symptoms related to SAD: reduced sex-drive, feelings of ineptitude,
increased appetite, increased sleep and loss of energy [4].

State-of-the-art medical imaging techniques such as Positron Emission To-
mography (PET) and Magnetic Resonance Imaging (MRI) can provide great
insight into anatomical as well as functional properties of 5-HT transmission in
the brain [5]. Ichise et al. [6] proposed a novel 2-parameter multilinear refer-
ence tissue model (MRTM2) using the highly selective radioligand [11C]-DASB
to model the complex kinetic properties of SERT. In addition, Kim et al. [7]
reported a significant consistency in both reproduciblity and reliability of the
MRTM2 in PET studies investigating SERT, as [11C]-DASB correlates well with
SERT density [8]. Recent developments in medical image processing allow the
integration of even more sophisticated procedures such as cortical surface-based
kinetic modeling of PET data. Greve et al. [9] utilized the newly developed
FreeSurfer PET pipeline, and reported how surface-based analysis of PET data
resulted in 2-4 times less intersubject variance resulting in 4 times fewer subjects
needed in a group analysis to achieve the same statistical power. However, very
little information regarding the e↵ects of processing choices and reproducibility
of PET data exists, and in order to validate new prospective processing pipelines
further investigation is needed.

Therefore, in this paper we attempt to investigate the ability of the newly
developed FreeSurfer PET processing pipeline to reproduce the results obtained
from the current state-of-the-art processing pipeline reported by Mc Mahon et
al. 2014 [4].

2 Methods

Subjects

Seventeen SAD S/L-allele carrying patients (8 men, 9 women; age, 27 ± 9 y)
and 23 healthy S-allele carriers (10 men, 13 women; age, 25 ± 7 y) were enrolled
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Fig. 1: (a) T1-weighted MP-RAGE sequence of the brain (b) FreeSurfer segmentation
of the pial-surface (yellow) and white matter surface (blue) (c) FreeSurfer segmentation
of cortical as well as subcortical regions.

from an ongoing longitudinal study investigating seasonal fluctuations in patients
su↵ering from SAD versus healthy controls. All subjects were scanned biannually
(winter and summer) in a randomized study-design, defined as a 12-week interval
centered around winter or summer solstice. Recruitment and inclusion criteria
were executed as described in [4].

PET Data Acquisition and Preprocessing

All patients were scanned using a Siemens ECAT High-Resolution Research
Tomography (HRRT) scanner operating in 3D list-mode and with the highly
selective radioligand [11C]-DASB. The point spread function (PSF) inherent to
the HRRT scanner was 4 mm. The imaging protocol consisted of a single-bed,
90 minutes transmission acquisition post injection of 590±21 (mean±SD) MBq,
range 427-623 MBq, bolus into an elbow vein. PET data was reconstructed into
36 frames (6x10, 3x20, 6x30, 5x60, 5x120, 8x300, 3x600 seconds) using an itera-
tive PSF reconstruction with attenuation map improvements (image matrix, 256
x 256 x 207; voxel size, 1.22 x 1.22 x 1.22 mm). The attenuation correction used
in the reconstruction was based on a preliminary six minute TX transmission
scan. Preprocessing of the PET data at the subject-level were in-scan motion
corrected using AIR 5.2.5.
Prior to alignment, each frame was smoothed using a 10 mm Gaussian 3D kernel
and thresholded at the 20-percentile level. Alignment parameters were estimated
for PET frame 10-36 using AIR, geometrically transformed using a least squares
cost-funtion, and resliced into a 4D motion corrected data set. This data set
consisted of time activity curves (TACs) at each voxel and was used in the
multimodal analysis described below [4]. An anatomical 3D T1-weighted MP-
RAGE sequence with matrix size = 256 x 256 x 192; voxel size = 1 x 1 x 1 mm;
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Fig. 2: (a) T1-weighted MP-RAGE conformed to 1 x 1 x 1 mm within FreeSurfer (b)
FreeSurfer segmentation of the pial-surface (yellow), white matter surface (blue) and
cortical as well as subcortical regions (c) Single-subject PET data aligned and motion-
corrected using AIR 5.2.5 (d) PET TACs summed and averaged over all time-frames in
order to estimate a weighted 3D image for co-registration (e) The averaged PET image
aligned to the structural MRI using a boundary-based cost function with 6 degrees of
freedom (f) Geometric transfer matrix (GTM) created within FreeSurfer (segmenting
CSF, skull, air cavities, and the rest of the head) (g) Kinetic modeling of GTM TACs
using MRTM2 (h) Estimation of regional BPND and corresponding volumes for 17
di↵erent brain regions.

TR/TE/TI = 1550/3.04/800 ms; flip angle = 9� was additionally acquired for
all subjects using a Siemens Magnetom Trio 3T MR scanner or a Siemens 3T
Verio MR scanner. This image was co-registered to the average PET image. All
single-subject MRI sequences were prior to further analysis non-linearly gradient
corrected for spatial distortions according to Jovicich et al. [10]. The distortion
correction was performed to correct for MR gradient nonlinearities in order to
achieve optimal PET-MR co-registration.

Processing in FreeSurfer

All MR scans were processed and analyzed using FreeSurfer [11] (http://surfer.
nmr.mgh.harvard.edu, version 5.3) and MATLAB R2013a (8.1.0.604) 64bit.
FreeSurfer contains a fully automatic pipeline for processing of cross-sectional as
well as longitudinal structural imaging data. Furthermore, it includes several fea-
tures such as skull stripping, B1 bias field correction, non-linear registration to a
stereotaxic atlas, statistical analysis of morphometric di↵erences, and labeling of
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cortical/subcortical brain structures (Figure 1) [11]. As described previously, all
single-subject PET TACs were initially estimated as a time-weighted sum over
all time-frames in order to estimate a weighted 3D image for co-registration.
Subsequently, the mean PET image was aligned to the structural MRI using a
rigid intra-subject multimodal registration utilizing a boundary-based cost func-
tion with 6 degrees of freedom [12]. Within the FreeSurfer PET framework an
additional segmentation matrix was created by segmenting CSF, approximate
skull, air cavities, and the rest of the head. The segmentation was utilized within
the geometric transfer matrix framework (GTM), assuming all VOIs have a con-
stant but unknown TAC [9, 13]. More specifically, we were able to extract a
single TAC from each respective VOI and subsequently perform kinetic model-
ing (KM) using MRTM2 with high-binding regions caudate, putamen, pallidum
and thalamus, and the cerebellum as reference region (Figure 2) [6]. The fi-
nal outcome from FreeSurfer was a set of 17 regional non-displaceable binding
potentials (BPND). In comparison, Mc Mahon et al. [4] used SPM8 to segment
and co-register the high-resolution MR and PET images. Independent automatic
delineation of VOIs was performed within the PVElab framework using prob-
ability maps based on ten high-resolution MR templates [15]. Templates were
transferred from template to subject space using a 12-parameter registration
followed by a fully flexible voxel based warping [16], and the probability of a
given voxel belonging to a specific VOI was determined as the average of all
transferred VOI templates [4].

Statistical Analysis

Data are expressed as mean±SD. Normality plots were used to verify the nor-
mality assumptions of the data and to eliminate possible outliers. To test for
structural di↵erences between summer and winter scans, we estimated the vol-
umes of the regions in the GTM segmentation in FreeSurfer and evaluated the
paired di↵erence. A global BPND (gBPND) was estimated as a volume-weighted
average of whole brain [11C]-DASB BPND as in Mc Mahon et al. [4] based on
the seventeen gray matter segmented brain regions (vi) listed in Figure 2.

gBPND =

P17
i=1 BPND,i ⇥ viP17

i=1 vi
(1)

The exact corresponding brain regions were not available in FreeSurfer, how-
ever a visual approximation of the similar brain regions were obtained in agree-
ment with an experienced neuroscientist. Global BPND was estimated for all 17
brain regions to investigate the variation in the two processing streams.

3 Results

Structural Evaluation

Mean volume of the 17 regions separated into the SAD and HC groups was cal-
culated for all patients, and summarized as mean±SD for both consecutive scans
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(summer and winter). All mean volume characteristics are visualized in Figure 3,
where significant volume variations between the two streams were observed for
both subcortical and cortical regions. Di↵erences in structural volume between
summer and winter scans were tested for statistical significant di↵erence using
a paired t-test. The t-test failed to reject the null hypothesis for all 17 regions
of interest (Bonferroni corrected), indicating no significant structural changes
with respect to summer and winter scans (Figure 3). Nonetheless, we observed

Fig. 3: Seasonal mean volume for all regions of interest (n = 17 SAD, n = 23 HC); two
processing streams and two subgroups. The errorbars indicate the subject variation. +
indicates p>0.05 and * indicates p<0.05 for the 3 tests; 1 vs 2, 1 vs 3 and 1 vs 4.

a significant volume di↵erence in 14 of the total 17 regions comparing the pro-
cessing results from Mc Mahon et al. [4] and FreeSurfer (Bonferroni corrected).
The significant regions were 1 (caudate), 2 (putamen/pallidum), 3 (amygdala),
4 (hippocampus), 5 (entorhinal cortex), 6 (thalamus), 7 (anterior cingulate), 9
(inferior medial frontal gyri), 11 (orbitofrontal cortex), 12 (medial inferior tem-
poral gyri), 13 (superior temporal gyri), 15 (occipital cortex), 16 (parietal cortex)
and 17 (sensomotor cortex). Only for three of the fourteen significantly di↵er-
ent regions, namely region 9 (inferior medial frontal gyri), region 13 (superior
temporal gyri) and region 15 (occipital cortex), was the FreeSurfer volume lower
than reported by Mc Mahon et al. [4], whereas for the remaining regions the
opposite e↵ect was observed. Furthermore, we observed a similar relative di↵er-
ence in volume between the two subgroups in each respective processing stream.
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This e↵ect indicates that the di↵erence in volume between the two processing
streams is most likely to be driven by the choice of VOIs.

Reproducibility of Regional BPND

Fig. 4: Seasonal mean BPND values for all regions of interest (n = 17 SAD, n = 23
HC); two processing streams and two subgroups. The errorbars indicate the subject
variation. + indicates p>0.05 and * indicates p<0.05 for the 3 tests; 1 vs 2, 1 vs 3 and
1 vs 4.

We also investigated the variation of the BPND as exemplified in Figure 4.
Overall, the aim was to evaluate if the binding potential was dependent on the
choice of VOI as well as the processing pipeline. We estimated the regional BPND

for all subjects and for both consecutive scans (80 scans). Di↵erences in BPND

between summer and winter scans were tested for statistical significant di↵erence
using a paired t-test. The t-test failed to reject the null hypothesis for all 17 re-
gions of interest (Bonferroni corrected), indicating no significant BPND changes
with respect to summer and winter scans.
Consequently, for each respective region we therefore pooled the summer BPND

and winter BPND into a single-subject mean value (Figure 4). Significant re-
gional BPND di↵erences between the two processing streams were tested using
a two-sided t-test. The t-test failed to reject the null-hypothesis for only 1 of
the 17 regions, namely the hippocampus (p = 0.69 ), Bonferroni corrected. Sub-
sequently, we tested for regional BPND di↵erences within the groups HC and
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SAD for both processing streams using a two-sided t-test, in order to deter-
mine seasonal BPND changes. The t-test failed to reject the null-hypothesis for
all regions, indicating no significant BPND di↵erences between HC and SAD,
and within each respective processing stream. The results of the two tests are
summarized in Figure 4.

Reproducibility of Global BPND

Consequently, since the di↵erence in regional BPND revealed significantly dif-
ferent results in terms of processing choice, we intended to investigate how the
volume and BPND di↵erences using the FreeSurfer stream would a↵ect the global
BPND. The global BPND was estimated for all subjects and for both scans. In
Table 1 the mean global BPND ± SD is visualized for 4 subgroups of the data,
namely; HC, SAD, SAD s-carriers only and SAD LA/LA only. The global BPND

was estimated for all 4 subcategories, both in winter and summer. The only sig-
nificant global variation was observed for HC subjects (p = 0.01 ). This result
was also reported by Mc Mahon et al. [4], however, large variations in p-values
was additionally observed between the two processing pipelines for SAD all geno-
types and SAD LA/LA, respectively.

HC Summer Winter P-value
FreeSurfer 0.7 ± 0.09 0.66 ± 0.06 0.01⇤

Mc Mahon 0.49 ± 0.08 0.46 ± 0.06 0.01⇤

SAD,
all genotypes Summer Winter P-value

FreeSurfer 0.68 ± 0.07 0.69 ± 0.07 0.49
Mc Mahon 0.47 ± 0.07 0.50 ± 0.06 0.10
SAD,

s-carriers only Summer Winter P-value
FreeSurfer 0.67 ± 0.07 0.7 ± 0.06 0.10
Mc Mahon 0.45 ± 0.07 0.51 ± 0.05 0.18
SAD,

LA/LA only Summer Winter P-value
FreeSurfer 0.71 ± 0.07 0.68 ± 0.09 0.16
Mc Mahon 0.49 ± 0.06 0.48 ± 0.07 0.50

Table 1: Seasonal global BPND changes, subjects categorized into four subgroups,
namely; HC, SAD, SAD s-carriers only and SAD LA/LA only. Values reported in
[4] have changed due to a processing error, and we are here presenting the correctly
updated values.

4 Discussion

The present study examined symptomatic/asymptomatic variations in SAD ver-
sus healthy controls using PET analysis in FreeSurfer. The study by Mc Mahon
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et al. [4], from which this data was derived from, is the first to investigate SERT
binding di↵erences in a longitudinal study design for both SAD subjects and
healthy controls. The VOIs between the two processing pipelines showed large
volume variations for both cortical and subcortical regions. More specifically, the
respective VOIs were consistenly larger in FreeSurfer compared to Mc Mahon
et al. [4] where large variations were observed in particular for the subcortical
regions. Region 1 (caudate), 2 (putamen/pallidum) and 6 (thalamus) volumes
in FreeSurfer yielded a 184%, 433% and 361% increase in volume size, respec-
tively, compared to the SPM8 segmented volumes reported by Mc Mahon et
al. [4]. This is mainly influenced by the segmentation of the T1-weighted image
in SPM8, which segments the T1 into gray matter (GM), white matter (WM)
and cerebrospinal fluid (CSF) using three di↵erent probability maps. The di-
vision of subcortical structures into subgroups highly a↵ects the comparison of
the two processing pipelines, as FreeSurfer omits the segmentation of subcortical
structures into GM and WM. The e↵ect is visualized in Figure 5, highlighting
the significant volume di↵erences for region 2 (putamen+pallidum) and region 6
(thalamus) using SPM8 and FreeSurfer. FreeSurfer contains an automatic indi-
vidualized segmentation pipeline for dividing cortical and subcortical structures.
In particular, FreeSurfer performs an excellent job in segmenting cortical GM,
and it is therefore reasonable to assume that the di↵erences in volume between
FreeSurfer and SPM8 are not biased by the GM/WM segmentation as observed
for the subcortical regions. The corresponding VOIs chosen by Mc Mahon et
al. [4] were visually selected in agreement with an experienced neuroscientist.
Therefore it was also expected that an exact compliance in choice of volume for
the two pipelines was not possible.

The regional BPND values between the two studies were also evaluated. The
MRTM2 in FreeSurfer showed comparable BPND values for the respective VOIs
in relation to Mc Mahon et al. [4]. The BPND variability between the two streams
ranged from 46% to 75%, with the largest variation observed in the cortical re-
gions and with the highest BPND values observed using FreeSurfer. Only the
BPND values for region 1 (caudate), 2 (putamen+pallidum) and 6 (thalamus)
were higher in Mc Mahon et al. compared to FreeSurfer. This e↵ect may be
explained by the significant regional di↵erence between FreeSurfer and SPM8,
where a more specific choice of region size would exclude possible voxels con-
taining low BPND, thereby resulting in a regional increase of the average BPND.
Furthermore, the high-binding TAC will most likely be di↵erent from one stream
to another, as the subcortical regions are used for extracting the high-binding
TAC. This would in turn result in a di↵erent estimate of k02, and possibly a
bias in the KM. In addition, an increase in region size using FreeSurfer may
increase the probability of including low BPND areas, thereby significantly con-
tributing to a decrease in regional BPND. However, the division of subcortical
structures into GM and WM in SPM8 is in fact a critical omission with respect
to [11C]-DASB PET imaging, as the BPND values within these regions seem to
be uniformly distributed (Figure 6). The e↵ect of higher BPND values reported
by Mc Mahon et al. [4] was only observed for the subcortical regions 1, 2 and 6,
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Fig. 5: (a) Segmented gray matter regions in SPM (shown in yellow-red) superimposed
to the segmentation performed by FreeSurfer (b) Segmentation of subcortical regions
in FreeSurfer (c) Regions of interest with specified color-labeling according to the
segmentation in (b).

indicating that FreeSurfer may perform better in segmenting cortical structures
compared to PVElab and SPM8, as both an increase in volume and BPND were
observed for these regions.

In this study we were especially interested in investigating the e↵ects of
the FreeSurfer PET stream in order to reproduce the results reported by Mc
Mahon et al. [4]. Mc Mahon and colleagues [4] estimated a single-subject volume
weighted average of whole brain [11C]-DASB BPND (global BPND) based on
seventeen volume weighted gray matter segmented regions. The global BPND

was consistently larger in all cases using the FreeSurfer pipeline compared to Mc
Mahon et al. [4]. This increase seems to be in consistency with the definition of
the weighted global BPND, where an increase in BPND values and an increase in
volume sizes results in an increase of global BPND. Nevertheless, we did not find
any significant relative di↵erences in BPND nor in volume sizes using the results
reported by either FreeSurfer or Mc Mahon et al. [4]. However, the fact that both
SAD s-carriers only and SAD LA/LA carriers only reveal tendencies of statistical
significance using the FS pipeline, may indicate that these subgroups regulate
their SERT levels di↵erently, as the tendency is eliminated for SAD all genotypes.
Mc Mahon et al. [4] investigated whole brain SERT (global BPND) as primary
outcome measure, arguing that BPND values are highly correlated across brain
regions and that seasonal changes have been described in various brain regions
[4]. However, a global measure capturing all brain regions and BPND into a single
estimate may exclude important diagnostic information that are present in the
data. The FreeSurfer PET pipeline faciliates a solution to this lack of information
by o↵ering a surface-based PET analysis, where cortical smoothing results in 2-
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Fig. 6: (a) Segmentation of subcortical regions in FreeSurfer (b) Segmentation of sub-
cortical regions in FreeSurfer superimposed with a corresponding BPND map (c) BPND

map filtered with a 5 mm Gaussian 3D kernel showing high radioligand uptake in the
regions thalamus, caudate, putamen and pallidum.

4 times reduced intersubject variance. Next step would be an analysis of the
same cohort, SAD and HC in a univariate/multivariate framework, which may
support a regional seasonal e↵ect related to SERT. Furthermore, it is of great
interest to contain both the processing and modeling within the same framework
as provided in FreeSurfer, whereas the processing by Mc Mahon et al. [4] used
di↵erent pipelines for each processing step to approach the final results. This
may lower the probability of making a user-dependent mistake, which is highly
critical in an inter-subject analysis.

5 Conclusion

In conclusion, PET analysis using the FreeSurfer PET pipeline is able to re-
produce the results estimated by gold standard procedures such as PVElab and
SPM8. We were not able to reproduce the exact same results reported by McMa-
hon et al. [4] investigating the global BPND, however this may in part be driven
by initial assumptions of the VOIs. Nevertheless, the reported results seemed
to be distributed within an accepted range. Future perspectives may include
voxelwise studies, where healthy controls and SAD patients are tested in a uni-
variate/multivariate framework.
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