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Abstract: Introduction: Magnet resonance image (MRI)-based segmentations are widely used for
clinical brain research, especially in conjunction with positron-emission-tomography (PET). Although
artifacts due to segmentation errors arise commonly, the impact of these artifacts on PET quantitation
has not yet been investigated systematically. Therefore, the aim of this study was to assess the effect

of segmentation errors on ['®F]-AV45 and ["*F]-FDG PET quantitation, with and without correction ‘ . :
-

for partial volume effects (PVE). Material and Methods: 119 subjects with both ['°F]-AV45, and
['®F]-FDG PET as well as T1-weighted MRI at baseline and at two-year follow-up were selected from
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the ADNI cohort, and their MRI brain images were segmented using PMOD 3.5. MRIs with segmen-

tation artifacts were masked with the corresponding ['*F]-FDG PET standard-uptake-value (SUV) images to elucidate and
quantify the impact of artifacts on PET analyses for six defined volumes-of-interest (VOI). Artifact volumes were calcu-
lated for each VOI, together with error-[%] and root-mean-square-errors (RMSE) in uncorrected and PVE corrected SUV
results for the two PET tracers. We also assessed the bias in longitudinal PET data. Results: Artifacts occurred most fre-
quently in the parietal cortex VOL. For ["*F]-AV45 and ['*F]-FDG PET, the percentage-errors were dependent on artifact
volumes. PVEC SUVs were consequently more distorted than were their uncorrected counterparts. In static and longitudi-
nal assessment, a small subgroup of subjects with large artifacts (=1500 voxels; £5.06 cm?) accounted for much of the
PET quantitation bias. Conclusion: Large segmentation artifacts need to be detected and resolved as they considerably bi-
as PET quantitation, especially when PVEC is applied to PET data.
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1. INTRODUCTION

In recent years, magnetic resonance imaging (MRI)-
based segmentations of brain into grey matter (GM), white
matter (WM) and cerebrospinal fluid (CSF) are increasingly
important for imaging studies in diverse disorders, including
Alzheimer’s disease (AD) [1, 2], multiple sclerosis [3], epi-
lepsy [4] or schizophrenia [5, 6]. Moreover, molecular brain
imaging techniques such as positron-emission-tomography
(PET) [7] and single-photon-emission-computed-tomo-
graphy (SPECT) [8] benefit from MRI-based segmentations,
such that molecular changes can be investigated in specific
target regions.
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Indeed, MRI-based segmentations are essential for PET
quantitation, especially in dementia studies entailing partial
volume effect (PVE) corrected quantitation of amyloid [9]
and/or ['*F]-fluorodesoxyglucose (['*F]-FDG) [10, 11]. Alt-
hough partial volume effect correction (PVEC) is also feasi-
ble, independent of MRI (e.g. by deconvolution), optimal
results are obtained when using anatomically-oriented seg-
mentation based on individual structural MRI [12]. As such,
widely used PVEC methods such as the geometric transfer
matrix (GTM) [13] or Miiller-Gértner methods [14] depend
critically on correct segmentation of individual MR images.
Volume artifacts due to segmentation errors arise commonly,
with consequences for PET quantitation. This problem has
led to intensive efforts aiming to enhance the existing auto-
mated segmentation methods such as Multi-Atlas Propaga-
tion and Segmentation [15], Bridge Burner [16], Brain Ex-
traction Tool [17] and Hybrid Watershed Algorithm [18].
Despite considerable progress, entirely faultless segmenta-
tion procedures are not available; the impact of such segmen-
tation artifacts on PET quantitation, and on error propagation
with PVEC, has not yet been investigated systematically.
Therefore, the aim of this study was to assess the effect of
MRI segmentation errors on uncorrected and PVE-corrected
['®F]-AV45 and ["*F]-FDG PET quantitation in a large da-
taset of scans from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database.

© 2016 Bentham Science Publishers
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2. MATERIAL AND METHODS
2.1. Alzheimer's Disease Neuroimaging Initiative

Data used in the preparation of this article were obtained
from the ADNI database (adni.loni.usc.edu). The ADNI was
launched in 2003 by the National Institute on Aging (NIA),
the National Institute of Biomedical Imaging and Bioengi-
neering (NIBIB), the Food and Drug Administration (FDA),
private pharmaceutical companies and non-profit organiza-
tions, as a $60 million, 5-year public-private partnership.
The primary goal of ADNI has been to test whether serial
MRI, PET, other biological markers, and clinical and neuro-
psychological assessment can be combined to measure the
progression of mild cognitive impairment (MCI) and early
AD. Determination of sensitive and specific markers of very
early AD progression is intended to aid researchers and cli-
nicians to develop new treatments and monitor their effec-
tiveness, as well as lessen the time and cost of clinical trials.
The Principal Investigator of this initiative is Michael W.
Weiner, MD, VA Medical Center and University of Califor-
nia — San Francisco. ADNI is the result of efforts of many
co-investigators from a broad range of academic institutions
and private corporations, and subjects have been recruited
from over 50 sites across the U.S. and Canada. The initial
goal of ADNI was to recruit 800 subjects but ADNI has been
followed by ADNI-GO and ADNI-2. To date these three
protocols have recruited over 1500 adults, ages 55 to 90, to
participate in the research, consisting of cognitively normal
older individuals, people with early or late MCI, and people
with early AD. The follow up duration of each group is spec-
ified in the protocols for ADNI-1, ADNI-2 and ADNI-GO.
Subjects originally recruited for ADNI-1 and ADNI-GO had
the option to be followed in ADNI-2. For up-to-date infor-
mation, see www.adni-info.org.

2.2. Image Data Acquisition

2.2.1. ADNI ["* F]-AV45 PET and ["*F]-FDG PET Acquisi-
tion and Pre-Processing

The ["*F]-AV45 PET images had been acquired using
Siemens, GE and Philips PET scanners according to a stand-
ard dynamic protocol with emission recording at 50-70 min
following the intravenous injection of 370 £ 37 MBq ["*F]-
AV45. ["®F]-FDG PET images had been acquired using Sie-
mens, GE and Philips PET scanners according to one of
three standard emission recording protocols (30-60 minute
dynamic, 30—-60 minute static, 0—-60 minute dynamic) fol-
lowing the intravenous injection of 185 £ 19 MBq ["*F]-
FDG. Data were corrected for both scatter and measured
attenuation, which was determined using the CT scan for
PET/CT scanners, or a transmission scan with [68Ge] or
[7Cs) rotating rod sources for PET-only scanners. Images
were reconstructed using scanner-specific algorithms, and
sent to the University of Michigan, where they were re-
viewed for artifacts, anonymized, and transmitted to the La-
boratory of Neuro Imaging (LONI) for storage. Further de-
tails are available in the ADNI PET technical procedures
manual (http://www.adni-info.org/Scientists/Pdfs/ ADNI2
PET Tech Manual 0142011.pdf).

Downloaded ["*F]-FDG PET images in DICOM format
had been pre-processed in four steps: 1) motion correction
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by coregistration of single five minute frames; 2) time frame
averaging (30-60 min p.i.); 3) coregistration of longitudinal
data to the baseline scan and reorientation in a standardized
160x160x96 matrix consisting of 1.5 mm cubic voxels; 4)
smoothing with a scanner-specific filter function to an iso-
tropic resolution of 8 mm. Details can be found at
(http://adni.loni.usc.edu/methods/pet-analysis/pre-processing/)
[19,20].

2.2.2. ADNI MRI Acquisition and Pre-Processing

T1-weighted (T1w) MRI scans had been acquired using
Siemens, GE or Philips MRI scanners according to a stand-
ard protocol [21] involving acquisitions of two 3-D
MPRAGE imaging sequences per subject. Of the two images
acquired per subject and time-point, the ADNI quality assur-
ance team selected the qualitatively better image for pre-
processing.

MRI preprocessing involved: 1) application of a scanner-
specific correction for gradient nonlinearity distortion
(Gradwarp) [22]; 2) correction for image intensity non-
uniformity (B1) [21]; 3) application of a histogram peak
sharpening algorithm for bias field correction (N3) [23]; 4)
application of spatial scaling factors obtained by phantom
measurements. For images acquired on Philips scanners, B1
correction was already implemented, and the gradient sys-
tems with this instrument tended to be inherently linear [21].

2.3. Patient Selection and Study Design

138 subjects with both ['*F]-AV45 and ['*F]-FDG PET
as well as Tlw MPRAGE MRI at baseline (BL) and two-
year follow-up (FU) were selected from ADNI-GO/2. Their
clinical diagnoses at BL were healthy control (ch) (N=42),
MCI (N=86) and AD (N=10). Pre-processed [°F]-AV45
PET, ['®F]-FDG PET brain images and temporally corre-
sponding T1w MPRAGE images were downloaded from the
database as available on September 2013. After processing,
all images were visually checked and MRI segmentation
fails were identified as cases of complete mislabelling of the
compartments (GM/WM/CSF) or misregistration resistant to
manual adjustment. By these criteria, images of 13 subjects
failed either at BL or FU, while images of six subjects failed
at both BL and FU. Thus, a total of 25/276 (9.1%) failed
images were excluded from further analysis, corresponding
to a total of 19 subjects (HC: N=6, MCIL: N=12, AD: N=1)
(Fig. 1).

2.4. Image Analyses
2.4.1. Coregistration and Segmentation

['"®F]-AV45 and ["*F]-FDG PET images were rigidly
coregistered to their individual MRI to obtain a linear PET-
to-MRI transformation in PMOD. Non-rigid coregistration
of individual MRIs to the standard Montreal Neurological
Institute (MNI)-space was used to obtain a nonlinear MRI-
to-MNI transformation. Next, the concatenation of PET-to-
MRI and MRI-to-MNI transformations was used to trans-
form the PET images in MNI-space. Meanwhile, the T1w
MRIs were segmented to GM, WM and CSF compartments
[24]. To this end we implemented the segmentation algo-
rithm with the following parameters: Sampling distance,
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Fig. (1). Schematic overview of study design and subject selection. Image data from 138 ADNI subjects, undergoing baseline and two-year
follow-up MRIs, [ISF]-AV45 PET and [ISF]-FDG PET, were processed by PMOD PNEURO 3.5. Subsequent visual identification of com-
pletely failed segmentation or coregistration resulted in exclusion of 19 subjects, and a final cohort of 238 MRIs totalling 119 subjects (HC:
N=36, MCI: N=74, AD: N=9) for further analysis. 172 artifact-free segmentations and 66 segmentations with at least one artifact were ob-

tained.

which determined the density of voxels considered in the
calculation, was used at a standard 6 mm setting. Moderate
bias regularisation served to compensate for variations of the
image intensity across the field-of-view, and a moderate
clean-up procedure rectified the incorrect segmentation
along the compartment boundaries. To guarantee the best
possible uniformity of segmentations, all parameters were
used unadjusted in standardized manner, even when some
mislabelling consequently occurred. In such cases, the seg-
mentations were excluded, as described above. Volumes-of-
interest (VOIs) of 83 cortex areas from the Hammers atlas
were defined in individual GM templates for each subject in
the MNI-space [25]. All image MR processings were per-
formed with the PMOD PNEURO 3.5 tool.

2.4.2 Artifact Assessment and Masking

BL and FU segmentations of 119 subjects (HC: N=36;
MCI: N=74; AD: N=9) were visually checked slice-by-slice
for artifacts. In cases when an artifact was visually identi-
fied, as occurred for about 20 voxels per plane, the segmen-
tation was masked by the individual ["*F]-FDG PET in order
to exclude the artifact voxels. The mask binarization of ['*F]-
FDG PET was performed by an individual intensity thresh-
old (20-37% of total activity) optimally fitting the MRI brain
border, in order to guarantee exclusion of all artifact voxels.
In cases where these requirements could not be fulfilled, as
occurred for <5% of all ['"*F]-FDG PET images, the thresh-
old was selected, which came most close to rescuing the as-
signment of all real brain voxels. Subsequently, the remain-
ing artifact regions were cropped by setting to zero voxels
outside the binary mask (Fig. 2). For further analyses, the
corrected MRI segmentations without artifacts were used for
processing of the corresponding ['*F]-AV45 and ["*F]-FDG
PET in PMOD PNEURO 3.5 tool again.

2.4.3. VOI-based PVEC

For each VOI defined in the Hammers atlas [25], we cal-
culated PVE-corrected values [13, 26, 27]. The algorithm
included an extra-cerebral background VOI implemented in

the PNEURO 3.5 tool. We used a GM threshold 0.3 and a
full-width-at-half-maximum (FWHM) defined of 8 mm; de-
tails of the PVEC algorithm are provided in Supplement 1.

2.4.4. Analyses of Artifact Volumes and PET-VOI Data

Six GM VOIs were defined by combining bilateral
Hammers atlas VOlIs, i.e. frontal, parietal, temporal, and pos-
terior cingulate cortex (PCC), a composite of all these corti-
cal regions, as well as an entire cerebellum GM VOI. Uncor-
rected and PVE-corrected standard-ugtake-values (SUV)
were calculated for ['*F]-AV45 and ["F]-FDG PET using
non-masked (SUV,,) and masked (SUVy,) VOI sets. With
these data the following analyses were performed:

2.4.4.1. Artifact Volume Quantitation

Artifact sizes were quantified by subtracting cropped
from uncropped volumes. A volume threshold of </>5.06
cm?® (21500 voxels) was defined for further subanalyses.
Artifact volumes were estimated by a hot 3D VOI tool and
1500 voxels were the approximated lower bound of these
artifacts volumes.

2.4.4.2. Error-[%] in PET SUVs and Correlation with Arti-
fact Volumes

For each of the six VOIs, we calculated error-[%] in the
uncorrected and PVE-corrected SUVs according to equation
1. Error-[%] in SUVs were then correlated with artifact vol-
umes.

SUVart=SUVirue
SUVtrue

Error-[%] = %x100 Eq. 1

2.4.4.3. Root-mean-square-error (RMSE)

RMSE were calculated for uncorrected and PVE-
corrected SUVs according to equation 2:

Jz?zl(suvart—suvtrue)z
RMSE-[%] =

x100  Eq.2:

\/z{;i(suvfrue)z
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Fig. (2). Workflow of artifact masking. (A) Example of a segmentation artifact (highlighted by arrows) in axial and coronal plane. (B) Bina-
rization of the corresponding ['*F]-FDG PET was performed by the individual threshold (20-37% of total activity) give the best fit to the
MRI brain border. (C) Resulting artifact-free MRI segmentation after cropping process.

2.4.4.4. Longitudinal PET Assessment

Distribution of artifacts relatively to the different brain
regions was assessed in the BL and FU study. Percentage
changes in longitudinal SUVs (A-SUV-[%]) between BL and
FU were calculated for the SUV data with artifacts (equation
3) or MR-artifact-free (equation 4) PET results.

x100 Eq.3

SUVgrtFU=SUVar¢BL
- _To, — 2Zfart V7oF Fart?
A-SUV-[%]are = SUVgr¢BL
art
SUViryyeFU=SUViryeBL
SUViryeBL

A-SUV-[%] true = x100 Eq.4

The consecutive resultant bias in longitudinal PET data
was calculated by Equation 5:

Bias-A-SUV-[%] = A-SUV-[%]rue — A-SUV-[%]are EQ.5

2.4.5. Semi-automatic Masking Approach

In order to investigate a possibility method for facilitat-
ing and simplifying the masking process, we examined tem-
plate masks deriving from the complete data set. In this ap-
proach, the masked segmentations from all 238 individual
sets of VOIs deemed without artifacts were binarized as uni-
ty for all voxels included in any VOI. The 238 binarized im-
ages were then averaged to obtain a probability value for
each voxel of “inclusion in the VOI-set” within the whole
population, as has been done previously for probabilistic
atlas generation [28]. Standardized masks were generated
with either 100% (100%-voxel-mask) or 50% (50%-voxel-
mask) probability level threshold. Thus, the 100%-voxel-
mask contained every voxel of all VOI sets, while the much
more stringent 50%-voxel-mask contained all voxels present
in the VOI-set of at least half of the subjects. These masks
were subsequently used to test the statistical template ap-

proach in the subjects for whom there were more than 1500
artifact voxels.

2.4.6. Statistics

Means (+ SD) and ranges of volume as well as error-[%]
in uncorrected and PVE-corrected SUVs were assessed for
both tracers for all six VOI regions. Additionally Pearson’s
coefficient of correlation (r) was assessed for uncorrected
and PVE-corrected SUV error-[%] with volumes of artifacts.
Differences between uncorrected and PVE-corrected arising
from MR segmentation artifacts were assessed by comparing
single square errors with a paired student’s #-test. Further-
more distinctions between different mask settings (raw,
50%- and 100%-voxel-mask) were as well assessed by a
paired students z-test. The null hypothesis was rejected for
p<0.05. In the longitudinal PET assessments the moduli of
the mean (= SD) for Bias-A-SUV-[%] and Bias-A-VOL-
[cm’] were calculated and reported with the respective rang-
es.

3. RESULTS
3.1. Demographics

Detailed demographics of the study cohort are provided
in Table 1.

3.2. Artifact Volume Assessment and Error-[%] in SUV

In 66/238 (27.7%) of the MRIs, at least one artifact was
identified by visual inspection, leading to a total of 276 arti-
facts, which were most frequent in the parietal region
(N=84). Details of artifact volumes of all six assessed re-
gions are presented in Table 2, and the highest artlfact vol-
umes were found in par1eta1 (mean 2.9+5.6cm’; range: 0-
26.7 cm’) and temporal regions (mean: 2.4 + 2.9 cm’; range:
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Table 1. Demographics of healthy controls (HC), patients with mild cognitive impairment (MCI), and patients with Alzheimer’s
disease (AD).
Diagnosis N Age Gender
(Baseline) (y =SD) (f/ m)
HC 36 77.4+6.4 13 (36%) f/ 23 (64%) m
MCI 74 702+£7.9 33 (45%) £/ 41 (55%) m
AD 9 73.4+8.2 6(67%) £/3 (33%) m
Table 2. Mean (£SD) and ranges (MIN / MAX) of artifact volumes, as well as counts (N) of artifacts in different brain regions. Cor-
relation coefficients (r) are given for the relationship between artifact volumes and the error-[%] in SUV of [18F]—AV45
and [lsF]-FDG PET, for uncorrected and PVE-corrected data.
Region Artifact Error-[%] in ['*F]-AV45 PET Error-[%] in ["*F]-FDG PET
Volume [cm’] uncorrected PVEC uncorrected PVEC
MEAN+ | MIN/ N MEAN = | MIN/ v MEAN+ | MIN/ ‘ MEAN+ | MIN/ v MEAN £ | MIN/ .
SD MAX SD MAX SD MAX SD MAX SD MAX
[Frontal 09+1.50.0/11.5|51]-0.1+£0.5|-41/04|-0.88 -05+1.2|-9.2/0.2 [-0.94| -0.3+0.6 | -4.7/0.0 |-0.99| -0.2+0.9 |-6.8/0.5]-0.88
[Parietal 29+£56 [0.0/26.7 |84 |-12+2.8 |-14.8/0.4|-0.94| -3.0+7.0 |-36.6/0.8|-0.90| -1.9+£3.7 [-17.9/0.0 [-0.99| -2.4 £ 5.9 |-28.7/0.4/-0.98
Temporal| 24+29 | 0.0/17.5| 67 | -04+0.8 | -6.3/0.4 |-0.82| -0.6+1.3 | -9.6/1.3 |-0.68| -0.8+1.2 | -8.5/0.0 |-0.96| -0.6+ 1.5 |-11.1/0.3|-0.84
[PCC 0.1+02 | 0.0/02 | 5| 00+£0.0 |-0.1/0.1|-0.25| 0.4+1.3 | -0.5/6.6 [-0.07| 0.0£0.0 | -0.1/0.0 |-0.94| 0.4+1.0 |-0.1/5.6]-0.03
[Compo-
it 6.2+82 |0.1/389|207| -0.5+1.0 | -5.2/0.3 |-0.89| -1.1£2.2 |-10.3/0.1(-0.84| -0.9+1.3 | -6.3/0.0 |-0.98| -0.9+1.9 |-9.2/0.2|-0.94
site
Cerebel-
| 14+13 ] 00/54 |69 -03+0.5]|-2.1/0.1|-0.82| -0.5+0.9 | -3.8/1.4 |-0.76| -0.7+0.6 | -2.8/0.0 |-0.98| -0.5+£0.6 |-2.6/0.1 |-0.90
um

0 - 17.5 cm’). Volumes for PCC were negligibly affected by
segmentation artifacts.

Strongest correlations of artifact volumes with error-[%]
in SUV were detected in the parietal cortex region for ['*F]-
AV45 PET (uncorrected: r = -0.94; PVEC: r = -0.90) (Fig.
3A) as well as for ['"*F]-FDG PET (uncorrected: r = -0.99;
PVEC: r = -0.98) (Fig. 3B). Considerable error-[%] in SUV
were detected above the defined artifact volume threshold of
5.06 cm® (21500 voxels), which was present in 9/66 seg-
mentations with artifacts. However there was no relationship
between artifact sizes and clinical diagnoses.

3.3. RMSE-[%)] in uncorrected and PVE-corrected PET
SUVs

Highest RMSE-[%] in SUV was observed in the parietal
region. For both tracers, PVE-corrected data was significant-
ly more affected by artifacts when compared to uncorrected
SUVs (p<0.05), as illustrated in (Fig. 4A/B), e.g. in the pari-
etal region (["*F]-AV45 PET: 7.1% vs. 2.6% / ["*F]-FDG
PET: 6.3% vs. 4.2%). Furthermore, RMSE-[%] results were
analysed for subgroups with </>1500 artifact voxels (57
segmentations with <1500 artifact voxels and 9 segmenta-
tions with >1500 artifact voxels). The small group with arti-
facts of >1500 voxels nonetheless accounted for the largest

share of total RMSE-[%] in SUV for both tracers (Fig. 4C),
while RMSE-[%] in all regions were consistently below
1.5% for the subgroup with <1500 voxels, irrespective of
radiotracer or whether or not PVEC was applied.

3.4. Distribution of Artifacts and Impact on Longitudinal
PET Studies

The 66 segmentations with artifacts were obtained from
39 different subjects (27 of whom had artifacts in their MR-
segmentations both at BL and FU). The latter group com-
prised a regional concordance of 88/112 (78.6%) artifacts at
both MR assessments. In the longitudinal PET measure of
Bias-A-SUV-[%], again a small fraction of subjects (Bias-A-
VOL-[cm’] >1500 voxels) had the highest impact on PET
quantitation, which increased as a function of artifact size
(Fig. 5 A,B).

Highest Bias-A-SUV-[%] of up to 36% was found in pa-
rietal region of PVE-corrected [ 8F]—AV45 PET (Table 3).
For both PET tracers, longitudinal assessments were more
affected by MR segmentation artifacts in PVE-corrected
SUVs than for uncorrected SUVs (['*F]-AV45: p<0.001 /
["®F]-FDG: p<0.05). The group of 34 subjects with a Bias-A-
VOL-[cm’] <1500 voxels revealed a negligible mean Bias-A-
SUV-[%] to FU even in the most affected region, i.e. parietal
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Fig. (3). (A) Correlation of artifact volumes [cm®] with error-[%)] in uncorrected (light blue) and PVEC (dark blue) for ['®F]-AV45 PET in
parietal cortex. (B) Correlation of artifact volumes [em®] with error-[%] in uncorrected (light red) and PVEC (dark red) for ["®F]-FDG PET in
parietal cortex. In both charts, single subjects are depicted by diamond (HC), square (MCI), and triangle (AD). Pearson’s correlation coeffi-
cients (r) are provided. Dotted line represents the threshold above 5.06 em’ (21500 voxels, red area), which had considerable impact on PET
quantitation for both tracers.
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serves as the illustrative example.

Table3. Mean (xSD; modulus) and MIN / MAX for two-year longitudinal Bias—A—VOL-[cm3] as well as Bias-A-SUV-[%)] of [lsF]-
AV45 and ["®*F]-FDG. Results are given separately for uncorrected and PVE-corrected Bias-A-SUV-[%]. Significant dif-
ferences between uncorrected and PVE-corrected data are indicated by * p <0.05; ** p <0.01; *** p < 0.001.
Region Bias-A-VOL-[cm’] Bias-A-SUV-[%] in ["*F]-AV45 PET Bias-A-SUV-[%] in ['*F]-FDG PET
uncorrected PVEC uncorrected PVEC
CMEAN = MIN / [IMEAN %= MIN / [IMEAN %= MIN / [IMEAN % MIN / [IMEAN %= MIN /
SDLJ MAX SDU] MAX MAX SDU] MAX SDU] MAX
Frontal 0.8+1.4 -2.6/8.5 0.2+0.5 -3.0/0.7 0.4 £0.9*%* -59/14 0.3+0.6 -4.1/0.8 0.3+0.9 -5.8/0.6
Parietal 26+52 -24.7/6.9 1.0+2.1 -3.5/12.6 2.7+ 6.0* -8.5/35.9 1.6 +3.2 -4.9/17.3 24+54 -7.7/30.2
Temporal 2.3+£3.0 -11.5/13.6 0.4+0.8 -5.0/1.8 0.7 £1.2%* -7.3/2.2 0.8+1.3 -7.2/32 0.7+1.6 -99/29
PCC 0.1+£0.2 0.0/0.2 0.0+ 0.0 -0.1/0.1 0.4 £0.9%* -55/14 0.0+ 0.0 0.0/0.2 0.4 £0.8%* -43/19
Composite 5.7+7.6 -36.5/23.9 0.4+0.7 -3.2/35 0.9 + 1.7%* -5.4/93 0.8+ 1.1 -4.0/4.7 09+1.6 -5.8/7.2
Cerebel-
fum 1.3+1.2 -49/4.1 03+04 -1.0/1.9 | 0.7£09%** | -3.1/4.1 0.6+0.5 -2.1/22 0.5£0.5%* -2.1/2.1
u

cortex: ['®*F]-AV45 uncorrected: -0.02%; PVE-corrected:
-0.02%; ["*F]-FDG uncorrected: +0.09%; PVE-corrected:
-0.16%.

3.5. Semi-automatic Masking Approach

By application of the statistically defined 100%-voxel-
mask, only minor effects on artifact volumes were observed,
whereas the more stringent 50%-voxel-mask led to a consid-
erable reduction of mean parietal cortex segmentation arti-
fact volumes (14.1 cm® vs. 3.4; p<0.001). However, the
50%-voxel-mask resulted in distinct underestimation of true
brain voxels in the frontal region (-7.6 cm?) (Fig. 6A). De-

spite the reduction of parietal cortex artifact volumes, SUV
RMSE-[%], were reduced by only 50% in uncorrected and
PVE-corrected PET of both tracers (Fig. 6B) when using the
strict 50%-voxel-mask.

4. DISCUSSION

This is the first systematic investigation of the impact of
MRI segmentation-related artifacts on the quantitation of
brain PET data. Longitudinal ['*F]-AV45 and ["*F]-FDG
PET recordings from the ADNI database were analyzed ac-
cording to uptake in GM VOIs derived from MRI segmenta-
tion, with and without correction for segmentation artifacts.
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Fig. (6). (A) Mean (+SD) artifact volumes either for raw (black bars) segmentations or after standardized masking by the 100% probabilistic-
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mentations with extremely large artifacts (>1500 voxels)).(B) RMSE-[%] in ['"*F]-AV45 and ['*F]-FDG PET SUV for the nine MR segmen-
tations with extremely large artifacts (>1500 voxels). RMSE-[%] for the parietal cortex region are given either for raw segmentations or after
standardized masking by the 100%-mask and 50%-mask for uncorrected and PVE-corrected values.

MRI-based segmentation artifacts propagated to bias in PET
quantitation in proportion to the volume of segmentation
errors; this effect was most pronounced in PVE-corrected
data. There was considerable variance in the magnitude of
bias in individual SUVs, with substantial impact on the
group results arising from the few subjects with especially
large artifacts; identification of such patients is required in
order to avoid biased PET quantitation in multicenter cohort
studies.

4.1. Artifact Assessment and Masking

We found that one quarter of processed segmentations
revealed at least one artifact by visual quality control, indi-
cating a high frequency of relevant segmentation artifacts in
this multi-center collective. The parietal cortex region
proved to be most vulnerable to artifacts, most likely due to
inherently greater likelihood of bridge building VOIs adja-
cent to this brain area. This is concordant with previous stud-
ies showing the meninges and large sinuses, which are nota-
bly present in vicinity to the parietal region, were the non-
brain structures most often falsely segmented in brain MRI
[16]. The rather sophisticated masking method used in this
investigation afforded identification of the optimal threshold
for masking of VOIs. Through careful editing, nearly perfect

masking of artifacts was achievable, in a trade-off between
the most rigorous possible exclusion of all artifact voxels,
and preservation of all real cortical voxels in the VOI. As an
alternative, we also tested a semiautomatic masking ap-
proach, but this proved without benefit, as artifact voxels
were not sufficiently excluded by a moderate stringency
threshold mask, or bias was introduced by elimination of real
cortical voxels when a strict threshold mask was applied; we
found that RMSE-[%] in the PET result was reduced by only
50% when using the strict mask. This reflects the location of
most artifacts in the direct vicinity to the brain, which brings
a risk of overlap between true GM and artifact voxels in the
MNI space when considering subjects with differing brain
shape and atrophy. Therefore, we conclude that standardized
semiautomatic masks are no substitute for individual mask-
ing to resolve segmentation artifacts by post-processing.
Correct masking is aided by access to the individual ["°F]-
FDG PET image, which is not available in many brain PET
studies. When ["*F]-FDG PET is not available, masking is
also possible through time-consuming manual identification
and erasing of artifact voxels using VOI or ROI post-
processing tools.

Despite the presence of extra-cerebral artifacts, overesti-
mation of GM compared to WM (mis-segmentation) is well-
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known to arise in MRI segmentation algorithms. This was
examined in detail by Gutierrez and colleagues in [18F 1-FDG
PETs of 19 patients with dementia, and they concluded that
statistical parametric mapping (SPM) 5, which was also im-
plemented in the PMOD algorithm used in the current study,
provides reliable results, superior to those obtained with
SPM 99 or SPM 2 [29]. Nonetheless, we found 9% com-
pletely failed MRI segmentations, which is also in line with
our previous findings in a larger ADNI dataset of 1300 sub-
jects [30]; this could reflect the challenge presented by atro-
phy in the aged or disease brain relative to the MNI target,
which represents healthy young subjects.

4.2. Influence of Segmentation Artifacts on PET Quanti-
tation

Bias in PET quantitation correlated highly with the indi-
vidual volume of artifacts. This is compelling, as artifact
voxels are predominantly located outside the cerebral cortex,
and thus have very low radiotracer uptake, which conse-
quently exert a large bias on the apparent VOI activity.
Therefore, spuriously low SUV values are the logical conse-
quence of MR segmentation error, and are most pronounced
when brain tracer uptake is relatively high compared to the
extracerebral background activity.

One objective of this study was to establish the size of ar-
tifacts leading to relevant errors in PET quantitation, with
likely consequences for between-group comparisons. This is
a matter of interest as the extensive quality control per-
formed in this investigation is labour intensive, and might
not be feasible in planned studies with many hundreds of
subjects. We found artifacts comprising <1500 voxels to be
of minor relevance in PET quantitation at a single time point,
whereas artifacts larger than 1500 voxels (5 cm?) in specific
brain VOIs had a considerable impact on PET quantitation.
Thus, it is very important to take into account the target re-
gion sizes of PET studies, as quantitation in small brain re-
gions is inherently more vulnerable to MR segmentation
artifacts. Thus for example, amyloid-PET ['*F]-AV45 will
scarcely be affected if the end point is semi-quantitative as-
sessment of amyloid positivity or negativity within the entire
cortical GM VOI, which comprises 143,000 voxels. In con-
trast, ['"*F]-FDG PET analysis in a parietal subregion com-
prising as few as 4,500 voxels is highly vulnerable to the
presence of a large artifact.

From our experience, all cases with segmentation arti-
facts exceeding the 1500 voxel threshold were easily dis-
cerned by simply scrolling through the axial layer (< 1 min),
which should enable rapid screening of segmentations re-
quiring correction.

4.3. Impact of Segmentation Artifacts on PVEC

Accounting for effects of atrophy is crucial in brain PET
studies of healthy aging and AD, as the loss of cortical vol-
ume will bias observations of metabolism and ligand binding
due to increasing PVEC (12). Particular implications of
PVEC on ["*F]-flutemetamol/amyloid PET quantitation were
recently assessed in a phantom study employing a new re-
gion-based voxel-wise technique, in comparison to well-
established VOI-based methods [9]. The authors concluded
that PVEC enhances precision of regional amyloid PET
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quantitation, and should be considered as obligatory in clini-
cal trials with PET endpoints. In the present work, we found
that PET quantitation with PVEC was more affected (than
was native, uncorrected PET data) by segmentation artifacts,
regardless of the subregion or the radiotracer. This is ex-
pected from the methodological principles of VOI-based
PVEC, since the presence of (extracerebral) artifacts will
tend to create the appearance of hypertrophy in the GM. In
this circumstance, a spuriously low correction PVEC is per-
formed by the algorithm in artifact-contaminated regions,
which was reflected by the greater underestimation of PET
SUV values with PVEC when compared to uncorrected data
(Figs. 3 A, B). This result is in line with findings in previous
works, where (other than misregistration) mis-segmentation
(over/underestimation of GM) had the most pronounced im-
pact on region-based [31] and/or voxel-based [32, 33] PVEC
accuracy. Efforts towards detection and elimination of seg-
mentation artifacts are consequentially justified when PVEC
is implemented in the data analysis.

4.4. Longitudinal Studies

Monitoring of therapeutic trials in neurodegenerative dis-
eases with well-established non-invasive biomarkers like
MRI and ["*F]-FDG PET is of burgeoning importance [34].
However, these longitudinal investigations tend to suffer
from low effect sizes magnitudes, even for therapeutic inter-
ventions lasting for more than two years of disease progres-
sion. This is exemplified in a multimodal image study of a
trial of memantine in mild to moderate AD [35]; in the
course of one year, cerebral glucose metabolism decreased
by a mean of only -1.8% in memantine-treated patients ver-
sus -3.0% in the placebo group. It is self-evident that a longi-
tudinal single subject bias (over two years’ follow-up) of
17% in the uncorrected ["*F]-FDG PET uptake, as we ob-
served in parietal cortex, the region most vulnerable to seg-
mentation artifact of our study, would detrimentally influ-
ence such results, if not resolved or excluded. Nevertheless,
the overall impact of smaller artifacts should normally be
compensated by sufficient sample sizes; we found the mean
Bias-A-SUV-[%] in ['*F]-FDG PET to be less than 0.2% (for
the highest affected parietal region) in the sub-group of 34
subjects with a Bias-A-VOL-[cm’] <1500 voxels.

We found a high concordance of regional artifact distri-
bution to baseline and follow-up segmentations in the two-
year longitudinal setting (79%). Thus, we conclude that indi-
vidual brain anatomy contributes to the occurrence of arti-
facts. We did not systematically investigate the possible in-
fluence of specific imaging sites on the magnitude of arti-
facts in this multi-center study, as we processed MRIs only
when dual tracer PET imaging was also present. We did note
that some sites tended to produce more MRIs that were af-
fected by segmentation artifacts in consecutive post-
processing (max. 50%; 10/20), but this effect of the site was
not statistically significant.

4.5. Limitations

In the interests of clarity, we restricted our investigation
only to VOI-based PVEC as implementing another PVEC
approach (e.g. Miiller-Gértner method). However, pilot data
(not shown) suggested that the effects of artifacts on voxel-
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wise MRI-based PVEC tended to mirror our findings with
VOI-based PVEC. This is unsurprising, as the bias of en-
larged GM volumes remains constant for both approaches.
The aim of this study was rather to emphasize the direct im-
pact and consequences of MR segmentation artifacts in
commonly used multi-center data by application of a stand-
ard (and widely used) PMOD algorithm. However, segmen-
tation of other MRI sequences and use of different segmenta-
tion algorithms need to be explored in more detail. More
sophisticated segmentation approaches would potentially
lower the frequency of relevant artifacts, as specialized arti-
fact-reducing features are increasingly implemented in those
algorithms (e.g. bridge burner).

CONCLUSION

MRI-based segmentation artifacts have a size-dependent
effect on PET quantitation in this multitracer follow-up study
of HC, MCI and AD subjects. Individual SUVs were affect-
ed to a highly variable extent, with very substantial impact in
those few subjects with especially large artifacts. When ap-
plying PVEC algorithms, the impact is even more pro-
nounced than for uncorrected studies. Screening and editing
of suspect MR segmentations is necessary to avoid biased
PET quantitation. If available, ['*F]-FDG-PET is suitable for
masking segmentation-based artifacts in such cases, whereas
a standardized template based masking approach was inferi-
or.

ABBREVIATIONS

AD = Alzheimer’s disease

ADNI = Alzheimer's disease neuroimaging initia-
tive

BL = Dbaseline

CSF = cerebrospinal fluid

FDA = food and drug administration

['"F]-FDG =  ["F]-fluorodesoxyglucose

FU = follow-up

FWHM = full-width-at-half-maximum

GTM = geometric transfer matrix

GM = grey matter

HC = healthy control

LONI = laboratory of neuro imaging

MCI = mild cognitive impairment

MNI = montreal neurological institute

MRI = magnetic resonance imaging

NIA = national institute on aging

NIBIB = national institute of biomedical imaging
and bioengineering

PCC = posterior cingulate cortex

PET = positron-emission-tomography

PVE(C) =  partial volume effect (correction)
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RMSE = root-mean-square-error

SPECT = single-photon-emission-computed-
tomography

SPM = statistical parametric mapping

SUvV = standard-uptake-value

A-SUV-[%] =  change in longitudinal SUV

Tlw = Tl-weighted

VOI = volume-of-interest

VOL = volume

WM = white matter
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