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Abstract

BACKGROUND: Centiloid provides a standardized process to quantify brain amyloid
in which a subject’s T1 magnetic resonance imaging (MRI) and amyloid positron emis-
sion tomography (PET) scans are registered and warped to Montreal Neurological
Institute 152 space using prescribed procedures. The method has a high failure rate in
Down syndrome (DS) subjects from the Neurodegeneration in Aging Down Syndrome
(NiAD) project. We evaluate imaging preprocessing methods (PMs) to improve the DS
success rate.

METHODS: PMs were constructed from combinations of image origin reset, filter-
ing, MRI bias correction, and MRI skull stripping. Centiloid results were evaluated for
adherence to standards using The Global Alzheimer’s Association Interactive Network
dataset. PMs were also evaluated using the NiAD dataset to judge their suitability for
the DS population. DS PM evaluation procedures were developed corresponding to

those specified for non-DS populations.
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1 [ BACKGROUND

Alzheimer’s disease (AD) pathogenesis is widely believed to be driven
by processes that lead to the aggregation and deposition of the amy-
loid beta peptide (AB) in the brain, and the presence of AS plaques is
a defining pathological feature of AD. In humans, the production of
AB is brought about by the proteolysis of amyloid precursor protein
(APP), which is coded by the APP gene located on chromosome 21.1
People with Down syndrome (DS) are subject to overproduction of
APP and are predisposed to increased A accumulation and early onset
AD, which has a histopathology similar to sporadic, late-onset AD.%3
Here, we report on a study using data from the Neurodegeneration
in Aging Down Syndrome (NiAD) project, which was a multisite study
of DS participants that included an investigation of the natural his-
tory of amyloid burden and has now transitioned into the Alzheimer’s
Biomarker Consortium-Down syndrome (ABC-DS).#~10 The ABC-DS
includes a core that actively engages with and recruits from diverse
populations.

To attain maximum utility of datasets formed by combining data
from different sites, it is necessary to minimize (standardize) and
then account for (harmonize) site-specific differences in characteristics
that affect quantitation. Various standardization and harmonization
strategies have been developed for PET.1%12 The Centiloid method?
was established specifically to provide standardization in quantify-
ing brain AB burden. In addition to specifying a scale for reporting
results, it provides a method of image processing, and this paper
was motivated specifically by our experience with this aspect of the
procedure.

Within NiAD, we observed a higher Centiloid processing failure rate
in participants with DS compared to individuals without DS (Figure 1).
Presumably, this is partially due to anatomic differences between DS
participants and the non-DS brain images used in the formation of the
Montreal Neurological Institute (MNI) 152 template, which s critical to
the Centiloid process. Relative to participants without DS, the DS brain

has an overall smaller volume and a disproportionately smaller cere-

RESULTS: Five accepted PMs improved the Centiloid-processing success rate in the DS
cohort from 61.3% to 95.6%.

DISCUSSION: The identified combinations of preprocessing steps substantially
improved the success rate of Centiloid processing in DS.

amyloid imaging, Centiloid, Down Syndrome, image processing, MRI, PET

* Image preprocessing pipeline is proposed for Centiloid analysis of DS.
* Preprocessing pipelines are evaluated for adherence to Centiloid standards.
* Pipelines are evaluated for improvement in yield of usable imaging data.

* Preprocessing of amyloid imaging data resulted in a large yield improvement.

bellar volume.* In addition, the frequency of serious motion artifacts
observed in T1 magnetic resonance imaging (MRI) scans in this cohort
is relatively high. Further, NiAD image data were acquired at five col-
lection sites using five different combinations of MRl and PET scanners
with different characteristics, introducing site- and scanner-specific
variability (Table S1).

The Centiloid methodology comprises several steps: image pro-
cessing, quantification of tracer uptake (i.e., application of regions of
interest [ROIs]), and conversion of results to the Centiloid scale. Each
of these should be examined and optimized for a distinctive cohort.
Here, we address the first of these steps, image processing, upon
which the others depend. Although extended procedures for validating
fundamentally new pipelines (e.g., those that use different templates
or registration, warping algorithms, quantitation ROls, or positron
emission tomography [PET]-quantitation harmonization strategies) for
producing Centiloid results have been specified,!® our focus was to
develop alternative preprocessing pipelines that improve the Centiloid
success rate but that remain within the bounds of the standard Cen-
tiloid method. This research consisted of two major components: (1)
validation of alternative PET and magnetic resonance image process-
ing pipelines on the publicly available standard Centiloid [11C]PiB 50-
to 70-min dataset and (2) evaluation of the same pipelines on a set
of participants acquired under the NiAD study with newly developed
rigorous quality assurance (QA) criteria. As a consequence, the proce-
dures that were developed, while motivated by needs related to our DS
cohort, are not specific to DS.

In what follows, we develop and evaluate pipelines with the goal
of having a set of preprocessing tools that can be used interchange-
ably. For this work, it is necessary to process all scans in our datasets
through all pipelines to judge the quality of each result and to compare
variances in Centiloid values between the pipelines. Having estab-
lished interchangeability, in typical practice, an analyst would not run
all pipelines for an analysis but would stop once a scan was successfully
processed. In the discussion, we outline a potential order for running

the pipelines based on their expected success rate.
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FIGURE 1 Two sagittal slices of examples of warped magnetic
resonance images cropped with template brain mask and positron
emission tomography (PET) images in Montreal Neurological Institute
(MNI) template space: (A) MNI template image as reference (gray); (B)
successfully processed scan set; (B.1) T1 magnetic resonance image
(blue) with good spatial normalization overlaid on template image
(gray); (B.2) PET image with good coregistration and good
normalization to corresponding T1 magnetic resonance image; (C)
unsuccessfully processed scan; (C.1) magnetic resonance image (blue)
with failed spatial normalization overlaid on template image in which
brain was shrunk on normalization and non-brain tissue was aligned to
template brain tissue marked with red arrows; (C.2) PET image with
failed coregistration and normalization to corresponding T1 magnetic
resonance image due to the PET image being pitched relative to the
magnetic resonance image. The green crosses shown in C.1 and C.2
mark the same final coordinates in each image and illustrate a
mismatch between the two images.
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2 | METHODS

2.1 | Demographics and imaging data
The standard Centiloid dataset used in component 1 (validation of
alternative PET and magnetic resonance image processing pipelines
on the publicly available standard Centiloid [11C]PiB 50- to 70-min
dataset) was downloaded from The Global Alzheimer’s Association
Interactive Network (GAAIN) website.’> The PET scans in the stan-
dard Centiloid dataset include a group of 34 young control participants
(age range 22 to 43 years) and 45 participants diagnosed with AD (age
range 50 to 89 years).!® The version downloaded from GAAIN is the
recommended dataset for evaluating Centiloid procedures, in which
each scan consists of a single 50- to 70-min post-injection frame. A T1-
weighted MRI scan for each participant is included in the dataset. The
dataset is accompanied by gold standard Centiloid values that were
determined in the original analysis of the data.’3

For component 2 (evaluation of pipelines on a set of participants
acquired under the NiAD study), NiAD scans (N = 318), available at
the LONI website (https://ida.loni.usc.edu), were used. Of these, 271
were from participants with DS, and 47 were scans of sibling con-
trols without DS. All downloaded datasets included a T1 structural MRI
scan for anatomic reference and PET images acquired 50 to 70 min
after injection in four 5-min frames. The LONI website contains sev-
eral versions of each scan with various levels of processing. Although it
would have been possible to use preprocessed scans available at LONI
for this study, we also performed separate analyses, unrelated to the
current work, in which we used the original (not preprocessed) scans.
Thus, in the current evaluation, we also used the original multiframe
scans as uploaded by the various sites. PET scans were inspected for
frame-to-frame motion, and, when necessary, motion was corrected
using PMOD software (PMOD Technologies, Zurich, Switzerland). The
motion-corrected frames were then averaged to produce a single-
frame image representing [11C]PiB uptake over the 50- to 70-min

post-injection period.

2.2 | Centiloid processing pipeline

Scans from both components were processed through a standard
pipeline starting with the magnetic resonance and single-frame
[*1C]PiB images. Scans were also reprocessed through the alterna-
tive pipelines implemented after various processing steps, described
below. In all, for each scan, seven versions of processing pipelines were

implemented.

2.2.1 | Standard pipeline

The standard Centiloid processing pipeline!® (also see the Centiloid
processing document available at GAAIN'?) includes steps to align
each PET image to its corresponding T1-weighted MRl image and then
to warp the MRI image (and co-warp the PET image) to the MNI1152
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template. Tracer concentrations are then extracted from the warped
PET images using ROls defined in MNI template space.

The original Centiloid procedure relies on the MNI152 template and
is carried out using SPM8.16 Briefly, to prepare for the warping process,
the subject MRI scan is first rigidly aligned to the MNI 152 template
using the SPM8 “Coregister” function with default parameters. For the
reference image (alignment target), we use an in-house white matter
(WM) and gray matter (GM) only template (TPM_MRIL.nii), constructed
from the SPM8/MNI152 standard tissue priors (spm8/tpm/TPM.nii).
The process for generating this synthetic, MNI-aligned template was
carried out using the image math function of SPM. It was calculated as
(GM tissue probability map) + 1.7x (WM probability map).

The precise value of the factor (1.7) differentiating WM from GM is
not critical in this application, as the (default) objective function used
in the coregistration operation is normalized mutual information.%”
The purpose of using the synthetic MNI T1 reference image is to
provide a brain-tissue-only registration target that is less likely to
be confounded by extra-brain tissue (e.g., neck); additionally, the syn-
thetic T1 target does well with skull-stripped magnetic resonance
images.

Following rigid registration of the subject MRl image to the MNI 152
template via the synthetic target, the subject PET image is rigidly reg-
istered to the realigned subject MRI image and, consequently, to the
MNI152 template, again using the SPM8 “Coregister” function. Next,
a non-linear warping of the MRI image to the MNI 152 template via
the SPM8 Unified Segmentation method is performed, and the resul-
tant deformation parameters are applied to the PET image to warp it
into alignment with the template.'®

Tracer concentrations are extracted from the warped PET image
using the standard Centiloid cortical ROl and whole cerebellum ROI.
The cortical-to-cerebellum tissue ratio is then converted to Centiloid
units via a specified linear transformation.'® Our in-house implemen-
tation of the original Centiloid procedure is considered the standard
pipeline for both GAAIN and NiAD datasets.

2.2.2 | Alternative pipelines

The first alternative (A_0) differs from the other alternatives in that
it is a slight modification of the first step of the standard Centiloid
procedure rather than a true preprocessing pipeline. However, for the
convenience of presentation, we categorize this procedure with the
other alternative pipelines. The standard procedure calls for manually
setting the image origins to the anterior commissure before perform-
ing registrations.!> With an eye toward pipeline automation, in the
A_O pipeline, we simply replace the manual method with an in-house
method, in which the origin is set at the center of the field of view
(FOV). The GAAIN dataset was processed using the A_O pipeline, and
the resulting values were compared to the published Centiloid values.
As we show in the results, we found only slight differences between the
standard pipeline with a manual origin setting and the A_O pipeline with

the automatic origin setting.

The other five alternative pipelines all include A_O with one or more
additional processing steps. Three processing steps in various combi-
nations were investigated for their ability to improve the success rate
of the Centiloid procedure for this group of participants (1: smoothing
[SMO]): A smoothed PET image was produced by filtering with SPM8
using a Gaussian kernel of 2 x 2 x 2 mm full width at half maximum to
moderate noise effects during PET-MRI registration. This kernel size
was chosen to be small compared to PET resolution, but it has not been
optimized. The smoothed PET image was used only for the coregistra-
tion. The unsmoothed PET was then realigned using the parameters
generated and was used for any following steps, including the extrac-
tion of concentrations (2: N4 bias field correction [N4]): ANTsPy’s N4 bias
field correction with default settings was used to reduce MRI image
intensity inhomogeneities.1?%29 (3: MRI skull-stripping [SS]): Before reg-
istration, the MRI scan is cropped by a subject-specific brain mask
that combines the binarized probability tissue maps of gray matter,
white matter, and cerebrospinal fluid (CSF) generated by SPM8 unified
segmentation.’® In pipelines involving modifications to the MRI scan
(N4 and SS), the modified MRI scan was used for both the PET-MRI
registration and for the MRl image warping.

Combinations of SMO, N4, or both with A_O are designated as
A_SMO, A_N4,and A_N4_SMO, respectively. Our preliminary examina-
tion of the pipelines indicated that skull stripping worked poorly if N4
bias correction was not performed first. Therefore, in the formal analy-
sis, skull stripping of the MRl image was not performed without N4 bias
correction. Adding SS to A_N4 and A_N4_SMO yielded A_N4_SS and
A_N4_SMO_SS pipelines, respectively. With a defined ordering of pro-
cessing steps, this yielded a total of six candidate alternative pipelines
based on the standard pipeline. We note that while smoothed versions
of the PET scan are used in some pipelines, the registration/warping
parameters generated are applied to the original, unsmoothed PET,
which is then used for the determination of the Centiloid value.

2.3 | Evaluation

2.3.1 | Overview

One purpose of our evaluation was to establish the interchangeabil-
ity of the alternative pipelines with the standard Centiloid pipeline.
The GAAIN dataset is the standard for evaluating new pipelines, and
the reproducibility of a newly implemented unmodified pipeline is
established through a comparison of outcomes determined by the
new method to the published values. Thus, as a step in evaluat-
ing reproducibility, we compared results from all our pipelines with
the published results using the established criteria for acceptance
(Section 2.3.2).

Additional evaluation is required to validate the process for the
multisite DS dataset. The philosophy for the evaluation of pipeline
reproducibility using the NiAD data was similar to that of the GAAIN
analysis. However, the evaluation schema for GAAIN data cannot
be directly applied to the NiAD, where the ground-truth Centiloid
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outcomes are not available. Thus, to determine the degree to which the
various pipelines are interchangeable, that is, to determine the degree
of reproducibility of results between different pipelines, it was first
necessary to judge whether a particular scan had been successfully
processed by a particular pipeline. Consequently, as described in the
following subsections, there are two parts to the evaluation procedure:
(1) quality assurance (QA), where the quality of the transformation of
the scans to the MNI-152 template is determined using visual quality
assurance criteria, and (2) reproducibility, where the Centiloid out-
come measures from each alternative pipeline are compared to the
results of the standard pipeline. Reproducibility comparisons are made
using only those scans that passed the QA procedure. Thus, a funda-
mental difference between the GAAIN and NiAD evaluations is that,
whereas a visual QA assessment is, of necessity, applied to the NiAD

data, no such evaluation is applied to the GAAIN analysis.

2.3.2 | Quality assurance (NiAD)

QA methodology is not specified in the original Centiloid publica-
tion. In the Centiloid processing guideline (https://www.gaaindata.org/
data/centiloid/Centiloid_Processing.docx), a manual quality check is
recommended after each registration and spatial normalization step.
However, applying the prescribed manual quality check at multiple
points throughout the Centiloid processing pipeline is burdensome,
especially for very large datasets, and was not feasible in this study
given the multitude of alternative Centiloid pipelines tested. There-
fore, we developed and implemented a new QA procedure performed
solely on the final spatially normalized PET and MRI scans.

Two QA checks were performed, facilitated by custom image display
software. (1) The MRI-TEMPLATE registration QA check evaluates the
spatial normalization of MRI image to the template space. The crite-
ria for success were good conformity of gray matter/CSF boundaries,
minimal misclassification of brain tissue as meninges or vice versa,
and good matching of the cerebellum. (2) The PET-MRI registration
QA check evaluates PET-to-MRI registration in template space. The
criteria for success were that there must be minimal left-right (LR),
anterior-posterior (AP), or inferior-superior (IS) shifts visible at the
edges of the brain. Specifically, a good match of the cerebellum, corpus
callosum, brainstem, and ventricles is needed.

A team of five raters was employed in this study. A series of train-
ing sessions was held to develop competency and interrater reliability
in the application of the pass/fail standards before the actual evalu-
ation. The team manager compiled a set of demonstration scans and
instructed the team on how to review and rate the quality for both QA
tasks. The manager also assembled a set of 200 scans, divided into four
batches, for training and reader reliability optimization. The five raters
independently scored a batch of scans. Following this, a review session
was held to discuss any scans that did not have consensus. This pattern
was followed for all four batches of training data.

A four-point rating system corresponding to quality classifications

of definite failure, likely failure, likely pass, and definite pass was used
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to evaluate both QA components. For the ease of evaluation workflow,
the classifications of each QA category were contracted to a binary
outcome (i.e., pass or fail).

Actual QA evaluation involved rating the NiAD registration for all
seven pipelines of the 318 scans for a total of 2226 image sets. For
efficiency, each QA component was evaluated in a single phase. In
phase 1, each image set was randomly assigned to two readers for
evaluation of the MRI-template registration quality. If both readers
rated the normalization as a failure (consensus fail), then the PET-
MRI registration quality was not assessed in phase 2. Phase 2 focused
on the within-subject PET-MRI linear registration. For a scan to pass,
both readers had to rate it as a pass (consensus pass). Compared to
phase 2, the weaker pass requirement for phase 1 allows more leeway
for subjectivity in the judgment of the warping evaluation. Assign-
ments were balanced so that each reader pair rated approximately
the same number of image sets. Scan assignments were not main-
tained between the two phases but were chosen randomly for each.
Each reader rated approximately 890 scans in phase 1 and 843 in
phase 2.

As described, PET-MRI registration and MRI-template warping
were evaluated for each scan. We did not formally evaluate pipeline
performance (e.g., skull strip quality) at a scale finer than this as part

of the current study.

2.3.3 | Reproducibility (GAAIN and NiAD)

The reproducibility of each of the various pipelines was evaluated by
comparing Centiloid results from each alternative pipeline to refer-
ence Centiloid values. For the GAAIN data, linear regressions were
performed between results from each of the seven pipelines and
the published Centiloid reference values, in each case using all 79
GAAIN participants. For the NiAD data, values from the six alterna-
tive pipelines were compared to values from our standard pipeline,
which are taken to be the reference values. In the NiAD analysis, only
those scans that passed the QA procedure for both the pipeline being
assessed and the standard pipeline were included in the reproducibil-
ity evaluation. No such cuts were made in the GAAIN analysis given the
ground-truth published values.

The criteria for passing the pipeline reproducibility evaluation were
the reproducibility criteria as described in Section 2.3 of Klunk et al.
2015: (1) slope between 0.98 and 1.02; (2) intercept between —2 and
2 Centiloid; and (3) RZ > 0.98 based on a linear regression between
Centiloid outcomes from each of the pipelines and reference values.
Additionally, for the NiAD cohort, we performed correlation analyses
stratified by Centiloid value, where subjects were classified as low amy-
loid (Centiloid < 12.2), intermediate (Centiloid between 12.2 and 24.4),
and high (Centiloid > 24.4).

Method agreement was further quantified for each pipeline pair
by calculating bootstrapped intraclass correlation coefficients (ICCs)
(two-way mixed effects, absolute agreement, single rater model, calcu-
lated using the ICC(2, 1) formula?!) and Bland-Altman plots.
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3 | RESULTS

3.1 | Pipeline reproducibility regression statistics

Linear regression results are depicted in Figure 2, which shows subject
Centiloid values from each pipeline plotted against the corresponding
Centiloid reference value. Data points for all 79 GAAIN subjects are
shown in the GAAIN plots, whereas for NiAD results are plotted for
NiAD subjects that passed the QA procedure for both pipelines (i.e.,
the standard pipeline and the particular preprocessing pipeline). The
corresponding regression statistics for each pipeline compared to the
reference are shown in Table 1. The first plot in Figure 2 and the first
row of Table 1 provide the results of our standard pipeline using the
GAAIN data set. Tables S2-54 contain regression results for the NiAD
cohort when stratified by amyloid burden.

All pipelines passed the reproducibility criteria using the GAAIN
data. All pipelines passed reproducibility criteria for the NiAD data
except for A_ZN4_SMO_SS (slope = 0.973). Although the slope for this
pipeline for NiAD data is outside the lower limit by less than 0.01, we
reject it for the NiAD data because it technically does not meet the
reproducibility criteria. The slope fit limits are specified to two deci-

mal places, 3

so we consider pipeline A_SMO (slope = 0.976) to have
passed. Results from the ICC analysis indicate near-perfect agreement
for every pipeline pair, with all ICCs being above 0.998. More details
can be found in Table S5.

Additional results describing pipeline correspondence in terms of
mean Centiloid difference between pipeline pairs and standard devi-
ation of Centiloid difference are presented in Tables S6 and S7, respec-
tively. These results are illustrated by Bland-Altman plots shown in

Figure S1.

3.2 | NiAD QA and pipeline benefit
Table 2 summarizes quality assurance results and rater comparisons on
aper-scan basis. The initial set of 2226 MRI/PET scan pairs (318 unique
scans processed by seven pipelines) was reduced to 2140 after evalu-
ation of the MRI-template normalization, where 86 scans were given a
fail rating by both readers.

Table 3 summarizes quality assurance results and scan acceptance
on a per-pipeline basis, with percentages of the full set of 318 scans.
The first column lists the number of scans for which at least one rating

was “pass” in the MRI-template quality check, which was the necessary

FIGURE 2 Scatter plots of Centiloid values from each of the
pipelines (y-axis) versus the reference Centiloid values (x-axis). Results
are shown for the GAAIN dataset (first column) and NiAD dataset
(second column). Centiloid reference values for the GAAIN data are
those published on the GAAIN website; those for the NiAD data are
from our standard pipeline. Regression models are presented in each
subplot with additional statistics: sample size (n), R-squared (r"2),
standard error of estimate slope (Betal_sterr), and intercept
(BetaOQ_sterr). Regression fits are shown as the line in each of the
scatter plots. NiAD, Neurodegeneration in Aging Down Syndrome.
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TABLE 1 Linear regression parameters and R? between each of the pipelines and the reference values for the GAAIN dataset and the NiAD
dataset.
GAAIN79 NiAD319 QA
(ref: published values) (ref: standard pipeline)
Pipeline Slope Intercept R? Slope Intercept R2
standard pipeline 1.008 0.272 1 - - -
AO 1.002 -0.005 0.999 1.001 —-0.004 1.000
A_SMO 1.001 -0.023 0.999 0.976 -0.338 0.999
A_N4 0.999 0.311 0.998 1.016 0.277 0.999
A_N4_SMO 0.997 0.283 0.998 0.992 0.116 0.999
A_N4_SS 0.996 0.390 0.997 1.002 0.339 0.998
A_N4_SMQO_SS 0.994 0.366 0.997 0.973 0.083 0.998

Note: Reference values for the GAAIN data set are those published on the GAAIN website. Reference values for the NiAD data are from the standard pipeline.

Abbreviation: NiAD, Neurodegeneration in Aging Down Syndrome.

TABLE 2 Comparison of NiAD scan pass rates for five raters using
the two categories of QA criteria.

MRI -Template PET-MRI
Total scans evaluated 2226 2104
Number of scans evaluated 889-892 839-845

by a single rater

Pass rate of each of five
raters

91.0%, 94.9%,
93.9%, 91.6%,
94.1%

80.2%, 84.2%,
78.4%,85.5%,
73.3%

Note: The table shows the percentage of passing scans on a per-rater
basis for both of the evaluations conducted. Percentages listed in the
PET-MRI column are based on the number of scans that survived the MRI-
Template assessment and made it to the PET-MRI evaluation component. As
explained in the text, each scan was evaluated using multiple pipelines, and
the pass rates shown here are across all pipelines and scans, that is, the pass
rates include multiple evaluations of the same scan in different pipelines.
Thus, the values presented are lower than the percentage of scans that
passed at least one pipeline. The rating comparison of individual rater-pairs
is shown in Appendix D.

Abbreviation: MRI, magnetic resonance imaging; NiAD, Neurodegeneration
in Aging Down Syndrome; PET, positron emission tomography; QA, quality
assurance.

TABLE 3 The summary of quality assurance results and scan
acceptance on a per-pipeline basis.

Passed in

MRI-template Final pass
Standard pipeline 286 (89.9%) 195 (61.3%)
AO 287 (90.3%) 212(66.7%)
A_SMO 284 (89.3%) 212(66.7%)
A_N4 309 (97.2%) 227(71.4%)
A_N4_SMO 309 (97.2%) 245(77.0%)
A_N4_SS 315 (99.1%) 213(67.0%)
A_N4_SMO_SS (rejected) 314(98.7%) 249(78.3%)
6 accepted pipelines 317 (99.7%)** 303 (95.2%)**
All 7 pipelines 317 (99.7%)** 304 (95.6%)**

**Passed at least one processing pipeline

condition for the scan to be evaluated on the PET-MRI quality check.
In the second column, the final pass category lists the number of scans
that received at least one pass in the MRI-template category, followed
by a consensus pass in the PET-MRI check. Figure S2 illustrates the
level of agreement between raters in these analyses.

To be counted as a pass in the grouped result of “six accepted
pipelines” and “all seven pipelines,” a scan must have had a pass in at
least one of the included pipelines. The availability of five alternative
pipelines in addition to the standard pipeline allowed us to increase
our final pass rate from 61.3% to 95.2% in the NiAD group of subjects.
As apparent in Table 3, the standard pipeline is effective for MRI-
template registrations, and most of the benefit of additional pipelines
was due to the improved success rate in the PET-MRI registration.
Had we included pipeline A_N4_SMO_SS, which technically falls out-
side of the reproducibility criteria based on NiAD data, it would have
generated only a 0.4 percentage point improvement in the final pass
rate.

3.3 | Pipeline and site comparisons

Figure 3A shows the pipeline-specific success rate in two QA phases
on NiAD data. Our lowest-yielding pipeline was the standard pipeline
with an overall success rate of 61.3%. Our highest-yielding pipeline
A_N4_SMOQO_SS resulted in an overall success rate of 78.3%. How-
ever, A_N4_SMQ_SS was just below the Centiloid slope reproducibility
criteria of 0.98 (slope = 0.973). The best pipeline that satisfied all Cen-
tiloid reproducibility criteria, A_N4_SMO, resulted in an overall success
rate of 77.0%. The A_N4_SS pipeline had a lower passing rate than
A_N4_SMO and A_N4_SMO _SS for all sites.

Figure 3B further shows the pipeline-specific success rate stratified
by acquisition site. The results of the MRI-template phase were good
for all pipelines, except for site 1, which is due to lower-quality MRI
scans compared to other sites. N4 bias correction was beneficial to the
data collected from all sites, but especially for site 1.
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4 | DISCUSSION

Thedirect motivation for this work was to identify methods for increas-
ing the success rate of Centiloid processing of multisite DS scans.
Within the context of our validation procedure, we processed every
scan set in our data collection through every pipeline. However, as
discussed in what follows, this is not a necessary or recommended

procedure for practical pipeline use.

41 | Use of pipelines

The regression analysis using GAAIN data shows that our in-house
standard pipeline and six alternative pipelines achieve the established
reproducibility criteria within acceptable limits. Importantly, by meet-
ing reproducibility standards, each of the pipelines can, by definition,
be used interchangeably in non-DS populations. In an independent
dataset comprising mostly participants with DS, we employed an
extensive visual QA evaluation before comparing our standard pipeline
using the NiAD data. As a result of the evaluation, the A_N4_SMO_SS
pipeline narrowly missed the slope reproducibility criteria of 0.98 with
a slope of 0.973 in the DS evaluation. Failure to meet reproducibility
criteria suggests that this pipeline is not suitable for this DS cohort.
It also suggests that the reproducibility of a pipeline is subject to the
cohort group. We do note, however, that A_N4_SMO_SS passed repro-
ducibility standards in using the GAAIN dataset and can be considered
a validated pipeline for non-DS subjects.

There is a clear advantage in having several pipelines available.
Processing a dataset with all pipelines and combining results from
accepted interchangeable pipelines could yield the highest possible
success rate. Based on the NiAD component in this study, the use of
a single accepted pipeline results in a success rate ranging from 61.3%
to 77.0%, or a failure rate of about one-fourth of these data. However,
combining results from multiple pipelines, validated to produce inter-
changeable results based on the Centiloid reproducibility criteria, leads
toa 95.6% success rate.

In practice, running all seven pipelines on all imaging data within a
cohort is burdensome. A potential strategy for the application of alter-
native pipelines would be to first use the standard pipeline, which is
the simplest procedure. If this is unsuccessful, we propose to apply
pipelines for a DS cohort dataset in the following order based on the
reproducibility criterion and the gain in success rate with respect to the
standard pipeline:

1. Standard pipeline

2. A_N4_SMO:results in the best gain (+15.7%) in success rate among
all accepted pipelines with a good R-squared (0.999).

3. A_0:isclosest to the standard pipeline with a perfect R2 (1.000) and
amoderate gain (+5.4%).

4. A_N4: has the second-highest gain (+10.1%),

5. A_N4_SS and A_SMO: has moderate gain (+5.7%, +5.4%),

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

Including the standard pipeline, a total of six pipelines are listed
in the foregoing scheme. The A_N4_SMOQO_SS pipeline is rejected and
not included for DS cohort data processing because its slope (0.973)
technically fails the reproducibility criteria.

As the various pipelines can be considered interchangeable, the pre-
ceding priority list ordering is only for efficiency and is based on our
cohort of subjects. A different ordering may be more appropriate in
other cases and could be site-specific in multisite studies. For exam-
ple, the characteristics of the MRI scans from site 1 (which tended to
have motion artifacts) resulted in a high MRI/template failure rate in
the standard pipeline and in fact drove the priority list toward a pref-
erence for running the A_N4_SMO pipeline first. Without site 1, the

impetus for running this pipeline first, while still high, is reduced.

4.2 | Processing step analysis

A common step in all analyses is the initial alignment of the subject
PET and MRI scans. We introduced a simple procedure for this with
the goal of producing automated pipelines. Although other methods
are possible, such as using the center of mass of each image as the ori-
gin, we chose to align the centers of the images. This approach works
well for appropriately positioned patients and may be less subject to
confounds from neck tissue found in this cohort, particularly if the MRI
and PET scanners have different FOV lengths. In practice, manual align-
ment could be substituted in cases where the automated alignment is
problematic.

The skull-stripping step completely removes information outside of
the brain in MRI. Early in this work, we found that the skull-stripping
step had to be coupled to the N4 step to produce success rates at the
same level as other pipelines. Application of skull stripping without bias
field correction was found to improperly remove regions of true brain,
causing cascading errors in the later steps. Therefore, the performance
of skull stripping without N4 was not formally investigated.

Markiewicz et al.22 suggested that post-processing or PET recon-
struction steps, apart from those used for quantitation, could be
employed to facilitate PET/MRI scan registration. We adopted this
strategy for the SMO pipeline in which the PET image was smoothed
specifically for use in the PET/MRI registration step. We observed
that smoothing the PET was a double-edged sword. It reduced the
high-frequency noise in PET images but also degraded high-frequency
features such as tissue boundaries that are valuable to the PET-MRI
registration process. This is evident in the mixed results on the success
rate of using the A_SMO pipeline. The A_SMO pipeline improved the
success rates for sites 1, 3, and 5 but worsened them for sites 2 and 4.
The negative effect was mitigated by coupling smoothing and N4. The
SMO element of the preprocessing pipelines has adjustable parame-
ters (the smoothing kernel). We chose the 2 x 2 x 2 mm smoothing
kernel used in the SMO operation to be relatively small compared to
the scanner resolution. Given the foregoing discussion and our mixed

success rate with A_SMO, a conceivably fruitful extension of this work
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would be to optimize the kernel, possibly in a site-specific way. Further,
it must be recognized that the use of different PET tracers, different
PET reconstruction methods, or different reconstruction parameters
(e.g., number of subsets), as well as image smoothing carried out, for
example, for multisite harmonization?® (not done in this analysis), will
modify the effect of the SMO pipeline element, which, ideally, should
be optimized for each situation.

The effect of N4 was found to vary by site. Applying N4 processing
on MRI scans improved the consensus pass rate for the template/MRI
normalization for three sites (1, 3, and 5) but not for two sites
(2 and 4). This is likely related to differences in the character of
bias field inhomogeneity observed in MRI images from various sites
(Figure S3).

4.3 | Observations

PET-MRI registration is a substantial cause of pipeline failure. Vari-
ous factors can affect the uncertainty of the registration.?2 There are
many existing approaches to the problem, such as alternative registra-
tion methods and removing outlier voxel intensity. Currently, we have
not evaluated the performance of the various candidate methods of
registration with the DS cohort. However, our work shows that rela-
tively simple steps can improve PET-MRI registrations and improve the
success rate of PET-MRI registration by pipeline aggregation.

We reexamined scans from the ABC-DS cohort that resulted in
points lying outside of the 95% prediction band (not shown) of our lin-
ear regression analyses. As described, all scans passed quality checks
for both the standard pipeline and the alternative pipeline under con-
sideration. Nevertheless, our inspection suggests that differences in
the results between the two regressed pipelines for these points may
frequently be due to subtle differences in the registration, particularly
observable in the cerebellum.

4.4 | Additional considerations

Centiloid processing of DS subjects presents challenges. The current
work provides preprocessing strategies that, in aggregate, substan-
tially improve the success rate in this group. Nevertheless, there may
be additional steps that could reduce the already small failure rate.
As the focus of this first study was to develop automated pipelines,
performance quality was assessed at the two major end-of-pipeline
checkpoints, PET/MRI registration and MRI/MNI warping, which are
common to all. In cases where an image set fails in all pipelines, it
would be useful to identify points in the various pipelines where an
intervention might improve results.

While we have employed approaches that fall within the standard
Centiloid method, it is likely that alternative strategies that ven-
ture outside of the standard procedure would also yield improved
results and perhaps reduce the need for multiple parallel pipelines.
As noted, a formal process for validating fundamentally new pipelines
has been specified.!® Given that the PET-to-MRI registration was the

most frequent cause of failure, an updated registration method is an
obvious direction for investigation.?2 Additional improvements could
result from a revised MRI normalization procedure. In particular, a
DS-specific template method is being developed.

5 | CONCLUSION

Compatibility between the original Centiloid procedure, our stan-
dard pipeline, and five modified pipelines has been established for DS
data using the newly defined QA criteria. Additional processing steps
greatly improved the success rate of Centiloid processing for DS imag-
ing. The success rate for processing NiAD scans increased from 61.3%
(n = 195) with the standard Centiloid pipeline to 95.6% (n = 304)
by combining the standard pipeline and five verified interchangeable
modifications.
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