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The EADC-ADNI Harmonized Protocol for manual hippocampal
segmentation on magnetic resonance: Evidence of validity
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Abstract

Background—An international Delphi panel has defined a harmonized protocol (HarP) for the
manual segmentation of the hippocampus on MR. The aim of this study is to study the concurrent
validity of the HarP toward local protocols, and its major sources of variance.

Methods—~Fourteen tracers segmented 10 Alzheimer's Disease Neuroimaging Initiative (ADNI)
cases scanned at 1.5 T and 3T following local protocols, qualified for segmentation based on the
HarP through a standard web-platform and resegmented following the HarP. The five most
accurate tracers followed the HarP to segment 15 ADNI cases acquired at three time points on
both 1.5 T and 3T.

Results—The agreement among tracers was relatively low with the local protocols (absolute left/
right ICC 0.44/0.43) and much higher with the HarP (absolute left/right ICC 0.88/0.89). On the
larger set of 15 cases, the HarP agreement within (left/right ICC range: 0.94/0.95 to 0.99/0.99) and
among tracers (left/right ICC range: 0.89/0.90) was very high. The volume variance due to
different tracers was 0.9% of the total, comparing favorably to variance due to scanner

© 2015 The Alzheimer's Association. Published by Elsevier Inc. All rights reserved.

"Corresponding author: Tel.: 139-(0)303501553, Fax: +39-0303501592, mboccardifof@gmail.com.

LADNI disclaimer. Data used in preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative
(ADNI) database (www.loni.ucla.edu/ADNI). As such, the investigators within the ADNI who did not participate in analysis or
writing of this report contributed to the design and implementation of ADNI and/or provided data. A complete listing of ADNI

investigators can be found at: http://adni.loni.ucla.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf

Project Collaborators include: Marilyn S. Albert (Department of Neurology, Johns Hopkins University School of Medicine,
Baltimore, MD, USA), David Bennet (Department of Neurological Sciences, Rush University, Chicago, Illinois), Richard Camicioli
(Department of Biomedical Engineering, Centre for Neuroscience, University of Alberta, Edmonton, Alberta, Canada), D. Louis
Collins (MNI, McGill University, Montreal, Canada), Bruno Dubois (Service de Neuroradiologie, Hopital de la Pitie-Salpetriere,
Paris, France), Harald Hampel (Department of Psychiatry, University of Frankfurt, Germany), Tom denHeijer (Department of
Neurology, Sint Franciscus Gasthuis, Rotterdam, The Netherlands), Christofer Hock (Northwestern University Feinberg School of
Medicine, Department of Psychiatry and Behavioral Sciences, United States), William Jagust (University of California, Berkeley,
CA), Leonore Launer (Neuroepi-demiology Section, Intramural Research Program, NIA/NIH, Bethesda MD 20892), Jerome J. Maller
(Monash Alfred Psychiatry Research Centre, Melbourne, Australia), Susan Mueller (University of California (UCSF), San Francisco,
CA; Perminder Sachdev (Centre for Healthy Brain Ageing (CHeBA), University of New South Wales, Sydney, Australia), Andy
Simmons (Department of Neuroimaging, Institute of Psychiatry, King's College London, London, UK), Paul M. Thompson (Imaging
Genetics Center, Institute for Neuroimaging and Informatics, Depts. of Neurology, Psychiatry, Engineering, Radiology, &
Ophthalmology, Keck/USC School of Medicine, University of Southern California, Los Angeles, CA, USA), Peter-Jelle Visser
(Department of Neurology and Alzheimer Center, VU University Medical Cente and Neuroscience Campus Amsterdam, Amsterdam,
The Netherlands; Department of Psychiatry and Neuropsychology, Maastricht University, School for Mental Health and
Neuroscience, Alzheimer Center Limburg, Maastricht, the Netherlands), Lars-Olof Wahlund (Division of Clinical Geriatrics, NVS
Department, Karolinska Institutet, Stockholm, Sweden), Michael W. Weiner (University of California (UCSF), San Francisco, CA;
San Francisco Veterans Affairs Medical Center, San Francisco, CA), Bengt Winblad (KI Alzheimer Disease Research Center, NVS
Department, Karolinska Institutet, Stockholm).

Contribution by Tim Swihart, Lisa C Silbert and Jeffrey Kaye was supported by NIH/NIA ADC P30 grant (P30 AG008017).
Contribution by Stephane Lehericy was supported by the grant: “Investissements d'avenir” (grant number ANR-10-1AIHU-06).

Supplementary data: Supplementary data related to this article can be found at http://dx.doi.org/10.1016/j.jalz.2014.05.1756.


http://www.loni.ucla.edu/ADNI
http://adni.loni.ucla.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://dx.doi.org/10.1016/j.jalz.2014.05.1756

1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Frisoni et al. Page 2

manufacturer (1.2), atrophy rates (3.5), hemispheric asymmetry (3.7), field strength (4.4), and
significantly smaller than the variance due to atrophy (33.5%, P < .001), and physiological
variability (49.2%, P < .001).

Conclusions—The HarP has high measurement stability compared with local segmentation
protocols, and good reproducibility within and among human tracers. Hippocampi segmented with
the HarP can be used as a reference for the qualification of human tracers and automated
segmentation algorithms.

Keywords

Hippocampal volumetry; Magnetic resonance; Alzheimer's disease; Biomarkers; Diagnostic
criteria; Enrichment; Clinical trials; Validation; Harmonized protocol; Standard operating
procedures; Manual segmentation

1. Introduction

Hippocampal volume measured on single time point high resolution T1-weighted magnetic
resonance (MR) images is a recognized biomarker of Alzheimer's disease (AD) [1].
Hippocampal atrophy is one of the core biomarkers in the revised National Institute on
Aging-Alzheimer's Association (NIA-AA) diagnostic criteria for AD [2], and has been
qualified by the European Medicines Agency for enrichment in regulatory clinical trials in
the predementia stage of AD [3]. Qualification at the US Food and Drug Administration
(FDA) is under way. Hippocampal atrophy rate is among the most sensitive markers of
disease progression in AD [1,4-6] and is currently being used as a secondary outcome in a
number of clinical trials with candidate disease modifiers [7].

Manual outlining by an expert rater is the most validated procedure used to estimate
hippocampal atrophy [8]. Manual volumetry is also used as the standard against which
automated segmentation algorithms are assessed [7]. Historically, different laboratories have
used different anatomical landmarks and measurement procedures. Estimates of “normal”
hippocampal volumes have differed as much as 2.5-fold [9]. The lack of an agreed reference
procedure for manual volumetry is a major barrier to the widespread acceptance and the use
of hippocampal volumetry for clinical diagnosis, disease tracking, and qualification of
automated segmentation algorithms.

An international effort to harmonize existing protocols was funded by the Alzheimer's
Association in 2010 following a smaller initial grant from pharmaceutical companies. The
working group comprises 91 scientists from 38 research groups in four continents. The
group began activities by surveying the protocols for manual hippocampal segmentation
used in the AD literature, and the 12 most frequently cited were selected as the starting point
for harmonization. The landmarks of the selected protocols were catalogued, semantics were
harmonized, and the authors of the protocols were personally contacted to check appropriate
interpretation [10]. Then we have reduced the highly variable and in some cases ill-defined
landmarks defining the different protocols into a limited number of units, amenable to
quantitative investigation. These have been hamed “Segmentation Units” [11]; as Lego
blocks, different combinations of Segmentation Units allow to reconstruct the shapes of
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hippocampi segmented by different protocols. The four Segmentation Units (minimum
hippocampus, alveus/fimbria, tail, and subiculum) so defined summarize and account for the
whole landmarks variability of currently used protocols. Measurement properties of
Segmentation Units were empirically estimated [11] and fed to a panel of 16 international
experts (including protocols' authors) through a Delphi procedure. The experts were invited
to answer questionnaires based on their experience and on the measurements provided. They
were informed about the answers of other participants, and could iteratively vote and
converge on a single combination of Segmentation Units, the EADC (European Alzheimer's
Disease Consortium)-ADNI (Alzheimer's Disease Neuroimaging Initiative) Harmonized
Protocol (HarP). Specifically, the Delphi panel converged on a protocol where all the most
inclusive Segmentation Units were included. This means that a complete HarP hippocampal
segmentation includes the whole hippocampal head, body, and tail; the alveus/fimbria, up to
the most caudal slices, the whole subiculum, based on the visible morphology of its
boundary with the entorhinal cortex, or on a horizontal line drawn from the top of the
parahippocampal white matter, and the caudal tissue of the Andreas Retzius and fasciolar
gyri, excluded as vestigial tissue from current protocols [12]. Five expert (“master”) tracers
then segmented 40 hippocampi following the HarP. These master segmentations were
checked, corrected and certified as the “benchmark” labels to be used for the qualification of
any future human tracer or automated segmentation procedure [13]. An online platform,
freely available at www.hippocampal-protocol.net, was developed to qualify new (“naive”)
tracers to the use of the HarP based on the benchmark labels [14].

This report describes the final step of the initiative where the concurrent validity of the HarP
was compared with local protocols (Phase 1), and the major sources of variance of
hippocampal volumes segmented with the HarP were estimated (Phase I1). We hypothesized
that agreement between raters would be greater with the HarP than with local protocols, and
that the variability of the HarP-based segmentations due to different tracers would compare
favorably to variability due to other sources.

2. Methods

This study was conceived in two logically sequential phases. In Phase I, 21 tracers naive to
the HarP and coming from different research centers were recruited to: segment 20 ADNI
MR brain scans following the local segmentation protocol in use in their imaging laboratory:
qualify for the HarP; and resegment the same hippocampi following the HarP. In Phase II,
the five most accurate naive tracers blindly resegmented the same images, allowing
evaluation of test-retest intraclass correlation coefficient (ICC), and segmented an additional
set of ADNI scans balanced for a number of variables, allowing to estimate the amount of
variance due to the human tracers using the HarP and that due to other relevant factors
(Figure 1).

2.1. MR Scans

Raw Medical Image NetCDF (MINC) 3D T1-weighted structural magnetic resonance (MR)
images of 16 ADNI cases were downloaded from the ADNI database
(www.adni.loni.usc.edu). Cases for Phase | were (ADNI IDs): 005_S 0324, 005_S 0814,
016_S 1121,018_S 0335, 023_S_1046, 023_S_1190, 023_S_1262, 100_S_0190,
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126_S 0605, 131_S 0441. The additional cases used for Phase Il were 002_S_1018,
005_S_0572,010_S_0422, 012_S_1009, 018_S_0450, 023_S_0625. Further information
regarding the images used for the HarP validation are available at: www.centroalzheimer.it/
public/SOPs/online/Appendix.doc. Cases were balanced by atrophy severity score on the
Medial Temporal Lobe (MTA) scale [15] and scanner manufacturer (Figure 1 and Table 1).
Diagnoses for Phase | were: three controls, three MCI and four AD. Phase 11 was meant to
have five additional subjects and three time points at both 1.5 T and 3T with the same
scanner manufacturer. No subjects with MTA equal to 0 were available having all three time
points scans at both magnetic field strengths at Philips scanner manufacturer. Therefore, for
MTA equal to 0 and “Philips” as scanner manufacturer, we selected two different subjects
for the two magnet field strengths. For this reason, the total number of ADNI subjects is 16
(four controls, seven patients with MCI, and five with AD), rather than the 15 required by
the experimental design.

The ADNI was launched in 2003 by the National Institute on Aging, the National Institute
of Biomedical Imaging and Bioengineering, FDA, private pharmaceutical companies, and
nonprofit organizations, as a $60 million, 5-year public-private partnership. The primary
goal of ADNI was to develop markers to track disease progression to be used in clinical
trials of disease modifiers of early AD. The Principal Investigator of this initiative is
Michael W. Weiner, MD, VA Medical Center and University of California—San Francisco.
ADNI has recruited 200 cognitively normal individuals, 400 persons with MCI, and 200
with mild cognitive impairment aged 55 to 90, and followed them for at least 3 years. For
up-to-date information, see www.adni-info.org.

The 21 naive tracers followed local protocols to segment the right and left hippocampi of 10
Phase | ADNI cases. The total number of hippocampi was 40 per tracer (2 subjects x 5 score
of MTA scale x 2 field strength x 2 sides). The naive tracers' and local protocols were
(initials of the tracers, either listed among authors or in the acknowledgments, and reference
in brackets): AC [16], CBa [17], CBo [18], EB [19,20], EC [21], FvD [22], KF [23], MB
[24], MG [21], SH [unpublished], ML [21], YL [25], OM [unpublished], MN [21], MPo
[26], GP [27], MPr [22], TSt [28], TSw [29], MT [30], CW [27].

To improve preprocessing homogeneity, the images were oriented along the anterior-
posterior commissure (AC-PC) line using a 6 degree of freedom (DoF) function using the
Montreal Neurological Institute (MNI) package AutoReg (version 0.98v)
(www.bic.mni.mcgill.ca) and the MNI ICBM152 Nonlinear Symmetric template with 1 x 1
x 1 mm voxel dimensions as the reference. Resampling was carried out with a linear
transformation with a linear interpolation scheme in AutoReg. However, the tracers were
allowed to reorient images according to local protocols if these required a specific
orientation (as was the case for CBa [17], FvD [22], KF [23], MB [24], SH [unpublished],
YL [25], OM [unpublished], MPo [26], GP [27], MPr [22], TSt [28], MT [30], CW [29]). In
these cases, tracers were recommended to use of a six DoF function without normalization
or other preprocessing. All tracers were asked to use the same segmentation software
(MultiTracer 1.0, http://www.loni.usc.edu/Software/MultiTracer, developed at the
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Laboratory of Neuro Imaging, LONI, at UCLA, Los Angeles, USA). Detailed instructions
were provided covering all aspects of the segmentation process from image loading to
volume computation. Qualification was initiated by sharing the HarP (Figure 2) in the form
of a manual (see Appendix Il of this Special Issue) providing detailed description of
landmarks and segmentation procedures [12]. Naive tracers also received instructions on
how to create an account on the qualification platform (http://medics.crulrg.ulaval.ca/
hippocampus), download the reoriented images (along the AC-PC line, as required by the
HarP), segment the hippocampus using MultiTracer 1.0, save the segmentation files, and
upload the segmented labels to the platform. Tracers were required to segment n = 10
images in three training rounds (n = 2, n = 4, n = 4). The platform provided color-coded
visual feedback on compliance (or departure) from benchmark labels' segmentation, by
color-coding the extent of departure on a red-to-green scale, where red denoted departure
and green compliance. The platform also provided Dice and Jaccard measures of accuracy
for each segmented slice and for the overall hippocampus [14]. At the end of the first two
rounds, tracers received detailed written feedback from the project manager (M. Boccardi)
illustrating HarP violations according to the color-coded visual feedback. Segmentation
inaccuracies were checked by the project manager, tracers were asked to edit segmentation
inaccuracies if identified, re-upload edited images, and segment new scans. After 3 such
training rounds, tracers were asked to segment and upload 10 new scans (qualification phase
[14]). In the Qualification phase, tracers received only feedback regarding general
performance, and corrections were not allowed. Tracers' performance on the Qualification
phase featured high overlapping values: mean Dice (SD, range): 0.89 (0.01, 0.88-0.92);
Jaccard: 0.81 (0.02, 0.78-0.85).

All of the original 21 tracers entered Phase | and segmented the images according to local
protocols, but seven tracers did not enter or complete the qualification procedure due to
withdrawal for logistical reasons (e.g. tracers changing job, or failure to complete
segmentations within deadlines). Thirteen tracers successfully completed the qualification
procedure and Phase I; one tracer was trained and had served as master tracer and did not
need to undergo the qualification procedure. At the end of the qualification procedure tracers
had very good reliability indices, with Dice values ranging from 0.88 to 0.92 for 3T images,
and 0.87 to 0.91 for 1.5 T images [14]. These 14 tracers resegmented the same ADNI cases
following the HarP (mean delay following local protocol segmentation of one year). In this
article, only results from these tracers are shown for both Phases I and 1. Tracers carried out
segmentation with the same version of MultiTracer and the same settings. Each tracer used
the same computer and monitor across Phases I and Il. Tracers were required to segment in
the coronal view magnified five times, while consulting the sagittal view magnified three
times and the axial view with no magnification. This setting allowed tracers to visualize all
hippocampi of the same size, at the same time fitting any computer screen. Magnification
was kept constant throughout the segmentation. Segmentations were performed manually
from rostral to caudal on approximately 30 to 35 contiguous coronal slices. Brain sections
were 1 mm thick, and hippocampi were segmented on both the left and right sides.
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2.3. Phasel ll

Five of the 14 tracers were selected to take part in Phase Il of the study based on their
accuracy during the qualification procedure (Jaccard of at least 0.80). One of these (GP) was
trained and served as a “master” tracer after the segmentation based on local protocols. The
others were chosen for having a Jaccard of at least 0.80, among those completing all
segmentations of Validation Phase I. They were asked to use the HarP to segment 15 ADNI
cases balanced by atrophy and scanner manufacturer and acquired at three time points at
both 1.5 T and 3T (Figure 1 and Table 1). More exactly, for Phase Il, tracers had to segment
3 subjects x 5 score of MTA scale x 2 field strength x 2 sides x 3 time points, and retrace
the baseline sample: 3 subjects x 5 scores of MTA scale x 2 field strength x 2 sides. This led
to a total of 180 + 60 (40 of them were already segmented during Phase 1) = 240
hippocampi. Among these, 40 were blindly resegmented from Phase I, while 20 were
blindly segmented twice within Phase I1. Tracers were blinded to image code and clinical
and socio-demographic features of the subjects all the times. Tracers were instructed to
adhere to the procedures and software settings used in Phase | of the study.

2.4, Statistical analysis

Agreement within (test-retest) and between tracers (inter-rater reliability) was estimated
with ICC and their 95% confidence intervals (95% CI) derived from the following two-way
random analysis of variance (ANOVA):

Hyj=p+ai+8+(aB);+ey,

where Hjj is the hippocampal volume of subject j segmented by tracer i, |4 is the overall
mean of tracers; a; is the difference from m of the mean of ith tracer (normal distributed
with zero mean and variance 02,); Bj is the difference from i of the jth subject (normal
distributed with zero mean and variance 025); (aB)ij is the degree to which the ith tracer
departs from his/her rating tendencies when confronted by jth subject (normal distributed
with zero mean and variance ¢2); and &jj Is the random error (normal distributed with zero
mean and variance 0%). In particular, the absolute ICC is given by the following ratio:
02p/(0%p+ 02+ 02+ 0%;) and it is estimated as the ratio of between subject mean square
error and the total mean square error [31]. Consistency and absolute methods were used to
compute ICCs. The difference between absolute and consistency agreement is defined in
terms of how the systematic variability (62)) is treated. If that variability is considered
irrelevant, it is not included in the denominator of the estimated ICCs, and measures of
consistency are produced. If systematic differences among levels of tracers are considered
relevant, rater variability contributes to the denominators of the ICC estimates, and measures
of absolute agreement is produced.

Test-retest reliability was computed with a two-way random two-level ANOVA, inter-rater
reliability was computed with a two-way 14-level (for Phase I) and five-level (for Phase I1)
random ANOVA. Analyses were carried out separately for 1.5 T and 3T images.
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The amount of variance due to the HarP and other sources of variability was estimated with
a multi-way ANOVA model with between and within factors (Figure 1). “Within” factors
were modeled as nested random effects; ADNI case identifier was modeled as a pure
random effect. The coefficient of variation was computed as the ratio of the standard
deviation to the mean. The difference in ICC among protocols was tested with a Student's t
test. Statistical analyses were performed using the SPSS software version 12.0 (http://
www-01.ibm.com/software/analytics/spss/products/statistics/) and the R language v.2.13.0
(www..r-project.org).

3.1. Phase I: concurrent validity of the HarP with local protocols

Raw hippocampal volumes were higher for HarP segmentations (mean volumes across all
subjects and tracers: left: 2781 mm3, right: 2738 mm3) than for local protocol segmentations
(mean volumes across all subjects and tracers: left: 2143 mm3, right: 2144 mm3, Table 2).
ICCs between tracers measured with the consistency method were in the mid-0.80s for the
local protocols and high-0.90s for the HarP (Figure 3). The higher agreement of HarP
segmentations was even more striking when agreement was estimated with absolute ICCs—
in the mid-0.40s for the local protocols and high-0.80s for the HarP (Figure 3). Comparisons
of homologous absolute ICCs between local and harmonized protocols were significant on t-
test (P<.01lat 1.5 T and P <.006 at 3T), whereas consistency ICCs were not significantly
different. The variability among segmentations based on local protocols with AC-PC
orientation and HarP can be visually appreciated in Figure 4.

We computed inter-rater ICC among tracers using the same local protocols, to separate the
components between tracer reliability and method variability. Tracers 2 and 8 used the same
local protocol [27] and were from the same laboratory. Other four tracers (Tracers 6, 10, 14,
and 20) used the same local protocol [21] but were from different laboratories. ICCs for
these tracers were extremely high, with absolute ICC up to 0.899 for the four tracers coming
from different laboratories, and absolute ICC up to 0.972 for the two coming from the same
laboratory.

The extreme cases of agreement between pairs of tracers illustrate that in the case of best
agreement between local protocols, the gain of using the HarP is marginal, while in the case
of poorest agreement between local protocols, the gain is patent (Figure 5). A case of best
agreement between local protocols occurred in the left hippocampus segmented at 3T
between tracers #14 and #20 achieving an ICC of 0.971; when the same two tracers used the
HarP, ICC marginally increased to 0.981. In contrast, the poorest case agreement between
local protocols occurred in the left hippocampus segmented at 3T between tracers #4 and
#16 achieving an ICC of 0.007; when the same two tracers used the HarP, their ICC
increased to 0.922, indicating a critical and beneficial impact of the HarP on agreement
between tracers.

3.2. Phase II: major sources of variance of the HarP

The high stability of the HarP was confirmed by the five tracers taking part in Phase Il of the
study. Absolute figures of within tracer (test-retest) left/right ICC point estimates were in the
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mid- and high-0.90s. Measures of the absolute left and right ICC among all five tracers were
in the high-0.80s to low-0.90s. Despite an obvious ceiling effect, consistency measures were
generally even higher. Agreement tended to be slightly higher at 3T (ICC higher by about
0.02 units) though not statistically significant in any test (Table 3).

An ANOVA model including the sources of HarP variance listed in Table 4 accounted for
96.3% of the total variance, supporting its goodness-of-fit (Table 4). The largest proportion
(82.7%) of this variance was due to inter-individual variability (the “case” factor) or
atrophy. The residual variance (13.6%) was shared among scanner manufacturer, atrophy
rate, hemispheric asymmetry (the “lateral-ity” factor), “field strength”, and “tracer”. Of
these, the factor accounting for the smallest proportion of variance was tracer (0.9%),
indicating that when the HarP is used to measure hippocampal volume by reliable users, the
“human factor” was less relevant than any other source of variability that we assessed here.
It should be recognized, however, that the proportion of variance accounted for by “tracer”
was not significantly different from the variance accounted for by “scanner manufacturer”,
“atrophy rates”, “laterality”, and “field strength”, whereas it was significantly smaller than
that accounted for by inter-individual variability and atrophy. Importantly, however, the
coefficient of variation due to the factor “tracer” was very low (2.4%).

4. Discussion

We found that the use of the EADC-ADNI HarP for manual segmentation on MR scans was
extremely stable within and between human tracers and that HarP segmentations are of
much higher agreement than those following local manual segmentation protocols. With the
HarP, the Alzheimer's disease community has a largely agreed reference procedure for
hippocampal volumetry. The HarP will allow the widespread use of hippocampal volumetry/
measures for clinical diagnosis, disease tracking, and qualification of automated
segmentation algorithms.

The stability results of the HarP outperformed that of local protocols. Although intra- and
inter-rater reliability of published protocols is usually above 0.80, reliability measures are
normally estimated with the consistency method, rather than with the more conservative
absolute method, and collected from different tracers working in the same laboratory. To our
knowledge, this is the first protocol reporting absolute reliability estimates, and measuring
inter-rater stability between tracers working in different laboratories. Test-retest and inter-
rater reliability of hippocampal manual segmentation protocols published to date have
ranged between ICCs of 0.64 and 0.99 [9]. It should be noted, however, that in all cases
reliability figures were obtained with the consistency ICC method, whereas the HarP
achieved very high ICC values also when stability was assessed with the more conservative
absolute method (see section 2.4 Satistical analysis). In this work, we could estimate
absolute inter-rater ICC values for tracers using the same local protocols in Phase 1. We
could perform this computation only for 6 tracers, of whom four used the same protocol [21]
and came from different laboratories, and two used the same protocol [27] within the same
laboratory. Absolute ICCs within each protocol were in the same range as HarP, and
especially high for the two tracers coming from the same laboratory. We were not able to
compute such values for all tracers because the other eight tracers used as many different
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local protocols. However, considering also that individual tracers accuracy was very high
with the newly learned HarP, these data suggest that the variability among “local”
segmentations was due more to the difference in the adopted methods than to any
heterogeneity in tracers accuracy. These data also suggest that tutorials are needed, to
overcome the difficulty of remote learning for the HarP. We may expect that improvements
in training conditions, and a longer experience in HarP segmentation may further improve
agreement between remote tracers.

The stability results of the HarP also compare favorably with other AD biomarkers. The
stability of measurement of CSF biomarkers (AB42 and tau) is currently the subject of keen
interest and international efforts. It has recently been estimated that the coefficient of
variation of different batches of reagents or across different laboratories is between 13 and
36%, i.e. approximately one order of magnitude greater than that of the HarP [32]. The
stability of plasma biomarkers of amyloidosis is even lower [33].

4.1. What factors improve the measurement stability of the HarP?

The landmark definition procedure of the HarP disambiguates structures in greater detail
than before. Detailed instructions are provided for example to segment the transition tissue
between the hippocampus and amygdala, resulting in lower heterogeneity between tracers.
Specifically, tracers are guided in excluding the cortical and accessory basal nuclei of the
amygdala, the entorhinal cortex, and in including the vertical digitation of the hippocampus.
In all these regions discrepancies among tracers are frequently observed. By utilizing 3D
visualization tools, the definition of the caudal hippocampal boundaries are specified as far
as the isthmus and the indusium griseum, decreasing the wide variability due to the
otherwise heterogeneous inclusion of gray matter in the large slices of the hippocampal tail.
In the HarP, a 34 page-long user manual provides detailed instructions on the segmentation
of individual structures on a 1 mm-by-1 mm slice basis (a summary schematic diagram is
shown in Figure 2). An additional factor improving stability may consist in the AC-PC
orientation of images. This may appear counterintuitive: manual hippocampal segmentations
have traditionally been carried out on images orthogonal to the long hippocampal axis,
because this orientation was considered to be associated with lesser partial volume effects.
However, further investigation into this issue, required for the consensus definition of the
HarP, denoted that volume ICCs were non significantly higher for the hippocampi
segmented on the AC-PC images, and that the overlapping values were significantly higher
for segmentations on AC-PC images [34]. Thus, the AC-PC orientation, previously used by
a minority of protocols, is associated with better agreement among tracers, possibly due to
richer anatomical information allowing to discriminate the hippocampal head boundaries
from amygdala in the axial plane [34].

4.2. Extremely good stability, but time consuming

The learning and qualification procedure to segment the hippocampus following the HarP is
time consuming. The naive tracers of Phase | of this study underwent three rounds of
training including segmentation, feedback and correction, and a fourth round segmenting a
sample of 20 hippocampi. As the segmentation of a single hippocampus takes about 40
minutes, the examination of the visual feedback 10 to 15 minutes and correction of
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segmentation for a single hippocampus between 10 and 30 minutes, the total time for
learning and qualification can be estimated at 5 to 8 person-days. This is not a negligible
effort, but one which we believe feasible in many situations. For instance, a clinical trial
with 1000 cases scanned twice (total of 4000 hippocampi) would require 2.5 to 3.1 persons/
year for complete segmentation. Feasibility in a clinical diagnostic setting is admittedly
lower however, due to the current lack of reimbursement of most biomarkers in the
diagnostic workup of dementia cases.

Of course, the cost of hippocampal volumetry quantification based on the HarP must be
weighed against its diagnostic informative value. We believe that hippocampal volumetry is
typically indicated in the etiologic diagnosis of MCI. Here, cognitive impairment may be
due to AD or normal ageing with almost equal a priori probability, and finding hippocampal
atrophy militates in favor of the former. On the contrary, in the large majority of dementia
cases where typical AD is obvious based on history, medical and neurological examination,
and neuropsychological testing, hippocampal volumetry may not add significant incremental
diagnostic information.

4.3. Impact on the community

Perhaps the greatest value of the HarP will be in validation and qualification of automated
segmentation algorithms which in turn will follow a single accepted standard within the
field. A number of automated hippocampal segmentation algorithms have been developed to
date [7], some of which very popular such as FreeSurfer. Virtually all have been validated
against the “gold standard” of manual segmentation. However, the manual segmentation
procedures used to date differ from each other, preventing reliable comparison of
algorithms. The HarP provides algorithm developers with a single, internationally
recognized true gold standard standard (all information, links and instructions for download
and use are available at www.hippocampal-protocol.net). Indeed, a recent expansion of the
original HarP project has produced an extended set of HarP-compliant hippocampal labels
that will be used to train segmentation algorithms [35]; once trained, algorithms will be
qualified by comparison to the “benchmark labels” segmented by master tracers [13,35].

Importantly, the HarP has been developed by and for the community of Alzheimer's
scientists. Even so, we believe that the definition of hippocampus in the HarP is not disease-
specific and it might be suited to study conditions unrelated to dementia, such as epilepsy
and psychiatric disorders. In contrast to currently available protocols that exclude large parts
of the hippocampal formation such as the head and/or tail [36], or that fail to separate the
hippocampus from adjacent non-hippocampal structures [37,38], the HarP captures 100% of
the hippocampus proper. Future developments such as segmentation of subfields with ultra-
high field strength MR may break down the hippocampus into smaller structures with
potentially greater disease-specific effects (http://www.hippocampalsubfields.com/).

4.4. Limitations

The HarP has been validated versus local protocols based on the availability of tracers and
laboratories in the years 2012 to 2013. Although we were not able to include all protocols
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reported in the literature (over 70 according to [9]), we included 9 of the 12 most frequently
used protocols reported in the AD literature [10].

The use of the same segmentation software (MultiTracer) as the only tool in the HarP
project may have led tracers to adapt their protocols and habits to a different tool than they
were used to, with possible lower segmentation performance. However, this difficulty
should have affected in a similar way both local and HarP segmentations.

We selected scans to control the effect of relevant confounders, but others were not taken
into account. Motion artifacts were not controlled for: case selection did not take image
quality into account, such that the HarP was developed on scans representative of the
general ADNI population. The high stability of the HarP despite lack of exclusion of motion
artifacts suggests that tracers can easily account for motion artifacts, based on a priori
knowledge of brain anatomy. Indeed, the availability of images with and with no motion
artifacts in the HarP data set will allow to empirically test their effect on automated
algorithms' accuracy.

Our effort to develop the HarP covered only one, albeit pivotal, step in the harmonization of
hippocampal volumetry, i.e. the segmentation protocol. However, other actions involved in
hippocampal volumetry need to be harmonized such as preprocessing (from normalization to
image inhomogeneity correction); tools and settings used for segmentation; measurement of
intracranial volume to correct for head size, and the specific statistical method by which
head size adjustment of raw hippocampal volume is performed [2].

Although very high reliability values were observed across tracers, further analyses will
need to clarify whether tracers are indeed segmenting the same voxels.

The hippocampal labels produced in this project will be used to qualify human tracers or
algorithms. In this study, qualification of tracers was achieved based on the validity of their
segmentations and showed extremely high test-retest and inter-rater reliability. However,
thresholds will need to be set for the general qualification of human tracers or automated
algorithms. This limitation is of particular relevance considering the pressure to qualify
algorithms for hippocampal segmentation to be used in clinical trials.

Atrophy rate was taken into consideration in the error source estimate of this study, however
additional validation may be required to accurately estimate the stability of the HarP in
longitudinal scans. As well, a larger set of MR scans may have allowed to evaluate the effect
of additional confounds, such as different receiver coils within manufacturer or magnetic
field strengths. Similarly, inclusion of scans from a larger number of subjects would have
increased the value of this study. Indeed, an expansion of the original design has allowed to
segment with the HarP as many as 135 different ADNI AD cases and healthy controls [35],
providing evidence of known group validity.

Despite the great detail of the HarP user manual, more user-friendly tutorials and interactive
tools for training may be welcome, to shorten the time and effort in the learning phase.
Finally, the HarP has been validated only in AD to date; additional studies are needed to
ascertain its validity for diagnosis or tracking of other brain diseases.
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Research in Context

Systematic review: Hippocampal volumetry is a useful biomarker for
Alzheimer's disease (AD), but the heterogeneities among different segmentation
protocols provide exceedingly different volume estimates. The definition of
standard operating procedures for hippocampal volumetry is required for its
concrete use as a biomarker. In this work, we have evaluated the reliability of
the Harmonized Protocol for Hippocampal VVolumetry, defined by a panel of
international experts in the field of AD.

Interpretation: The protocol proved to be very reliable, and to provide
hippocampal volume estimates that can be considered as standard measures,
enabling the use of hippocampal volumetry as a proper biomarker for AD.

Future directions: This protocol will enable results from different studies to be
compared or pooled and to provide standard hippocampal volumetry for the
diagnosis of individual patients. This will boost pharmacological research and
the everyday use of scientific knowledge.
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PHASE |
( AlMS )
* To compare the concordance of volumetric estimates by the HarP and local protocols
= To estimate the stability of the HarP between naive tracers
g + To compare the stability of the HarP with the stability of local protocols )
( DESIGN )
Levels Varlable Type Labels
21 Tracer Within ss #1to &1
5 Scheitens's medial temporal atrophy scale Between ss 01,234
2 Laterality Within ss Right, Left
2 Field strength Within ss 1.5T, 3T
2 Segmentation protocol Within ss Local, Harmonized
AN J
s ™y
STATISTICALANALYSIS
Inter-rater y by protocol: Ir Correlation Coefficients (absolute and consistency)
PHASE Il
( AIMS R
» To measure the sources of variance of hippocampal volumetry
+ To estimate the proportion of vaniance due lo tracers using the HarP
+ To compare the latter to variance due to other sources
L + To estimate the stability of the HarP within and between expert tracers )
( DESIGN R
5 tracers segmented 15+1° ADNI subjects
Levels ANOVA Variable Type Labels
1541 ADNI subject Pure random effect
5 Scheltens's medial temporal atrophy scale Between ss 01,234
3 Scanner manufacturer Between ss Philips, Siemens, GE
2 Laterality Within ss Right, Left
3 Time paint Within ss Baseline’, year 1, year 2
2 Field strength Within ss 1.5T, 3T
. 5 Tracer Within ss #4_HB, #16, #18, #10 Y,
e B
STATISTICALANALYSIS
« Test-retestand inter-rater reliability: Intraclass Correlation Coefficients (absolute and consistency)
« Sources of variance: ANOVA with random effects

\ S
In one case where MTA score = 0, both 1.5T and 3T scans were not available for the same subject and two different ADNI subjects were selected, T
Baseline scans were re-traced for test-retest reliabity.

Fig. 1.
Aim and design of the validation study of the EADC (European Alzheimer's Disease

Consortium)-ADNI (Alzheimer's Disease Neuroimaging Initiative) Harmonized Protocol
(HarP). PhaseI: 21 naive tracers segmented the hippocampi of 10 ADNI subjects (right and
left, scanned at 1.5T and 3T, for a total of 40 hippocampi) balanced by atrophy following
local protocols; qualified for the HarP; and then retraced the same hippocampi following the
HarP. The total number of hippocampi was 80 per tracer. Phase I1: the most accurate of the
naive tracers completing Phase | followed the HarP to segment 15 ADNI cases balanced by
atrophy and scanner manufacturer and acquired at three time points at 1.5T and 3T; 20
baseline scans (already segmented in Phase I) were retraced in Phase II, while the other 10
baseline scans were blindly segmented twice within Phase 11. The total number of
hippocampi was 240 per tracer.
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0 mm 1 - Hippocampus

2 - Amygdala

3 - Temporal Horn

4 - Entorhinal Cortex

5 - Parahippocampal
White Matter

6 - Vertical Digitation

7 - Choroid Plexus

8 - Quadrigeminal Cistern

9 - Meninges/Tentorium

Cerebelli
10 - Pulvinar
11 - Fornix
12 - Isthmus

13 - Corpus Callosum
14 - Retrosplenial
Cortex

Fig. 2.
The EADC (European Alzheimer's Disease Consortium)-ADNI (Alzheimer's Disease

Neuroimaging Initiative) Harmonized Protocol (HarP): selected illustrative slices.
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1.5T 3T

Intraclass comrelation coefficient
intraclass correlation coefficient

Fig. 3.

Phgase I: summary measures of the stability of the local and harmonized protocols among 14
naive tracers (inter-rater ICC based on both absolute and consistency methods). ICC,
intraclass correlation coefficient; Cl, confidence interval. Comparisons of homologous
absolute ICCs between local and harmonized protocols are significant on t-test at P < .01.
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Tracer Scheltens 0 Scheltens 2 Scheltens 4
#
Local Harmonized Local Harmonized Local Harmonized
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10
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16
] s s - = L4
20
- | W S | W | @
Fig. 4.

Phase I: 3D rendering of three sample hippocampi with no, mild to moderate, and severe
atrophy (Scheltens' atrophy scores of 0, 2, and 4) [16] segmented with local protocols
requiring anterior-posterior commissure (AC-PC) image orientation and the HarP. Extreme
variability can be appreciated when segmentations are performed following local protocols,

which is greatly reduced when the HarP is used.
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Left Hippo Volumes (3T) - tracer 14

Left Hippo Volumes (3T) - tracer 4

Fig. 5.

Best case agreement
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ICC 0.971 /]
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Harmonized Protocol

ICC 0.981

Worst case agreement

Local Protocols

ICC 0.007 e

T T T T T T T 7T
S00 1000 1500 2000 3500 3000 3500 4000 4500

Left Hippo Volumes (3T) - tracer 16

Left Hippo Volumes (3T) - tracer 4

T
500 1000 1500 2000
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200 3000 00 4000 4500
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Harmonized Protocol

Icc 0.922

]

500 1000 1500 2000

Left Hippo Volumes (3T) - tracer 16

%00 2000
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900 4000 4500

Phase I: extreme case instances of the stability of the local and harmonized protocols among
14 naiive tracers. Graphs illustrate the best and poorest case agreement of pairs of tracers. In
the case of best agreement between local protocols (left hippocampus between tracers #14
and #20), the absolute intra-rater ICC is only marginally lower than using the harmonized
protocol. However, in the case of poorest agreement between local protocols (left
hippocampus between tracers #4 and #16), the benefit of using the harmonized protocol is
much higher. ICC, intraclass correlation coefficient.
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Mean hippocampal volumes computed for the right and left hippocampus for 10 ADNI (Alzheimer's Disease
Neuroimaging Initiative) subjects, scanned at both 1.5T and 3T, and segmented based on local protocols and
on the Harmonized Protocol (HarP)

Local protocols

HarP

Tracer Left hippocampus  Right hippocampus  Left hippocampus  Right hippocampus
Tracer 2 2531.10 2545.77 2986.25 2951.12
Tracer 4 2454.81 2456.68 2922.38 2806.89
Tracer 6 2374.41 2351.98 2592.42 2536.09
Tracer 8 2590.64 2604.54 2776.08 2756.93
Tracer 10 2144.96 2113.38 2272.79 2283.27
Tracer 11 2092.75 2132.52 2812.33 2892.26
Tracer 13 222851 2195.47 3050.96 2873.79
Tracer 14 2528.05 2549.95 2685.96 2666.50
Tracer 16 419.66 450.40 2575.62 2604.04
Tracer 17 2283.06 2266.15 2991.21 2863.71
Tracer 18 2134.86 2164.29 2800.06 2741.31
Tracer 19 2294.80 2263.68 3071.77 3043.09
Tracer 20 2417.34 2427.94 2696.64 2590.98
Tracer 21 1504.23 1498.42 2701.79 2716.70
Mean 2142.80 2144.37 2781.16 2737.62
SD 782.12 773.03 713.277 684.27

NOTE. Values denote: mean hippocampal volume in mms3 for each tracer who took part in the validation, global mean volume (and SD) for the

right and left hippocampi computed including all ADNI subjects scanned at both 1.5T and 3T images for all tracers.
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