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Abstract Background: The use of hippocampal volumetry as a biomarker for Alzheimer’s disease (AD) re-
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quires that tracers from different laboratories comply with the same segmentation method. Here
we present a platform for training and qualifying new tracers to perform the manual segmentation
of the hippocampus on magnetic resonance images (MRI) following the European Alzheimer’s Dis-
ease Consortium and Alzheimer’s Disease Neuroimaging Initiative (EADC-ADNI) Harmonized Pro-
tocol (HarP). Our objective was to demonstrate that the training process embedded in the platform
leads to increased compliance and qualification with the HarP.
Method: Thirteen new tracers’ segmentations were compared with benchmark images with respect
to: (a) absolute segmentation volume; (b) spatial overlap of contour with the reference using the Jac-
card similarity index; and (c) spatial distance of contour with the reference. Point by point visual feed-
back was provided through three training phases on 10 MRI. Tracers were then tested on 10 different
MRIs in the qualification phase.
Results: Statistical testing of training over three phases showed a significant increase of Jaccard (i.e.
mean Jaccard overlap P, .001) between phases on average for all raters, demonstrating that training
positively increased compliancewith the HarP. Based on these results we defined qualification thresh-
olds which all tracers were able to meet.
Conclusions: This platform is an adequate infrastructure allowing standardized training and evalu-
ation of tracers’ compliance with the HarP. This is a necessary step allowing the use of hippocampal
volumetry as a biomarker for AD in clinical and research centers.
� 2015 The Alzheimer’s Association. Published by Elsevier Inc. All rights reserved.
Keywords: Alzheimer’s disease; Qualification platform; Hippocampal segmentation; Harmonized protocol; Magnetic reso-
nance imaging; Qualitative criteria; Quantitative criteria; Area; Spatial overlap; Spatial distance
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1. Introduction

Within the context of Alzheimer’s disease (AD), hippo-
campal volumetry is an in vivo biomarker of major interest
that has recently been accepted as part of newly revised diag-
nostic criteria [1–3]. The use of hippocampal volumetry has
recently been approved for enrichment in mild cognitive
impairment clinical trials by the European Medicine
Agency [4]. Routine clinical diagnosis may also benefit of
its informative value in cases where the clinical picture of
patients does not clearly indicate whether AD is the origin
of the cognitive symptoms. However, some methodological
problems hurdle the use of hippocampal volumetry as a
biomarker for AD. First, it is essential that different labora-
tories converge on a same neuroanatomical definition for the
hippocampus and on a standard method for its measurement.
Second, hippocampal anatomy experts, who must undergo
specific training, define the current gold standard for hippo-
campal volumetry by manual delineating the structure. To
date, these aspects do not guarantee, on the one hand,
compliance from different laboratories to provide the same
volume estimate for the same hippocampus, and on the
other, limit wide clinical acceptance.

Measuring the hippocampus in such a reliableway requires,
on the one hand, high-contrast images of the human brain, such
as those obtained via T1-weighted, anatomical magnetic reso-
nance images (MRI) in standardized protocols [5]; and on the
other, a sound neuroanatomical protocol for the manual delin-
eation of the structure on MRI. The different manual segmen-
tation protocols that have been developed over the years [6–8]
lead to hippocampal volume estimates in similar, age-matched
control groups differing by up to 2.5-fold based on previous es-
timates [6], and even much higher as observed within our vali-
dation study of theHarmonizedProtocol (HarP) [9]. This is due
to the very wide variance of the different “local” protocols in
including or excluding not only small parts (e.g. fimbria or sub-
iculum) but even very large portions of the hippocampus, like
the whole head, or the whole tail. As quantified and reported
previously [10] the parts of hippocampus that are included or
excluded by the different available segmentation protocols
range from little portions consisting of 8% to 10% of the total
hippocampal volume, to portions of intermediate volume (12–
20% of total hippocampal volume) to the very large portion of
the main hippocampal body (60% of total hippocampal vol-
ume), that includes the hippocampal head and most of the
body in our operationalization study [4]. Although this latter
unit was entirely included by all the segmentation protocols
that we examined in Boccardi et al. [6], other protocols exist
where only a small portion of this unit is included and used
to provide hippocampal volume estimates (see for example
Kaye et al. [11]). Protocols of this kind provide volume esti-
mates in the range of 420 to 450 mm3, whereas the most inclu-
sive protocols generate volume estimates up to 2.6 cc (see
tracers 8 and 16 in Table 2 and Figs. 1 to 4 in Frisoni et al.
[6]). Such a heterogeneity in anatomic definitions and segmen-
tation guidelines is thus the main reason that has hampered
comparisons among different studies using hippocampal volu-
metry for diagnosis or as a surrogate marker for disease pro-
gression, and that limits its use as a diagnostic marker for
clinical diagnosis.Moreover, the traditional manual segmenta-
tion paradigm requires initial training, and no further check is
made on whether tracers keep being compliant with the orig-
inal protocol along time, as may be necessary, to ensure that
segmentation accuracy does not drift away from the officially
adopted method. Ideally, and as long as the gold standard for
hippocampal segmentation resides in manual segmentation,
the use of hippocampal volumetry as a biomarker for AD
should involve that such a periodical check be made to keep
the performance of tracers from different laboratories
compliant with the standard along time.

An effort has been undertaken by European Alzheimer’s
Disease Consortium (EADC) and Alzheimer’s Disease Neu-
roimaging Initiative (ADNI) centers to develop a HarP for
the manual segmentation of the hippocampus on MRI [12]
(www.hippocampal-protocol.net). It represents the largest
effort of the scientific and pharmaceutical community to
address this issue. This project defined a consensual definition
of landmarks and segmentation procedures for a standard pro-
tocol for the manual segmentation of the hippocampus
through the following steps. First, the most cited protocols
in the AD literaturewere surveyed [8]. Second, the differences
between these protocols were operationalized into so called
“segmentation units”, i.e., “pieces” of hippocampus that can
be included or excluded in segmentation [10], and that corre-
spond to the different landmark definitions. Third, these
“pieces”, and other aspects like image orientation, were inves-
tigated quantitatively, to estimate their associated reliability in
segmentation, and the informative value as toAD-related atro-
phy [4,13]. Fourth, decisions were taken about which
landmarks and which procedures to include in a standard
protocol providing optimal estimates for AD. These
decisions were taken through an evidence-based “Delphi”
panel; the latter implies a specific procedure consisting of
recursive voting sessions, aimed to facilitate consensual deci-
sion making [14], and thus is used to provide answers and so-
lutions to complex issues. This procedure consisted in
selecting experts with specific expertise in the hippocampal
segmentation for AD as Delphi panelists. We drafted a ques-
tionnaire defining a number of questions aiming to provide
an optimal standard for the hippocampal segmentation for
AD. Panelists were asked to answer a questionnaire on a first
round, and then in subsequent roundswere informed about the
motivated answers provided by the other, anonymous panel-
ists, and invited to answer again the same questions. The prin-
ciple beneath this Delphi procedure is that panelists, accessing
the answers and reasons thereof provided by the other partic-
ipants, progressively converge toward the most relevant
choice [14]. In five voting sessions of this kind, the panel
converged on a definition for the HarP that was significantly
agreed upon in a statistical fashion by panelists [10,15]. We
have then translated the panelists’ decisions into a detailed
user manual (http://www.hippocampal-protocol.net/SOPs/
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Fig. 1. Training and qualification workflow. The panel describes the three

different rounds of the training phase. After the three rounds, a tracer will

complete the qualification set (10 additional images).

Fig. 3. Immediate quantitative feedback is provided to users on their perfor-

mance for each of the specific metrics. Shown here (y-axis, in cm3) is the

rater’s hippocampi volumes (in blue) against the maximum (green), mini-

mum (red), and mean (orange) volumes from the expert tracings, for

selected de-identified subjects (x-axis labels).
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LINK_PAGE/HarmonizedProtocol_ACPC_UserManual_bib
lio.pdf), extensively describing landmarks and segmentation
procedures so that any segmentation ambiguity is
disambiguated as long as possible. Following these
instructions, a small group of “master tracers” segmented a
set of benchmark images according to the consensual
definition [16].

At that point, although a protocol had been obtained and
exemplars provided, the project lacked a unified platform to
train new tracers and certify their compliance with the HarP.

1.1. Objective

The aim of this work was to provide a web-platform
accessible by remote users, allowing the standardized
training and qualification of manual hippocampal segmenta-
tion based on the HarP. More exactly, we planned to create a
platform where users could:

a) access all the necessary information and tools to learn
and perform manual hippocampal segmentation based
on the HarP (learning phase);

b) receive quantitative and visual feedback about the
compliance of their segmentation based on the bench-
mark reference segmentations, allowing them to pro-
gressively approach correct segmentation (training
phase); and

c) receive statistics of their tested compliance (or lack
thereof) versus the standard, in a separate and final
test phase.
Fig. 2. Segmentation example with masters’ maximum contour in cyan;

mean contour in blue; and minimum contour in dark blue. User segmentation

is shown superimposed with coloring proportional to the distance map ratioD

shown in Fig. 1 (bottom left), set between 0 and 1 (cf. section 2).
In the present article, we describe how we used this set of
benchmark images to produce an interactive web system al-
lowing protocol learning, segmentation training, and peri-
odical qualification of the ability of new tracers to segment
the hippocampus according to the HarP, through quantitative
comparisons versus the reference segmentations.
2. Methods

2.1. Ethics

Each participant from the ADNI (data used in the prep-
aration of this article were obtained from the ADNI data-
base, adni.loni.usc.edu. The ADNI was launched in 2003
by the National Institute on Aging, the National Institute
of Biomedical Imaging and Bioengineering, the Food and
Drug Administration, private pharmaceutical companies
and nonprofit organizations, as a $60 million, 5-year
public-private partnership. The primary goal of ADNI has
been to test whether serial magnetic resonance imaging,
positron emission tomography, other biological markers,
and clinical and neuropsychological assessment can be
combined to measure the progression of mild cognitive
impairment and early AD. Determination of sensitive and
specific markers of very early AD progression is intended
to aid researchers and clinicians to develop new treatments
and monitor their effectiveness, and 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 California–San Francisco. ADNI is the
result of efforts of many coinvestigators from a broad range
of academic institutions and private corporations, and sub-
jects have been recruited from more than 50 sites across the
United States 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

http://www.hippocampal-protocol.net/SOPs/LINK_PAGE/HarmonizedProtocol_ACPC_UserManual_biblio.pdf
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Fig. 4. Repeated measures analysis for all beta raters that completed Phases II and III. In each plot is shown mean Jaccard indices on the y-axis (in red; mean

Dice overlap statistic also shown for comparison) for left and right hippocampi belonging to different subjects, per phase (e.g. subject “c” at 3.0 T in phases II and

III, “r” at 1.5 T, and so on). Due to the experimental design, we therefore had access to four images segmented twice by the 13 new raters. Results show a sig-

nificant increase between thephases, indicative of increased compliance with the Harmonized Protocol, but also an effect of SIDE (i.e., significant difference

between left and right hippocampi in a same subject).
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recruited more than 1500 adults, ages 55 to 90 years, 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
specified 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 information, see www.adni-info.org) cohort
was formally evaluated using eligibility criteria that are
described in detail elsewhere (http://www.adni-info.org/
index.php?option5com_content&task5view&id59&Itemid
543). The institutional review boards of all participating insti-
tutions approved the procedures for this study. Written
informed consent was obtained from all participants or surro-
gates. More information about ADNI investigators is given
in the Acknowledgment section.

2.2. Validation formalism

For the purpose of developing the qualification platform
as a verification, validation, and evaluation tool, we followed
the formalism of Jannin et al. [17] with respect to ensuring
that all model components were present to efficiently
conduct and report validation results.

2.3. Subjects’ images

For this study, we selected 10 subjects from the ADNI
database housed at the Laboratory of NeuroImaging (Los
Angeles, CA) (www.loni.ucla.edu/ADNI/Data) according
to visual atrophy ratings of the medial temporal lobe, using
Scheltens’s medial temporal atrophy scale [18], to
represent the full range of hippocampal atrophy. These
subjects are the same as those selected for other sections
of the HarP project and were described in detail in ref.
[10]. For each subject we downloaded Medical
Image NetCDF (MINC) formatted, distortion-corrected,
three-dimensional (3D) T1-weighted structural MRIs at
1.5 Tand 3.0 T from the Laboratory of NeuroImaging data-
base, and aligned these images through a six-parameters
registration (translations, rotations) using the Montreal
Neurological Institute package AutoReg (version 0.98v)
(www.bic.mni.mcgill.ca) along the slope determined by
the line that passes through the anterior and posterior com-
missures of the brain. We used the Montreal Neurological
Institute ICBM152 Nonlinear Symmetric template with
1 ! 1 ! 1 mm3 voxel dimensions as the reference.
No additional preprocessing steps were performed.
2.4. Master hippocampal segmentations

The benchmark hippocampal segmentations based on
the EADC-ADNI HarP to be used as the reference for
the qualification of the new tracers were provided by
five master tracers and described in detail in ref. [16].
The sample is composed of 200 labels, as each of the
five different tracers provided labels for both hippocampi

http://www.adni-info.org
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of the same 10 ADNI subjects, and for both 1.5 T and 3T
MRIs. Briefly, segmentations of left and right hippocampi
were manually performed using the interactive Multi-
Tracer 1.0 software (http://www.loni.ucla.edu/Software/
MultiTracer) on approximately 30 contiguous 1-mm-
thick coronal brain sections, with the simultaneous
visualization of the axial and sagittal planes. The over-
sampling interpolation factor was kept constant (coronal
view !5, sagittal view !3; default [FFT/Chirp-z]
interpolation) and the direction of segmentation was
from rostral to caudal. Tracers segmented the hippocam-
pus according to the HarP procedure (centroalzheimer.it/
public/SOPs/Suppl_Simon/HarmonizedProtocol_ACP-
C_UserManual_biblio.pdf). Briefly, segmentations were
performed from rostral to caudal, including the whole hip-
pocampal head, the alveus and fimbria, and the whole tail
together with the Andrea Retzius and the fasciolar gyri.
The first slice was defined with the help of 3D views, al-
lowing to detect where hippocampal tissue begins relative
to the amygdala and to the alveus separating the two struc-
tures. The last slice was defined as the most caudal hippo-
campal issue, bordering the indusium griseum and the
isthmus.
2.5. New tracer training and qualification

A call for tracers was sent to all centers participating in
the HarP project. The ultimate goal of recruitment was
validation of the HarP [9]: tracers were asked to segment
both hippocampi on 20 ADNI MRIs using the protocol
that was normally adopted by their laboratories. Then
they were asked to resegment the same hippocampi with
the HarP, after the completion of all training and qualifi-
cation phases on the platform described in this article.
Tracers with best performance on the qualification phase
described here were involved in subsequent parts of the
project. One consisted in the exact quantification of the
sources of variance in HarP segmentations [9], the other
consisted in the generation of additional HarP benchmark
segmentations [5].

For the purposes of this study, these tracers were
required to access the platform (see section 2.6) and to
segment the same set of 20 ADNI images following the
same settings/procedures as master tracers [16]. Specif-
ically, 10 images were assigned to a “training” set (for
a total of 20 hippocampi), and the remaining assigned
to the “qualification” set (cf. Fig. 1). We paid particular
attention to provide tracers the full range of atrophy in
both sets. Specifically, if a 1.5 T MRI for a given subject
was included in the training sample, then the 3T MRI of
the same subject was included in the qualification sam-
ple. To measure the learning effect, we segregated the
training set in three phases, whereby users had to
segment a few images in Phase I, and successively
more in following phases. Each phase included the im-
ages from the previous phase. Once completed the
training phase, new tracers could move on to segment,
once, the qualification set. All data were managed via
our qualification platform.
2.6. Qualification platform

We developed a web-based environment for protocol
learning, training and qualification of hippocampal segmenta-
tionsmade by new tracers against themasters’ benchmark im-
ages. The environment can be accessed via the “Certification”
section of the HarP website (www.hippocampal-protocol.
net). We developed the system with three levels of access,
namely:

(1) a common area, where visitors can access the proto-
col definition, presentation and examples;

(2) a registered user area, where users can download
training and qualification datasets (contours), up-
load their training examples, receive qualitative
and quantitative feedback on their performance,
upload their qualification segmentations, and
receive notification of their having succeeded in
segmenting the hippocampus according to the
HarP; and

(3) a section reserved for system administrators, allow-
ing them to authorize user registrations, upload
training and qualification examples, and access user
statistics.

The environment has been developed using the Model-
View-Controller paradigm, a software design approach used
to organize code in such a way that the business logic and
data presentation are separate. The back-end and front-end
were coded in the server-side scripting language PHP, which
is interpreted by a web server and generates the HTML pages
seen by users on the Qualification Platform.

2.7. Segmentation assessment framework

The Qualification Platform was designed to assess a
new tracer’s performance in either training or qualifica-
tion. It was built using a framework for validating seg-
mentation performance, inspired by Jannin’s model, in
which we proposed that any measurement fulfill the
following criteria: (a) representativity of the task; (b)
specificity and sensitivity to the task; and (c) orthogo-
nality of measurement (i.e. limited correlation between
measures). A number of measurements are available (cf.
Appendix A) however, for purposes of validating segmen-
tation accuracy, and within the context of similar image
segmentation between a new rater and the experts (i.e. ex-
istence of reference labels), we proposed the following el-
ements to be measured:

a) Absolute segmentation volume, as the expression of
the finality of the task;

b) Spatial overlap of contour with the proposed refer-
ence; and

http://www.loni.ucla.edu/Software/MultiTracer
http://www.loni.ucla.edu/Software/MultiTracer
http://www.hippocampal-protocol.net
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c) Spatial distance of contour with the proposed refer-
ence.

A detailed description of each feature is provided in
Appendix B.

2.8. Statistical analyses

Our objective was to assess the increased compliance of
tracers that had gone through the training phases with the
benchmark segmentations performed by the expert HarP
tracers. The segmentations by the five expert tracers [7]
that have been uploaded as the HarP reference for na€ıve
tracers denoted a collective absolute intraclass coefficient
(ICC) .0.95. Here we sought to have trainees of our
platform increase their performance through the phases of
learning the HarP, creating initial segmentations, performing
multiple training rounds, and qualifying. To test this increase
in compliance, even though volumes and spatial distance
metrics were shown and recorded, we performed a repeated
measures analysis of the Jaccard overlap statistic, averaged
over all tracers, on a per-image basis, taking into consider-
ation the effect of side as a further indicator of increased
compliance. Following training, the degree of divergence
associated to new tracers’ segmentations that could be
considered compliant to the HarP was evaluated. This
evaluation allowed to set thresholds for acceptable
divergence for the qualification of segmentations.
3. Results

The Qualification Platform came online on 5 October
2012. We segregated the training set in three phases,
whereby users segmented 2 images (4 hippocampi) in Phase
I, 6 images (12 hippocampi) in Phase II, and 10 images (20
hippocampi) in Phase III. Each phase included the images
from the previous phase, corrected based on feedback. Users
could visualize their segmentations, see their statistical re-
sults and visualize the distance map ratios online (cf. Figs.
2 and 3). Further individual verbal feedback was provided
to users by an independent expert of HarP for the first two
phases, to improve their comprehension and compliance
with the HarP criteria, following the same procedure as
reported in ref. [16].

Following training, new tracers had to segment a further
20 hippocampi on 10 images from the qualification set. In
this phase they did not receive visual feedback for their per-
formance, nor individual slice statistics, but only a compen-
dium of volumes and overlap statistics versus the reference
(Fig. 3). In this qualification phase no correction of segmen-
tation was required or admitted.

3.1. Users

We launched a call to laboratories that had shown an
interest in participation to the HarP Project, and had
expertise in hippocampal segmentation in the field of
AD. Tracers from these laboratories can all be considered
experienced tracers based on the segmentation protocol
locally used in their laboratories. Intra- and inter-rater
of at least 0.80 based on local protocols were the admis-
sion criteria. In this project, 18 users responded to our
invitation and registered on the platform, and 13
completed all three steps of the training with five drop-
outs for various professional reasons. (The 13 tracers
who completed training and qualification were from the
following 12 centers—PI [Tracer/s] centre—Charles De-
Carli [Oliver Martinez] Department of Neurology, Univer-
sity of California, Davis, CA; Leyla de Toledo-Morrell
[Travis Stoub] Department of Neurological Sciences,
Rush University, Chicago, IL; Giovanni Frisoni [Enrica
Cavedo, Mariangela Lanfredi] LENITEM [Laboratory of
Epidemiology, Neuroimaging and Telemedicine]
IRCCS—Istituto Centro S. Giovanni di Dio—Fatebene-
fratelli Brescia, Italy; Nick Fox [Melanie Blair] Dementia
Research Centre, UCL Institute of Neurology, Box 16,
National Hospital for Neurology and Neurosurgery,
Queen Square, London WC1N 3BG, UK; Mirjam Geerl-
ings [Marileen Portegies] University Medical Center
Utrecht, Julius Center for Health Sciences and Primary
Care, Utrecht, the Netherlands; Clifford Jack [Chadwick
Ward] Department of Diagnostic Radiology, Mayo Clinic
and Foundation, Rochester, MN; Hilkka Soininen [Yawu
Liu] Dept of Neurology, University of Eastern Finland
and Kuopio University Hospital, Kuopio, Finland; Ron
Killiany [Corinna Bauer] Department of Anatomy and
Neurobiology, Boston University School of Medicine,
Boston, MA; Stefan Teipel [Michel Grothe] German Cen-
ter for Neurodegenerative Diseases, Rostock; Jeffrey
Kaye [Tim Swihart] Oregon Health and Science Univer-
sity, Portland, OR; Hiroshi Matsuda [Masami Nishikawa]
Kawamura Gakuen Woman’s University, Abiko-city,
Japan; Gunhild Waldemar [Kristian Frederiksen] Memory
Disorders Research Group, Dept. of Neurology, Rigsho-
spitalet, Copenhagen, Denmark.)
3.2. Statistical results

To test the increase in compliance between phases, we
performed a repeated measures analysis of the Jaccard over-
lap statistic, on a per-image basis, averaged over all tracers
that completed Phases II and III, and tracers that completed
Phases I, II, and III. From the experimental design we there-
fore had access to four images (eight hippocampi) that were
segmented twice, and two images (four hippocampi) that
were segmented three times.

Statistical testing of training with two phases showed a
significant effect of Jaccard (P, .0001) (i.e. Jaccard overlap
increased significantly between phases for all images, on
average for all raters), and a significant effect for SIDE
(P , .001) for all variables except one (i.e., there was a dif-
ference between performance between the left and right
hippocampi) (cf. Fig. 4). Testing for those raters that



Fig. 5. Similar repeated measures analysis of Jaccard indices for N5 13 new raters on the two images segmented as part of Phases I, II, and III. Results show

again a significant increase between phases, but a disappearance of the hemispheric effect, indicative of convergence to the Harmonized Protocol.
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performed all three phases for those selected images which
were present in each phase again showed a significant effect
for Jaccard overlap (P, .0001), but SIDE fell below signif-
icance (P . .05) (cf. Fig. 5).

Results from the repeated effects model (mean effect with
confidence intervals on Jaccard index between phases) are
shown in Table 1.

3.3. Qualification thresholds

Based on tracers’ initial training, and on the visual eval-
uation of compliance of segmentations with the HarP, we
estimated thresholds for qualification as follows:

a) Tracer total volume for any hippocampi must fall
within minimum and maximum masters’ volumes;
Table 1

Results from the repeated effects model

Variable P value (95% CI)

Two phases

Subject A: Phase 2, phase 3 ,.0001 (20.02535, 20.01491)

Subject B: Phase 2, phase 3 ,.0001 (20.05400, 20.03098)

Subject C: Phase 2, phase 3 ,.0001 (20.04624, 20.03185)

Subject A: Phase 2, phase 3 ,.0001 (20.03477, 20.02184)

Three phases

Subject E: Phase 1 vs phase 2 ,.0001 (20.05406, 20.03691)

Subject E: Phase 1 vs phase 3 ,.0001 (20.06054, 20.04298)

Subject E: Phase 2 vs phase 3 .1541 (2.01506, 0.02497)

Subject F: Phase 1 vs phase 2 ,.0001 (20.04347, 20.03092)

Subject F: Phase 1 vs phase 3 ,.0001 (20.05171, 20.03887)

Subject F: Phase 2 vs phase 3 .0153 (20.01452, 20.00168)
b) Minimum Jaccard similarity index for any hippocam-
pus .0.75;

c) Maximum distance ratio summation for any hippo-
campus ,15; and

d) Average distance ratio summation for all hippocampi
,20.

All tracers met these thresholds in the qualification set
(cf. Table 2).
4. Discussion

4.1. Scope

We have developed a web-based Qualification Plat-
form for the training of new tracers on the HarP for
the segmentation of the hippocampus on MRI, including
automated feedback and qualification features. This on-
line system can provide standard qualitative and quanti-
tative results in comparison with benchmark images,
allowing to go through the same training and qualifica-
tion procedures from different remote laboratories.
This kind of service is required to guarantee a homoge-
neous performance in the hippocampal segmentation
performed in different laboratories, and thus to imple-
ment the practical use of hippocampal volumetry as a
biomarker for AD. Although the system will shortly be
improved thanks to additional benchmark segmentations
that have recently been completed [5], the platform
demonstrated to work in the validation phase of the



Table 2

Naive tracer qualification results

Tracer Jaccard Dice

14 0.85 0.92

20 0.83 0.91

21 0.82 0.90

11 0.81 0.90

16 0.81 0.90

2 0.81 0.89

19 0.80 0.89

18 0.80 0.89

4 0.80 0.89

17 0.80 0.89

6 0.79 0.88

10 0.78 0.88

13 0.78 0.88
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whole EADC-ADNI project for the Harmonization of
Hippocampal Protocols [9], and is already freely avail-
able and accessible from the official website of the proj-
ect at www.hippocampal-protocol.net.
4.2. Outcome

The main outcomes of the work described in this article
are threefold: (1) the creation and release of the infrastruc-
ture allowing standard centralized training for HarP tracers;
(2) the demonstration that the performance of our tracers
improved through the three training phases; and (3) the defi-
nition of thresholds for compliance with the HarP, based on
tracers performance and on a qualitative evaluation of
compliance.
4.3. Tracers improvement through the three training
phases

Statistical analysis has shown that the effect of training
positively increased the compliance with the HarP and
therefore served to reduce between-rater variance. The
training paradigm, namely that users had to segment two
images in the first phase, then four new images in both of
the subsequent rounds, was also validated by the fact that
three phases were required before the effect of side (in
essence a pseudorandomization of results) was removed.
It is, therefore, recommended to maintain all three phases
of training to increase the rater’s chance of complying
with the HarP.

The fact that the side effect was no longer significant in
images that have been segmented three times could be ex-
plained by the fact that there were limited discrepancies be-
tween hippocampi from the outset. In the four images
segmented twice, the difference between left and right is
far more pronounced, and thus this difference may still exist
if they were segmented for a third time.

The group of tracers that completed all training and
qualification phases had then been involved in the validation
phase of the HarP project, as described in ref. [9].
4.4. Thresholds denoting compliance of hippocampal
segmentations with the HarP

We selected qualification thresholds on the current
naive tracers, which is a relatively recursive situation
for this group. However, these thresholds were defined
not only based on their performance, but also after a vi-
sual evaluation of qualitative compliance of segmenta-
tions on the key features defined in the HarP and
considering the range of statistics associated with good
compliance. The defined thresholds are also determined
by a ceiling effect beyond which a degree of error cannot
be ruled out in tracers who had step by step training, but
still perform manual segmentation. New tracers on the
other hand will need to fulfill the same criteria, following
the same procedure described in this article. As our
knowledge evolves, these criteria may be modified to
reflect growing expertise in using the platform. For
example, although we have elected to base our qualifica-
tion criteria on volumes, Jaccard similarity index, and dis-
tance ratio computations, we computed other metrics that
can be used for similar purposes (cf. Appendix A). All
these metrics are measured–where applicable–on the min-
imum, mean and maximum masters’ contours, slice by
slice. Thus, a different metric combination can be pro-
posed. This could also include different thresholds applied
to various key regions, e.g. tighter controls on the hippo-
campal tails, by identifying a specific set of slices.
4.5. Ongoing relevance

With this platform, we have provided the infrastructure to
train and define how precise is the performance of a new
tracer, not just in terms of volume consistency coefficients
as traditionally done, but in terms of much more accurate
statistics that are never routinely used for assessing manual
hippocampal segmentation and allow point by point and
slice by slice evaluation. We provided accuracy estimates
(Jaccard, spatial distance) that allow a much stricter evalua-
tion of tracers performance and demonstrated that new
tracers are able to approach expert tracers with a precision
and reproducibility that approaches that demonstrated by
automated algorithms. The collective interrater coefficient
across the 14 tracers (one expert rater, and 13 new tracers
qualified in this platform) in the validation phase (which
included different ADNI subjects than those used for the
platform) was close or beyond 0.90 even when using an “ab-
solute” method to assess it. If we consider the tracers
selected among those with best performance for the subse-
quent parts of the harmonization project, their reliability
was even greater, and, to our knowledge, never observed
so far for manual tracers. In particular, the tracers who
took part to the II phase of the validation study described
in ref. [9] had the following values A: individual Jaccard
in the qualification phase described in this study, B: absolute
volume intrarater ICC for 1.5 T as described in [9], C:

http://www.hippocampal-protocol.net


Fig. 6. (Top left) Master tracers’ minimum (red), mean (yellow), and maximum (cyan) regions for a given hippocampal slice; (top right) the corresponding

distance map for the maximum contour, used as the numerator. Colors in this Chamfer distance map represent arbitary distance units from contours; (bottom

right) the corresponding distancemap for the minimum contour, used as the denominator, with a similar color coding scheme; and (bottom left) the distancemap

ratio D, expressed as a continuous variable between 0 and 1.
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absolute volume intrarater ICC for 3T images as described in
[9]: Tracer “4”: A:0.796, B: 0.942, C: 0.960; Tracer “18”: A:
0.799, B: 0.968, C: 0.980; Tracer “19”: A: 0.801, B: 0.986,
C: 0.993; Tracer “16”: A: 0.811, B: 0.993, C: 0.985. The
tracers who were involved in the generation of additional
HarP benchmark labels [5] had individual Jaccard in the
qualification phase described in this study: 0.850, 0.831,
and collective absolute volume inter-rater ICC with other
three HarP expert tracers: left hippocampus 5 0.953;
right 5 0.975.

The practical implications of such results are of para-
mount importance for the use of hippocampal volumetry
in AD. First, the manual segmentation has always been
considered liable to a certain degree of subjectivity. This
study shows that, through the platform that we have pro-
duced and released, human tracers can achieve the same seg-
mentation intra-rater reliability that is comparable with
those characterizing automated algorithms. The investiga-
tion of the sources of variance in HarP segmentations per-
formed in [9] showed that the factor “tracer” explained the
smallest percentage of variability compared with the other
factors (subject, atrophy, scanner, magnet field strength,
side), and namely it explained 0.9% of the whole variability.
This corresponds to a coefficient of variation of 2.4%, which
is notably lower than the coefficient of variation known to be
associated to the batches of reagents used in different labo-
ratories for quantifying AD biomarkers from cerebrospinal
fluid. These range from 13% to 36% [19], although plasma
biomarkers are associated to even lower reliability [20].
This finding on one side attests the validity of the training
system that we described in this article; on the other side it
shows that the final results of the whole harmonization pro-
cess, of which the infrastructure described here is a key
element, concretely allows to use hippocampal volumetry
as a biomarker for AD diagnosis. This is important to enable
the comparability between different clinical trials currently
searching for disease-modifying drugs, and will be essential
for clinical diagnosis and progression monitoring as soon as
such drugs will be available for patients.

Segmentations for these studies will be performed in the
future mainly by automated algorithms. The importance of
this study and of the whole harmonization project consisted
in defining a standard protocol for manual segmentation, to
get different tracers (either human or automated) aligned to
the same standard [21]. Notwithstanding the very high in-
trarater reliability of automated segmentation, the gold
standard has always consisted in manual tracing, given
that the structure is defined neuroanatomically. In fact,
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algorithms must be validated versus a segmentation tem-
plate built in such a way that structure boundaries are
defined and guaranteed by an expert of cerebral anatomy
[22–25]. Automated systems so far are not yet able to
define, in a digitalized MR, whether the single gray
matter voxel belongs to the amygdala, to the entorhinal
cortex, choroid plexus, isthmus, indusium griseum, or to
the hippocampus. They can do reliably, however, when
validated versus segmentations performed by expert
tracers, and alignment to a single standard segmentation
method is what is guaranteed by the platform generated
with this work.
4.6. Limitations

The platform as presented is geared toward measuring the
compliance of manual raters with the HarP, whereby tracing
generates two-dimensional (2D) contours on coronal, sub-
voxellized images on a slice by slice basis in pseudo-
Talairach space. It does not provide for the training and
testing of results from automated algorithms, which typically
generate 3D, voxellized objects. First, a learning set will be
provided; this is the purpose of the so called “label expansion
project”, in which a set of 270 manually segmented harmo-
nized hippocampal labels from 135 individuals representing
wider physiological variability than the current group is be-
ing released to the community to train and test automated
segmentation algorithms (cf. “Training Labels” article by
Boccardi et al. in this Special Issue [26]). Second, the testing
of voxellized labels will require the adaptation of the current
platform metrics, from 2D to 3D and contours to objects,
albeit in keeping with the same paradigm (i.e. volumes,
spatial overlap, and spatial surface distance).

As to the qualification of manual raters, the first
limitation consists in the separation of the MRI to be
segmented into training and qualification sets. Although
in this instance subjects were present in both (albeit at
different field strengths), in future implementations they
will be separate. A second limitation, as mentioned
previously, is with respect to the qualification thresholds,
which will be iteratively refined with time and experience.
Notwithstanding both these limitations, the subsequent
performance of the tracers trained through this platform
was very good as reported in the article describing the
validation of the HarP in this special issue [9], and as
described previously.
4.7. Conclusions

The platform provided with this part of the EADC-ADNI
project on the HarPs for hippocampal segmentation enabled
remote participants to get trained and qualified as HarP
tracers through a standard procedure, that demonstrated
very good results in the qualification phase described in
this article and, mainly, in the subsequent validation of the
HarP. The standard training provided with our infrastructure
is thus a key step supporting the concrete implementation of
hippocampal volumetry for the diagnosis of AD in clinical
and research settings worldwide.
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RESEARCH IN CONTEXT

1. Systematic review: Within the context of AD, hippo-
campal volumetry is an in vivo biomarker of major
interest. The Harmonized Protocol for Hippocampal
Segmentation Project is an effort undertaken by Eu-
ropean Alzheimer’s Disease Consortium and Alz-
heimer’s Disease Neuroimaging Initiative centers
for the manual segmentation of the hippocampus
on magnetic resonance scans. “master tracers”
segmented a set of benchmark images according to
the consensual definition obtained following
evidence-based Delphi panels.

2. Interpretation: This article describes our work toward
implementing an interactive web system allowing
protocol learning, segmentation training, and peri-
odical qualification of the ability of new tracers to
segment the hippocampus according to the HarP.
We demonstrate that the training process embedded
in the platform led to increased compliance with
the HarP.

3. Future directions: The platform is geared toward
measuring compliance ofmanual raters with the proto-
col, however, a thorough statistical validation must be
performed to determinemetric qualification thresholds
for new users. Furthermore, the training set will need to
substantially expand and metrics adapted for auto-
mated algorithms qualification.

http://www.fnih.org
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Appendix A

Statistical measures available from the qualification platform

Volumes/areas

� Tracer volume (mm3): total hippocampal volume obtained by summing the slice area multiplied by thickness.

� Tracer area (mm2): area delimited by the tracer contour for the current slice.

� Master minimum area (mm2): area commonly delimited by all master tracers for the current slice.

� Master mean area (mm2): mean area delimited by all master tracers for the current slice.

� Master maximum area (mm2): area maximally delimited by any master tracer for the current slice.

� True positive area w.r.t. min (mm2), true positive area w.r.t. mean (mm2), true positive area w.r.t. max (mm2): tracer true positive area with respect to the

area delimited by the minimum/mean/maximum master contour for the current slice.

� False negative area w.r.t. min (mm2), false negative area w.r.t. mean (mm2), false negative area w.r.t. max (mm2): tracer false negative area with respect to

the area delimited by the minimum/mean/maximum master contour for the current slice.

� False positive area w.r.t. min (mm2), false positive area w.r.t. mean (mm2), false positive area w.r.t. max (mm2): tracer false positive area with respect to the

area delimited by the minimum/mean/maximum master contour for the current slice.

Overlap measures

� Jaccard similarity index (see definition previously) between the areas delimited by the tracer and master minimum/mean/maximum contours for the

current slice.

� Jaccard Index w.r.t. min, Jaccard Index w.r.t. mean, Jaccard Index w.r.t. max.

� Dice similarity index between the areas delimited by the tracer and master minimum/mean/maximum contours for the current slice.

� Dice Index w.r.t. min, Dice Index w.r.t. mean, Dice Index w.r.t. max.

Contour distances

� Distance integral: Line integral of the distance ratio (see definition previously for “distance ratio”) values along the tracer contour, normalized by the

contour’s number of point, for the current slice.

� Hausdorff distance (mm): Hausdorff distance between the tracer contour and the master mean contour for the current slice.
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Appendix B: Qualitative and quantitative performance
estimates description

The Harmonized Protocol (HarP) is a consensual but
theoretical neuroanatomical protocol. Once implemented
however, interpretations vary slightly. Thus, by definition,
each master tracer was correct in her or his interpretation
of the HarP and of the boundaries it represents. Various
rounds of consensus were performed between master
tracers to ensure maximum convergence, however some
variability remained. Thus, we could not discard the infor-
mation provided by any one of the master’s tracing. We
therefore elected to compute the maximum contour as the
outer hull of all master’s tracings; and the minimum con-
tour as the area of commonality between all master’s.
Thus, by definition, any contour submitted within the
maximum and minimum set by the master’s tracers is
considered correct.

To assess tracing performance, however, we selected the
following three metrics, each capturing one aspect of seg-
mentation accuracy (additional—but correlated—metrics
have been measured, and are listed in Appendix A), and
defined with respect to either the maximum, mean, or mini-
mum master’s contours:

� Hippocampal volumes: We calculated total HC vol-
umes stereologically by multiplying the segmented
area on any given slice by its slice thickness, and sum-
ming up these partial volumes. New tracers volumes
can be compared with the average masters’ volume
for that hippocampus on a pairwise basis.

� Spatial overlap: Although segmentations may have
similar volumes to be accurate they must significantly
overlap. To capture this variability, we calculated the
Jaccard similarity index as a metric of spatial overlap.
The Jaccard similarity index between regions A and B
is given by

Jaccard5
jAXBj
jAWBj

For purposes of comparison, we calculated the Jaccard
similarity index between the new tracers ‘contour and the
mean masters’ contour. The final measure used in statistical
tests is the average Jaccard similarity index over all slices for
a given hippocampus.

� Spatial distance: To ensure further compliance with the
definitions set forth in the HarP, we required a distance
metric to assess whether the new tracers were within
the minimum and maximum boundaries defined by
the masters.

To this end we first computed a distance ratio map
from the Euclidean distance maps of the regions de-
limited by the masters’ minimum, mean, and maximum
contours.
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The distance ratio map D is given by

D5
dist

�
Rmin

�
1distðRmaxÞ

distðRmeanÞ1dist
�
Rmean

�

where distðRÞ and distðRÞ are maps of the Euclidean dis-
tances calculated from the binary region R and the binary in-
verse of R (i.e. R) (also known as Chamfer distance maps). In
other words, distðRÞ is the map of the distances from the re-
gion border toward the outside R, and distðRÞ is the map of
the distances from the region border toward the inside of R.
Note that the distance maps are images and the summations
and division in D are performed element by element.

In Fig. 6, we show the master minimum, mean, and
maximum regions, an example of the numerator and denom-
inator of D, and the map D. We note that when the distance
between the masters’ minimum and maximum contours is
large, the values of D increase slowly as we move from the
masters’ contours. However, when this distance is short
the values of D increase rapidly.

The distance ratio values are bound between [0, 1]. From
the distance ratio mapD, the distance ratio is interpolated for
each point of the tracer contour, and a color (from green to
yellow to red) is assigned according to the distance ratio
value (from 0 to 1) in the contour plots. This provided useful
feedback to tracers who could rapidly gauge their compli-
ance with the HarP, when provided with this information
(cf. example in Fig. 2).

A value of D equal to 0 means that we are inside the
boundaries delimited by the masters’ minimum and
maximum contours, and hence by definition in agreement
with the HarP. Avalue ofD equal to 1means that the distance
from the mean contour is at least equal to or greater than the
distance from the minimum or maximum contour. The value
of D thus tends to 1 when a given point is far from the mas-
ters’ contours (hence, in strong disagreement with the HarP)
or when the masters’ minimum, mean, and maximum con-
tours are very close (and hence, users should be more careful
in strictly adhering to landmark definitions).

The distance ratio map D thus gives a distance value that
is weighted according to the distance between the masters’
minimum and maximum contours. The values of D are
thus adapted to capturing agreement with master tracers,
and hence adherence to the HarP. The final measure used
in statistical testing consists in the summation of distance ra-
tios for each contour point for a new tracer’s contour, aver-
aged over all slices for a particular hippocampus.


	Manual segmentation qualification platform for the EADC-ADNI harmonized protocol for hippocampal segmentation project
	1. Introduction
	1.1. Objective

	2. Methods
	2.1. Ethics
	2.2. Validation formalism
	2.3. Subjects' images
	2.4. Master hippocampal segmentations
	2.5. New tracer training and qualification
	2.6. Qualification platform
	2.7. Segmentation assessment framework
	2.8. Statistical analyses

	3. Results
	3.1. Users
	3.2. Statistical results
	3.3. Qualification thresholds

	4. Discussion
	4.1. Scope
	4.2. Outcome
	4.3. Tracers improvement through the three training phases
	4.4. Thresholds denoting compliance of hippocampal segmentations with the HarP
	4.5. Ongoing relevance
	4.6. Limitations
	4.7. Conclusions

	Acknowledgments
	References
	Appendix B. Qualitative and quantitative performance estimates description


