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on magnetic resonance has been recently developed by a task force from European Alzheimer’s Dis-
ease Consortium (EADC) and Alzheimer’s Disease Neuroimaging Initiative (ADNI). Our aim was to
produce benchmark labels based on the HarP for manual segmentation.
Methods: Five experts of manual hippocampal segmentation underwent specific training on the
HarP and segmented 40 right and left hippocampi from 10 ADNI subjects on both 1.5 Tand 3 T scans.
An independent expert visually checked segmentations for compliance with the HarP. Descriptive
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measures of agreement between tracers were intraclass correlation coefficients (ICCs) of crude vol-
umes and similarity coefficients of three-dimensional volumes.
Results: Two hundred labels have been provided for the 20 magnetic resonance images. Intra- and
interrater ICCs were .0.94, and mean similarity coefficients were 1.5 T, 0.73 (95% confidence in-
terval [CI], 0.71–0.75); 3 T, 0.75 (95% CI, 0.74–0.76).
Conclusion: Certified benchmark labels have been produced based on the HarP to be used for
tracers’ training and qualification.
� 2015 The Alzheimer’s Association. Published by Elsevier Inc. All rights reserved.
Keywords: Hippocampus; Hippocampal atrophy; Hippocampal volume; Harmonized protocol; Harmonization; Anatomic
landmark; Alzheimer’s disease; Manual tracing; Medial temporal lobes; MRI; Neuroimaging; ADNI; Standard

operating procedures
1. Introduction

The revised diagnostic criteria for Alzheimer’s disease
(AD) proposed by the International Working Group [1,2]
and National Institute on Aging-Alzheimer’s Association
groups [3–5] include hippocampal volumetry as a
diagnostic marker. The European Medicine Agency has
also recently qualified hippocampal volumetry for clinical
trial enrichment in mild cognitive impairment (MCI) [6].
To date, manual segmentation on T1-weighted high-
resolution magnetic resonance images (MRIs) is the widely
accepted in vivo gold standard for hippocampal volumetry
[7]. Nonetheless, the availability and widespread use of a
large number of different protocols for manual segmentation
across laboratories [8,9] has resulted in highly
heterogeneous hippocampal volumetric estimates [8,10],
preventing comparisons among different studies and
having a significant negative impact on the qualification of
hippocampal volumetry as a reliable diagnostic biomarker
and surrogate marker for clinical trials.

In 2008, the European Alzheimer’s Disease Consortium
(EADC) and Alzheimer’s Disease Neuroimaging Initiative
(ADNI) centers, supported by the Alzheimer’s Association,
initiated the development and validation of a consensus
harmonized protocol (HarP) for manual hippocampal seg-
mentation on MRIs [11,12] (www.hippocampal-protocol.
net). The previous steps of this project consisted of an
exhaustive literature survey for available hippocampal
segmentation protocols, careful analysis of the
segmentation differences among the 12 most popular
protocols, operationalization and quantification of these
differences via segmentation units (SUs) in terms of
reliability values, their effects on total hippocampal
volume estimates, and susceptibility to AD-related atrophy
[10,13]. These quantitative data were provided to a Delphi
panel composed of experts in hippocampal anatomy in
healthy aging and AD. The panelists were asked to make
evidence-based decisions and, through iterative rounds, to
converge on a consensus definition of HarP [14].

The aim of the present work was to provide benchmark
hippocampal segmentations certified for reflecting the land-
marks and segmentation modalities defined in the HarP
criteria. This step consisted in translating the Delphi panel
decisions and concepts into the concrete gold standard to
be used for the training/testing of future tracers.
2. Methods

2.1. Design

Fig. 1 shows the design of the study. The preliminary and
training phase served the purpose to train and qualify five ex-
perts in manual hippocampal segmentations as “master
tracers.” Of these, two (M.Bocch. and R.G.) were involved
in thedevelopment of theHarP fromits beginning (preliminary
phase, Fig. 1 [10,13]). Theother three (G.P.,L.G.A., andD.W.)
were enrolled subsequently, based on their acknowledged
contributions to hippocampal segmentations in AD. The
benchmark phase was aimed at developing benchmark
hippocampal segmentations that “embody” the HarP.

2.1.1. Preliminary phase
The preliminary phase, carried out in previous steps of the

project, was aimed to operationalize the differences among
the segmentation protocols into SUs [13]. SUs [10] corre-
spond to either portions of the hippocampus that were
included by some but not other segmentation protocols (Al-
veus/Fimbria [A/F], Crura and Tail End) or that were varia-
bly segmented (i.e., Subiculum - Horizontal, Morphological
or Oblique criteria). The hippocampal tissue included by all
protocols was coined “Minimum Hippocampus.”

M.Bocch. and R.G. manually segmented SUs on MRI to
derive reliability values, SUs effect on total hippocampal
volume, and susceptibility to AD-related atrophy. These
data were fed to the Delphi panel of experts to facilitate their
consensus agreement on the HarP [10]. In this preliminary
phase, M.Bocch. and R.G. extensively familiarized with
the SU segmentations and had their SU reliability measured.

2.1.2. Training phase
Three additional experts (G.P., L.G.A., and D.W.) in hip-

pocampal anatomy in aging and AD were selected from
other centers participating in the HarP project. They were
required to complete a detailed training on SUs to make their
segmentation background and performance equal to R.G.
and M.Bocch’s.
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Fig. 1. Study design. In the preliminary phase, Segmentation Units (SUs) summarizing the differences among the most frequently used segmentation protocols

were identified and operationalized [10,13]; two tracers took part to this phase and segmented a large number of hippocampi into SUs [13], including those of the

so-called preliminary phase [13]. These data were fed to the Delphi panel, which converged on the landmarks of the harmonized protocol (HarP) [14]. In the

training phase, three additional tracers were instructed to segment SUs to pair their segmentation background at the other two. In the benchmark phase, all the

five tracers performed segmentations on a new set of hippocampi following the HarP, thus producing the benchmark labels.
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Teleconferences were carried out with real-time screen
sharing and segmentation demonstrations to facilitate the
new tracers’ learning of segmentation tool usage and SU
landmarks [10]. Tracers could practice on a couple of images:
segmentations were carefully inspected for SU protocol
adherence and feedback was provided. The three tracers
were then asked to trace and retrace all SUs on a new set of
10 ADNI images (for a total of 20 hippocampi) to compute
reliability values. Reliability measurements for each SU
were computed. To qualify as a master tracer for the HarP
project, an intra- and interrater intraclass correlation coeffi-
cient (ICC) �0.90 was required for the global hippocampal
volume computed as the sum of all most inclusive SUs [10].
2.1.3. Benchmark phase
To provide certified labels, we set a two-stage procedure

consisting of segmentation by expert HarP tracers and check
by an independent HarP expert not involved in segmenta-
tion. This two-stage procedure by two independent experts
guarantees that any incidental divergences or tendencies to
systematic biases are corrected before the final release of
the certified set.

Specifically, global hippocampal segmentations were
made according to the HarP as defined by the Delphi panel
[14]. When completed, all the benchmark segmentations un-
derwent two rounds of slice-by-slice inspection by the inde-
pendent expert of the HarP (M.Bocca.) whose role was to
ascertain that all segmentations were fully compliant with
the HarP criteria defined by the Delphi panel [14]. For
both rounds, all master tracers were required to correct any
divergence from the HarP criteria. Master tracers received
visual feedback displaying the five segmentations simulta-
neously mapped onto the correspondent MRI slices, together
with written descriptions of the divergences from the HarP
needing correction. Tracers were asked to discuss with
M.Bocca. any required corrections in case they disagreed
based on their prior experience of hippocampal morphology
and their understanding of the HarP. When this happened,
both the referee and the tracer navigated together in three di-
mensions (3D) through the problematic slices, and land-
marks were examined and discussed in detail until the
segmentation correctly resembling the HarP was identified.
Regions of disagreement were scrutinized for being due to
(1) anatomic ambiguity where all traces were still in compli-
ance with the HarP (no corrections required), (2) segmenta-
tion errors in tissue attribution or noncompliance to the HarP
(corrections required), or (3) ambiguous or insufficiently
detailed landmark definition in the HarP. In the latter case,
the HarP landmark definitions and descriptions were revised
or better detailed to disambiguate the written instructions re-
ported in the HarP text (www.hippocampal-protocol.net).

2.2. Feedback and improvement of HarP written
instructions

The interactions between the tracers and the independent
referee described in 2.1.3 allowed to feedback on the writing

http://www.hippocampal-protocol.net
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of the HarP instructions improving them where ambiguous
definitions could be found or where additional information is
necessary to guide the tracer in paying greater attention to po-
tential sources of mistake. For example, the levels of the head
and tail were frequent sources ofmistakes to be paid particular
attention to. Special attention is needed, for example, at the
boundary with the most caudal amygdala nuclei and with
the indusium griseum or for the inclusion of the vertical digi-
tation, vestigial tissue, and alveus/fimbria at the most caudal
level. These interactions allowed us to enrich the protocol of
details that better disambiguated hippocampal tissue in 3D.

During the process, the Delphi panelists were asked to
check the amendments of the HarP and monitor that the
HarP editing did resemble the Delphi panel consensual deci-
sions. The final version of the HarP was then redistributed
also to the master tracers.
2.3. Scan selection

Three-dimensional, T1-weighted, structural MRIs and
sociodemographic, clinical, and genetic information were
taken from the ADNI database (www.loni.ucla.edu/ADNI/
Data). The ADNI was launched in 2003 by the National
Institute on Aging, the National Institute of Biomedical Im-
aging and Bioengineering, the Food and Drug Administra-
tion, private pharmaceutical companies, and not-for-profit
organizations, as a $60 million, 5-year, public-private part-
nership. The primary goal of ADNI has been to test whether
serial magnetic resonance imaging, positron emission to-
mography, other biological markers, and clinical and neuro-
psychological assessment can be combined to measure the
progression of MCI and early AD. Determination of sensi-
tive and specific markers of very early AD progression is in-
tended to aid researchers and clinicians to develop new
treatments and monitor their effectiveness, as well as reduce
time and costs of clinical trials. The principal investigator of
this initiative isMichaelW.Weiner, MD, VAMedical 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 adults, aged 55 to 90 years, to participate
in the research—approximately 200 cognitively normal
elderly individuals to be followed for 3 years, 400 people
with MCI to be followed for 3 years, and 200 people with
early AD to be followed for 2 years. For up-to-date informa-
tion, please see www.adni-info.org.

As reported by Boccardi et al. [10], for the preliminary
phase (Fig. 1), we selected a sample of 20 subjects, four
for each degree of severity on the Scheltens visual medial
temporal atrophy (MTA) scale [15].

For the training phase (Fig. 1), we selected 10 ADNI sub-
jects with different diagnoses (four controls, three MCI sub-
jects, and three AD subjects) and atrophy severity (two
subjects from each atrophy severity score on the MTA scale
[15]). These subjects were different from those included in
the preliminary sample.

For the benchmark phase (Fig. 1), 10 new ADNI subjects
scanned at both 1.5 and 3 T (for a total sample of 20 images)
were selected based on the following criteria:

1. Two subjects from each atrophy severity score on the
MTA scale [15] to include the full atrophy range
encountered in clinical trials and clinical practice;

2. Subjects for whom both 1.5 and 3 T were available;
this allowed to compute a “proxy” of intrarater reli-
ability measure of the segmented images for eachmas-
ter tracer, instead of segmenting and resegmenting the
hippocampi on the same images;

3. At least one image from each ADNI scanner manufac-
turer (Philips Medical Systems, GE Medical Systems,
and Siemens);

4. Subjects different from those included in the prelimi-
nary and training phases.

2.4. Image processing

Acombination of freely available toolswas used to prepro-
cess the ADNI MRIs for manual segmentation. Raw MINC
(Medical Imaging NetCDF) images were directly down-
loaded from the ADNI database (www.loni.ucla.edu/adni).
Before segmentation, the 3D images were aligned along the
line passing through the anterior and posterior commissures
of the brain (AC-PC line) using a six-parameter linear regis-
tration from theMontreal Neurological Institute (MNI) pack-
age AutoReg (version 0.98v; www.bic.mni.mcgill.ca) and
the MNI ICBM152 nonlinear symmetric template with
1 ! 1 ! 1 mm voxel dimensions as the reference. Resam-
plingwas carried outwith a linear transformation inAutoReg.
As our goal was to test hippocampal segmentation in native
space, the images were not normalized for intracranial vol-
ume differences. No additional preprocessing steps were per-
formed.
2.5. Segmentation procedures

Segmentations were performed using the interactive
MultiTracer software (http://air.bmap.ucla.edu/MultiTracer/
) developed at theLaboratory ofNeuro Imaging at theUniver-
sity of California, Los Angeles (Los Angeles, CA, USA).
Tracers received detailed instructions describing how to
load the images, adjust visualization and segmentation set-
tings, segment the hippocampus, save the segmentation files,
and compute volumes. They were required to trace in the cor-
onal viewmagnified five times, while consulting sagittal view
magnified three times and the axial view with no magnifica-
tion.Magnificationwas kept constant throughout the segmen-
tation. Segmentations were performed manually from rostral
to caudal on approximately 30 to 35 contiguous 1-mm thick
coronal brain sections on both sides, with contemporary 3D
visualization of the axial and sagittal planes. Tracers were
also required to use the same computer and monitor. For the
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Table 1

Reliability of the benchmark labels

Left hippocampus Right hippocampus

Proxy intrarater (n 5 10)

Tracer 1 0.981 (0.928–0.995) 0.986 (0.776–0.997)

Tracer 2 0.968 (0.879–0.992) 0.974 (0.902–0.994)
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benchmark labels, tracers were asked to exclude any internal
cerebrospinal fluid (CSF) pools through an additional label
created in MultiTracer, to comply with the HarP criteria
[14]. Tracers were blinded to age, sex, diagnosis, MTA score,
field strength, and codes, including correspondence between
1.5 and 3 T MRIs for each subject.
Tracer 3 0.943 (0.335–0.989) 0.968 (0.541–0.994)

Tracer 4 0.966 (0.819–0.992) 0.971 (0.818–0.993)

Tracer 5 0.981 (0.930–0.995) 0.986 (0.944–0.997)

Interrater at 1.5 T (n 5 10)

All 5 tracers 0.957 (0.881–0.988) 0.971 (0.916–0.992)

Interrater at 3 T (n 5 10)

All 5 tracers 0.943 (0.791–0.986) 0.962 (0.863–0.990)

NOTE. Figures denote ICC values (95% confidence interval). Intra- and

interrater ICCs were computed with a two-way random-effect “absolute”

model. Proxy intrarater denotes agreement of segmentations carried out

by the same tracer on scans of the same subjects scanned at 1.5 and 3 T.
2.6. Volume computation and statistical analyses

Tracers computed hippocampal volumes using the “Frust
Volume” computation in MultiTracer, which multiplies each
segmented area by the slice thickness and sums up the ob-
tained volumes. The “Frust Volume” option was chosen as
it resulted in more accurate volume computation by perform-
ing volume interpolation when the segmented areas were not
perfectly aligned between slices. This function assumes that
the structure extends from the center of the first plane on
which it was drawn to the center of the last plane with the
square root of that segmented areas varying linearly when
moving from the center of one plane to the center of the
next. The internal CSF total volume was computed as the
sum of each CSF segmented area multiplied by the slice
thickness. If segmented, it was subtracted from the total hip-
pocampal volume.

Statistical analyses were performed in SPSS software
(SPSS Inc., Chicago, IL, USA), version 12.0, and in R lan-
guage, v.2.13.0. ICCs for both intra- and interrater reliability
were computed with a two-way random-effects model. Dur-
ing the benchmark phase, a proxy of intrarater ICCs was
computed comparing the segmentations on images at 1.5 T
with segmentations on 3 T images of the same subjects.
For interrater ICCs, we considered “scan” as a random effect
and “tracer” as a random n-level effect, where n5 number of
tracers (n 5 2 for the preliminary phase, n 5 3 for the
training phase, and n5 5 for the benchmark phase). During
the benchmark phase, the more conservative “absolute”
model was used. During the preliminary and the training
phase, the less stringent and more commonly used “consis-
tency” model was permitted because of the increased diffi-
culty of segmenting multiple subunits of the hippocampus.
The “consistency” model is used when systematic differ-
ences between tracers are not considered to be relevant,
whereas the “absolute” is chosen when systematic differ-
ences are considered relevant.

For each hippocampus, the spatial overlapping agreement
among benchmark segmentations made by the five tracers
was computed with the formula:

Similarity coefficient5
5 jAXBXCXDXEj

ðjAj1jBj1jCj1jDj1jEjÞ ;

where jAj, jBj, jCj, jDj, and jEj is the number of voxels of the
segmented hippocampal regions A, B, C, D, and E, respec-
tively. This formula was adapted from the Dice similarity co-
efficient [16]. Higher values indicate higher spatial
concordance.
The Wilcoxon nonparametric test for repeated measures
was used to compare the overlapping coefficient values be-
tween 1.5 and 3 T (separately for the left and right hippo-
campi). The spatial overlapping for CSF internal pools
was not computed. To test the variance components of the
benchmark sample and to identify the source of variability,
we used a three-way analysis of variance (ANOVA) for
repeated measures (computed on the 10 subjects), consid-
ering the following as “within” factors: “field strength”
(two levels), “tracer” (five levels), and “side” (two levels).
The coefficients of variation (CVs) of these factors were
computed as follows: [(standard deviation of factor)/(mean
of hippocampal volumes)] ! 100.
3. Results

3.1. Preliminary and training phases

Sociodemographic, clinical, and genetic features of sub-
jects in the preliminary and training phase are listed in
Supplementary Table 1.

Both intra- and interrater ICCs for tracers 1 and 2 [10]
were above 0.88, for all SUs, except for A/F (0.75). Reli-
ability for the global volume of the “Maximum Hippocam-
pus” (MaxH), computed as the sum of all SUs and using
the “Morphology” criterion as the medial border of the hip-
pocampal body [10], was 0.97 (95% CI, 0.92–0.99) and 0.99
(95% CI, 0.98–1) for intrarater ICC and 0.99 (95% CI, 0.96–
0.99) for the interrater ICCs (Supplementary Table 2).

The three new tracers had very high reliability for MaxH:
both intra- and interrater ICCs were �0.94 (Supplementary
Table 2). Of the individual SUs, the “Maximum Hippocam-
pus” (MinH) and the “Subiculum-Morphology” showed the
highest reliability values, whereas the A/F showed the
lowest interrater ICC value (Supplementary Table 2). As
previously reported for tracers 1 and 2 [10], also for the other
three tracers, the ICCs of the MinH and A/F combined were
higher than ICCs of both these SUs alone: intrarater ICC



Fig. 2. Sources of variability of the benchmark labels. Plots of hippocampal volumes (y-axis) obtained by the five master tracers in the benchmark phase, by

magnetic field strength by side (x-axis). Colors denote individual subjects. The statistics are reported in Table 2. (For interpretation of colors, the reader is

referred to the Web version of this article.)
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�0.95 (95% CI, 0.83–0.99) and interrater ICC �0.96 (95%
CI, 0.88–0.99).
3.2. Benchmark phase

Sociodemographic, clinical, and genetic features of subjects
in thebenchmarkphase are listed inSupplementaryTable 1. 1.5
and 3T images were obtained using the same type of manufac-
turer scanner for each but two subjects.

The proxy intrarater ICCs computed between 1.5 and 3 T
images of the same subjects ranged from 0.943 to 0.986
(Table 1, Fig. 2, and Supplementary Fig. 1). Interrater
ICCs were 0.957 for the left and 0.971 for the right hippo-
campus at 1.5 T and 0.943 for the left and 0.962 for the right
hippocampus at 3 T (Supplementary Fig. 2).

Similarity coefficients among the five tracers were 0.73
(standard deviation [SD], 0.04) for both the left and right
hippocampi at 1.5 T and 0.74 (SD, 0.03) and 0.76 (SD,
0.03) for the left and right hippocampi at 3 T (Fig. 3). Sim-
ilarity coefficients were higher at 3 T than 1.5 T (Wilcoxon
test exact P5 .049 for the left and P5 .004 for the right). See
Fig. 4 for two exempla of the simultaneous mapping of the
corrected benchmark hippocampal segmentations of the
five master tracers.

Using a three-way ANOVA for repeated measures model,
we found a statistical significance for the factor “tracer”
(P5 .004) but not for “side” (P5 .202), nor “field strength”
(P 5 .335). Moreover, through the variance decomposition
analysis, we found that the variance due to “subject” ex-
plained the 96% of the whole variance of the model, whereas
“tracer” contributed only for 0.25% (Table 2). The variance
due to “subject” did not differ from the whole variance of the
model [F(199, 9), P5 .525], whereas the variance due to the
other factors did [“field strength”, F(199, 1), P 5 .024;
“tracer”, F(199, 4), P , .001; “side”, F(199, 1), P 5 .025].
The variance due to “subject” significantly differed from
“field strength” [F(9, 1), P 5 .024], “tracer” [F(9, 4),
P , .001], and “side” [F(9, 1), P 5 .025]. Variance due to
“tracer” did not differ from the “field strength” one [F(4,
1), P 5 .423] nor from the “side” one [F(4, 1), P 5 .435];
interestingly, it differed from the residual error variance
[F(184, 4), P 5 .009] (Table 2). The highest CV was for



Fig. 3. Similarity coefficients of the benchmark labels. Similarity coeffi-

cients denote spatial overlap among the fivemaster tracers. Upper and lower

box boundaries represent 25th and 75th percentiles of the distribution, lines

represent the mean, whiskers represent extreme data (i.e., the highest and

lowest values that are not outliers), and circles represent outliers. Coeffi-

cients were significantly higher at 3 T than 1.5 T (Wilcoxon exact test).
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the factor “subject,” whereas for “tracer,” it was 1.4%
(Table 2).
4. Discussion

In the present work, we have described a necessary meth-
odological step for the definition of standard operating pro-
cedures for hippocampal volumetry. We have generated 200
benchmark labels of the hippocampus based on the EADC-
ADNI HarP, as each of the five different tracers provided la-
bels for both hippocampi of the same 10 ADNI subjects,
scanned at both 1.5 and 3 T. In the next step of the project,
these benchmark labels will be uploaded onto a web plat-
form and used as the reference for the qualification of the
na€ıve tracers who will take part to the final validation of
the HarP [17].

To generate a certified set of benchmark HarP segmenta-
tions as a standard reference, the segmented labels under-
went quality check and corrections when even minimum
divergences from the HarP were observed. Notwithstanding
the consolidated experience of tracers and their strict
training, the complexity of instructions and hippocampal
morphology did require corrections in some points, and
the presence of these divergences was used to further clear
up the instructions provided in the protocol.

A very high reliability was observed within and among
the five tracers, even before the quality check and correc-
tions were performed (data not shown). However, the pre-
sent work was not aimed to demonstrate the reliability of
the HarP, which will be tested with the proper design in
the subsequent phase of the project [18]. We underline
that the reported reliability measures are proposed here
only to describe the delivered benchmark labels and not
to provide demonstration of HarP validity, which requires
of course a different experimental design. However, these
high reliability data (absolute ICCs �0.94 and five-level
similarity coefficient �0.73) may be considered as a very
preliminary and proxy measure of protocol reliability.
These data give us a hint of confidence that the segmenta-
tion criteria and landmark descriptions in the HarP are suf-
ficiently well defined to be used as a reliable standard
worldwide. Under this respect, it is worth to underline
that master tracers were recruited from different cen-
ters—two in Europe (Italy and Germany) and three in
North America (Los Angeles, CA, Rochester, MN, and
Quebec City, Canada)—and were originally familiar with
different segmentation protocols.

In exploratory ANOVA sources, the volumetric vari-
ability of the benchmark labels due to tracer was substan-
tially lower than anatomic variability, much lower than
residual error variance, and of similar magnitude as the vari-
ability due to side and field strength. It should be underlined
that the CV due to factors such as interlaboratory procedures
(i.e., analytical kits, assay lots) for measurement of CSF bio-
markers (Ab42, tau, and p-tau) ranges between 9% and 30%
[19,20]. This is more than 6.5-fold greater than the
variability due to HarP tracers in this study. Although only
preliminary and needing quantification with the proper
experimental design [18], this is a notable finding consid-
ering that measurements were produced through manual
segmentation.

Besides reorienting along the AC-PC line, no additional
image preprocessing was performed to avoid any use of arbi-
trary procedures. Indeed, segmentations on 3 T images dis-
played significantly higher similarity coefficient than the
ones on 1.5 T, suggesting a role of the image contrast on
segmentation stability. However, the definition of specific
preprocessing possibly improving the hippocampal segmen-
tation should be covered in further projects specifically
aimed at identifying an optimal procedure.

As a part of a larger project, this work has some limita-
tions. One limitation consists in the fact that we computed
a proxy of intrarater ICC for the benchmark images, reseg-
menting the same subjects on their different 1.5 and 3 T
scans, rather than on the same scans. However, the variance
due to field strength was quantified in 0.1% of the whole
variance, which suggests that this method can represent a
reliable proxy of the correct quantification of intrarater reli-
ability.



Fig. 4. Selection of color-coded benchmark label segmentations. For illustrative purposes, scans were selected where similarity coefficient was highest (panel

A: 0.789; right hippocampus of a control subject, 3 TMRI) and lowest (panel B: 0.640; right hippocampus of an AD subject, 1.5 TMRI). Slices were selected on

the following basis: (1) the first rostral slice where the hippocampus was segmented by at least one master tracer (number 1), (2) the last caudal slice where the

hippocampus was segmented by at least one master tracer (number5 37 and 32), and (3) the central ones. As to the central ones, we chose equally distant slices

whenever possible. High resolution figures of all slices are available at: http://centroalzheimer.it/public/MB/SOPs/PaperBenchmark/Figure4a_HIGHEST_hr.tif

and http://centroalzheimer.it/public/MB/SOPs/PaperBenchmark/Figure4b_LOWEST_hr.tif.
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The overlapping coefficientsmay be considered relatively
low, and the inferior 95% confidence limit was low for some
ICC values for the benchmark labels. This is due to the
following reasons. First, we aimed to obtain benchmark seg-
mentations that were compliant with the HarP but that also
represented the variability that can be observed among
HarP-compliant segmentations and that should be accepted
in the learning of future tracers. Indeed, this variability in
HarP-compliant segmentations is due to the complexity of
the identification of hippocampal boundaries from MRI
without correspondent histologic determination. Second,
we sought volume reliability values through the most restric-
tive comparison of absolute volumes rather than on correla-
Table 2

Statistics of the sources of variability of the benchmark labels

Factor CV (%)

ANOVA

Variance; df % of variance P

Tracer 1.4 1435; 4 0.25 –

Subject 27.5 546,026; 9 96 .00002

Field strength 0.9 527; 1 0.1 .423

Side 0.9 563; 1 0.1 .435

Residual error 5.3 20,469; 184 3.55 .009

Abbreviations: CV, coefficient of variation; ANOVA, analysis of vari-

ance; df, degree of freedom.

NOTE. Figures denote CV, amount of variance, df, and percentage of

variance represented by each factor. P denotes the difference of variance

of the factor “tracer” versus all other factors (three-way ANOVA for

repeated measures model). The data this statistics refer to are shown in

Fig. 2.
tions, an approach that is very sensitive to minimal
differences. Finally, we computed the overlapping values
across five rather than two tracers, adapting the Dice similar-
ity coefficient [16]. For this latter case, the lack of a similar
approach in the literature as well as of ranges of acceptability
prevents the comparison of these results with previous ones.
A generalized metric could be used [21] but conceptually
would provide the same information. A final limitation was
that when measuring spatial agreement, we did not exclude
the internal CSF pools as we did for crude volumes.

In this phase, we produced a major product of the EADC-
ADNI harmonization project, that is, the benchmark hippo-
campal labels representing the HarP criteria as defined by
the Delphi panel [14]. These labels are the concrete standard
reference for the future definition of qualification criteria of
human tracers and automated algorithms. These will be
based on not only the benchmark labels themselves but
also statistics of new tracers’ performance [17].

The next phase of the project will consist of the training
of human tracers who will be involved in the validation of
the HarP [18] and the expansion of this set of certified
benchmark labels, to provide a wider representation of
physiological variability and offer an adequate training set
for automated algorithms ([22] and www.hippocampal-
protocol.net).

The benchmark labels may serve hippocampal segmenta-
tion training not only for the AD field but possibly for other
fields where hippocampal volumetry is an informative
feature since the HarP definition is sufficiently inclusive to

http://www.hippocampal-protocol.net
http://www.hippocampal-protocol.net
http://centroalzheimer.it/public/MB/SOPs/PaperBenchmark/Figure4a_HIGHEST_hr.tif
http://centroalzheimer.it/public/MB/SOPs/PaperBenchmark/Figure4b_LOWEST_hr.tif
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be adapted to different aims. Of course, the use of the HarP
would need to be specifically validated for these different
fields.
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RESEARCH IN CONTEXT

1. Systematic review: To date, manual segmentation on
magnetic resonance images is the widely accepted
in vivo gold standard for hippocampal volumetry.
However, the availability and widespread use of a
large number of different protocols for manual seg-
mentation across laboratories has resulted in highly
heterogeneous hippocampal volumetric estimates,
preventing comparisons among different studies
and outcomes of clinical trials for Alzheimer’s dis-
ease. A globally harmonized protocol for manual
hippocampal segmentation based on magnetic reso-
nance has been recently defined by a panel of interna-
tional experts.

2. Interpretation: Here, we developed 200 benchmark
hippocampal segmentations manually traced by five
experts. These labels were certified as reflecting the
landmarks and segmentation modalities defined in
the harmonized protocol criteria.

3. Future directions: This benchmark set of hippocam-
pal labels will be used as the gold standard for
training and qualification of future tracers.
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Supplementary Table 1

Sociodemographic and clinical features

Variable

MTA scale

0 1 2 3 4

Preliminary phase (n 5 20)*

Age (y) 72, 74, 77, 78 70, 74, 76, 83 64, 72, 79, 80 74, 79, 80, 85 72, 80, 82, 83

Sex M, M, F, F M, M, M, M M, M, F, F M, M, M, M M, M, F, F

APOE genotype ε23, ε33, ε33, ε34 ε33, ε33, ε34, ε34 ε34, ε34, ε34, ε44 ε33, ε34, ε34, ε44 ε23, ε33, ε33, ε24

Diagnosis, CTRL/MCI/AD 4/0/0 4/0/0 0/4/0 0/3/1 0/2/2

Training phase (n 5 10)

Age (y) 69, 77 73, 79 77, 79 72, 75 74, 79

Sex M, F M, M M, F M, F M,M

APOE genotype ε33, ε44 ε44, ε44 ε33, ε34 ε34, ε34 ε33, ε34

Diagnosis, CTRL/MCI/AD 1/0/1 0/2/0 2/0/0 0/0/2 1/1/0

Benchmark phase (n 5 10)

Age (y) 69, 73 74, 85 73, 77 80, 83 77, 83

Sex F, F M, F M, M M, M M, F

APOE genotype ε23, ε33 ε23, ε23 ε33, ε44 ε33, ε34 ε33, ε34

Diagnosis, CTRL/MCI/AD 1/1/0 2/0/0 1/1/0 0/2/0 0/1/1

Abbreviations: MTA, medial temporal atrophy; CTRL, healthy control subjects; AD, Alzheimer’s disease; MCI, mild cognitive impairment; APOE, Apoli-

poprotein E.

NOTE. Magnetic resonance scans segmented in the preliminary (n 5 20 at 1.5 T, also reported in [13]), training (n 5 10 at 1.5 T), and benchmark phases

(n5 10 at both 1.5 and 3 T). Scans were balanced by the severity of MTA [15]. Tracers 1 and 2 were trained on the preliminary phase sample; tracers 3, 4, and 5

were trained on the training phase sample; and all tracers segmented the benchmark sample (see Fig. 1).

*Reported in [13].
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Supplementary Table 2

Reliability results of the master tracers in the preliminary (tracers 1 and 2) and training phase (tracers 3, 4, and 5)

Intrarater (n 5 10) Interrater (n 5 10)

Left hippocampus

Tracer 1* Tracer 2* Tracer 3 Tracer 4 Tracer 5 Tracers 1 and 2* Tracers 3, 4, and 5

Preliminary phase* Training phase Preliminary phase* Training phase

MinH 0.934 (0.841–0.973) 0.992 (0.980–0.997) 0.989 (0.955–0.997) 0.964 (0.863–0.991) 0.990 (0.962–0.998) 0.974 (0.936–0.990) 0.918 (0.783–0.977)

Alveus/fimbria 0.748 (0.466–0.892) 0.863 (0.687–0.944) 0.961 (0.851–0.990) 0.861 (0.538–0.964) 0.906 (0.669–0.976) 0.885 (0.734–0.953) 0.854 (0.640–0.958)

Subiculum -

Oblique line

0.878 (0.719–0.950) 0.964 (0.911–0.985) 0.963 (0.859–0.991) 0.937 (0.770–0.984) 0.932 (0.753–0.983) 0.907 (0.781–0.962) 0.797 (0.528–0.939)

Subiculum -

Morphology

0.921 (0.811–0.968) 0.981 (0.952–0.992) 0.980 (0.923–0.995) 0.923 (0.724–0.980) 0.933 (0.755–0.983) 0.937 (0.848–0.975) 0.839 (0.610–0.953)

Subiculum -

Horizontal line

0.925 (0.822–0.970) 0.980 (0.951–0.992) 0.975 (0.905–0.994) 0.895 (0.636–0.973) 0.906 (0.668–0.976) 0.932 (0.836–0.972) 0.843 (0.617–0.954)

Tail Crura 0.993 (0.982–0.997) 0.998 (0.994–0.999) 0.980 (0.921–0.995) 0.872 (0.568–0.967) 0.995 (0.980–0.999) 0.937 (0.847–0.974) 0.740 (0.429–0.919)

Tail End 0.972 (0.931–0.989) 0.988 (0.971–0.995) 0.984 (0.935–0.996) 0.857 (0.526–0.962) 0.929 (0.740–0.982) 0.905 (0.775–0.961) 0.794 (0.523–0.938)

(Continued )
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Supplementary Table 2

Reliability results of the master tracers in the preliminary (tracers 1 and 2) and training phase (tracers 3, 4, and 5) (Continued )

Intrarater (n 5 10) Interrater (n 5 10)

Left hippocampus

Tracer 1* Tracer 2* Tracer 3 Tracer 4 Tracer 5 Tracers 1 and 2* Tracers 3, 4, and 5

Preliminary phase* Training phase Preliminary phase* Training phase

MaxH 0.967 (0.919–0.987) 0.993 (0.982–0.997) 0.998 (0.991–0.999) 0.955 (0.830–0.989) 0.983 (0.932–0.996) 0.985 (0.963–0.994) 0.963 (0.895–0.990)

Right hippocampus

Tracer 1* Tracer 2* Tracer 3 Tracer 4 Tracer 5 – Tracers 3, 4 and 5

Preliminary phase* Training phase – Training phase

MinH - 0.991 (0.966–0.998) 0.969 (0.881–0.992) 0.983 (0.934–0.996) – 0.927 (0.804–0.979)

Alveus/

fimbria

– – 0.969 (0.881–0.992) 0.843 (0.489–0.958) 0.950 (0.812–0.987) – 0.588 (0.212–0.861)

Subiculum -

Oblique

line

– – 0.937 (0.770–0.984) 0.915 (0.696–0.978) 0.760 (0.291–0.935) – 0.806 (0.545–0.942)

(Continued )
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Supplementary Table 2

Reliability results of the master tracers in the preliminary (tracers 1 and 2) and training phase (tracers 3, 4, and 5) (Continued )

Right hippocampus

Tracer 1* Tracer 2* Tracer 3 Tracer 4 Tracer 5 – Tracers 3, 4 and 5

Preliminary phase* Training phase – Training phase

Subiculum -

Morphology

– – 0.976 (0.905–0.994) 0.957 (0.838–0.989) 0.879 (0.588–0.969) – 0.877 (0.690–0.965)

Subiculum -

Horizontal

line

– – 0.982 (0.929–0.995) 0.922 (0.718–0.980) 0.888 (0.613–0.971) – 0.777 (0.492–0.932)

Tail Crura – – 0.995 (0.981–0.999) 0.893 (0.629–0.972) 0.980 (0.921–0.995) – 0.825 (0.582–0.948)

Tail End – – 0.980 (0.923–0.995) 0.943 (0.788–0.986) 0.990 (0.960–0.998) – 0.770 (0.480–0.930)

MaxH – – 0.998 (0.990–0.999) 0.947 (0.801–0.986) 0.982 (0.930–0.996) – 0.936 (0.828–0.982)

Abbreviations: ICC, intraclass correlation coefficient; MinH, minimum hippocampus; MaxH, maximum hippocampus.

NOTE. Figures denote ICC values (95% confidence interval). Intra- and interrater ICCs were computed with a two-way random-effect “consistency” model. MaxH is a derived summed measure from MinH,

Alveus/Fimbria, Subiculum – Morphology, Crura and Tail End [13].

*Data published in [13].

Reprinted from Alzheimer’s &Dementia, 10.1016/j.jalz.2013.03.001, Boccardi et al., Operationalizing protocol differences for EADC-ADNI manual hippocampal segmentation, Copyright 2013, with permis-

sion from Elsevier.
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Supplementary Fig. 1. Intrarater agreement of the benchmark labels. Plots of left (upper line, A) and right (lower line, B) hippocampal volumes of the five

master tracers in the benchmark phase at 1.5 and 3 T. Red dotted lines denotes perfect agreement; numbers denote intrarater “absolute” ICCs.

Supplementary Fig. 2. Intra- and interrater agreement of the five master tracers for the benchmark labels. “Absolute” and “consistency” ICCs are shown with

95% confidence intervals.
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