
U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

1Q2 Quantitative comparison of 21 protocols for labeling hippocampal
2 subfields and parahippocampal subregions in in vivo MRI: Towards a
3 harmonized segmentation protocol

4Q3 Paul A. Yushkevich a,⁎, Robert S.C. Amaral b, Jean C. Augustinack c, Andrew R. Bender d, Jeffrey D. Bernstein e,f,
5 Marina Boccardi g, Martina Bocchetta g,h, Alison C. Burggren i, Valerie A. Carr j, M. Mallar Chakravarty b,k,
6 Gael Chetelat l, Ana M. Daugherty d,m, Lila Davachi n,o, Song-Lin Ding p, Arne Ekstrom q,r, Mirjam I. Geerlings s,
7 Abdul Hassan q,r, Yushan Huang t, J. Eugenio Iglesias c,u, Renaud La Joie l, Geoffrey A. Kerchner e,f,
8 Karen F. LaRocque j, Laura A. Libby r, Nikolai Malykhin t,v, Susanne G. Mueller w,x, Rosanna K. Olsen y,
9 Daniela J. Palombo z, Mansi B. Parekh aa, John B. Pluta a,ab, Alison R. Preston ac,ad,ae, Jens C. Pruessner af,ag,
10 Charan Ranganath r,q, Naftali Raz d,m, Margaret L. Schlichting ac,ad, Dorothee Schoemaker af,ag, Sachi Singh ah,
11 Craig E.L. Stark ai, Nanthia Suthana aj, Alexa Tompary n, Marta M. Turowski ah, Koen Van Leemput c,ak,
12 Anthony D. Wagner j,al, Lei Wang ah,am, Julie L. Winterburn b, Laura E.M. Wisse s, Michael A. Yassa ai,
13 Michael M. Zeineh aa, for the Hippocampal Subfields Group (HSG)
14 aQ4 Penn Image Computing and Science Laboratory, Department of Radiology, University of Pennsylvania, USA
15 bQ5 Cerebral Imaging Centre, Douglas Mental Health University Institute, McGill University, Canada
16 c A.A. Martinos Center for Biomedical Imaging, Department of Radiology, Harvard Medical School, Massachusetts General Hospital, USA
17 d Institute of Gerontology, Wayne State University, USA
18 e Department of Neurology and Neurological Sciences, Stanford University School of Medicine, USA
19 f Stanford Center for Memory Disorders, USA
20 gQ6Q7 LENITEM (Laboratory of Epidemiology, Neuroimaging and Telemedicine), IRCCS Centro S. Giovanni di Dio Fatebenefratelli, Italy
21 h Department of Molecular and Translational Medicine, University of Brescia, Brescia, Italy
22 i Department of Psychiatry and Biobehavioral Sciences, University of California, Los Angeles, USA
23 j Department of Psychology, Stanford University, USA
24 kQ8 Department of Psychiatry, Department of Biomedical Engineering, McGill University, Canada
25 lQ9 INSERM U1077, Universitè de Caen Basse-Normandie, UMR-S1077, Ecole Pratique des Hautes Etudes, CHU de Caen, U1077, Caen, France
26 m Psychology Department, Wayne State University, USA
27 n Department of Pyschology, New York University, USA
28 o Center for Neural Science, USA
29 p Allen Institute for Brain Science, USA
30 q Center for Neuroscience, University of California, Davis, USA
31 r Department of Psychology, University of California, Davis, USA
32 sQ10 Julius Center for Health Sciences and Primary Care, University Medical Center Utrecht, Netherlands
33 t Department of Biomedical Engineering, University of Alberta, Edmonton, Alberta, Canada
34 u Basque Center on Cognition, Brain and Language (BCBL), Donostia-San Sebastian, Spain
35 v Centre for Neuroscience, University of Alberta, Edmonton, Alberta, Canada
36 w Department of Radiology, University of California, San Francisco, USA
37 xQ11 Center for Imaging of Neurodegenerative Diseases, San Francisco VA Medical Center, USA
38 y Rotman Research Institute, Baycrest, Canada
39 z VA Boston Healthcare System, USA
40 aa Department of Radiology, Stanford University, USA
41 ab Department of Biostatistics, University of Pennsylvania, USA
42 ac Department of Psychology, The University of Texas at Austin, USA
43 ad Center for Learning and Memory, The University of Texas at Austin, USA
44 ae Department of Neuroscience, The University of Texas at Austin, USA
45 af McGill Centre for Studies in Aging, Faculty of Medicine, McGill University, Canada
46 ag Department of Psychology, McGill University, Canada
47 ah Department of Psychiatry and Behavioral Sciences, Northwestern University Feinberg School of Medicine, USA
48 ai Department of Neurobiology and Behavior, University of California, Irvine, USA
49 aj Department of Neurosurgery, University of California, Los Angeles, USA

NeuroImage xxx (2015) xxx–xxx

⁎Q40 Corresponding author at: 3600 Market St., Ste. 370, Philadelphia, PA 19096, USA.
E-mail address: pauly2@upenn.edu (P.A. Yushkevich).

YNIMG-11906; No. of pages: 16; 4C: 3, 9, 10, 11, 12, 13, 14

http://dx.doi.org/10.1016/j.neuroimage.2015.01.004
1053-8119/© 2015 Elsevier Inc. All rights reserved.

Contents lists available at ScienceDirect

NeuroImage

j ourna l homepage: www.e lsev ie r .com/ locate /yn img

Please cite this article as: Yushkevich, P.A., et al., Quantitative comparison of 21 protocols for labeling hippocampal subfields and
parahippocampal subregions in in vivo MRI: Towards..., NeuroImage (2015), http://dx.doi.org/10.1016/j.neuroimage.2015.01.004

http://dx.doi.org/10.1016/j.neuroimage.2015.01.004
mailto:pauly2@upenn.edu
Journal logo
http://dx.doi.org/10.1016/j.neuroimage.2015.01.004
Imprint logo
http://www.sciencedirect.com/science/journal/10538119
www.elsevier.com/locate/ynimg
http://dx.doi.org/10.1016/j.neuroimage.2015.01.004


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

50 akQ12 Department of Applied Mathematics and Computer Science, Technical University of Denmark, Denmark
51 al Neurosciences Program, Stanford University, USA
52 am Department of Radiology, Northwestern University Feinberg School of Medicine, USA

a b s t r a c t5 3 a r t i c l e i n f o

54 Article history:
55 Accepted 1 January 2015
56 Available online xxxx

57 Keywords:
58 Hippocampus
59 Medial temporal lobe
60 Hippocampal subfields
61 CA1
62 CA2
63 CA3
64 Dentate gyrus
65 Subiculum
66 Entorhinal cortex
67 Perirhinal cortex
68 Parahippocampal gyrus
69 Magnetic resonance imaging
70 Segmentation
71 Unified protocol

72Objective: An increasing number of human in vivo magnetic resonance imaging (MRI) studies have focused on
73examining the structure and function of the subfields of the hippocampal formation (the dentate gyrus, CA fields
741−3, and the subiculum) and subregions of the parahippocampal gyrus (entorhinal, perirhinal, and
75parahippocampal cortices). The ability to interpret the results of such studies and to relate them to each other
76would be improved if a common standard existed for labeling hippocampal subfields and parahippocampal sub-
77regions. Currently, research groups label different subsets of structures and use different rules, landmarks, and
78cues to define their anatomical extents. This paper characterizes, both qualitatively and quantitatively, the vari-
79ability in the existing manual segmentation protocols for labeling hippocampal and parahippocampal substruc-
80tures in MRI, with the goal of guiding subsequent work on developing a harmonized substructure segmentation
81protocol.
82Method: MRI scans of a single healthy adult human subject were acquired both at 3 T and 7 T. Representatives
83from 21 research groups applied their respective manual segmentation protocols to the MRI modalities of their
84choice. The resulting set of 21 segmentations was analyzed in a common anatomical space to quantify similarity
85and identify areas of agreement.
86Results: The differences between the 21 protocols include the region within which segmentation is performed,
87the set of anatomical labels used, and the extents of specific anatomical labels. The greatest overall disagreement
88among the protocols is at the CA1/subiculum boundary, and disagreement across all structures is greatest in the
89anterior portion of the hippocampal formation relative to the body and tail.
90Conclusions: The combined examination of the 21 protocols in the same dataset suggests possible strategies to-
91wards developing a harmonized subfield segmentation protocol and facilitates comparison between published
92studies.

93 © 2015 Elsevier Inc. All rights reserved.
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98 Introduction

99 The medial temporal lobe (MTL) is a complex brain region of
100 enormous interest in research on memory, aging, psychiatric disorders,
101 and neurodegenerative diseases.Within theMTL, the subfields of the hip-
102 pocampus (cornu Ammonis fields CA1−CA4, dentate gyrus, subiculum)
103 and the adjacent cortical subregions of the parahippocampal gyrus
104 (entorhinal cortex, perirhinal cortex, and parahippocampal cortex) are
105 understood to subserve different functions in the memory system
106 (Squire et al., 2004; Moscovitch et al., 2006; Bakker et al., 2008; Wolk
107 et al., 2011). Different psychiatric and neurological disorders are
108 known to affect hippocampal subfields andMTL cortical subregions dif-
109 ferently, selectively, and in a complex progression (Braak& Braak, 1995;
110 Arnold et al., 1995; Simić et al., 1997; de Lanerolle et al., 2003; West
111 et al., 2004; Lucassen et al., 2006; Small et al., 2011). The non-
112 uniformity of MTL involvement in normal brain function and in disease
113 makes in vivo interrogation of the structural and functional properties
114 of hippocampal subfields and parahippocampal subregions highly de-
115 sirable. Recent advances in MRI technology have made it possible to vi-
116 sualize the hippocampal region with increasing detail, leading a
117 growing number of researchers to attempt to label and quantify small
118 substructures using in vivo MRI (Insausti et al., 1998; Small et al.,
119 2000; Zeineh et al., 2001, 2003; Wang et al., 2003, 2006, 2010;
120 Apostolova et al., 2006; Mueller et al., 2007; Mueller & Weiner, 2009;
121 Van Leemput et al., 2009; Ekstrom et al., 2009; Fischl et al., 2009;
122 Malykhin et al., 2010; Kerchner et al., 2010; Preston et al., 2010;
123 Prudent et al., 2010; Yassa et al., 2010; La Joie et al., 2010, 2013;
124 Hanseeuw et al., 2011; Henry et al., 2011; Bonnici et al., 2012; Wisse
125 et al., 2012; Pluta et al., 2012; Teicher et al., 2012; Libby et al., 2012;
126 Bender et al., 2013; Winterburn et al., 2013; Olsen et al., 2013; Kirov
127 et al., 2013; Augustinack et al., 2013; Palombo et al., 2013; Pereira
128 et al., 2013).
129 However, the anatomy of the human MTL is complex and variable,
130 and the boundaries between different subfields have been described
131 in the neuroanatomy literature using cytoarchitectonic features that re-
132 quire histological staining and microscopic resolution to visualize
133 (Lorente de Nó, 1934; Rosene & Van Hoesen, 1987; Gloor, 1997;

134Insausti & Amaral, 2004; Duvernoy, 2005; Amaral & Lavenex, 2007;
135van Strien et al., 2012). Even at that resolution, neuroanatomical refer-
136ences do not always agree on the definition and boundaries of subfields.
137Any protocol that attempts to label these substructures in MRI, regard-
138less of resolution, has to employ some combination of image intensity
139cues, known anatomical landmarks, and geometrical rules to define
140boundaries between substructures. A substantial number of manual
141segmentation protocols have been published in the last few years, and
142up to now, no common set of rules has been adopted by the research
143community. Indeed, different groups partition the MTL into different
144subsets of substructures, with different rules used to define each sub-
145structure, and different extents of the regionwithinwhich the substruc-
146tures are labeled. For example, one protocol may combine all CA
147subfields into a single label, draw the boundary between CA1 and
148subiculum at the medial-most extent of the dentate gyrus, and exclude
149the hippocampal head and tail from the segmentation. Another protocol
150may group CA3 and the dentate gyrus into one label and draw the CA1/
151subiculum boundary in a more lateral location, while also labeling the
152full extent of the hippocampus. Such variability among protocols
153makes comparisons between the results reported by different research
154groups difficult.
155In this paper, we take the first step towards quantitatively and qual-
156itatively characterizing the differences between the hippocampal sub-
157field and parahippocampal subregion segmentation protocols used in
158the in vivo imaging community. We do so by having 21 research groups
159apply their manual segmentation protocols to label the left MTL of the
160same subject, whichmakes it possible for the segmentations to be com-
161pared on a voxel by voxel basis. Since different groups have used differ-
162ent MRI field strengths and different MRI contrast mechanisms to
163develop their protocols, the single subject in this study was scanned
164using three different MRI protocols (T1-weighted 3 T MRI, T2-
165weighted 3 T MRI, and T2-weighted 7 T MRI), and participating re-
166search groups chose the images that best fitted the MRI modality
167targeted by their respective protocols. We report on the differences in
168label sets used by the different protocols, provide voxel-wise maps of
169inter-protocol agreement, and identify substructure boundaries where
170there is most disagreement between protocols.
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