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There is a growing interest in characterizing functional specialization along the long axis of the hippocam-
pus in humans. Variability in volumetry along the long axis of the hippocampus may be of functional
relevance in human development, and in a number of clinical populations. However, there is a lack of
consistent definitions for measurements of regional volumetry along the hippocampal long axis. More-
over, there is lack of consistent reliability standards of these measures. Here we describe a protocol for
manual demarcation of hippocampal head, body, and tail. The definitions emphasize anatomical land-
marks that agree with the extant literature and are visible in children and adults alike. Using this protocol
we achieved high reliability of all volumetric measures. We further demonstrate that the protocol can
be applied to T2-weighted images optimized for high-resolution scanning of the hippocampus, as well
as a more standard T1-weighted image sequence. Third, the protocol is sensitive to detect individual
differences in subregion volumes in normally developing children (N=81; ages 8-25 years). This proto-
col may be of use for researchers studying the hippocampus across the lifespan and in diverse clinical
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populations.
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1. Introduction

The hippocampus (Hc)! is a complex structure composed of
several functional circuits (Duvernoy, 2005) that support com-
plex functions of memory (Scoville and Milner, 1957; Tulving and
Markowitsch, 1998; Aggleton, 2012). Recently, there has been an
increased interest in quantification of subcomponents of the Hc for-
mation in an effort to better understand the diverse functionality of
the structure. To this end, researchers have turned their attention
to the study of Hc subregions that span its long, anterior-posterior
axis (Bouchard et al., 2008; Malykhin et al., 2010), or the Hc head,
body, and tail. Based upon the functional projections of the Hc
formation to the rest of the brain, the anterior-posterior subre-
gions may support different functionality (Moser and Moser, 1998;
Aggleton, 2012). Given the growing focus on a possible differen-
tial relation between Hc subregion volumetry and differences in
developmental profiles, it is crucial that investigators use reliable
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and valid measurement methods. Although several researchers
have published with their own procedures (e.g., Bouchard et al.,
2008; Malykhin et al., 2010), a detailed description of a delineation
method with demonstrated reliability and validity has not been
shown before. Here, we present a protocol for manual demarcation
of Hc subregions that meets this need.

Converging evidence from human and animal studies suggests
different specialization of regions along the long axis of the Hc.
Regions of the hippocampal long axis differ in gene expression
(Strange et al., 2014) and project to different cortical and subcorti-
calregions (Moser and Moser, 1998; Aggleton, 2012). (See Poppenk
et al. (2013) for a schematic diagram of anterior-posterior hip-
pocampal connectivity with the brain.) The regions spanning the
Hc long axis may be differentially vulnerable to pathology and risk
for clinical memory impairment, such as in post-traumatic stress
disorder (Bonne et al., 2008), dementia and Alzheimer’s disease
(Gordon et al., 2013). Moreover, both structural (Maguire et al.,
2000; Poppenk and Moscovitch, 2011) and functional (Chua et al.,
2007; Giovanello et al., 2009; Poppenk and Moscovitch, 2011)
differences account for variability in distinct aspects of human
memory (Bannerman et al., 2004; Poppenk et al., 2013; Strange
et al,, 2014). Indeed, the anterior-posterior subregions may follow
different developmental trajectories across the lifespan that mir-
ror the development of specialized memory functions. Although
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Hc volume is thought to be stable starting at the age of 4 years
old (Gogtay et al., 2006; Mattai et al., 2011; Sullivan et al., 2011;
Lin et al., 2013), the evidence regarding developmental differences
along the long axis is mixed. One cross-sectional study of normal
development reports larger anterior Hc volume in children 8-11
years old as compared to young adults (DeMaster et al., 2014),
whereas others do not find differences in sub-regional volume (Lin
etal., 2013).In the course of adult aging, advanced age is associated
with smaller total Hc volume and some findings suggest greater age
differences in anterior Hc regions (Watson et al., 1997; Chen et al.,
2010), however, this localized effect is inconsistent across studies
(Kalpouzos et al., 2009).

Taken together, the evidence suggests that anterior-posterior
subregions of the Hc may be associated with specific cognitive
functions, follow different developmental trajectories, and may be
differentially vulnerable to pathology. Thus, quantifying individual
differences in the structural integrity of Hc subregions may help
explain the neural underpinnings of memory function across the
lifespan, and its aberration in disease. Yet the extant evidence has
two major limitations that greatly complicate interpretation. First,
there are inconsistent measurement definitions for the anatomical
subregions; and second, perhaps more critically, there is an incon-
sistent standard of measurement reliability for all regions, which
is the initial barrier to valid measurement (Carmines and Zeller,
1979). Differential reliability of measures across regions taints
claims of regional specificity in volumetric effects. With the intent
to study development of Hc subregions and individual differences
therein, a reliable and valid measurement method is necessary.

Here, we present a protocol for Hc subregional volumetry that
meets this need. The definitions of Hc head, body, and tail empha-
size anatomical landmarks that can be visualized on MRI, with
which we demonstrate high intra- and inter-rater reliability with
intra-class correlation [ICC(3) and ICC(2)] formulas (Shrout and
Fleiss, 1979). In addition to demonstrating reliability, we aimed
to validate the method by demonstrating measurement invariance
across different MR image contrasts, and by reproducing reports of
individual differences in Hc head, body, and tail that differentially
correlate with age.

2. Method
2.1. Participants

All participants (N=81; 42 females) were healthy, typically
developing children and adults, ages 8-25 years (M=15.69,
SD=5.02). Participants were recruited from the Metro Detroit
region and met the following criteria for enrollment: reported
no neurological injury, psychiatric disorders, or learning disabil-
ities; born full-term; right-hand dominant; spoke English as a
native language; and had no contraindications to MRI. Age-based
standardized 1Q scores (Kaufmann Brief Intelligence Test, KBIT-2)
of the whole sample indicated average intelligence (M=108.14,
SD=12.42), and IQ did not differ by age (r=-0.06, p=0.59) or
between sexes (t(79)=1.23,p=0.22).

From this sample, a subset was randomly selected to represent
the broader age range for reliability procedures. The initial reliabil-
ity procedures on the T2-weighted images used a set of N=12 (ages
10-23 years), and the comparison of T2- to T1-weighted images
used N=10 (ages 10-23 years). Analysis of age differences in subre-
gion volumes included the entire sample. In addition to the sample
of 81, 7 participants (ages 15-23 years) were scanned but excluded
as multivariate outliers that biased analyses, and 1 additional scan
for a child was not sampled due to excessive motion. The 8 cases
that were omitted from analyses did not differ from the retained
sampleinage (t(87)=-1.93,p=0.06) orIQ(t(87)=-1.15,p=0.25).

2.2. MR image acquisition

MRI data were collected in a 3 Tesla Siemens Verio (Siemens
Medical AG, Erlangen, Germany) full body scanner with a 32-
channel head coil at Harper Hospital Imaging Center, Wayne
State University (Detroit, MI). The manual tracing protocol for Hc
head, body, and tail measurements was developed based on a
T2-weighted high-resolution proton density-weighted turbo spin
echo (PD-TSE) sequence that was adapted from Bender et al.
(2013). Images were acquired in the coronal plane perpendicular
to the long axis of the Hc with the following parameters: voxel
size =0.42 x 0.42 x 2 mm? (30 slices); echo time = 17 ms; repetition
time=7150ms; flip angle=120°; pixel bandwidth =96 Hz/pixel;
limited field of view =280 x 512 mm.

In addition to the high-resolution Hc sequence, a T1-weighted
magnetization prepared rapid gradient echo (MPRAGE) sequence
was collected for intracranial volume measurements and val-
idation of the Hc head, body, and tail boundary definitions
across imaging modalities. The T1 MPRAGE was acquired in
the coronal plane perpendicular to the anterior-posterior com-
missures with the following parameters: interpolated voxel
size 0.5mm x 0.5mm x 1.0mm; echo time=4.26 ms; repetition
time=2200ms; inversion time=1200ms; flip angle=9.0°; pixel
bandwidth = 130Hx/pixel; GRAPPA acceleration factor PE = 2.

2.3. Protocol for reliable manual tracing of Hc head, body, and tail

Anatomical definitions for Hc head, body, and tail measure-
ments were developed within our lab following atlases (e.g,
(Duvernoy, 2005) and recommendations from procedures in the
extant literature (Poppenk et al., 2013). Thus, Hc subregion bound-
aries were defined by anatomical landmarks and notable features
of Hc morpometry. Definitions were determined to allow for reli-
able measurement of subregion volumes and emphasized valid
representation of the neuroanatomay. Definitions were originally
developed for manual demarcation on the T2-weighted high-
resolution hippocampal MRI, on which reliability was initially
established. Following the initial reliability assessment, the same
definitions were applied to T1 MPRAGE images as an additional test
of measurement invariance as evidence for validity.

The range of measurements was defined by anatomical land-
marks that were present in all participants, and allowed to account
for differences in Hc length that may vary by age (Insausti et al.,
2010) or individual differences in head placement within the scan-
ner. The most anterior slice was identified by visualization of the
mammilary bodies and the range extended posterior until the pulv-
inar nucleus was no longer visualized and the body of the fornix was
present. Measurements in both hemispheres began on the same
anterior slice, but subsequent transitions between subregions and
the last posterior slice were free to vary between hemispheres. See
Fig. 1 for an example of demarcation.

2.3.1. Hc head

The range of the Hc head began on the most anterior slice and
ended posterior to the uncal sulcus, when the digitations were
no longer visualized. The anterior range was truncated to allow
for separation of the amygdala from the Hc, which is similar to
other procedures of total Hc volumetry (Raz et al., 2004). The lat-
eral boundary was the temporal horn of the lateral ventricle; the
medial boundary was the ventricle space and the entorhinal cortex.
The boundary between the subiculum and entorhinal cortex was
determined as a horizontal line projecting from the most medial
aspect of the parahippocampal gyrus white matter to the ventricle.
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Fig. 1. Example hippocampal head, body, and tail demarcations. (A) Representative slices of hippocampal head, body, and tail traced on T2-weighted images, with
0.4 x 0.4mm? in-plane resolution and 2 mm slice thickness. Image intensity was inverted. Not all slices of the traced range are shown. Head - red; body - yellow; tail
- purple. (B) Sagittal view of the hippocampus on a T1-weighted image (0.5 mm?) that has been aligned to be perpendicular to the long axis of the hippocampus. The range of
hippocampal head, body, and tail measurements are shown along the long axis. (C) A comparison of representative hippocampal head, body, and tail tracings on T2-weighted
and T1-weighted images. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.3.2. Hc body

The range of the Hc body began posterior to the head and ended
when the fimbria fornix was visualized posterior to the pulvinar
nucleus. The boundaries were defined the same as the head: the lat-
eral ventricle for the lateral and medial boundaries, and a horizontal
line defining the boundary between subiculum and parahippocam-
pal gyrus cortex. When visualized, the choroid plexus and fimbria
were excluded.

2.3.3. Hc tail

The range of the Hc tail extended from the end of the body to
the last posterior slice. The boundary definitions were similar to
that of head and body, except for the medial boundary between Hc
and surrounding cortex, which was determined as a difference in
morphometry visualized as a notch between the tapering Hc com-
plex and the widening of the cortex on the dorsal parahippocampal
gyrus. The fimbria fornix was excluded.

On the T2-weighted images with 2 mm slice thickness, the range
included 15-17 contiguous slices: Hc head on 3-5 slices, the Hc
body on 8-10 slices, and the Hc tail on 2-3 slices. Accommodat-
ing individual variability in anatomy and head placement in the
scanner, this is approximately 30% of the entire range labeled as
head, body 50%, and tail 20%. These definitions agree with suggested
anatomical landmarks (Duvernoy, 2005), as well as percentage-
based rules (Chen et al., 2010). Total Hc volume was measured as
the sum of the subregions, which closely agrees with other pro-
cedures of total Hc volumetry (Raz et al., 2004). All images used
in this study were processed with Analyze v11.0 software (Mayo
Clinic, Rochester, MN) and manual demarcations were made using
a stylus on a 21 in. digitizing tablet (Wacom Cintiq).

2.4. Additional procedures for demarcation on the T2-weighted
high-resolution images

The T2-weighted images were magnified by a factor of two
and intensities were inverted to mimic a T1-weighted inversion
recovery sequence, which when visualizing the anatomy was more

intuitive to the raters. Head, body, and tail measurements from the
T2-weighted high-resolution images were taken from contiguous
slices (2 mm slice thickness).

2.5. Additional procedures for demarcation on T1-weighted
MPRAGE images

Prior to manual demarcation, the T1 MPRAGE was resliced to
have a 0.5 mm? isotropic voxel, and realigned perpendicular to the
long axis of the Hc, while aligning the anterior-posterior commis-
sures using Analyze v11.0 software (Mayo Clinic, Rochester, MN).
Differences in head tilt and yaw were manually corrected. The
same anatomical definitions were applied when demarcating the
T1 MPRAGE image sets, tracing every fourth slice (approximating
the 2 mm slice thickness of the T2-weighted images), which was
accounted for in volume calculations. There is little consequence
to accuracy and reliability of volumetry at this sampling density
as compared to measuring from every 0.5 mm slice (Eritaia et al.,
2000).

2.6. Intracranial volumetry and regional volume correction

For the purpose of volume correction, intracranial volume (ICV)
was manually measured from the T1 MPRAGE image sets. Prior to
measurements, the 0.5mm? isotropic T MPRAGE was manually
aligned to the anterior-posterior commissures, and corrected for
differences in head tilt and yaw. ICV was demarcated in the axial
plane following procedures described in Raz et al. (2004). ICV was
measured on every 20th slice for a total of 10 slices, beginning at the
most dorsal slice on which brain tissue was visualized and extend-
ing ventrally. Five independent raters made measurements with
high reliability: ICC(2)=0.99.

Hc head, body, and tail volumes were calculated as the sum area
across slices. For measurements from the T1 MPRAGE, the sum area
was corrected for the slices that were not measured. Lateral and
total subregion volumes were corrected for differences in ICV via
analysis of covariance (Jack et al,, 1989): volume,gy; =volume; - b
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(ICV; = ICVmean ), where i denotes a measurement for an individ-
ual, b is the unstandardized coefficient of whole sample volume
regressed on ICV, and ICVean is the sample mean. Although age
correlates with ICV in this sample (r=0.58, p<0.001), the slope of
regional volumes regressed on ICV was similar between child, ado-
lescent, and adult age groups: all (1, 77)<3.19, p>0.08. Therefore,
the assumption of homogeneous slopes across age groups was met
and the same correction was applied to the whole sample.

2.7. Reliability procedures

Prior to whole sample data collection, reliability for each region
was confirmed via measurements from the T2-weighted high-
resolution sequence. To demonstrate agreement between raters
(A.M.D. & RW.F.), a sub-set of 12 cases were demarcated and
measurements were compared with an intra-class correlation coef-
ficient formula assuming random raters, ICC(2) (Shrout and Fleiss,
1979). In addition, intra-rater reliability was confirmed for a sin-
gle rater (A.M.D.) measuring the same set of 12 cases after a
2-week delay, ICC(3) (Shrout and Fleiss, 1979). For both reliabil-
ity assessments, we employed a high standard of at least 0.85 for
measurements from each hemisphere, and 0.90 for sum total mea-
surement of each region.

2.8. Validating definitions of Hc head, body, tail volumetry from
T1 MPRAGE images

Many laboratories collect T1-weighted structural images that
are not optimized to show fine structures in the Hc that can be
seen clearly on T2-weighted high-resolution images. Although a T1
MPRAGE sequence commonly has lower in-plane resolution (e.g.,
1 x 1mm?) than the customized T2-weighted (0.4 x 0.4mm? as
described above), the landmarks used to define the head, body, and
tail measurements can still be visualized and be used to produce
reliable measurements. For the purpose of demonstrating the appli-
cability of our protocol to typical T1-weighted MPRAGE images,
we confirmed reliability of our protocol when comparing measure-
ments between the T2 high-resolution and T1 MPRAGE sequences.
To do so, areliable rater (A.M.D.) repeated head, body, and tail mea-
surements in a sub-set of cases (N=10) that also had a T1 MPRAGE
image set. The rater was blind to the prior T2-weighted image
tracing (more than 1 year had passed since viewing the T2
image sets), and intra-rater consistency was confirmed with ICC(3)
(Shrout and Fleiss, 1979). The same standards of reliability were
used: minimum ICC(3) of 0.85 for measurements of each hemi-
sphere, and 0.90 for sum total of each region.

Table 1
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2.9. Analysis of individual differences in hippocampal subregion
volumes

As an additional effort to validate our procedures for head,
body, and tail measurement, we tested for individual differences
in regional volumes that may differentially correlate with age. To
do so, volumes that were adjusted for ICV were entered into a 3
(region) x 2 (hemisphere) repeated-measure general linear model
(GLM). Age (continuous measure centered at the sample mean) and
sex were entered as covariates. A significant age x region interac-
tion effect was further explored with post-hoc univariate GLMs to
determine the nature of differential age effects between regions.
Prior to analysis, univariate outliers were winsorized, and to avoid
spurious effects due to small sample size, all models were boot-
strapped with bias-correction (5000 draws of the original sample;
Hayes and Scharkow, 2013) to produce 95% confidence intervals
(CI). Further, head, body, and tail volumes were regressed on age to
calculate unstandardized residuals as a measurement of individual
differences that were unrelated to age, and we tested for regional
differences therein. Finally, as a confirmatory analysis, we tested
for age differences in total Hc volume - measurements summed
across regions - in a GLM framework, treating hemisphere as a
2-level repeated measure.

3. Results
3.1. Measurement reliability from T2-weighted images

Reliability was confirmed for all regional measures between
raters in a sub-set of 12 cases. See Table 1 for a report of all relia-
bility statistics. Agreement between raters was high for all regions,
exceeding 0.90 for all measures, except for the right Hc body that
was ICC(2)=0.89, which still met our standard for reliability. More-
over, the same rater confirmed high internal consistency following
a delay of 2 weeks: all ICC(3)>0.91.

3.2. Measurement invariance across scan types: reliability
between T2- and T1-weighted images

The same reliable rater repeated measurements in a sub-set of
cases (N=10) to compare volumes extracted from the T2-weighted
images to those from the T1-weighted image sets. Similar volumes
were produced and had high internal consistency: all ICC(3) > 0.87
(see Table 1). Therefore, the same anatomical landmarks can be
visualized on T1- and T2-weighted images to produce similar vol-
ume measurements.

Estimates of reliability of Hc subregion volumes from the T2-weighted high-resolution and T1 MPRAGE images.

T2-weighted images

Comparison of measures (T2- vs T1-weighted images)

Region Between raters, ICC(2) Within rater, ICC(3) Within rater, ICC(3)
Head
Left 0.99 0.96 0.95
Right 0.99 0.93 0.99
Total 0.99 0.94 0.98
Body
Left 0.95 0.98 0.95
Right 0.89 0.95 0.98
Total 0.95 0.99 0.98
Tail
Left 0.95 0.92 0.87
Right 0.92 0.91 0.93
Total 0.95 0.92 0.93

Note: ICC - intra-class correlation coefficient (Shrout and Fleiss, 1979).
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3.3. Individual differences in regional volumes

We first tested individual differences in regional volumes with
respect to age. Age differences in regional volumes (adjusted for
ICV)were estimated in a 3 (region) x 2 (hemisphere) repeated mea-
sure GLM. Because there was no difference in volumes between
hemispheres (F(1, 78)=1.60, p=0.21), nor differential age effects
between hemispheres (F(1, 78)=0.01, p=0.91), only total volumes
summed across hemispheres were included in analyses of age
effects by region. In the full sample, ages 8-25 years, age was unre-
lated to volumes of the Hc head, body, and tail (F(1, 78)=0.70,
p=0.41) and age-effects did not differ by region (age x region F(2,
77)=0.75, p=0.48). This may be in part due to a large amount of
variability in measurements in young adults in this sample. When
the analysis of age effects was limited to participants age 8-18
years (N=59), the age x region interaction was a non-significant
trend: F(2,53)=2.68, p=0.07.Exploring this effect further, older age
was associated with smaller Hc head volume (8 =-42.49, p=0.02;
95% Cl -76.61/-8.36), but not with volumes of Hc body (8=-8.24,
p=0.55; 95% CI -35.68/20.72) or tail (8=-2.16, p=0.71; 95% CI -
13.33/9.87; see Fig. 2). Finally, sex was entered as a covariate in
all models, but there were no sex differences in regional volume
(F(1, 78)=1.67, p=0.20), or differential effects between regions
(sex x region interaction, F(2, 77)=0.81, p=0.45).

Accounting for the effects of age and sex, there remained a large
degree of variability in Hc head (R%=0.07), body (R?=0.001), and
tail (R? =0.05) volumes to suggest additional factors to explain indi-
vidual differences in regional volumetry. By residualizing regional
volumes on age, we examined the amount of remaining variabil-
ity in each region in the full sample. The remaining variability
unrelated to age was larger in the Hc head than in the body
(F(80,80)=1.61, p=0.04), and variability in both these regions was
larger than that in the tail (F(80, 80)=8.28 and 5.16, ps<0.001,
respectively). Therefore, additional factors that explain individual
differences in volume across the three regions may be different.
The individual variability throughout childhood can be seen in Fig. 2
that depicts the associations between age (8-18 years) and regional
volumes.

Although there is evidence of age-related differences in Hc head,
total hippocampal volume was not related to age in the selected
sample age 8-18 years (F(1,56)=2.23,p=0.14), or in the full sample
age 8-25 years (F(1, 78)=1.40, p=0.24).

4. Discussion

Our main goal in this paper is to present a protocol for reli-
able and valid quantification of Hc head, body and, tail volumetry.
We developed the protocol using anatomical landmarks con-
sistent with the extant literature, and achieved high reliability
for measurements in all regions. We demonstrated that, using
these landmarks, reliable measures of Hc head, body, and tail
volumes can be taken from T2-weighted images optimized for
high-resolution scanning of the hippocampal formation, as well
as from T1-weighted images with lower resolution that is more
commonly used in neuroimaging studies. By confirming similar
volumetric measurements from both image types, we demonstrate
a form of measurement invariance as evidence for the validity of
the Hc subregion measures. Second to this, we offered conver-
gent findings of individual differences in regional volumes, which
age partially accounted for only in the Hc head. Taken together,
our manual method provides reliable and valid measures of hip-
pocampal subregional volumes. Further, adopting this method will
facilitate consolidation of findings across laboratories to inform
our understanding of structural differences and possible functional
specialization along the Hc anterior-posterior axis in typical and
atypical development.
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Fig. 2. Age differences in hippocampal head, body, and tail volumes in a sample
selected to be age 8-18 years. A trend for regional differences in age effects (F(2,
53)=2.68, p=0.07) was identified in the selected sample to be age 8-18 years, but
not in the total sample ages 8-25 years. Age-related differences from 8-18 years in
the hippocampal head were significant (p=0.02), but there were no effects in the
body (p=0.55) or tail (p=0.71). Measurements were made from the T2-weighted
high-resolution images. Regional volumes were corrected for intracranial volume
(see Section 2 for details). Gray circles represent data points that were winsorized.

The anterior-posterior subregions appear to have a degree of
specialization that is otherwise lost when measuring the whole
Hc proper. Animal studies of gene expression demonstrate multi-
ple domains along the hippocampal long axis, which often exhibit
sharply demarcated borders (Strange et al., 2014). Different func-
tional projections from the subregions to cortex and subcortical
nuclei may underscore the functional specialization of the long axis
(Moser and Moser, 1998; Aggleton, 2012), particularly as it per-
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tains to memory functions. In humans, both structural (Maguire
et al., 2000; Poppenk and Moscovitch, 2011) and functional (Chua
etal., 2007; Giovanello et al., 2009; Poppenk and Moscovitch, 2011)
variability in anterior-posterior regions account differentially for
variability in memory function.

The precise nature of anterior-posterior functional specializa-
tion, however, remains unclear. Some researchers suggest anterior
regions have specialized emotional and reward motivation func-
tions in memory (Bannerman et al.,, 2004; Fanselow and Dong,
2010; Murty et al.,2010; Strange et al., 2014), however others iden-
tify similar correlations with posterior regions (Shafer and Dolcos,
2012; Dolcosetal.,2013). Apopular hypothesis has been that poste-
rior regions have unique spatial memory and navigation functions
(Ryanetal., 2010; Woollett and Maguire, 2012), yet there is an evi-
denced role for anterior regions in recognition of relative spatial
landmarks (Ekstrom et al., 2011; Morgan et al., 2011). Still others
posit that anterior-posterior function may be organized on a scale
of detail and flexibility in mnemonic processing — posterior regions
are linked to detailed representations whereas anterior regions rep-
resent a gist of an experience rather than its details (Poppenk et al.,
2013). The complexity of evidence for functional specialization fur-
ther underscores the importance of characterizing the hippocampal
anterior-posterior subregions with a robust method.

Variability in anterior-posterior Hc volumetry may be a mean-
ingful predictor of cognitive outcomes across the lifespan under
typical and atypical conditions. For example, adolescents who were
born premature have smaller posterior Hc volumes as compared to
full-term counterparts, and this accounts for worse verbal learning
(Gimenez et al., 2004). Patients with post-traumatic stress disorder
have smaller total Hc volume compared to their healthy counter-
parts, but critically, greater differences are observed in posterior
regions (Bonne et al.,2008). Further, total hippocampal volumes are
smaller in schizophrenic patients (Adriano et al., 2012), and neu-
rons are smaller particularly in posterior regions in post-mortem
comparisons to healthy brains (Benes et al., 1991) although a local-
ized difference in volume has not been found in vivo (Weiss et al.,
2005). In contrast, patients with multiple sclerosis (Longoni et al.,
2013) and Alzheimer’s disease (Gordon et al.,, 2013) also have
smaller total Hc volume as compared to healthy adults, but in these
populations greater differences are observed in anterior regions.
However, when considering similar pathologies, reports of dif-
ferential anterior-posterior effects are inconsistent. For example,
when compared to controls, adults suspected to be in prodromal
stages of Alzheimer’s disease had smaller Hc head and tail volumes
(Plutaetal.,2012), whereas another study reported smaller Hc head
and body volumes in pre-symptomatic mild cognitive impairment
(Martin et al., 2010). In future research, employing a similar mea-
surement protocol with acceptable reliability will facilitate more
meaningful comparisons across studies of different pathology and
between studies of typical and atypical development.

As demonstrated, the protocol we present here may be
employed across laboratories that use different image types. This
is largely accomplished by using anatomical landmarks to define
Hc head, body, and tail. Extant methods used in the investigation of
anterior-posterior subregion volumetry can be broadly classified
into two groups: landmark-based and percentile-based rules. For
landmark-based rules, the recent review by Poppenk et al. (2013)
suggests that the uncal apex is a valid landmark to distinguish the
anterior-posterior subdivisions (Weiss et al., 2005), or the head
and body (Malykhin et al., 2007; Martin et al., 2010; Yushkevich
et al,, 2010, Gordon et al., 2013; Widjaja et al., 2014), which is in
agreement with anatomical atlases (e.g., Duvernoy, 2005). It also
agrees with the coordinate-based rule in neuroimaging studies
using standard atlases (e.g., MNI coordinate space, left: y=—21 mm,
right: y=-20mm, Poppenk et al. (2013); left: y=—-20mm, right:
y=-18 mm, DeMaster and Ghetti, (2013)). Although fewer stud-

ies go on to segment the tail from the body, presentation of the
fornix has been a common landmark (Pruessner et al., 2001; Ariza
et al., 2006; Maller et al., 2006; Malykhin et al., 2007; Martin et al.,
2010; Gordon et al., 2013; Widjaja et al., 2014). This landmak is
in agreement with authoritative atlases (Duvernoy, 2005) and also
corresponds to a coordinate-based rule in a neuroimaging study
using a standard atlas (e.g., MNI coordinate space, left: y = —36 mm,
right: y=-34mm, DeMaster and Ghetti, (2013). Our protocol is
consistent with these landmarks and has demonstrated high mea-
surement reliability.

We made efforts to also determine our definitions in comparison
to an alternate approach to landmark-based rules that segments
the regions based upon percentage of Hc length. Assuming the full
length of the Hc is labeled, the segmentation of head as 30-35%,
body as 45%, and tail as the remaining 20-25% (Chen et al., 2010)
appears to match well with the landmark definitions. Although
there have been other definitions employed - e.g., 35%, 35%, and
30% (Echavarri et al., 2011), and 25%, 50%, and 25% (Maguire et al.,
2000; Driscoll, 2003) for head, body, and tail, respectively. Differ-
ences in percentage-based definitions between studies may be a
consequence of differences in imaging parameters and protocol for
head placement in the scanner. The use of landmark-based defini-
tions partially alleviates this concern, as visualization of common
anatomical features is less susceptible to interference from differ-
ential head placement and can accommodate individual differences
in Hc morphometry and length.

Regardless of the definitions used to delineate the
anterior-posterior subregions, any method used must be demon-
strated to be reliable before it can be tested for validity. For if a
measurement is inconsistent, then the accuracy of its representa-
tion cannot be reasonably assessed (Carmines and Zeller, 1979). An
inconsistent standard of reliability complicates the interpretation
of unique regional effects, which may be an artifice of regional
differences in the degree of error in measurements. The majority
of manual or semi-automated procedures reported in the extant
literature are accompanied by a minimum ICC value for reliability
of all measurements. While a minimum reliability is acceptable
to demonstrate overall consistency, it is difficult to determine if
regions vary in their degree of consistency when claiming region-
specific effects. An ICC (Shrout and Fleiss, 1979) exceeding 0.90 for
total volume summed across hemispheres is a good standard of
reliability, but not all studies meet this standard (e.g., Bouchard
et al.,, 2008) and others use less appropriate methods to assess
volumetric reliability (e.g., Weiss et al., 2005).

Measurements gained by using semi-automated brain seg-
mentation tools with minimal human operator intervention,
such as Freesurfer or voxel-based morphometry, can have high
reproducibility, and thereby high internal consistency. However,
typically these tools have not been validated against the gold stan-
dard of volumetry: manual demarcation with equally high internal
consistency. Indeed, a recent report demonstrates systematic age
bias in assessing hippocampal volumetry between younger and
older adults (Wenger et al., 2014), and the validity of automated
methods with respect to manual demarcation in children was never
tested. Moreover, methods that localize functional activation to a
portion of the Hc cannot assess reliability of subregion definitions
the same way, and faced with this predicament, many researchers
do not report the definitions used when labeling an effect as ante-
rior or posterior Hc (e.g., Giovanello et al., 2009). The common
label but inconsistent definitions of these subregions, compounded
by inconsistent standards of reliability, undermine the validity of
inferences from the standing evidence.

The protocol we present here can address these concerns. In
addition to measurement reliability, we demonstrated that the
same definitions can be used to produce similar estimates of vol-
ume from T2- and T1-weighted images. This determination of
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measurement invariance across image types makes the protocol
easily applied to other neuroimaging studies, including applying
the definitions in functional imaging.

Further, measurements with these definitions are sensitive to
capturing individual variability in regional volumes. Similar to
other reports (DeMaster et al., 2014), age was negatively corre-
lated with Hc head volume in the selected sample of participants
age 8-18 years, however we did not find age differences in Hc body
or tail volume. Although we partially replicate age differences in
the Hc head that have been reported before (DeMaster et al., 2014),
we did not find any evidence for subregional differences in vol-
ume between sexes (e.g., Gogtay et al., 2006). Absolute sex group
differences were likely reduced by the correction of the subregion
volumes for intracranial volume, which was necessary to remove
the bias of sexual dimorphism in head size (Sgouros et al., 1999)
from our analysis of age differences. Further, due to the limitation
of the cross-sectional design that cannot accurately approximate
individual differences in change (Lindenberger et al., 2011), we
could not effectively test possible sex differences in the devel-
opmental trajectories of these regions (e.g., Gogtay et al., 2006;
Bramen et al., 2011). Indeed, we found that age and sex accounted
for a small portion of the individual differences in hippocampal
subregion volumes. Pronounced individual differences throughout
childhood and young adulthood suggest additional factors that may
shape individual developmental trajectories. This intriguing find-
ing warrants additional study. Applying the same method in future
studies of typical and atypical development will provide greater
insight into hippocampal structure and function.

The basis of variability in subregional volumes is unknown. Vol-
umetry is a crude proxy of the underlying cytoarchitecture and
microstructure that can only be assessed at a far finer resolution.
Volumetry measures from MRI are sensitive to changes in neu-
ropil (Qiu et al., 2013) and variability in myelination (Courchesne
etal.,2000).Indeed, myelination of the medial temporal lobe during
childhood can contribute to variability in MRI volumetry (Schneider
and Vergesslich, 2007) and may partially account for the individual
differences we report here. However, the possible differential rep-
resentation of myelin along the longitudinal axis during childhood
development is currently unknown.

In addition to myelin, the crude measures of subregion volumes
may be capturing individual variability in the Hc subfields. The
medial-lateral axis of the Hc is divided into cytoarchitectonically-
distinct subfields, for which there is growing evidence of
differential development (Daugherty et al., under review-a) and
differential cognitive correlates (Bender et al., 2013; Daugherty
et al., under review-b); also see (Krogsrud et al., 2014; Lee et al.,
2014; Tamnes et al., 2014). The subfields are present through-
out the long axis, and the contribution of age effects in specific
subfields to variability in gross anterior-posterior volumetry is
unknown. Nonetheless, there is initial evidence for differential
effects of age in both the anterior-posterior and medial-lateral axis
of the Hc. Because the method for head, body and tail volumetry
was developed for T2-weighted high-resolution images, on which
Hc subfields can also be reliably demarcated, in the future we will
attempt to consolidate these effects into a cohesive model of hip-
pocampal development. It is our hope that the use of reliable and
valid measurement of anterior-posterior Hc volumetry will fur-
ther our understanding of typical development and the etiology of
certain clinical conditions.

5. Conclusions
We present a protocol for reliable measurement of subregions

spanning the hippocampal anterior-posterior axis. We further val-
idated this method by demonstrating similar measurements across

MR image types and by replicating reports of individual variability
in regional volumes that differentially correlates with age during
childhood development. Future research may identify additional
factors that contribute to individual variability and determine cog-
nitive correlates that are unique to each Hc subregion. Reliable
methods for assessing regional volumetry are crucial in determin-
ing whether variability in Hc subregion structural integrity have
developmental and clinical relevancy.
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