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Abstract
The hippocampal formation (HF) is a brain structure of great interest because of its central role in
learning and memory, and its associated vulnerability to several neurological disorders. In vivo
oblique coronal T2-weighted MRI with high in-plane resolution (~0.5 mm×0.5 mm), thick slices
(~2.0 mm), and a field of view tailored to imaging the hippocampal formation (denoted HF-MRI
in this paper) has been advanced as a useful imaging modality for detailed hippocampal
morphometry. Cross-sectional analysis of volume measurements derived from HF-MRI has shown
the modality’s promise to yield sensitive imaging-based biomarker for neurological disorders such
as Alzheimer’s disease. However, the utility of this modality for making measurements of
longitudinal change has not yet been demonstrated. In this paper, using an unbiased deformation-
based morphometry (DBM) pipeline, we examine the suitability of HF-MRI for estimating
longitudinal change by comparing atrophy rates measured in the whole hippocampus from this
modality with those measured from more common isotropic (~1 mm3) T1-weighted MRI in the
same set of individuals, in a cohort of healthy controls and patients with cognitive impairment.
While measurements obtained from HF-MRI were largely consistent with those obtained from T1-
MRI, HF-MRI yielded slightly larger group effect of greater atrophy rates in patients than in
controls. The estimated minimum sample size required for detecting a 25% change in patients’
atrophy rate in the hippocampus compared to the control group with a statistical power β=0.8 was
N=269. For T1-MRI, the equivalent sample size was N=325. Using a dataset of test–retest scans,
we show that the measurements were free of additive bias. We also demonstrate that these results
were not a confound of certain methodological choices made in the DBM pipeline to address the
challenges of making longitudinal measurements from HF-MRI, using a region of interest (ROI)
around the HF to globally align serial images, followed by slice-by-slice deformable registration
to measure local volume change. Additionally, we present a preliminary study of atrophy rate
measurements within hippocampal subfields using HF-MRI. Cross-sectional differences in
atrophy rates were detected in several subfields.
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Introduction
The hippocampal formation (HF) is widely studied by clinicians and neuroscientists alike,
owing to its central role in cognitive processing, particularly in processes mediating learning
and memory (Squire et al., 2004). Structural as well as functional measurements in the
hippocampal region of interest (ROI) and its neighboring medial temporal lobe (MTL)
structures have been successfully used as imaging-based biomarkers of brain pathology in
several neurological disorders. Hippocampal volume, measured using structural MRI, is
significantly reduced in Alzheimer’s Disease (AD) (Jack et al., 1992) and in its prodromal
stages (de Leon et al., 1997), in other neurodegenerative disorders such as semantic
dementia (Chan et al., 2001), as well as in psychiatric disorders such as schizophrenia
(Bogerts et al., 1993), and other neurological conditions (a review can be found in (Geuze et
al., 2005)).

While such cross-sectional volumetry studies provide useful clinical information, a great
deal of emphasis has been placed in the recent literature on MRI-based measurements of
longitudinal change in the hippocampal volume. It has been hypothesized that the estimates
of hippocampal atrophy rate derived from such measures will play a key role in reducing the
cost and duration of clinical trials for disease-modifying pharmaceutical treatments in AD
and other neurodegenerative diseases (Jack et al., 2010). Among the various biomarkers
proposed for such clinical trials, MRI-based hippocampal atrophy estimates are thought to
offer the best combination of sensitivity to disease progression in the early symptomatic
stages of the disease and robustness to repeat measurement errors (Caroli et al., 2010).

Longitudinal change in the hippocampus measured from MRI has been studied for more
than a decade (Du et al., 2004; Fox et al., 1996; Fox et al., 2005; Fuerst et al., 2003;
Hashimoto et al., 2005; Jack et al., 1998; Jack et al., 2003; Kaye et al., 2005; Leung et al.,
2010; Ridha et al., 2006; Rohrer et al., 2008; Schuff et al., 2009; Steffens et al., 2011;
Thompson et al., 2004; Wang et al., 2003). Atrophy rates in the hippocampus have been
measured in clinical populations such as Alzheimer’s disease (AD) (Fox et al., 1996; Jack et
al., 1998; Ridha et al., 2006), depression (Steffens et al., 2011), epilepsy Fuerst et al., 2003
and non-AD dementia (Rohrer et al., 2008). Typically, such studies use one of a few well-
established longitudinal measurement techniques, such as deformation-based morphometry
(DBM) (Chung et al., 2001; Leow et al., 2006; Studholme et al., 2004), brainboundary shift
integral (BSI) (Barnes et al., 2004; Freeborough and Fox, 1997; Leung et al., 2010),
anatomical surface-based shape modeling (Csernansky et al., 2000; Thompson et al., 1996;
Thompson et al., 2004; Wang et al., 2003) or manual labeling of serial images (Fox et al.,
2005; Jack et al., 2003; Kaye et al., 2005). In particular, large studies using the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) dataset (Schuff et al., 2009; Schott et al., 2010;
Wolz et al., 2010; Yushkevich et al., 2010a) that employed some of these techniques have
characterized the hippocampal longitudinal atrophy patterns in the AD and mild cognitive
impairment (MCI) extensively. A more complete review of hippocampal atrophy rate
measurements reported in the literature can be found in Barnes et al. (2009). Group effects
between elderly controls and individuals with MCI, which is frequently a preclinical stage of
AD, have been found (Jack et al., 2000; Apostolova et al., 2010; Leung et al., 2010; Schott
et al., 2010; Wolz et al., 2010). Many recent studies have provided estimates of sample sizes
required to detect a given amount of change in the HF and other MTL regions during a
clinical trial (Holland et al., 2011). This extensive body of work underscores the importance
of longitudinal change measurements in the HF.

Prior studies of longitudinal change in the HF have typically used the same approaches as
whole-brain longitudinal studies, and thus relied almost exclusively on T1-weighted MRI
(T1-MRI), usually with nearly isotropic ~1 mm3 resolution. By contrast, in cross-sectional
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studies of the HF, much attention has recently been placed on alternative MRI protocols that
are more tailored for imaging the HF and other medial temporal lobe (MTL) structures
(Kerchner et al., 2010; La Joie et al., 2010; Mueller et al., 2008; Malykhin et al., 2010;
Prudent et al., 2010; Small et al., 2000; Thomas et al., 2008; Theysohn et al., 2009; Van
Leemput et al., 2009; Zeineh et al., 2003). In particular, superior intensity contrast in the HF
can be obtained using T2-weighted MRI (Fig. 1) with high in-plane spatial resolution,
oblique slice orientation perpendicular to the long axis of the hippocampus (Fig. 1), and high
slice thickness. We use the term HF-MRI to describe this type of MRI scan, both for brevity,
and to emphasize that unlike most clinical T2-weighted MRI scans, the field of view,
resolution, and orientation are chosen with the specific goal of imaging the HF and nearby
MTL structures. A particular appeal of HF-MRI is the improved visibility of anatomical
landmarks in the hippocampal region, specifically, of a hypointense band thought represent
myelinated fibers in the stratummoleculare/lacunosum (Eriksson et al., 2008). This property
has led researchers to label the subfields of the HF in HF-MRI, and estimate their volume
(Mueller et al., 2007; Malykhin et al., 2010). It has been hypothesized that such subfield-
specific hippocampal volume measures will prove more sensitive to disease effects than
whole hippocampus volume measures. This hypothesis stems from the selective
vulnerability of these subregions to pathological processes (Huesgen et al., 1993; Sass et al.,
1991; Saravia et al., 2006). Indeed, cross-sectional studies that used HF-MRI have found
patterns of disease-related atrophy in the HF in various neurological disorders (Mueller et
al., 2009; Mueller et al., 2010), largely consistent with pathological findings in these
diseases.

Despite the proven suitability of HF-MRI for cross-sectional imaging and morphometry of
the HF, this modality has not yet been leveraged for making longitudinal change
measurements. If it could be shown that HF-MRI shares the robustness and sensitivity to
longitudinal change that T1-MRI offers, this would potentially open the door for making
robust and sensitive subfield-specific atrophy rate measurements in the HF. This would be
particularly relevant for AD research, where subfields are known to differ in the stage of the
disease where they first become affected (Braak and Braak, 1991; Bobinski et al., 1997;
Jacobsen et al., 2006) and in the subsequent rate of neurodegeneration.

However, different modalities of MRI inherently vary in the amount of tissue contrast, the
noise profile, and other acquisition parameters — all of which can affect the measurements
of change in a structure of interest. In the case of HF-MRI, a particular confounding factor is
the highly anisotropic nature of the images, compared to the isotropic T1-weighted MRI.
This can negatively impact the quality of spatial normalization between serial images, a key
step in the commonly used deformation-based morphometry (DBM) approach for measuring
longitudinal change. Therefore, as a first step towards realizing the full potential of HF-MRI
for making subfield-specific longitudinal measurements, there is a need to validate measures
of change made from this imaging modality.

Therefore, the primary goal of this paper is to perform an evaluation of the suitability of HF-
MRI for longitudinal analysis. To this end, we evaluate its ability to detect differences in
hippocampal atrophy rates between healthy elderly controls and patients with cognitive
impairment, as well as evaluate the robustness of HF-MRI measurements in test-retest data.
Analyzing data from a cohort where subjects had both longitudinal T1-MRI and HF-MRI
scans available, we find that HF-MRI measurements are highly consistent with those from
T1-MRI; detect slightly greater group effects in atrophy rates between patients and controls;
and are slightly more robust to repeat measurement error than T1-MRI.

We use slight modifications of the conventional DBM framework used in T1-MRI to
process HF-MRI data, to address the image normalization challenges posed by anisotropic
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spatial resolution of the latter. In order to demonstrate that the improved sensitivity of HF-
MRI is driven by the inherent properties of the modality, rather than being an artifact of
these methodological choices, we repeat longitudinal analysis in both modalities using
several variants of the DBM framework. We find that indeed, the improved sensitivity of
HF-MRI does not arise from methodological confounds.

Finally, since the eventual goal of using HF-MRI in longitudinal studies is to obtain
subfield-specific measurements, we present a preliminary study examining atrophy rates in
HF subfield ROIs in our clinical dataset. We observe non-uniform atrophy rates across
subfields.

Materials and methods
Subjects

Clinical cohort—The subjects in this cohort had been recruited for an NIH-sponsored
study on prediction of cognitive decline using MRI (R01 AG010897, PI: author MW).
Eligible subjects were over 60 yrs of age who reported subjective memory problems but
were not demented. All subjects underwent a medical examination and standardized
laboratory and neuropsychological assessment. Subjects suffering from medical conditions
or taking medications affecting cognitive performance were excluded as were subjects with
a history of brain trauma, brain surgery or evidence for stroke (exception: white matter
hyperintensities or small lacunes), and skull defects on the MRI. The subjects included in
this study were selected from a larger population recruited for this project because they had
a baseline MR exam and at least one follow up MR exam of suitable quality at the time of
the preparation of this manuscript. Eight subjects had been diagnosed with amnestic mild
cognitive impairment (aMCI) according to the criteria of Petersen et al. (1999) (age 70±8
yrs), another 7 were cognitively impaired (executive or memory deficits), but did not meet
the formal criteria for aMCI (age 76±9 yrs); these 15 subjects (age 72±8 yrs) were grouped
together as patients. In addition, there were 25 age-matched cognitively intact elderly
controls (age 69±7 yrs). Followup scans were acquired between one and three years after the
baseline scan.

Test–retest cohort—In a separate test–retest cohort of 9 healthy controls (age 42±16
yrs), subjects were scanned in two separate sessions on the same day with at least 2 h
between scans, and slightly different head positions in the scanner. The same scanning
protocol as in the clinical cohort was used in both sessions.

Image acquisition
Imaging was performed on a Bruker MedSpec 4 T system controlled by a Siemens Trio™
console using a USA instruments eight channel array coil that consisted of a separate
transmit coil enclosing the eight receiver coils. The following sequences, which were part of
a larger research imaging and spectroscopy protocol, were acquired: 1. 3D T1-weighted
gradient echo MRI (MPRAGE) TR/TE/TI=2300/3/950 ms, 7° flip angle, 1.0×1.0×1.0 mm3

resolution, FOV 256×256×176, acquisition time 5.17 min (referred to as T1-MRI), 2. high
resolution T2 weighted turbo spin echo sequence (TR/TE: 3990/21 ms, a relatively short TE
chosen for improved signal-to-noise ratio), with 15 spin echoes per excitation for k-space
encoding, 18.6 ms echo spacing and low SAR refocusing pulses of a 149° flip angle, 100%
oversampling in the phase encoding direction to reduce aliasing, 0.4×0.5 mm nominal in-
plane resolution, 2 mm slice thickness, 24 interleaved slices without gap, acquisition time
3:23 min (adapted from (De Vita et al., 2003; Thomas et al., 2004)), angulated perpendicular
to the long axis of the hippocampal formation (referred to as HF-MRI). This sequence
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covers the anterior two-thirds of the hippocampal formation in all subjects but misses parts
of the tail in most subjects. Examples of T1- and T2-weighted images are shown in Fig. 1.

Segmentation of baseline images
Segmentation of baseline HF-MRI was performed using the automatic labeling technique
described in (Yushkevich et al., 2010b). The method combines multi-atlas segmentation,
similarity-weighted voting, and a learning-based bias correction technique to label the HF
subregions. In the hippocampus proper, HEAD, BODY and TAIL labels provide a coarse
level of subdivision. In the BODY region, the interior structure of the hippocampus follows
a consistent pattern, with the main hippocampal layers clearly separated by the dark band
composed of stratum radiatum and stratum lucidum of the CA. Thus, the BODY region was
divided into CA1, CA2, CA3 and CA4/dentate gyrus (CA4DG) subfields. The CA4DG label
consists of the thin strip of tissue called stratum moleculare of DG, and the dentate hilus,
sometimes referred to as CA4 (Amaral and Lavenex, 2007; Duvernoy, 2005). Three ROIs
outside of the hippocampus proper (extra-hippocampal regions) were also labeled:
subiculum (SUB), entorhinal cortex (ERC) and parahippocampal gyrus (PHG). Part of the
subiculum was included in the HEAD label, as well as in the CA1 label in the BODY
region. The accuracy of labeling, as reported in (Yushkevich et al., 2010b), is comparable to
the overlap between manual segmentations by trained raters. A detailed description of the
segmentation protocol can be found in the Supplementary Information of (Yushkevich et al.,
2010b). Labeling accuracy of smaller subfields CA2 and CA3 are much lower than those of
the larger ones such as CA4DG and CA1. Therefore, we chose not to separately analyze
measurements within these ROIs. Instead, we included CA2, CA3 and CA4DG into a
combined CA234DG label, similar to what previous studies have done (Zeineh et al., 2003).
The combination of CA and DG subfields, and HEAD and TAIL labels make up the whole
hippocampus label in HF-MRI.

A similar multi-atlas segmentation technique was used to segment the whole hippocampus
in T1-MRI (Wang et al., 2011). Accuracy of this labeling is highly competitive with the
state-of-the-art automatic hippocampus segmentation methods. The protocol used to define
the whole hippocampus differs from that used in HF-MRI. T1-MRI includes a greater extent
of the posterior aspect of the hippocampus. Also, the extent of the subiculum included in the
whole hippocampus ROI is lesser in the T1-MRI protocol than in HF-MRI. The details of
the T1-MRI segmentation protocol can be found in Pluta et al. (2009).

Processing pipeline for longitudinal change measurements from HF-MRI
The deformation-based morphometry (DBM) pipeline for making longitudinal change
measurements within an ROI consists of the steps outlined below. Fig. 2 provides an
overview of the processing pipeline.

Linear registration—Rigid registration is used to bring baseline and followup MRI of
each subject into global alignment. The FLIRT tool from the FSL software suite (Smith et
al., 2004) is used for all linear registrations. The normalized cross-correlation metric is used
for intra-modality registrations and normalized mutual information is used for inter-modality
registration, all with a 6-parameter rigid registration framework.

Initialization—Since HF-MRI only images a few slices covering the HF, the bounding
boxes of the baseline and followup images may not contain exactly the same anatomical
volume, making direct alignment difficult. To address this, we use the whole brain T1-MRI
images to obtain an initial alignment between the time points. We denote this transformation

matrix as , where WB stands for whole brain. The HF-MRI image is then rigidly
aligned with the T1-MRI at the corresponding time point, which corrects for head motion
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between scans. We denote these inter-modality transformations for baseline (BL) and

followup (FU) time points by  and  respectively. Combining the inter-modality

transformations with the intra-modality one gives the initial alignment  of baseline and
followup HF-MRI:

(1)

ROI-based linear registration of longitudinal HF-MRI: As our goal is to produce
accurate estimates of change in the HF, we note that registering a small ROI around the HF
in both images instead of registering the whole brain images will suffice, and may align the
HF more precisely. This is because the optimization for rigid alignment of ROI images only
considers voxels around the HF. Optimizing over the whole brain, on the other hand, may be
optimal for overall alignment of the intracranial cavity, but may be suboptimal for alignment
of the HF. An additional factor in case of HF-MRI is that because of thick slices (2.0 mm
slice thickness), even a small residual error in the rotation parameter can lead to a relatively
large misalignment in certain parts of the image, depending on where the axis of rotation is.
We define an ROI around the HF in each hemisphere in the baseline image using the
baseline HF segmentation consisting of all voxels within 10 mm of the hippocampal mask in
all three dimensions and crop the images around this ROI (see insets in Figs. 1(e)–(h)). A
similar ROI is also defined in the followup image by using the hippocampal mask

transformed to the followup image using . The cropped serial image pairs of the HF
ROI for left and right hemispheres are then independently aligned. Left and right linear

registrations are initialized by the initial transformation . This produces the final rigid

transform matrices for left and right HF ROI, denoted as  and . We call this ROI-
based approach to global registration ROI-RIGID, as opposed to the traditional approach
(WB-RIGID) where whole brain images are globally aligned. Fig. 3 shows an example to
visually illustrate the difference between WB-RIGID and ROI-RIGID alignment in HF-
MRI. Comparing difference images in panels (c) and (d) clearly demonstrates superior
alignment of HF-ROI using ROI-RIGID. Although the improvement in alignment may not
be as clearly visible for all subjects as in the example of Fig. 3, image similarity metric
improves using ROI-RIGID in a majority of the subjects (for this subject, there was an
improvement of 1.3% in the similarity metric value).

Deformable registration
Deformable registration—Deformable registration between baseline and followup
images is a commonly used technique that provides measurements of longitudinal change
(Thompson and Toga, 1998; Chung et al., 2001). A deformable mapping is computed
between the baseline and followup images after application of the global transformation. It
generates a locally varying point-by-point correspondence map between a pair of images,
subject to a measure of image similarity between the corresponding pairs of points being
maximized. In this study, the SyN diffeomorphic registration method (Avants et al., 2008),
as implemented in the ANTs (http://www.picsl.upenn.edu/ANTS) toolkit was used. Briefly,
SyN optimizes an energy function that has a symmetric formulation with respect to input
images I and J, with the similarity metric to be minimized given by

(2)

where ϕ1(x,t) and ϕ2(x,t) represent time-dependent mappings of the image domain Ω onto
itself, t∈(0, 1) is the time parameter, and the operator π[.,.] measures the amount of
dissimilarity between a pair of images.
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Unbiased registration—As has been discussed extensively in the literature (Fox et al.,
2011; Hua et al., 2011; Reuter et al., 2010; Smith et al., 2002; Thompson et al., 2011;
Yushkevich et al., 2010a), to ensure unbiased longitudinal measurements, it is important to
compute the image similarity metric π in a symmetric fashion, so that both images undergo
the same number of resampling operations, as well as the same amount of global
transformation before applying the deformable transformations ϕ1 and ϕ2 and measuring
similarity between them. Let Rref(I,Ψ) define a resampling operator that produces an image
I’, which is resampled in the space of a reference image Iref, from an image I after applying
a spatial transformation Ψ. If I and Iref are defined on a lattice of points {xi}∈Ω and {yj}
∈Ωref respectively, we have

where  is an interpolation kernel. We use a tent function which corresponds to linear
interpolation. If M is the derived global transformation matrix between the baseline and
followup images IBL and IFU respectively, following (Yushkevich et al., 2010a), symmetric
computation of π is given by

(3)

The operator Rref used in Yushkevich et al. (2010a) resamples both baseline and followup
images in the space of the baseline image. Thus, even though equal amount of global
transformation is applied to both images, the metric computation is performed in the
baseline image space, another potential source of bias (Reuter et al., 2010), which may be
more critical in an anisotropic modality like HF-MRI. To eliminate this bias, we resample
both images in the space of an image IHW whose lattice is located halfway between the
lattices of the two images. Thus, we use Rref(·,·)=RHW(·,·) for all experiments reported here.

Slice-by-slice 2D registration—Due to the highly anisotropic nature of the HF-MRI
data, detecting deformations along the slice direction may be difficult because of thick
slices, and less reliable than in-plane deformations within each oblique slice along the long
axis of the hippocampus. Also, the slice thickness is larger than the expected amount of
boundary shift due to atrophy — thus, through-plane deformations are harder to interpret. If
rigid registration is accurate enough so that corresponding slices in the globally aligned pair
of images can be assumed to represent the same anatomy, one can make measurements of
change independently within each slice. Therefore, after resampling the ROI image pairs in
each hemisphere following symmetric application of the rigid transformation, as given in
Eq. (3), we register the corresponding slices of the two images using 2D deformable
registration. We note that no additional interpolation is needed to extract the corresponding
slices, as both images in Eq. (3) are resampled in the halfway image space. If there are N
slices, we simply perform N 2D registrations, each between the i-th slices of the two images.
This approach is analogous to slice-by-slice registration often used in tagged cardiac MR
image analysis for motion estimation (Kerwin et al., 2000). In addition to possible
elimination of registration artifacts arising out of the anisotropic data, 2D registration is
faster. Panels (e)–(f) in Fig. 3 shows an example of difference map after 2D deformable
mapping.

Implementation details—The normalized cross-correlation image similarity metric with
a radius of four voxels in each dimension is used for the deformable registration. We use
only one (native) resolution level, as the deformations we wish to detect within small
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hippocampal subregions are very local in nature. We use 60 iterations of optimization, as the
registration algorithm converged in less than 60 iterations in all cases. The input images
themselves are not smoothed before metric computation. The step size in the time dimension
is 0.25, the default in ANTs. A Gaussian regularizer is used with the following parameters:
gradient field σ=0.8 mm, deformation field σ=0.2 mm. To enhance spatial specificity of
measurements, regularization amount is intentionally kept low.

Measuring longitudinal change within an ROI
Atrophy rate measurement—Deformable registration and subsequent atrophy rate
estimation are performed in the space of the halfway image IHW. Traditional DBM uses
Jacobian determinant of the deformation field to estimate local change. However, its
computation requires computing spatial derivatives of ϕ, which is computed in the discrete
domain using finite difference approximation. This mixes information from a number of
neighboring voxels. Further, to avoid numerical errors, the deformation field needs to be
very smooth. Since we are interested in subtle changes over narrow regions, we wanted to
limit unnecessary smoothing of the deformation field, and cross-contamination from
adjacent ROIs. This motivated us to consider an alternative, more direct, way of measuring
atrophy using a simple mesh-based approach as we did in our previous work (Yushkevich et
al., 2010a). For each slice, the baseline ROI label is fitted with a 2D mesh with triangular
elements. The 2D deformation field is applied to mesh vertices. The sum of the areas of
triangular elements over meshes in all slices multiplied by the slice thickness, computed
before and after application of the deformation field, provides estimates of baseline volume
Vbl and followup volume Vfu respectively. The Triangle (Shewchuk, 1996) software
package is used for 2D mesh generation. Let t be the time interval in years between the
baseline and followup scans. We then compute annualized atrophy rate as

(4)

Processing pipeline for longitudinal change measurements from T1-MRI
Longitudinal measurements in T1-MRI are obtained as a comparison with those obtained
using HF-MRI in the same subjects. For T1-MRI, the DBM pipeline commonly used in the
literature is used, as described below.

Linear registration—Rigid registration of serial T1-MRI uses the conventional WB-
RIGID approach, where whole brain images are globally aligned, producing the global
transformation matrix MT1

WB.

Deformable registration—The same unbiased longitudinal processing is used in T1-MRI
as described for HF-MRI in the Deformable registration section describing processing for
HF-MRI, except that ROI image pairs around the HF are mapped using 3D registration.
Registration parameters are same as those for HF-MRI, other than the regularization
parameters: gradient field σ=2.0 mm, deformation field σ=0.5 mm. Regularization
parameter values are chosen to be proportional to the in-plane resolution of the respective
modalities.

Measuring longitudinal change within an ROI—Atrophy rates are measured using a
mesh-based approach similar to that used for HF-MRI. We fit a volumetric mesh consisting
of tetrahedral elements to each ROI label in the baseline image. The sum of volumes of all
the mesh elements is taken as baseline volume Vbl. We apply the 3D deformation field to
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each vertex of the mesh and recompute and add the volumes after deformation — this gives
us an estimate of followup volume Vfu. Atrophy is then computed as change per unit volume
as in Eq. (4). The TetGen (http://tetgen.berlios.de) software package is used for 3D mesh
generation.

Statistical analysis of clinical dataset
After atrophy rates A are computed for all subjects, one-sample t-test is used to assess
significant non-zero change within each subject group, and two-sample t-test is used to
assess significant group difference in atrophy rates between patients and controls. For each
experiment, we also perform power analysis and report effect size Δ, as well as sample size
estimate N, and use this to evaluate the clinical utility of the approach. Sample size is
estimated as the total number of subjects required in a hypothetical one-year clinical trial to
detect a 25% reduction in patient atrophy rate compared to the control atrophy rate. The
sample size calculation is performed with a desired statistical power β=0.8 at a level of
significance α=0.05 for a one-sided alternative hypothesis with a null hypothesis of no
group effect. Effect size Δ and sample size N are computed as

(5)

(6)

where zt is the t-th quantile of the standard normal variate,  and  are mean atrophy
rates in patients and controls respectively, and sPAT is the standard deviation of patient
atrophy rates. In contrast to a number of studies (Beckett et al., 2010; Jack et al., 2010;
Risacher et al., 2010) that derived sample sizes based on a criterion for detecting an absolute
change in patient atrophy rate, we base sample size estimates on relative change in patient
atrophy rate, as recommended by various authors (Fox et al., 2000; Holland et al., 2011;
Yushkevich et al., 2010a), as a way to avoid possible underestimation of sample size due to
methodological bias and due to failure to account for age-related changes in the
hippocampus.

Statistical analysis of test-retest dataset
“Pseudo atrophy rates” are computed as measured change between the pair of scans in each
subject in the test–retest dataset, treating one of the scans randomly as followup, and using
methods described in the Processing pipeline for longitudinal change measurements from
HF-MRI section and the Processing pipeline for longitudinal change measurements from
T1-MRI section for HF-MRI and T1-MRI, respectively. One sample t-test is used to assess
whether any significant change is detected, which would indicate an additive bias in the
measurements.

One possible source of variance in longitudinal measurements from HF-MRI is the slightly
different slice prescriptions during the followup scan compared to the baseline scan. The
operator manually prescribes the orientation of the oblique coronal slices such that it’s
perpendicular to the long axis of the hippocampus, based on sagittal view of T1-MRI.
However, some difference in the orientation still remains. We computed this difference in
orientation between oblique coronal slices as an angle projected onto the sagittal plane for
each repeat scan pair and correlated this against the measured atrophy rate.
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Confounds due to methodological choice and anatomical definition of hippocampus
As described in the Processing pipeline for longitudinal change measurements from HF-
MRI section and the Processing pipeline for longitudinal change measurements from T1-
MRI section, the HF-MRI longitudinal DBM pipeline uses slightly different methodological
components than the T1-MRI pipeline (i.e. ROI-RIGID vs. WB-RIGID linear registration;
2D vs. 3D deformable registration) primarily due to the anisotropic nature of the data. Thus,
when comparing atrophy rates computed using DBM in T1-MRI and HF-MRI, the results
may be confounded by the different DBM configurations. Moreover, as described in the
Segmentation of baseline images section, the definitions of the HF anatomical ROI in the
labeling protocols for T1-MRI and HF-MRI have some differences. This can lead to an
additional confound due to the local volume change being integrated over different
anatomical extents. On the other hand, if the definitions are kept the same, i.e., by
propagating an HF ROI drawn in one modality into the other modality, confounds due to
misregistration between modalities may be present. To test whether these confounds affect
our measurements, we carry out additional experiments that measure hippocampal atrophy
rate in HF-MRI and T1-MRI using different combinations of linear registration approach
(WB-RIGID or ROI-RIGID), domain of deformable registration (3D or 2D) and the
modality where HF is labeled.

Subfield atrophy rate estimates from HF-MRI
We measure longitudinal atrophy rates from HF-MRI within 10 ROIs. These were: the
whole hippocampus, 3 ROIs that coarsely subdivide the whole hippocampus (HEAD,
BODY and TAIL), 3 ROIs that are labeled within the BODY (CA1, CA4DG and
CA234DG), and 3 ROIs other than the hippocampus proper (SUB, ERC, PHG). Measured
change within subfields in pseudo-longitudinal experiments from test–retest data is also
reported.

Results
Feasibility of HF-MRI for longitudinal measurements: comparison with T1-MRI

In this section, we compare the atrophy rates in the whole hippocampus measured in HF-
MRI (using methods described in the Processing pipeline for longitudinal change
measurements from HF-MRI section; ROI-RIGID, 2D) and in T1-MRI (using methods
described in the Processing pipeline for longitudinal change measurements from T1-MRI
section; WB-RIGID, 3D). Atrophy rates for all subjects are plotted in the scatter diagram of
Fig. 4. T1-MRI and HF-MRI measurements are plotted against each other on the x- and y-
axis, respectively. The primary observation is that longitudinal measurements derived from
the two modalities are generally consistent and significantly correlated with each other, and
there are only a few subjects with substantially different atrophy rate estimates. Also, T1-
MRI measurements appear to be slightly higher than the corresponding HF-MRI
measurements (p=0.05, one-sided paired t-test).

Bar graphs in Fig. 4 summarize the mean atrophy rate data in the scatter plots in both patient
and control groups. Significant non-zero longitudinal change was measured in both
modalities in the patient group, but only in T1-MRI in controls. Significant cross-sectional
effects of greater atrophy rates in patients than in controls were found in both experiments.
However, this effect was stronger with HF-MRI measurements. This is indicated by the
larger effect size (Δ), as well as lower estimated sample sizes (N). T-statistical maps of the
cross-sectional effect in both modalities are shown in Fig. 5, visualized in a common atlas
space. One can see the greater spatial variation in group effects in HF-MRI (panel (b))
compared to T1-MRI (panel (a)), indicating the suitability of HF-MRI for subregional
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analysis that we present in the Longitudinal atrophy rates within hippocampal subfields
section below.

Test–retest experiments
Figs. 6(a),(b) compare the measured whole hippocampal change between repeat scans using
T1-MRI and HF-MRI. Measurements from both modalities were free of statistically
significant additive bias (p=0.36 T1-MRI, p=0.17 HF-MRI). The absolute value of the
change measurement provides an estimate of test–retest error. HF-MRI had a lower test–
retest error than T1-MRI in 7 of 9 subjects, although a pairwise comparison did not reach
statistical significance (one-sided paired t-test p=0.06). Fig. 6(c) plots the difference in
orientation between oblique coronal slabs in the repeat HF-MRI scans against the measured
change. The two quantities were not significantly correlated in our dataset (r=−0.49,
p=0.18). However, we should interpret these results with caution because of the small size of
our test–retest dataset, as this can still affect the measurements in an unpredictable manner.

Effect of DBM configurations and labeling confounds on atrophy rate measurements
In the previous two sections, we presented hippocampal atrophy rates obtained in a clinical
cohort and a test–retest cohort using DBM in T1- and HF-MRI. We found that HF-MRI
measurements were at least as sensitive as T1-MRI, free of additive bias, had lower test–
retest error, and exhibited slightly stronger group effects. In this section, we summarize
experiments using different combinations of DBM configurations and ROIs labeled in both
modalities in Table 1. This will help evaluate, to what extent, these results reflect the
inherent differences between information present in the modalities.

The primary observation from Table 1 is that alternative DBM configurations did not
improve effect sizes obtained in either modality compared to the results presented in the
Feasibility of HF-MRI for longitudinal measurements: comparison with T1-MRI section
(rows 1 and 8). Neither did the effect size improve from changing the anatomical definition
of the HF used for measuring atrophy rate (rows 2 and 4). The conventional approach using
WB-RIGID and 3D registration, with the HF segmentation derived in T1-MRI, yielded the
strongest effect size in T1-MRI (row 1). Likewise, ROI-RIGID with 2D registration and HF
definition derived from HF-MRI produced the strongest effect size in HF-MRI (row 8).

Note that not all 16 possible combinations of DBM modality, linear registration approach,
dimensionality of deformable registration and modality of HF segmentation, were examined.
For instance, we did not use 2D registration in T1-MRI, which has isotropic spatial
resolution. Likewise, we did not use HF ROI defined in T1-MRI for DBM in HF-MRI,
because the posterior extent of the HF label, when mapped to HF-MRI, often falls outside
the field of view, as HF-MRI only partially images the hippocampal tail region. However,
from comparing rows 5, 6 with rows 1, 3 respectively, it can be observed that even when 3D
registration is used in both HF-MRI and T1-MRI, the effect size is stronger in HF-MRI.
Likewise, rows 2 and 5 show that when segmentation derived from HF-MRI is used for both
T1-MRI and HF-MRI atrophy rate measurements, HF-MRI yields a bigger effect size,
although possible registration error when mapping HF segmentation to T1-MRI may partly
explain the poorer effect size in T1-MRI. Overall, this demonstrates that the slightly stronger
effect sizes for HF-MRI in the Feasibility of HF-MRI for longitudinal measurements:
comparison with T1-MRI section appear to arise from the inherent properties of this
modality, and are not a confound of the specific methodological choices or anatomical
definitions used in the DBM pipelines.
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Longitudinal atrophy rates within hippocampal subfields
Fig. 7 plots average atrophy rates measured in 10 ROIs using HF-MRI, in both the clinical
and test–retest cohorts. The pseudo atrophy rates for the test–retest experiments are plotted
with green bars; as expected, none of the ROIs, including whole hippocampus, showed any
significant non-zero measurement indicating the absence of additive bias in the
measurements. No ROI had significant non-zero atrophy rate in controls. Significant
positive atrophy rate was found in patients in most ROIs within the hippocampus proper. All
three coarse subdivisions along the long axis had significant atrophy in patients, with the
TAIL region showing the largest cross-sectional effect of greater atrophy rate in patients
with the smallest estimated sample size. Within the BODY, CA4DG had the highest average
atrophy rate, and CA1 showed the largest cross-sectional effect. The three ROIs outside of
hippocampus proper – SUB, ERC and PHG – had high variability and no significant group
effects. Even though no subfield within the BODY had greater statistical power in
separating patients and controls than the whole hippocampus, we note that HEAD and TAIL
subregions showed relatively large effect sizes, with TAIL having an effect size greater than
the whole hippocampus. We observe in Fig. 5(b) that the posterior hippocampus (TAIL)
region had a strong effect.

Discussion
Evaluating HF-MRI for longitudinal measurements

We used an indirect validation approach for longitudinal measurements using HF-MRI,
where atrophy rates obtained using two modalities in the same subjects were compared with
each other. Direct gold standard measurements are not available for longitudinal analysis, as
opposed to volumetry where manual labeling is usually considered the gold standard.
Atrophy rates measured by independent manual labeling of ROIs to measure volume
changes in serial images tend to have large variances (Fox et al., 2005; Kaye et al., 2005;
Jack et al., 2003), sometimes even an order of magnitude larger than the expected range of
atrophy rates being measured (Schuff et al., 2009). Some researchers have used simulation
studies where a known deformation field is applied to the baseline image, and is
subsequently recovered by the method under evaluation (Camara et al., 2006; Camara et al.,
2008; Karaçali and Davatzikos, 2006). These approaches may not always produce
deformations that are anatomically plausible, and it is difficult to know if they faithfully
mimic the tissue shrinkage and the image acquisition process. Also, the simulated
deformations are often drawn from a statistical distribution with a certain kind of spatial
regularization, which may be similar to the regularization model of the deformable
transformation that is used to recover the induced deformation, making the measurements
biased. Thus, we resort to the comparison with T1-MRI, as well as looking at the strength of
expected group effects in a clinical cohort. We think it is a reasonable approach to take,
considering that longitudinal measurements using T1-MRI represent the state-of-the-art, and
will help begin to judge the utility of HF-MRI for making longitudinal measurements. One
limitation of this approach lies in the unavailability of validation data on subfield-specific
atrophy rates using DBM.

Data presented in Fig. 4 demonstrate that longitudinal measurements in the whole
hippocampus using HF-MRI is at least as sensitive as those using T1-MRI. Given that HF-
MRI has better intensity contrast in the hippocampal region, and a much higher in-plane
resolution, it is conceivable that HF-MRI provides a more sensitive measurement of local
change. We hypothesized that ROI-RIGID global registration and 2D deformable
registration will be appropriate for longitudinal analysis in HF-MRI, and it showed the
strongest effect size. Independent alignment of hemispheres with ROI-RIGID and
independent alignment of slices with 2D registration may have produced more accurate
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alignments because of anisotropy. Fig. 3 shows the difference images after global and
deformable registration. Better rigid alignment with ROI-RIGID in panel (d), compared to
panel (c), may result in better deformable alignment, as shown by the arrows in panels (e)
and (f).

Despite these differences described above, results in Table 1 showed the sensitivity of HF-
MRI does not arise due to this specific DBM configuration used, but rather is a result of the
inherent properties of the modality. Therefore, although our data do not prove that the
specific combination of ROI-RIGID and 2D approach per se will always produce more
sensitive measurements, it does show that HF-MRI is a viable modality for longitudinal
analysis of the HF. Also, using effect size as the yardstick for evaluating different
approaches, although practical, does not directly measure accuracy. Further evaluation is
required, either using alternative evaluation criterion, or in a more well-characterized larger
dataset where a strong clinical hypotheses would lend more confidence in the use of effect
size. We also recognize that there are many parameters of the DBM pipeline that can affect
measurements that we have not analyzed here. These include the type of similarity metric,
the amount and nature of regularization in the deformable mapping, the transformation
model chosen, the multi-resolution parameters and the step size parameter in ANTs.
However, many of these are general aspects of DBM that may require optimization in any
application that uses such methods.

The T1-MRI atrophy rate estimates were slightly higher on average than those using HF-
MRI. One explanation for this is that if a substantial portion of the ROI undergoes volume
reduction, the regularization of the deformation field can mask regions that do not —
resulting in a higher atrophy rate estimate. As the deformable registration used a smoothness
parameter that is scaled with the voxel size of the respective modalities (see ANTs
parameters in the Deformable registration section), the effect of regularization spans a larger
region in T1-MRI, owing to its larger voxel-size. One indication of this effect can be seen in
the t-maps of Fig. 5, where HF-MRI has a more spatially varying pattern of effects than T1-
MRI.

Bias in longitudinal measurements and sources of error
Sources of possible bias have been characterized and discussed by several authors (Fox et
al., 2011; Hua et al., 2011; Reuter et al., 2010; Thompson et al., 2011; Yushkevich et al.,
2010a). Results in the test–retest cohorts (Figs. 6 and 7) indicate that measurements in the
whole hippocampus as well as in the subfields from HF-MRI are free of additive bias, as no
significant non-zero change was expected between MRI scans acquired on the same day.
However, other sources of numerical bias, e.g. a multiplicative bias, cannot be ruled out.
Further, as we did not have a strong a priori hypothesis of expected patterns of atrophy
across subfields, we cannot rule out the possibility that the observed variations of atrophy
rates across subfields are partly a result of some methodological artifact that imposes a
systematic pattern of spatial bias in our measurements.

Measurement error had a trend of negative correlation (Fig. 6, r=−0.49) with the difference
in slice angle orientations between serial scans, although it was not significant (p=0.18).
This is a potential source of confound in longitudinal measurements. We have now
implemented a technique to automate the slice prescription of the followup HF-MRI scan to
match that of the baseline scan. After the followup T1-MRI is acquired, it is registered with
the baseline T1-MRI, and this information is utilized to generate the desired slab positioning
parameters and used by the operator for planning the subsequent acquisition of HF-MRI so
that its relative orientation to T1-MRI is similar to that of the baseline scan. This technique
will be used in future longitudinal studies. There are other sources of variability that may be
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beyond the experimenter’s control, such as differences in ambient temperature, magnetic
field uniformity and other scanner-related artifacts that may affect image appearance.

Subfield atrophy rate estimates from HF-MRI
A major appeal of HF-MRI has been the ability to make measurements at the level of
subfields. As boundaries between the hippocampal subfields, particularly those between the
CA and DG subregions, are better visible in HF-MRI — subfield-level volumetry has been
possible (Mueller et al., 2009; Mueller et al., 2010) using subfield ROIs labeled in this
modality. Could longitudinal change also be measured within these small subregions?
Unlike measurements made within the whole hippocampus, there was no a priori specific
hypothesis about the nature and magnitude of expected atrophy rates within specific
subfields. Sometimes prior hypotheses about the expected group effects may be available
from the clinical nature of the dataset. Even though our patient cohort included 7 individuals
diagnosed with amnesic MCI, the remaining 8 were only classified as cognitively impaired,
non-demented. In some of the subjects, the diagnostic classification had changed over time.
In these instances, we used the diagnosis at their latest clinic visit. This made the cohort
heterogeneous, and contributed to the lack of information for clinical validation of our
measurements. This could also explain why the average atrophy rates in the whole
hippocampus in patients are lower in our dataset (<1.5% in patients) than what other studies
have reported in MCI (e.g., in (Schuff et al., 2009)). Under these constraints, the results of
subfield atrophy rate measurements have to be interpreted with caution.

In controls, we did not find any significant atrophy in any ROI (Fig. 7). The largest mean
atrophy rate in patients was seen in the TAIL, and in CA4DG in the BODY region, although
CA4DG and CA234DG measurements also had the largest variance. Significant group
difference in atrophy rates was found between patients and controls in all ROIs in the body
(CA1, CA4DG and CA234DG), and in TAIL. While atrophy in CA1 is expected in aMCI,
which is a preclinical stage of Alzheimer’s disease in which CA1 pathology has been well-
described (Jacobsen et al., 2006) and volumetric effects have been found (Mueller et al.,
2010), atrophy in CA4DG/CA234DG has not been validated in pathology. However, as
discussed above, our patient cohort is heterogenous and only about half of them are
diagnosed as aMCI — thus it is unclear what kind of spatial atrophy pattern is expected
inside the hippocampus. Nonetheless, we note that presence of atrophy in MCI in CA4DG
and CA3 has been recently reported in a cross-sectional structural morphometry study
(Yassa et al., 2010). The effects in the other two coarse subregions of the hippocampus
proper – HEAD and TAIL – both of which contain CA and DG subfields, may be due to
specific change within one or more of these subfields. However, this can only be studied
with a subfield label that spans the entire length of the hippocampus. In the current protocol,
it is difficult to label CA/DG subfields consistently in the HEAD and TAIL regions.
Availability of histological data can enable complete subfield labeling, and is part of our
ongoing work. The strong effect in TAIL may in part be an artifact of the TAIL being only
partially imaged in HF-MRI, particularly if there is non-uniform atrophy along the length of
ROI. For instance, if the anterior (imaged) portions of the TAIL have a disproportionately
greater atrophy in patients than the non-imaged posterior region, this may result in stronger-
than-expected group effects when measured over the partially imaged ROI. MRI sequences
capable of collecting more slices may help resolve this confound in future studies.

As such, the subfield atrophy rate measurements reported here – the first time such
measurements have been attempted in HF-MRI – should be considered preliminary.
However, the results are promising, especially with whole hippocampus measurements —
indicating that HF-MRI may be useful for longitudinal measurements in clinical trials.
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Alternative measures of longitudinal change
DBM is a widely used technique in measuring longitudinal change in clinical populations,
but a number of other measures of change have been used. DBM falls under the class of
methods that attempts to measure local volume change. Manual, independent labeling of
longitudinal images (Schuff et al., 2009) also measures volume change, directly over an
ROI. There are 4D automatic segmentation techniques that simultaneously label ROIs in
serial images (Wolz et al., 2010). Brain boundary shift integral (BSI) (Freeborough and Fox,
1997) and its derivative techniques (Leung et al., 2010) attempt to measure change directly
within the region based on intensity patterns. Another useful metric is cortical thickness
which has been thought to complement volumetric measurements (Burggren et al., 2008),
although most methodologies that generate a whole brain cortical thickness map are less
reliable in the MTL than in regions of neocortex (Wonderlick et al., 2009). Longitudinal
measurements of thickness change also have some limitations due to its dependence on
consistency of cortical gray matter segmentation (Nakamura et al., 2011). Nonetheless, it
has been successfully used to study longitudinal change in clinical studies (Das et al., 2009;
Li et al., 2011). Relevant to the current study, Donix et al. (2010) reported significant group
effects of longitudinal changes in thickness in hippocampal subfields using a cortical
flattening technique that was independently applied to baseline and followup HF-MRI data.
This study used independent manual labeling of the longitudinal image pair, and did not
directly compare the images, unlike most automated longitudinal analyses techniques,
including ours.

Conclusion
The main goal of this paper was an evaluation of high-resolution in vivo T2-MRI for
measuring longitudinal atrophy rate in the hippocampal formation using an unbiased
deformation-based morphometry pipeline, with minor modifications to address
characteristics of this modality. We approached this task by comparing whole hippocampal
atrophy rate measurements using HF-MRI and the more commonly acquired T1-MRI, in a
longitudinal dataset that includes serial images in both modalities for the same subjects. We
found HF-MRI to be slightly more sensitive in detecting group effects, and this was not a
result of variations of DBM methodology used with HF-MRI. Measurements were also
shown to be free of additive bias. We also presented a preliminary study of hippocampal
subfield atrophy rate estimates from HF-MRI.

In conclusion, this work showed that HF-MRI is a viable modality for making longitudinal
measurements in the hippocampal formation. However, further evaluation necessary,
especially for subfield-specific measurements, particularly in light of the future availability
of such data in large multi-site studies such as ADNI2 (Weiner et al., 2010).
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Fig. 1.
Example of T1-MRI and HF-MRI images for a subject. (a)–(d): Whole brain images. (a)
Coronal view of T1-MRI, (b) oblique coronal slice from HF-MRI of the same subject as in
(a) (0.4×0.4 mm resolution), (c) sagittal view of T1-MRI with the field of view of the
obliquely oriented T2-weighted HF-MRI overlaid in light yellow, (d) sagittal cross-section
of the HF-MRI, illustrating the anisotropy of the voxels. The voxel size is 2.0 mm along the
anterior–posterior direction. (e)–(h) Enlarged view of the region around the right
hippocampal formation in the coronal slice. (e) T1-MRI image, (f) HF-MRI image, (g) T1-
MRI whole hippocampus label, (h) HF-MRI subfield labels. Insets in (e)–(h) show the
extent of the ROI image used in the ROI-RIGID approach.
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Fig. 2.
Flow diagram illustrating the processing steps in the unbiased DBM pipeline used in this
study. Processing begins (top) with global registration of the serial image pair that consists
of an ROI around the HF, which corresponds to the ROI-RIGID approach. Whole brain
images can instead be used for the traditional WB-RIGID approach. The shaded area on the
left shows processing used in 3D deformable mapping and is the same for T1- and HF-MRI.
The shaded area on the right shows processing used in 2D deformable mapping, which is
only used for HF-MRI. The baseline segmentation image is assumed to be already in the
space of the DBM modality. The entire pipeline is repeated for left and right HF. See text for
detailed description of each step.
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Fig. 3.
(a) Example of a baseline HF-MRI ROI image. (b) Followup HF-MRI of the same subject.
(c) Difference image after linear registration using WB-RIGID. (d) Difference image after
linear registration using ROI-RIGID. (e) Difference image after WB-RIGID and 2D
deformable registration. (f) Difference image after ROI-RIGID and 2D deformable
registration. White indicates zero difference and better alignment. All images are shown in
the halfway space. Arrow indicates an area where ROI-RIGID, 2D provides better alignment
than WB-RIGID, 2D.
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Fig. 4.
Comparison of annual atrophy rates derived using DBM in T1- and HF-MRI in patients and
controls. Atrophy rate is computed from the whole hippocampus ROI and averaged over left
and right sides. A value of 0.01 indicates 1% annualized loss in hippocampal volume. Error
bars represent standard deviation. In the bar graphs on the left,“*”s on top of an error bar
indicate significant non-zero atrophy rate measurement for the corresponding subject group,
and those over the line connecting the bar graphs for two groups indicate significant cross-
sectional difference in atrophy rates between the groups (patients>controls). In each case,
effect size Δ and sample size estimate N (Eqs. (5) and (6)) are also shown. In the scatterplot
on the right, each data point shows T1- and HF-MRI based atrophy rate estimates plotted
against each other for one subject. Correlations between measurements from the two
modalities are shown as well.
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Fig. 5.
t-Statistical maps of significant group difference in atrophy rates between patients and
controls as measured in T1-MRI (a) and HF-MRI (b), both from left hippocampi. Positive
values indicate greater atrophy in patients. The t-maps were derived in the respective
modalities and mapped to a common atlas space for the purpose of visualization.
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Fig. 6.
(a) and (b) show bar and scatter plots of putative measured atrophy rate from test–retest scan
pairs in whole hippocampus using DBM in T1-MRI and HF-MRI. Error bars represent
standard deviation. (c) Measured atrophy rate shown in (b) using DBM in HF-MRI is plotted
against the angular difference in orientation of oblique coronal slices between baseline and
followup scans. Correlation and p-value are shown.
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Fig. 7.
Estimated longitudinal atrophy rate from patients (red), controls (blue) and between repeat
scans (green) from HF-MRI in hippocampal subfields. Atrophy rates are averaged over left
and right sides. A value of 0.01 indicates 1% annualized loss in subfield volume. Error bars
represent standard deviation. In the bar graphs on the left,“*”s on top of an error bar indicate
significant non-zero atrophy rate measurement for the corresponding subject group, and
those over the line connecting the bar graphs for two groups indicate significant cross-
sectional difference in atrophy rates between the groups (patients > controls). In each case,
effect size Δ and sample size estimate N (Eqs. (5) and (6)) are also shown.
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Table 1

Estimates of annualized atrophy rate in whole hippocampus as defined in Eq. (4) using different DBM
configurations. Configurations with the strongest effect sizes in both modalities are indicated in bold.

Expt. no.
DBM

modalitya
Labeling
modalityb

Global
registration

Deformable
registration

Control atrophy
rate % μ(σ)

Patient atrophy
rate % μ(σ)c

Effect
size Δ

Sample
size N

1 T1-MRI T1-MRI WB-RIGID 3D 0.59 (1.38) 1.55 (1.22) * 0.78 325

2 T1-MRI HF-MRI WB-RIGID 3D 0.40 (1.51) 1.20 (1.46) n.s. 0.56 661

3 T1-MRI T1-MRI ROI-RIGID 3D 0.55 (1.35) 1.50 (1.28)* 0.74 358

4 T1-MRI HF-MRI ROI-RIGID 3D 0.35 (1.50) 1.20 (1.42)* 0.60 556

5 HF-MRI HF-MRI WB-RIGID 3D 0.17 (0.93) 1.29 (1.37)** 0.82 298

6 HF-MRI HF-MRI ROI-RIGID 3D 0.17 (0.88) 1.18 (1.30)** 0.78 326

7 HF-MRI HF-MRI WB-RIGID 2D 0.36 (1.01) 1.18 (1.00)** 0.82 293

8 HF-MRI HF-MRI ROI-RIGID 2D 0.36 (1.11) 1.26 (1.04)** 0.86 269

a
Modality where atrophy rate is measured with DBM.

b
Modality where the segmentation of the HF is performed (slightly different anatomical definitions and longitudinal extents of the HF are used in

HF-MRI and T1-MRI segmentation protocols).

c
Result of one-sided two sample t-test (patient atrophy rate>control):

*
p<0.05

**
p<0.01, n.s.=not significant.
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