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Abstract

Background and Purpose—To demonstrate the accuracy across different acquisition and 

analysis methods, we evaluated the variability in hippocampal volumetric and surface 

displacement measurements resulting from two different MRI acquisition protocols.

Methods—Nine epilepsy patients underwent two independent T1-weighted magnetization 

prepared spoiled gradient sequences during a single 3T MRI session. Using high-dimension 

mapping-large deformation (HDM-LD) segmentation, we calculated volumetric estimates and 

generated a vector-based 3-dimensional surface model of each subject's hippocampi, and 

evaluated volume and surface changes, the latter using a cluster-based noise estimation model.

Results—Mean hippocampal volumes and standard deviations for the left hippocampi were 2750 

(826) mm3 and 2782 (859) mm3 (p=0.13), and for the right hippocampi were 2558 (750) mm3 and 

2547 (692) mm3 (p=0.76), respectively for the MPR1 and MPR2 sequences. Average Dice 

coefficient comparing overlap for segmentations was 86%. There was no significant effect of MRI 

sequence on volume estimates and no significant hippocampal surface change between sequences.

Conclusion—Statistical comparison of hippocampal volumes and statistically thresholded 

HDM-LD surfaces in TLE patients showed no differences between the segmentations obtained in 

the two MRI acquisition sequences. This validates the robustness across MRI sequences of the 

HDM-LD technique for estimating volume and surface changes in subjects with epilepsy.
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Introduction

Volumetric measurements based on magnetic resonance imaging (MRI) can detect 

hippocampal changes in different neuropsychiatric diseases due to overall hippocampal 

volume loss[1, 2]. Additionally, techniques analyzing hippocampal surface structure can 

detect sub-regional hippocampal pathophysiological changes, elucidating patterns of 

hippocampal structural change not evident with hippocampal volume measurements alone[3, 

4]. MRI-based hippocampal imaging plays an important role in the diagnosis and treatment 
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of epilepsy. In the clinical setting of an epileptic seizure history compatible with temporal 

lobe epilepsy (TLE), a significant hippocampal volume asymmetry is predictive of 

hippocampal atrophy (HA)[5, 6] and a favorable outcome after epilepsy surgery[7-9]. 

Recent studies have confirmed that automated methods of detection of hippocampal atrophy 

are highly predictive of the presence and laterality of hippocampal atrophy in TLE[10].

High-dimension mapping-large deformation (HDM-LD) is a computational technique which 

allows semi-automatic segmentation of the hippocampus. HDM-LD uses 107-108 

parameters to transform grayscale image data and calculate vector-based three-dimensional 

surfaces of neuroanatomic structures, with resolution at the subvoxel level[11-13]. We have 

previously documented the validity of HDM-LD for hippocampal segmentation in patients 

with temporal lobe epilepsy, showing a 92.8% Dice coefficient for overlap in sequential 

hippocampal segmentations[14].

While the role of MRI-based hippocampal imaging is well-established in studies of epilepsy, 

validation of volumetric and surface measurement techniques, especially using different 

MRI platforms and/or sequences, remains understudied[15]. Reproducibility of volumetric 

and surface measurements is especially important in longitudinal or comparative studies, 

when repeated measurements are compared between different imaging sessions, or are 

acquired using different MRI scanners or imaging sequences. Past investigators have 

compared segmentation techniques for different scanner platforms[16] or different 

segmentation techniques on identical data sets[15, 17, 18]. In the current study, we evaluate 

the reproducibility of HDM-LD segmentation in subjects with epilepsy imaged during a 

single imaging session with two different volumetric MRI acquisition protocols, specifically 

testing the invariance of the technique across imaging sequences. In addition to comparison 

of volumetric measurements, we compare three-dimensional hippocampal surface structural 

changes using HDM-LD between the two imaging protocols.

Methods

Subject selection

Subjects were patients with a clinical diagnosis of temporal lobe epilepsy who underwent an 

MRI study for evaluation of their seizures. The cohort included 9 right-handed subjects (4 

male, 5 female; 3 right TLE, 6 left TLE), with a mean age at scan of 46 years (range 21-66). 

Subjects were consecutively selected from our institutional series of patients who underwent 

two independent 3-dimensional T1-weighted spoiled gradient echo sequences during a 

single imaging session. Patients with space-occupying structural lesions, or who had 

undergone neurosurgical procedures involving the brain were excluded from the study. The 

study was approved by the local institutional review board at Washington University in St. 

Louis. A set of thirty-two healthy control image data sets (age range 18-65, 12 males) 

acquired under identical imaging conditions was used for the purpose of empiric surface 

noise estimation. All participants signed written consent to participate in the study.
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Imaging protocol

Images were acquired with a Siemens MAGNETOM Trio 3T scanner (Erlangen, Germany). 

Two different T1-weighted magnetization-prepared spoiled gradient echo sequences were 

acquired for each patient for the purpose of hippocampal segmentation. These are indicated 

as MPR1 and MPR2 below and had the following characteristics: MPR1: voxel size 0.43 × 

0.43 × 0.9 mm, TR (repeat time) 1570 ms, TE (echo time) 3.29 ms, TI (inversion time) 800 

ms, flip angle 15 deg, FOV (field of view) 416 × 512 voxels (178.9 × 220.1 mm), coronal 

plane of acquisition; MPR2: 1 × 1 × 1 mm, TR 2400 ms, TE 3.16 ms, TI 1000 ms, flip angle 

8 deg, FOV 256 ×256 voxels (256 × 256 mm), sagittal plane of acquisition. After 

reconstruction images were normalized to the same intensity range by matching high and 

low-percentile intensity values across the two sequences.

Hippocampal HDM-LD segmentation

We performed deformation segmentations as previously described[14]. The deformation 

segmentation procedure uses MRI-image volumetric segmentation information to transform 

a template segmentation of the left or right hippocampus (based on a single normal subject, 

not included in the study) into the corresponding hippocampus of an individual subject 

(control or patient). This generates a transform of the template hippocampus into the target 

individual hippocampus, yielding a volumetric estimate of the individual hippocampus as 

well as a vector-based three-dimensional surface of the individual hippocampus and its 

displacement from the template surface. This procedure was applied to each subject in the 

study, producing both volumetric and surface estimates for left and right hippocampi. 

Volume estimates for each hippocampus were computed directly from these volumetric 

representations. Dice coefficient was calculated as previously described[17]. Surface-based 

displacement from the template surface was computed for each individual subject. Average 

displacement surfaces were computed by averaging vertex-based displacement across 

subjects[19].

Statistical Approach

For volumetric measurements, analysis of the variance (ANOVA) and two-tailed paired t-

test were used, with hippocampal volume as the dependent variable, MPR sequence and 

hippocampal side as within-subject factors, and individual subject as an across-subject 

factor. For surface deformation measurements, two-tailed two-sample t-test was computed 

for each vertex (or node) in the 3-dimensional hippocampal surface, after correction for 

multiple comparisons using a noise estimation model, yielding vertex-level statistical 

estimates of deformation from the template surface. Importantly, to control for multiple 

comparisons due to the large number of vertices in each hippocampal surface, estimation of 

vertex-level deformation noise, taking into account local coherence between neighboring 

vertices, was calculated empirically using an independent set of healthy control subjects (n = 

32) that were scanned using the MPR2 sequence. Adapting iterative randomization methods 

routinely used for multiple comparison correction in volumetric imaging data[20], the 

probability of occurrence of suprathreshold clusters of neighboring vertices was modeled 

using the healthy data set, yielding maximum cluster-size cutoffs for pre-specified 

significance thresholds (e.g. α = 0.05 and 0.01). The 0.05 cutoff (666 contiguous vertices) 
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was chosen for the purpose of maximizing the significance of potential variance across 

sequences and applied to the patient data, yielding a cluster-constrained correction for 

multiple comparisons across the hippocampal surface. Importantly, the control data set was 

used exclusively to derive an empiric estimation for the occurrence of suprathreshold 

clusters in the hippocampal surface in the normal population, i.e. it provided a conservative 

estimate of the maximum cluster of neighboring surface vertices that would show local 

shape changes by chance alone.

Results

Figure 1 demonstrates representative images from the MRP1 and MPR2 from subject 1, 

showing the coronal plane near the mid-section of the body of the hippocampus. The images 

serve to demonstrate differences in the acquisition protocols, including differences in 

resolution and gray-scale intensity contrasts.

The hippocampal volumes as determined by the HDM-LD segmentation are reported in 

Table 1. A two-way within-subject ANOVA of these volumes revealed no significant 

differences or interactions between MPR protocols or hippocampal side (p > 0.05). In 

confirmatory fashion, a two-tailed paired t-test between MRI protocols produced non-

significant p-values for each hippocampus (left: p=0.13, right: p=0.76; see Table 1). 

Hippocampal volumetric measurements, as shown in Table 1 and Figure 2, showed marked 

similarity of volumes in the MPR1 and MPR2 groups, in both the left and right hippocampi. 

The range of volume differences was 0.01-4.2% (mean 1.6%, SD 1.4%) for the left 

hippocampus and 1.5-11.3% (mean 3.6%, SD 3.1%) for the right hippocampus. Dice 

coefficient was similar for the right and left hippocampi, with 86% mean value (SD 1.9%) 

for the right hippocampus and 85% mean value (SD 4.1%) for the left hippocampus.

Figure 2 highlights the similarity in volumetric measurements between the MPR1 and 

MPR2 groups. Figure 3 shows the variability in hippocampal volume estimates across 

sequences for individual subjects, demonstrating that the deviation in hippocampal volume 

estimates between the MRI protocols is minimal even at the individual level.

The HDM-LD technique has been shown to yield reliable estimation of hippocampal 

surfaces in controls and patients with neurologic diseases. We applied this technique in 

conjunction with a noise-estimation model to assess the variability in hippocampal surface 

estimates across MRI sequences. Figure 4 shows the difference in average displacement in 

the left and right hippocampal surfaces between MRI sequences. Specifically, the color scale 

shows the absolute displacement (mean and S.D.), as projected on the MPR1 group surfaces, 

between the MPR1 and MPR2 hippocampal surfaces. Statistical comparison (unpaired two-

tailed t-test, 8 d.f.) of differences between MPR1-derived and MPR2-derived surfaces, using 

the noise estimation model derived from the normal subject group discussed above, yielded 

no regions of significant displacement difference between MRI sequences (see Figure 4). 

Note that the majority of the surface shows less than 1-mm difference in the estimate 

between MRI sequences.
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In addition to local changes in hippocampal shape, overall hippocampal atrophy may itself 

affect the accuracy of the segmentation and volume estimation technique. To assess this for 

the HDM-LD technique in this study we computed the correlation between the mean volume 

estimate and the Dice coefficient for both the left and right hippocampi (see Figure 5). We 

noted a positive correlation across subjects between mean hippocampal size and Dice 

coefficient for both hippocampi, suggesting that our segmentation and estimation is more 

accurate and reliable for larger hippocampi.

Conclusion

Our method of hippocampal segmentation uses the HDM-LD technique, which we have 

previously validated in a group of subjects with temporal lobe epilepsy with mesial temporal 

sclerosis[14]. HDM-LD uses a single template-based method, in which global landmarks 

and hippocampal landmarks are placed on each target MRI to provide an initial 

transformation from the reference template image to the target images. After the initial 

transformation step, the subsequent steps are fully automated and driven only by the volume 

data itself[14]. Several hippocampal segmentation techniques exist, including an HDM-LD 

technique using FreeSurfer segmentation to provide initial transformation parameters, 

obviating the use of landmarks[17]. Other approaches use multiple or probabilistic atlases, 

leveraging data from multiple subjects to derive probabilistic information for the location of 

the hippocampus in standard space, allowing for a fully automated technique[18].

Methods using either single template landmarked-based techniques (such as HDM-LD) or 

automated techniques have produced comparable results in normal subjects. One of the most 

common measures used to validate segmentation techniques is the Dice coefficient, which 

has been used to quantify overlap of segmentations[17]. When comparing Dice coefficients 

among coregistration techniques in normal hippocampi, landmark-based HDM-LD produced 

a Dice coefficient of 84%, while HDM-LD using FreeSurfer-initialized segmentation 

yielded a Dice coefficient of 75%[17]. With techniques using multiple or probabilistic 

atlases approaches, results are similar, with Dice coefficients ranging between 70-86%[16, 

18, 21-23].

Validation studies in subjects with epilepsy generally show less accuracy with smaller, 

abnormal hippocampi. In hippocampi with mesial temporal sclerosis (MTS), HDM-LD 

yielded a Dice coefficient of 66%[14], while a probabilistic atlas-based approach showed a 

Dice coefficient of 77%[18]. Factors that lead to inaccurate segmentation of abnormal 

hippocampi likely include systematic errors of the techniques in the handling of smaller 

volumes[24, 25], operator-dependent variability in manual hippocampal segmentation of 

abnormal hippocampi[14, 26] (which is often the “gold standard” for validation of 

automated or semi-automated segmentation methods), and difficulties of the mapping/

segmentation algorithm in defining hippocampal borders, especially in hippocampi with 

pathologic changes in size, shape and rotation[15, 27]. In the current study, the Dice 

coefficient was 86%. This finding is comparable to the highest Dice coefficient for normal 

subjects, and higher than those in previous studies of epilepsy subjects.
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A recent study evaluated hippocampal segmentations of epilepsy subjects with matched 

healthy subject controls, comparing a region-growing algorithm constrained by anatomical 

priors (SACHA), a probabilistic-atlas based technique (FreeSurfer), and a multi-atlas 

technique (ANIMAL-multi)[15]. Investigators evaluated the performance of the algorithms 

when considering variables such as malrotation of the hippocampus (with respect to the 

collateral sulcus) or atrophy, comparing results to manual segmentations. The ANIMAL-

multi technique demonstrated similar accuracy in epilepsy subjects as well as healthy 

controls, while both SACHA and FreeSurfer were less accurate in epilepsy subjects. When 

compared to manual volumetry, however, all three automated procedures underestimated the 

magnitude of atrophy in epilepsy subjects, highlighting the negative impact of 

developmental abnormalities (including malrotation) and atrophy on the segmentation of the 

hippocampus using automated methods. While progress continues in automated 

segmentation of the hippocampus, there remains a need to validate the techniques when used 

in subjects with pathologic changes, such as with epilepsy.

Aside from the limitations of semi-automated or automated segmentation techniques in 

yielding accurate hippocampal segmentations in a specific imaging environment, the issue 

of the generalizability or applicability of each technique, i.e. the reproducibility of the 

reported estimates across different acquisition parameters or imaging platforms, is also of 

significant concern[28]. Past studies have typically validated techniques in healthy 

subjects[29], typically with differences in hippocampal anatomic boundaries chosen or 

segmentation techniques[30]. Such differences have produced a wide range of “normal” 

hippocampal volumes across studies[31]. The ability to accurately quantify hippocampal 

volume and surface anatomy using different T1-weighted volumetric image acquisition 

protocols[14] or in different MRI scanners[3, 32, 33], is an issue of critical interest for 

patients with epilepsy. Our study design compared two T1-weighted sequences with 

different TR/TE/TI values, different planes of acquisition and different voxel size and shape 

(isometric vs. anisometric), allowing a qualitative assessment of the robustness of our 

volume-estimation technique across key factors such as differences in gray-white contrast, 

spatial resolution and voxel properties. Of note, acquiring both MRI sequences on the same 

MRI scanner during the same imaging session focused our inquiry on differences at the 

sequence level rather than at the scanner level. However, our study design does not address 

across-scanner factors such as scanner-specific intensity inhomogeneity or geometric 

distortion, which could negatively affect the segmentation accuracy. Also, while there were 

differences in the TR/TE/TI parameters of our two acquisition protocols, many T1-weighted 

volumetric acquisition protocols exist that use different parameter variations. Our results 

therefore do not formally address the effects of specific parameters on hippocampal volume 

estimation, especially when considering MRI studies acquiring data on multiple MRI 

scanners. Rather the main goal of our study was the direct comparison of two T1-weighted 

sequences that are typically used for imaging of patients and healthy control subjects and 

have significant differences in multiple imaging parameters. Additional studies will be 

needed to more formally and systematically address the effect of specific imaging 

parameters (e.g. voxel size) on hippocampal volume estimates.

In the current study we addressed the issue of accuracy of hippocampal segmentation and 

volume estimation using different MRI acquisition sequences during the same imaging 
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session. Most past validation studies (as discussed above) have used different segmentation 

techniques on identical data sets to determine the accuracy of the involved algorithm[15, 17, 

18]. Our study instead assessed the variability introduced by different T1-weighted MRI 

sequences on the same HDM-LD hippocampal segmentation technique. We evaluated both 

hippocampal volume and hippocampal surface estimates obtained from HDM-LD 

segmentations of the two types of T1-weighted MRI images. Mean volumes of both the left 

hippocampus and right hippocampus, as presented in Figure 2, showed no significant 

difference between the MPR1 and MPR2 imaging sequences. Interestingly, as highlighted in 

Figure 3, hippocampal size did not qualitatively appear to affect the variability in volume 

estimates between MRI sequences. The degree of volume differences between the groups 

was well within the volume differences reported in previous studies that used manual 

hippocampal segmentation[29]. For instance, mean percentage difference in hippocampal 

volumes using HDM-LD was 4.3% (SD 2.7%) in previous studies that compared sequential 

HDM-LD segmentations on the same MRI image[14]. In the current study, the range of 

volume differences were 0.01-4.2% (mean 1.6%, SD 1.4%) for the left hippocampus and 

1.5-11.3% (mean 3.6%, SD 3.1%) for the right hippocampus. Also of notable interest, there 

was significant reproducibility of hippocampal volume estimates at the individual level, as 

exemplified in Figure 3, of potential interest for clinical settings where individualized 

assessment of hippocampal size is important.

In addition to comparing hippocampal volumes between MRI imaging sequences, we used 

HDM-LD segmentation to assess surface-level changes between MRI sequences. Statistical 

comparisons of vertex-based surface estimates are complicated by the large number of 

vertices that compose an estimated surface, especially for a complex structure such as the 

human hippocampus, making correction for multiple comparisons paramount when 

estimating differences between groups. Our empiric technique uses an assumption-free 

iterative randomization approach, inspired by similar work in volumetric noise estimation in 

functional magnetic resonance imaging[20], to produce a cluster-based noise estimation 

model using an independent set of hippocampal deformations from healthy control subjects. 

This estimates the probability of occurrence of suprathreshold clusters in the normal 

population yielding cluster-based cutoffs at different significance levels. Notably, no 

clusters of significant surface displacement between MRI sequences were found using this 

technique, suggesting that the changes in local surface estimates produced by different MRI 

sequences are likely small. Effectively, this comparison demonstrates that MRI-dependent 

surface changes are significantly less than changes observed in normal subjects, suggesting 

that hippocampal surface deformation differences produced from different MRI acquisition 

sequences would not be a significant factor when comparing groups of normal or diseased 

subjects. The validity of our findings is especially compelling given that our test subjects all 

had a history of epilepsy, which typically induces greater variability in hippocampal surface 

structure. As illustrated in Figure 4, relatively greater displacement is present in the region 

of the uncinate gyrus, as well as in the medial aspect of the hippocampal tail. Previous 

studies have shown that segmentations tend to show the most variability in these regions, 

likely because of local lack of gray-white differentiation and distinct anatomical 

hippocampal boundaries[14].
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In addition to considerations regarding the effect of imaging parameters, actual hippocampal 

pathology itself may be responsible for local shape changes that may affect the accuracy of a 

segmentation and estimation technique. Kim and colleagues, for instance, showed that 

hippocampi of patients with malformations of cortical development differ from hippocampi 

of patients with TLE in terms of the extent and distribution of local shape changes [34]. 

Similarly, hippocampal malrotation specifically has been shown to have an effect on the 

success of automated segmentation and surface estimation algorithms [15]. While we did not 

formally estimate long-axis rotation or curvature in our data set, visual inspection did not 

reveal obvious examples of malrotation, even for the patients with significant atrophy. We 

cannot however exclude a potential effect of malrotation on our segmentation, volume and 

surface estimation technique when comparing patients with and without malrotation directly 

in a larger sample. Another source of potential variation is mere hippocampal atrophy, i.e. 

more atrophic hippocampi may be more difficult to segment via an automated or semi-

automated method. In our study there was a positive correlation between mean hippocampal 

volume and Dice coefficient (Figure 5), suggesting that the HDM-LD technique is more 

accurate for less atrophic hippocampi (though it should be noted that the range of Dice 

coefficients was not very wide, suggesting that this effect is probably small). Of note, the 

reliability of volume estimates across imaging sequences remained quite good even for 

more atrophic hippocampi. Even though our sample size of subjects is relatively small, the 

reproducibility and reliability of findings between subjects is robust. The number of subjects 

included in this analysis is similar to those in previous validation studies of hippocampal 

segmentations [14, 18, 26].

At our institution, MPR1 is typically a sequence used for clinical studies, while MPR2 is 

typically a research sequence. Differences in sequences, including anisometric (MPR1) and 

isometric (MPR2) voxels, coronal (MPR1) and sagittal (MPR2) plane of acquisition, and 

different TR/TE/TI intervals, could all conceivably introduce variability in deformations. 

Other investigators have addressed differences in gray matter intensity characteristics[14, 

18, 26], or have normalized intensities in their algorithm for hippocampal segmentation[27]. 

Prior to HDM-LD segmentation, our technique included a global normalization of each MRI 

image to the same intensity range by matching high and low-percentile intensity values 

across the two sequences, without specifically correcting for local signal intensity range 

differences within the hippocampus compared to extra-hippocampal structures. Overall, our 

findings indicate that factors of voxel size/shape, plane of acquisition, and contrast 

properties do not significantly affect the HDM-LD algorithm, in terms of both hippocampal 

volume and surface estimation, in subjects undergoing scans in the same MRI scanner.

In summary, we evaluated the reproducibility of HDM-LD segmentation hippocampal 

volume and surface estimates in subjects with epilepsy, specifically testing the invariance of 

the technique across two T1-weighted volumetric imaging sequences. Statistical comparison 

of hippocampal volume estimates and of statistically-thresholded hippocampal surfaces 

showed no differences between MRI sequences. This suggests that the HDM-LD 

segmentation technique can provide robust estimates of both hippocampal volume and 

hippocampal surface in patients with hippocampal pathology, with reliability across imaging 

conditions.
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Figure 1. 
The figure shows representative images from the MRP1 and MPR2 sequences from subject 

1. Figure A is the MPR1 image, and Figure B is the MPR2 image. Each image demonstrates 

the coronal plane near the mid-section of the body of the hippocampus. Because of 

differences in the angle of acquisition for each sequence, structures included in the 

representative images differ, such as inclusion of the cerebellum in panel A, but not in panel 

B. The images serve to demonstrate differences in the protocols, including different image 

resolution, gray-scale intensity contrast, and angle of acquisition of the images.
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Figure 2. 
Volumetric differences between MPR1 and MPR2 sequences. Mean hippocampal volumes 

comparing the MPR1 and MPR2 sequences, with error bars showing 1 SD ranges in each 

group. Highly consistent volumetric measurements were obtained across MRI sequences.
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Figure 3. 
Variability between volumetric measurements for individual subjects. The x-axis for each 

graph represents the hippocampal volume estimate derived from the MPR1 sequence, while 

the y-axis for each graph represents the corresponding hippocampal volume estimate derived 

from the MPR2 sequence. Note that the dashed line represents a line of slope 1, i.e. the ideal 

correspondence between volume estimates across sequences. Also shown is the r2 value for 

the correlation between volume estimates for the two sequences.
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Figure 4. 
Mean and standard deviation of the displacement of the MPR2-derived hippocampal surface 

from the MPR1-derived surface. The color scale shows the mean (left) and standard 

deviation (right) of the displacement, as projected on the MPR1 group surfaces, between the 

MPR1 and MPR2 hippocampal surfaces. In the anterior view of the surfaces, the 

hippocampal head and uncinate gyrus of each hippocampal surface is visualized, showing 

that the margins of this hippocampal region show more relative displacement. In the 

posterior view, the hippocampal tail is well visualized, also showing a slightly greater 

displacement over the medial regions of the hippocampal tail.
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Figure 5. 
Correlation between mean hippocampal volume and Dice coefficient. The x axis shows the 

mean of the two hippocampal volume estimates for the MPR1 and MPR2 sequences for 

each individual, while the y axis shows the corresponding Dice coefficient. Also shown is 

the linear intercept of each correlation and the corresponding r2 value.
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