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Abstract

Research Objectives—This study aims to determine the most reliable method for infant
hippocampal segmentation by comparing magnetic resonance (MR) imaging post-acquisition
processing techniques: contrast to noise ratio (CNR) enhancement, or reformatting to standard
orientation.

Methods—MR scans were performed with a 1.5T GE scanner to obtain dual echo T2 and proton
density (PD) images at term equivalent (38-42 weeks' gestational age). 15 hippocampi were
manually traced four times on ten infant images by 2 independent raters on the original T2 image,
as well as images processed by: a) combining T2 and PD images (T2-PD) to enhance CNR; then
b) reformatting T2-PD images perpendicular to the long axis of the left hippocampus. CNRs and
intraclass correlation coefficients (ICC) were calculated.

Results—T2-PD images had 17% higher CNR (15.2) than T2 images (12.6). Original T2
volumes' ICC was 0.87 for rater 1 and 0.84 for rater 2, whereas T2-PD images' ICC was 0.95 for
rater 1 and 0.87 for rater 2. Reliability of hippocampal segmentation on T2-PD images was not
improved by reformatting images (rater 1 ICC= 0.88, rater 2 ICC= 0.66).

Significance—Post-acquisition processing can improve CNR and hence reliability of
hippocampal segmentation in neonate MR scans when tissue contrast is poor. These findings may
be applied to enhance boundary definition in infant segmentation for various brain structures or in
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any volumetric study where image contrast is sub-optimal, enabling hippocampal structure-
function relationships to be explored.
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Introduction

Magnetic resonance (MR) derived segmentation is a safe, non-invasive and sensitive way to
define cerebral structures such as the hippocampus (Naidich et al. 1987). Hippocampal size
and shape measures are important in characterizing and following the progression of many
diseases such as Alzheimer's disease (Schuff et al. 2009), temporal lobe epilepsy (Wu et al.
2005), developmental disorders such as autism (Saitoh et al. 2001) and attention deficit
hyperactivity disorder (Abernethy et al. 2002), as well as neuropsychiatric disorders such as
schizophrenia, bipolar disorder and depression (Geuze et al. 2005b). Furthermore,
hippocampal integrity is important in premature populations. Studies assessing hippocampal
volumes in infants are few (Thompson et al. 2009; Thompson et al. 2008; Lodygensky et al.
2008), with the majority of groups examining older children and adolescents (Abernethy et
al. 2004; Lodygensky et al. 2005; Peterson et al. 2000). Techniques for tracing hippocampal
volumes have been well defined in adults (Jeukens et al. 2009; Watson et al. 1992; Jack et
al. 1990; Konrad et al. 2009), but until now there has been no literature examining the most
effective and reliable method for optimal definition of the hippocampus in the infant brain.
Infant brains are not yet fully myelinated and the water content is similar in gray matter
(GM) and white matter (WM) relative to older pediatric cohorts and adult populations
(Williams et al. 2007). Therefore infant GM/WM tissue contrast is poor, making
hippocampal boundary definition somewhat difficult. Hippocampal size and shape measures
are reliant on reproducible and anatomically accurate definition of boundaries.

Within the adult literature, many factors have been shown to affect the reliability of
hippocampal measurements apart from anatomical boundary definition, including: image
acquisition; slice thickness; imaging artifact; head tilt and image orientation; image
processing software; and correction for variation in head size (Jack et al. 1995; Geuze et al.
2005a; Klauschen et al. 2009). Some researchers have recommended correcting for head tilt
in hippocampal segmentation (Pantel et al. 2000), while others did not find a significant
benefit (Hasboun et al. 1996). Few have addressed the issue of image contrast, which is
especially important in the unmyelinated infant brain. One group has shown that T2 images
provide better tissue contrast than T1 images in infants (Williams et al. 2005). Therefore T2
images are more useful for hippocampal segmentation in the infant brain. Algebraic
manipulation of dual-echo MR images by summing the proton density (PD) and T2 images
has been shown to be the most reliable method to estimate sub-cortical caudate and thalamus
volumes (Bridle et al. 2002), however the benefits of this technique have not been
previously assessed for infant hippocampal segmentation.

The aim of this study was to compare 3D MR image processing techniques to determine the
most reliable and consistent method for obtaining hippocampal volumes in term and preterm
infants at term equivalent. We investigated the effects of post-acquisition processing
including contrast to noise ratio (CNR) enhancement, and reformatting of images to a
common orientation. We hypothesized that CNR enhancement would improve hippocampal
segmentation.
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Fifteen subjects (4 full term and 11 very preterm) were randomly selected from a larger
cohort of very preterm (birthweight < 1250 g and/or gestational age < 30 weeks) and full-
term infants, recruited between July 2001 and December 2003 as part of a prospective
observational cohort study examining the effects of prematurity on brain development, as
previously described (Thompson et al. 2008).

T1, T2 and PD scans were obtained with a 1.5 Tesla General Electric Signa MRI scanner
(General Electric, Milwaukee, WI) at term equivalent (38 - 42 weeks' corrected gestational
age). Whole brain images were acquired with MR imaging, including T1 spoiled gradient
recalled sequences (1.2mm coronal slices; repetition time 35 msec; echo time 9msec; flip
angle 45°; field of view 210 x 158 mm; matrix 256 x 192; scan time ~12 min), T2 and PD
weighted dual echo fast recovery fast spin echo sequences with interleaved acquisition (1.7
mm coronal slices (~80 slices); repetition time 4000 msec; echo time 60/160 msec; echo
train length 16; flip angle 90°; field of view 180 x 135 mm; matrix 256 x 224, interpolated
512 x 512; image pixel size 0.35 x 0.35 mm; scan time ~15 minutes). Post-acquisition
visualization and processing of MR images was achieved using Sun Microsystems
workstations (Sun Microsystems, Inc., Palo Alto, CA).

The hippocampus of each hemisphere of the 15 images was manually segmented twice using
*3D slicer’ software version 2.6 (http://www.slicer.org/). T1 weighted images were not
utilized, considering the GM/WM contrast was not sufficient to clearly distinguish the
hippocampus (Fig. 1a). Rather, T2 weighted images were segmented, including the original
T2 image (Fig. 1b) and 2 images that were post-processed using ‘3D slicer’, as follows:

a. T2-PD: Theraw T2 and PD image volumes were combined by simple image
addition in order to determine whether hippocampal boundaries could be identified
more reliably with improved CNR. These images were dually acquired within the
same imaging series, and therefore registration was not required for this volume
addition (Fig. 1c).

b. T2-PD-L: In order to correct for head tilt differences between subjects, T2-PD
infant brain images were reoriented perpendicular to the long axis of the left
hippocampus. The axial plane was manipulated by manual linear rotation and
translation in order to orient along the top of the fimbria as visualized in the sagittal
view (Fig. 1d).

Contrast-to-noise ratios (CNR) were calculated for 10 randomly chosen subjects for T2, PD,
and T2-PD images (Fig. 2). CNR was measured using mean signal intensities within regions
of interest (ROISs) placed on the coronal slice in both the GM of the CA1 region of the
hippocampal head, and a region of homogeneous WM within the temporal lobe (Fig. 2).
Furthermore, the standard deviation of the background signal intensity within regions of
interest placed outside the skull were measured in order to determine signal to noise ratios of
the GM and WM (Fig. 2). Within each subject, signal measurements were taken from the
three ROIs overlaid on the PD, T2 or T2-PD image. MRIcro software was used to create
ROIs and to measure signal intensities (http://www.cabiatl.com/mricro/). SNR was
calculated for both GM and WM according to Eq. (1):

SNR=p13061/0 g [1]

Where pro = mean signal intensity within the WM or GM region of interest; ogkg=
standard deviation of the signal intensity within the background region.
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CNR was calculated as the difference between the SNR of the GM and WM according to
Eq. (2):

CNR=SNR,,; —SNR\, [2]
Where SNRym= signal to noise ratio for the WM; SNRgwm= signal to noise ratio for the
GM.

Two independent raters manually outlined the 15 subjects' hippocampi on the coronal view,
with reference to anatomical atlases (Mai et al. 1997; Duvernoy 1988). Repeat
segmentations were performed at least 1 week apart. Once the posterior boundary was
defined, the in-plane boundaries were traced sequentially on each slice until the anterior
boundary was reached (Fig. 3). Tracing of each slice of the hippocampus proceeded from
the medial edge to the inferior, then the lateral aspect, and finally to the superior edge of the
hippocampus. In general, the approach of Watson et al. was used to define hippocampal
boundaries (Watson et al. 1992):

Hippocampal tail

The posterior border of the hippocampus was defined as the most anterior slice where the
fornix was seen in its entirety. This slice is directly posterior to the slice where the pulvinar
nucleus fuses with the fornix. The medial boundary was defined as the narrowest part of the
mouth of the hippocampal sulcus. The inferior boundary was the WM at the
parahippocampal gyrus, and the lateral boundary, the cerebrospinal fluid (CSF) of the
temporal horn of the lateral ventricle. CSF also formed the superior border. The fimbria was
included, as was subiculum and alveus. The parahippocampal gyrus was excluded.

Hippocampal body

The body was defined laterally and superiorly by the CSF of the temporal horn of the lateral
ventricle. If the CSF was not easily visible superiorly, the superior edge of the WM of the
alveus and fimbria served as the superior border. The inferior border was the boundary of
the gray and WM of the hippocampus and entorhinal cortex. The medial edge was defined
as the mouth of the hippocampal sulcus, until the uncus appeared more anteriorly. The uncus
was included once it appeared fused to the hippocampal body, then the uncal sulcus became
the new medial border. Tracing of the hippocampal body proceeded up to, and included, the
digitations of the hippocampus. Included in the measurement of the hippocampal body were
the subicular complex, hippocampus proper, dentate gyrus, alveus and fimbria.

Hippocampal head

The medial border of the hippocampal head was defined as the inferior edge or “hook’ of the
uncal notch. Further anteriorly, the medial edge became the most medial point of the
temporal lobe. The inferior line followed the GM/WM boundary between the entorhinal
cortex and the subiculum. The CSF of the temporal horn of the lateral ventricle provided the
lateral border, and in general, the line of the hippocampus was defined superiorly by
following the path of the top of the temporal horn of the lateral ventricle, where a line of
intermingling CSF and WM was sometimes evident, separating the hippocampus from the
amygdala. The final slice was defined as the most anterior slice where the temporal horn of
the lateral ventricle was still seen laterally to the hippocampus.

Statistical analyses were performed using SPSS version 15.0 (Chicago, IL). To test
differences in CNR between T2 and T2-PD images, a paired-samples T-test was used. To
compare intra-rater reliabilities of the different processing techniques, intraclass correlation
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coefficients (ICC) were calculated using a 2-way mixed model, with absolute agreement for
single measures. Inter-rater reliability ICCs were calculated using 2-way mixed models with
consistency for single measures. ICCs were calculated between the two measurements
(original and repeat) for left and right hippocampi separately, and with both left and right
sides included in the analysis. In order to test consistency in hippocampal vo/ume measured
using the different techniques, an overall ICC between segmentation techniques for each
rater was calculated for hippocampal volumes. Repeated measures ANOVAS were
conducted to test for any differences in hippocampal volume (left and right combined)
according to the different segmentation techniques. The within subject factor was
‘segmentation technique’ with 3 within-subject variables: hippocampal volumes obtained
from T2, T2-PD, or T2-PD-- images. Sphericity was tested using Mauchly's test and post-
hoc tests were performed with Bonferroni adjusted pair-wise comparisons to compare
estimated marginal means between segmentation techniques.

T2-PD images had the highest mean SNR in both the GM (56.0) and WM (71.2) (Table 1).
The T2-PD images showed a statistically significant 17.1% improvement in average CNR
(15.2) compared with the T2 images (12.6) (Table 1, Fig. 1a, b).

Improved CNR through combining the T2 and PD images resulted in more reliable
segmentations than the original T2 image. This was demonstrated by higher intra-rater ICCs
on T2-PD than T2 images for both raters as well as higher inter-rater ICCs (Table 2). Having
ascertained that the T2-PD image had better CNR and reproducibility measures,
reformatting was undertaken on the T2-PD image. Reformatting the images perpendicular to
the long axis of the hippocampus did not improve segmentation reliability over and above
that of non-reformatted scans, i.e. the T2-PD-L intra- and inter-rater ICCs were smaller than
those of the T2-PD (Table 2). These trends were true when original and repeat
segmentations were correlated for all hippocampi (both left and right included in the ICC
analysis), and also when ICC analysis was performed separately for right and left
hippocampal volumes (Table 2). All intraclass correlations were highly significant (Table 2).

Mean hippocampal volumes were generally estimated to be largest on T2-PD-L Images.
Hippocampi measured on T2-PD images were only slightly smaller than those measured on
T2 images (Table 2). Repeated measures ANOVA revealed a significant difference in
hippocampal volumes between the different segmentation techniques utilized for rater 1 only
(F1.85, 109 = 42.43, p < 0.0005). Mauchly's test indicated that the assumption of sphericity
had been violated [Xz(z) =6.85, p = 0.03], therefore degrees of freedom were corrected
using the Huynh-Feldt estimates of sphericity (e = 0.93). Post-hoc analyses indicated that
the mean volume for the T2-PD-1- technique was significantly larger than T2 [mean
difference 0.09 cm?3 (95% confidence interval 0.06, 0.12), p < 0.0005] and T2-PD [mean
difference 0.09 cm?3 (95% confidence interval 0.06, 0.11), p < 0.0005]. There were no
significant hippocampal volume differences between the segmentation techniques for rater 2
(F1.79, 105 = 1.89, p = 0.16). In this case, Mauchly's test also indicated violation of the
assumption of sphericity [Xz(z) =9.29, p = 0.01], and so the Huynh-Feldt correction was
applied (e = 0.90).

Discussion

Post-acquisition processing was applied to 15 infants in order to test optimization and
reproducibility of manual hippocampal volumetric estimates. Combining the T2 and PD
image volumes improved CNR and visualization of the infant hippocampus, with GM and
WM boundaries more clearly visible than on the T2 images. This led to superior reliability
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for volume measurements. There was no advantage to reformatting images perpendicular to
the long axis of the hippocampus to control for head tilt.

It is well known that tissue contrast should be optimized for image acquisition, in order to
improve hippocampal volumetric measurements (Wieshmann et al. 1998). A study by
Conklin et al. optimized a magnetization prepared rapid gradient echo (MP-RAGE)
sequence by combining both T1 and T2- weighting into the contrast preparation and
utilizing elliptical-spiral phase encoding in order to increase CNR between GM and WM in
infant brain images (Conklin et al. 2008). However, the issue of post-acquisition contrast
enhancement has been largely neglected. The use of multi-spectral data to better characterize
MR tissue signatures was first introduced by Vannier et al. (Vannier et al. 1985). Later, Lim
and Pfefferbaum reported the value of combining T2 and PD images to improve gray and
WM contrast (Lim and Pfefferbaum 1989). Since, this approach has been used in thalamic
and caudate volume measurements (Bridle et al. 2002), and the T2-PD technique has been
used to analyze the hippocampi of a large cohort of term and preterm infants (Thompson et
al. 2009; Thompson et al. 2008). The current study has shown the combination of the T2-PD
images to be a beneficial post-acquisition processing technique for improved reproducibility
in infant segmentation, which was most likely due to improved CNR. Further research may
elucidate whether a weighted combination of the T2 and PD images may provide even better
CNR for infant segmentations.

Pantel et al. suggested that differences in head position between subjects may affect volume
measurements, especially for very small structures such as the pediatric hippocampus, and
that differences in head position should be corrected (Pantel et al. 2000). Another group
showed that scans reformatted to control for head position resulted in more reliable volume
measures (Bartzokis et al. 1998). For the purposes of the current study, reorienting the
images to correct for head tilt was not advantageous. Reformatting images perpendicular to
the long axis of the hippocampus resulted in degradation of the image quality through
interpolation and partial volume error. However, these results were somewhat expected
considering rotation of images with highly anisotropic voxels are likely to produce
inaccurate results, especially considering the large slice thickness (1.7mm) relative so such a
small structure as the hippocampus. On the other hand, if images were acquired in a standard
position without the need for reformatting, or acquired with cubic voxels and reformatted
with little degradation of the image (Patwardhan et al. 2001), it may be possible to obtain a
more reliable volume.

The T2-PD-L images produced the largest hippocampal volumes, at least for rater 1. This
supports the finding by Hasbourn et al. that hippocampal volumes were significantly larger
when images had been reformatted (Hasboun et al. 1996). This may be due to partial volume
artifact, or alternatively it may suggest that reformatting perpendicular to the hippocampus
may be a more accurate way to obtain the entire hippocampal volume, enabling extra slices
of the hippocampus to be included at the posterior and anterior boundaries. These larger
volumes are more consistent with those reported for postmortem infant brains (Bartzokis et
al. 1998). However, considering this technique resulted in less reproducible hippocampal
segmentations for this infant cohort, we had to conclude that there was no benefit to
reorientation.

The best method of representatively and reproducibly tracing the hippocampi is a
contentious issue in volumetric research. Fresh autopsy hippocampi measured from term
infants are on average 1.5 cm?3, about 0.3 cm3 larger than our estimate (Kretschmann et al.
1986). This suggests that our hippocampal volumes are likely an underestimate of the true
volume. A partial explanation may be the segmentation protocol, which has been estimated
to exclude 5-10% of the hippocampus (Obenaus et al. 2001). A few groups have addressed
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the issue of representative and reproducible hippocampal segmentation by defining novel
segmentation methods to include the whole hippocampus in the measurement (Obenaus et
al. 2001; Malykhin et al. 2007). A possible area of future research would be to explore
automated methods of reliably and meaningfully segmenting the hippocampus, as it would
allow a more objective interpretation. In adults, automatic hippocampal segmentation has
been shown to be as sensitive as manual segmentation for detecting hippocampal differences
(Bergouignan et al. 2009). However, the infant hippocampus is small and poorly defined,
making automated segmentation difficult (Obenaus et al. 2001).

There were several limitations to this study. Since the images for this study were acquired,
improvements have been made to head coils and acquisition parameters, and imaging at
higher resolution and higher field strengths is now possible. Inter-rater agreement was sub-
optimal, and rater 2 consistently obtained smaller hippocampal volumes than rater 1.
However, this did not affect the conclusions of this study, where intra- and inter-rater
reliability was highest for the contrast-enhanced T2-PD image for both raters, and indeed
inter-rater reliability reached the acceptable level of around 0.8 only for T2-PD image
segmentations. It was impossible for the operators to be truly blinded to which post-
acquisition technique was used considering the reformatted images were somewhat obvious.
Furthermore, reorientation was performed in an interactive and observational manner, thus
there may have been variability in the orientation of the hippocampus between subjects. It
would be desirable to compare different image contrasts and head positioning by using
repeat scans with different acquisition parameters. Ideally, calibration or phantom
measurements should be performed using more than one MRI scanner. However, in many
clinical settings pre-acquisition optimization of the scanning protocol is not practical, and
therefore the purpose and usefulness of this study is to show that post-acquisition
optimization of images can improve reliability of MR-derived measures for research
purposes.

In conclusion, combining T2 and PD images improved CNR and reproducibility of the
infant hippocampal segmentation. We suggest that first and foremost, MR image acquisition
parameters for infants should be carefully chosen in order to optimize tissue contrast, which
is inherently poor in the unmyelinated brain. However, post-acquisition CNR enhancement
may also be useful to improve the reliability of segmented infant brain structures.
Furthermore, other volumetric studies afflicted with sub-optimal image contrast may benefit
from similar post-acquisition contrast enhancement as applied in the current study.
Successful hippocampal segmentation will enable determination of the mechanisms and
functional consequences for hippocampal alterations.
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Fig. 1.
(a) T1 weighted image, (b) T2 image, (c) T2-PD image, revealing better contrast to noise
ratio compared with the T2 image, (d) T2-PD-L- image.
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Fig. 2.

An example of regions of interest from which signal intensities were obtained in order to
calculate signal to noise and contrast to noise ratios between hippocampal GM and temporal
white matter, overlaid on a T2-PD image.
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Fig. 3.

(a) Slice by slice illustration of the boundaries of the hippocampi from the posterior (top
left) tail, to body, and finally anterior head (bottom right) of a preterm infant scan on the T2-
PD coronal volume. (b) Three dimensional representation of the hippocampal volume.
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Table 1

Signal to noise ratio (SNR) and contrast to noise ratio (CNR) measurements for hippocampal gray matter
(GM) and temporal lobe white matter (WM) within the T2 and T2-PD magnetic resonance (MR) images.

SNR
MR image CNR CNR difference (95% confidence interval)
GM WM
T2 316 442 12.6

2.6 (1.7, 3.6), p<0.0005
T2-PD 56 712 152
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