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The current study compared the reliability of manual collateral sulcus depth and entorhinal and transentorhinal
cortical volume measurements between native oriented MRI scans versus MRI scans realigned to the hippo-
campal long axis. Data included 10 participants with two serial 3.0T MRI scans from the Alzheimer’s Disease
Neuroimaging Initiative. Both collateral sulcus depth and entorhinal and transentorhinal cortical volume mea-

surement reliability improved from the native to the hippocampal oriented scans. Standardizing scan orientation
is important to optimize reliability of MRI-derived manual measurements of the entorhinal and transentorhinal
cortices. In quantitative MRI studies, aligning scans to a common, normalized orientation is recommended.

1. Introduction

Volume measurements of the entorhinal and transentorhinal cortices
may provide valuable early markers of Alzheimer’s disease (AD) as these
regions are among the earliest in the brain to show clinically correlated
structural changes (Kulason et al., 2019; Kulason et al., 2020). Recent
guidelines for the measurement of the entorhinal and transentorhinal
cortices on magnetic resonance imaging (MRI) scans have incorporated
anatomical variations of the depth of the collateral sulcus to provide
more precise segmentation rules for the entorhinal and transentorhinal
cortices (Berron et al., 2017; Kivisaari et al., 2013; Yushkevich et al.,
2015). However, in measuring collateral sulcus depth and entorhinal
and transentorhinal cortical volumes, it is important to consider extra-
neous variables that may introduce variability in these measurements.
One such variable is MRI scan orientation (Plante and Turkstra, 1991).
Whilst scan orientation is generally standardized during acquisition,
some variation across patients is unavoidable. These variations can

result in substantial variations in MRI-derived manual measurements
(Bartzokis et al., 1998; Hasboun et al., 1996). Nonetheless, many studies
employing MRI-derived manual measurements either do not reorient
scans to a normalized orientation or do not report doing so (Geuze et al.,
2005). The current study aimed to compare the reliability of manual
collateral sulcal depth measurements and entorhinal and trans-
entorhinal cortical volume measurements between native oriented MRI
scans versus MRI scans realigned to a common, normalized orientation.

2. Methods
2.1. Neuroimaging data

The sample included 10 participants with two serial 3.0T MRI scans
within a 3-month interval from the Alzheimer’s Disease Neuroimaging

Initiative (ADNI) database. Although head positioning at each MRI ex-
amination in ADNI is standardized by aligning the centering crosshairs

* Corresponding author at: Melbourne School of Psychological Sciences, Redmond Barry Building, The University of Melbourne, Parkville, VIC 3010, Australia.

E-mail address: yien@student.unimelb.edu.au (Y.-E. Quek).

# Data used in preparation of this article were obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). As such, the
investigators within the ADNI contributed to the design and implementation of ADNI and/or provided data but did not participate in analysis or writing of this report.
A complete listing of ADNI investigators can be found at: http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement List.pdf

https://doi.org/10.1016/j.pscychresns.2023.111735

Received 3 June 2023; Received in revised form 14 September 2023; Accepted 9 October 2023

Available online 18 October 2023

0925-4927/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:yien@student.unimelb.edu.au
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
www.sciencedirect.com/science/journal/09254927
https://www.elsevier.com/locate/psychresns
https://doi.org/10.1016/j.pscychresns.2023.111735
https://doi.org/10.1016/j.pscychresns.2023.111735
https://doi.org/10.1016/j.pscychresns.2023.111735
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pscychresns.2023.111735&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Y.-E. Quek et al.

on the participant’s nasion, slight variations in head positioning still
occur across the ADNI dataset. Hence, the serial scans were selected to
highlight the inherent variation in head positioning between the two
acquisitions. To select the scans, the ADNI baseline and 3- and 6-month
follow-up scans were first ranked according to the difference in head
position angle between the serial scans. Further description of the
determination of the difference in head position angle is presented in the
Supplementary Material. From the 50 pairs of serial scans with the
largest difference in head position angle, 10 pairs of serial scans (either
the baseline and 3-month follow-up scans or the 3-month and 6-month
follow-up scans) were randomly selected. The initial scan was denoted
as Time 1, and the subsequent 3-month scan was denoted as Time 2. At
Time 1, the 10 selected MRI scans comprised two healthy controls, six
participants with amnestic mild cognitive impairment (aMCI), and two
participants with AD dementia (age range = 56-78 years).

2.2. Data preprocessing

The raw DICOM images were converted to NIfTI format and pro-
cessed using FreeSurfer v6.0 (Sanchez-Benavides et al., 2010). The MRI
scans were then resampled to 0.3 x 0.3 x 1.0 mm? (original resolution
= 1.0 x 1.0 x 1.2 mm®) by cubic spline interpolation to improve
in-plane image resolution for estimating structural boundaries. The
hippocampal long axis was chosen as the reference angle for reor-
ientation of the scans as it is easy to identify and is widely used to
visualize the mesial temporal structures (Geuze et al., 2005). A python
script using the SimplelTK library (v.2.1.0rcl.post39) was created to
reorient the resampled scans to the hippocampal long axis on the sagittal
plane (https://doi.org/10.25919/8kjn-d006). The operation of the py-
thon script is summarized in the Supplementary Material.

2.3. Manual segmentation

Manual segmentation was conducted using ITK-SNAP Version 3.8.0
(Yushkevich et al., 2006). The entorhinal and transentorhinal cortices
were segmented according to the Berron et al. (2017) segmentation
protocol. Collateral sulcus depth was measured during the entorhinal
and transentorhinal segmentation procedure and was categorized into
the six collateral sulcus depth types outlined in the Berron et al. (2017)
segmentation protocol to use in subsequent statistical analyses.

A single rater blind to participants’ diagnosis completed all manual
segmentations. Manual segmentations on 10 randomly selected MRI
scans (evenly split between the native and hippocampal oriented scans
and between the Time 1 and Time 2 scans) were repeated to assess intra-
rater reliability and conducted by an independent rater to assess inter-
rater reliability. The order of segmentation of the native and hippo-
campal oriented scans were randomized.

2.4. Statistical analysis

Intra- and inter-rater reliability of the collateral sulcus depth types
were evaluated using the linear and quadratic weighted kappa (Kjinear
and Kquadratic) Statistics. Intra- and inter-rater reliability of the entorhinal
cortex and transentorhinal cortex volume measurements were evaluated
using the intraclass correlation coefficient (ICC) statistic.

Reliability of the collateral sulcus depth types between Time 1 and
Time 2 on the native and hippocampal oriented scans was evaluated
using the Kiinear and Kquadratic Statistics. Reliability of the entorhinal
cortex and transentorhinal cortex volume measurements between Time
1 and Time 2 on the native and hippocampal oriented scans was eval-
uated using the ICC statistic and the Bland-Altman method (Altman and
Bland, 1983; Bland and Altman, 1986). For each serial volume mea-
surement, the percentage change in volume was plotted against the
mean volume.
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3. Results
3.1. Intra- and inter-rater reliability

For the collateral sulcus depth types, intra-rater reliability was Kjipear
=0.98 (95% CI 0.97-0.99) and Kquadratic = 0.99 (95% CI 0.99-0.99), and
inter-rater reliability was Kjinear = 0.72 (95% CI 0.68-0.76) and kquadratic
= 0.86 (95% CI 0.83-0.89).

For the entorhinal cortex volume measurements, intra-rater reli-
ability was ICC = 0.89 (95% CI 0.54-0.96), and inter-rater reliability
was ICC = 0.93 (95% CI 0.91-0.99). For the transentorhinal cortex
volume measurements, intra-rater reliability was ICC = 0.87 (95% CI
0.43-0.96), and inter-rater reliability was ICC = 0.72 (95% CI
0.42-0.88).

3.2. Reliability of collateral sulcus depth types

There were n = 503 and n = 538 MRI slices (10 participants x 2
hemispheres) that contained a measured collateral sulcus on the native
and hippocampal oriented scans, respectively. The reliability of the
collateral sulcus depth types between Time 1 and Time 2 on the native
oriented scans was Kipear = 0.71 (95% CI 0.67-0.76) and kquadratic = 0.80
(95% CI 0.75-0.85) but significantly improved on the hippocampal
oriented scans to Kjinear = 0.87 (95% CI 0.84-0.90) and xqyadratic = 0.92
(95% CI 0.90-0.95). Table S1 presents the cross-tabulation matrix of the
collateral sulcus depth types between Time 1 and Time 2 on the native
and hippocampal oriented scans.

3.3. Reliability of entorhinal cortex and transentorhinal cortex volume
measurements

For the entorhinal cortex, the reliability of the volume measurements
between Time 1 and Time 2 on the native oriented scans was ICC = 0.67
(95% CI 0.33-0.86) but significantly improved on the hippocampal
oriented scans to ICC = 0.90 (95% CI 0.77-0.96). For the trans-
entorhinal cortex, the reliability of the volume measurements between
Time 1 and Time 2 on the native oriented scans was ICC = 0.62 (95% CI
0.27-0.83) but also significantly improved on the hippocampal oriented
scans to ICC = 0.94 (95% CI 0.85-0.98).

Fig. 1 presents Bland-Altman plots showing the percentage change in
entorhinal and transentorhinal volumes between Time 1 and Time 2 on
the native and hippocampal oriented scans. For the entorhinal cortex,
the variability in volumes, as indicated by the 95% agreement limits and
corresponding 95% CIs, on the hippocampal oriented scans was
considerably less than on the native oriented scans. For the trans-
entorhinal cortex, the same trend was observed, with reduced variability
in volumes on the hippocampal oriented scans relative to the native
oriented scans.

4. Discussion

The results of the current study showed consistently higher reli-
ability estimates for both manual collateral sulcus depth as well as en-
torhinal and transentorhinal cortical volume measurements for scans
aligned to a common, normalized orientation compared to native ori-
ented scans. These results suggest that aligning MRI scans to a common
orientation improves the reliability of manually obtained MRI mea-
surements. The findings of the current study are in line with a previous
study that observed less variability in amygdala, hippocampal, and
temporal lobe volumes in scans aligned to a common orientation
compared to scans not aligned to a common orientation (Bartzokis et al.,
1998). Variations in head positioning during MRI acquisition can lead to
variations in how brain structures are visualized on the MR images
(Plante and Turkstra, 1991; Reuter et al., 2014). Variations in how the
entorhinal and transentorhinal cortices are visualized could result in
substantial variability in subsequent volume measurements depending
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Hippocampal Orientation
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Fig. 1. Bland-Altman plots showing percentage change in volume against mean volume between Time 1 and Time 2 on the native and hippocampal oriented MRI

scans.

Note. Solid lines represent mean percentage change in volume between Time 1 and Time 2. Dashed lines represent 95% agreement limits and shaded areas represent

corresponding 95% ClIs.

on how much structure is visible.

One limitation of the current study is that the 3-month interval be-
tween MRI scans may have introduced extraneous variables that alter
brain morphology and thus impacted the depth and volume measure-
ments (Duning et al., 2005; Hagemann et al., 2011). Nevertheless,
because the scans in the common orientation condition were the same
scans as in the native orientation condition except realigned, any impact
on the depth and volume measurements due to extraneous variables
should be present in both conditions. Therefore, the observed
improvement in reliability of the depth and volume measurements may
be concluded to be attributable to the standardization in orientation.

The results of the current study highlight the importance of aligning
MRI scans to a common orientation to obtain reliable volume mea-
surements of structures of interest. Notably, there has been growing
interest in automated brain volumetric segmentation tools, which typi-
cally rely on manually segmented scans as training data (Singh and
Singh, 2021). For these tools to provide reliable measurements, it is
essential that the procedures used to obtain the manual segmentation
training data optimize reliability. Standardizing MRI scan orientation is
a simple step toward improving the reliability of manual segmentations.
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