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Abstract. Alzheimer disease (AD) at an early stage is characterized by
a synaptic loss and atrophy in the apical layer of the CA1 part of the
hippocampus, the stratum radiatum and stratum lacunosum-moleculare
(SRLM). It was shown in vivo that patients with mild AD exhibit a
reduced thickness of the SRLM.
We propose a new approach to measure SRLM thickness in coronal brain
sections. It is based on the interpolated contour of the manually seg-
mented SRLM and its medial axis. We automatically compute the axis
by combining Voronoi diagrams and methods from graph analysis. While
existing measurement approaches require a mental segmentation of the
SRLM and a repeated local estimate of its center, we obviate the latter.
We evaluate our approach based on coronal T2∗-weighted 7-Tesla MR
images of 27 subjects.

1 Introduction

At an early stage, Alzheimer disease (AD) is characterized by episodic memory
dysfunction. The hippocampus – a brain structure existing in both hemispheres
and being part of the limbic system – plays a crucial role in consolidating episodic
memory [1]. Postmortem studies found that synaptic loss and atrophy in the api-
cal layer of the CA1 part of the hippocampus, the stratum radiatum and stratum
lacunosum-moleculare (SRLM, Fig. 1(a)), coincide with earliest cognitive symp-
toms [2]. Kerchner et al. [3] showed that patients with mild AD exhibit a reduced
SRLM thickness. Their analysis was based on coronal T2∗-weighted images from
ultra-high field 7-Tesla (7-T) MRI. Only ultra-high field imaging provides an in-
plane resolution (< ≈0.5mm) high enough to identify hippocampal subfields
(Fig. 1(b)). Since normal SRLM thickness is about 1mm, its width covers only
a few pixels. Within each transection of the hippocampus, the SRLM is heavily
quantized and borders to adjacent structures form a step-wise pattern. Since the
CA1 apical neuropil is affected in early stages of AD, a correct measurement of
SRLM thickness could serve as an objective imaging biomarker for AD pathol-
ogy and moreover, contribute to judging the (e.g. protective) effects of physical
or cognitive training in early AD patients as well as healthy older people.
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Fig. 1. (a) Coronal T2∗-weighted Magnetic Resonance image with overlaid ROIs of the
stratum radiatum and stratum lacunosum-moleculare (SRLM, white) and pyramidal
CA1 (black). The upper inset shows the corpus callosum (arrow). Its shape is similar
to SRLM shape. (b) Schematic of the subfields in the hippocampal body.

Two approaches to measuring SRLM thickness have been published. A man-
ual approach was presented by Kerchner et al. [3]. For each hemisphere in two
consecutive slices, the user draws three lines extending over the local width of the
SRLM. The approach is subjective, it is restricted to a subset of the slices that
show the SRLM, and it poorly acknowledges the variance in thickness along the
SRLM. Recently, Kerchner et al. [4] proposed a semi-automatic measurement.
The user first draws in the medial axis of the SRLM in all slices. Orthogonal sig-
nal intensity profiles are then determined at equidistantly sampled points along
a spline that is fit to the user-defined line. A single thickness value is computed
per slice based on the average signal intensity change from the medical axis of
the SRLM to the surrounding subfields. The approach is less subjective but sen-
sitive to the user’s definition of the medial axis. The definition requires a mental
segmentation of the SRLM and a concurrent, repeated local estimate of its cen-
ter. The latter is particularly tedious in regions of very small SRLM thickness
(1-2 pixels). Furthermore, the measured local thickness depends on the signal in-
tensity distribution of the surrounding subfields. SRLM sites being equally thick
may result in different measurement values. This effect is mitigated by averaging
the local intensity profiles but hampers a real local analysis.

The shape of the SRLM in coronal slices is similar to the shape of the corpus
callosum (cc) in mid-sagittal slices (Fig. 1(a), cc in upper inset). An overview of
approaches to measuring callosal thickness is part of [5]. Most approaches rely on
the medial axis of the cc and determine thickness orthogonal to it. We propose a
related SRLM measurement approach which is based on the interpolated contour
of the manually segmented SRLM and the medial axis of this contour, i.e., of
the SRLM. In contrast to [4], we automatically compute the axis. The contour
increases the range of possible measurements, e.g., by area or curvature. Another
advantage is the coherent local computation of SRLM thickness independent of
the signal intensities of surrounding structures. We evaluate our approach based
on two studies comprising T2∗-weighted 7-T MR images of 27 subjects.
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2 Materials and Methods

The focus of this section is on the measurement of the SRLM. Before, we describe
our study data and briefly our SRLM segmentation.

2.1 Study Data and SRLM Segmentation

The data were collected in an ultra-high field 7-T MRI study at the Institute
of Cognitive Neurology and Dementia Research of the University of Magdeburg,
Germany. The study combined a visual learning paradigm with high resolution
functional measurements and very high resolution structural images for 14 sub-
jects. A pre-study with 13 subjects was conducted. For both studies, healthy
young people were recruited (age 25±2, 14 male). MRI data were acquired using
a 7-T MRI system (Siemens, Erlangen, Germany) with a 32-channel head coil.
The high resolution partial structural volume was acquired (T2*-weighted imag-
ing, TE = 18.5ms, TR = 680ms, in-plane resolution 0.33mm×0.33mm, slice
thickness 1.5mm+25% gap, 45 slices, FOV 212mm×179mm, matrix 640×540),
with a slice alignment orthogonal to the hippocampal main axis. The pre-study
was conducted with the same sequence and similar parameters.

The segmentation of hippocampal subfields was performed for each hemi-
sphere using MRIcron (Chris Rorden, Version 4, April 2011). First, subfields in
the hippocampal body were traced according to [6]. Next, the parahippocampal
regions were delineated. Then, the hippocampal head was segmented into subre-
gions according to [7]. The hippocampal tail was not delineated. Overall, the hip-
pocampus was segmented into subiculum (Sub), CA1-stratum pyramidale (pyr.
CA1), CA1-stratum radiatum/stratum lacunosum-moleculare (SRLM, Fig. 1(b))
and the remaining portion comprising CA2, CA3, and DG (DG/CA2-3). Only
the SRLM part in the hippocampal body is used in the thickness evaluation.

2.2 SRLM Measurement

Our measurement of the SRLM is based on its medial axis. A good survey of
medial axis computation algorithms is part of [8]. The pixel-based medial axis
generated by topological thinning or distance transform algorithms is too coarse
since the width of the SRLM in some regions covers only 1-2 pixels. Surface
sampling methods allow for a more fine-grained determination but require a
representation of the objects boundary by a dense cloud of sample points. Our
measurement algorithm starts by computing this point cloud.

Given the binary mask of the SRLM resulting from segmentation, we process
this mask slice-by-slice (Fig. 2(a)). A 3D measurement is not feasible due to the
considerable slice thickness (1.5mm+25% gap). We start by computing a smooth
contour of the quantized binary mask. A marching squares algorithm with linear
interpolation provides an initial sharp-edged contour. The contour is enhanced
via B-spline interpolation followed by a Laplacian smoothing with displacement
adjustment to avoid shrinkage [9]. The smoothing parameters have been deter-
mined empirically: 10 smoothing passes with a factor of 0.1 and a window of 3



4 Oeltze et al.

(a) (b) (c)

Fig. 2. Measurement approach. (a) Computation of the contour (black) of the SRLM
mask (white). (b) Voronoi diagram (net-like structure) of the contour points (circles).
The medial axis (thick polyline) is part of the diagram. The inset shows erroneous side
branches. (c) Ideal medial axis and thickness measurements (thin, orthogonal lines).

points. The final contour is resampled equidistantly with a sample point density
that fulfills the requirements for an accurate medial axis computation [10].

The medial axis is derived from the Voronoi diagram of the sample points
[10] (Fig. 2(b)). A Voronoi diagram divides the space into regions such that each
seed (contour sample point) is contained in a separate region which comprises all
points that are closer to this seed than to any other. The edges of the Voronoi di-
agram, which are completely contained within the SRLM contour, constitute its
medial axis. They are determined based on point-in-polygon tests. The Voronoi
approach is sensitive to noise in the contour. Slight deviations from a perfectly
smooth curve cause short side branches originating from the medial axis (inset
in Fig. 2(b)). Hence, pruning is often carried out as a post-processing step [10].

We suggest an inverse strategy that separates the ideal medial axis MAideal

from the noisy one MAnoisy (Fig. 2(c)). Due to the normally non-branching,
tubular shape of the SRLM within a coronal slice, MAideal is a simple polyline
extending from one end to the other. Its separation is based on the observation
that MAideal corresponds to the longest of the shortest paths between any pair
of terminal vertices of MAnoisy. We treat MAnoisy as an undirected, unweighted,
acyclic graph. Each of the n vertices is a node and an edge exists between two
nodes if they are connected by a line segment in MAnoisy. We describe the
graph by its n×n symmetric adjacency matrix A, whose entries equal 1 if the
two corresponding nodes are connected by an edge and 0 otherwise. Terminal
vertices of MAnoisy are characterized by a single 1 in their corresponding row or
column of A. For each pair of terminal vertices, we find the shortest in-between
path, i.e., along MAnoisy, by Breadth-First Search on A. The longest of these
shortest paths represents MAideal.

To measure SRLM thickness, we equidistantly resample MAideal according
to a user-defined number of thickness measurements (Fig. 2(c)). At each sample
point, we erect an orthogonal line. Its intersections with the lower and upper part
of the SRLM’s contour delimit the local thickness. If a line intersects the contour
more than twice, the two intersections which are on either side of the line and
closest to MAideal are chosen. The Euclidean distance between the intersection
points corresponds to the local thickness of the SRLM.
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3 Results

We have applied our measurement approach to data of 27 subjects. For each sub-
ject, the SRLM of the two hemispheres has been segmented in≈10 slices resulting
in 594 SRLM contours. The algorithm was set to equidistantly sample SRLM
thickness at 20 locations along the medial axis. All medial axes and orthogonal
lines defining local SRLM thickness were visually verified. Local thickness was
correctly represented in > 95% of the orthogonal lines. Figure 3 shows typi-
cal examples for successful and failed representations, and illustrates the shape
variety of the SRLM. In (a − c), common shape variants and their reasonable
measurements are displayed. The contours in (d− f) represent increasing devia-
tions from the typical SRLM shape leading to incorrect thickness measurements
(thick lines). It can be seen that these errors occur mostly at sites of high bending
or where one part of the contour bends significantly different than the opposite
part. The branchings seen in (g−h) result from uncertainty during segmentation
which is due to similar signal intensities of blood vessels or surrounding struc-
tures. Although a reasonable medial axis can be computed, thickness measure-
ments are disturbed by the second branch and it remains unclear which branch
represents the SRLM. Instead of neglecting individual thickness measurements,
we completely removed cases similar to (d − h) from our analysis (22% of the
contours were removed).

a b c

d e f

g

h

Fig. 3. Successful (a-c) and failed (d-h) evaluations of SRLM thickness. Thick lines
represent unreasonable measurements due to strong local differences in the bending of
the lower and upper SRLM contour parts (d-f) or due to a branching contour (g-h).

The SRLM thicknesses of all subjects had a mean of 0.95mm (σ = 0.17mm)
and showed a very high correlation between both hemispheres (r = 0.93, p <
0.01), which suggests that an individual property of the subjects was indeed
obtained. Kerchner et al. reported thickness values in the range 0.4−0.6mm [4].
The differences to our values are most likely due to their conservative estimate of
where SRLM ends and where surrounding structures begin based on the signal
intensities. While they choose the approximate middle of the unsure transition
zone, we include the entire zone during segmentation.
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4 Discussion

Our method is largely dependent on the individual rater bias during pixel-wise
delineation of the SRLM. However, if either a conservative or a slightly relaxed
segmentation strategy is consistently chosen for all subjects of a study, the bias
should be minimized. Hence, comparing a group of subjects with mild Alzheimer
disease or Mild Cognitive Impairment and a control group is feasible. We aim
at correlating thickness and performance measures of recognition memory tests.
Hereby, differences in thickness between groups and reproducible measurements
are rather important than absolute real thickness values.

The causes of erroneous thickness measurements as illustrated in Figure 3 (d−
f), have been also acknowledged by Herron et al. in measuring the corpus cal-
losum (cc) [5]. However, their proposed solution involves a strict anatomically
based definition of the cc’s center. The computation of a similar center for the
SRLM is hampered by its higher shape variability (Figure 3). A promising so-
lution in regions of high SRLM bending is based on electric field lines and was
presented for measuring the cerebral cortex in 2D histological sections [11].
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