
Hippocampal CA1 apical neuropil atrophy and memory
performance in Alzheimer's disease

Geoffrey A. Kerchnera,*, Gayle K. Deutscha, Michael Zeinehb, Robert F. Doughertyc,
Manojkumar Saranathanb, and Brian K. Ruttb
aStanford Center for Memory Disorders, Department of Neurology and Neurological Sciences,
Stanford University School of Medicine, Stanford, CA 94305, USA
bDepartment of Radiology, Stanford University School of Medicine, Stanford, CA 94305, USA
cStanford Center for Neurobiological Imaging, Department of Psychology, Stanford University,
Stanford, CA 94305, USA

Abstract
Memory loss is often the first and most prominent symptom of Alzheimer's disease (AD),
coinciding with the spread of neurofibrillary pathology from the entorhinal cortex (ERC) to the
hippocampus. The apical dendrites of hippocampal CA1 pyramidal neurons, in the stratum
radiatum/stratum lacunosum-moleculare (SRLM), are among the earliest targets of this pathology,
and atrophy of the CA1-SRLM is apparent in postmortem tissue from patients with mild AD. We
previously demonstrated that CA1-SRLM thinning is also apparent in vivo, using ultra-high field
7-Tesla (7 T) MRI to obtain high-resolution hippocampal microstructural imaging. Here, we
hypothesized that CA1-SRLM thickness would correlate with episodic memory performance
among patients with mild AD. We scanned nine patients, using an oblique coronal T2-weighted
sequence through the hippocampal body with an in-plane resolution of 220 µm, allowing direct
visual identification of subfields — dentate gyrus (DG)/CA3, CA2, CA1, and ERC — and
hippocampal strata — SRLM and stratum pyramidale (SP). We present a novel semi-automated
method of measuring stratal width that correlated well with manual measurements. We performed
multi-domain neuropsychological evaluations that included three tests of episodic memory,
yielding composite scores for immediate recall, delayed recall, and delayed recognition memory.
Strong correlations occurred between delayed recall performance and the widths of CA1-SRLM
(r2=0.69; p=0.005), CA1-SP (r2=0.5; p=0.034), and ERC (r2=0.62; p=0.012). The correlation
between CA1-SRLM width and delayed recall lateralized to the left hemisphere. DG/CA3 size did
not correlate significantly with any aspect of memory performance. These findings highlight a role
for 7 T hippocampal microstructural imaging in revealing focal structural pathology that correlates
with the central cognitive feature of AD.
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Introduction
Episodic memory dysfunction is the earliest and most profound symptom in most cases of
Alzheimer's disease (AD). The hippocampus plays a key role in the consolidation of new
episodic memories (Milner, 2005), and neuropathological alterations of this structure (Braak
et al., 2006) probably account for early symptoms of the disease.

Hippocampal degeneration in early AD is not uniform. After inundation of the entorhinal
cortex (ERC) by neurofibrillary tangle pathology, the synapse-rich CA1 stratum radiatum
and stratum lacunosummoleculare (SRLM) is the next area to become affected (Braak and
Braak, 1997; Braak et al., 2006; Thal et al., 2000). The appearance of aggregates of the
microtubule-associated protein tau in CA1-SRLM precedes the loss of CA1 pyramidal
neurons themselves, and coincides with the earliest cognitive symptoms (Braak and Braak,
1997; Thal et al., 2000). At autopsy, profound synaptic loss and atrophy appears in this area
(Braak and Braak, 1997; Mizutani and Kasahara, 1997; Qin et al., 2004; Scheff et al., 2007;
Thal et al., 2000).

Confirming the predictions of this postmortem literature, CA1-SRLM atrophy distinguished
patients with mild AD from age-matched normal controls (Kerchner et al., 2010). This prior
study took advantage of the ability of ultra-high field 7-Tesla (7 T) magnetic resonance
imaging (MRI) to reveal distinct hippocampal subfield and stratal boundaries, including a
separation between CA1-SRLM and the adjacent cell body layer, the stratum pyramidale
(CA1-SP) (Kerchner, 2011; Kerchner et al., 2010). Using lower field imaging techniques not
designed to discriminate between hippocampal strata, other labs have observed general
volume loss in CA1 or adjacent subiculum in conjunction with normal aging (La Joie et al.,
2010), Mild Cognitive Impairment (MCI) (Apostolova et al., 2006a; Mueller et al., 2010;
Yassa et al., 2010), and AD (Apostolova et al., 2006a; Mueller et al., 2007, 2010). One
group has shown that CA1 atrophy predicts future cognitive decline among healthy subjects
(Apostolova et al., 2010b) or patients with MCI (Apostolova et al., 2006b). In our prior
study, CA1-SP thickness did not differ between subjects with mild AD or normal cognition
(Kerchner et al., 2010), suggesting that CA1-SRLM atrophy could conceivably be driving
the findings of other groups. Only one group found atrophy in the dentate gyrus (DG) and
CA3 to be greater than in CA1 among patients with MCI (Yassa et al., 2010).

There is likely a connection between early episodic memory dysfunction and early CA1
neurofibrillary pathology in AD. Indeed, others have reported correlations between overall
CA1 size and delayed memory performance (Apostolova et al., 2010a; Atienza et al.,
2011;Mueller et al., 2011a), and other work suggests a specific role for CA1 in the
recollection of recently learned cues (Eldridge et al., 2005). Given the special vulnerability
of the CA1 apical neuropil to early AD, we hypothesized that CA1-SRLM thickness should
correlate with delayed recall performance among patients. Using a new T2-weighted 7 T
MRI sequence for microstructural imaging of the medial temporal lobe, together with a
novel method of stratal width determination, we endeavored to test this hypothesis in
patients with mild AD.

Methods
Subjects

Patients with mild AD were recruited from the Stanford Center for Memory Disorders. Each
subject provided written, informed consent in accordance with a protocol approved by the
Stanford Institutional Review Board. Inclusion criteria included a diagnosis of probable AD
(amnestic presentation) according to the National Institute on Aging-Alzheimer's
Association criteria (McKhann et al., 2011), a Clinical Dementia Rating (CDR) score of 0.5
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or 1 (Morris, 1993), and sufficient English language skills to participate in the
neuropsychological assessment. Exclusion criteria included any contraindication to MRI, a
history of stroke or other structural brain abnormality, or the presence of any neurological or
medical condition other than AD that could interfere with normal cognition. One subject
was excluded after enrolling because of technical problems with the MRI scan. Subject
characteristics appear in Table 1. All subjects were right-handed.

Clinical assessment
Each subject underwent a clinical evaluation that included a history, physical examination,
and neurological examination by a physician at the Stanford Center for Memory Disorders.
The faculty of the Center, including neurologists and neuropsychologists, discussed each
potential subject in a consensus conference to determine a research diagnosis. With an
identified study partner (usually a spouse), each recruited subject then underwent a
functional assessment that included the CDR (Morris, 1993), Neuropsychiatric Inventory
(Cummings et al., 1994), the Geriatric Depression Scale (Yesavage, 1988), and the
Functional Assessment Questionnaire (Pfeffer et al., 1982). The main study metrics included
a neuropsychological battery and a 7 T MRI scan, as described below. For each subject, all
study metrics were acquired within an average window of 36 days (range 2–132).

Neuropsychological assessment
Psychometric tests were administered by a trained psychometrician who was blinded to the
imaging data and who was not involved in any other aspect of the study.

Memory was assessed using the Hopkins Verbal Learning Test-Revised (HVLT-R) (Brandt,
1991), the Brief Visuospatial Memory Test-Revised (BVMT-R) (Benedict, 1997), and the
Logical Memory (LM) subtest of the Wechsler Memory Scale, 3rd edition (WMS-III)
(Wechsler, 1997). We derived metrics of immediate recall, delayed recall, and delayed
recognition from each test as follows: Immediate recall on the HVLT-R or BVMT-R was
the sum correct responses on the three learning trials; on the LM test, it was the Logical
Memory 1 score. Delayed recall on the HVLT-R or BVMT-R was the number of correct
responses on the delayed free recall trial; on the LM test, it was the Logical Memory 2 score.
Delayed recognition on the HVLT-R or BVMT-R was the discrimination index, or sum of
hits minus false positives on the recognition trial; on the LM test, it was the total correct
responses on the recognition subtest. Composite immediate recall, delayed recall, and
delayed recognition metrics were obtained by rescaling raw scores from 0 (set at the
minimum score for the group) to 1 (the maximum score) and averaging across tests.

The battery of neuropsychological tests also included, for language, the Boston Naming
Test; for visuospatial function, the figure copy subtest of the Repeatable Battery for the
Assessment of Neuropsychological Status (RBANS) (Randolph et al., 1998), and the Block
Design and Matrix Reasoning subtests of the Wechsler Abbreviated Scale of Intelligence
(WASI) (Wechsler, 1999); for working memory, the digit span subtest of the WMS-III; and
for executive function, Category Fluency (Gladsjo et al., 1999) and Trail-Making Test. Raw
scores from these tests were used for analysis.

Image acquisition
Subjects were scanned on a 7 T GE Signa HDx whole-body MRI scanner (GE Healthcare,
General Electric Company, Waukesha, WI) using a 16-channel radiofrequency receive head
coil contained within a quadrature transmit coil (Nova Medical, Inc., Wilmington, MA). The
subject's head was stabilized by packing foam between the temples and the inner surface of
the receive coil to minimize motion during the scan, and a plethysmograph was placed on a
finger on the right hand to monitor peripheral pulse. Imaging was targeted to the medial
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temporal lobes, with acquisition of oblique coronal images oriented perpendicular to the
longitudinal axis of the hippocampus, using a T2-weighted fast spin echo (FSE) sequence:
effective echo time (TE) 49 ms; repetition time (TR) ~5–6 s (cardiac gated, with the R-R
interval set for each subject according to their average heart rate, so as to achieve a TR
within this range); nominal excitation flip angle 90°; tailored refocusing flip angle from
160° to 130°; echo train length (ETL) 8; bandwidth 20.8 kHz; number of excitations (NEX)
1; slice thickness 1.5 mm; slice gap 0.5 mm; field-of-view 170×170 mm2; acquisition matrix
768×768, yielding acquired voxels measuring 0.22×0.22×1.5 mm3. Images were
interpolated on the scanner by zero filling k-space to a 1024×1024 matrix yielding a
reconstructed voxel size of 0.166×0.166×1.5 mm3. Specific absorption rate (SAR) was
approximately 2.5 W/kg. Typically 16–18 slices were obtained per subject covering most or
all of the head of the hippocampus, the entire body, and some of the tail (Fig. 1). Scan time
was typically just less than 10 min.

Image analysis
Images were visualized with the OsiriX 3.9 software package (Rosset et al., 2004) (http://
www.osirix-viewer.com/) and with FSL-View, a component of the FSL 4.1 software
package (http://www.fmrib.ox.ac.uk/fsl/). Selection of slices and delineation of regions of
interest were performed by a single scientist (GK) according to the following procedures:

Landmarks
Because the landmarks allowing visual identification of hippocampal subfields are most
apparent in the hippocampal body (Kerchner et al., 2010) (Fig. 1), slices through the
hippocampal body were chosen for analysis of subfield dimensions. From anterior to
posterior, the hippocampal body was delimited from the first slice in which the uncus was
not present (Fig. 1G) to the level of the colliculi (Fig. 1N). Although hippocampal subfields
are defined not by their imaging characteristics but rather by cytoarchitecture (and we did
not have histological specimens for any of the subjects in this study), the subfield boundaries
described here could be consistently observed in all scans and occurred in expected locations
based on human hippocampal atlases (Amaral and Lavenex, 2007; Insausti and Amaral,
2012; Prudent et al., 2010; Yushkevich et al., 2009). The dentate gyrus (DG) and CA3
subfields were not separable at this resolution (Kerchner et al., 2010), and so these subfields
were analyzed together. The medial boundary of the CA2 subfield was identified where the
SP emerged out of CA3 and reached its narrowest thickness, and its lateral boundary was
where SP began to widen (Fig. 1Q). A CA1/CA2 transition zone appeared on most slices
where SP gradually widened to its full thickness (Fig. 1Q), and CA1 was defined as starting
from that point and ending near the medial border of DG. The boundary between CA1 and
subiculum overlaps histologically, with the subiculum characterized by a lower density and
more layered arrangement of neurons than CA1 (Insausti and Amaral, 2012), likely
corresponding to a reduction in T2 signal intensity within the SP at the medial extent of CA1
(Fig. 1). This transition zone migrated medially on more posterior slices (Figs. 1A–P), as
would be expected based on histological observations (Insausti and Amaral, 2012). We
measured CA1-SP, CA1-SRLM, and ERC thicknesses; and DG/CA3 and hippocampal
cross-sectional areas.

DG/CA3
The DG/CA3 was measured by outlining its circumference using OsiriX and computing the
cross-sectional area on each slice. Values were averaged across slices to yield one value per
side per subject.
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CA1 stratal width determination
We developed a semi-automated method for measuring the thickness of CA1-SP and CA1-
SRLM. The CA1-SRLM was defined as the hypointense band between CA1-SP and the DG,
which were relatively hyperintense (Fig. 1Q) (Kerchner et al., 2010). The hippocampal
sulcus, usually vestigial, intervenes in this space; any area containing a visible pocket of
CSF (T2 intensity similar to the ventricles) was excluded from the following routine:

The region of interest (CA1-SP or CA1-SRLM) was specified by drawing a line through its
middle (Fig. 2A) on each slice through the hippocampal body, using FSL-View. MATLAB
(MathWorks, Inc., Natick, MA) was used to fit a spline to this user-specified line, and then
to derive orthogonal vectors along this spline (Fig. 2A). T2 signal intensity was plotted
along each vector as a function of distance from the spline. To mitigate any bias from the
tendency of the user-specified line to lie more to one side or the other of the true midpoint of
the structure of interest, each signal intensity-distance function was averaged with its
corresponding reverse function, yielding symmetric arrays. All such arrays on a slice were
then averaged together, and a spline was fit to the result, yielding a curve with a trough at
distance zero in the case of CA1-SRLM (Fig. 2B), or a peak in the case of CA1-SP. The first
derivative of this curve was calculated, and the distance from the peak to the trough of this
first derivative (corresponding to the inflection points on the original curve) was taken as the
width of the corresponding region (Fig. 2B). The left and right hippocampi were analyzed
separately, and values from each slice were averaged to yield one value per side per subject.

CA1-SP and CA1-SRLM widths were also measured manually, following the previously
published method (Kerchner et al., 2010): In OsiriX, three thickness measurements were
made along the length of each structure on each of the same slices used for the semi-
automated method; thickness was defined as the distance from one tissue interface to
another using an orthogonal line. These values were averaged to yield one value per side per
subject.

Hippocampus
In addition to these subfield measurements, mean hippocampal cross-sectional area was
calculated by manually tracing the circumference of the hippocampus on each slice through
the hippocampal body using OsiriX. The medial boundary of the hippocampus was defined
as the medial border of DG. Values were averaged across slices to yield one value per side
per subject.

Entorhinal cortex
The ERC was identified on slices starting with the most anterior slice in which the alveus
was visible (Fig. 1A) to the most posterior slice on which the uncus appeared (Fig. 1F). This
captured only a posterior part of the ERC, which actually extends rostrally toward the
temporal pole, but this anterior portion was outside the field of view of most subjects. The
method that we describe allowed a standardized approach across our subjects. Within a slice,
the superomedial edge of the ERC was defined as the upper medial corner of the
parahippocampal gyrus, where it was noted that cortical signal intensity increased and
became uniform (Fig. 1R). The inferolateral edge was defined as the medial base of the
collateral sulcus, where the basal edge of the cortex reached a point of maximum curvature;
while the ERC probably extends further into the sulcus than this, no border could be
visualized between ERC and perirhinal cortex. OsiriX was used to outline the perimeter of
the ERC (e.g., the curved trapezoid enclosed by the dotted and solid lines in Fig. 1R) and to
measure the lengths of the two edges (the dotted lines in Fig. 1R); thickness was
approximated as:
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Other considerations
We used raw metrics for the following reasons: We previously found that normalization to
total intracranial volume did not influence data interpretation (Kerchner et al., 2010); the
imaging technique in this study did not include whole brain coverage and did not provide an
estimate of intracranial volume; and laminar dimensions of the hippocampus and cortex are
likely driven by the absolute dimensions of neurons and their neurites and by presence of
pathology, rather than by arbitrary intersubject differences in head size. We did not measure
CA2-SP or CA2-SRLM thickness, because CA2 was typically quite short (Fig. 1Q) and in
many subjects was not amenable to the semi-automated routine described above. The
stratum oriens (i.e., basal neuropil, or the hypointense band peripheral to the SP) was too
thin to measure reliably and was indistinguishable from the alveus. Although we could have
measured volumes rather than thicknesses or areas, the third (longitudinal) dimension would
have been a quantal metric reflecting only the number of slices analyzed, and would have
added unnecessary noise and no additional information into our calculations.

Statistics
Data are reported as means ± standard deviations. For correlational analyses, the Pearson
coefficients were calculated, and two-tailed p values were used to test for significance. A
trend was defined as p<0.1, and the threshold for significance was p<0.05. For comparisons
between correlation coefficients, Steiger's Z statistic was calculated (Meng et al., 1992), and
two-tailed p values were used.

Results
Validation of semi-automated stratal width measurements

We measured CA1-SP and CA1-SRLM widths using both manual and semi-automated
techniques (see Methods). The values correlated significantly (for CA1-SP, r=0.74, p<0.001;
for CA1-SRLM, r=0.75, p<0.001). Unless otherwise stated, semi-automated measurements
were used below.

Relationship of medial temporal microstructure with memory performance
We tested whether medial temporal microstructural metrics correlated with immediate
recall, delayed recall, or delayed recognition memory (Fig. 3 and Table 2). For immediate
recall, there was no significant relationship with any microstructural measurement. By
contrast, delayed recall did correlate significantly with the widths of CA1-SRLM, CA1-SP,
and ERC. For delayed recognition, significant correlations emerged with CA1-SRLMand
ERC widths. These patterns of significance were the same whether CA1-SRLM and CA1-
SP thicknesses were measured with manual or semi-automated techniques (Table 2). DG/
CA3 cross-sectional area did not correlate significantly with any aspect of memory
performance. Mean hippocampal cross-sectional area, a proxy for total hippocampal volume
(see Section Hippocampus), correlated with delayed recall but not with delayed recognition
or immediate recall (Table 2).

In the correlational tests described above, imaging metrics were averaged for the left and
right sides, yielding, for instance, one value for CA1-SRLM per subject. Upon examining
the sides individually, we found that CA1-SRLM width correlated with delayed recall better
on the left than right (p<0.05 using Steiger's Z statistic) (Meng et al., 1992). Such
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comparisons were not significant for other composite memory scores or structural metrics.
Out of a concern that left and right hippocampi contribute differentially to verbal and
visuospatial memory (Frisk and Milner, 1990; Milner, 1965; Nunn et al., 1998, 1999;
Petrides and Milner, 1982; Smith and Milner, 1981; Spiers et al., 2001), we tested
correlations between microstructural metrics from each hemisphere independently and
scores from each individual memory test (Table 3). We found that for LM, a test of verbal
contextual memory, delayed recall correlated with CA1-SRLM width better on the left
(p<0.01 by Steiger's Z; Table 3), and delayed recognition correlated with ERC width better
on the left (p<0.05). Such direct comparisons for the HVLT-R and BVMT-R were not
significant, although we noted a tendency, especially on comparisons between CA1-SRLM
width and BVMT-R performance, for left- but not right-sided correlation coefficients to
achieve statistical significance (Table 3).

By contrast, hippocampal metrics were symmetric, on average, among our subjects: No
lateralized size differential was observed (p>0.05 by two-tailed paired t-test) for CA1-
SRLM (left 0.54 ± 0.09 mm; right 0.52 ± 0.07 mm; using semi-automated data), CA1-SP
(left 1.3 ± 0.2 mm; right 1.4 ± 0.2 mm; using semi-automated data), DG/CA3 (left 11 ± 2
mm2; right 11 ± 2 mm2), or mean hippocampal cross-sectional area (left 41 ± 10 mm2; right
40 ± 8 mm2). ERC was thinner on the left (left 1.9 ± 0.2 mm; right 2.1 ± 0.2 mm; p=0.021).
Hippocampal cross-sectional area was tightly matched across the hemispheres among
subjects (r2=0.8; p=0.001). On the other hand, subfield metrics did appear to vary
independently from side to side between subjects, with no significant interhemispheric
correlations among subjects for CA1-SRLM width (r2=0.29; p=0.13; using semi-automated
data), CA1-SP width (r2=0.13; p=0.34; using semi-automated data), or DG/CA3 area
(r2=0.41; p=0.065). Left and right ERC widths did correlate significantly (r2=0.45;
p=0.049).

Relationship of medial temporal microstructure with other neuropsychological traits
We next tested whether the same microstructural metrics correlated with performance on
neuropsychological tests that are thought to be hippocampal-independent (Table 2). Not
surprisingly, there were very few direct correlations on tests of working memory,
confrontational naming, visuospatial ability, or executive function. Manually-derived
measures of CA1-SRLM thickness correlated negatively with digit span and positively with
figure copy. DG/CA3 cross-sectional area correlated positively with full scale IQ. No other
significant correlations emerged. Medial temporal microstructural metrics did not correlate
with age, years of education, or gender (Table 2).

One possible explanation for absent correlations could be that test scores were highly
skewed, as could occur if many subjects performed badly. However, we observed a good
spread in performance on most tests, and the ratio of skewness to the standard error of
skewness was in the acceptable range of −2 to 2 (mean 0.46, with zero indicating no skew)
for each neuropsychological test administered, including the tests of memory; the one
exception was the Trails B test, for which the ratio was −2.3.

Relationships between medial temporal microstructural metrics
Given that different areas of the medial temporal lobe are differentially affected by
pathology in AD (Braak and Braak, 1997; Braak et al., 2006), and that corresponding
microstructural imaging metrics are variously sensitive for AD (Kerchner et al., 2010), we
tested how well the dimensions of individual subfield correlated with each other (Table 2).
CA1-SP and ERC widths were tightly correlated. Not surprisingly, there were also
significant correlations between subfield metrics and mean hippocampal cross-sectional
area.
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Discussion
Our findings support the hypothesis that CA1-SRLM thickness correlates with delayed
recall memory performance among patients with mild AD. We additionally found that the
thicknesses of CA1-SP and ERC similarly correlated with delayed recall. These data
establish that in addition to a role in discriminating patients with AD from healthy controls
(Kerchner et al., 2010), hippocampal microstructural metrics also track the severity of a core
neuropsychological feature of the disease.

CA1-SRLM atrophy and memory dysfunction
Our study is the first to consider the differential associations of CA1-SP and CA1-SRLM
atrophy with delayed recall performance in vivo. Distinguishing the principal neuronal cell
body layer from its associated apical neuropil was possible because of the remarkably high
resolution and signal-to-noise afforded by 7 T MRI (Kerchner, 2011; Kerchner et al., 2010).
Attention to this layered anatomy is relevant, because disproportionate CA1-SRLM thinning
is an early manifestation of AD that has been observed at autopsy (Braak and Braak, 1997;
Mizutani and Kasahara, 1997; Qin et al., 2004; Scheff et al., 2007; Thal et al., 2000) and by
7 T MRI in vivo (Kerchner et al., 2010).

CA1-SRLM atrophy could play a mechanistic role in the memory loss associated with AD.
It is an area rich in synapses from CA3 to CA1 and from perforant pathway axons from the
ERC to CA1. Synapses onto CA1 neurons, especially in the stratum radiatum, are highly
plastic and have been hypothesized to play a critical role in learning and memory (Kerchner
and Nicoll, 2008). Loss of these synapses would be expected to cause a fundamental
disruption of hippocampal circuitry (Amaral and Lavenex, 2007; Insausti and Amaral,
2012). In fact, one postmortem electron microscopic study revealed a gradient of synaptic
loss in CA1-SRLM from normal controls to MCI to mild AD, and that synaptic density
correlated with memory performance (Scheff et al., 2007). It is thus likely that focal damage
to CA1-SRLM plays a direct role in memory dysfunction in AD.

Other lines of evidence support the general notion that synaptic dysfunction is more
pronounced than neuronal loss in early AD (Selkoe, 2002). In a mouse model of the disease,
CA1 synaptic loss precedes both neuronal loss and the appearance of pathology (Hsia et al.,
1999). In humans with early AD, pathological burden is greater in CA1-SRLM than in CA1-
SP (Braak and Braak, 1997); supporting that finding, 7 T imaging revealed no difference in
CA1-SP thickness between patients with mild AD and normal controls (Kerchner et al.,
2010). In this study, delayed recall correlated significantly with both CA1-SRLM and CA1-
SP thicknesses. Given our small sample size, it was not possible to detect whether one
played a bigger role than the other in accounting for differences in episodic memory
performance; this will be a focus of future work, which should involve the study of
individuals at earlier, preclinical stages of Alzheimer's disease when discrepant
contributions of CA1-SRLM and CA1-SP may be more pronounced.

In our patients, ERC thickness also correlated with both delayed free recall and delayed
recognition subtests. This is not surprising, given the important reciprocal synaptic
connections between CA1 and ERC (Amaral and Lavenex, 2007; Insausti and Amaral,
2012), and the early pathological involvement of the ERC in AD (Braak et al., 2006).
Another group found that ERC thinning correlated with apolipoprotein-E ε4 allele carrier
status, a risk factor for AD (Burggren et al., 2008), and with risk for subsequent memory
decline among patients with MCI (Burggren et al., 2011). In this study, ERC width
correlated significantly with CA1-SP width, emphasizing the important association of these
loci.
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Immediate recall did not appear to correlate significantly with any medial temporal metric.
Although our small sample size makes it hard to be sure that no relationship exists, it is
notable that immediate memory is thought to localize to non-hippocampal working memory
pathways in the brain. Digit span is another metric of working memory, and its negative
correlation with CA1-SRLM thickness (Table 2) is of uncertain significance; for immediate
recall, the regression lines with the various medial temporal metrics, while not significant,
all had a positive slope (Fig. 3), suggesting that there was no unifying pattern between these
two methods of assessing working memory. Similarly, while there was a significant
correlation between performance on one visuospatial task (figure copy) and the manually-
derived CA1-SRLM data (Table 2), this finding was not reproduced on either of the other
two visuospatial tasks (Block Design and Matrix Reasoning). Finally, DG/CA3 area
correlated significantly with full scale IQ, a global metric of intelligence, but not with any
measure of memory, any other specific cognitive domain, or the size of any other subfield.
By contrast to these isolated findings, the relationship between hippocampal microstructure
and delayed memory performance was consistent across tests and methods of measurement
(Tables 2 and 3).

Do CA1-SRLM, CA1-SP, or ERC play specific roles in delayed recall? In theory, disruption
of any node along the hippocampal trisynaptic loop (Amaral and Lavenex, 2007; Insausti
and Amaral, 2012) could lead to medial temporal circuit dysfunction and memory failure. In
this case, memory performance might be expected to degrade in direct proportion to the
overall burden of pathology, wherever it first presents; in other words, the relationship
between atrophy of these structures and memory performance that we observed may be
nonspecific — reflecting only their particular vulnerability to early tau pathology but not
any specific role in delayed recall capacity. Favoring instead a more specific role for CA1 is
one lab's observation that among patients with temporal lobe epilepsy and mesial temporal
sclerosis, a correlation between CA1 size and delayed recall performance emerged (Mueller
et al., 2011b) just as it did in AD (Mueller et al., 2011a), despite somewhat different patterns
of subfield atrophy in the two conditions (Mueller et al., 2009, 2010). It would be of interest
to study other patients with different sorts of focal hippocampal lesions, in order to
determine whether structural perturbations of different subfields or strata of the
hippocampus lead to discrete neuropsychological outcomes. Given a special role of the
hippocampus – and of the CA1 subfield in particular – for place memory (Bartsch et al.,
2010), future work should incorporate navigational testing into the neuropsychological
assessment.

Potential importance of the left hippocampus
Among our subjects, left and right hippocampal cross-sectional areas were equal, on
average, and tightly correlated. Individual subfields – CA1-SRLM, CA1-SP, and DG/CA3 –
were symmetric on average, but exhibited poor left-right correlation. While increased noise
associated with the measurement of tiny structures could account for these poor correlations,
these data suggest that macroscopic symmetries may belie actual smaller-scale asymmetries
in the contributions of individual subfields and strata to overall hippocampal size.

This phenomenon relates to our finding that although left and right CA1-SRLM width was
no different on average, the left side played a significantly greater role than the right in
driving the relationship with delayed memory performance. There is substantial evidence
that the left and right hippocampi contribute differentially to the encoding of verbal and
visuospatial memory (Apostolova et al., 2010a; de Toledo-Morrell et al., 2000; Frisk and
Milner, 1990; Milner, 1965; Nunn et al., 1998, 1999; Petrides and Milner, 1982; Smith and
Milner, 1981; Spiers et al., 2001). Thus while it is reassuring to see a disproportionate role
for the left CA1-SRLM (and ERC) in predicting performance on LM, a verbal contextual
memory test, it is not clear why a similar trend was apparent for the visuospatial memory
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test (Table 3). Perhaps this reflects a peculiarity of our subjects or of the BVMT-R; for
instance, it is hard to control for the possibility that subjects may employ a verbal strategy to
recall shapes and positions. Importantly, all of our subjects were right-handed, and so
variations in hemispheric dominance should not be an issue. Other work suggests that the
relationship between visuospatial memory and the right hippocampus is weaker than
between verbal memory and the left (McDermid Vaz, 2004). Acquiring data on more AD
subjects using additional visuospatial memory metrics could help to verify and expand upon
this finding.

7 T hippocampal microstructural MRI: methodology
In addition to the findings outlined above, we demonstrate the utility of a high-resolution
T2-weighted 7 T MRI sequence in reliably depicting hippocampal subfield and stratal
microstructural anatomy. The sequence was well-tolerated among our elderly, mildly
demented patients without any significant adverse effect.

One trade-off to having a high in-plane resolution (220 µm) was a low through-plane
resolution (1.5 mm), which was necessary to maintain an adequate signal-to-noise ratio.
Thick slices could produce partial volume artifacts, potentially blurring small structural
features in-plane. We tried to compensate for this potential pitfall by carefully prescribing
image acquisition perpendicular to the longitudinal axis of the hippocampus and by
restricting our analysis to the hippocampal body, where the anatomy is much more dynamic
in-plane than through-plane. Future sequence development could focus on strategies to
reduce slice thickness, which may allow more detailed analysis of the hippocampal head,
where anatomy is dynamic in all three dimensions.

We also report a semi-automated method for hippocampal stratal width determination. This
technique reduces reliance on user intervention to measure small structures, with the hope of
speeding analysis and enhancing reproducibility. We found that the method yielded
estimates of CA1-SRLM and CA1-SP width that correlated well with manual
measurements. Manual and semi-automated measurements correlated at a high level of
significance but were not perfectly linked, and it is not necessarily straightforward to predict
which method should be more accurate. While manual measurements are typically
considered to be a gold standard, the semi-automated method, which integrates many
measurements along the full length of the region of interest (compared to three manual
measurements per slice), could possibly be less susceptible to noise. The semi-automated
tool does still require the input of a user who is knowledgeable of hippocampal anatomy and
so is not widely deployable, but it sets the stage for future development of a more fully
automated analysis.

Conclusions
In sum, we found that among patients with mild AD, delayed recall performance correlates
with CA1-SRLM, CA1-SP, and ERC widths. Left CA1-SRLM width played an especially
important role in predicting delayed recall capacity. These data suggest that in addition to
being a marker for the presence of AD pathology, CA1-SRLM atrophy closely tracks the
magnitude of episodic memory impairment among patients with the disease. While it is not
yet clear whether a high-resolution imaging biomarker of AD-associated memory loss is yet
poised to assist in the early diagnosis of AD, our findings suggest that it may be useful in
tracking disease severity. In future work, it will be important to follow patients
longitudinally, and to examine patients with MCI or normal cognition at baseline.
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Fig. 1.
7 T hippocampal microstructural imaging. (A–P) Serial oblique coronal slices, zoomed to
the right hippocampus, are illustrated for one of the patients enrolled in this study. Slices are
arranged anterior to posterior, using the same scale represented by the bar in panel (A). (Q)
Higher magnification view of panel (I), illustrating how subfields are demarcated. Areas
containing dense collections of neuronal cell bodies (e.g., CA1-SP) appear bright on this T2-
weighted image, whereas neuropil areas (e.g., CA1-SRLM), which contain dense tangles of
axons, dendrites, and synapses, appear relatively hypointense. DG, dentate gyrus; CA1–3,
cornus ammonis subfields 1–3; SP, stratum pyramidale; SRLM, stratum radiatum/stratum
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lacunosum-moleculare; sub, subiculum. (R) Higher magnification of the parahippocampal
gyrus from panel (E), illustrating how the entorhinal cortex (ERC) is demarcated.
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Fig. 2.
Semi-automated stratal width determination. (A) Superimposed on an image of the right
hippocampus in one patient is a user-specified line through the CA1-SRLM (open circles).
The thick white line is the spline fit to the user-specified line, and thin white lines delineate
the direction of the orthogonal vectors derived from the algorithm described in Methods. (B)
Average T2 signal intensity (in relative units) is plotted against distance from the user-
specified line (in pixels). Squares represent measured values, and the solid line is a spline fit
through those points, as described in Methods. The dashed line and circles correspond to the
first derivative. The width of the stratum of interest is defined as the distance between the
peak and the trough of this first derivative.
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Fig. 3.
Microstructural correlates of memory performance. Scatter plots are illustrated for
composite scores of immediate recall, delayed recall, and delayed recognition (see
Methods), versus each of the main microstructural metrics: CA1-SRLM width, CA1-SP
width, DG/CA3 cross-sectional area, and ERC width. Statistics are shown only for
significant correlations; also see Table 2. CA1-SRLM and CA1-SP widths were determined
using a semi-automated method (see Fig. 2).
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Table 1

Subjects.

Number 9

Demographics

  Age (range) 68 ± 9 (57–85)

  M:F 4:5

  Education (years) 16 ± 3

Functional measures

  MMSE 24.7 ± 2.7

  CDR (range) 0.5–1.0

  CDR-SB 4.4 ± 1.3

  FAQ 15.3 ± 6.2

Memory performance

  HVLT-R immediate recall (raw score, out of 36) 13 ± 2.8

  HVLT-R delayed recall (raw score, out of 12) 1.6 ± 2.1

  HVLT-R delayed recognition (hits minus false positives) 4.3 ± 3.6

  BVMT-R immediate recall (raw score, out of 36) 6.7 ± 6.1

  BVMT-R delayed recall (raw score, out of 12) 1.7 ± 1.7

  BVMT-R delayed recognition (hits minus false positives) 3.8 ± 2.7

  LM 1 (scaled score) 5 ± 2.4

  LM 2 (scaled score) 4.1 ± 3.6

  LM percent retention (scaled score) 7.3 ± 4.6

Other psychometric measures

  Full scale IQ 92 ± 15

  Digit span (scaled score) 7.7 ± 1.7

  Category Fluency (T-score) 32 ± 6.2

  Trails B (T-score) 15 ± 20

  Boston Naming Test (T-score) 40 ± 11

  Figure copy (T-score) 30 ± 22

  Block Design (T-Score) 40 ± 11

  Matrix Reasoning (T-score) 46 ± 14

BVMT-R, Brief Visuospatial Memory Test, Revised;
CDR, Clinical Dementia Rating Score;
CDR-SB, CDR sum of boxes score;
FAQ, Functional Activities Questionnaire;
HVLT-R, Hopkins Verbal Learning Test, Revised;
LM, Logical Memory subtest of the Wechsler Memory Scale, 3rd edition.
MMSE, Mini Mental State Examination;

Neuroimage. Author manuscript; available in PMC 2013 June 11.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kerchner et al. Page 19

Ta
bl

e 
2

M
ed

ia
l t

em
po

ra
l m

ic
ro

st
ru

ct
ur

al
 m

et
ri

cs
 in

 r
el

at
io

n 
to

 e
ac

h 
ot

he
r 

an
d 

to
 c

lin
ic

al
 m

et
ri

cs
.

C
A

1-
SR

L
M

C
A

1-
SP

D
G

/
C

A
3

E
R

C
H

ip
p

A
ut

M
an

A
ut

M
an

D
em

og
ra

ph
ic

s

  A
ge

0.
02

0.
01

0.
02

0.
02

0.
37

^
0

0.
01

  E
du

ca
tio

n
0.

11
0.

01
0

0.
02

0.
15

0.
01

0.
01

  G
en

de
r

n.
s.

†
n.

s.
n.

s.
n.

s.
n.

s.
n.

s.
n.

s.

Su
bf

ie
ld

s

  C
A

1-
SR

L
M

–
–

–
–

–

  C
A

1-
SP

0.
44

^
0.

22
–

–
–

–

  D
G

/C
A

3
0.

03
0.

05
0.

06
0.

17
–

–
–

  E
R

C
0.

44
^

0.
28

0.
87

**
0.

73
**

0.
05

–
–

  H
ip

p
0.

55
*

0.
23

0.
68

**
0.

90
**

0.
38

^
0.

59
*

–

M
em

or
y

  I
m

m
ed

ia
te

 r
ec

al
l

0.
24

0.
05

0.
08

0.
22

0.
38

^
0.

16
0.

36
^

  D
el

ay
ed

 r
ec

al
l

0.
69

**
0.

51
*

0.
50

*
0.

57
*

0.
08

0.
62

*
0.

61
*

  D
el

ay
ed

 r
ec

og
ni

tio
n

0.
46

*
0.

45
*

0.
33

0.
42

^
0

0.
62

*
0.

33

O
th

er
 p

sy
ch

om
et

ri
cs

  F
ul

l s
ca

le
 I

Q
0

0.
13

0
0

0.
54

*
0.

02
0.

05

  D
ig

it 
sp

an
0.

35
††

,^
0.

65
††

,*
*

0.
22

0.
16

0.
07

0.
13

0.
14

  C
at

eg
or

y 
Fl

ue
nc

y
0.

01
0.

01
0

0
0.

01
0.

04
0.

01

  T
ra

ils
 B

0.
35

^
0.

43
^

0.
11

0.
28

0.
05

0.
09

0.
21

  B
os

to
n 

N
am

in
g 

T
es

t
0.

30
0.

17
0.

15
0.

01
0

0.
02

0.
03

  F
ig

ur
e 

co
py

0.
23

0.
47

*
0.

27
0.

07
0.

22
0.

19
0.

03

  B
lo

ck
 D

es
ig

n
0.

08
0.

19
0.

06
0.

16
0.

10
0.

03
0.

07

  M
at

ri
x 

R
ea

so
ni

ng
0.

06
0.

29
0

0
0.

43
^

0.
01

0.
01

Neuroimage. Author manuscript; available in PMC 2013 June 11.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kerchner et al. Page 20
Fo

r 
ea

ch
 c

at
eg

or
y 

(e
xc

ep
t f

or
 g

en
de

r,
 s

ee
 b

el
ow

),
 th

e 
fr

ac
tio

n 
of

 v
ar

ia
nc

e 
sh

ar
ed

 w
ith

 e
ac

h 
hi

pp
oc

am
pa

l s
ub

fi
el

d 
m

et
ri

c 
is

 il
lu

st
ra

te
d 

(P
ea

rs
on

 r
2 )

. A
ll 

tr
en

ds
 a

nd
 s

ig
ni

fi
ca

nt
 c

or
re

la
tio

ns
 w

er
e 

di
re

ct
(p

os
iti

ve
 P

ea
rs

on
 c

oe
ff

ic
ie

nt
),

 e
xc

ep
t a

s 
in

di
ca

te
d 

(†
†)

. F
or

 C
A

1-
SR

L
M

 a
nd

 C
A

1-
SP

, c
or

re
la

tio
n 

co
ef

fi
ci

en
ts

 a
re

 s
ho

w
n 

fo
r 

da
ta

 d
er

iv
ed

 f
ro

m
 th

e 
se

m
i-

au
to

m
at

ed
 (

A
ut

) 
an

d 
m

an
ua

l (
M

an
) 

te
ch

ni
qu

es
 (

se
e

M
et

ho
ds

).

^ N
on

-s
ig

ni
fi

ca
nt

 tr
en

d,
 w

ith
 p

<
0.

10
.

† T
-t

es
ts

 w
er

e 
pe

rf
or

m
ed

 to
 lo

ok
 f

or
 g

en
de

r 
di

ff
er

en
ce

s;
 f

or
 e

ac
h 

co
m

pa
ri

so
n,

 th
e 

di
ff

er
en

ce
 in

 m
ea

ns
 w

as
 n

ot
 s

ig
ni

fi
ca

nt
 (

n.
s.

).

C
A

1–
3,

 c
or

nu
s 

am
m

on
is

 s
ub

fi
el

ds
 1

–3
; D

G
, d

en
ta

te
 g

yr
us

; S
P,

 s
tr

at
um

 p
yr

am
id

al
e;

 S
R

L
M

, s
tr

at
um

 r
ad

ia
tu

m
/s

tr
at

um
 la

cu
no

su
m

-m
ol

ec
ul

ar
e;

 E
R

C
, e

nt
or

hi
na

l c
or

te
x;

 H
ip

p,
 h

ip
po

ca
m

pu
s.

* p<
0.

05
.

**
p<

0.
01

.

Neuroimage. Author manuscript; available in PMC 2013 June 11.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kerchner et al. Page 21

Ta
bl

e 
3

L
at

er
al

iz
ed

 r
el

at
io

ns
hi

ps
 b

et
w

ee
n 

m
ed

ia
l t

em
po

ra
l s

tr
uc

tu
ra

l m
et

ri
cs

 a
nd

 in
di

vi
du

al
 m

em
or

y 
su

bt
es

ts
.

C
A

1-
SR

L
M

C
A

1-
SP

E
R

C

L
ef

t
R

ig
ht

L
ef

t
R

ig
ht

L
ef

t
R

ig
ht

H
op

ki
ns

 V
er

ba
l L

ea
rn

in
g 

T
es

t-
R

ev
is

ed

Im
m

ed
ia

te
0.

02
0.

16
0.

2
0.

01
0.

01
0.

03

D
el

ay
ed

0.
72

**
0.

45
*

0.
09

0.
26

0.
38

^
0.

20

R
ec

og
ni

tio
n

0.
52

*
0.

05
0.

13
0.

27
0.

49
*

0.
41

^

W
ec

hs
le

r M
em

or
y 

Sc
al

e-
II

I/
L

og
ic

al
 M

em
or

y 
T

es
t

Im
m

ed
ia

te
0.

45
*

0.
11

0.
17

0.
28

0.
15

0.
17

D
el

ay
ed

0.
94

**
,†

†
0.

23
0.

30
0.

70
**

0.
60

*
0.

41
^

R
ec

og
ni

tio
n

0.
57

*
0.

14
0.

10
0.

54
*

0.
81

**
,†

0.
21

B
ri

ef
 V

is
uo

sp
at

ia
l M

em
or

y 
T

es
t-

R
ev

is
ed

Im
m

ed
ia

te
0.

26
0

0.
13

0.
14

0.
41

^
0.

34
^

D
el

ay
ed

0.
46

*
0.

01
0.

13
0.

29
0.

40
^

0.
38

^

R
ec

og
ni

tio
n

0.
54

*
0.

15
0.

02
0.

37
^

0.
50

*
0.

19

Fo
r 

ea
ch

 c
at

eg
or

y,
 th

e 
fr

ac
tio

n 
of

 v
ar

ia
nc

e 
sh

ar
ed

 w
ith

 e
ac

h 
im

ag
in

g 
m

et
ri

c 
is

 il
lu

st
ra

te
d 

(P
ea

rs
on

 r
2 )

. A
ll 

tr
en

ds
 a

nd
 s

ig
ni

fi
ca

nt
 c

or
re

la
tio

ns
 w

er
e 

di
re

ct
 (

po
si

tiv
e 

Pe
ar

so
n 

co
ef

fi
ci

en
t)

. F
or

 C
A

1-
SR

L
M

 a
nd

C
A

1-
SP

, c
or

re
la

tio
n 

co
ef

fi
ci

en
ts

 a
re

 s
ho

w
n 

fo
r 

da
ta

 d
er

iv
ed

 f
ro

m
 th

e 
se

m
i-

au
to

m
at

ed
 te

ch
ni

qu
e 

(s
ee

 F
ig

. 2
).

^ N
on

-s
ig

ni
fi

ca
nt

 tr
en

d,
 w

ith
 p

<
0.

10
.

†,
††

Si
gn

if
ic

an
tly

 d
if

fe
re

nt
 f

ro
m

 th
e 

co
nt

ra
la

te
ra

l c
or

re
la

tio
n 

co
ef

fi
ci

en
t b

y 
St

ei
ge

r's
 Z

 s
ta

tis
tic

 (
†:

 p
<

0.
05

; †
†:

 p
<

0.
01

);
 s

ee
 S

ec
tio

n 
St

at
is

tic
s 

(M
en

g 
et

 a
l.,

 1
99

2)
.

C
A

1–
3,

 c
or

nu
s 

am
m

on
is

 s
ub

fi
el

ds
 1

–3
; S

P,
 s

tr
at

um
 p

yr
am

id
al

e;
 S

R
L

M
, s

tr
at

um
 r

ad
ia

tu
m

/s
tr

at
um

 la
cu

no
su

m
-m

ol
ec

ul
ar

e;
 E

R
C

, e
nt

or
hi

na
l c

or
te

x.

* p<
0.

05
.

**
p<

0.
01

.

Neuroimage. Author manuscript; available in PMC 2013 June 11.


