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BACKGROUND AND PURPOSE: Quantitative markers of Alzheimer disease (AD), particularly in the early
stages, are needed for clinical assessment and monitoring. WWe have evaluated a novel method to
segment and visualize the ventricular system and obtain volumetric measures thereof. The temporal
horn volume (THV) and index in patients with mild cognitive impairment (MCI) and in those with AD
were evaluated.

METHODS: High-resolution T1-weighted volume imaging was performed in 52 subjects (21 patients
with MCI, 10 with AD, and 21 healthy control subjects). An interactive watershed transformation and
semiautomated histogram analysis were implemented to produce segmented THV and temporal horn
indices (THI) (ratio of THV to lateral ventricular volume).

RESULTS: Cerebral ventricular and temporal horn size could be semiautomatically quantified from all
52 datasets. The method was fast and rater-independent. Qualitative ventricular inspections using
surface rendering shading could uncover atrophic process with enlargement of the whole and espe-
cially temporal horn volume. Both THV and THI of patients with AD were significantly larger than those
of patients with MCl or control subjects (P < .005). There was no significant difference in THV and THI
between patients with MCI or control subjects (P > .05). There was a significant correlation between
the neuropsychologic performance and both THI and THV across groups (P < .01).

CONCLUSION: THV and THI could be used as markers of AD in the clinical environment and are

Izheimer disease (AD) is the most common form of de-

mentia among the elderly, with a prevalence of approxi-
mately 5% in people older than 65 years. Despite increased
knowledge of the pathophysiologic processes underlying AD,
the diagnosis relies largely on subjective clinical judgments
(behavioral or cognitive)."> The estimated accuracy of using
this approach is approximately 85%° compared with histo-
logic data, which are considered the reference standard. Earlier
studies*® showed that structural changes in the medial tem-
porallobe (hippocampus, parahippocampal gyrus, entorhinal
cortex) might serve as indirect markers for AD. Further studies
have shown that atrophy of the hippocampal formation is a
pathologic hallmark of AD, with a diagnostic accuracy of more
than 90%.”

No fast and robust method for direct hippocampal volu-
metric quantification is available, and structural changes may
not be detected reliably by visual inspection alone until the
advanced stages of the disease. Therefore, structural imaging
techniques using whole-brain volumetric quantification and
voxel compression subtraction were developed to quantify
volumetric changes in the brain. Current segmentation meth-
ods are either time consuming or unreliable. Direct hip-
pocampal segmentation is still a challenging task, in that parts
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expected to be helpful in monitoring therapeutic intervention.

ofits border are poorly differentiated in typical images.'® Even
highly advanced segmentation methods based on deformable
shape models and atlases are reported to require at least 20 to
30 minutes per dataset for manual landmark placement.'>"!
Therefore, manual sampling of medial temporal lobe struc-
tures still constitutes the “gold standard.”"?

Because the temporal horns of the cerebral ventricles are
adjacent to the hippocampal formation, we proposed the tem-
poral horn volume (THV) and the temporal horn index
(THI = THV/lateral ventricular volume) as indirect and sen-
sitive regional measures for hippocampal and parahippocam-
pal atrophy in a preliminary report."? This article puts special
emphasis on the validation of the THV and THI as surrogate
markers of volume loss in the hippocampal formation. These
measurements were correlated with the neuropsychologic
outcome of 31 patients and 21 control subjects.

Methods

Subjects

Subjects were recruited from the section for geriatric psychiatry at the
University of Heidelberg as well as from participants of a population-
based, interdisciplinary, longitudinal study of aging in the Heidelberg
area. The clinical evaluation of all subjects included ascertainment of
personal and family history as well as physical, neurologic, and neu-
ropsychologic examination. Those with a history of ischemic heart
disease, cancer, and cerebrovascular risk factors (hypertension and
diabetes) were excluded. Neuropsychologic performance was as-
sessed with the use of an extensive test battery that has been described
in detail.'* In brief, neuropsychologic assessment comprised atten-
tion and concentration, primary and secondary memory, speed of
processing, visuospatial orientation, and word fluency. To compare



the degree of cognitive impairment among the 3 study groups the
global deterioration scale (GDS)'” was performed on each subject.

Fifty-two subjects, including 21 control subjects, 21 patients with
mild cognitive impairment (MCI), and 10 patients with AD were
recruited in this study. The mean age of the control subjects was 66.5
years (range, 65—67). Mild cognitive impairment was defined by the
Levy criteria of aging-associated cognitive decline.'® The mean age of
those with MCI was 66.6 years (range, 65—67). Mild to moderate AD
was defined by the National Institute of Neurological and Commu-
nication Disorders and Stroke-Alzheimer Disease and Related Disor-
ders Association criteria.' The mean age of those with AD was 65.1
years (range, 54—74). Evaluation of all patient data was performed
under a research protocol reviewed and approved by the Institutional
Review Board of the University of Heidelberg.

Imaging and Data Analysis

All examinations were performed on a 1.5T clinical MR scanner
(Magnetom Vision; Siemens Medical Solutions, Erlangen, Germany).
A T1-weighted coronal high-resolution volume acquisition was per-
formed (repetition time [TR], 4 ms; flip angle, 13° field of view
[FOV], 250 mm; matrix, 256 X 256; 128 contiguous sections of 1.8
mm) and supplemented with axial T2-axial weighted and fluid-atten-
uated inversion recovery (FLAIR) images. The acquired images were
anonymized by the removal of DICOM (standard for Digital Imaging
and Communication in Medicine) header information. The data
were assessed by a blinded reader.

The T1-weighted volumetric datasets were analyzed with a com-
bination of fast 3D marker based segmentation and histogram analy-
sis. All of the image analysis methods have been integrated as modules
into the research and development platform MeVisLab (MeVis, Bre-
men, Germany) dedicated to rapid application prototyping in medi-
cal image analysis and visualization."”

Image Segmentation and Temporal Horn

Volume Estimation

Segmentation of lateral ventricles including frontal horn, trigone,
posterior horn, and temporal horn (TH) was performed applying an
interactive watershed transform (IWT)'® to the original images. This
requires 2 to 6 anatomic landmarks, depending on the image quality
and width of the temporal horns, to segment the ventricles and was
performed twice for every dataset, once with and once without the
temporal horns, resulting in 2 volume estimates for each side, which
were named LVV (lateral ventricular volume) and LVV*, respectively.
The temporal horn index was defined as THI = THV/LVV, whereas
temporal horn volumes were calculated by subtraction THV =
LVV — LVV*. Because of the thin shape and small volume of tempo-
ral horns, we found this subtraction more robust to partial volume
averaging than a direct TH segmentation.'® The posterior TH limit
was defined by a plane through 3 distinct anatomic landmarks, which
were interactively identified on 3 synchronized orthogonal viewers
(Fig 1). The landmarks were the anterior borders of the left and right
trigone between frontal and temporal horn and the posterior tip of the
inferior colliculus.

A semiautomated analysis of regional histograms was applied to
both segmentations (each containing 2 objects, left and right lateral
ventricle) to robustly estimate LVV(L/R) and LVV*(L/R)."” The anal-
ysis was based on a trimodal Gaussian model (CSF, white matter, and
gray matter) that explicitly included partial volume terms, so-called
Mixed Gaussians. Assuming uniformly distributed partial volume ef-
fects, Mixed Gaussians take the form of plateau curves. The model is
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Fig 1. Posterior limit of temporal horns defined by a cut plane through 3 distinct anatomic
landmarks that can be defined reliably and independently of patient positioning or head
rotation, respectively.

fitted to the histogram data by minimizing squared errors. The repro-
ducibility of this method has previously been evaluated on healthy
volunteers.'” Mean interexamination SD values were as low as 0.07
mL for THV and 0.56% for THI.

Statistics

The age of the 3 different groups was compared to explore potential
age differences between groups by using Mann-Whitney U test. The
rightand left LVV, THV, and THI values of patients with AD, subjects
with MCI, and control subjects were compared with the use of anal-
ysis of variance, followed by Mann-Whitney U test. Pearson correla-
tion was calculated between the morphometric values and the neuro-
psychologic measures. Statistical analysis was performed using SPSS
version 11 (SPSS, Chicago, Il).

Results
In all 52 cases, the ventricles were successfully quantified and
visualized. A representation of the ventricles from each group
is shown in Fig 2. The 3 groups did not differ significantly in
age and sex (P > .05). The values for right and left LVV, THYV,
and THI of the control subjects, subjects with MCI, and pa-
tients with AD are summarized in Table 1. There was no sig-
nificant difference between right, left, and total LVV, THYV,
and THI of subjects with MCI and control subjects (P > .05).
The right, left, and total LVV, THV, and THI of patients with
AD were significantly larger compared with control subjects
(P <.05) and with subjects with MCI (P < .05).
Comparison of the GDS scores as measures for global cog-
nitive functioning revealed significant differences between
healthy control subjects (mean, 1.29; SD 0.46), subjects with
MCI (mean, 1.71; SD 0.46) and patients with AD (mean, 3.90;
SD 0.88). Moreover, the scores achieved in the reproduction
item of the selective reminding test differed significantly
among the groups (control subjects: mean, 7.06, SD 0.68; sub-
jects with MCI: mean, 6.50, SD 0.69; and patients with AD:
mean, 3.86, SD 1.11). Statistical analysis of a putative correla-
tion between morphometric values and neuropsychologic
measures showed a significant negative correlation between
the THI and the declarative reminding test (P << .01) as well as
between THV and the declarative reminding test (P < .01)
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Fig 2. 3D appearance of the ventricles in a control
subject (A), subject with MCI (B), and a patient with AD
(C). The temporal horn of the lateral ventricle is larger in
the patient with AD compared with the control subject
or patient with MCI.
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Fig 3. Significant negative correlation between the THV/THI and neuropsychologic test (P < .01). THI = Neuropsychologic test = 7.45 = 15.75 X tthi & = 0.29; THV = Neuropsychologic

test = 7.12 32 = 067 X tthv A2 = 0.44.

(Fig 3). In addition, an individual analysis of the AD subgroup
showed a significant correlation of THV and THI and the de-
clarative reminding test [correlation coefficient k = 0.65; P <
.05].

Discussion

Current consensus in the scientific and clinical community
has emphasized the need for early detection and the need to
develop sensitive objective markers that may serve as adjuncts
to current clinical and neuropsychologic tests. Such objective
markers of AD should detect the disease at its early stages and
could also be used to monitor therapeutic intervention. Direct
and focused imaging assessment of regional atrophy of medial
temporal lobe (MTL) seem most promising and enable the
discrimination of AD from healthy control subjects with the
use of MR imaging.”>*'

A variety of measurement-based techniques have been
used to try to discriminate between patients with AD from
those with other disorders, such as vascular dementia or fron-
totemporal dementia. Manual/semiautomated segmentation
of the hippocampus takes approximately 20—30 minutes, de-
pending on user experience.”” Jack et al*> have shown that the
rate of temporal horn enlargement is similar to that of hip-
pocampal atrophy, indicating that the temporal horn mea-
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surements could be used in place of hippocampal measure-
ments. Earlier studies attempted to define sentinel changes
that will allow the use of linear measurements of the temporal
horn to support clinical decisionmaking.>**> These studies
have yielded variable results, with sensitivities ranging from
33% to 93% and specificity of approximately 95%.>*2%*°
These differences are likely to reflect different methodologic
approaches to assess medial temporal lobe; this emphasizes
the necessity of a reliable and economic approach to quantify
brain atrophy. Most previous investigators used manual trac-
ing techniques, however, which are time-consuming and rat-
er—dependent.12 In contrast, we describe a fast and robust ven-
tricular quantification method of evaluating the THV. This
technique takes 3 minutes to evaluate the THV and therefore
lends itself well to application in busy clinical settings.

As shown in a previous study,'” cerebral ventricular seg-
mentation and volumetry based on the IWT and histogram
analysis are largely independent of the landmark positions.
The robustness and reproducibility of THV and THI has been
evaluated by our group.'” We found that both the intraob-
server and interobserver variations are very small.'® Measur-
ing THV by subtraction rather than directly has a 2-fold mo-
tivation. First, the reproducibility is better for THV than for
LVV, reflecting the fact that variations of LVV and LVV* are



Right, left, and total left LVV, THV, and THI of the controls and MCI
and AD patients

Controls

(SD) MCI (SD) AD (SD)
Mean left LVV (mL) 14.42 (7.02) 12.78 (5.36) 25.64 (16.08)
Mean right LVV (mL) 13.24 (5.61) 11.38 (5.11) 22.80 (9.47)
Mean total LVV (mL) 27.66 (12.47) 24.17 (10.07) 48.44 (24.25)
Mean left THV (mL) 0.46 (0.36) 0.40 (0.36) 1.65 (0.84)
Mean right THV (mL) 0.43 (0.36) 0.46 (0.36) 1.74 (1.22)
Mean total THV (mL) 0.89 (0.68) 0.86 (0.68) 3.39 (1.80)
Mean left THI 0.03 (0.02) 0.03 (0.02) 0.07 (0.02)
Mean right THI 0.03 (0.02) 0.04 (0.02) 0.07 (0.03)
Mean total THI 0.06 (0.03) 0.07 (0.04) 0.14 (0.04)

Note:—LVV indicates lateral ventricular volume; THV, temporal horn volume; THI, temporal
horn index (THV/LVV ratio); MCI, mildly cognitive impaired; AD, Alzheimer disease.

positively correlated. Second, regional histograms of solely the
tiny temporal horns are extremely sparse. In comparison, the
histograms for the 2 larger objects yield a higher robustness
and reproducibility. From the user perspective, however, di-
rectly segmenting the temporal horns or excluding them from
a previous lateral ventricle segmentation is equivalent.

Even though it is not fully automated, our method has
shown an excellent intraobserver and interobserver as well as
interexamination reproducibility.'>'? It is important to note
that even fully automated image analysis methods that are
perfectly reproducible on a given dataset by definition may fail
to provide reproducible measurements on repeated examina-
tions. The only critical interactive steps in our method are
landmark definitions that an experienced user can perform
rapidly and reliably, whereas an automated method might fail
in case of a noisy image or heavily deformed anatomy. We thus
conclude that our method combines interactive with auto-
mated processing steps in a sensible fashion to maximize the
precision and robustness of the derived results.

In a study of 192 subjects with probable AD who under-
went 2 MR imaging examinations at an interval of 1 year,
correlations between image-based volumetric change and
change in behavioral and cognitive measures were found to be
even greater for the temporal horn than for the hippocam-
pus.”® This further supports the suitability of THV/THI as a
reliable biomarker in AD. Jack et al>® demonstrated the tech-
nical feasibility of using structural MR imaging measures as a
surrogate end point of disease progression in therapeutic tri-
als, resulting in markedly lower estimated sample size require-
ments for clinical trials. Our method of evaluating THV and
THI could be used in therapeutic trials to monitor disease
progression because it is semiautomated and quick to
perform.

The definition of MCI is a subject of controversy. Some
believe that MCI represents a very mild form of AD and that
virtually all patients with MCI may have the pathologic
changes of AD.>" Others use the term to refer to a more heter-
ogeneous group of patients, with some proportion of subjects
remaining stable or even “reverting” back to normal and oth-
ers progressing to develop additional deficits and meeting the
criteria for AD. The criteria for identification and classifica-
tion of subjects with MCI are evolving. Although certain cri-
teria have been drawn up to help identify those with MCI,*
there remains controversy on which memory test(s) to use,
what cutoffs to apply to determine impairment, and how to

deal with fluctuations in performance. Because of this diverse
definition of MCI, reports on the association of MCI with
medial temporal lobe atrophy have varied.'®**~® In this study,
we have found no significant difference in the THV and THI
between subjects with MCI and control subjects. However, we
have found a significant correlation between the THI and
THV and memory performance. This may reflect the hetero-
geneity of the patient population within the MCI group.

Conclusion

We report the use of a semiautomated technique in assessing
THYV and THI in subjects with MCI and patients with AD. In
this study, we found that the THV and THI of patients with
AD were significantly larger than that of control subjects or
subjects with MCI, and there was no significant difference in
the THV and THI of subjects with MCI and control subjects.
This method of assessing for changes in THV and THI is rapid,
objective, and independent of user experience and is therefore
suitable for application in the clinical setting as well as in ther-
apeutic trials.
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