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Background. Visual assessment of medial temporal
lobe atrophy (MTA; range 0–4, from no atrophy to
increasing atrophy of the choroid fissure, temporal
horns and hippocampus) is a sensitive radiological
markerofAlzheimer’sdisease (AD).Oneof thecritical
elements for visual MTA assessment is the cut-off
score that determines deviation from normality.

Methods. In this study, we assessed the sensitivity
and specificity of different MTA cut-off scores to
classify control subjects, individuals with mild
cognitive impairment (MCI) and AD patients from
two large independent cohorts, AddNeuroMed and
Alzheimer’s Disease Neuroimaging Initiative. Of
note, we evaluated the effects of clinical, demo-
graphic and genetic variables on the classification
performance according to the different cut-offs.

Results. A cut-off of ≥1.5 based on the mean MTA
scores of both hemispheres showed higher sensi-
tivity in classifying patients with AD (84.5%) and
MCI subjects (75.8%) who converted to dementia
compared to an age-dependent cut-off. The age-
dependent cut-off showed higher specificity or
ability to correctly identify control subjects
(83.2%) and those with MCI who remained stable
(65.5%). Increasing age, early-onset disease and
absence of the ApoE e4 allele had a stronger
influence on classifications using the ≥1.5 cut-off.
Above 75 years of age, an alternative cut-off of ≥2.0
should be applied to achieve a classification accu-
racy for both patients with AD and control subjects
that is clinically useful.

Conclusion. Clinical, demographic and genetic vari-
ables can influence the classification of MTA cut-off
scores, leading to misdiagnosis in some cases.
These variables, in addition to the differential
sensitivity and specificity of each cut-off, should
be carefully considered when performing visual
MTA assessment.

Keywords: AddNeuroMed, Alzheimer’s disease, Alz-
heimer’s Disease Neuroimaging Initiative, magnetic
resonance imaging, medial temporal lobe atrophy.

Introduction

Nondemented elderly individuals with persistent
memory problems may be in an intermediate stage
between normal ageing and Alzheimer’s disease
(AD), known as amnestic mild cognitive impairment
(MCI) [1]. However, the uncertainty of progression
to dementia amongst those with MCI and the
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increasing prevalence of memory deficits in the
ageing population [2] suggest an urgent need for
supportive measures that can help the clinician to
monitor these individuals [3].

Magnetic resonance imaging (MRI) is a commonly
available tool with predictive value for dementia [4].
Currently, MRI scans are used in the routine
workup of memory disorders for excluding non-
AD pathologies such as hydrocephalus, brain
tumours, haematomas and strokes as the cause
of the cognitive syndrome. However, these scans
can also be used to support evaluation of the
presence and severity of AD and serve as a prede-
mentia marker in the clinical setting [5].

Quantitative MRI studies have shown a pattern of
progression of brain atrophy in AD affecting the
medial temporal lobe, especially the hippocampus
[6–8]. This pattern not only reliably discriminates
healthy ageing from AD and other dementia disor-
ders associated with medial temporal lobe atrophy
(MTA) [9], but also predicts progression to demen-
tia in individuals with MCI [10–13]. However,
despite providing important diagnostic information
about AD and other dementias, the application of
quantitative MRI analysis in clinical practice is not
routine. This is partly because quantitative MRI
measures are not widely available, require previous
training and specialized software and are therefore
not readily usable by clinicians. In 1992, Scheltens
et al. [14] developed a visual rating scale to grade
the severity of MTA that is quick and easy to use
and can be immediately implemented in a clinical
setting. This scale has a range of 0 (no atrophy) to 4
(maximum atrophy) and is based on the evaluation
of a number of anatomical features that include the
hippocampus, parahippocampal gyrus, entorhinal
cortex and surrounding cerebrospinal fluid (CSF)
spaces such as the temporal horn and choroid
fissure.

Previous studies have shown that the MTA scale is
useful for identifying prodromal stages of AD [15–
17] and distinguishing patients with AD from those
with other dementias [18]. In addition, MTA
assessment was found to be a highly sensitive
marker of memory impairment [19] and AD-related
neuropathology [18]. Although MTA is a sensitive
early marker of AD, it is also commonly found in
healthy elderly subjects, particularly in those of
advanced age [20], as well as in patients with
frontotemporal dementia [21], dementia with Lewy
bodies [22] and Parkinson’s disease with dementia

[23]. Moreover, the absence of significant MTA does
not exclude the diagnosis of AD, especially in
patients with early-onset disease [24, 25]. In these
cases, the presence of MTA is often not clear and a
different pattern of brain atrophy involving the
inferior parietal cortex (angular and supramarginal
gyri) as well as the precuneus is observed instead
[26–28]. In addition to these issues, certain factors
might also influence the extent and predisposition
to increased MTA such as carrying the ApoE allele
e4 [29], a known risk factor for developing AD [30].

In view of the impact of demographic, clinical and
genetic factors on MTA in the prodromal and
clinical stages of AD, one of the critical elements
for the visual MTA assessment is the cut-off score
that determines deviation from normality [31, 32].
Scheltens et al. [14] proposed that an MTA score ≥2
is abnormal below the age of 75, whilst above
75 years of age a score ≥3 would be required to
identify abnormality in either hemisphere. How-
ever, this age-dependent cut-off often misclassifies
many patients with AD, leading to a low sensitivity
[33]. In line with this, several studies have used
different cut-offs lower than the score originally
proposed by Scheltens et al. [14] that are based on
the average of the MTA scores of both hemispheres.
For example, a cut-off score of ≥1.5 has been used
[34, 35]; this cut-off requires a minimum MTA
score of 1 in one hemisphere characterized by
increased width of the choroid fissure and an MTA
score of 2 in the other hemisphere characterized by
increases in the width of the choroid fissure and
temporal horns as well as hippocampal thinning.
Although higher sensitivity might be accompanied
by lower specificity, few studies have addressed
this important issue.

The main goal of the current study was to assess
the sensitivity and specificity of two different MTA
cut-offs (≥1.5 and age dependent) to discriminate
and predict conversion to AD in two large multi-
centre cohorts: AddNeuroMed and the Alzheimer’s
Disease Neuroimaging Initiative (ADNI). In a previ-
ous study, we assessed visual MTA in part of the
AddNeuroMed cohort and found that an age-based
cut-off distinguished patients with AD from control
subjects with 81% accuracy, in addition to pre-
dicting future conversion to AD in 68% of the MCI
cases [36]. In another study [37], visual MTA was
also assessed in the ADNI cohort, with a strong
association being found between MTA ratings and
conversion to AD. However, in these studies, no
comparisons were made between different cut-offs

318 ª 2013 The Association for the Publication of the Journal of Internal Medicine

Journal of Internal Medicine, 2014, 275; 317–330

J. B. Pereira et al. Visual MTA ratings in AD



or between the two large multicentre cohorts. In
addition, the important influence of the character-
istics of individual patients on MTA ratings was not
investigated in either of these previous studies [36,
37]. Hence, in the current study, by comparing the
classification accuracies of different MTA cut-offs
in the largest number of patients ever assessed to
date with the visual MTA scale, we aimed to provide
clinicians with information on the best way to
define the presence of medial temporal lobe abnor-
malities in their patients. Moreover, we investi-
gated the impact of demographic, clinical and
genetic factors on both cut-offs (≥1.5 and age
dependent) that might be responsible for misdiag-
nosis and in this way show in which cases visual
MTA assessment may be inaccurate.

Methods

Subjects

A total of 1147 individuals (345 control subjects,
480 subjects with MCI and clinical follow-up at
1 year, 322 patients with AD) were included in this
study. Subjects with MCI and AD patients were
recruited through local hospital and memory clin-
ics at the ADNI and AddNeuroMed participating
sites; control subjects were recruited through
advertisements in newspapers for the ADNI study
and from unrelated members of the patients’
families, caregivers’ relatives, social centres for
the elderly or GP surgeries for the AddNeuroMed
study.

Data used in the present study were obtained from
the AddNeuroMed study and the ADNI database
(www.adni-info.org). The AddNeuroMed study is
part of the InnoMed European Union FP6 pro-
gramme and was designed to develop and validate
novel surrogate markers in AD [38, 39]. The ADNI
was launched in 2003 by the National Institute on
Aging (NIA), the National Institute of Biomedical
Imaging and Bioengineering (NIBIB), the Food and
Drug Administration (FDA), private pharmaceuti-
cal companies and nonprofit organizations, as a
$60 million, 5-year public–private partnership. The
primary goal of ADNI has been to test whether
serial MRI, positron emission tomography (PET),
other biological markers and clinical and neuro-
psychological assessment can be combined to
measure the progression of mild cognitive impair-
ment (MCI) and early AD. Determination of sensi-
tive and specific markers of very early AD
progression is intended to aid researchers and
clinicians to develop new treatments and monitor

their effectiveness, as well as to lessen the time and
cost of clinical trials. The principal investigator of
this initiative is Michael W. Weiner, MD, VA Med-
ical Center and University of California – San
Francisco. ADNI is the result of efforts of many
co-investigators from a broad range of academic
institutions and private corporations, and subjects
have been recruited from over 50 sites across the
USA and Canada. The initial goal of ADNI was to
recruit 800 subjects but ADNI has been followed by
ADNI-GO and ADNI-2. To date, these three proto-
cols have recruited over 1500 adults, aged 55–90,
to participate in the research, consisting of cogni-
tively normal older individuals, people with early or
late MCI and people with early AD. The follow-up
duration of each group is specified in the protocols
for ADNI-1, ADNI-2 and ADNI-GO. Subjects origi-
nally recruited for ADNI-1 and ADNI-GO had the
option to be followed in ADNI-2. For up-to-date
information, see www.adni-info.org.

For both the AddNeuroMed study and the ADNI, the
inclusion criteria for the AD group were as follows:
(i) NINCDS-ADRDA [40] and DSM-IV criteria for
probable AD, (ii) Mini-Mental State Examination
(MMSE) [41] score ranging from 12 to 28, (iii) age
65 years or above and (iv) total Clinical Dementia
Rating (CDR) score of 0.5 or above. Exclusion
criteria were as follows: (i) significant neurological
or psychiatric illness other than AD and (ii) signif-
icant unstable systemic illness or organ failure.

The inclusion criteria for the MCI group were as
follows: (i) MMSE score between 24 and 30 [41], (ii)
memory complaint reported by the patient, family
member or physician, (iii) normal activities of daily
living, (iv) CDR memory score of 0.5 or 1 (total
CDR = 0.5), (v) memory loss measured by the
Wechsler Memory Scale Logical Memory II for the
ADNI cohort only (education-adjusted scores: ≤8
for 16 or more years of education, ≤4 for 8–15 years
of education, ≤2 for 0–7 years of education), (vi)
Geriatric Depression Scale (GDS) score of ≤5, (vii)
age ≥65 years, (viii) stable medication and (ix) good
general health. Exclusion criteria were as follows:
(i) meeting the DSM-IV and NINCDS-ADRDA crite-
ria [40] for AD, (ii) significant neurological or
psychiatric illness other than AD and (iii) signifi-
cant unstable systemic illness or organ failure.

The inclusion criteria for control subjects were as
follows: (i) MMSE score between 24 and 30 [41], (ii)
GDS score < 5, (iii) age ≥ 65 years, (iv) stable med-
ication and (v) good general health. Exclusion
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criteria were as follows: (i) DSM-IV or NINCDS-
ADRDA criteria [40] for dementia, (ii) significant
neurological or psychiatric illness other than AD
and (iii) significant unstable systemic illness or
organ failure.

The CERAD cognitive battery was used to assess
control subjects and those with MCI, whereas for
patients with AD we used the Alzheimer’s disease
Assessment Scale-cognitive subscale (ADAS-Cog),
which is specifically designed for AD trials [42].
Both the ADAS-Cog and the CERAD battery use the
same 10-word recall task, although the scoring in
the two tests is in the opposite direction. The mean
number of words that were not recalled in the word
list of the CERAD immediate recall task was
calculated and the variable obtained was termed
ADAS1, corresponding to the first subtest of ADAS-
Cog. This calculation was performed to provide
comparable measures for the ADNI and AddNeur-
oMed cohorts. For ADNI, ApoE genotyping was
determined using EDTA-anticoagulated blood
samples and TaqMan assays, as described else-
where [43]. For AddNeuroMed, ApoE genotype was
determined from leucocytes and analysed by poly-
merase chain reaction, HhaI digestion and poly-
acrylamide gel electrophoresis [44]. All clinical
diagnoses, for both cohorts, were made without
the use of MRI scans.

Magnetic resonance imaging

Magnetic resonance imaging data acquisition in
the AddNeuroMed study was designed to be com-
patible with that in ADNI [45]. For both studies, the
imaging protocol involved a high-resolution sagittal
3D T1-weighted magnetization prepared rapid gra-
dient echo (MPRAGE) volume (voxel size
1.1 9 1.1 9 1.2 mm3) and axial proton density-/
T2-weighted fast spin echo images. The MPRAGE
volume was obtained using a customized pulse
sequence specifically designed for the ADNI study
to ensure compatibility across scanners [44]. Full
brain and skull coverage was required, and
detailed quality control was carried out on all MRI
data according to the AddNeuroMed quality control
procedure [46, 47].

Visual assessment of MTA

In both cohorts, 3D T1-weighted images from all
participants were reoriented to an oblique coronal
orientation perpendicular to the anterior commis-
sure–posterior commissure line, appropriate for

visual and quantitative MRI assessment. For each
subject, MTA was rated on a single magnetic
resonance slice posterior to the amygdala and the
mammillary bodies, positioned in such a way that
the hippocampus, cerebral peduncles and pons
were all visible. Then, we used the rating scale
proposed by Scheltens et al., which is based on a
visual estimation of the volume of the medial
temporal lobe including the hippocampus, para-
hippocampal gyrus, entorhinal cortex, temporal
horns and choroid fissure. According to this scale,
scores range from 0 (no atrophy) to 4 (end-stage
atrophy) based on the width of the choroid fissure,
width of the temporal horn and hippocampal
thickness. The right and left sides of the medial
temporal lobe are rated separately.

Deviation from normality was determined by using
two different and independent cut-off values. First,
regarding the age-dependent cut-off, an MTA score
of 2 or more was considered abnormal for subjects
<75 years, whereas a score of 3 or more was
considered abnormal for subjects >75 years.
According to this age-dependent scoring method,
it is sufficient to have an abnormal score in one
hemisphere for the subject to be classified as
having MTA. The second cut-off was calculated
based on the average of the MTA scores of both
hemispheres, with a resulting score equal to or
greater than 1.5 being considered abnormal.

In the current study, the MTA rater (LC) was blind
to gender, age and diagnosis. Intrarater reliability
of MTA assessment was tested in 100 randomly
selected subjects by repeated assessment at an
interval of 1 week and was found to be 0.93 and
0.94 (weighted kappa) for the left and right hemi-
spheres, respectively. Visual MTA ratings have
been previously performed by LC in other large
samples such as the Swedish National Study on
Ageing and Care in Kungshomen including 544
elderly individuals. A highly significant correlation
was found between the MTA score and manual
delineation of hippocampal volumes by another
experienced radiologist [48].

Statistical analyses

Statistical analyses were carried out using SPSS

version 16.0 (SPSS Inc., Chicago, IL, USA). To
assess the ability of the visual MTA scale to
discriminate patients with AD from control sub-
jects as well as predicting conversion from MCI to
AD at 1-year follow-up, sensitivity, specificity and
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accuracy (and the corresponding confidence inter-
vals) were calculated based on the MTA score of
≥1.5 and age-dependent cut-offs. These calcula-
tions were made in both cohorts, separately and
combined. To test whether performance in classi-
fying the clinical groups was significantly different
between the two MTA cut-offs, the areas under the
curve (AUCs) were compared using Med-Calc ver-
sion 12.2.1 (MedCalc Software, Mariakerke, Bel-
gium). To compare separately the sensitivities and
specificities between the two types of cut-off,
McNemar’s chi-square tests were applied using
the following formula: v2 = (|c�b|�1)2/(c + b) [49],
where b represents the true-positive values accord-
ing to the ≥1.5 cut-off and false-negative values
according to the age cut-off, and c represents the
true-positive values according to the age cut-off
and the false-negative values according to the ≥1.5
cut-off. Differences were considered statistically
significant at P < 0.05, if v2 > 3.841 (one degree of
freedom).

In order to evaluate the impact of clinical and
demographic characteristics on the ≥1.5 and age-
dependent scoring methods, comparisons between
correctly and incorrectly classified subjects were
made. One-way analysis of variance (ANOVA) was
used for continuous clinical and demographic
variables, a chi-squared test for binary variables
such as gender or ApoE e4 prevalence, and a
Kruskal–Wallis test for ordinal variables such as
CDR scores. To further explore the influence of
clinical variables on MTA, nonparametric compar-
isons of MTA cut-offs using the Mann–Whitney test
were also made between (i) patients with early-
onset (before 65 years of age) and late-onset (at or
after 65 years of age) AD, (ii) AD patients carrying
the ApoE e4 allele and noncarriers and (iii) AD ApoE
e4 carriers and noncarriers with early- and late-
onset disease.

The influence of age on MTA scores was evaluated
by classifying control subjects and patients with
AD into two age groups (50–74 and 75–90 years)
within the entire cohort. The ability of the ≥1.5 and
age-dependent MTA cut-offs to correctly classify
patients with AD and healthy control subjects
within these different age ranges was calculated.
In addition, we assessed the classification perfor-
mance of another cut-off (score of ≥2.0) based on
the mean of both hemispheres to determine
whether a higher threshold could improve the
discrimination between older patients with AD
and control subjects [20].

Results

Baseline characteristics of individuals in the con-
trol, MCI and AD groups in the ADNI, AddNeur-
oMed and combined cohorts are shown in Table 1.
A total of 70 subjects with MCI from the ADNI
cohort and 25 from the AddNeuroMed study were
diagnosed with AD after 12 months, whilst a total
of 284 and 101 MCI subjects remained stable from
the two cohorts, respectively (Table 1).

Classification accuracy of the different MTA cut-offs

Figure 1 shows the MTA scores in two cases using
the ≥1.5 and age-dependent cut-offs. With regard
to the different cut-offs, an average MTA score of ≤1
or a maximum score of 1 in both hemispheres is
always considered normal, whereas an average
MTA score of 2 or a minimum score of 3 in one
hemisphere is always considered abnormal. The
two cut-offs differ in terms of the classification of
subjects with an MTA score of 2 in at least one
hemisphere; according to the ≥1.5 cut-off, subjects
will always be classified as abnormal only if they
have an average MTA score of ≥1.5, whereas the
age-dependent cut-off takes into account the age
and assigns an abnormal score only if an individ-
ual is younger than 75 years.

Regarding the discrimination of patients with AD
from control subjects, we observed that a cut-off
score of ≥1.5 resulted in a classification accuracy of
74.4% in the ADNI, 79% in the AddNeuroMed study
and 76% in the combined cohort (Table 2). The
accuracy of the age-dependent cut-off was similar
to that of the ≥1.5 cut-off, but with lower sensitivity
and higher specificity, suggesting that this was a
more conservative approach (Table 2). Although
there were no significant differences between the
AUC values of the two cut-offs (Supplementary
Table 1), the ≥1.5 cut-off showed a significantly
higher sensitivity in identifying patients with AD in
the ADNI (v2 = 26.036, P < 0.05), AddNeuroMed
study (v2 = 17.053, P < 0.05) and the combined
cohort (v2 = 45.020, P < 0.05). By contrast, the age-
dependent cut-off showed a significantly higher
specificity in these cohorts (v2 = 38.205, P < 0.05;
v2 = 8.100, P < 0.05; and v2 = 48.167, P < 0.05,
respectively), compared to the ≥1.5 cut-off.

Predicting conversion from MCI to AD

Of 95 MCI subjects in the combined cohort who
converted to AD at the 1-year follow-up, 72 were
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identified as more AD-like (75.8%) using the ≥1.5
cut-off, whilst the age-dependent cut-off only cor-
rectly classified 57 (60%) MCI converters (Table 3).
Although the AUC values did not show significant
differences (Table S1), the ≥1.5 cut-off had signif-
icantly higher sensitivity in the ADNI (v2 = 38.205,
P < 0.05) and the combined cohorts (v2 = 13.067,
P < 0.05), but not in the AddNeuroMed cohort
(v2 = 0.5). On the other hand, the age-dependent
cut-off showed significantly higher specificity in all
previous cohorts (v2 = 60.063, P < 0.05; v2 =
80.105, P < 0.05; and v2 = 16.409, P < 0.05,
respectively), compared to the ≥1.5 cut-off.

Characteristics of correctly versus incorrectly classified subjects

Using the ≥1.5 MTA cut-off, patients with AD who
were incorrectly classified as more control-like were
younger (P < 0.001), had better CDR and ADAS1

Mean MTA
both sides
= 1.5
Abnormal

MTA 2 MTA 1

MTA 2 MTA 2

MTA = 2
either side
< 75 years
Abnormal

MTA = 2
either side
> 75 years
Normal

> 1.5 cut-offCase 1: 64 yrs Age cut-off

Mean MTA
both sides
= 2.0
Abnormal

Case 2: 80 yrs > 1.5 cut-off Age cut-off 

Fig. 1 Differences between the ≥1.5 and age-dependent
cut-offs of medial temporal lobe atrophy (MTA). Using both
cut-offs, a score lower than or equal to 1 is always
considered normal, whilst a score greater than 2 is always
considered abnormal. The difference between cut-offs
resides in the classification of subjects with MTA scores
>1 and ≤2. Whilst the ≥1.5 cut-off, based on the mean
score of both hemispheres, always classifies subjects
between the above scores as abnormal, the age-dependent
cut-off only classifies as abnormal subjects below
75 years of age. In the combined cohort, 15.5% of patients
with Alzheimer’s disease, 40.6% of mild cognitive impair-
ment subjects and 68.1% of control subjects were classi-
fied as normal (MTA ≤ 1); 52.2%, 20.9% and 5.8%,
respectively, were classified as abnormal (MTA > 2); and
32.3%, 38.5% and 26.1%, respectively, had a score
between ≤1 and >2.
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scores (P < 0.009 and P < 0.004, respectively), a
lower prevalence of the e4 allele (P < 0.039) and a
shorter disease duration (P < 0.041), were more
likely to be male (P < 0.007) and were younger
at disease onset (P < 0.006). On the other hand,

control subjects who were classified as having a
more AD-like pattern were significantly older
(P < 0.001) but also more likely to be male
(P < 0.019). Finally, in MCI nonconverters, those
with a more AD-like pattern were older (P < 0.001),
had worseMMSE and ADAS1 scores (P < 0.007 and
P < 0.027, respectively), showed a higher preva-
lence of the e4allele (P < 0.011) andweremore likely
to be male (P < 0.025) according to the ≥1.5 cut-off.
Using the age-dependent cut-off, we found that
patients with AD incorrectly classified as control-
like showed better ADAS1 scores (P < 0.001), whilst
MCI nonconverters incorrectly classified as more
AD-like had a higher prevalence of the e4 allele
(P < 0.022; Table 4).

Influence of age at disease onset and ApoE e4 allele

To evaluate the influence of age at disease onset on
the MTA cut-offs, patients with AD from the com-
bined cohort were classified into early-onset
(<65 years old; n = 52) and late-onset (≥65 years
old; n = 268) groups. A lower degree of MTA was
found in patients with early-onset disease, com-
pared to those with late-onset disease, using the
≥1.5 (P < 0.001), but not the age-dependent cut-off
(P < 0.644). Patients with AD were also grouped
based on whether (n = 195) or not they carried
(n = 119) the ApoE e4 allele. Similar to the above
group comparison, we found a higher degree of
MTA in carriers compared to noncarriers using the
≥1.5 (P < 0.040), but not the age-dependent cut-off
(P < 0.392).

To assess whether age at disease onset and ApoE e4
allele had a combined effect on temporal atrophy,
patients with AD were divided into four groups:
early-onset noncarriers (n = 17), early-onset

Table 2 Sensitivity, specificity and accuracy for the AD versus control classification by the different MTA cut-offs

Sensitivity, % (95% CI) Specificity, % (95% CI) Accuracy, % (95% CI)

MTA ≥1.5 cut-off

ADNI 82.9 (77.1–87.5) 67 (60.6–72.7) 74.4 (70–78.3)

AddNeuroMed 87 (79.9–91.8) 70.4 (61.5–78) 79 (73.4–83.7)

Combined 84.5 (80.1–88) 68.1 (63–72.8) 76 (72.6–79.1)

MTA age cut-off

ADNI 68.8 (62.1–74.9) 85.2 (80.1–89.2) 77.6 (73.4–81.3)

AddNeuroMed 71.5 (63–78.8) 79.1 (70.8–85.6) 75.2 (69.4–80.3)

Combined 69.9 (64.7–74.6) 83.2 (78.9–86.8) 76.8 (73.4–79.8)

ADNI, Alzheimer’s Disease Neuroimaging Initiative; CI, confidence interval; AD, Alzheimer’s disease; MTA, medial
temporal atrophy.

Table 3 Prediction of conversion to dementia in individuals
with MCI according to the different MTA cut-offs

n

AD-like,

n (%)

CTR-like,

n (%)

MTA ≥1.5 cut-off

ADNI converters 70 52 (74.3) 18 (25.7)

AddNeuroMed

converters

25 20 (80) 5 (20)

Combined converters 95 72 (75.8) 23 (24.2)

ADNI nonconverters 284 166 (58.5) 118 (41.6)

AddNeuroMed

nonconverters

101 51 (50.5) 50 (49.5)

Combined

nonconverters

385 217 (56.4) 168 (43.6)

MTA age-dependent cut-off

ADNI converters 70 39 (55.7) 31 (44.3)

AddNeuroMed

converters

25 18 (72) 7 (28)

Combined converters 95 57 (60) 38 (40)

ADNI nonconverters 284 102 (35.9) 182 (64.1)

AddNeuroMed

nonconverters

101 31 (30.7) 70 (69.3)

Combined

nonconverters

385 133 (34.5) 252 (65.5)

ADNI, Alzheimer’s Disease Neuroimaging Initiative; AD,
Alzheimer’s disease; CTR, control; MCI, mild cognitive
impairment; MTA, medial temporal atrophy.
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carriers (n = 33), late-onset noncarriers (n = 101)
and late-onset carriers (n = 162). These analyses
showed significant differences between early-onset
noncarriers and e4 carriers using both the ≥1.5

(P < 0.012) and age-dependent (P < 0.024) cut-offs.
By contrast, no differenceswere foundbetween late-
onset noncarriers and e4 carriers using either cut-
off (≥1.5, P < 0.267; age-dependent, P < 0.990). In

Table 4 Characteristics of the clinical groups based on the classifications of the ≥1.5 and age-dependent MTA cut-offs for the
combined cohort

≥1.5 cut-off Age Sex (M/F) Education MMSE CDR ADAS1 ApoE e4 Disease onset

Disease

duration

AD

AD-like 76.2 (6.6) 132/140 12.1 (4.7) 20.9 (7.5) 0.9 (0.4) 6.4 (1.4) 62.9% 72.4 (7.1) 3.8 (2.6)

CTR-like 72.2 (9.1) 14/36 12.5 (5.2) 21.7 (4.9) 0.8 (0.3) 5.8 (1.4) 48% 69.2 (9.4) 2.0 (1.9)

P value <0.001 0.007 0.597 0.367 0.009 0.004 0.039 0.006 0.041

Control

AD-like 77.2 (5.7) 64/46 14.2 (4.4) 28.9 (1.2) 0 3.2 (1.4) 30% – –

CTR-like 73.8 (5.7) 105/130 14.5 (4.3) 28.9 (2.9) 0 3.0 (1.3) 26.4% – –

P value <0.001 0.019 0.569 0.997 – 0.080 0.510 – –

MCI-c

AD-like 74.9 (6.4) 44/28 13.9 (4.2) 26.5 (1.9) 0.5 5.4 (1.4) 65.3% – –

CTR-like 72.3 (6.8) 12/11 13.1 (4.5) 26.6 (1.6) 0.5 5.1 (1.3) 52.2% – –

P value 0.097 0.448 0.408 0.957 – 0.299 0.321 – –

MCI-s

AD-like 76.8 (5.9) 142/75 13.9 (4.7) 26.9 (1.7) 0.5 4.8 (1.3) 51.6% – –

CTR-like 72.8 (7.4) 91/77 14.2 (4.4) 27.4 (1.7) 0.5 4.4 (1.5) 38.7% – –

P value <0.001 0.025 0.561 0.007 – 0.027 0.011 – –

Age-dependent

cut-off Age Sex (M/F) Education MMSE CDR ADAS1 ApoE e4 Disease onset

Disease

duration

AD

AD-like 75.4 (6.7) 110/115 12.2 (4.7) 21.5 (4.9) 1.0 (0.5) 6.5 (1.4) 63.6% 71.5 (7.1) 3.9 (2.5)

CTR-like 76.1 (8.0) 36/61 12.1 (5.0) 21.5 (6.5) 0.8 (0.3) 5.9 (1.4) 58.5% 72.8 (8.5) 3.3 (2.5)

P value 0.381 0.051 0.911 0.941 0.06 <0.001 0.391 0.159 0.059

Control

AD-like 74.3 (5.3) 32/26 13.3 (4.2) 28.8 (1.3) 0 3.3 (1.5) 33.3% – –

CTR-like 75.0 (5.9) 137/150 14.5 (4.4) 28.9 (2.6) 0 3.0 (1.3) 26.9% – –

P value 0.410 0.301 0.059 0.757 – 0.107 0.320 – –

MCI-c

AD-like 73.9 (6.7) 37/20 13.8 (4.4) 26.8 (2.0) 0.5 5.4 (1.3) 67.9% – –

CTR-like 74.8 (6.3) 19/19 13.6 (4.0) 26.2 (1.5) 0.5 5.3 (1.4) 56.8% – –

P value 0.509 0.148 0.860 0.175 – 0.605 0.277 – –

MCI-s

AD-like 74.4 (6.0) 88/45 14.2 (4.7) 27.0 (1.7) 0.5 4.7 (1.2) 55.3% – –

CTR-like 75.4 (7.3) 145/107 13.9 (4.5) 27.2 (1.7) 0.5 4.6 (1.4) 43.0% – –

P value 0.181 0.100 0.506 0.175 – 0.269 0.022 – –

AD, Alzheimer’s disease; CTR, control; MCI-c, subjects with conversion after 1 year of mild cognitive impairment to
dementia; MCI-s, subjects with mild cognitive impairment that remained stable after 1 year; MMSE, Mini-Mental State
Examination; CDR, Clinical Dementia Rating; ADAS1, Alzheimer’s Disease Assessment Scale memory subtest.
All values are presented as means followed by standard deviation, except for sex and ApoE e4 prevalence.
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noncarriers, there were significant differences
between those with early-onset and those with
late-onset disease using the ≥1.5 cut-off
(P < 0.001). By contrast, in patients who carried
the e4 allele, there were no significant differences in
MTA between those with early- and late-onset dis-
ease using either cut-off (≥1.5, P < 0.261; age-
dependent, P < 0.329).

Classification performance of MTA cut-offs in different age groups

To assess the effect of age on MTA cut-offs, patients
with AD and control subjects were divided into
younger and older age groups in the combined
cohort. Between 50 and 74 years of age, the
performance of the two cut-offs in classifying
patients with AD and control subjects was almost
identical. However, from 75 to 90 years of age, the
≥1.5 cut-off showed high sensitivity and low spec-
ificity, whereas the age cut-off showed the opposite
pattern (Table 5). By applying an alternative cut-off
of ≥2.0 based on the average of both hemispheres,
we found that almost 82% of patients with AD and
75% of control subjects in the older age group were
correctly identified, suggesting that this was the
best classification approach for subjects between
75 and 90 years of age.

Discussion

Many elderly people report a decline in memory
compared to earlier in their lives [50], making it
difficult to detect the first signs of AD [4]. The
presence of MCI is common in individuals older
than 65 years of age [2], suggesting an urgent need
for measures that can assist the clinician in
predicting which individuals are most likely to
progress to AD. In this study, we have shown that
a cut-off score of ≥1.5 in visual MTA achieved a
higher sensitivity in correctly classifying patients

with AD and predicting conversion from MCI to AD
compared to an age-based cut-off. On the other
hand, the age-based cut-off showed a significantly
higher specificity or ability to correctly identify
healthy control and MCI subjects who remained
stable. The classification of both cut-offs was influ-
enced by several variables, such as increasing age,
time of disease onset and presence of the ApoE e4
allele, leading to misdiagnosis. These variables, in
addition to the differential sensitivity and specificity
of each type of cut-off, should be carefully consid-
ered when performing visual MTA assessment.

In AD, involvement of the hippocampus and sur-
rounding medial temporal lobe is one of the most
characteristic histopathological events [51]. For
this reason, new diagnostic criteria that capture
the earliest signs of AD include structural neuroi-
maging biomarkers that are focused on the assess-
ment of MTA [52, 53]. The inclusion of visual MTA
measures in clinical examinations could indeed
improve the sensitivity and specificity of AD diag-
nosis. In the present study, we observed that an
MTA score of ≥1.5 correctly identified AD patients
with 82.9% and 87% sensitivity in the ADNI and
AddNeuroMed cohorts, respectively. This is similar
to previous findings using automated MRI mea-
sures of all brain areas in these cohorts [52] and
provides support for the use of visual scales as a
sensitive marker of AD. However, the ability of
the ≥1.5 MTA cut-off to classify healthy control
subjects as not having the disease was not as high
as previously reported in the same cohorts using
automated methods [54]. In this regard, the age-
based cut-off performed significantly better
although at the cost of a lower sensitivity, suggest-
ing that this is a more conservative approach.

Similar results were found in predicting the con-
version from MCI to AD. In particular, a good

Table 5 Classification performance of the ≥1.5 and age-dependent MTA cut-off scores in different age groups

n

≥1.5 cut-off Age-dependent cut-off ≥2.0 cut-off

AD-like CTR-like AD-like CTR-like AD-like CTR-like

50–74 years (%)

AD 138 109 (79) 29 (21) 109 (79) 29 (21) 87 (63) 51 (37)

CTR 180 41 (22.8) 139 (77.2) 42 (23.3) 138 (76.7) 25 (13.9) 155 (86.1)

75–90 years (%)

AD 184 163 (88.6) 21 (11.4) 116 (63) 68 (37) 150 (81.5) 34 (18.5)

CTR 165 69 (41.8) 96 (58.2) 16 (9.7) 149 (90.3) 42 (25.5) 123 (74.6)

AD, Alzheimer’s disease; CTR, control.
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sensitivity of 75.8% in supporting a diagnosis of AD
in MCI subjects was achieved for individual cases
as in the clinic by using a cut-off score of ≥1.5.
However, the specificity based on this cut-off was
lower, probably because many MCI subjects who
remain stable after 1 year may, after a longer
follow-up period, develop dementia. This might be
the case for the MCI nonconverters of the Add-
NeuroMed cohort, who had low scores for immedi-
ate recall (ADAS1), similar to the MCI converters of
both cohorts. By contrast, the age-corrected cut-off
showed a significantly higher specificity for the
prediction of MCI conversion, again at the cost of
lower sensitivity. Hence, our results suggest that
the selection of a specific cut-off plays a critical role
in determining abnormality in MTA assessment. A
lower threshold of ≥1.5 as used in previous studies
[34, 35], although more sensitive in predicting the
conversion of MCI to AD, might also misclassify
many MCI subjects who do not convert to dementia
as having an AD-like pattern.

To further investigate the differences between the
two types of cut-offs, we compared the character-
istics of the incorrectly and correctly classified
subjects. We found that patients with AD, MCI
nonconverters and control subjects who were
incorrectly classified based on the ≥1.5 cut-off
were significantly older and more often male com-
pared to correctly classified individuals. By con-
trast, no significant differences in age or gender
were found for the age-based classifications, sug-
gesting that demographic variables have a greater
impact on the ≥1.5 MTA cut-off. There is consid-
erable evidence showing that normal ageing is
associated with volume reductions in temporal
areas and dilatation of the lateral ventricles [55–
58] and that brain atrophy is more rapid in men,
compared to women, with ageing [59–61]. Hence,
increasing age and male gender might have con-
tributed to the lower specificity of the ≥1.5 cut-off.
Moreover, in addition to these variables, we
observed worse MMSE and ADAS1 scores and a
higher prevalence of the ApoE e4 allele in the MCI
nonconverters who were classified as having a
more AD-like pattern based on the ≥1.5 cut-off.
Previous studies have shown that the presence
of the e4 allele is one of the major genetic risk
factors for AD [30, 62, 63], being associated with
increased temporal brain atrophy both in AD and in
MCI [29]. When applying the age-dependent cut-off,
we observed that the only significant difference
between correctly and incorrectly classified AD
patients was a better memory performance in

ADAS1 in those classified as having a more con-
trol-like pattern. It is possible that the age-depen-
dent cut-off is sensitive to different stages of
cognitive impairment inAD, discriminating patients
who are more severely amnesic from those with
better preserved cognitive function.

Due to the important role of ApoE status and
disease onset in determining temporal atrophy in
AD, we further assessed the separate and com-
bined influence of these variables on the MTA cut-
offs. Our findings showed a lower degree of tempo-
ral atrophy in patients with early-onset compared
to those with late-onset AD based on the ≥1.5 cut-
off. These results are consistent with the existence
of a distinct disease phenotype in some patients
with AD [64] who are typically diagnosed below
65 years of age and have a more posterior pattern
of brain atrophy [26–28]. Using the age-dependent
cut-off, there were no differences in MTA between
patients with early- and late-onset disease, sug-
gesting that this method can control the influence
of disease onset on visual MTA. In addition, in
contrast to the ≥1.5 cut-off, there was no signifi-
cant difference in MTA between e4 carriers and
noncarriers using the age-dependent cut-off.

When patients with AD were further divided into
four groups based on ApoE e4 status and time of
disease onset, this situation changed. Specifically,
we observed significant differences between e4
carriers and noncarriers using both MTA cut-offs,
but only in patients with early-onset disease. On
the other hand, we also found a higher degree of
MTA in late-onset compared to early-onset
patients, which was significant for the ≥1.5 cut-
off with a trend towards significance for the age-
dependent cut-off, but only in patients who did not
carry the e4 allele. These results suggest that
carrying the e4 allele and having a late onset of
disease are associated with a higher degree of MTA
using both cut-offs.

Finally, we also assessed the influence of age on
MTA cut-offs by comparing the classification of
patients with AD and control subjects at younger
and older ages. We found that for both cut-offs,
patients and controls were classified well between
50 and 74 years of age. However, from 75 to
90 years of age, the ≥1.5 cut-off showed low
specificity, whilst the age-dependent cut-off
showed low sensitivity, thus limiting the potential
utility of both in the clinical setting. For this
reason, a different cut-off of ≥2.0 was applied
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because MTA is frequently observed in older age
groups [20] and a higher degree of atrophy might
be required to identify pathology. This cut-off
correctly identified 81.5% of patients with AD and
74.5% of control subjects, exceeding the classifi-
cation performances of the other two cut-offs.

This study has several strengths. First, we
assessed MTA in the largest cohort to date based
on 1147 MRI scans from the AddNeuroMed and
ADNI studies. Secondly, we evaluated the perfor-
mance of different MTA cut-offs, which might serve
as a reference for future studies to determine a
critical threshold of abnormality using the visual
scale proposed by Schelten and colleagues.

Some limitations should also be recognized. First,
visual assessment of MTA was only made using
cross-sectional data because of the large number
of subjects in the multicentre cohorts. Secondly,
it would have been interesting to extend this work
to include patients with other types of dementia
such as frontotemporal dementia or Lewy bodies
disease as MTA is not only present in AD. Such
studies assessing the specificity of the visual
scale proposed by Schelten et al. would be of
significant clinical value. Thirdly, there was a lack
of neuropathological confirmation in patients with
AD in the present study; such confirmation would
be helpful in establishing the utility of our find-
ings in detecting both prodromal and dementia
stages of AD. Fourthly, the lack of relevant
neuropsychological data, such as delayed recall
measures, assessed with the same version of
ADAS-Cog for both cohorts is also a limitation of
the current study. Finally, it would have been
interesting to include visual measures of atrophy
focused on posterior cortical areas, such as the
recently developed posterior atrophy scale [65],
which has already shown promising results in AD
patients with early-onset disease. However,
assessments of brain atrophy using the global
cortical atrophy scale [66] and severity of white
matter hyperintensity using the Fazekas scale
[67], which are both easily implemented in a
clinical setting, would have allowed us to perform
a more detailed evaluation of the presence of
atrophy in the current sample. Future studies
assessing atrophy using all these visual scales in
addition to other relevant biomarkers such as
CSF levels of beta-amyloid and tau proteins will
determine their value and how they can be
combined to aid in the clinical assessment of
patients with AD.

The goal of the current study was to evaluate the
performance of both MTA cut-offs, in a large cohort
of patients, with regard to their potential utility in a
clinical setting. The decision to use one cut-off or the
other lies with the clinician, and therefore here, we
provide information on the sensitivity and specific-
ity of each type of cut-off. Our findings show that an
MTA cut-off of ≥1.5 is sensitive in detecting current
and future conversion to AD, whereas an age-
dependent cut-off is appropriate for more conser-
vative classifications. In addition, our results
strongly suggest the need to take into account
demographic, genetic and clinical variables in rou-
tine clinical evaluations using the visual MTA scale.
Older healthy control subjects can experience
substantial MTA, and for this reason, we suggest
using a higher threshold of ≥2.0 to determine
abnormality after 75 years of age. On the other
hand, the diagnosis of AD in the absence of ApoE e4
or in patients with early-onset disease should be
based on clinical information extending beyond
MTA ratings, as MTA may not be clearly present in
these cases. Hence, we recommend using visual
MTA assessment if a patient has a late onset of
disease and carries at least one ApoE e4 allele. If the
patient is younger than 75 years of age, a cut-off
score of ≥1.5 is more appropriate, whereas a higher
threshold of ≥2.0 is more accurate from 75 years
onwards. In the case of significant doubt about the
clinical diagnosis and preference for a more con-
servative approach, an age-based cut-off offers a
higher specificity. Other variables such as mea-
sures of immediate recall are also worth assessing
as patients with better memory skills presented a
lower degree of atrophy. Finally, gender also plays a
relevant role, as men may have a higher degree of
MTA thanwomen; clinicians should be aware of this
when using the visual MTA scale as part of the AD
diagnostic workup.
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