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A B S T R A C T

Medial temporal lobe (MTL) atrophy is an important morphological marker of many dementias and is closely related to cognitive decline. In this study we aimed to
characterize longitudinal progression of MTL atrophy in 93 individuals with subjective cognitive decline and mild cognitive impairment followed up over six years,
and to assess if clinical rating scales are able to detect these changes. All MRI images were visually rated according to Scheltens’ scale of medial temporal atrophy
(MTA) by two neuroradiologists and AVRA, a software for automated MTA ratings. The images were also segmented using FreeSurfer’s longitudinal pipeline in order
to compare the MTA ratings to volumes of the hippocampi and inferior lateral ventricles. We found that MTL atrophy rates increased with CSF biomarker ab-
normality, used to define preclinical stages of Alzheimer’s Disease. Both AVRA’s and the radiologists’ MTA ratings showed similar longitudinal trends as the
subcortical volumes, suggesting that visual rating scales provide a valid alternative to automatic segmentations. Our results further showed that it took more than
8 years on average for individuals with mild cognitive impairment, and an Alzheimer’s disease biomarker profile, to increase the MTA score by one. This suggests that
discrete MTA ratings are too coarse for tracking individual MTL atrophy in short time spans. While the MTA scores from each radiologist showed strong correlations
to subcortical volumes, the inter-rater agreement was low. We conclude that the main limitation of quantifying MTL atrophy with visual ratings in clinics is the
subjectiveness of the assessment.

1. Introduction

Atrophy of the medial temporal lobe (MTL) is an important diag-
nostic biomarker in many different dementias, including Alzheimer’s
Disease (AD). In research we quantify atrophy using automatic soft-
wares that compute volume or thickness measures of regions of inter-
ests, specified by a neuroanatomical atlas. These softwares are either
not sufficiently reliable for clinical usage, and the ones that have been
approved are not widely implemented. To quantify atrophy in clinics,
radiologists visually assess the degree of atrophy in a brain region ac-
cording to established rating scales.

The most widely used rating scale in clinical practice is Scheltens’
scale of Medial Temporal Atrophy (MTA) (Scheltens et al., 1992;
Vernooij et al., 2019). The MTA scale quantifies the level of atrophy in
hippocampus (HC) and its surrounding structures, the choroid fissure
and inferior lateral ventricle (ILV). The MTA scale has been shown to
reliably distinguish individuals with AD from healthy elderly (Scheltens

et al., 1992; Wahlund et al., 1999; Westman et al., 2011). It is an or-
dinal scale ranging from 0 (no atrophy) to 4 (end-stage atrophy) where
an integer score is given for each hemisphere. In Fig. 1 we provide
examples of each score. Several studies have reported on the diagnostic
ability and relevant clinical cut-offs of the MTA scale (Westman et al.,
2011; Scheltens et al., 1992; Ferreira et al., 2015), and others have
argued for the importance of reporting MTA in the clinical routine
(Torisson et al., 2015; Håkansson et al., 2019; Wahlund et al., 2017).

Longitudinal progression of medial temporal atrophy, quantified
through e.g. hippocampal volumes, has been studied in cognitively
normal subjects as well as in preclinical, prodromal and probable AD
(Rusinek et al., 2003; Ridha et al., 2006; Henneman et al., 2009a;
Pettigrew et al., 2017). The reported annual decrease in HC volume
varies between the studies. Rusinek et al. (2003) found a 0.36% volume
loss/year for cognitively stable subjects, and a greater loss (1%/year) in
individuals with cognitive decline. Henneman et al. (2009a) reported
2.2% annual HC volume loss for healthy controls, with greater atrophy
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rates in patients with MCI (-3.8%/year) and AD (-4.0%/year). Another
study reported an up to 8% decrease in HC volume per year in
asymptomatic individuals at risk of familial AD (Fox et al., 1996). De-
spite the large interest in longitudinal MTL atrophy, no studies have
investigated how these correspond to clinical MTA ratings.

The aim of this paper is to investigate longitudinal changes in the
MTL in individuals with subjective cognitive decline (SCD) or mild
cognitive impairment (MCI), and whether clinical rating scales can
detect these changes. Two neuroradiologists and AVRA (Automatic
Visual Ratings of Atrophy)—our recently developed software providing
automated continuous MTA scores—rated 93 individuals scanned four
times over six years using Scheltens’ MTA scale. Further, all images
were segmented using the longitudinal FreeSurfer pipeline to extract
hippocampal and inferior lateral ventricle volumes. We calculated
atrophy rates of the MTL for visual and automated measures to un-
derstand what progression to expect in different stages of preclinical
dementia.

2. Methods

2.1. Study population

The study population was part of the prospective and longitudinal
Swedish BioFINDER (Biomarkers For Identifying Neurodegenerative
Disorders Early and Reliably) study (www.biofinder.se) and comprised
non-demented people with subjective and objective cognitive decline.
All patients were consecutively enrolled at three outpatient memory
clinics and were assessed by physicians specialized in dementia dis-
orders. Inclusion criteria were: 1) referred to the memory clinics be-
cause of cognitive symptoms, 2) not fulfilling dementia criteria, 3)
MMSE score of 24–30 points, 4) age 60–80 years and, 5) fluent in
Swedish. Exclusion criteria were: 1) cognitive impairment that without
doubt could be explained by a condition other than prodromal de-
mentia, 2) severe somatic disease, and 3) refusing lumbar puncture or
neuropsychological investigation. A neuropsychological battery asses-
sing four broad cognitive domains including verbal ability, visuospatial
construction, episodic memory, and executive functions was performed
and a senior neuropsychologist then stratified all patients into those
with SCD (no measurable cognitive deficits) or MCI according to the
consensus criteria for MCI (Petersen, 2004). From this larger cohort we
selected all individuals who had been followed up three times over the
course of six years.

As in the work by Pettigrew et al. (2017), we stratified the cohort
based on abnormality in CSF amyloid-β (A) and phosphorylated tau (p-
tau; T) levels analyzed with Euroimmun essays (EUROIMMUN AG,
Lübeck, Germany). We applied the cut-off Aβ42/A <β 0.1040 (Janelidze
et al., 2016) to define A+ and p-tau >72 pg/ml (Mattsson et al., 2018)
for T+. This yielded the subgroups A−T− (i.e. denoting normal amy-
loid-β and p-tau levels), A+T−, and A+T+. No individuals displayed
the CSF combination A−T+. Demographics and clinical characteristics
of these groups are summarized in Table 1.

2.2. MRI protocol

All T1-weighted MRI scans were acquired with an MPRAGE protocol
on a 3T Siemens TrioTim with the following parameters: 1.2 mm slice
thickness, 0.98mm inplane resolution, 3.37ms Echo Time, 1950ms

Repetition Time, 900ms Inversion Time, and 9° Flip angle.

2.3. Visual assessments

Two neuroradiologists (Rad. 1 and Rad. 2) rated all available images
according to Scheltens’ MTA scale (Scheltens et al., 1992), see Fig. 1.
Instead of only reporting the most severe MTA score, as proposed by
Scheltens et al. (1995), we included the MTA score of the left and right
hemisphere separately. The raters were blinded to sex, age, diagnosis,
amyloid-β and tau status, subject ID and timepoint to not bias the
ratings. Both radiologists assess MTA on a regular basis as part of their
clinical work but have not trained together to facilitate rating con-
sistency.

2.4. Automated methods

For automated MTA ratings we used our recently proposed software
AVRA2 v0.8 (Mårtensson et al., 2019a). Briefly, AVRA is a deep
learning model that was trained on more than 3000 MRI images from
multiple cohorts rated by a single radiologist (none of the raters in the
current study). It is based on convolutional neural networks and pre-
dicts MTA from features extracted from the raw images (i.e., not vo-
lumetric data), similar to how a radiologist would perform the assess-
ment. The model has previously demonstrated substantial inter-rater
agreement levels in multiple imaging cohorts from various memory
clinics (Mårtensson et al., 2019a; Mårtensson et al., 2019b). The first
step of the processing pipeline of AVRA is to align the anterior and
posterior commissures (AC-PC) using FSL FLIRT (Jenkinson and Smith,
2001; Jenkinson et al., 2002). We visually inspected the rigid regis-
trations to ensure that the AC-PC alignment had not failed, but no
AVRA ratings were discarded based on this. Contrary to the radiologist
ratings, AVRA outputs continuous MTA scores. This allows for cap-
turing more subtle longitudinal changes in the MTA scores that is not
possible with a discretized scale.

All MRI scans were processed through TheHiveDB system
(Muehlboeck et al., 2014) with FreeSurfer3 6.0.0 for automatic seg-
mentation of cortical and subcortical structures, such as hippocampi
and inferior lateral ventricles (Dale et al., 1999; Fischl et al., 2004).
First, all images were processed cross-sectionally, and each output was
visually inspected to detect images with inaccurate hippocampal or
ventrical segmentation. Images that passed quality control were re-
processed with FreeSurfer’s longitudinal pipeline for more consistent
segmentation (Reuter et al., Jul 2012). The longitudinal output was
once again visually inspected and cases with poor hippocampal or
ventrical segmentations excluded. In total, 339 (out of 372) images
from 87 (out of 93) participants were included in the study for further
analyses.

2.5. Analyses

The analyses revolve around two central themes: to study the sen-
sitivity and reliability of MTA ratings in a longitudinal setting, and to
characterize medial temporal atrophy in preclinical dementia.

Fig. 1. Example of the Scheltens’MTA scale,
with progressive atrophy of the hippo-
campus, the choroid fissure and the inferior
lateral ventricle. The image selected for
each score was given the same rating by
both radiologists in this study. Each hemi-
sphere is rated individually.

2 Automatic visual Ratings of Atrophy, freely available at https://github.com/
gsmartensson/avra_public

3 Freely available athttp://surfer.nmr.mgh.harvard.edu/
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For the first theme we used Cohen’s weighted kappa ∈ −κ [ 1, 1]w to
assess the agreement between two sets of ratings. As there is no ground
truth available, κw is a common metric to report in studies using visual
ratings, where a high inter- and intra-rater agreement suggests that the
rater is reliable and consistent. We further compared the manual and
automated ratings to hippocampal and inferior lateral ventricle vo-
lumes. Although MTA is rated in a single slice—and does not assess
volumes—we assume that reliable ratings should (anti-) correlate
strongly with HC and ILV volumes. We studied visual rating sensitivity,
i,e. their ability to capture MTL atrophy, by comparing within-subject
changes in MTA ratings (“ΔMTA”) to changes in HC and ILV volume
(“ΔHC” and “ΔILV”).

Characterizing MTL atrophy in preclinical dementia was done by
studying the cross-sectional and longitudinal progression of MTA
scores, HC volumes and ILV volumes as a function of age. We ap-
proximated the average annual change in MTA scores (“ΔMTA/year”),
Mini Mental State Examination (MMSE), Alzheimer’s Disease
Assessment Scale-delayed word recall (ADAS-DWR), HC and ILV vo-
lumes by fitting a least-squares regression line for each individual and
measure. To study the effect of clinical status (i.e. SCD or MCI), we
performed additional analyses on SCD and MCI subjects separately
within each CSF group. The analyses including volumetric data were
performed on the subset of images that passed the visual quality con-
trol. As supplementary analysis, we calculated the mean and standard
deviations of the MTA ratings at each timepoint in subgroups with
different CSF biomarker profiles and cognitive statuses.

3. Results

The rating agreements between radiologists and AVRA, and their
correlations to HC and ILV volumes, are shown in Table 2. The
weighted kappa agreements between the raters ranged from fair (κw ∈

[0.2,0.4)) to substantial (κw ∈ [0.6,0.8)) (Landis et al., 1977). All sets of
ratings demonstrated similar Spearman correlations strengths to HC
( ∈rs [-0.61,-0.50]) and ILV ( ∈rs [0.82,0.89]) volumes. Violinplots il-
lustrating the distribution of HC and ILV volumes per MTA score and
rater are shown in Fig. 2, where we note that Rad. 1 systematically gave
higher MTA scores than Rad. 2. We include confusion matrices between
rating sets for left and right hemispheres, together with scatter- and
boxplots visualizing the remaining associations in Table 2, as
Supplementary data in Tables S1-S3 and Fig. S1.

In Table 3 the baseline characteristics and average annual pro-
gression rates among study participants for all sets of ratings, MTL
volumes, MMSE and ADAS-DWR are shown. No clear pattern was found
between CSF groups in the cross-sectional baseline measures. However,
all MTL measures showed that the atrophy rates increased with pro-
gressing AD CSF pathology, with the exception of the ratings from Rad.
1 that showed a milder progression in the A+T− group. By assessing the
SCD and MCI patients separately, we observed that the CSF group dif-
ferences in atrophy rates were larger in the MCI subset. We further
noted that the atrophy rates were greater in the SCD subjects in A+T+

than in the MCI patients in the A−T− group. In Supplementary Fig. S2,
we plot the associations between MTL rates and the continuous level of
CSF p-Tau.

In Fig. 3 the trajectories of each study participant are displayed for
left MTA (for all three raters), HC volume and ILV volume respectively.
Measures of the right hemisphere, together with subcortical volumes
normalized with total intracranial volume, showed similar character-
istics and are provided as Supplementary data (Figs. S3-S4). The MTA
ratings given by Rad. 1 and Rad. 2 for each individual were rarely lower
at follow-up compared to previous timepoints, which would be a re-
quirement of reliable and sensitive measures of the MTL if assuming
monotonically increasing atrophy. The longitudinal trajectories of the
FreeSurfer measures were generally smoother than AVRA’s MTA scores,

Table 1
Demographics of the included participants at baseline. p-values were computed using Kruskal-Wallis H-test, testing the null hypothesis that medians are equal in all
subgroups.

All A−T− A+T− A+T+ p-value

N 93 54 18 21 –
SCD/MCI 61/32 42/12 8/10 11/10 –
Age at bl. 70.06 ± 5.41 69.71 ± 5.57 70.18 ± 4.55 70.86 ± 5.58 0.208
Sex, F (%) 57.0 64.8 50.0 42.9 0.001
ApoE4 carriers (%) 38.7 14.8 66.7 76.2 < .001
Education (years) 12.01 ± 3.30 11.91 ± 3.34 11.67 ± 3.42 12.57 ± 3.02 0.108
MMSE at bl. 28.26 ± 1.72 28.57 ± 1.46 28.06 ± 1.75 27.62 ± 2.06 < .001
ADAS-DWR at bl 4.24 ± 2.73 3.41 ± 2.39 5.17 ± 2.41 5.38 ± 3.05 < .001
CSF Aβ42/40 ratio 0.12 ± 0.04 0.15 ± 0.03 0.09 ± 0.02 0.07 ± 0.02 –

CSF Aβ42 (pg/ml) 611.8 ± 259.4 788.0 ± 182.7 370.6 ± 135.5 399.3 ± 145.3 –
CSF p-tau (pg/ml) 56.7 ± 36.5 35.7 ± 10.9 47.9 ± 14.4 113.4 ± 27.6 –
N conv. to dementia (to AD) 19 (13) 5 (0) 5 (5) 9 (8) –

Table 2
Inter-rater agreements (κw) and Spearman correlations (rs) between radiologists’ ratings, hippocampal (HC) and inferior lateral ventricle (ILV) volumes. For the
correlation metrics, we compared one timepoint per subject so that all observations were independent. The p-values of all correlations entries were <p . 0001.

Rad. 1 Rad. 2 AVRA

Measure Metric Left Right Left Right Left Right

Rad. 1 κw 0.30 0.36 0.58 0.61
Rad. 2 κw 0.30 0.36 0.30 0.35
AVRA κw 0.58 0.61 0.30 0.35
Rad. 1 rs 0.81 0.78 0.82 0.80
Rad. 2 rs 0.81 0.78 0.89 0.86
AVRA rs 0.82 0.80 0.89 0.86
HC vol. rs −0.58 −0.51 −0.58 −0.50 −0.58 −0.61
ILV vol. rs 0.82 0.82 0.85 0.87 0.89 0.89
MMSE rs −0.54 −0.54 −0.49 −0.43 −0.45 −0.44
ADAS-DWR rs 0.51 0.51 0.55 0.52 0.56 0.56
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which were not monotonically increasing for all individuals, suggesting
some degree of rating variability. From Fig. 3 we see that the MTL
measures of the MCI patients (orange lines) were generally more pa-
thological than the SCD subjects (blue lines), which is confirmed in
Table 3. We include examples of MRI scans for all timepoints for ran-
domly selected participants as Supplementary data in Fig. S5.

To study the sensitivity of the discrete radiologist ratings, we in-
vestigated the changes in MTA scores and MTL volumes compared to
baseline. In Fig. 4 we show kernel density plots that estimate the dis-
tribution of ΔHC and ΔILV for follow-up images given the same MTA
score (ΔMTA=0), +1 MTA (ΔMTA=1) and +2 MTA (ΔMTA=2).
Both radiologists show similar distributions for ΔMTA=0 and the
ΔMTA=1 entries, with a larger shift in means for ΔMTA=2. From
these results it was possible to estimate that when ΔHC equaled
−238mm3 (−8%) and −235 mm3 (−7%) it became more likely that
the image was being rated with a higher MTA score, for Rad. 1 and Rad.
2 respectively. Corresponding values for ΔILV were 225mm3 (27%) and
254mm3 (33%).

4. Discussion

In this study we investigated longitudinal medial temporal atrophy
in preclinical dementia, and to what extent it is possible to capture
these changes with Scheltens’ MTA scale. We found that both radi-
ologists provided reliable ratings, capable of capturing longitudinal
changes, despite low inter-rater agreement. This was due to systematic
rating differences between the radiologists, which highlights the issue
of using subjective methods to quantify atrophy. Further, we observed
increased MTL atrophy rates with worsening cognition and CSF AD
pathology. This is the first study to investigate longitudinal MTL
atrophy using MTA ratings, which helps bridge the gap between neu-
roimaging research and clinical radiology.

The rating agreement was only moderate between Rad. 2 and Rad.
1, as well as between Rad. 2 and AVRA. This is slightly lower than inter-
rater agreements reported in studies using MTA, normally in the range

∈κw (0.6, 0.9) (Koedam et al., 2011; Cavallin et al., 2012b; Velickaite
et al., 2017; Ferreira et al., 2017). All sets of ratings showed strong

correlation to both HC and ILV volumes. This was reasonable, given
that another recently proposed model estimating MTA was based on a
linear combination of HC and ILV volumes (Koikkalainen et al., 2019).
Our reported Spearman correlations between MTA and HC volume
were stronger than previously reported, with ∈rs [-0.26,-0.37] (Wahlund
et al., 1999; Cavallin et al., 2012a). This shows that both radiologists
are reliable, but that their rating styles differ—with one being more
conservative—leading to low agreements. Since none of the radiologists
trained together prior to rating the images, the low κw is not surprising.
These results demonstrate the issue of using subjective measures to
quantify atrophy, where pathological status (normal/abnormal MTA) of
a patient may differ depending on which radiologist performs the
rating. On the other hand, 33 images failed the FreeSurfer segmentation
upon visual QC. Having to discard almost 10% of the MRI scans due to
software issues is not acceptable in a clinical setting. While other seg-
mentation tools may be more reliable than FreeSurfer, inter-scanner
variability, scanner software updates and image artifacts will always be
obstacles that can influence performance (Guo et al., 2019; Mårtensson
et al., 2019b). This does not seem to be an issue for visual ratings,
where excellent intra-rater agreement has been demonstrated even
across modalities (Wattjes et al., 2009). The benefits of using objective
measures will outweigh the disadvantages—particularly as softwares
become more robust—but it is important to understand that a software
may fail in other ways than humans.

In accordance with previous studies we found increased HC (and
ILV) atrophy rates with progressed CSF AD pathology and in MCI pa-
tients compared to cognitively normal (CN) subjects (Rusinek et al.,
2003; Ridha et al., 2006; Henneman et al., 2009a). Pettigrew et al.
(2017) specifically investigated the progression of MTL atrophy in
preclinical AD, defined by abnormality in amyloid-β and tau. They also
found an increased atrophy rate in individuals with A+T+ biomarker
profile. They did not find any differences between A−T− and A+T−.
We observed differences in our automatic measures, although these
differences where smaller when studying SCD subjects only. Pettigrew
and colleagues investigated only CN subjects that were 10–15 years
younger (on average) than in our study. Further, we defined CSF ab-
normality based on established cut-offs, and not by percentiles of the

Fig. 2. Violinplots of the radiologists’ MTA ratings and corresponding hippocampal volume (top) and inferior lateral ventricle volume (bottom). The width of the
violins shows the distribution over volumes for each rating and rater, and the area indicates the number of images given a specific rating. The green dots show
AVRA’s MTA rating for each image.
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sample distribution. We expect our study sample to be in a more ad-
vanced pathological stage, which may explain why our data showed a
difference between A−T− and A+T−. Henneman et al. (2009a) re-
ported differences in both HC volume at baseline and HC atrophy rate
between healthy controls and MCI patients, which is consistent with our
observed differences between SCD and MCI subjects within each CSF
group. However, SCD individuals in the A+T+ group displayed greater
atrophy rates than A−T− and A+T− MCI patients. This is in line with
another study from Henneman et al. (2009b), which suggested that
greater CSF p-tau levels were associated with greater HC atrophy rate.

The same trends as for HC were captured by AVRA’s MTA ratings,
but not as clearly in the radiologist ratings. Most subjects, when using
discrete ratings, had the same or +1 MTA score at six-year follow-up
compared to baseline. This led to that the computed ΔMTA/year values
for Rad. 1 and Rad. 2 merely reflected the ratio of subjects given a
higher MTA score within six years. That is, the Δ MTA/year for a
subject can “only” assume three values {0, 0.15, 0.2} depending on if,
or at what timepoint, a higher MTA score is assigned. Thus, we argue
that it is not possible to obtain reliable measure of atrophy rates from
the integer radiologist ratings in our small study samples. It further
suggests that the resolution of the MTA scale is too coarse to track in-
dividual MTL atrophy progression in short time spans, although the
clinical usefulness of higher resolution MTL measures may be small.

Focusing on the ratings from AVRA only, we found that the average
changes in MTA scores were small: between 0.04 and 0.15 per year.
This corresponds to roughly 25 years for A−T− subjects to progress a
“full” MTA score (e.g. “1.0 → 2.0”). For the A+T− group the time is
13.3 years, and 8.3 years for A+T+. By combining the ΔHC/year entries
from Table 3 with the ΔHC value at which it becomes more likely for
the radiologists to give a higher MTA score (Fig. 4), we can estimate
how many years it takes for individuals in each CSF group to be more
likely to get a higher MTA score at follow-up. Subjects with A−T− at
baseline are more likely to get a higher score at roughly 6.2 years,
A+T− at 4.3 years, and A+T+ at 2.5 years. The difference in the two
methods is that in the latter measure we are estimating the time to
reach the next discrete MTA step. That is, borderline cases (e.g.
MTA=2.9) are more likely to get a higher score at the next follow-up
than individuals with MTA=2.0 at baseline. Assuming that patients
being rated MTA=2 by a radiologist have an underlying continuous
MTA score, and that these are uniformly distributed on the interval
[2,3), a patient in this group would on average have MTA=2.5. The
first method (based on AVRA ratings) should thus give roughly twice
the conversion time to the second (based on radiologist ratings), which
is too short but fairly close. The remaining differences can have mul-
tiple explanations. 1) The estimates are crude and based on relatively
few subjects with large within-group variability in MTA rates. 2) The

Table 3
Average baseline (bl) MTA ratings and volumes, and average annual change for individuals with different CSF statuses. Rows in bold denote entries where the whole
CSF group was considered (i.e. SCDs and MCIs), and ’SCD/MCI only’ refers to the subset of SCD/MCI subjects within the CSF group. ΔMTA/year refers to the average
annual change in MTA score of the study participants. The reported p-values were computed using Kruskal–Wallis H-test to test the null-hypothesis that the
population medians of all CSF groups were equal. Applying a Bonferroni correction to a significance level of =α 0.05 means rejecting the null-hypothesis for

< = ≈p α
m

. 05
66 .00076, where m is the number of statistical comparisons.

A−T− A+T− A+T+ p-value

Measure Left Right Left Right Left Right Left Right

Rad. 1: MTA at bl. 1.17 ± 0.66 1.17 ± 0.63 1.56 ± 0.68 1.28 ± 0.45 1.67 ± 0.78 1.43 ± 0.58 0.0282 0.2783
SCD only 1.07 ± 0.63 1.10 ± 0.61 1.38 ± 0.48 1.38 ± 0.48 1.27 ± 0.45 1.18 ± 0.39 0.2492 0.3542
MCI only 1.50 ± 0.65 1.42 ± 0.64 1.70 ± 0.78 1.20 ± 0.40 2.10 ± 0.83 1.70 ± 0.64 0.2835 0.1948

Rad. 1: ΔMTA/year 0.05 ± 0.09 0.05 ± 0.08 0.04 ± 0.07 0.07 ± 0.09 0.09 ± 0.11 0.12 ± 0.10 0.0255 <.0001
SCD only 0.05 ± 0.09 0.04 ± 0.08 0.04 ± 0.06 0.03 ± 0.05 0.07 ± 0.10 0.08 ± 0.11 0.8090 0.3825
MCI only 0.05 ± 0.09 0.06 ± 0.08 0.04 ± 0.07 0.11 ± 0.10 0.11 ± 0.11 0.16 ± 0.07 0.0016 <.0001

Rad. 2: MTA at bl. 0.50 ± 0.71 0.56 ± 0.79 0.61 ± 0.76 0.50 ± 0.69 0.62 ± 0.79 0.81 ± 0.85 0.7581 0.3620
SCD only 0.36 ± 0.65 0.52 ± 0.79 0.50 ± 0.71 0.62 ± 0.70 0.27 ± 0.45 0.45 ± 0.66 0.8081 0.8203
MCI only 1.00 ± 0.71 0.67 ± 0.75 0.70 ± 0.78 0.40 ± 0.66 1.00 ± 0.89 1.20 ± 0.87 0.6051 0.0902

Rad. 2: ΔMTA/year 0.05 ± 0.08 0.06 ± 0.09 0.11 ± 0.10 0.13 ± 0.07 0.15 ± 0.12 0.13 ± 0.12 <.0001 <.0001
SCD only 0.06 ± 0.09 0.06 ± 0.09 0.04 ± 0.07 0.10 ± 0.06 0.11 ± 0.12 0.10 ± 0.10 0.0155 0.0039
MCI only 0.03 ± 0.07 0.07 ± 0.09 0.16 ± 0.10 0.14 ± 0.07 0.19 ± 0.10 0.17 ± 0.13 <.0001 0.0033

AVRA: MTA at bl. 1.26 ± 0.58 1.26 ± 0.56 1.39 ± 0.71 1.40 ± 0.64 1.20 ± 0.58 1.28 ± 0.64 0.6503 0.5989
SCD only 1.18 ± 0.55 1.24 ± 0.55 1.10 ± 0.50 1.33 ± 0.69 1.02 ± 0.43 1.01 ± 0.50 0.7771 0.3942
MCI only 1.54 ± 0.60 1.34 ± 0.60 1.62 ± 0.77 1.46 ± 0.58 1.39 ± 0.65 1.57 ± 0.65 0.8216 0.6186

AVRA: ΔMTA/year 0.04 ± 0.04 0.04 ± 0.04 0.07 ± 0.05 0.08 ± 0.05 0.13 ± 0.08 0.11 ± 0.08 <.0001 <.0001
SCD only 0.04 ± 0.05 0.04 ± 0.04 0.07 ± 0.05 0.07 ± 0.05 0.11 ± 0.09 0.09 ± 0.08 <.0001 <.0001
MCI only 0.04 ± 0.04 0.06 ± 0.04 0.07 ± 0.05 0.09 ± 0.05 0.15 ± 0.07 0.14 ± 0.07 <.0001 <.0001

HC vol at bl. (mm3) 3629 ± 432 3753 ± 506 3698 ± 586 3834 ± 567 3331 ± 487 3433 ± 494 0.0858 0.1054
SCD only 3697 ± 414 3773 ± 479 3999 ± 571 4023 ± 547 3530 ± 325 3659 ± 309 0.1740 0.5019
MCI only 3409 ± 415 3686 ± 579 3431 ± 456 3666 ± 531 3151 ± 536 3229 ± 538 0.4706 0.1605

ΔHC/year (mm3/year) −36.3 ± 26.9 −39.3 ± 25.5 −53.4 ± 29.7 −55.4 ± 31.3 −93.4 ± 33.2 −99.3 ± 42.0 <.0001 <.0001
SCD only −34.7 ± 27.4 −35.7 ± 25.1 −36.8 ± 20.2 −46.0 ± 23.8 −79.4 ± 21.3 −87.8 ± 27.1 <.0001 <.0001
MCI only −41.4 ± 24.5 −50.9 ± 23.2 −68.1 ± 29.0 −63.8 ± 34.6 −106.0 ± 36.7 −109.7 ± 49.7 <.0001 <.0001

ΔHC/year (%/year) −1.0 ± 0.9 −1.1 ± 0.8 −1.6 ± 1.0 −1.5 ± 0.9 −2.9 ± 1.0 −2.9 ± 1.2 — —
ILV vol at bl. (mm3) 777 ± 529 724 ± 523 1053 ± 739 860 ± 629 858 ± 507 817 ± 412 0.2098 0.3466

SCD only 700 ± 481 683 ± 472 804 ± 545 839 ± 772 698 ± 241 652 ± 329 0.7090 0.9822
MCI only 1029 ± 596 856 ± 644 1274 ± 813 879 ± 465 1001 ± 627 966 ± 423 0.6443 0.4588

ΔILV/year (mm3/year) 38.1 ± 41.3 38.9 ± 44.6 83.1 ± 74.2 84.1 ± 98.5 117.1 ± 76.5 107.8 ± 94.9 <.0001 <.0001
SCD only 37.7 ± 43.5 36.3 ± 45.5 69.8 ± 63.6 98.8 ± 123.3 86.7 ± 83.8 49.3 ± 44.9 <.0001 0.0002
MCI only 39.6 ± 33.3 47.1 ± 40.6 95.0 ± 80.7 71.0 ± 66.6 144.4 ± 56.8 160.4 ± 97.2 <.0001 <.0001

ΔILV/year (%/year) 4.8 ± 4.0 4.5 ± 3.9 7.9 ± 4.3 9.9 ± 7.0 14.7 ± 9.0 13.9 ± 10.0 — —
ΔMMSE/year −0.15 ± 0.47 −0.49 ± 0.70 −1.13 ± 1.02 <.0001

SCD only -0.05 ± 0.30 -0.19 ± 0.34 -0.87 ± 1.05 <.0001
MCI only -0.53 ± 0.71 -0.74 ± 0.82 -1.41 ± 0.92 <.0001

ΔADAS-DWR/year −0.04 ± 0.38 0.14 ± 0.40 0.39 ± 0.50 <.0001
SCD only -0.03 ± 0.31 0.01 ± 0.40 0.49 ± 0.62 <.0001
MCI only -0.07 ± 0.57 0.25 ± 0.36 0.28 ± 0.26 0.0003
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calculations are based on atrophy rates being constant over 20 years.
This seems unlikely, given that individuals’ CSF status and cognition
may worsen, which should yield increased atrophy rates according to
Table 3. 3) The MTA scale assesses three structures and not just HC
atrophy. Further, it has been suggested that atrophy mainly occurs in

posterior HC in preclinical AD (Lindberg et al., 2017), causing the HC
volume change to occur mainly “outside” the MTA rating slice.

Longitudinal MTA scores have, to our knowledge, only previously
been reported by Ferreira et al. (2017) in AD patients and CN subjects
over a two-year follow-up. This study reported an MTA change of 0.25/

Fig. 3. Medial temporal lobe measures of the left hemisphere plotted against age at scan time for different combinations of Aβ (A) and phosphorylated tau (T)
abnormality. From the top: MTA ratings by Rad. 1; MTA ratings by Rad. 2; MTA ratings by AVRA; Hippocampal (HC) volumes; Inferior lateral ventricles (ILV)
volumes. Orange and blue lines show individual trajectories for SCD and MCI patients, respectively. The green dots show if a patient was diagnosed with dementia at
the given timepoint. A small random offset ( <ε| | . 175) has been added to each individual’s Rad. 1 and Rad. 2 ratings to make it easier to distinguish between
overlapping trajectories.

Fig. 4. Shows distribution (kernel density plots) of the change in HC (left) and ILV (right) volumes between baseline and follow-up scan. A follow-up image rated the
same as the baseline scan are in blue (“0 MTA”), 1 MTA score higher (“+1 MTA”) in orange, and 2 MTA scores higher (“+2 MTA”) in green. Solid lines are ratings
from Rad. 1 and dotted lines from Rad. 2.
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year in CN participants, and 0.4/year in AD patients (estimated from
figure). The annual change in MTA scores in CN individuals was higher
than those observed in SCD subjects in the current study. However, we
believe that our data, comprising four scans per participant and con-
tinuous ratings, allows for an accurate estimation of the MTA rate.

A limitation of the current study is that many of the analyses assume
a linear relationship between variables. From Fig. 3 the individual
slopes for all MTL measures look linear with respect to age, or at least
like a reasonable approximation for six years. However, if one was to
model ILV as a function of MTA (see Fig. 2), the relationship is clearly
not linear. This means that the change in ILV volume between MTA 0–1
is smaller than between MTA 3–4. This may confound the interpreta-
tions of Fig. 4, but our study sample was not large enough to consider
non-linear relationships. Further, we emphasize that the study sample is
not fully representative of A−T−, A+T− and A+T+ groups given that
the inclusion criteria excluded (subjective) cognitively normal and de-
mentia patient. The former would likely affect mainly the A− group
results, and the latter the CSF pathological groups.

5. Conclusion

In this study we investigated the sensitivity and reliability of visual
assessment of MTL atrophy according to Scheltens’ MTA scale in a
longitudinal cohort of subjects with subjective cognitive decline and
mild cognitive impairment. Our data showed that MTA ratings display
the same cross-sectional and longitudinal trends as the volumes of
hippocampus and the inferior lateral ventricle. This suggests that the
MTA scale is a reliable alternative to automatic image segmentations,
but where the discrete scale is too coarse to track individual atrophy
progression in short time spans. The MTA ratings from two experienced
radiologists, and an automated software, were strongly associated to
the subcortical volumes as well as cognitive tests, showing that all
raters were reliable. However, the inter-rater agreement was low due to
systematic rating differences, which highlights the issue of using sub-
jective assessments.
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