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Abstract
Objectives Normative brain volume reports (NBVRs) are becomingmore andmore available for the workup of dementia patients
in clinical routine. However, it is yet unknown how this information can be used in the radiological decision-making process. The
present study investigates the diagnostic value of NBVRs for detection and differential diagnosis of distinct regional brain
atrophy in several dementing neurodegenerative disorders.
Methods NBVRs were obtained for 81 consecutive patients with distinct dementing neurodegenerative diseases and 13 healthy
controls (HC). Forty Alzheimer’s disease (AD; 18 with dementia, 22 with mild cognitive impairment (MCI), 11 posterior cortical
atrophy (PCA)), 20 frontotemporal dementia (FTD), and ten semantic dementia (SD) cases were analyzed, and reports were
tested qualitatively for the representation of atrophy patterns. Gold standard diagnoses were based on the patients’ clinical course,
FDG-PET imaging, and/or cerebrospinal fluid (CSF) biomarkers following established diagnostic criteria. Diagnostic accuracy
of pattern representations was calculated.
Results NBVRs improved the correct identification of patients vs. healthy controls based on structuralMRI for rater 1 (p < 0.001)
whereas the amount of correct classifications was rather unchanged for rater 2. Correct differential diagnosis of dementing
neurodegenerative disorders was significantly improved for both rater 1 (p = 0.001) and rater 2 (p = 0.022). Furthermore,
interrater reliability was improved from moderate to excellent for both detection and differential diagnosis of neurodegenerative
diseases (κ = 0.556/0.894 and κ = 0.403/0.850, respectively).
Conclusion NBVRs deliver valuable and observer-independent information, which can improve differential diagnosis of neuro-
degenerative diseases.
Key Points
• Normative brain volume reports increase detection of neurodegenerative atrophy patterns compared to visual reading alone.
• Differential diagnosis of regionally distinct atrophy patterns is improved.
• Agreement between radiologists is significantly improved from moderate to excellent when using normative brain volume reports.

Keywords Alzheimer disease . Frontotemporal lobar degeneration . Magnetic resonance imaging . Neurodegenerative disorder .

Brain

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00330-019-06602-0) contains supplementary
material, which is available to authorized users.

* Dennis M. Hedderich
dennis.hedderich@tum.de

1 Department of Neuroradiology, Klinikum rechts der Isar, Technical
University of Munich, School of Medicine, Ismaninger Str. 22,
81675 Munich, Germany

2 Department of Psychiatry and Psychotherapy, Klinikum rechts der
Isar, Technical University of Munich, School of Medicine,
Munich, Germany

3 Department ofNuclearMedicine, Charité Universitätsmedizin Berlin,
Berlin, Germany

4 Department of Nuclear Medicine, Klinikum rechts der Isar, Technical
University of Munich, School of Medicine, Munich, Germany

European Radiology
https://doi.org/10.1007/s00330-019-06602-0

Author's personal copy

http://crossmark.crossref.org/dialog/?doi=10.1007/s00330-019-06602-0&domain=pdf
http://orcid.org/0000-0001-8994-5593
https://doi.org/10.1007/s00330-019-06602-0
mailto:dennis.hedderich@tum.de


Abbreviations and acronyms
Aβ42 Beta amyloid 1–42
AD Alzheimer’s disease
CDR Clinical Dementia Rating scale
CDR-SOB Clinical Dementia Rating scale, Sum

Of Boxes
CERAD Consortium to Establish a Registry

for Alzheimer’s Disease
CSF Cerebrospinal fluid
DLB Dementia with Lewy bodies
EADC European Alzheimer’s Disease Consortium
FDG-PET Fluorodeoxyglucose positron

emission tomography
FTD Frontotemporal dementia
GCA Global cortical atrophy
GM Gray matter
HC Healthy controls
LP Lumbar puncture
MCI Mild cognitive impairment
MMSE Mini-Mental State Examination
MPRAGE Magnetization prepared rapid gradient echo
MTA Mesial temporal atrophy
NBVR Normative brain volume report
NPV Negative predictive value
PCA Posterior cortical atrophy
PCC Posterior cingulate cortex
PiB Pittsburgh compound B
PPV Positive predictive value
pTau Phosphorylated Tau 181
SD Semantic dementia
TE Time to echo
TI Time to inversion
TIV Total intracranial volume
TPJ Temporoparietal junction
TR Time to repetition
tTau Total Tau
WM White matter

Introduction

Magnetic resonance imaging (MRI) plays a key role in the
workup and differential diagnosis of neurodegenerative dis-
eases [1, 2]. Since structural brain imaging is frequently per-
formed early on in the diagnostic process, MRI has the poten-
tial to significantly guide or shorten a patient’s diagnostic
workup if a characteristic imaging pattern is observed or if
pathological brain atrophy can be ruled out [1, 3]. To date,
the radiologist in clinical routine mostly visually evaluates
global and regional atrophy. This is notoriously difficult, de-
pendent on the radiologist’s level of expertise, and yields high
intra- and interrater variability. Although visual rating scales
have improved these issues and increased diagnostic accuracy,

MRI-based image interpretation has probably not yet reached
its full potential for evaluating regional cerebral atrophy [4, 5].

Technical advances have made it possible to integrate
whole-brain volumetry into the clinical workflow and to obtain
normative brain volume reports (NBVRs), which compare
measured volumes of different brain structures with a healthy
cohort after adjusting for sex and age [6, 7]. These NBVRs can
present deviations from normal tissue volumes either as points
plotted against a normal distribution and standard deviations or
by color-coded, whole-brain statistical parametric maps (SPM).
A similar approach has been introduced to fluorodeoxyglucose
positron emission tomography (FDG-PET) imaging of the
brain more than two decades ago [8]. Stereotactic surface pro-
jections have been shown to increase diagnostic accuracy in the
workup of brain glucose metabolism [9].

NBVRs provide not only absolute volumes but also refer-
ence volumes of measured brain structures of a normative co-
hort of healthy individuals.While absolute volumetric measure-
ments would be very hard to interpret, in our opinion, the ad-
dition of reference values and the visual representation of devi-
ations from normal brain volumes as SPMs have great potential
to facilitate the detection of deviations from normal aging and
to make the identification of pathognomonic atrophy patterns
easier. The purpose of this study is to evaluate the potential
value of NBVRs in clinical practice with regard to identification
and differential diagnosis of dementing neurodegenerative dis-
eases with different regional atrophy patterns compared to vi-
sual inspection of atrophy patterns by neuroradiologists alone in
a cohort of 94 consecutive patients with different neurodegen-
erative diseases and mixed with age-matched healthy controls.

Materials and methods

Study cohort and study design

Retrospective analysis of consecutive patients with distinct
neurodegenerative diseases who were referred from the
Centre for Cognitive Disorders of our hospital for imaging at
our hybrid PET-MRI scanner (Siemens Biograph mMR PET-
MRI, SiemensHealthineers) who fulfilled all inclusion criteria
between 1 Jan. 2011 and 30 Sept. 2018. Retrospective inclu-
sion of patients with Alzheimer’s disease (AD) was stopped at
40 (22 at mild cognitive impairment (MCI) stage, 18 at de-
mentia stage) in order to avoid largely inhomogeneous group
sizes. Healthy controls (HC) served as control participants in
former AD studies and underwent imaging at the same scan-
ner. Besides available PET-MRI examination, the inclusion
criteria for patients were sufficient quality of structural brain
MRI including a 3D-T1 gradient echo sequence with a reso-
lution of 1 × 1 × 1 mm3 (e.g., Magnetization Prepared Rapid
Acquisition Gradient Echo (MPRAGE)), an established diag-
nosis of sporadic AD (MCI) [10] or dementia stage [11]),
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posterior cortical atrophy (PCA) [12], frontotemporal demen-
tia (FTD), or semantic dementia (SD) [13] and absence of any
concomitant neurological or psychiatric disorder. In this retro-
spective study, all patients were diagnosed according to then
recent guidelines. Complying with current nomenclature,
“FTD” corresponds to behavioral variant frontotemporal de-
mentia (bvFTD) and SD corresponds to semantic variant pri-
mary progressive aphasia (svPPA). The reference standard
diagnosis was based on expert diagnosis as a result of bio-
marker information (FDG-PET, amyloid PET, and/or cerebro-
spinal fluid (CSF) amyloid-β42, phosphorylated Tau (pTau)
and total Tau (tTau)), clinical examination, cognitive testing,
and clinical disease course. The diagnostic workup comprised
thorough clinical and neuropsychological testing including
the Mini-Mental State Examination (MMSE) and the
Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD) neuropsychological assessment battery. Severity of
dementia was rated using the global score of the Clinical
Dementia Rating scale (CDR global).

Detailed information about patient characteristics and their
clinical workup is given in Table 1.

Image acquisition and analysis

Three-dimensional, T1-weighted MRI scans of patients and
healthy individuals of a normative database from our hybrid
PET-MRI platform were exported from the local Picture
Archiving and Communication System (PACS). The normative
database comprised 26 healthy subjects with a mean age of
57 years (standard deviation of 11 years) ranging from 41 to
81 years. These healthy individuals served as normal controls
in previous prospective trials and were scanned using the same
scanner and sequence specifications as the cohort evaluated in
this study [14]. According to previous studies, statistical power
for asymmetric two-sample t tests can be considered sufficient if
the normative database comprises 20–30 subjects [15, 16]. Scan
parameters were as follows: time to repetition (TR) =
2300 ms, time to echo (TE) = 2.98 ms, time to inversion
(TI) = 900 ms, flip angle = 9°, acquisition matrix = 256 ×

240 mm2, and voxel size = 1 × 1 × 1 mm3. MRI scans were
processed using the Biometrica analysis platform (jung di-
agnostics GmbH), which incorporates all the subsequent
postprocessing steps. The T1 MRI images were segmented
using a previously described and validated atlas-based
volumetry approach implemented in SPM12 [17, 18]. In brief,
MRI brain scans were segmented into tissue class component
images representing either gray matter (GM), white matter
(WM), or CSF. The total intracranial volume (TIV) was esti-
mated using a method which was recently introduced and
validated by Malone et al [19]. Results of the tissue segmenta-
tion were visually checked for segmentation errors. All tissue
segmentations passed quality control. Hereafter, standard
voxel-based morphometry (VBM) [20] as provided by the
SPM12 software package was applied to the individual GM
tissue class component image of a patient using a modification
of Mühlau et al [21] for asymmetric statistical designs. Spatial
correspondence between the individual GM tissue class com-
ponent image of the patient and the GM tissue class component
images of the normative database was established via a high-
dimensional nonlinear image registration technique (DARTEL)
[22]. GMvolumes on voxel level were adjusted for TIVand age
to minimize the impact of these confounding variables on sta-
tistical analysis. The adjustment was performed by computing
the residuals from a bilinear regression function. Voxel-wise t
tests of the age and TIVadjusted GM volumes between patients
and healthy individuals were performed. An extend threshold
of 125 voxels corresponding to a cluster volume of 1ml was set
to partially correct for multiple comparisons [23]. The resulting
p values were presented as color-coded overlay on axial slides
and surface projections. For illustration of image
postprocessing and NBVR generation, please see Fig. 1.

Brain MRI and NBVR evaluation

All brain MRI images and NBVRs were evaluated by two
neuroradiologists with 2 years and 7 years of experience,
respectively. Additional information available to the re-
viewers were sex and age; ratings were performed blinded

Table 1 Study participant characteristics

n Sex (% male) Age (mean ± StD) MMSE (mean ± StD) CDR global (median (min-max))

HC 13 46.2% 66.2 ± 9.2 28.2 ± 1.4 0.0 (0.0–0.0)

AD 18 44.4% 66.2 ± 8.2 16.9 ± 6.5 2.0 (1.0–3.0)

MCI AD 22 63.6% 68.6 ± 6.5 24.0 ± 4.2 0.5 (0.5–1.0)

PCA 11 27.3% 63.3 ± 7.6 21.7 ± 4.4 1.0 (1.0–2.0)

FTD 20 25.0% 62.3 ± 8.7 21.9 ± 6.7 1.0 (1.0–2.0)

SD 10 50.0% 66.4 ± 7.3 23.3 ± 3.0 1.0 (1.0–1.0)

ADAlzheimer’s disease;MCI ADmild cognitive impairment due to Alzheimer’s disease; CDR global clinical dementia rating scale, global score; FTD
frontotemporal dementia; HC healthy control; min minimum; max maximum; MMSEMini-Mental State examination; PCA posterior cortical atrophy;
SD semantic dementia; StD standard deviation
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for all other clinical or biomarker information. Visual as-
sessment of regional brain atrophy was based on axial,
coronal, and sagittal reconstructions of the 3D T1-
weighted MRI sequence at 1 mm3 isotropic resolution.
The raters, if needed, could adapt image reconstructions.
Raters were not aware of the distribution of diagnoses
within the study cohort. The endpoint was to identify or
exclude a neurodegenerative pattern of brain atrophy.
Evaluation took place in two reading sessions. All brain
MRI scans were evaluated both with and without an
NBVR in two reading sessions by both raters separately.
The order of the two types of evaluation was assigned
randomly to exclude training effects. The two reading
sessions were scheduled 4 weeks apart, in order to ex-
clude a memory bias. Raters did not receive a study-
specific training to assess brain regional atrophy patterns
due to their strong clinical background in neuroradiology
and to resemble clinical routine. Both raters had to state
(I) whether there is abnormal brain volume loss present,
suggestive of any neurodegenerative disease, and (II)
whether the atrophy pattern allows making a differential
diagnosis with respect to the exact disorder (AD, PCA,

SD, FTD). For detection and differential diagnosis of
brain atrophy patterns, the readers interpreted the SPMs
of GM volume deviations from the normal control cohort,
presented as both axial slices and 3D renderings at
p < 0.005, uncorrected (see Fig. 2 for exemplary 3D
renderings).

In order to simulate the decision-making process in
clinical routine, the expected pathognomonic atrophy
patterns were derived from the literature and defined
as follows [24]:

AD type—symmetric or asymmetric atrophy of the me-
dial temporal lobe, temporoparietal junction (TPJ), and
posterior cingulate cortex (PCC). Frontal atrophy was
facultative [25].
PCA type—symmetric or asymmetric atrophy in the pos-
terior temporal lobe and the parietal lobe with prominent
involvement of the occipital lobe [26].
FTD type—symmetric or asymmetric atrophy in the fron-
tal and anterior temporal lobes, with predominance of the
frontal lobes or similar atrophy of frontal and anterior
temporal lobes [27].

Fig. 1 Image processing pipeline and normative brain volume report
generation. The processing pipeline incorporates classical voxel-based
morphometry: the original 3D T1-image (MPRAGE) is segmented and
normalized into a gray matter (GM) component image (first processing
step); hereafter, the normalized GM tissue class component image is
smoothed using a Gaussian filter (second step). After smoothing, a

voxel-based statistical test of the individual smoothed GM component
image against a normative database is carried out and produces a para-
metric map. The parametric map indicates statistically significant reduc-
tions of gray matter on voxel level (in color). Abbreviations: GM, gray
matter; MPRAGE, Magnetization Prepared Rapid Gradient Echo
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SD type—symmetric or asymmetric atrophy in the fron-
tal and anterior temporal lobes, with predominance of the
temporal lobes [28].

Exemplary AD-type, PCA-type, FTD-type, and SD-type
patterns of neurodegeneration are depicted in Fig. 2.

Statistical analysis

Individual rating results were analyzed using crosstables.
Sensitivity, specificity, positive predictive value (PPV), nega-
tive predictive value (NPV), and diagnostic accuracy were
calculated. Differences of intra-individual correct classifica-
tions between visual inspection alone and presence of a
NBVR were calculated using McNemar’s test. Differences
of patient characteristics were calculated using either two-
sided t test (age), Mann-Whitney U tests (MMSE), or chi-
square test (sex). Differences were considered statistically sig-
nificant for p < 0.05. To assess interrater reliability, Cohen’s
kappa was used. All statistical tests were performed using
SPSS version 25.0 (SPSS, IBM Corp. 2017).

Ethics statement

Study procedures, namely the anonymous analysis of theMRI
data, were approved by the ethics committee of the Technical
University of Munich (Reference # 176/18s). Written in-
formed consent was waived due to the retrospective nature
of this analysis.

Results

Study cohort

The study cohort consisted of 13 HCs and 81 consecutive
patients with distinct dementing neurodegenerative diseases:
40 AD; 18 at dementia stage, 22 at MCI stage), 11 PCA, 20
FTD, and ten SD cases. There were no significant differences
between all patients and HCs regarding age (p = 0.515) and
sex (p = 0.843). No unrelated gross pathology was detected on
brain MRIs. Patients suffering from any neurodegenerative
disease exhibited significantly lower MMSE scores than
HCs (21.5 ± 5.8 vs 28.2 ± 1.4; p < 0.001). All individuals in

Fig. 2 Exemplary patterns of neurodegeneration for AD (top row), PCA
(2nd row), FTD (3rd row), and SD (bottom row). Examples are shown as
3D renderings of age-corrected GMV reductions (orange) at p < 0.005

uncorrected. Abbreviations: AD, Alzheimer ’s disease; FTD,
frontotemporal dementia; GMV, gray matter volume; PCA, posterior cor-
tical atrophy; SD, semantic dementia
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the HC group were rated as 0 on the CDR global scale. The
median score on the Fazekas scale was not statistically differ-
ent (p = 0.067) between all patients (median 1, range 0–3) and
HCs (median 1, range 0–1). Detailed demographic character-
istics are given in Table 1.

Diagnostic accuracy for detection
of neurodegenerative diseases

For detection of any neurodegenerative disease, conven-
tional visual inspection of brain MRI yielded sensitivities
and specificities of 0.67 [95% CI 0.55–0.77]/0.85 [0.54–
0.97] and 0.84 [0.74–0.91]/0.92 [0.62–1.00] for raters 1
and 2, respectively. Detection of any neurodegenerative
pattern based on visual evaluation of NBVRs yielded sen-
sitivities and specificities of 0.86 [0.77–0.93]/1.00 [0.72–
1.00] and 0.81 [0.71–0.89]/1.00 [0.72–1.00], respectively.
When comparing correctly classified individuals (neuro-
degenerative disease vs. healthy controls), the assessment
supported by NBVRs led to a significantly increased
amount of correct diagnoses in rater 1 (visual inspection
alone, 65 of 94 correct classifications vs. NBVR, 83 of 94
correct classifications; p < 0.001) whereas the correct clas-
sifications by rater 2 remained largely unchanged (visual
inspection alone, 80 of 94 correct classifications vs.
NBVR, 79 of 94 correct classifications; p = 1.00).
Crosstable analyses can be found in Table 2; additional
metrics of diagnostic accuracy can be found in Table 3. In
order to illustrate our results, two examples of patients
with AD who were initially judged false negative as nor-
mal aging by visual inspection alone and classified cor-
rectly as AD with NBVRs.

Diagnostic accuracy for differential diagnosis
of neurodegenerative diseases

Diagnostic accuracy for the differential diagnosis of neu-
rodegenerative diseases was calculated separately for the
four included entities AD, PCA, FTD, and SD. Most im-
portantly, sensitivity and specificity improved for AD for

rater 1 (visual inspection alone, 0.66 [95% CI, 0.43–0.85]/
0.57 [0.40–0.72]; NBVR, 0.93 [0.66–1.00]/0.91 [0.74–
0.98]). For rater 2, specificity increased for detection of
an AD-type pattern using NBVRs (visual inspection
alone, 0.86 [0.66–0.95]/0.55 [0.39–0.70]; NBVR, 0.83
[0.62–0.95]/0.91 [0.75–0.98]). Using NBVRs substantial-
ly increased the sensitivity to detect a pattern of atrophy
for FTD and SD in both raters: FTD-type pattern (rater 1:
visual inspection alone, 0.53 [0.29–0.76]/1.00 [0.89–
1.00]; NBVR, 0.94 [0.68–1.00]/0.97 [0.81–1.00]; rater 2:
visual inspection alone, 0.37 [0.17–0.61]/0.98 [0.88–
1.00]; NBVR, 0.82 [0.56–0.95]/1.00 [0.89–1.00]), SD-
type pattern (rater 1: visual inspection alone, 0.40 [0.14–
0.73]/1.00 [0.91–1.00]; NBVR, 0.90 [0.54–1.00]/0.97
[0.84–1.00]; rater 2: visual inspection alone, 0.30 [0.08–
0.65]/0.98 [0.90–1.00]; NBVR, 0.90 [0.54–0.99]/0.92
[0.79–0.97]).

There was no atrophy pattern discernible at all on
NBVRs for rater 1 in 11 patients (9 AD, 1 PCA, 1
FTD) and for rater 2 in 15 patients (12 AD, 2 PCA, 1
FTD).

When comparing correctly classified individuals regarding
their differential diagnoses of neurodegenerative disease, the
amount of correct diagnoses increased significantly for both
rater 1 (visual inspection alone, 33 of 94 correct classifications
vs. NBVR, 55 of 94 correct classifications; p = 0.001) and
rater 2 (visual inspection alone, 44 of 94 correct classifications
vs. NBVR, 61 of 94 correct classifications; p = 0.022).
Crosstable analyses can be found in supplemental Table S1.
For additional metrics of differential diagnostic accuracy,
please see Table 3.

Interrater reliability

Cohen’s κwas calculated for interrater agreement with respect
to (1) detection of any neurodegenerative disease pattern and
(2) differential diagnosis of included neurodegenerative dis-
ease entities AD, PCA, FTD, and SD. Interrater agreement
increased substantially from moderate to excellent if an NBVR
was present for both detection of any neurodegenerative disease

Table 2 Crosstable analysis for differentiation of healthy controls (HC) from patients with any neurodegenerative disease (ND). Numbers are given for
raters 1 and 2 for visual inspection only and NBVR evaluation

Rater 1 Rater 2

Visual inspection NBVR evaluation Visual inspection NBVR evaluation

HC ND HC ND HC ND HC ND

Reference standard HC 11 2 13 0 12 1 13 0

ND 27 54 11 70 13 68 15 66

HC healthy control, NBVR normative brain volume report, ND neurodegenerative disease
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(visual inspection alone κ = 0.556 [95% CI, 0.387–0.725],
NBVR evaluation κ= 0.894 [0.792–0.996]) and the differential
diagnosis of neurodegenerative disease patterns (visual inspec-
tion alone κ = 0.403 [0.195–0.611], NBVR evaluation κ= 0.850
[0.727–0.973]).

Discussion

Investigating the diagnostic process of neurodegenerative dis-
orders with structural MRI, we have shown a significantly
improved detection of neurodegenerative atrophy patterns
using NBVRs compared to visual evaluation only. This trans-
lated into significantly more correct differential diagnoses as
well as substantially increased interrater agreement and thus
underlines the potential of NBVRs to improve and standardize
the workup of dementia patients with structural MRI.

Currently, further technological advances like automated or
semi-automated diagnoses based on deep learning algorithms
are being heavily discussed within the neuroradiological com-
munity [29, 30]. We have shown that good visual representa-
tion of regional relative brain volume deficits alone can im-
prove diagnostic accuracy for neurodegenerative diseases,
without diagnoses suggested by an algorithm. However, neu-
roradiologists have been hesitant to even adopt only more
advanced image preprocessing and presentation techniques
similar to stereotactic surface projections and NBVRs.

We have shown that identifying patterns of neurodegener-
ative disease based on NBVRs leads to more accurate diagno-
ses in patients with AD through increased sensitivity. This
could be important in clinical practice in order to guide the
diagnostic process. For example, if a pathognomonic pattern
can be discerned by MRI-based brain volumetry, it could be
reasonable to refer the patient directly to PET imaging for
cerebral amyloid deposition and perform FDG-PET only in
dubious cases.

Apart from superior overall differential diagnosis with
NBVRs, we also observed a substantial increase in sen-
sitivity for the detection of patients with FTD and SD.
FTD and SD represent diseases of the frontotemporal
lobar degeneration spectrum and are less prevalent than
for example AD, which may add to the low sensitivity
observed by visual evaluation alone [31]. NBRVs have
the potential to visualize atrophy patterns in a very
prominent way, thus attracting the radiologist’s attention
towards less frequent differential diagnoses such as FTD
or SD. However, some reports from patients with neu-
rodegenerative diseases did not show pathological atro-
phy patterns. This emphasizes that a negative NBVR
does not exclude neurodegenerative disease and further
workup may be necessary. This holds true at least for
the commercially available product used in this publica-
tion, which is based on standard SPM algorithms for
voxel-based morphometry (VBM) analyses. Future re-
search will be needed to establish optimal preprocessing
and thresholding parameters of structural MRI data to
be used in clinical routine for detection and exclusion
of neurodegenerative disorders. Also, additional indica-
tors of neurodegeneration, e.g., reduced cortical thick-
ness or reduced cortical complexity, might further in-
crease the sensitivity of neurodegenerative disorder de-
tection in clinical routine [32, 33]. However, no com-
mercially available products adapted to clinical
workflows allow for the analysis of these more sophis-
ticated parameters of neurodegeneration.

One of the main advantages we have observed regarding
the use of NBVRs is the superior interrater agreement.
Interrater agreement is notoriously poor for mere visual eval-
uation of atrophy patterns [34]. In the past, semi-quantitative
visual rating scales—most prominently the mesial temporal
atrophy (MTA) score—have been shown to increase interrater
reliability [4, 35, 36]. However, NBVRs can still improve the
agreement among different radiologists with different levels of

Table 3 Indicators of diagnostic accuracy of classification of neurodegenerative patterns for visual inspection only/NBVR evaluation

Rater 1 Rater 2

Sens Spec PPV NPV Sens Spec PPV NPV

HC vs. any neurodegenerative disorder 0.66/0.86 0.85/1.0 0.96/1.00 0.29/0.54 0.84/0.81 0.92/1.00 0.99/1.00 0.48/0.46

AD 0.66/0.93 0.57/0.91 0.47/0.82 0.75/0.97 0.86/0.83 0.55/0.91 0.56/0.87 0.85/0.89

PCA 0.75/0.67 0.82/1.00 0.4/1.00 0.95/0.95 0.91/0.71 0.93/0.94 0.71/0.63 0.98/0.96

FTD 0.53/0.94 1.00/0.97 1.00/0.94 0.84/0.97 0.37/0.82 0.98/1.00 0.88/1.00 0.81/0.93

SD 0.40/0.90 1.00/0.97 1.00/0.90 0.89/0.97 0.30/0.90 0.98/0.92 0.75/0.69 0.89/0.98

Indicators of diagnostic accuracy are given for visual inspection only/NBVR evaluation

AD Alzheimer’s disease, FTD frontotemporal dementia, HC healthy control, NPV negative predictive value, PCA posterior cortical atrophy, PPV
positive predictive value, SD semantic dementia, Sens sensitivity, Spec specificity
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experience and thus contribute to a more objective imaging
report.

Several limitations have to be mentioned in this retrospec-
tive analysis of diagnostic accuracy. This is a first study from a
single institution and a single MRI scanner and a rather small
sample size. In our opinion, future studies are needed to test
the generalizability of our results. For most neurodegenerative
disorders, a definite diagnosis is made by the pathologist post
mortem, which is usually lacking for patients in clinical rou-
tine and was also not available as reference standard in our
study. We aimed at the highest possible level of confidence
regarding the patients’ diagnoses by integrating clinical eval-
uation based on established diagnostic criteria [10–13] includ-
ing follow-up examinations, neuropsychological testing as
well as PET and/or CSF biomarkers into the diagnosis. We
retrospectively included a consecutive set of patients with four
different neurodegenerative diseases with distinct atrophy pat-
terns in order to test the ability of NBVRs to separate those
regional differences. Since patients with dementia with Lewy
bodies (DLB) usually do not show typical brain atrophy pat-
terns, we did not include this entity in our cohort, which limits
the generalizability of our results to a clinical setting. Also,
raters might achieve higher diagnostic accuracies in study set-
tings with preselected patient cohorts compared to the clinical
setting. However, in the clinical setting, a patient’s chief com-
plaint might influence the neuroradiologist’s decision towards
a differential diagnosis, which was excluded here by blinding
the raters for clinical information. Additionally, the inclusion
criterion of a definite clinical diagnosis led to the exclusion of
a substantial amount of patients, so that the prevalences of
neurodegenerative diseases in our study cannot be considered
representative of patients in a clinical setting and the high
standard of diagnostic confidence might have introduced a
selection bias. This unbalanced distribution of patients with
neurodegenerative disease and normal controls might have an
impact on ratings with regard to the identification of patients
with any neurodegenerative disease due to a high pretest prob-
ability of study participants belonging to the patient group.
However, raters were not aware of the distribution of diagno-
ses within the study cohort, and ratings aiming at the differ-
entiation of regional atrophy patterns should not be affected as
much due to the more balanced distribution of different enti-
ties within the patient group. When comparing MRI-based
brain volumes of single subjects to a cohort of healthy con-
trols, the size of the control cohort contributing to the norma-
tive database and between-scanner effects are crucial. In this
work, we only included HCs scanned on the same scanner
using the same specifications in the normative database.
Consequently, the total number of subjects contributing to
the normative database could be considered rather low.
However, previous work has shown that the statistical power
of an asymmetric two-sample t test starts to plateau after in-
cluding 20 subjects into the normative database and very little

improvement of statistical power is observed for more than 30
healthy controls [16].

In conclusion, we showed improved diagnostic accuracy
regarding patterns of cerebral atrophy both for the presence
of any neurodegenerative disorder in general and for the dif-
ferential diagnoses for four entities with distinct regional atro-
phy patterns by use of NBVRs. Moreover, NBVRs signifi-
cantly improved interrater agreement and thus could lead to
a more precise and objective evaluation of patients with neu-
rodegenerative diseases in clinical practice. Our results moti-
vate further studies in larger cohorts and thorough investiga-
tion of the impact of NBVRs on workflow in radiological
practices.
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