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Abstract

Background: Disease State Index (DSI) and its visualization, Disease State Fingerprint (DSF),
form a computer-assisted clinical decision making tool that combines patient data and com-
pares them with cases with known outcomes. Aims: To investigate the ability of the DSI to
diagnose frontotemporal dementia (FTD) and Alzheimer’s disease (AD). Methods: The study
cohort consisted of 38 patients with FTD, 57 with AD and 22 controls. Autopsy verification of
FTD with TDP-43 positive pathology was available for 14 and AD pathology for 12 cases. We
utilized data from neuropsychological tests, volumetric magnetic resonance imaging, single-
photon emission tomography, cerebrospinal fluid biomarkers and the APOE genotype. The
DSI classification results were calculated with a combination of leave-one-out cross-validation
and bootstrapping. A DSF visualization of a FTD patient is presented as an example. Results:
The DSI distinguishes controls from FTD (area under the receiver-operator curve, AUC = 0.99)
and AD (AUC = 1.00) very well and achieves a good differential diagnosis between AD and
FTD (AUC = 0.89). In subsamples of autopsy-confirmed cases (AUC = 0.97) and clinically di-
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agnosed cases (AUC = 0.94), differential diagnosis of AD and FTD performs very well. Conclu-
sions: DSI is a promising computer-assisted biomarker approach for aiding in the diagnostic
process of dementing diseases. Here, DSI separates controls from dementia and differentiates

between AD and FTD. © 2016 The Author(s)
Published by S. Karger AG, Basel

Introduction

The number of elderly people with neurodegenerative disorders is increasing globally
and poses a major challenge to health-care systems all around the world. A specific diagnosis
of a memory disorder is required before one should initiate some of the more advanced
treatment options for a neurodegenerative condition. This need is reflected in the search for
new and relevant biomarkers of dementias [1, 2]. In addition, the clinical diagnostic criteria
for memory disorders have been revised. The most recent diagnostic criteria for frontotem-
poral dementia (FTD) [3] follow the criteria proposed by Neary et al. [4] and in Alzheimer’s
disease (AD), the criteria devised by McKhann et al. [5] have recently been updated [1, 6-8].
New biomarkers are now being incorporated into these criteria to be combined with clinical
parameters [1, 7, 8] in attempts to increase the accuracy of the diagnosis of memory disorder.
[tis also believed that new technologies may assist in encapsulating all clinical and biomarker
data to help in the assessment of the state of the disease.

Disease State Index (DSI) and Disease State Fingerprint (DSF) [9, 10] form a decision
support system, first developed for the PredictAD diagnostic tool, to help clinicians in estab-
lishing the prognosis for patients with mild cognitive impairment (MCI) or to assist in the
diagnosis between different dementia cases [11-13]. DSI functions as a classifier, measuring
the similarity of the patient’s data to that collected from populations with known diagnoses,
i.e.it calculates index values for the diagnosis which most closely resemble that of the patient.
The DSF is a way of visualizing the DSI results obtained from that individual patient. The DSI
has previously been validated in separating controls from AD and predicting MCI progression,
and it has also been applied in making a differential diagnosis of FTD [9, 14, 15].

In our previous study [16], we analyzed patients with a clinical diagnosis of AD or FTD
by utilizing common clinical short tests such as the Mini-Mental State Examination (MMSE),
imaging biomarkers from magnetic resonance imaging (MRI) methods, cerebrospinal fluid
(CSF) biomarkers and the apolipoprotein E (APOE) genotype. In the present study, we have
expanded this set by broadening the indices to include a variety of clinical symptoms from
patient files as well as incorporating a wide battery of neuropsychological tests, MRI volu-
metry analysis and single-photon emission tomography (SPECT) imaging. Here, our aim was
to evaluate the performance of the DSI method in the diagnostic process, when all available
diagnostic markers were combined and also by testing how well it dealt with a comprehensive
number of autopsy confirmed cases, which are essential for the definitive diagnosis of FTD
and AD. This is the first study where autopsy-validated cases of FTD and AD have been
examined to assess the validity of the diagnostic reliability of the DSI.

Materials and Methods
Subjects

A total of 117 subjects were included in this study. All subjects were examined in the
Kuopio University Hospital. The demographic and clinical data are shown in tables 1 and 2.
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Table 1. Demographic and clinical data of study groups

Controls AD FTD p value

Subjects 22 57 38
Gender 0.598?

Female 14 31 20

Male 8 26 18
Age, years 71+4 (65-79) 70+8 (50-83) 65+9 (45-80) 0.02°
Education, years 10+4 (4-16) 7+3(2-22) 8+4 (4-20) 0.01°¢
APOE

2/3 2 2 3 0.004

2/4 0 0 0

3/3 15 12 23

3/4 3 27 5

4/4 1 15 0
APOE €4 carrier

Non-carrier 81% 25% 84%

Carrier 19% 75% 16%
CSF T-Tau, pg/ml n.a. 555+342 (138-1542) 3214203 (90-835) 0.00°
CSF P-Tau, pg/ml n.a. 77+35 (29-168) 50+30 (14-147) 0.01b
CSF AB42, pg/ml n.a. 526+176 (125-955) 677+230 (246-1,101) 0.02°
Right hippocampus 2,154+262 1,557+398 1,862+350 0.00°
Left hippocampus 2,147 +243 1,555+404 1,786+395 0.00°

n.a. = Notavailable. Results are presented as number, mean + standard deviation (range), or as stated. The AD group includes
AD autopsy cases and AD clinical cases; the FTD group includes FTD autopsy cases and FTD clinical cases. ? Pearson y? test;
one-way ANOVA; ¢ Kruskal-Wallis test; ¢ Fisher’s exact test.

Table 2. Demographic and clinical data of study groups

AD clinical AD autopsy FTD clinical FTD autopsy

Subjects 45 12 24 14
Gender

Female 21 10 8 12

Male 24 2% 16 2%
Age, years 71+8 (50-83) 68+7 (58-77) 65+10 (45-80) 64+9 (47-75)
Education, years 7+3(2-22) 7+2 (4-10) 8+4 (4-20) 8+5(4-18)
APOE

2/3 2 0 0 3

2/4 0 0 0 0

3/3 11 1 13 10

3/4 20 7 5 0

4/4 12 3 0 0*
APOE €4 carrier

Non-carrier 29% 9% 72% 100%

Carrier 71% 91% 28% 0%

CSF T-Tau, pg/ml
CSF P-Tau, pg/ml
CSF AB4p, pg/ml
Right hippocampus
Left hippocampus

540+346 (138-1,542)
78437 (29-168)
523+181 (125-955)
1,507 £402
1,506+420

603+341 (187-1,159)
71+29 (32-114)
537+168 (230-783)
1,661+388
1,658+367

367+250 (90-835)
6035 (16-147)
653+237 (321-989)
1,956+347
1,963+323

25364 (167-369)
38+12* (14-65)
7124225 (246-1,101)
1,687+301
1,454 +296*

Results are presented as number, mean * standard deviation (range) or as stated. * p < 0.05 comparing autopsy- and non-
autopsy-confirmed cases.
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Twenty-two controls were included. These subjects were healthy individuals with no
histories of neurological or psychiatric illnesses.

There were 38 cases who either fulfilled the clinical diagnostic criteria for FTD [4] (n =
24) or showed TDP-43 pathology confirmation of the FTD diagnosis at autopsy (n = 14)
including 5 cases tested positive for the COORF72 repeat expansion. Blood from 12 FTD cases
was available for genetic testing, but only 5 above-mentioned cases were positive for the
CI90RF72 repeat expansion [17]. Four of COORF72 negative samples were with clinical FTD
diagnosis. These patients also had technically valid brain images after quality control.

There were 57 patients who either fulfilled the diagnostic criteria for AD (n = 45)
according to the Diagnostic and Statistical Manual of Mental Disorders (DSM-1V) [18] or had
AD pathology (n = 12) confirmed at autopsy. Blood from only 3 AD patients was available for
CI90RF72 repeat expansion testing with negative results, and all those cases were also patho-
logically confirmed AD cases.

AD and FTD Subgroups

Autopsy

From the AD and FTD groups, there were 12 cases with AD pathology and 14 FTD cases
with a TDP-43 pathology confirmation of the diagnosis. Two clinically diagnosed FTD patients
without autopsy results, but who had tested positive for the CO9ORF72 repeat expansion,
fulfilled the definite molecular-based FTD diagnosis and were also included in this group.
Three autopsy cases showed TDP 43-positive staining, and 3 cases showed AD pathology, and
they were also positive for COORF72 repeat expansion. It should be noted that the autopsy-
confirmed diagnosis could be different from the original clinical diagnosis at the time when
the subjects participated in the study. From the 14 autopsy-confirmed FTD cases, 8 had a
clinical FTD diagnosis, 5 had AD diagnosis and 1 had been assessed as suffering from some
other disorder. From the 12 autopsy-confirmed AD cases, 8 had a clinical FTD diagnosis, 3 had
an AD diagnosis and 1 had been classified as a control.

Clinical

In addition, we also tested the remaining clinically diagnosed AD and FTD patients for
whom there was no autopsy confirmation as separate groups as a way of examining the differ-
ences between clinical and autopsy-confirmed diagnoses. All the subjects or their next-of-kin
provided written informed consent for participation when entering the study according to
the Declaration of Helsinki. The study was approved by the Ethics Committee of the Northern
Savonia Hospital district.

MRI Acquisition

All MRIimages were acquired with one of three different 1.5-tesla scanners (two Siemens
Magnetom Visions, one Siemens Magnetom Avanto, all Siemens Medical Systems, Erlangen,
Germany) in the Department of Clinical Radiology, Kuopio University Hospital. In all cases,
MRI images were obtained using a T1-weighted 3D MPRAGE sequence. Detailed information
of the imaging sequences has been described previously [19].

Analysis of regional MRI volumes was performed using manual outlining of the regions
of interest as described previously [20]. The regions of interest were frontal lobe, temporal
lobe and hippocampus.

SPECT Acquisition

Regional cerebral blood flow ratios referred to the cerebellum were obtained by ?°™Tc-
HMPAO as described previously [21, 22]. The regions of interest were frontal cortex, temporal
region, parietal cortex, occipital and basal ganglia, and amygdala-hippocampus.
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CSF Analyses

The CSF levels of amyloid (4; (AB4z), total Tau (T-Tau), and phosphorylated Tau-181
(P-Tau) were measured by commercial ELISA kits Innotest -amyloid(1-42), InnotestTau-
Ag, InnotestPhosphotau (181P) (Innogenetics, Ghent, Belgium) according to the manufac-
turer’s protocol. All samples were analyzed in duplicate and blinded to the clinical diagnosis.
There were no CSF measurements available for the controls.

APOE Genotype

APOE genotype was determined from blood leukocytes. DNA was extracted by a standard
phenol-chloroform extraction, and APOE genotypes were analyzed by polymerase chain
reaction and Hhal digestion as described previously [23].

Neuropsychological Tests

This category consisted of 5 subgroups: MMSE, language set tests (Boston naming test,
vocabulary, subtest of the Wechsler Adult Intelligence scale, verbal fluency for naming words
starting with the letters PAS and for naming animals in a given time), memory set (Word list:
learning, recognition total, deletion and false positive; WMS figures and recall; Story immediate
recall and recall), visuo-construction set (block design, WMS figures copying, cubic copying,
drawing clock) and executive function set (Trail making A and B: total score, mistakes and dele-
tions; Wisconsin card sorting: categories, mistakes, perseveration and correct; Praxias).

Symptoms and Clinical Scales

Symptoms such as amnesia, dysphasia, confusion, psychosis, paranoia, depression,
apathy, sleeping disorder, tremor, myoclonus and disinhibition were included as being
present or not. Frontal symptoms were present if the patient showed several symptoms
regarded as frontal; disinhibition, apathy and behavioral disorders. The clinical scales were
the Hachinski ischemic score, Webster total score and Hamilton depression scale.

DSI and DSF

DSI is a numerical measure of the state of a disease on a scale of 0-1. DSI evaluates the
similarity or fitness of patient data in comparison to previously diagnosed cases from two
groups: similarity to the reference group leads to a low DSI value and similarity to the study
group results in a high DSI value. The fitness for feature i, as a function of measurement value
X, is defined as
BN, (x)
)= e 0+ PR )

where FN;(x) is the false negative errors and FP;(x) the false positive errors in the training
data, when using x as the classification threshold.

The DSI provides also a measure of relevance, i.e. it reveals how well a single measure
discriminates between the groups based on previously diagnosed cases on a scale of 0-1. The
relevance is calculated from the sensitivity and specificity of the feature i:

relevance; = sensitivity; + specificity; - 1,

with negative values set to a minimum value of zero.
The DSI value is computed by weighted averaging of the DSI values where each measure
is weighted by its relevance value:

>, relevance, X fitness,

DSI =
> relevance,
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where i runs over the set of features available. The features are combined into composite DSI
values for feature groups, and then the process is repeated recursively until an overall DSI is
obtained [9].

DSFisagraphical counterpart of DSl and works as a visualization technique that combines
all the data available from the patient and compares them with the data collected from both
disease-positive and control groups. A detailed description and derivation of the functions
utilized in DSI and DSF have been published in our previous article [9].

Analysis

Before the DSI analysis, we excluded measurements that did not display a statistically
significant difference between the diagnostic groups. We used the Matlab rank sum function,
which calculates the Wilcoxon rank sum test (equivalent to Mann-Whitney U test) to test if
the medians for the distributions are equal. The measurements with p > 0.05 were omitted
from the final analysis. This was necessary because the small sample sizes in the AD and FTD
subgroups would add too much random fluctuations with no true predictive value, which the
DSl itself is not able to recognize, as it was originally designed for larger sets of training data.
As the DSI specifically examines the distributions of data, the rank sum testis the most suitable
test in this regard.

The DSI classification results were calculated with a combination of leave-one-out cross-
validation and bootstrapping. Each case was compared with a bootstrapped random set of all
the other diagnosed cases. From each training set with N cases, N random samples were
chosen with replacement, so that any particular case may appear several times in the training
set. The means and standard deviations were then calculated by repeating the process 100
times for each tested case.

The classification performance for the DSI was measured with AUC (area under the
receiver-operator curve), correct classification accuracy, sensitivity and specificity. DSI prob-
ability distribution curves were obtained for each group comparison. A DSF visualization of
a selected FTD case is presented, where the AD and FTD groups were used as training data in
the model.

Results

Clinical Data

The demographic and clinical data for controls, as well as FTD and AD patients, are shown
in table 1. The FTD group was younger than the AD and control groups. In terms of years of
education, there were significant differences between the groups, and the AD group displayed
the lowest average number of years of education. The groups also differed in terms of APOE
&4 genotype; 75% of AD patients were carriers of one or two e4 alleles, while only 16% of FTD
patients were APOE €4 carriers. AD patients had higher levels for T-Tau and P-Tau and lower
A4, levels compared to FTD patients. Table 2 compares the autopsy-confirmed AD and FTD
cases with those with only a clinical diagnosis. There was a significant difference in the gender
distribution for both AD and FTD, as the autopsied cases were mostly female. The APOE
genotype distribution also differed significantly for FTD, with none of the autopsied cases
having the APOE €4 allele. There were also significant differences between the FTD autopsy
and clinical groups in the values of CSF P-Tau and the left hippocampus.

DSI Analysis

Table 3 shows mean values and standard deviations for AUC, correct classification
accuracy, sensitivity and specificity for the classification based on the DSI. The AUC values for
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Table 3. The classification results for the DSI calculated by using bootstrapping for each case separately,
excluding the case being tested from the randomized training sets

Cvs.FTD Cvs.AD AD vs. FTD all AD vs. FTD AD vs. FTD

autopsy clinical
AUC 0.99+0.01 1.00£0.00 0.89+0.01 0.97+0.02 0.94+0.02
Accuracy 0.95+0.02 0.98+0.01 0.83+0.02 0.91+0.04 0.89+0.03
Sensitivity 0.92+0.03 0.98+0.01 0.81+0.03 0.92+0.05 0.81+0.05
Specificity 0.99+0.02 1.00£0.01 0.83+0.03 0.90+0.06 0.93+0.03

The means and standard deviations are calculated from each round of bootstrapping (n = 100) for all
tested cases. DSI classification results calculated with bootstrapping. Values are expressed as mean # standard
deviation.

each included measurement are depicted in table 4. Probability density distributions of the
DSI values are presented in figure 1a for the comparisons between controls, AD and FTD, and
in figure 1b for the AD and FTD subgroups.

Controls versus FTD

DSI achieved a high classification performance in differentiating controls from FTD.
Figure 1a shows no overlap between the distributions of controls and FTD cases. The most
important measurements were the collection of symptoms from clinical data with apathy and
a frontal profile of the symptoms exhibiting the highest AUC values. The whole neuropsycho-
logical test group had also very high AUCs when differentiating between control and FTD
groups. In MR, frontal lobe and hippocampus displayed a good classification value, and in
SPECT, the basal ganglia and frontal cortex were included in the analysis. APOE genetic tests
were not included in the final analysis due to their low significance, and CSF was not available
for controls.

Controls versus AD

The DSI was very efficient in differentiating controls from AD. In figure 1a, there is a clear
separation between the distributions. The features with the highest AUCs were clinical data
collection, especially amnesia and apathy, as well as the neuropsychological test set. The
hippocampal areas from MRI also performed rather well. SPECT did not achieve a high AUC
value in separating controls from AD.

AD versus FTD

DSl achieved areasonably good accuracy in differentiating between AD and FTD. In figure
1a, there is some overlap between the DSI distributions of AD and FTD. Clinical data, followed
by APOE and SPECT, performed best at differentiating between the two diseases. Amnesia
was the symptom with the highest AUC, and the memory subgroup had the highest AUC of the
neuropsychological group. In the SPECT results, the most important area was the parietal
cortex followed by the temporal region, and in MRI, the hippocampal area discriminated best
between the groups. With respect to the CSF-related parameters, Tau was a better classifier
than amyloid.

Autopsy-Confirmed AD versus FTD

DSl achieved a good performance in separating between autopsy-confirmed AD and FTD.
Disinhibition was the only clinical symptom with a high enough significance to be included in
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Fig. 1. a Probability density distributions for DSI values for controls vs. FTD, controls vs. AD and AD vs. FTD.
The greater the separation between the two DSI value distributions, the better the differentiation achieved
between the groups. The vertical axis represents the probability density and the horizontal axis is the DSI
scale which ranges from 0 to 1. A DSI value closer to zero denotes data similarity to the first study group in
the comparison, whereas a DSI value closer to 1 is interpreted as similarity to the second study group in the
comparison. b Probability density distributions for DSI values for AD vs. FTD for autopsy-confirmed (A)
cases and cases with only a clinical diagnosis (B).
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AUC Cvs. FTD Cvs.AD AD vs. FTD AD vs. FTD AD vs. FTD
all autopsy clinical
Total 0.99+0.01 1.00+0.00 0.89+0.01 0.97+0.02 0.94+0.02
Clinical 0.98+0.01 0.99+0.00 0.82+0.01 0.70+0.09 0.90+0.02
Symptom 0.96+0.02 0.99+0.00 0.85+0.01 0.70£0.09 0.89+0.02

Amnesia - 0.90+0.02 0.81+0.02 - 0.83+0.03

Dysphasia 0.66+0.06 - 0.63+0.04 - 0.62+0.05

Confusion 0.58+0.06 - - - -

Psychosis - - - - -

Paranoia - - - - -

Depression 0.69£0.05 0.68+0.05 - - -

Apathy 0.80+0.04 0.81+0.03 - - -

Sleeping disorder - - - - -

Frontal profile? 0.78+0.04 0.58+0.07 0.67+0.03 - 0.74+0.04

Tremor 0.63+0.07 0.59+0.07 - - -

Myoclonus - - - - 0.53+0.07

Disinhibition 0.69+0.05 - - 0.70+0.09 -
Hachinski ischemic score n.a. n.a. - - -
Webster total score n.a. n.a. 0.64+0.02 - 0.74+0.02
Hamilton depression scale n.a. n.a. - - 0.72+0.04
Neuropsychological 0.95+0.01 0.96+0.01 0.73+£0.02 0.80+0.04 0.82+0.03
MMSE 0.86+0.02 0.95+0.01 - - -
Language 0.88+0.02 0.95+0.02 0.63+0.02 - -

Boston naming test 0.80+0.02 0.80+0.02 - - -

Vocabulary 0.86+0.03 0.94+0.02 - - -

Verbal fluency PAS n.a. n.a. 0.63+0.02 - -

Verbal fluency animals n.a. n.a. - - -
Memory 0.95+0.01 0.98+0.00 0.68+0.02 0.80+0.04 0.77+0.02

Word list learning 0.93+£0.03 0.95+0.03 - - -

WMS figures 0.90+0.02 0.91+0.02 - - -

Story immediate recall n.a. n.a. - - -

Word list recognition 0.92+0.02 0.88+0.03 - - 0.67+0.02

Word list recognition deletion n.a. n.a. 0.61+0.03 0.80+0.04 -

Word list recognition false positive n.a. n.a. 0.65%0.02 - 0.71+0.02

WMS figures recall 0.92+0.02 0.97+0.01 0.62+0.03 - -

Story recall n.a. n.a. 0.60+0.02 - -
Visuo-construction 0.96+0.01 0.93+0.01 - - -

Block design 0.91+£0.02 0.90+0.02 - - -

WMS figures copying 0.91£0.02 0.87+0.02 - - -

Cubic copying 0.80+0.03 0.79+0.03 - - -

Drawing clock 0.91£0.02 0.85+0.02 - - -
Executive function 0.92+0.01 0.97+0.01 0.64+0.01 - 0.70+0.03

Trail making A 0.90+0.02 0.91+0.02 - - -

Trail making A mistakes 0.67+0.07 0.61+0.07 - - -

Trail making A deletions 0.65+0.07 0.68+0.06 - - -

Trail making B 0.89+£0.02 0.92+0.02 - - -

Trail making B mistakes 0.85+0.03 0.80+0.03 - - -

Trail making B deletions 0.84+0.03 0.88+0.02 - - -

Wisconsin card sorting categories 0.80+0.03 0.88+0.03 - - -

Wisconsin card sorting mistakes 0.68+0.03 0.75+0.03 - - 0.63+£0.06

Wisconsin card sorting perseveration 0.82+0.03 0.78+0.03 - - -

Wisconsin card sorting right 0.82+0.02 0.88+0.02 - - -

Praxias n.a. n.a. 0.64+0.01 - 0.69+0.02
Genetic - 0.76+0.02 0.79+0.01 0.99+0.00 0.72+0.03
APOE 4 alleles - 0.76+0.02 0.79+0.03 0.93+0.01 0.72+0.03
Dementia in family n.a. n.a. 0.64+0.03 0.86+0.01 -

APOE genotype - 0.76+0.02 0.79+0.02 0.93+0.01 0.72+0.03
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AUC Cvs. FTD Cvs.AD AD vs. FTD AD vs. FTD AD vs. FTD
all autopsy clinical
MRI 0.78+0.02 0.82+0.01 0.65+0.03 0.77+0.05 0.78+0.03
Frontal lobe 0.77+0.01 0.68+0.02 0.60+0.03 0.78+0.04 -
Frontal lobe right 0.72+0.01 0.66+0.02 - - -
Frontal lobe left 0.78+0.01 0.68+0.02 0.60+0.03 0.78+0.04 -
Temporal lobe - - - - -
Temporal lobe right - - - - -
Temporal lobe left - - - - -
Hippocampus 0.76+0.02 0.89+0.01 0.68+0.03 - 0.80+0.02
Right hippocampus 0.73+0.02 0.88+0.02 0.70+0.02 - 0.77+0.03
Left hippocampus 0.76+0.02 0.86+0.02 0.62+0.04 - 0.77+0.03
SPECT 0.70+0.07 0.68+0.05 0.78+0.01 0.76+0.05 0.86+0.02
Frontal cortex 0.62+0.09 - - 0.77+0.04 -
Frontal cortex right - - - 0.71+0.05 -
Frontal cortex left 0.62+0.09 - - 0.80+0.04 -
Temporal region - 0.66+0.05 0.69+0.01 - 0.77+0.02
Temporal region right - 0.66+0.05 0.69+0.01 - 0.78+0.02
Temporal region left - - - - 0.70+0.02
Parietal cortex - - 0.77+0.04 - 0.89+0.01
Parietal cortex right - - 0.78+0.01 - 0.88+0.02
Parietal cortex left - - 0.73+0.01 - 0.85+0.02
Occipital - - - - -
Occipital right - - - - -
Occipital left - - - - -
Basal ganglia 0.73+0.05 0.68+0.05 0.60+0.03 - -
Basal ganglia right 0.70+0.06 - 0.60+0.03 - -
Basal ganglia left 0.73+£0.05 0.68+0.05 - - -
Amygdala-hippocampus - - 0.70+0.01 - 0.79+0.02
Amygdala-hippocampus right - - - - -
Amygdala-hippocampus left - - 0.70+0.01 - 0.79+0.02
CSF n.a. n.a. 0.73+0.02 0.79+0.04 0.64+0.03
Amyloid B42 n.a. n.a. 0.62+0.04 0.69+0.05 -
Tau n.a. n.a. 0.72+0.01 0.80+0.03 0.64+0.03
Total Tau n.a. n.a. 0.72+0.01 0.79+0.04 0.64+0.03
Phospho Tau n.a. n.a. 0.73+£0.01 0.77+0.04 -

n.a. = Not available, data are not available for controls (C). Results are expressed as mean * standard deviation. If the
difference between the medians of the groups was not statistically significant (Mann-Whitney U test, p = 0.05), the data were

excluded from the final analysis and are denoted here with -. 2 Different common symptoms regarded as frontal.

this comparison. Similarly, deletions in word list recognition were the only measurement to
be included from the neuropsychological test set. The left frontal lobe volume was included
from the MRI parameters and similarly both the left and right frontal cortex for SPECT. The
CSF biomarkers, especially Tau, performed rather well in the differentiation between AD and
FTD. APOE genotype was the feature with the highest AUC, in particular the combination of
APOE status and family history could predict the diagnosis almost perfectly.

Clinically Diagnosed AD versus FTD
DSI performed well in differentiating between clinically diagnosed AD and FTD. The
clinical subgroup had the highest AUC, with amnesia and the frontal profile being the most
important symptoms. In SPECT, the parietal cortex had a particularly good classification

KARGER



EXLRB.A Dement Geriatr Cogn Disord Extra 2016;6:313-329

Dementl DO 10.1159/000447122 © 2016 The Author(s). Published by S. Karger AG, Basel
(a:nd Geriatric www.karger.com/dee
ognitive Disorders

Mufioz-Ruiz et al.: Using the Disease State Fingerprint Tool for Differential Diagnosis
of Frontotemporal Dementia and Alzheimer’s Disease

-] Total (0.76)
- I Cciinical (0.88)
z Symptom (0.73)
B Amnesia (0.85)
I Frontal_symptom (0.85)
[] Dysphasia (0.37)
+ @ Webster_total_score (0.87)
- ] SPECT(0.69)
+ Parietal_cortex (0.72)

Flg 2. DSF for a single FTD case + E Amygdala_HC (0.69)
compared to AD vs. FTD. Box size

indicates the relevance of the
measure in separating between + @@ Basal_ganglia (0.89)
the two different diagnoses, and

+ ] Temporal_region (0.47)

the color (DSI) shows which diag- - B csF 82

nosis the patient’s data resemble + B Tau(0.92)

the most. Red indicates similarity + 3 Amyloid (0.52)

to FTD cases, blue to AD, and

white shows that the value is - "] Neuropsychological (0.44)
equally typical for both diagnoses. + [ Executive_function (0.11)

The DSI values are also shown nu-

merically. All the measurements + @ Memory (0.83)

are ordered in a hierarchical tree- + @@ Language (0.26)

like presentation according to rel- - BB Genetic (0.89)

evance, from the highest rele-

vance at the top to the lowest rel- + [ APOE (0.88)
evance at the bottom. If the + @ Family_history (0.76)
relevance (weight of each param-

eter differentiating AD from FTD) - L1 MRI(0.59)

is low, then even high DSI values + [ Hippocampus (0.34)

(similarity of the parameter to AD
or FTD groups) do not exert a ma-
jor impact on decision making.

+ @@ Frontal_lobe (0.88)

ability. The hippocampal measurements were the only region extracted from the MRI data
able to differentiate between the groups. Only a few tests from the memory and executive
function subgroups were significant enough to be included from the neuropsychological
test set.

DSF Case Example

In order to demonstrate the utilization of the DSF for decision support in the differential
diagnosis of AD and FTD, we selected a patient with an FTD diagnosis and compared her data
with those from all other AD and FTD cases.

Figure 2 represents the DSF visualization for a 65-year-old female diagnosed with FTD
who was positive for the COORF72 repeat expansion. The onset of the dementing illness
occurred at the age of 63 years. The patient had 18 years of education. MMSE was 29. The
patient suffered from frontal symptoms but not from amnesia or dysphasia, and her motor
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Webster score was 9. The SPECT displayed large anterior perfusion defects bifrontally and
bitemporally with extension to the right parietal cortex. The patient had an average A4,
concentration value, while T-Tau and P-Tau levels were exceptionally low. The patient
showed higher than average scores in the executive function, memory and language tests. The
APOE genotype was 3/3, and there was a history of dementia in the family. The MRI scan
revealed atrophy in both the hippocampus and frontal lobes. The total DSI for this case was
0.76 in the comparison between AD and FTD, indicating that the initial FTD diagnosis was
strongly supported by the patient’s similarity to other FTD cases.

Discussion

The DSI method and its DSF visualization are machine learning tools developed to
improve clinical decision making in hospitals. The DSI can combine a variety of different and
diverse diagnostic markers and present them in a visible form that is easy to understand by
the clinician struggling to make a diagnosis.

This study included data from both clinically diagnosed and autopsy-confirmed AD and
FTD cases. Autopsy data, whenever available, are invaluable in the validation of the perfor-
mance of biomarkers attempting to differentiate between AD and FTD, as clinical diagnoses
do not invariably correspond to the neuropathological diagnoses [24, 25]. According to those
pathological reviews, the clinical diagnostic accuracy has been reported to be from 65 to 96%
for AD using revised research criteria and newly developed biomarkers as MRI, PET, CSF and
genetic markers, and the specificity was 23-88% in the comparisons with other dementias.
Thus, neuropathological standardized assessments of dementing disorders can highly
improve diagnostic classifications and add information about common co-pathologies of
dementias [26].

DSI Analysis

Disease Groups versus Controls

The DSI analysis showed a high AUC in the comparison between controls and both
dementia groups, with amnesia and frontal behavior symptoms being most important clinical
features. Amnesia is a hallmark of AD, whereas frontal behavior symptoms such as compul-
sions, stereotypies, impaired control of emotions and social difficulties are typical FTD
features. Nonetheless, while amnesia usually presents as an initial symptom for AD, it also can
occur later in FTD [27]. Apathy and disinhibition are believed to be more frequentin FTD than
in AD [28, 29]. The presence of depression was relevant in the differentiation of controls from
both patient groups, as it is a common finding in both AD and FTD [28]. Structural imaging in
MCI, AD and FTD has been conducted for years in an attempt to identify disease specific
regional markers such as cortical thickness or volumetry of brain areas with several MRI tech-
niques [30-33].Inour previous studies using automatic MRI analysis of hippocampal volumes,
we could differentiate accurately both diseases from controls based on the degree of hippo-
campal atrophy [19]. Here, we used the volumetric measurements of major brain regions, and
found that frontal and hippocampal regions were the best areas in differentiating disease
groups from controls as these regions typically degenerate in both AD and FTD [34, 35].

DSI Classification of FTD and AD

Usually, the core clinical features and imaging parameters quantifying the disease process
by MRI, SPECT or PET do not provide a clear differentiation between AD and FTD in clinical
use [1, 6]. Here, for the clinically diagnosed AD and FTD patients, the DSI classified amnesia
and frontal profile as the most important symptoms, but only disinhibition was found to be a
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significant symptom in separating autopsy-confirmed AD from FTD. Although the symptoms’
record is the mostrelevant category, itis important to state that the simplicity of the recording
of the symptomatology, i.e. amnesia and frontal symptoms, may mask the differences in the
memory profile [36] and behavioral conduct [29]. Neuropsychological tests were only
partially useful in DSI analysis, and the MMSE was a poor classifier of AD and FTD. Previous
studies also confirm that MMSE should be regarded solely as a screening test for a memory
disorder [37].

The hippocampal MRI volumetry was only of minor importance in the AD and FTD
comparisons as both diseases affect hippocampal structures. SPECT with hypoperfusion was
useful in differentiating between FTD and AD; however, there was some disagreement
between the autopsy cases and the overall results. The frontal cortex MRI measure was highly
predictive of autopsy AD and FTD, but it was excluded in the analysis of all AD and FTD cases
which included mostly clinical patients, due to its low significance. Similarly, the parietal
cortex and temporal region are relevant to all AD and FTD, but not autopsy cases. Previous
studies have demonstrated that hypoperfusion occurs in AD patients in the parietal cortex
[38] and also in the frontal and temporal regions [39], although AD guidelines [7] do not
recommend the use of SPECT as a front-line test but instead state that it may be a supple-
mentary examination. On the other hand, in the FTD guidelines [3, 4], SPECT is included as a
supportive feature, since anterior or temporal hypoperfusion can be present.

The APOE genotype was useful as an additional biomarker available from clinical practice
diagnostics, and it was relevant in the DSI analysis. The profile of APOE genetics in the study
groups was in line with previous reports as the percentage of APOE €4 carriers was 19%
among controls, 16% in FTD and 75% in AD [40, 41]. When differentiating between the
autopsy groups, 0% of FTD and 91% of AD cases were APOE €4 carriers, making the comparison
highly predictive for a correct diagnosis. In future studies, it would be advisable to include
other gene biomarkers such as COORF72 in the DSI analysis, as ithas been shown to be present
in up to 22% of sporadic FTD cases and 30-50% familial FTD cases in Finland [42]. In this
cohort, we had only a few samples available for COORF72 gene testing. Profiles associated
with C90RF72 have been found in imaging studies of FTD [42], and APOE &4 has been asso-
ciated with pronounced hippocampal atrophy in AD [43] and frontal cortex (orbitofrontal)
atrophy found in the behavioral variant of FTD [43, 44].

The relevance of the CSF biomarkers was good in the differentiation between AD and
FTD, supporting the use of CSF as a frontline feature. P-Tau and T-Tau achieved a higher rele-
vance than A4, while T-Tau and P-Tau were of equal importance. This is as expected since
AD has predominantly a recognizable profile [45], while there is no specific profile for FTD
[46]. It has been reported that P-Tau is more effective than T-Tau [45], but in the present
study, both performed rather similarly.

The DSF Case Example

The DSF visualizations of the comparisons for a single FTD patient shown in figure 2 illus-
trate the advantages of this technique in clinical decision making. We wanted to ascertain
which disease profile this case would resemble according to the information from the other
AD and FTD cases. The order of categories, i.e. clinical, SPECT, CSF, neuropsychological,
geneticand MR, is determined by their relevance, from highest to lowest. Overall, the Finger-
print was clearly indicative of an FTD diagnosis. Clinical features and symptoms pointed
towards FTD; SPECT was typical for an FTD patient, and only the temporal region, which is
not of high relevance, was inconclusive in the Fingerprint. The patient had very low CSF Tau
values, again indicating FTD. The far less relevant A4, concentration did not resemble either
diagnosis. The neuropsychological test set was inconclusive with very low AD-indicating
index values for executive function and language, but also a high memory index pointing to
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FTD. As was previously mentioned in the results, the patient was very well educated and
achieved higher than average scores in most of the cognitive tests. Therefore, while most FTD
patients fare poorly in the executive function and language tests, this patient might have
preserved sufficient cognitive capacity to overcome these challenges. The APOE status of the
patient, 3/3, was suggestive of FTD and very relevant in this comparison, as most AD patients
in this cohort have at least one APOE4 allele. Finally, the MRI was inconclusive, with hippo-
campal atrophy typical for AD and frontal lobe atrophy pointing to FTD. Reviewing all of the
patient data and comparing them with the Fingerprint, it was evident that the initial diagnosis
of FTD seemed to be correct. This case is a good example of real clinical practice, where the
symptomatology can be mixed, and the use of biomarkers like CSF, and imaging and genetics
can assist in reaching the correct diagnosis between AD and FTD.

Comparison between Clinical and Autopsy-Confirmed Diagnosis

There were substantial differences found between autopsy-confirmed and clinically
diagnosed dementia cases in this study as occurs in most clinical studies. This is partly because
knowledge of the APOE genotype or CSF biomarker data was not available at the time when
the original clinical diagnosis was made. Dementia studies with large amounts of autopsies
are rare. Furthermore, the relevance of autopsy profiles of dementias, especially in cases with
frontotemporal lobar degeneration, has increased in recent years [47, 48]. Here we had
autopsy information only of FTD cases with TDP-43 pathology, and this represents only one
major pathological entity of the many FTLD pathologies [49].

The APOE genotype and T-Tau concentration in CSF were useful in both autopsy and
clinical subgroup analyses. Both subgroups are better at predicting AD and FTD separately
than together. This is influenced by the fact that only 8 out of 14 FTD and 3 of the AD autopsy-
confirmed cases had initially the same clinical diagnosis, while 5 autopsy-confirmed FTD
cases had been initially diagnosed as AD and 8 AD cases as FTD. The clinical DSI model places
an emphasis on symptoms as they probably strongly influence the diagnosis, while the
autopsy model mostly excludes them as it is built from cases with different clinical diagnoses.
There is not enough data in the subgroups to improve the performance of the DSI. Despite the
differences, the combination of clinically diagnosed and autopsy-confirmed cases is more
likely to provide a holistic view of the disease, taking into account both the best knowledge
of the clinician and the biological basis of the disease.

Limitations of the Study

The study groups were not perfectly matched in terms of age and education. FTD patients
were better educated than AD patients, which could influence the results obtained for FTD
and AD populations [50]. The brain pathology was limited in FTD cases to TDP-43 pathology,
although there are also other major pathologies in addition to tau which are within the FTD
disease spectrum. All data categories were not available for all groups, e.g. CSF was not
collected from control subjects, and several patients had missing data from some measure-
ments. However, this is not a problem for the DSI, as the model is created separately for each
patient, and therefore missing data do not affect the outcome.

In future studies, we will compare the performance of manual volumetry analysis and
morphometric methods, which have been proven to differentiate between AD and FTD [19]
with good accuracy in certain brain regions. Our autopsy sample is small but improves the
profile of biomarkers; therefore, similar studies in a larger cohort are warranted. In this
study, we used a wide battery of neuropsychological tests but also a binary (yes/no) scale for
assessing the presence of certain symptoms; in future studies, validated questionnaires to
assess the symptoms are worth investigating.

KARGER

326



ik BB Dement Geriatr Cogn Disord Extra 2016;6:313-329
Dementia DOI: 10.1159/000447122 © 2016 The Author(s). Published by S. Karger AG, Basel
(a:nd Geriatric www.karger.com/dee
ognitive Disorders
Mufioz-Ruiz et al.: Using the Disease State Fingerprint Tool for Differential Diagnosis
of Frontotemporal Dementia and Alzheimer’s Disease
Conclusion

The results show that the computer-assisted decision making tool DSI can differentiate
normal status from dementing disease and here FTD from AD, making it a useful tool in the
diagnosis of dementia in clinical practice. The results also indicate that by using DSI, the
implementation of all possible biomarkers as clinical tests and MRI, SPECT and a full-scale
battery of neuropsychological tests may be useful in the differential diagnosis between AD
and FTD. The DSI can help verify a dementia diagnosis, especially when autopsy-confirmed
or genetically verified cases are included in the training group.
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