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Abstract N\
The hippocampus is one of the earliest sites involved in the pathology of Alzheimer’s disease (AD). Therefore, we specifically
investigated the sensitivity and specificity of hippocampal volume and glucose metabolism in patients being evaluated for AD, using
automated quantitative tools (NeuroQuant — magnetic resonance imaging [MRI] and Scenium — positron emission tomography [PET])
and clinical evaluation.

This retrospective study included adult patients over the age of 45 years with suspected AD, who had undergone
fluorodeoxyglucose positron emission tomography-computed tomography (FDG-PET-CT) and MRI. FDG-PET-CT images were
analyzed both qualitatively and quantitatively. In quantitative volumetric MRI analysis, the percentage of the total intracranial volume of
each brain region, as well as the total hippocampal volume, were considered in comparison to an age-adjusted percentile. The
remaining brain regions were compared between groups according to the final diagnosis.

Thirty-eight patients were included in this study. After a mean follow-up period of 23 + 11 months, the final diagnosis for 16 patients
was AD or high-risk mild cognitive impairment (MCI). Out of the 16 patients, 8 patients were women, and the average age of all
patients was 69.38 + 10.98 years. Among the remaining 22 patients enrolled in the study, 14 were women, and the average age was
67.50+11.60 years; a diagnosis of AD was initially excluded, but the patients may have low-risk MCI. Qualitative FDG-PET-CT
analysis showed greater accuracy (0.87), sensitivity (0.76), and negative predictive value (0.77), when compared to quantitative PET
analysis, hippocampal MRI volumetry, and specificity. The positive predictive value of FDG-PET-CT was similar to the MRI value.

The performance of FDG-PET-CT qualitative analysis was significantly more effective compared to MRI volumetry. At least in part,
this observation could corroborate the sequential hypothesis of AD pathophysiology, which posits that functional changes (synaptic
dysfunction) precede structural changes (atrophy).

Abbreviations: '®F-FGD = 18 fluorodeoxyglucose, AD = Alzheimer’s disease, AUC = area under the curve, CT = tomography
computerized, FN = false negative, FP = false positive, ICV = intracranial volume, MCI = mild cognitive impairment, MRI = magnetic
resonance imaging, NPV = negative predictive value, PET = positron emission tomography, PPV = positive predictive value, TN =
true negative, TP = true positive.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder associated with disruption of neuronal function and
gradual deterioration in cognition, daily life activities, and
behavior.'!! This disease often initially presents as mild cognitive
impairment (MCI), typically involving memory, and advances to
continuous deterioration in executive functions, language skills,
and ability to perform daily living activities. However, annually
only 15% of MCI patients receive a diagnosis of AD.!* There is a
high-risk MCI subtype (amnestic MCI), which has features that
are very similar to those of AD. The diagnosis of amnestic MCl is
clinical, based on the presence of memory impairment that can be
identified in neuropsychological tests, but in the context of
normal daily life activities, therefore implying that the individual
is independent.”®! Eventually, patients with amnestic MCI may
develop AD and known in vivo biomarkers can be found such as
decreased cerebrospinal fluid (CSF) levels of amyloid B, a
fluorodeoxyglucose positron emission tomography-computed
tomography (FDG-PET-CT) pattern of AD, and magnetic
resonance imaging (MRI) hippocampal atrophy. If we take into
account these aforementioned biomarkers and the risk of
progression from MCI to AD dementia it is demonstrated the
strength of association between biomarkers at baseline and
cognitive/functional decline at follow-up. Therefore, either the
amnestic subtype of MCI or the presence of a single or multiple
biomarkers at the time of MCI diagnosis may suggest the
likelihood of conversion from MCI to AD.P%! Finally, the
presence of the apolipoprotein E e4 allele is also known to be a
risk factor to develop AD in amnestic MCI patients, also
influencing the age of AD onset.['

The pathophysiological process of AD is thought to begin
many years before diagnosis. The leading theory on AD
pathophysiology is the amyloid hypothesis, which postulates
that an imbalance between the production and clearance of the
protein amyloid-B (AB) results in accumulation of amyloid
plaques, and soluble amyloid, in brain tissue. The resulting AR
build-up leads to a cascade of events including neuronal
dysfunction, inflammatory response, dysregulation of tau protein
phosphorylation, accumulation of intracellular neurofibrillary
tangles, neurotransmitter deficits, and neuronal death, culminat-
ing in neurodegeneration, loss of gray matter, and cognitive
impairment,!'27131

The role of neuroimaging in AD diagnosis has progressed
greatly over the last few years, especially after the pathophysio-
logical biomarkers, that is, AB42, total tau, and phosphorylated
tau were identified and incorporated into the assessment of
cognitively impaired patients.*! Structural MRI is a useful tool
for predicting progression from MCI to AD, as well as excluding
non-AD patients, through volumetric measurement of hippo-
campal formation, entorhinal cortex, whole brain, and ventricu-
lar volumes, which are helpful in clinical evaluation.™®! Fluorine
18 fluorodeoxyglucose (**F-FDG) positron emission tomography
(PET) is a functional imaging modality, frequently used in the
detection of synaptic damage to diagnose dementing neurode-
generative disorders.['®!

Both FDG-PET and MRI can demonstrate some of the
neurodegenerative processes associated with AD, even in the
preclinical stages.'*!'72* A distinctive pattern of hypometab-
olism (ie, involving the posterior cingulate, precuneus, and/or
temporoparietal cortices) on FDG-PET-CT,!"”*3! and hippocam-
pal atrophy on volumetric MRLPZ%*!! are among the AD
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neuronal/synaptic injury markers with the greatest validation in
the literature.™ Automated tools for neuroimaging evaluation
are able to provide volumetric measurements of brain structures
and aid in comparison of volumes to a normative database
adjusted for age, sex, and intracranial volume (ICV) (Neuro-
Quant Software),!*>*%! as well as automatically identify patterns
of hypermetabolism and hypometabolism in FDG-PET-CT
images of abnormal brain regions, which are optimized for
AD evaluation (Scenium Software). This data imaging software is
approved by the Food and Drug Administration.

A well-known hypothetical model of the biomarker dynamics
for AD suggests that synaptic dysfunction, evidenced by FDG-
PET-CT or functional MRI, precedes the structural changes
detected by volumetric MRL!"* However, although synaptic
dysfunction, neurodegeneration, and atrophy are certainly
interconnected entities, some studies have reported that there
are significant discrepancies between metabolic and structural
findings (regarding spatial distribution and amplitude),’***”! and
published data suggest that these events may actually be
concomitant.?”! Overall, MRI studies based on T1-weighted
images point to the hippocampus as the brain region with the
highest rate of early detectable atrophy in AD.*®*°! EDG-PET-
CT studies, in contrast, highlight early hypometabolism in the
posterior associative cortical areas, particularly in the posterior
cingulate.'”233% This divergence between structural and func-
tional changes, specifically hypometabolism evident in areas
without significant atrophy, have raised the hypothesis of
disconnection, according to which gray matter atrophy could
disrupt white matter tracts, and then induce hypometabolism in
distant interrelated regions.[3 1 Therefore, at least to some extent,
AD could be described as a “disconnection syndrome”
compromising different cerebral regions of the same brain
network, which will have imperative consequences on the imaging
findings of different modalities, and; therefore, diagnosis.

Another issue regarding the correlation between functional
and structural findings in brain imaging is that data from FDG-
PET-CT are strongly affected by the underlying patterns of
atrophy. A reduction in gray matter volume will always lead to a
decrease of the observed and measured metabolic signal in a given
region due to a partial volume effect.*”! Hence, atrophy will
always influence PET interpretation, and it is; therefore,
impossible to completely dissociate the functional aspect of these
2 entities.

To address these issues, especially as multiple studies agree that
the hippocampus is one of the earliest sites of AD patholo-
gy,3334 this study investigated the sensitivity and specificity of
hippocampal volume and glucose metabolism in patients being
evaluated for AD, using automatic quantitative tools (Neuro-
Quant — MRI and Scenium — PET) and clinical evaluation.

2. Methods
2.1. Study population

The patient dataset was retrospectively collated from the
Hospital Israelita Albert Einstein (Sdo Paulo, Brazil) and included
38 adult patients over the age of 45 years, with suspected AD,
who had undergone FDG-PET-CT and MRI in the Nuclear
Medicine Unit of the Hospital Israelita Albert Einstein, between
October, 2012 and October, 2015. In addition to the 2 imaging
studies, patients underwent neuropsychological testing and
clinical evaluation (comprising an initial assessment and a
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follow-up period). The diagnosis was defined by a team of board-
certified neurologists based on 2011 National Institute on Aging-
Alzheimer’s Association criteria (NIA-AA). Both MRI and FDG
PET are considered biomarkers of the pathophysiological process
related to Alzheimer’s disease by the mentioned criteria.l>’!
Patients who did not complete the clinical evaluation or whose
final diagnosis could not be established were excluded from the
study. Thirty-eight patients met the inclusion criteria (performed
both studies in the stipulated period and completed the clinical
evaluation) and were analyzed. The study was approved by the
Research Ethics Committee of Hospital Israelita Albert Einstein
(The Research Ethics Committee of the Brazilian Platform:
1,592,236).

2.2. "8 F-FDG-PET-CT image acquisition, processing, and
analysis

All FDG-PET-CT studies were performed on the same PET/CT
scanner (Biograph mCT; Siemens Medical Solutions, Inc,
Erlangen, Germany), and were performed approximately 60
minutes after an intravenous injection of 3MBq/kg of ['®F]-
fluoro-2-deoxyglucose. Patients fasted for at least 4hours, and
blood glucose levels were checked before radiopharmaceutical
administration (all patients had a blood glucose level below 150
mg/dL before the test). PET data were acquired in three-
dimensional (3D) mode for 12 minutes and reconstructed with an
iterative algorithm (8 iterations and 21 subsets), in a 400 x 400
matrix. CT images were reconstructed in the axial plane with a
thickness of 1.5mm, and in a 512 x 512 matrix. Scatter
correction and time-of-flight data were incorporated into the
reconstruction process, and CT was used for attenuation
correction.

FDG-PET-CT images were analyzed qualitatively and quanti-
tatively. Qualitative PET image analysis was performed by 3
experienced nuclear medicine physicians (with more than 10
years of experience) on a MultiModality Workplace workstation
(Siemens), blinded to the patient clinical history, diagnosis, and
MR images. Image patterns were classified into a 3-point rating
scale, according to cortical metabolism evaluation: normal
metabolism (0), mild hypometabolism (—1), and moderate to
severe hypometabolism (—2).2%37! The hippocampus, temporal
lobe, parietal lobe, mesial temporal lobe, posterior cingulate
cortex, frontal lobe, and both the left and right hemispheres, were
qualitatively analyzed by the metabolism scale and quantitatively
analyzed by the Database Comparison software/Scenium
(Siemens Molecular Imaging Limited, Hoffman Estates, IL, USA).

The Scenium software (from the Siemens Syngo.via Neurology
software package, version VB10B) is used for neurological
evaluations with either PET/CT or single-photon emission
computerized tomography (SPECT)/CT imaging, enabling the
comparison of functional studies (PET or SPECT) of a specific
patient to a database composed of scans from confirmed normal
individuals. Quantitative parametric analysis was performed
with Database Comparison software (Siemens Medical Solu-
tions, Inc), that provides powerful quantification tools for the
assessment of FDG-PET-CT, performs a voxel-by-voxel evalua-
tion of the abnormal regions, and automatically identifies
anatomical regions of interest (ROIs), which are optimized for
AD evaluation. The workflow provides voxel-based statistics
displayed as an image volume, and calculates ROI statistics,
comparing the corresponding estimated normal population mean
to the value observed in the patient. The results are expressed as
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standard deviations when compared to the reference population,
for each brain region.*%3!

2.3. MR image acquisition, processing, and analysis

MR images were acquired in a 3.0 tesla scanner (Tim Trio —
Siemens), with a 12-channel phased-array head coil, a specific T1-
weighted sequence, and a 3D volumetric magnetization-prepared
rapid acquisition with gradient echo pulse sequence with the
following parameters: Repetition time (TR) 2300 ms, echo time
(TE) 3.31 ms, inversion time (TT) 900 ms, flip angle 9°, a field-of-
view (FOV) of 256 mm, slice thickness 1.20 mm, a bandwidth of
240 hertz/pixels (Hz/Px), and a voxel resolution of 1.0 x 1.0 x
1.2mm that was used for the quantification of hippocampal
volume by the NeuroQuant software package (CorTechs
Laboratories, La Jolla, CA). Other sequences in multiple planes
were acquired for clinical qualitative evaluation, including
diffusion weighted imaging sequence (FOV 220 mm, flip angle
180°, bandwidth 723 Hz/Px, voxel resolution 1.2 x 1.2 x 4.0
mm, TR 5100 ms, and TE 105 ms), fluid attenuation inversion
recovery (FLAIR) axial sequence (FOV 240 mm, voxel resolution
0.8 x 0.8 x 5.0mm, TR 9000 ms, and TE 109 ms), T2 fat
suppressed axial sequence (FOV 240 mm, flip angle 160°, voxel
resolution 0.5 x 0.5 x 5.0mm, TR 4560 ms, and TE 104 ms), T1-
weighted axial sequence (FOV 240 mm, voxel resolution 0.9 x
0.9 x 5.0mm, TR 600 ms, and TE 9 ms), axial gradient echo
sequence (voxel resolution 1.3 x 0.9 x 5.0mm, TR 250 ms, and
TE 20 ms), T2 axial susceptibility-weighted images sequence
(FOV 220 mm, flip angle 17°, voxel resolution 0.9 x 0.9 x 1.6
mm, TR 27 ms, and TE 20 ms), and FLAIR sagittal sequence
(bandwidth 751 Hz/Px, FOV 230 mm, voxel resolution 1.0 x 1.0
x 1.0mm, TR 5000 ms, TE 388 ms, and TT 2400 m:s).

NeuroQuant is a fully automated software package that was
specifically developed for segmentation and volumetric analysis
of brain structures.*>*®! The software provides volumetric
analysis of multiple brain structures for each hemisphere (right
and left) as a percentage of the total ICV; this value is based on the
sum of all segmented brain structures, the brainstem, meninges,
and CSF external to the brain surface, allowing for interindivid-
ual comparisons. The automatic segmentation process includes
image filtering, artifact correction, segmentation, error measure-
ment, and report generation.*”! For the hippocampus, lateral
ventricles, and the temporal horn of the lateral ventricles, a
normative range based on previous segmentations of healthy
individuals aged 50 to 95 years is provided.**! In this study we
report age-adjusted percentile volumes for the hippocampus and
the other areas of the brain included in the AD NeuroQuant
evaluation, these being the forebrain parenchyma, cortical gray
matter, cerebellum, amygdala, pallidum, putamen, caudate
nucleus, thalamus, lateral ventricles, and inferior lateral
ventricles.

2.4. Clinical diagnosis

The final diagnosis of patients was established based on clinical
evaluation (including the follow-up period), neuropsychological
tests and both imaging studies (according to NIA-AA criteria!®*!).
Imaging results (PET and MRI) and the clinical follow-up period
endorsed the differential diagnosis with other dementia syn-
dromes (eg, vascular dementia or Lewy body dementia), since
these syndromes usually present specific structural MRI findings,
and distinct patterns of FDG distribution and clinical progres-
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sion.'729:351 According to the established diagnosis, the patients
were grouped into 2 categories: AD/high-risk MCI and, non-AD/
low-risk MCI. This classification was then used as the standard
for sensitivity, specificity and accuracy calculations, when
comparing imaging results from the PET image qualitative and
quantitative analysis, and MRI quantitative analysis.

2.5. Statistical analysis

Qualitative variables were described by absolute and relative
frequencies, which were compared between the 2 groups with
either a Chi-squared test or Fisher exact test. The distribution of
quantitative variables was studied by boxplot graphs and when
an adequate normal distribution was observed, the mean and
standard deviation were used in the description, and a Student ¢
test was used to compare the significance between the groups. For
data that were not normally distributed, comparisons were
performed by the Mann—Whitney U test. P-values <.05 were
considered statistically significant.

To assess the ability of quantitative modalities in predicting
AD, the area under the curve (AUC), was used to compare the 2
independent receiver operating characteristic (ROC) curves.!*!!
Cut-off points were then defined according to the distance of the
curve to the point of greater specificity and sensitivity. Using the
calculated cut-off points, the variables were categorized, and the
performances of the different methodologies were calculated by
their measure of accuracy, sensitivity, specificity, positive
predictive value (PPV), and negative predictive value (NPV), as
well as their ability to detect true positive (TP), true negative
(TN), false positive (FP), and false negative (FN) values. The
estimated values are presented with their 95% confidence
intervals. This analysis used the measurements of the hippocam-
pus in both of the imaging techniques (PET and MRI).
Quantitative PET analysis was performed with the lowest result
of the hippocampus (right or left), qualitative PET analysis was
performed with hippocampal image analysis by nuclear medicine
physicians, and MRI analysis was performed with the percentile
of the sum of hippocampal volumes. All statistical analyses were
performed with SPSS Version 11.0.

3. Results

We retrospectively studied 38 patients undergoing evaluation for
AD and who had undergone FDG-PET-CT and MRI. Patients of
both genders were included (22 women, 57.9%), aged 46 to 89
years (68.3+11.2 years). No patient was taking any medication
that could interfere with the images acquired. Among the patients
studied, 23 of them were using different types of medications (eg,
anti-inflammatory, antihypertensive, or antiplatelet drugs), but
none that could influence cerebral glucose metabolism. In
addition, blood glucose level was measured before FDG injection,
ensuring that all tests were performed in a euglycemic situation
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Figure 1. ROC curves constructed from the percentile of the hippocampal
volume on MRI, and the hippocampus with the lowest result (in standard
deviations) on FDG-PET. AUC=area under curve, FDG-PET =fluorodeox-
yglucose positron emission tomography, MRI=magnetic resonance imaging,
ROC =receiver operating characteristic.

(<150mg/dL).[**! These patients were followed for a long
enough period for a definitive diagnosis to be made (mean follow-
up period of 23 +11 months). Based on clinical and neuropsy-
chological evaluations, as well as the results of imaging studies,
the final diagnosis for 16 patients was AD or high-risk MCI (8
women; 69.38+10.98 years). For the remaining 22 patients
enrolled in the study (14 women; 67.50+11.60 years), the
diagnosis of AD was initially excluded, but the patients may have
low-risk MCI. The median interval between the imaging exams
was 7.94 +14.38 days for the AD/high-risk MCI group, and 7.68
+18.01 days for the non-AD/MCI group. The age difference
among the 2 groups, as well as the interval between the exams
and gender distribution, were not statistically significant
(Table 1).

3.1. ROC curve analysis

ROC curves were constructed from a percentile of the sum of the
hippocampal volumes on MRI, and the hippocampus with the
lowest result (standard deviations) on FDG-PET-CT qualitative
analysis (Fig. 1). The AUC for the MRI was 0.652 (95%
confidence interval [CI]: 0.491-0.871), and the best cut-off point
was observed at the 29.03 percentile. For the FDG-PET-CT data,
the AUC was 0.680 (95% CI: 0.474-0.840), and the best cut-off

Group analysis of demographic data (AD/high-risk MCI and normal/low-risk MCI.

AD/high-risk MCI Non-AD/low-risk MCI P
Group (N=16) (N=22)
Age (mean, SD) 69.38+10.98 67.50+11.60 62
Gender (women: men) 8 (50%): 8 (50%) 14 (63.6%): 8 (36.4%) 40
Interval between PET and MRI exams (mean, SD) in days 7.94+14.38 7.68+18.01 1.0

AD =Alzheimer’s disease, MCl=mild cognitive impairment, MRI=magnetic resonance imaging, PET = positron emission tomography, SD =standard deviation.
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Measures of accuracy for FDG-PET and MRI based clinical diagnoses.

Final PET PET MRI MRI

Diagnosis (qualitative) (quantitative) (cut-off: 29.03) (percentile < 5.0)
Non-AD/low-risk MCI 22 (57.9%) 22 (57.9%) 22 (57.9%) 21 (55.3%) 35 (92.1%)
AD/high-risk MCI 16 (42.1%) 16 (42.1%) 16 (42.1%) 17 (44.7%) 03 (07.9%)
True positives 16 9 10 2
False positives 0 7 7 1
False negatives 5 7 6 14
True negatives 17 15 15 21
Accuracy 0.87 (0.75; 0.97) 0.63 (0.46; 0.78) 0.66 (0.51; 0.86) 0.61 (0.43; 0.76)
Sensitivity 0.76 (0.52; 0.94) 0.56 (0.35; 0.84) 0.63 (0.36; 0.83) 0.13 (0.04; 0.41)
Specificity 1.00 (0.76; 1.00) 0.68 (0.45; 0.86) 0.68 (0.51; 0.91) 0.95 (0.76; 1.00)
PPV 1.00 (0.68; 1.00) 0.56 (0.41; 0.75) 0.59 (0.41; 0.89) 0.67 (0.19; 1.00)
NPV 0.77 (0.63; 0.95) 0.68 (0.55; 0.83) 0.71 (0.45; 0.86) 0.60 (0.39; 0.74)

Quantitative positron emission tomography (PET): a visual interpretation was performed by a nuclear medicine physician.
AD/high-risk MCI = positive group for Alzheimer’s disease or high-risk mild cognitive impairment, MRI = magnetic resonance imaging, non-AD/low-risk MCl = negative group for Alzheimer's disease or low-risk

mild cognitive impairment, NPV =negative predictive value, PPV =npositive predictive value.

point was a standard deviation of —2.40 (values lower than this
indicated AD/MCI). The difference between the calculated AUC
for both modalities was not significant (P=.82).

3.2. Sensitivity, specificity, and accuracy calculation

Based on the established diagnosis and cut-off points defined by
the ROC curves, the sensitivity, specificity, and accuracy were
calculated for both methodologies. For MR, in addition to the
analysis based on the cut-off point defined by the ROC curve
(29.03), another evaluation was performed using the Sth
percentile as a cut-off, because this is usually adopted in clinical
practice. Moreover, for FDG-PET-CT, besides the quantitative
analysis based on the ROC curve cut-off, the same parameters
were calculated for a qualitative analysis (Table 2). The PET
qualitative analysis detected 22 (57.9%) patients with features of
non-AD/low-risk MCI, although 5 patients were considered FN.
All 16 (42.1%) patients that had AD/high-risk MCI features were
all considered TPs, with an accuracy of 0.87, sensitivity of 0.76,
specificity of 1.0, and a PPV and NPV of 0.77. However, the PET
quantitative analysis detected 22 (57.9%) patients with features
of non-AD/low-risk MCI, although 7 patients were considered to
be FNs. Out of the 16 (42.1%) patients that had features of AD/
high-risk MCI, 6 were considered FPs, with an accuracy of 0.63,
sensitivity of 0.56, specificity of 0.68, a PPV of 0.56, and an NPV
of 0.68. The MRI evaluation using the cut-off defined by the
ROC curve (29.03) detected 21 (55.3%) patients with features of
non-AD/low-risk MCI, although 6 patients were considered FNs.
Out of the remaining 17 (44.7%) patients with features of AD/
high-risk MCI, 7 were considered FPs, with an accuracy of 0.66,
sensitivity of 0.63, specificity of 0.68, a PPV of 0.59, and an NPV
of 0.71. The MRI evaluation using the lower 5th percentile as a
cut-off detected 35 (92.1%) patients with features of non-AD/
low-risk MCI, although 14 patients were considered FNs. Of the
3 (07.9%) patients with features for AD/high-risk MCI, only 1
was considered a TP, with an accuracy of 0.61, sensitivity of 0.13,
specificity of 0.95, a PPV of 0.67, and an NPV 0.60.

Figure 2 shows the distribution of hippocampal volumes and
glucose metabolism for the 38 patients divided into 2 groups
according to their final diagnosis (AD/high-risk MCI, and non-
AD/low-risk MCI). The quantitative limits (horizontal lines) of
percentile 29.03 (derived from the ROC curve) and the Sth

percentile usually adopted in clinical practice (red dashed line) for
MRI volumetry showed that the dots above quadrants 1 and 2
were the limits considered normal, and the dots below quadrants
3 and 4 were considered abnormal. Therefore, the AD/high-risk
MCI patients above the 29.05 percentile (quadrants 1 and 2)
were considered FNs, and the non-AD/low-risk MCI patients
were considered TNs. The AD/high-risk MCI patients below the
29.05 percentile (quadrants 3 and 4) were considered TPs, and
the non-AD/low-risk MCI patients FPs. The same criteria were
used to interpret the MRI values with the cut-off being the Sth
percentile (red dashed line). The limit of a —2.4-standard
deviation (vertical line) from the ROC curve for the quantitative
PET data showed that all dots on the left side of the line were
considered PET data positive for AD, and the dots on the right
side were considered PET data negative for AD. Therefore, the
AD/high-risk MCI patients on the left side (quadrants 1 and 3)
were considered TPs, and the non-AD/low-risk MCI patients
were considered FPs. However, the AD/high-risk MCI patients
localized to the right side (quadrants 2 and 4) were considered
FNs, and the non-AD/low-risk MCI patients were considered
TN.

The calculated efficiency measurements show that the highest
accuracy was obtained by qualitative evaluation of FDG-PET-CT
(0.87). PET qualitative analysis also presented the highest
sensitivity (0.76) and NPV (0.77).

The least sensitive performance (13%) was obtained using
MRI with the Sth percentile as the cut-off point for hippocampal
volume. With regard to specificity, the worst criterion was for
positive AD/high-risk MCI patients to have FDG-PET-CT results
below a —2.4 standard deviation in the hippocampus (the cut-off
point derived from ROC curve analysis).

Qualitative FDG-PET-CT analysis showed greater accuracy,
sensitivity, and NPV when compared to the other tests. The
specificity and PPV were similar in both FDG-PET-CT and MRI
when the 5th percentile was the cut-off point. When comparing
the 2 FDG-PET-CT analysis methodologies, the qualitative
method showed higher accuracy, sensitivity, specificity, and
negative and PPVs, than the quantitative method.

Finally, the MRI volumetric analysis using the Sth percentile
cut-off showed higher specificity and PPV than using the cut-off
derived from the ROC curve (29.03), which in turn also showed
greater accuracy, sensitivity, and NPV.
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Figure 2. Cartesian graph showing the distribution of hippocampal volumetry and glucose metabolism. AD=Alzheimer’'s disease, F-FDG-PET=18
fluorodeoxyglucose positron emission tomography, MCl=mild cognitive impairment, MRI=magnetic resonance imaging, SD = standard deviation.

3.3. Other brain regions analyzed by PET and MRI

Other brain regions were also analyzed using quantitative
analysis of the acquired PET images (Table 3 and the box plot
in Fig. 3). We verified a significant difference in glucose
metabolism between the 2 groups in the following brain
regions: left temporal lobe (P=.005), left posterior cingulate
cortex (P=.04), and the right and left parietal lobes (P=.005
and .01, respectively) (Table 3 and the box plot in Fig. 3). In the
qualitative analysis of PET images, a comparison between the 2
groups showed significant differences in the following brain
regions: right and left temporal lobe (P <.001 for both), right
and left posterior cingulate cortex (P=.02 for both), right and
left parietal lobe (P<.001 for both), right and left mesial
temporal lobe (P<.001 for both), and the right and left
hippocampus (P <.001 for both), as depicted in Table 3 and the
histogram in Figure 3.

When analyzing the other brain volumes reported by the
NeuroQuant evaluation for MRI volumetric analysis (Table 4),
we observed a significant difference between the 2 groups for the
percentages of normalized ICV in the following regions: right and
left forebrain parenchyma (P=.01 and .04, respectively), right
cortical gray matter (P=.04), right and left lateral ventricle
(P=.007 and .02, respectively), and the right inferior lateral

ventricle (P=.01), as depicted in Table 4 and the box plots in
Figure 4.

4. Discussion

All patients included in this study initially showed some clinical
signs of cognitive dysfunction, leading to suspected AD. The
hippocampus played an important role in this evaluation, due to
its vulnerability to damage during the early stages of AD.! 34!
Memory loss, the hallmark symptom of AD, has been associated
with cholinergic dysfunction of the central basal forebrain,
mainly involving cholinergic projections to the cortex and
hippocampus.**! As AD progresses, cognitive function and the
ability to perform routine daily activities declines,*®! requiring
clinical follow-ups, assessments based mainly on disease history,
neuropsychological tests, neuroimaging, and other adjunct
information.*”!

Neuroimaging plays a vital role in the evaluation of patients
who are suspected to have AD. MRI and PET are 2 major
modalities used to diagnose AD,*”! and because of this, we used
these techniques to evaluate hippocampal sensitivity and
specificity to predict the diagnosis of patients with suspected
AD. Hippocampal atrophy on structural MRI can explain the
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Evaluation of the PET images - quantitative analysis by Scenium and qualitative analysis.

Group classification

Negative (N=22)
PET - quantitative analysis

Positive (N=16)

Brain regions Mean Mean SD P
Right Temporal Lobe —1.114 2.255 —6.131 10913 .081
Left Temporal Lobe —1.532 2.666 —7.119 11.186 .005
Right Posterior Cingulate Cortex —0.923 2.283 —1.625 3.295 139
Left Posterior Cingulate Cortex —1.464 2.295 -3.119 3.073 .040
Left Parietal Lobe —1.445 1.550 —7.706 10.398 .010
Right Parietal Lobe —2.005 2.165 —7.706 8.694 .005
Right Mesial Temporal Lobe —1.086 2.554 —2.862 6.030 198
Left Mesial Temporal Lobe —1.486 2.496 —3.544 6.142 287
Right Hippocampus —1.032 2.231 —2.850 4.949 220
Left Hippocampus —1.282 2.059 —3.362 4.594 .092
Left Frontal Lobe —5.886 10.389 —7.162 15.021 918
Right Frontal Lobe —4.350 9.573 —6.325 13.814 515
PET - qualitative analysis’

Brain regions -2 -1 0 -2 -1 1} P
Right Temporal Lobe 0 1 21 7 5 4 <.001
Left Temporal Lobe 0 1 21 8 7 1 <.001
Right Posterior Cingulate Cortex 0 0 22 3 2 11 .019
Left Posterior Cingulate Cortex 0 0 22 4 1 11 .019
Left Parietal Lobe 0 3 19 7 6 3 <.001
Right Parietal Lobe 1 2 19 6 6 4 <.001
Right Mesial Temporal Lobe 0 2 20 7 5 4 <.001
Left Mesial Temporal Lobe 0 2 20 8 8 0 <.001
Right Hippocampus 0 2 20 7 5 4 <.001
Left Hippocampus 0 2 20 8 8 0 <.001
Left Frontal Lobe 1 4 17 3 5 8 175
Right Frontal Lobe 0 3 19 2 5 9 072

PET = positron emission tomography.
In the quantitative analysis was performed Mann—Whitney U test.

¥ In the qualitative analysis, the image patterns were classified into a 3-point rating scale, according to cortical metabolism evaluation: normal metabolism (0), mild hypometabolism (—1), and moderate to severe

hypometabolism (—2).

initial symptoms of AD,*® and hippocampal hypometabolism
seen on PET images reflects the early neuronal dysfunction seen in
AD,"although hippocampal changes are frequently reported in
diseases other than AD, and if MCl is present a diagnosis of AD is
often made.>"!

The sensitivity and specificity measurements of these neuro-
image techniques were performed by commercially available
automatic quantitative MRI tools (NeuroQuant),l25’26’5]_541 PET
(Scenium),”®>*¢ and clinical evaluation.”*%*”! Two measures of
each technique were used to perform these analyses. For the
hippocampal volumes derived from morphometric MRI analysis
(quantitative measures analysis), 2 cut-off points were consid-
ered: lower than the Sth percentile and a cut-off point determined
from ROC curve analysis. Hippocampal glucose metabolism
values generated from FDG-PET-CT were analyzed quantita-
tively and qualitatively.

Evaluation of MRI showed the first important finding of this
study. For the diagnosis of either AD or MCI, MRI hippocampal
volumetry had a very low sensitivity (13%) when considering a
cut-off point that is lower than the 5th percentile. Despite the high
specificity observed with this criterion (95%), its use in clinical
practice could result in an excessively high number of FN results
and therefore delay the diagnosis of many patients. Using the cut-
off point of 29.03, derived from our ROC curve analysis, MRI
volumetry sensitivity improved substantially to 63%, while

preserving specificity at an acceptable level of 68%, resulting in
an accuracy of 66% (compared to 61% when using the Sth
percentile as the cut-off point). The number of individuals
enrolled in this study was insufficient to establish a cut-off value
with adequate power to be used in another group of patients, but
clearly indicates that the accuracy of the method could increase
substantially using a cut-off point above the 5™ percentile. The
discriminant function analysis from the ROC curve allowed an
adequate cut-off point to be found, providing better MRI data
integration into the clinical diagnostic process, which translated
into research findings being integrated into the clinic.[**!
Another reason that could contribute to the low sensitivity of
MRI is that the analysis was performed based on a single MRI
study of each patient, at a given moment in time. Thus, a
longitudinal evaluation of atrophy was not possible, and this
could be very important for AD and MCI diagnosis.”*®
Several studies have shown that FDG-PET-CT qualitative
analyses perform significantly better when compared to MRI
volumetry.'?573=611 At Jeast in part, this observation could
corroborate the sequential hypothesis of AD pathophysiology,
which postulates that functional changes (synaptic dysfunction)
precede structural changes (atrophy)."*! We believe, however,
that the lower radiopharmaceutical concentration detected on
PET-CT images does not only reflect hypometabolism related to
synaptic dysfunction. Some degree of atrophy, although not
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Figure 3. Quantitative and qualitative PET image analysis. The box plot graphics show the brain regions analyzed by PET both quantitatively and qualitatively. The
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Quantitative analysis of MRI by Neuroquant.

Group classification

Negative (N=22)

Positive (N=16)

Brain regions Mean SD Mean SD P
MRI_NormPercent_50 51.655 29.793 79.103 25.690 .004
Right Hippocampus (% of ICV) 0.255 0.037 0.239 0.035 16
Left Hippocampus (% of ICV) 0.238 0.036 0.225 0.032 27
Right Forebrain Parenchyma (% of ICV) 31.333 1.779 29.600 2.333 01"
Left Forebrain Parenchyma (% of ICV) 30.693 1.936 29.232 2.383 04"
Right Cortical Gray Matter (% of ICV) 15.294 1.327 14.247 1.636 04"
Left Cortical Gray Matter (% of ICV) 15.108 1.289 14.238 1.612 07
Right Lateral Ventricle (% of ICV) 1.068 0.565 1.689 0.662 .007
Left Lateral Ventricle (% of ICV) 1.145 0.596 1.707 0.710 .02
Right Inferior Lateral Ventricle (% of ICV) 0.087 0.051 0.129 0.058 .01
Left Inferior Lateral Ventricle (% of ICV) 0.092 0.044 0.117 0.045 09°
Right Amygdala (% of ICV) 0.097 0.016 0.091 0.017 32"
Left Amygdala (% of ICV) 0.096 0.022 0.087 0.016 .08*
Right Caudate (% of ICV) 0.235 0.037 0.254 0.049 2
Left Caudate (% of ICV) 0.230 0.039 0.245 0.048 317
Right Pallidum (% of ICV) 0.054 0.013 0.055 0.019 .93
Left Pallidum (% of ICV) 0.053 0.016 0.050 0.015 A1
Right Thalamus (% of ICV) 0.507 0.048 0.509 0.054 93"
Left Thalamus (% of ICV) 0.514 0.036 0.529 0.062 35
Right Cerebellum (% of ICV) 4117 0.432 4,143 0.404 85"
Left Cerebellum (% of ICV) 4147 0.453 4120 0.434 86
Right Putamen (% of ICV) 0.302 0.050 0.292 0.034 .20
Left Putamen (% of ICV) 0.308 0.060 0.312 0.050 72

s

The P-value was calculated using the Mann-Whitney U test, except those with the symbol () when a

ICV =intracranial volume, MRI=magnetic resonance imaging, SD = standard deviation.

expressive enough for detectable changes in structural imaging,
could contribute to the perception of areas with lower tracer
concentration on PET images, due to the partial volume effect. A
meta-analysis study also showed that FDG-PET-CT images had
better sensitivity and specificity compared to MRI, when
predicting the conversion of MCI to AD.[¢%!

The results of the qualitative PET analysis were also
significantly better, showing higher sensitivity and specificity
values, compared to the quantitative analysis. This is unexpected,
especially a higher sensitivity, because quantitative methods often
allow the detection of small imaging differences that would not be
perceptible qualitatively. However, other studies have also shown
that qualitative analysis, when performed by experienced
professionals, can improve the quantitative analysis of brain
PET images.’”! We believe that the main problem with
quantitative PET-CT analysis (using the methodology described)
is the ROI definition for quantification. This process is fully
automated and based on template images generated from a series
of normal studies. In patients with some degree of atrophy, even
considering the nonrigid registration used by the software (which
allows distortions of the patient’s image for better adaptation to
the template), areas of enlarged CSF spaces are included in the
ROI defined for measurement, reducing the average counting
values in those regions (Fig. 5). These methodological limitations
of the quantification of FDG-PET-CT, are also valid for MRI. A
large scale clinical trial highlighted the limitations of using
template-based or atlas space to delineate ROIs to analyze, rather
than individual delineation of ROIs.!®?!

For qualitative analysis, these areas of enlarged CSF spaces are
easily detected by the reader, and; therefore, do not interfere in
the interpretation of the cortical region metabolism. A possible

parametric analysis by the Student T test was used.

solution to this problem would be the use of ROIs for
quantification derived directly from the patient’s own structural
images (and not based on template images). With this option, the
regions delineated in MR images could be transposed into PET
images, and used for metabolism quantification (this would be
particularly effective in PET-MRI exams, which have been
recently incorporated into the clinical routine).*S! The hybrid
equipment that combining MR imaging with PET imaging
information might greatly improve the accuracy of AD
diagnosis.*”!

An important consideration; however, with respect to the
performance of qualitative analysis, is that this type of subjective
assessment may be subject to interpretation bias. The physician
specifically evaluated hippocampal metabolism; however, the
occurrence of hypometabolism in other areas (especially in areas
typically involved in AD) may have influenced this interpretation.
Obviously, this kind of interference does not occur in quantitative
analysis.

Besides the hippocampus volumetric analysis to predict the
diagnosis of patients at risk for AD, the volume of other brain
areas have been reported to be as, or even more, sensitive than the
hippocampus.**=>*! We did not find any significant volumetric
results in the hippocampus, only in other brain regions, in
agreement with previous reports for the amygdala and caudate
nucleus volumes that were able to predict the conversion of MCI
to AD, unlike the hippocampus, using the marketed automatic
clinical tool.l** The temporal horn has also been reported to be
more predictive in the diagnostic analysis of patients that will
develop AD, than hippocampal atrophy, using semi-automated
methods.[*>! However, similar predictive values were shown for
the medial temporal lobe, and the hippocampus when trying to
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Figure 5. A comparison between the quantification of glucose metabolism by PET-CT using Scenium software (A), and hippocampal volumetry using Neuroquant
software (B). PET-CT =positron emission tomography-computed tomography.

separate patients with AD from those without AD.[?! Medial
temporal lobe measurements can be analyzed via the inferior
lateral ventricle measurements taken by automated clinical
tools.*°" Our analysis showed significant results when comparing
the medial temporal lobe in the AD/high-risk MCI group with the
non-AD/low-risk MCI group. Another study that used an
automated method of analysis reported that deep gray matter
structures, including the amygdala, thalamus, putamen, and the
nucleus accumbens, were predictive of the conversion of MCI to
AD, in addition to the hippocampus.'®®! We found a significant
difference between the groups in the right total cortical gray
matter volume. The hippocampus, precuneus, and posterior
cingulate cortex predicted conversion from MCI to AD at an
earlier time point and with a higher degree of accuracy than the
hippocampal volume.!®”! The gray matter density of the
amygdala, hippocampal complex, the bilateral temporal, and
the frontal gyri in the mild AD group were significantly lower
than those in the first healthy control group.®”! The reduction in
volume of the basal forebrain precedes the major impact on the
hippocampal volume, and predicts the cortical spread of AD
pathology.!°®*! In addition, basal forebrain volume is associated
with baseline performance in executive function.!®®!

Other imaging methodologies, such as diffusion tensor
imaging, also focus on the analysis of converting, and non-
converting MCI patients, in other brain areas besides the
hippocampus, such as the callosum, cingulum, and the uncinate
in both brain hemispheres, using fractional anisotropy and mean
diffusivity.””!

The FDG-PET-CT images reported in another study also
showed sensitivity to the prediction of AD diagnosis in other
analyzed brain regions. The reduction of glucose metabolism in
the posterior cingulate, parietotemporal cortex, and the
precuneus, was observed in the early stages of AD,!"! as well
as in the limbic system (parahippocampal gyrus and posterior
cingulate gyrus).!*?! The individual pattern of glucose reduction

11

in AD patients was 86% in the posterior cingulate cortex
(including 71% in the precuneus), 71% in the temporal cortex,
64% in the parietal cortex, and 35% in the frontal cortex.[”"!
Similar results were observed in our study for the PET
quantitative, and qualitative analysis in the AD/high-risk MCI
patients, with the exception of the frontal cortex and a greater
involvement of the left hemisphere, a common finding in normal
aging alterations.'*?! Overall, the combination of FDG-PET-CT,
and volumetric MRI analysis improved the accuracy of AD
diagnosis.>”!

Although, our results were very similar to other described in
the literature, some of the limitations of our study need to be
considered. First, the sample size of this retrospective study was
small, which may have influenced the sensitivity evaluation of the
analyzed methods. Future studies should include a larger sample
size to verify the results of the present study, and to increase the
limit value of the analysis of subgroups of patients. Second, the
use of automated clinical tools in the evaluation of images. These
tools have helped in the individual evaluation of patients, by
comparing the images with a database, but the cost of this
evaluation is not accessible to all, and the database is based on
populations that differ in some respects from the studied
population, which can influence individual comparisons. Finally,
we would like to point out that the patients’ final diagnosis was
not performed through the clinical evaluation parameters used in
clinical research, but by physicians who had access to all the
patient exams, and who followed these patients for the time
needed to make the diagnosis.

From a practical point of view, and for the implications of
patient care, our results suggest that MRI hippocampal
volumetry considering the Sth percentile as the cut-off point
(the value usually adopted in clinical practice) is a very specific
test, but the sensitivity is relatively low compared to the
functional data from FDG-PET-CT. The quantification analysis
of FDG-PET-CT, could be used as an adjunct tool, but should not
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replace visual interpretation. Future developments in quantifica-
tion methods for MRIand PET could improve the performance of
both methodologies, especially regarding the definition of ROIs
on PET images. Furthermore, PET-MRI hybrid imaging, that
provides both functional and structural images, could certainly
be a very interesting option for the evaluation of neuro-
degeneration related to AD pathophysiology.
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