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Background: Late Onset Bipolar Disorder (LOBD) is the development of Bipolar

Disorder (BD) at an age above 50 years old. It is often difficult to differentiate from other

aging dementias, such as Alzheimer’s Disease (AD), because they share cognitive and

behavioral impairment symptoms.

Objectives: We look for WM tract voxel clusters showing significant differences when

comparing of AD vs. LOBD, and its correlations with systemic blood plasma biomarkers

(inflammatory, neurotrophic factors, and oxidative stress).

Materials: A sample of healthy controls (HC) (n = 19), AD patients (n = 35), and

LOBD patients (n = 24) was recruited at the Alava University Hospital. Blood plasma

samples were obtained at recruitment time and analyzed to extract the inflammatory,

oxidative stress, and neurotrophic factors. Several modalities of MRI were acquired for

each subject,

Methods: Fractional anisotropy (FA) coefficients are obtained from diffusion weighted

imaging (DWI). Tract based spatial statistics (TBSS) finds FA skeleton clusters of WM

tract voxels showing significant differences for all possible contrasts between HC, AD,

and LOBD. An ANOVA F-test over all contrasts is carried out. Results of F-test are used

to mask TBSS detected clusters for the AD > LOBD and LOBD > AD contrast to select

the image clusters used for correlation analysis. Finally, Pearson’s correlation coefficients

between FA values at cluster sites and systemic blood plasma biomarker values are

computed.

Results: The TBSS contrasts with by ANOVA F-test has identified strongly significant

clusters in the forceps minor, inferior longitudinal fasciculus, inferior fronto-occipital

fasciculus, and cingulum gyrus. The correlation analysis of these tract clusters found

strong negative correlation of AD with the nerve growth factor (NGF) and brain derived
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neurotrophic factor (BDNF) blood biomarkers. Negative correlation of AD and positive

correlation of LOBD with inflammation biomarker IL6 was also found.

Conclusion: TBSS voxel clusters tract atlas localizations are consistent with greater

behavioral impairment and mood disorders in LOBD than in AD. Correlation analysis

confirms that neurotrophic factors (i.e., NGF, BDNF) play a great role in AD while are

absent in LOBD pathophysiology. Also, correlation results of IL1 and IL6 suggest stronger

inflammatory effects in LOBD than in AD.

Keywords: late onset bipolar disorder, tract based spatial statistics, Alzheimer disease, inflammatory biomarkers,

multimodal brain data analysis, nerve growth factors

INTRODUCTION

Bipolar disorder (BD) is a chronic mood disorder characterized
by maniac and depressive alternating episodes, interspersed
by euthymic periods. Age of onset may be determined by
environmental and genetic conditions (Bauer M. et al., 2014;
Martinez-Cengotitabengoa et al., 2014; Bauer et al., 2015a,b).
Commonly, BD onset happens during youth years, leading to
cognitive, affective, and functional impairment (Forcada et al.,
2015). When the onset age is above 50 years, it is considered a
late onset BD (LOBD) (Depp and Jeste, 2004; Zanetti et al., 2007;
Prabhakar and Balon, 2010; Besga et al., 2011; Carlino et al., 2013;
Chou et al., 2015), which may be difficult to differentiate from
Alzheimer’s disease (AD), because of overlapping symptoms
(Zahodne et al., 2015). Another example of the fuzzy boundaries
between brain pathologies is the discovery of an AD biomarker
signature that also identifies Parkinson’s Disease patients with
dementia (PDD) (Berlyand et al., 2016) opening the door for
crossover treatment of PDD with AD therapies. This trend is
appreciated in recent studies comparing BD and AD patients
(Berridge, 2013). Specifically, inflammation and oxidative stress
biomarkers have been identified for AD (Akiyama et al., 2000;
Kamer et al., 2008; Sardi et al., 2011), LOBD (Goldstein et al.,
2009; Konradi et al., 2012; Leboyer et al., 2012; Lee et al., 2013;
Bauer I. E. et al., 2014; Hope et al., 2015), depression, and mania
(Brydon et al., 2009; Dickerson et al., 2013; Castanon et al., 2014;
Singhal et al., 2014). Common traits between LOBD and AD are
described in Besga et al. (2015). Common psychiatric symptoms
in AD which are shared with the profile observed in LOBD
patients are: agitation, euphoria, disinhibition, over-activity
without agitation, aggression, affective liability, dysphoria,
apathy, impaired self-regulation, and psychosis (Albert and
Blacker, 2006; Zahodne et al., 2015).

This paper contains a new contribution to a comparative study
of AD vs. LOBD patients that has been carried out for some
time. In this study, demographic and other data gathered from
the patients at recruitment, such as psychological tests and MRI
data, has been described in Besga et al. (2012), Graña et al.
(2011), and Besga et al. (2015, 2016), therefore description of
materials can not be duplicated here without breaking imposed
journal self-plagiarism rules. Consequently we refer the reader
to these publications, while here we provide a summary account
of the study and results achieved and reported in previous
publications. Over one hundred subjects older than 64 years were

recruited, including healthy controls (HC), and AD and LOBD
patients. These subjects were treated to neuropsychological tests,
blood extraction for plasma biomarkers measurement, and the
acquisition of several modalities of magnetic resonance imaging
(MRI). Specifically, Diffusion-Weighted Imaging (DWI) was
acquired in order to study significant differences in the white
matter (WM) structure. Reasons for eligibility and discarding of
patients and full account of the materials are given in Besga et al.
(2012), Graña et al. (2011), and Besga et al. (2015, 2016), and
we dare not reproduced them here. Previously reported results of
this study have been the following ones:

1. We demonstrate good discrimination between AD and LOBD
populations using whole brain fractional anisotropy (FA)
coefficients extracted from the DWI data (Graña et al., 2011;
Besga et al., 2012), using multivariate machine learning for
computer aided diagnosis (CAD) system design (Sigut et al.,
2007; Salas-Gonzalez et al., 2009; Ramirez et al., 2010; Savio
et al., 2011; Westman et al., 2011; Termenon et al., 2013).
Though the classification performance results were good, the
localization of effects in brain regions was not as satisfactory
due to the feature extraction process.

2. We achieved encouraging classification results based on
the clinical, neuropsychological test, and blood plasma
biomarkers (a subset of the ones used in the this paper
Besga et al., 2015) using machine learning techniques. We
found that clinical variables have the greatest discriminant
power. Blood plasma biomarkers alone have little discriminant
power but help improve the clinical variables. Besides, we had
no anatomical correspondences of the findings because no
imaging data was involved.

3. Looking for inferences about the anatomical correlations of

blood biomarkers we applied canonical correlation between

them and whole brain FA data (Besga et al., 2016) using

eigenanatomy tools that decompose the FA volume into

eigenvolumes maximally correlated with plasma biomarkers

(Avants et al., 2012, 2014) for feature extraction and ensuing
AD vs. LOBD classification by machine learning. We found
positive correlations of the oxido-nitrosative stress biomarker
malondialdehyde (MDA) (Besga et al., 2016) with voxel
clusters in the superior corona radiata, internal capsule,
and superior longitudinal fasciculus. However, confirmation
by classification performance was moderate, accuracy was
below 80%.
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Besides the commented limitations of previous works motivating
further research, measurements of two new inflammation
biomarkers were made available for new computational
explorations.

Contributions of This Paper
The process carried out in this paper has two phases: first,
cluster selection in FA volumes, and, second, a correlation
analysis between image clusters and blood biomarkers. For
cluster selection, we apply Tract-Based Spatial Statistics (TBSS)
(Smith et al., 2006; Bach et al., 2014) to find significant WM
tract differences between AD and LOBD patients. We expect
TBSS to provide tract specific effects, improving the anatomical
finding reported by our previous approaches (Graña et al., 2011;
Besga et al., 2012, 2016). TBSS identifies WM tract voxel clusters
with significant difference in FA between AD and LOBD on the
mean FA skeleton. To enhance localization power we carry out
an ANOVA F-test. The correlation analysis is carried out by
computing Pearson’s correlation coffiencients of the FA values
at voxel sites and blood biomarker values across all subjects.
Machine learning is not used because of the small sample size that
makes cross-validation results very unstable and not significant.

METHODS

Ethics Statement
The ethics committee of the Alava University Hospital, Spain,
approved this study. All patients gave their written consent to
participate in the study, which was conducted according to the
provisions of the Helsinki declaration. After written informed
consent was obtained, venous blood samples (10 mL) were
collected from the volunteers, after which all the mood scales and
cognitive tests were performed. The study has been registered as
an observation trial1 in the ISRCTN registry.

Blood Plasma Biomarkers
The blood plasma biomarkers selected for analysis include:

• Neurotrophins: nerve growth factor (NGF) and brain-derived
neurotrophic factor (BDNF).

• Inflammation biomarkers (Akiyama et al., 2000; Kamer et al.,
2008; Goldstein et al., 2009; Sardi et al., 2011; Lee et al.,
2013; Garcia-Bueno and et al., 2014): Cytokines Interleukins
1 and 6 (IL-1β , IL-6) and Tumor Necrosis Factor (TNFα),
and the Cyclooxygenases (COX-1 and COX-2) by-products
Prostaglandin E2 (PGE2) and 15d-Prostaglandin J2 (PGJ2).

• Oxidative stress biomarkers: nitrites (NO2) and
malondialdehyde (MDA).

Their measurements are described in Besga et al. (2015),
except for PGE2 and PGJ2 which were measured by enzyme
immunoassay (EIA) using reagents in kit form (Prostaglandin
E2 EIA Kit-Monoclonal; Cayman Chemical Europe, Tallinn,
Estonia and 15-deoxy-112,14- Prostaglandin J2 ELISA Kit
DRG Diagnostics, Marburg, Germany). Samples were measured
following manufacturer’s instructions.

1http://www.controlled-trials.com/search?q=HS%2FPI2010001

Diffusion Weighted Imaging
Diffusion-Weighted Imaging (DWI) uses MRI acquisition
sequences computing signal differences along several gradient
directions in order to obtain a signal that measures water
diffusion. Diffusion Tensor Imaging (DTI) is a compact
representation by means of 3 × 3 matrix of water diffusion in
each spatial direction at each voxel (Basser et al., 1994; Pierpaoli
et al., 1996). Specifically, in this paper we will work on FA values,
which are computed as follows:
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(

j
)

=

√

√

√

√

3
∑3

i= 1

(

λi − λ
)2

2
∑3

i= 1 λ2i

, (1)

where {λ1, λ2, λ3} are the diffusion tensor eigenvalues at the
voxel site j. The specific parameters of the data capture on a 1.5
Tesla scanner (Magnetom Avanto, Siemens), data preprocessing,
computing FA, and registration have been given in Besga et al.
(2016). We use the FSL software suite (http://www.fmrib.ox.
ac.uk/fsl/) to carry out DWI preprocessing, DTI estimation
(Behrens et al., 2003), image registration (Andersson et al.,
2007a,b), and TBSS described below. We did not perform spatial
smoothing. The pre-processing consists in the removal of non-
brain voxels using the brain extraction tool (BET) from FSL, the
correction of eddy currents artifacts, and the rigid registration
of the gradient images to cope with motion of the subject. On
the spatially aligned DWI we estimate the diffusion tensor at
each voxel, and the FA values. The FA volumes are then spatially
normalized by non-linear registration to the FMRIB58_FA
template provided with FSL standards. We have not computed
a template from the actual FA dataset because the population is
small and very heterogenous so the resulting mean FA template is
quite noisy and blurry. Besides we need to register the data to the
MNI152 space in order to report atlas based localizations, which
is already done in the template provided by FSL. We do not carry
out any intensity normalization on the FA images.

TBSS
We apply TBSS (Smith et al., 2006; Bach et al., 2014), a module
of FSL (Smith et al., 2004)2 to detect differences in white matter
tracts between HC, AD, and LOBD subjects. The specific TBSS
procedure applied is as follows: (1) We warp the FA volumes
according to the registration carried out before, so we have all
aligned in the common space. (2) We compute the mean FA
image and extract the common skeleton from it bymorphological
image processing. This skeleton is assumed to represent the
centerline of the WM tracts in all the FA volumes. Each subject’s
aligned FA data is then projected onto this skeleton. This
projection is achieved by assigning the closest local maximum
of FA value in the orthogonal direction to the skeleton. (3) For
each possible contrast (i.e., HC > AD, AD > LOBD, HC >

LOBD, AD > HC, LOBD > AD, LOBD > HC, and ANOVA F-
test over all pairwise contrasts) we compute a permutation test
applying the randomize tool of FSLwith 50,000 permutations and
threshold free cluster enhancement (TFCE)(Smith and Nichols,

2http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS
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2009) skeleton cluster selection over the contrast statistics. The
advantage of TFCE over other methods is that it combines the
spatial and statistics value optimally achieving high significance,
and its parameters are already optimized by an automated
procedure.

Biomarker Correlation Analysis
The correlation analysis is applied to the clusters selected by
each binary contrast masked by the F-test cluster detection. The
resulting clusters are much smaller than the binary contrast
detection but more specific. Considering independently each
voxel site j of the selected clusters, we build a vector vj composed
of the FA intensities at the j-th voxel site across all the subjects.
We compute Pearson’s correlation coefficient between this vector
and the value of the blood biomarker for this subject, denoted yi
in the following, obtaining the correlation values at each voxel
site. Pearson’s correlation (Pearson, 1895; Kendall and Stuart,
1973) at the j-th voxel site is computed as follows:

rvj ,y =
n

∑

i vijyi −
∑

i vij
∑

i yi
√

n
∑

i v
2
ij − (

∑

i vij)
2
√

n
∑

i y
2
i − (

∑
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2
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where vij is the value of FA at the j-th voxel site in thei-th
subject, and yi is the blood plasma biomarker value of that i-th
subject. We compute correlation values for each subpopulation
(i.e., AD and LOBD) independently (following a reviewer
recommendation), retaining voxels significantly correlated (p <

0.01) for examination.

Atlas Based Effect Localization
Locations reported by atlasquery tool from FSL using the JHU
White-Matter Tractography Atlas are collected for each contrast
after the permutation test, and each correlation analysis between
detected FA skeleton clusters and blood biomarkers. The report
produced by the atlasquery tool are the probability of a cluster
voxel to belong to a tract, therefore the size of the cluster falling
in a tract is computed as product of atlasquery probabilities and
the total detection volume.

RESULTS

Figure 1 plots the size (logarithmic scale) of the skeleton clusters
found by the permutation test for each of the contrasts including
the F-test for each tract that can be identified in the JHU
White-Matter Tractography Atlas, i.e., Right (R) and left (L)
hemispheres of anterior thalamic radiation (ATR), corticospinal
tract (CT), cingulum (cingulate gyrus) (C_CG), Cingulum
(hippocampus) (CH), forceps minor (FMi), forceps major (FMa),
inferior fronto-occipital fasciculus (IFOF), inferior longitudinal
fasciculus (ILF), superior longitudinal fasciculus (SFL), uncinate
fasciculus (UF), temporal part of SLF (SLFT). Before masking
with F-test results, pairwise contrasts greatest effects are located
in the CT, ATR, FMa, and Fmi. However big, CT clusters are of
similar size for all contrast, and disappear after F-test masking.
Similarly, ATR clusters are reduced while ILF clusters relative
importance increase after F-test masking. Clusters where HC or

LOBD have greater FA signal than AD (HC > AD, LOBD > AD)
are much bigger (note log scale in the plot) across all the tracts
than the converse (AD>HC, AD> LOBD). Also, clusters of HC
> LOBD are much bigger than LOBD>HC. These differences in
effect size are strongly significant (p < 0.00001, pairwise t-tests)
The F-test selection involves mostly the C_CG, Fmi, IFOF, and
ILF tracts. F-test detections in other tract is marginal, though we
have included them in the correlation analysis.

Figure 2 illustrates the clusters detected by the AD > LOBD
and LOBD > AD contrasts after masking with the F-test clusters.
Figure 2A presents the mean FA volume and its skeleton (green).
Figure 2B presents the F-test statistics (red). Figure 2C presents
the significant clusters of the AD > LOBD contrast (blue).
Figure 2D presents significant clusters of the LOBD > AD
contrast.

Figure 3 shows in graphical form the correlation analysis
results for each contrast of interest (AD > LOBD, LOBD > AD)
and population (AD, LOBD). Nodes in the graph are either blood
biomarkers (blue ellipsoids) or white matter tracts (rectangles),
red arrows denote negative correlation, green arrows denote
positive correlation. Table 1 gives the sizes of the clusters
of positive and negative correlations. Notice that the AD >

LOBD contrast effects are very small according to Figure 1. The
strongest effects correspond to neurotrophic factors BDNF, and
NGF, and inflammation marker IL6. The NGF accounts for 70%
of all the correlation effects. BDNF appears positively correlated
to LOBD and negatively correlated to AD.

DISCUSSION

We study differential effects in the WM tracts and their
correlation to plasma biomarkers looking for new insights into
the pathophysiological processes underlying AD and LOBD
(Lebert et al., 2008; Carlino et al., 2013; Grande et al., 2014).
We know that cognitive degradation in LOBD is a key factor in
differential diagnosis between LOBD and AD. Besides cognitive
performance, behavioral disorders are also closely related to the
overall functionality of the patients. Agitation, euphoria and
disinhibition are the non-cognitive neuropsychological variables
having the greatest discrimination power in the classification
of patients into AD or LOBD (Besga et al., 2015), while
memory cognitive domain performance is essential in clinical
practice for the detection and diagnosis of AD (Weintraub
et al., 2012). Besides, recent studies have revealed that significant
cognitive impairment in BD compared to controls may allow
to discriminate type I and II BD patients (Aprahamian et al.,
2014; Sparding et al., 2015), and may affect its prognosis, as
it happens in patients with dementia (Kawas et al., 2003).
Previously, some authors suggested that BD diagnosis is a
significant predictor of long-term cognitive dysfunction increase
(Lewandowski et al., 2011; Torrent et al., 2012). Although there
are limited data on the cognitive profile of LOBD (Carlino et al.,
2013; Grande et al., 2014), cognitive deficits affecting memory,
attention and executive function have been reported for BD
patients (Robinson et al., 2006; Osher et al., 2011; Aprahamian
et al., 2014).
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FIGURE 1 | Size of FA skeleton clusters found by each contrast (HC > AD, AD > LOBD, HC > LOBD, AD > HC, LOBD > AD,LOBD > HC, F-test) of the permutation

test followed by TFCE cluster inference for each tract identified by the JHU White-Matter Tractography Atlas. R, Right; L, left; ATR, hemispheres of anterior thalamic

radiation; CT, corticospinal tract; C_CG, cingulum (cingulate gyrus); CH, Cingulum (hippocampus); FMi, forceps minor; FMa, forceps major; IFOF, inferior

fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; SFL, superior longitudinal fasciculus; UF, uncinate fasciculus; SLFT, temporal part of SLF .

TBSS Localizations
We focus the discussion on the tracts where the F-test finds
the greatest clusters for the LOBD > AD contrast, which has
quantitatively greater effects than the AD > LOBD contrast. The
size of cluster localizations suggest greater axonal degradation in
AD than in LOBD in pathways that serve to integrate cognitive
and social structures, including tracts that mediate connectivity
to frontal and temporal lobes.

In particular, significant difference s found in ILF indicate
degradation of the fronto-temporal-occipital circuit which is
very important for social and emotional processing, leading
to behavioral deterioration, which has been assessed as the
main discriminant between AD and LOBD (Besga et al., 2015).
The ILF tract connects the occipital cortex and temporal lobes
including the superior, middle and anterior lobes, mediating
the connectivity between three regions: the superior temporal
sulcus, the fusiform face area, and the amygdala. Therefore, ILF
degradation has impact on the processes of detecting biological
motion and eye gaze (Pelphrey and Carter, 2008), as well as
facial information processing with social significance, i.e., face
identification and facial expression interpretation (Adolphs et al.,
1999). We found also significant differences in the cingulate
gyrus C_CG, which is part of the cingulate cortex lying above
the corpus callosum, and part of the limbic system in charge
of processing emotional contents. Together with the previously
described impairments of ILF pathway, disruption of C_CG
impedes the structural connectivity of an extended circuit that
involves frontal, temporal and occipital regions. This circuit
controls socio-emotional processing, so its degradation leads
to greater behavioral an d emotional impairments of AD than
LOBD.

The IFOF connects the occipital, posterior temporal, and the
orbito-frontal areas (Ashtari, 2012). Simultaneously degraded
axonal integrity of left UF, IFOF, and ATR has significant impact
on the semantic processing (Han et al., 2013) during specific
cognitive tasks related to object recognition. This concurrent
effect can explain the increased cognitive impairment of the
AD relative to LOBD (Besga et al., 2015), though we have
not carried out correlation study of image data with cognitive
neuropsychological tests results. The FMi collects most of the
clusters detected, so its relative degradation in AD compared
to LOBD is a salient biomarker. The FMi connects the lateral
and medial surfaces of the frontal lobes crossing the midline via
the genu of the corpus callosum. Damage of the FMi detected
by decreasing FA in DTI imaging has been associated with
fatigue and depression in multiple sclerosis (Gobbi et al., 2014).
Degradation of FMiin mild cognitive impairment (MCI) and
AD relative to HC was found in a cohort study using multiple
diffussion measures (Alves et al., 2013).

Correlation Analysis
Peripheral biomarkers of inflammation,oxidative stress, and
neurotrophins have been related to clinical symptoms, cognitive
decline and illness severity in BD (Barbosa et al., 2012;
Martinez-Cengotitabengoa et al., 2014) as well as in AD
(Berridge, 2013). It has been suggested that inflammation and
oxidative stress do not cause AD or LOBD by themselves,
but that they reinforce interactions among factors related to
these complex neuropsychiatric disorders during brain aging
(Forcada et al., 2015), leading to a misbalance between protective
and degenerative factors, which predisposes the brain to
neurodegenerative diseases (Lewandowski et al., 2011). On the
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FIGURE 2 | Visualization TBSS detection results masked by the F-test overlaid on the mean of registered FA volumes. (A) Mean skeleton (green). (B) F statistics

(red-yelow) over the mean skeleton (green). (C) Clusters detected from contrast AD > LOBD masked by F-test clusters (blue) overlaying the mean skeleton (green).

(D) Clusters detected from contrast LOBD > AD masked by F-test clusters (red) overlaying the mean skeleton (green).
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FIGURE 3 | Significant correlation (p < 0.01) between blood plasma biomarkers (ellipses up) and FA values at the TBSS clusters for AD > LOBD (up) and LOBD > AD

contrasts, masked by the F-test, identified by the atlasquery tool (rectangles below). We report separate values for AD and LOBD populations (requested by

reviewer). Red lines correspond to negative correlations, green lines correspond to positive correlations. Line width is proportional to the magnitude of correlation. R,

Right; L, left; ATR, hemispheres of anterior thalamic radiation; C_CG, cingulum (cingulate gyrus); FMi, forceps minor; FMa, forceps major; IFOF, inferior fronto-occipital

fasciculus; ILF, inferior longitudinal fasciculus; SFL, superior longitudinal fasciculus; and UF, uncinate fasciculus.

other hand, negative correlation of inflammation biomarkers, i.e.,
TNFα, with FA in the body and isthmus of the corpus callosum
has been also found in healthy aging subjects by a TBSS analysis
(Arfanakis et al., 2013), showing that systemic inflammation is
not necessarily associated with cognitive decline. There are also
reports of a significant decrease in BDNF and IL-6 in BD patients
at a later stage compared to its early stage, while, inversely,
TNFα has a significant increase at the later stage of BD (Kauer-
Sant’Anna M, 2009; Grande et al., 2014), suggesting that the
inflammation lies in the pathogenesis of BD.

Brain injuries promote the up-regulation of proinflamatory

prostaglandins PGE2 (Ahmad et al., 2006), hence blocking

the corresponding receptor has been proposed as a target

of treatment for stroke and other traumatic brain injuries.
Cyclopentenone Prostaglandin PGJ2 is a recently discovered
prostaglandin, which has anti-inflammatory functions (Scher and
Pillinger, 2005; Zhao et al., 2006), such as the inhibition of a
gene in T cells, therefore positive correlation with FA voxels
is consistently related to axonal integrity in this area. TNFα is
a cytokine involved in systemic inflammation and acute phase
reaction, whose role is the regulation of immune cells, inducing
inflammation and other effects, such as apoptotic cell death.

The role of NGF as a therapeutic tool for AD has received
a lot of attention in the last years (Xu et al., 2016), with strong
consideration of the impairment of NGF pathway as cause of AD
via the accumulation of amyloid plaques. Clinical trials have been

TABLE 1 | Size (#voxels) of the correlation clusters.

AD > LOBD LOBD > AD

AD LOBD AD LOBD

+ − + − + − + −

BDNF 2 3 20

GLU 1 1 5

IL1β 5 9

IL6 6 1 44 3

MDA 8

NGF 1 276 1

NO2 2 2

PGE2 4 3 2

PGJ2

TNFα 1

Rows: blood biomarkers. Columns: for each contrast (AD > LOBD, LOBD > AD) and

population (AD,LOBD), positive (+) and negative (−) correlation.

carried out3,4 studying the effect of NGF gene therapy (Tuszynski
et al., 2005). Postmortem analysis showed that theNGF treatment
induced response in degenerating neurons exhibited trophic

3https://clinicaltrials.gov/ct2/show/NCT00017940
4https://clinicaltrials.gov/ct2/show/NCT01163825
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response without adverse pathological effects (Tuszynski et al.,
2015).

In our study, regarding inflammation biomarkers in Table 1,
we find no effect of the protective PGJ2, and almost no effect
of TNFα, while there PGE2 has both positive and negative
correlation with LOBD image data, so no conclusion can be given
from them. However, though sparsely distributed in different
clusters, we find positive correlation of IL1β and IL6 with LOBD
and negative with AD, hence these blood biomarkers are a clear
indication of greater inflammation in LOBD pathogenesis.

Regarding oxidative stress biomarkers, we found no
differential effect of NO2, because both populations showed
the same sizes of negative correlation clusters, but MDA shows
positive correlation with LOBD hinting to an added pathogenesis
factor. This result is also in agreement with our previous findings
using eigenanatomy (Besga et al., 2016). Notice in Figure 3 that
IL1β , IL6, and MAD affects mostly the IFOF as a cause for
behavior impairment.

Regarding neurotrophic factors, we found a big effect of NGF
which correlates negatively with AD imaging data, i.e., with the
degradation of synaptic integrity in the located tract. We had
also a small positive correlation with LOBD that reinforces the
value of NGF as a differential diagnostic biomarker between AD
and LOBD. This result is in complete agreement with recent AD
therapeutic research lines (Tuszynski et al., 2005, 2015; Xu et al.,
2016). Notice from Figure 3 that most of the correlation effects
of NGF are located in FMi, suggesting a role in cognitive decline.

CONCLUSIONS

TBSS analysis found widespread white matter disruption
in LOBD relative to AD that might be related to axonal
integrity degradation measured by decreasing FA in several
important tracts. Main effects are located on white matter tracts

that integrate a distributed fronto-temporal-occipital circuit.
Disruption of this circuit may be producing the behavioral and
cognitive impairments that differentiate LOBD from AD in the
clinical and neuropsychological tests. Also, inter-hemispherical
tracts FMihas greater axonal integrity degradation in AD than in
LOBD, which is a pathophysiological cause for c ognitive decline
of AD relative to LOBD. Finally, the correlation analysis suggests
that neurotropic fact ors, i.e., NGF and BDNF, considered
together with FA imaging may help to differentiate LOBD
from AD. Also, there are indications of greater inflammation
(IL1β ,IL6) and oxidative stress (MDA) factors in LOBD than
in AD.
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