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ABSTRACT

Generative models focused on multifactorial causal mechanisms in brain disorders are scarce and generally
based on limited data. Despite the biological importance of the multiple interacting processes, their effects
remain poorly characterized from an integrative analytic perspective. Here, we propose a spatiotemporal
multifactorial causal model (MCM) of brain (dis)organization and therapeutic intervention that accounts for
local causal interactions, effects propagation via physical brain networks, cognitive alterations, and identifica-
tion of optimum therapeutic interventions. In this article, we focus on describing the model and applying it at
the population-based level for studying late onset Alzheimer’s disease (LOAD). By interrelating six different
neuroimaging modalities and cognitive measurements, this model accurately predicts spatiotemporal altera-
tions in brain amyloid-B (AB) burden, glucose metabolism, vascular flow, resting state functional activity,
structural properties, and cognitive integrity. The results suggest that a vascular dysregulation may be the most-
likely initial pathologic event leading to LOAD. Nevertheless, they also suggest that LOAD it is not caused by a
unique dominant biological factor (e.g. vascular or Ap) but by the complex interplay among multiple relevant
direct interactions. Furthermore, using theoretical control analysis of the identified population-based multi-
factorial causal network, we show the crucial advantage of using combinatorial over single-target treatments,
explain why one-target AP based therapies might fail to improve clinical outcomes, and propose an efficiency
ranking of possible LOAD interventions. Although still requiring further validation at the individual level, this
work presents the first analytic framework for dynamic multifactorial brain (dis)organization that may explain
both the pathologic evolution of progressive neurological disorders and operationalize the influence of multiple
interventional strategies.

Introduction

supports that other complex multifactorial mechanisms present major
pathological roles (Bero et al., 2011; Crossley et al., 2014; Tturria-

Brain disorders are thought to be caused by multiple concomitant
factors (Sheikh et al., 2012). In most typical generative models of brain
dynamics and disease progression, neuronal function or misfolded
protein alterations are considered to take action locally and spread
through anatomical connections (Cabral et al., 2012; Friston et al.,
2014; Tturria-Medina et al., 2014; Misic¢ et al., 2015; Raj et al., 2012;
Sanz Leon et al., 2013; Sanz-Leon et al., 2015; Sotero et al., 2007; Stam
et al., 2016; Valdes-sosa et al., 2011a). However, consistent evidence

Medina and Evans, 2015; Schwarz and et al., 2004; Wu et al., 2016).
For example, in the context of neurodegeneration, neuronal structural
degeneration can trigger functional hyperexcitability, being an impor-
tant cellular pathomechanism underlying network dysfunction
(Sigkova et al, 2014). Cerebral blood flow (CBF) dysregulation
decouples energy supply and neural function (Andreone et al., 2015).
Vascular dysregulation can also impact amyloid-B (AB) clearance, due
to the fact that AB efflux across the brain blood barrier (BBB)
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sequestrates AB proteins (Qosa et al., 2014). AB increase has a negative
impact on mitochondrial function, which can increase reactive oxygen
species (ROS) production and alter brain metabolism, reducing also
mitochondrial AP clearance in a continuous feed-forward mechanism
(Readnower et al., 2011). Similarly, functional connections to AP
binding areas explain the spatial mismatch between regional metabolic
alterations and toxic Af} presence (Klupp et al., 2014). These interac-
tions reflect that the direct coupling among multiple biological factors
is a key feature of the brain, both in health and disease. Nevertheless,
despite the biological importance of the multifactorial interacting
mechanisms, their effects remain poorly characterized from an inte-
grative analytical perspective. This traditional lack of quantitative
multifactorial causal models is a central obstacle to the identification
of disease-specific triggering pathological events and the development
of effective therapeutic treatments.

Correspondingly, we also continue to lack the analytical models
capable of predicting the multifactorial brain impact of specific
therapeutic interventions. Some pioneering work towards characteriz-
ing the impact of functional stimulation therapies has been recently
proposed (Betzel et al., 2016; Muldoon et al., 2016). However, such
studies have only considered a single biological driver and/or target
factor (i.e. functional activity), failing to quantify the therapeutic
impacts of misfolded proteins, vascular, metabolic, and structural
modifying therapies, or their concurrent impacts on associated cogni-
tive states. Thus far, we could partially summarize current challenges
on brain generative modeling according to three main points: i) no
consideration of local multifactorial biological interactions, ii) no
consideration of the concurrent spreading of multiple pathological
effects across physical brain networks and, importantly, iii) an inability
to predict in advance the multifactorial effects of either single-target or
combinatorial intervention strategies.

Late-onset Alzheimer’s disease (LOAD), the most prevalent form of
dementia (WHO, 2016), is one of the most challenging brain disorders
from a multifactorial modeling perspective. Up to date, all observa-
tional (Jack et al., 2013, 2010) and data-driven (Donohue et al., 2014;
Dukart et al., 2013; Fonteijn et al., 2012; Tturria-Medina et al., 2016;
Young et al., 2014) models that define a multifactorial LOAD patho-
genesis are invariably based on the magnitude levels of the biomarkers,
without accounting for the multiplicity of causal mechanisms that take
place at different spatiotemporal scales (Iturria-Medina et al., 2016).
Suffering also the limitations described above for typical generative
causal models, LOAD studies lack a quantitative causal identification of
the initial pathologic triggering events. Consequently, these studies also
lack of effective therapeutic strategies, while the disease’s worldwide
impact continues to expand. Motivated by the current imperative need
for identifying effective therapeutic agents for this disorder (Chen-
Plotkin, 2014) and by the general lack of analytical brain multifactorial
models, we propose here a 4D multifactorial causal model (MCM) of
brain (dis)organization and cognition. Based on a multifactorial brain
network formulation and the elements of the control theory (Kalman,
1963; Klickstein et al., 2016), this model accounts for regional multi-
factorial causal interactions, pathological propagations through physi-
cal networks (e.g. axonal and vascular connectomes), the subsequent
impact on cognitive integrity, and the identification and effectiveness
assessment of either single-target or combinatorial therapeutic inter-
ventions. The MCM considers that once a factor-specific event occurs in
a given brain region or in a set of regions, it can directly interact with
other biological factors and alter their states. The alterations can also
spread through anatomical and vascular connections to other brain
areas, where similar factor-factor and propagation mechanisms may
occur, in a continuous cycle.

At the population-based level, we found that the MCM is able to
accurately explain/predict multifactorial LOAD alteration patterns and
clarify the disease-triggering pathological mechanisms. Our causal
analysis suggests that an initial vascular disequilibrium in specific
brain areas (e.g. hippocampus and entorhinal regions) may be the
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most-likely event triggering LOAD progression (Iadecola, 2004;
Zlokovic, 2011). This may be explained by the high vulnerability/
fragility of the vascular system, which we found to be strongly
influenced by other biological factors (i.e. glucose metabolism and
structural degeneration). Our results also highlight the critical role of
multiple factor-factor interactions, supporting that LOAD is a complex
multifactorial process, where each biological factor has a key role on
disease progression. When used here as an in silico evaluator of
interventional treatments, the MCM provides evidence for the strategic
importance of creating effective combinatorial therapies and the crucial
need for considering multiple brain factors as endpoints, instead of
merely cognitive biomarkers. It also provides an efficiency ranking of
multiple possible LOAD interventions, which might explain why recent
one-target AP based therapies failed to improve clinical outcomes in
LOAD (Doody et al., 2014; Salloway et al., 2014). Finally, we
emphasize that the proposed model and associated controllability/
therapeutic analysis are potentially extendable and applicable to
numerous brain disorders. This further offers hope towards the
assisted personalized intervention of brain pathologies, based on the
computational characterization and controlling of individual multi-
factorial mechanisms at multiple spatiotemporal scales, from local
neuronal circuits to macroscopic brain networks.

Methods
Ethics statement

The study was conducted according to Good Clinical Practice
guidelines, the Declaration of Helsinki, US 21CFR Part 50 -
Protection of Human Subjects, and Part 56 — Institutional Review
Boards, and pursuant to state and federal HIPAA regulations (adni.-
loni.usc.edu). Study subjects (Table S1) and/or authorized representa-
tives gave written informed consent at the time of enrollment for
sample collection and completed questionnaires approved by each
participating site Institutional Review Board (IRB). The authors
obtained approval from the ADNI Data Sharing and Publications
Committee for data use and publication, see documents http://adni.
loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Data_Use_
Agreement.pdf and http://adni.loni.usc.edu/wp-content/uploads/
how_to_apply/ADNI_Manuscript_Citations.pdf, respectively.

Data description and processing

Study participants

This study used 561 individual baseline data from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) (adni.loni.usc.edu). At least
three different imaging modalities were acquired for each included
subject (i.e. structural MRI, Fluorodeoxyglucose PET, resting
Functional MRI, Arterial Spin Labeling and/or Amyloid-8 PET). The
ADNI was launched in 2003 as a public-private partnership, led by
Principal Investigator Michael W. Weiner, MD. The primary goal of
ADNI has been to test whether serial magnetic resonance imaging
(MRI), positron emission tomography (PET), other biological markers,
and clinical and neuropsychological assessments can be combined to
measure the progression of mild cognitive impairment (MCI) and early
Alzheimer’s disease (AD).

See Table S1 for demographic characteristics of the included ADNI
subjects.

Structural MRI acquisition/processing

Brain structural T1-weighted 3D images were acquired for all
subjects. For a detailed description of acquisition details, see http://
adni.loni.usc.edu/methods/documents/mri-protocols/. All images
underwent non-uniformity correction using the N3 algorithm (Sled
et al., 1998). Next, they were segmented into grey matter, white matter
and cerebrospinal fluid (CSF) probabilistic maps, using SPM12 (www.
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fil.ion.ucl.ac.uk/spm). Grey matter segmentations were standardized to
MNI space (Evans et al., 1994) using the DARTEL tool (Ashburner,
2007). Each map was modulated in order to preserve the total amount
of signal/tissue. Mean grey matter density and determinant of the
Jacobian (DJ) (Ashburner, 2007) values were calculated for 78 regions
covering all the brain’s grey matter (Klein and Tourville, 2012). For
each region, obtained grey matter density and DJ values were
statistically controlled for differences in acquisition protocols. Both
measurements provided equivalent modeling results. All the results/
figures presented in this study correspond to the DJ, which constitutes
a robust local measure of structural atrophy.

Fluorodeoxyglucose PET acquisition/processing

A 185 MBq (5+0.5 mCi) of [18F]-FDG was administered to each
participant and brain PET imaging data were acquired approximately
20 min post-injection. All images were corrected using measured
attenuation. Also, images were preprocessed according to four main
steps (Jagust et al., 2010): 1) dynamic co-registration (separate frames
were co-registered to one another lessening the effects of patient
motion), 2) across time averaging, 3) re-sampling and reorientation
from native space to a standard voxel image grid space (“AC-PC”
space), and 4) spatial filtering to produce images of a uniform isotropic
resolution of 8 mm FWHM. Next, using the registration parameters
obtained for the structural T1 image with nearest acquisition date, all
FDG-PET images were spatially normalized to the MNI space (Evans
et al., 1994). Regional standardized uptake value ratio (SUVR) values
for the 78 regions considered (Klein and Tourville, 2012) were
calculated using the cerebellum as reference region.

Resting fMRI acquisition/processing

Resting-state functional images were obtained using an echo-planar
imaging sequence on a 3.0-Tesla Philips MRI scanner. Acquisition
parameters were: 140 time points, repetition time (TR)=3000 ms, echo
time (TE)=30 ms, flip angle=80°, number of slices=48, slice thick-
ness=3.3 mm, spatial resolution=3x3x3 mm® and in plane ma-
trix=64x64. Preprocessing steps included: 1) motion correction, 2)
slice timing correction, 3) spatial normalization to MNI space (Evans
et al., 1994) using the registration parameters obtained for the
structural T1 image with the nearest acquisition date, and 4) signal
filtering to keep only low frequency fluctuations (0.01-0.08 Hz) (Chao-
Gan and Yu-Feng, 2010). In order to have regional quantitative
indicators of the brain’s functional integrity, fractional amplitude of
low-frequency fluctuation (fALFF) (Zou et al., 2008), regional homo-
geneity (ReHo) (Zang et al., 2004), and functional connectivity degree
(van den Heuvel and Hulshoff Pol, 2010) measures were calculated for
each considered brain region. Among these three measurements,
fALFF showed the highest sensibility to disease progression (Iturria-
Medina et al., 2016). Consequently, all the analyses and results
presented in this study correspond to this measure.

ASL acquisition/processing

Resting Arterial Spin Labeling (ASL) data were acquired using the
Siemens product PICORE sequence. Acquisition parameters were: TR/
TE=3400/12 ms, TI1/TI2=700/1900 ms, FOV=256 mm, 24 sequential
4 mm thick slices with a 25% gap between the adjacent slices, partial
Fourier factor=6/8, bandwidth=2368 Hz/pix, and imaging ma-
trix=64x64. For preprocessing details see “UCSF ASL Perfusion
Processing Methods” in www.adni.loni.usc.edu. In summary, main
preprocessing steps included: 1) motion correction, 2) perfusion-
weighted images (PWI) computation, 3) intensity scaling, 4) CBF
images calculation, 5) spatial normalization to MNI space (Evans
et al., 1994) using the registration parameters obtained for the
structural T1 image with the nearest acquisition date, and 6) mean
CBF calculation for each considered brain region.
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Amyloid- PET acquisition/processing

A 370 MBq (10 mCi + 10%) bolus injection of AV-45 was adminis-
tered to each participant, and 20 min continuous brain PET imaging
scans were acquired approximately 50 min post-injection. The images
were reconstructed immediately after the 20 min scan, and when
motion artifact was detected, another 20 min continuous scan was
acquired. For each individual PET acquisition, images were initially
preprocessed according to four main steps (Jagust et al., 2010): 1)
dynamic co-registration (separate frames were co-registered to one
another lessening the effects of patient motion), 2) across time
averaging, 3) re-sampling and reorientation from native space to a
standard voxel image grid space (“AC-PC” space), and 4) spatial
filtering to produce images of a uniform isotropic resolution of 8 mm
FWHM. Next, using the registration parameters obtained for the
structural T1 image with the nearest acquisition date, all amyloid
images were spatially normalized to the MNI space (Evans et al., 1994).
Considering the Cerebellum as an AB non-specific binding reference,
SUVR values for the 78 grey matter regions considered were calculated.

Diffusion weighted MRI (DW-MRI) acquisition

High angular resolution diffusion imaging (HARDI) data was
acquired for 225 subjects. For each diffusion scan, 46 separate images
were acquired, with 5 by images (no diffusion sensitization) and 41
diffusion-weighted images (b=1000 s/mm?). Other acquisition para-
meters were: 256x256 matrix, voxel size: 2.7x2.7x2.7 mm?>,
TR=9000 ms, 52 contiguous axial slices, and scan time 9 min. ADNI
aligned all raw volumes to the average b0 image, corrected head motion
and eddy current distortions. See Multimodal connectivity estimation
subsection for anatomical network reconstruction details.

Data quality control and clinical homogenization

In order to control for possible noise and heterogeneity effects,
before model fitting and evaluations we performed a robust data
homogeneity/quality control, consisting of two main steps (described
previously in (Iturria-Medina et al., 2016)):

i) Calculation of individual likelihood scores reflecting how accurately
each subject was diagnosed by the clinical experts, and subsequent
elimination of the subjects with low likelihood scores (below the
10" percentile).

For each biomarker and clinical group, outlier identification was
performed based on the Mahalanobis distance (Wilks, 1966), with a
significative squared distance (P <0.05) meaning an outlier (for
implementation details, see (Trujillo-Ortiz et al., 2006)). Outlier
detection for imaging biomarkers considered all brain regions,
using the multivariate Mahalanobis distance.

ii)

Step (i) controlled for cognitive heterogeneity, whereas (iii) con-
trolled for variability and noise on biological measurements, improving
both cognitive and biological data homogeneity at the clinical group
levels.

Multimodal connectivity estimation

Vascular Networks

For each clinical group, direct region-region vascular connectivity
measurements, in the range C;<7€[0,1], were obtained using tree-based
ensemble Random Forests (Huynh-Thu et al., 2010) and the prepro-
cessed/regional CBF data. This algorithm, known as GENIE3, is
commonly employed to reconstruct direct gene regulatory networks,
demonstrating high predictive accuracy and outperforming other
popular connectivity methods on both synthetic and real data.
GENIE3 decomposes the prediction of a direct network between N
nodes (brain regions) into N different hierarchical regression problems,
and reduces the number of possible interactions (possible predictors of
each node) based on an automatic feature selection with tree-based
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ensemble methods. It is a generic algorithm, adaptable to different
types of associative data and linear/nonlinear interactions (Huynh-Thu
et al., 2010). Due to the statistical nature of the GENIE3 algorithm, the
obtained vascular networks would be reflecting covariance patterns
among the regions, similarly to functional and structural networks
created via association techniques (Evans, 2013; Monti et al., 2014;
van den Heuvel and Hulshoff Pol, 2010). However, a crucial distinction
is that GENIE3 controls for indirect relationships among the nodes,
providing only the statistical evidence/likelihood supporting each
potential direct vascular interaction.

Anatomical Networks

Probabilistic axonal connectivity values between each brain voxel
and the surface of each considered gray matter region (voxel-region
connectivity) were estimated using a fully automated fiber tractography
algorithm (Iturria-Medina et al., 2007) and the intravoxel fiber
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distributions (ODFs) of 225 healthy and diseased subjects from
ADNI (Table S1). ODF reconstructions were based on Spherical
Deconvolution (Tournier et al., 2008). A maximum of 500 mm trace
length and a curvature threshold of +90° were imposed as tracking
parameters. Based on the resulting voxel-region connectivity maps, the
individual region-region anatomical connection density matrices
(Iturria-Medina et al., 2007) were calculated. For any subject and pair
of regions i and j, the ACD;; measure (0 < ACD,;<1, ACD;; = ACDj;)
reflects the fraction of the region’s surface involved in the axonal
connection with respect to the total surface of both regions. For each
clinical state clin, we calculated its characteristic anatomical network
Ci%% as the average ACD matrix from the subjects at that clinical state.
Finally, the (dis)similarity between the reconstructed vascular and
anatomical networks was evaluated via a Mantel test with permuta-
tions. For associated results, see Characterizing direct factor-factor
interactions and intra-brain propagation properties subsection.
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Fig. 1. Representation of the MCM approach. a) Brain multimodal images and cognitive evaluation used in this study. b) State space vectors (S), characterizing the brain’s multifactorial
alteration/disequilibrium levels with regard to a baseline, across regions and at different disease stages. Here, we used the average data of the clinically normal subjects to define the
initial baseline. The alteration/disequilibrium levels are calculated then as the standardized difference with the baseline. ¢) Causal multifactorial propagation network (matrix A, see
Methods and Text S1) capturing the direct interactions among regions (for each biological factor/imaging modality) or among factors (for each brain region). Diagonal blocks in A
correspond to a unique biological factor, with diagonal elements accounting for intraregional effects (e.g. local regional balance among: functional hyper excitation and inhibition,
production and degradation of misfolded proteins, or proliferation and restoration of damaged tissue properties) and off-diagonal elements accounting for interregional alterations
spreading across physical connections. Off-diagonal blocks in A correspond to the direct interactions among two different factors (e.g. glucose metabolism impact on tissue properties, or
vice versa). d) System’s output vector (), representing the influence of the brain’s multifactorial state space on the cognitive state (for obtained values, see Table S3 and Fig. S3). e)
Conceptual MCM. f) Reconstructed multimodal trajectories after introducing an initial alteration in a specific brain region and factor, followed by a hypothetical low-cost input
therapeutic signal (#). Notice the strong cognitive deterioration with disease progression, from transition HC to LOAD, and how it is recovered at the hypothetical post-treatment (POST-
T) point. See also Videos S1-S5 and Figs. 7, 8. For visualization purposes, in (f) the cognitive variable was rescaled to the range [10-20].
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Multifactorial causal model of brain (dis)organization and
therapeutic intervention

Here we consider the brain as a dynamic multifactorial causal
system, where: i) each system node (or variable) models a relevant
biological factor at a given brain region, and ii) alterations in each
biological factor are caused by direct factor-factor interactions and/or
external inputs. For example, in the context of our LOAD study, we
consider Nygcrors=5 different biological factors (i.e. vascular flow, AB
deposition, glucose metabolism, functional activity at rest, and gray
matter density), each measured at N,.,;s=78 different brain regions of
interest (Klein and Tourville, 2012) covering all the brain’s gray matter
(see Fig. 1). Each node, corresponding to a given biological factor m
and region i, is characterized by its alteration/disequilibrium level,
S"eR, reflecting the dissimilarity/distance to an initial state (S/"=0,
§"<0, or §/">0 indicating non alteration, decrease, or increment with
regard to baseline, respectively). Also, to model the direct coupling
between all factors, the system is characterized by a dynamic multi-
factorial direct interaction network (A), where each directed
edge corresponds to a factor-factor interaction (for schematic
representation, see Fig. 1c; for biological examples, see first
paragraph of Introduction and third-fourth paragraphs of
Discussion). In summary, at each time point the described brain
system is defined by the [NiycrorsNroisX1] state space vector
SO=IS11), SL(O). ..., S (1), ..., SN (] and A(r) (Fig. 1b—c).

In the absence of external inputs, the dynamic behavior of the
proposed brain system will depend only on the direct interactions
among its nodes, which are defined by: (i) the local direct interactions
among all the biological factors, constrained within each brain region,
(ii) the potential propagation of factors-specific alterations through
“physical” networks (i.e. anatomical and/or vascular networks), and
(iii) the preservation, during the propagation processes, of the new
generated intra-factorial alterations. These processes can be described
by the differential equation model:

dsy"
o= ZNL N cm (0SS

—mgn Nrois (m m Nroi
st Y G 0SS = Y
J#i J#i

)

The first term (Z:’fj”“"‘ a"mS!"), models the local direct influences of
multiple biological factors on the given factor m. a”~" is the interaction
parameter controlling the direct intra-regional impact of the factor n
over factor m, including intra-factor effects (i.e. n = m). Note that these
interactions occur only inside each brain region, without mediation of
inter-regional effects (for biological examples, see first paragraph of
Introduction and third-fourth paragraphs of Discussion).

The second term (Z_’;’g’ff CclL (t)S’"Sj’”), models the changes in /" due

1

to the input of signalsjzf the same factor m, from other physically
connected brain regions. This propagation can occur through the
anatomical and/or vascular connectomes, depending of the spreading
mechanisms associated each biological factor. For example, a vascular
alteration should propagate mostly, if not entirely, by the brain’s
vascular network, while the AB proteins may propagate through both
the anatomical and the vascular networks (Iturria-Medina et al., 2014;
Qosa et al., 2014). In order to capture the multiplicity of different
spreading mechanisms, for each factor m we define its characteristic
dynamic multimodal network (with connection value CjZ;(z), for each
pair of brain regions j and 1). This factor-specific network reflects how
much the alterations in factor m propagate from region j, by the
vascular and/or the anatomical networks, to impact the same factor m
at region i, allowing the estimation of the fraction that propagates by
one or the other connectional substrate. Consequently, for each factor
m the corresponding dynamic multimodal network is defined as the
weighted combination:

CILi(1) = WG (1) + (1 = W CJ2st o),

@
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where w™eg[0,1] is the fraction of the propagation (of factor m) that
spread through the vascular connection (C;<7 (#)) and (1 — w™) is the
remaining fraction that spread through the anatomical connection
(57 (1)). $™>0 is a propagation weight parameter for each factor m,
reflecting the factor’s global tendency to spread through brain connec-
tions. See Multimodal connectivity estimation subsection (above) for
details about the vascular/anatomical network construction.

The last term (Z’}’g‘{{ C;()S™"S"), reflects the amount of signal for

v

factor m that propa]gates from region i to all other brain regions,
through factor m’s characteristic dynamic multimodal network. The
addition of this term guarantees the instantaneous preservation of the
new alterations generated in each region i. Once an increment or
decrease occurs in the alteration/disequilibrium level of factor m at
region 1, this alteration can partially or totally propagate to other brain
regions, depending of factor m’s propagation capacity and the multi-
modal connectional pattern of region i (reflected in $™ and C,
respectively). Thus, it is necessary to discount the alteration level that
is leaving region 1.

In addition, in order to capture cognitive (Cog) alterations asso-
ciated with pathological progression, the expression (1) is accompanied
by the algebraic expression:

Z:\’ml: (3)

Cog is modeled by additive linear relationships, considering the
brain’s multifactorial alterations as modulators. Both expressions (1)
and (3) describe the brain’s dynamic and cognitive state, and they can
be rewritten in vector form by the linear dynamic system:

% = A(®)S,
Cog =S,

Ny Vfactors
m=1

Cog (t) = ﬂ(;‘og+ Z ﬁim,cng%m (t)

4)

where A (r) is the dynamic multifactorial direct interaction network,
which as previously mentioned defines the complex dynamic of the
brain system (see Fig. 1c). It is a [NgcrorsNrois*NyactorsNrois]
asymmetric matrix characterizing all the multifactorial interactions at
time t. It depends on the model parameters (a"~™, $™, w™) which are
estimated during model fitting, and also on the brain’s connection
properties (C/Z;(t)), estimated a priori. See Text S1 for the explicit
analytical expression of A(f). ff = [/i(f"g.../i,i,\:f)‘j.i"”"“mg]T is the system’s
output vector, which define the relation between the state space (S) and
the cognitive state. All § coefficients in (3 and 4) correspond to fixed
effects across the entire population and are estimated a priori using a
robust linear regression algorithm (Street et al., 1988). The initial
condition of this system, S (7)) and Cog(ty), define the multifactorial
alteration/disequilibrium level and cognitive properties at the initial
time point of interest for the modeling process (¢). In this study, 1, is
assumed as the disease onset time, at which a regionally localized
deviation from a theoretical pathology-free state starts.

To account for external inputs on the introduced brain dynamic
system, according to control theory (Kalman, 1963; Liu et al., 2011),
expression (4) can be extended as:

as _
B =A@)S+Bu,

Cog = fS, 5)

where B is an [NzgcrorsNroisXM] input matrix (M<NggcrorsNrois) that
identifies M nodes (brain regions of any specific biological factor or
factors) controlled by an outside controller (Kalman, 1963; Liu et al.,
2011). u(t)=[u1(t)...upr ()] is the associated time-dependent input
signal.

In the context of neurological disorders, an effective therapeutic
treatment should drive the patient from an abnormal cognitive/clinical
state (Cog,) to a final normal state (Cogp). In order to accomplish this,
we will explore two different controlling strategies: i) output control
strategy, focusing mostly in the control of the system’s cognitive
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output, and ii) full control strategy, focusing in the control of every
state node, which indirectly will modify the system’s output. For the
output control strategy, the reduction on the number of target
variables can substantially decrease the amount of driver nodes and
control energy, particularly in comparison to the full network control
case (Gao et al., 2014; Klickstein et al., 2016). Thus, for each
hypothetical set of controlling nodes B, if we consider a given time
period with constant (or approximately constant) causal network
matrix A, the optimum input signal to minimize the output control
energy can be estimated as (Klickstein et al., 2016):

Cogn— Cog,
w9 (1) = —BTeX D BT (BWRTID, ©)
where W is the controllability gramian matrix (Kailah, 1980):
7 T
W (to, ty) = f eAt0=0 BT AT t0=1) gy,
R %)

and D = (fe* =S (tp)—Cog;) is the difference between the desired final
and the final output under the free evolution. For the full control
strategy, the optimum input signal can be estimated as (Klickstein
et al., 2016):

o (1) = —BTeA -0 W-ID,

®

being D = (eA“9S(19)-S(t;)) the difference between the final and
desired final state space vector under the free and controlled evolution,
respectively.

Finally, for each controlling strategy, the cost-energy function

associated to the set of nodes B with optimum strategy u,, (i.e.
C0g0—>C‘ng/

So—»S/
Uopt X

Uppr ) 8t

1f
J (B, u, =/' ot () 1ty () dt.
(B, uopr) ” (Uope (1)) thopy (1) ©)
See Text S1 for the explicit analytical expression of A (z), Text S2 for
model optimization algorithm, and following subsections for model
interpretation and evaluation details.

Interpreting factor-factor direct interactions and alteration spread

As mentioned, the dynamic multifactorial direct interaction net-
work A(r) defines the complex dynamic of the brain system. Thus, the
characterization and interpretation of this network, in biological terms,
is crucial for understanding the complex mechanisms underlying a
given brain (dis)organization process. However, due to the arbitrary
scale of the interaction and spreading parameters (a"~™ and S™
coefficients), the comparison and interpretation requires an appro-
priate normalization procedure, correcting for all possible interactions/
spreading effects in the multifactorial network. To accomplish this,
here we defined four different measures:

The relative factor-factor influence I (n—m) reflects the percent of
regional changes in factor m that are caused by the direct influence of
factor n. It is calculated as the sum of the direct effects of n over m,
across all brain regions (reflected in the a"~™ coefficient), relative to
the total direct effects of all the biological factors over m, including self-
effects. Mathematically:

n—m
a ]Vrols

N - N dt
actors K— rots m
10 3 T gk=mN, i+ Sy w‘fi' % C; ()

I (n—>m) = 100*

(10

The relative outgoing influence I (n—), similar to the out-strength
measure in a directed network (see Rubinov and Sporns, 2010), reflects
the percent of regional changes in all the considered biological factors
that are caused by the direct influence of a given biological factor n,
excluding self-effects. This measure can be particularly useful to detect
the most influential biological factors during a brain process.

The relative incoming influence I (im<), similar to the in-strength
measure in a directed network (Rubinov and Sporns, 2010), reflects the
percent of regional changes in factor m that are caused by the direct
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influences of all the other biological factors, excluding self-effects. This
measure allows the identification of the most vulnerable and influenced
biological factors during a given brain process.

Finally, the relative spreading Diff (m) reflect the percent of the
regional changes in factor m that are caused by intra-factor spreading
through the brain’s physical connections. Mathematically:

' gm Y eois o
Diff (m) = 100% [ it dr.
10 Zkftmm al\_)mlvrois + sm ZU/:;I;] Ci’ij (1‘) (1 1)

Model evaluation and validation with real data

Disease progression analysis

First, we aimed to reproduce and predict the characteristic multi-
factorial alteration patterns of LOAD evolution. The analysis consisted
of introducing a small alteration at a hypothetical free-pathology state,
modeling an initial disease triggering event, and evaluating the model’s
accuracy to explain or predict the imaging and cognitive data available
for all the subjects at early mild cognitive impairment (EMCI), late mild
cognitive impairment (LMCI), and LOAD states, guaranteeing the
spatiotemporal continuity across clinical transitions. Before model
fitting and evaluations, all considered imaging and cognitive descrip-
tors were previously controlled for age, gender, number of apoee4 allele
copies, educational level and all their possible pairwise interactions.
Also, in order to control for possible noise and heterogeneity effects, we
performed a robust data homogeneity/quality control, consisting of two
main steps that controlled for variability and noise in measurements,
improving both biological and cognitive data homogeneity at the
clinical group levels (see Data quality control and clinical homogeni-
zation subsection). Then, all subjects were aligned according to their
clinical state, obtaining a multimodal sample in which the individual
observations are ordered in terms of disease severity, and covering the
whole LOAD evolution.

Notice that in the case of an analysis based in disease evolution, the
time variable in (1-9) loses its “aging” interpretation. The time
component is relevant only for the individual cases and at the group
level this variable should be interpreted instead in terms of disease
progression. Consequently, in this case the time variable (t) was
replaced by a continuous disease progression variable (DP€[0,1]),
assuming DP=0 for an ideal clinically normal state (HC) and DP=1
for the most advanced disease state (LOAD). DP values for EMCI and
LMCI (DPEMCI and DPMC! | respectively) are estimated automatically by
the model’s optimization algorithm (see below and Text S2). As all the
biological/cognitive descriptors were previously controlled by age and
its interactions with the other demographic variables, the use of the DP
variable as the progressive component in the model enables focusing
on the multivariate changes directly associated to the pathologic
evolution, without the confounding effects of the temporal/aging
process.

Then, for each factor m, brain region i, and subject k at the disease
progression state DP, we calculated its alteration level as the deviation
from the characteristic clinically normal state:

S (DP) = (5 (DP) — " (HC)), 12)

where x";(DP) is the observed individual value, and p (HC) is the
mean value observed for the clinically normal group, respectively, after
controlling for the mentioned covariables and all their possible
pairwise interactions. Importantly, in order to make the alteration
patterns and their associated model parameters comparable across all
imaging modalities, for each imaging modality, all alteration levels
were standardized to have standard deviation 1 across subjects and
regions.

It is important to consider that, for a discrete number of possible
clinical states N ;;;, (i.e. clin=1.4, corresponding to HC, EMCI, LMCI
and LOAD clinical states respectively), after substituting the time
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variable (t) by the disease progression variable (DP), the state space
system in (1, 3 and 5) has the following analytical solution:

- DIEelin=Netin , A(DP) +(DP—DPjn—
DP) = (DP)«( tlin—1) DPy).
S (DP) (HD&,‘_HZI e )S( 0) 13
DP, is the disease onset point, at which the regionally localized
deviation from a theoretical pathology-free state starts. In this case,
the model’s optimization function is:

(ZNfucmm ZNmm 1
m=1 i=1 Nm

DFRin=N;
L(@) = Z 1 NLIIIX

DFilin=1

2
> srop) - 8" 0P @))) :

a4

where N, is the number of subjects with available data for the biological
factor m. §,-m (DP;®) is the estimated alteration level for factor m and
brain region i, at the disease state DP, for the set of model parameters
Q.

Next, all the biological factors (m=1.5) and brain regions (i.e. a total
of 5¢78 = 390, for the used five imaging modalities and brain parcella-
tion), were explored as possible candidates (causal epicenters) to start
the LOAD pathologic process. For this, we defined a novel optimization
algorithm (see Text S2) that allows the estimation of the optimum
initial pathologic perturbation (S(DF)), and the corresponding model
parameters (@ = [@"~"S"w"DPEMCIDPIMCI] " for n,m=1:5) that better
explain (minimizing expression (11)) the reference alteration patterns
across all the subjects and the three different clinical states (EMCI,
LMCI, LOAD). The two steps optimization was performed using a least
squares regularization method (Tibshirani, 1996) and the trust-region-
reflective least squares algorithm (Coleman and Li, 1996, 1992),
implemented in the MATLAB functions lasso and Isgnonlin, respec-
tively.

Model cross-validation

In order to evaluate the MCM’s predictive power on new instances
of data, we first used the multifactorial alteration patterns observed for
subjects at EMCI and LMCI states to predict the future trajectories of
the data, fitting the model with only these two states and projecting the
alteration pattern at DP=1 (i.e. the disease progression state or time
that a hypothetical subject should reach the LOAD stage). Secondly, we
evaluated the model’s capacity to predict the past trajectories of the
data, fitting the model with the subjects at the LMCI and LOAD states
and projecting (via backward integration) the alteration pattern at
DP = DPEMCI Notice that, for this particular case, a high accuracy
predicting the multifactorial alteration pattern for the EMCI stage
(from the future instances of data) would be supporting also the
validity of the estimated initial pathologic perturbation (S(DFR))),
described in the previous subsubsection and Text S2. Finally, we
repeated the same procedure but now using EMCI and LOAD subjects
to predict the alteration patterns for LMCI subjects, evaluating the
model’s capacity to predict intermediary disease stages. For associated
results, see Reproducing and predicting multifactorial alteration
patterns in LOAD progression subsection.

Most-likely disease triggering events and regional epicenters

We used a bootstrapping procedure, creating Np0:s=500 different
data sets with replacement, and repeating the previous model optimi-
zation, to identify the most-likely/probable disease triggering factor(s)
and associated regional epicenter(s), across all generated samples. For
each factor m, its probability of being a potential triggering factor of the
LOAD process was calculated as:

Npoots
Factor™ (DP,
P"(DPy) = Zb:l (DFy) .
Nyoors (15)

where Factor™(DP,) is a step function, reflecting if factor m is altered or
not, at least for one brain region, at the initial condition:
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1, S/ (DP)#0 foranyregioni(i=1 : No)

Factor™ (DP,) = {0

otherwise

(16)

Similarly, for each brain region i, its probability of being a disease
spatial epicenter, was calculated as:

Nboots .

Region, (DF
R(DRy = 2oL RS OR)

Ivbom‘.v (17)
with:

am .

Region, (DPy) = 1, ifS; (DPy)#0 foranyfactorm(m=1 .1\7fm.,,)m)'

0, otherwise (18)

For associated results, see Identifying potential triggering events
in LOAD subsection.

Evaluating possible therapeutic impacts

In order to evaluate the effectiveness of possible one-target or
combinatorial therapies, for each biological factor or combination of
three factors, we used expressions (5)—(9) to estimate the optimum
input signal and cost-energy to minimize the control energy, during
hypothetical LOAD to HC clinical transitions. For a single-target
intervention, based in a unique driver factor, the input matrix B (Eq.
(5)) was constructed with one for all the nodes/regions corresponding
to this factor, and zero for all the other nodes/regions. Similarly, for a
combinatorial intervention, the matrix B had one for all the nodes/
regions associated to the selected driver factors and zero for the rest.
For associated results, see the Identifying optimum therapeutic
strategies for stopping and reversing LOAD progression subsection.

Robustness to different brain parcellation schemes

In order to explore the model”s robustness to different gray matter
parcellation schemes, we repeated all the previous analyses for the AAL
parcellation (Tzourio-Mazoyer et al., 2002), considering 90 cortical and
subcortical areas covering all the brain’s gray matter. See the
Discussion section (Limitations and future work subsection).

Results

Multifactorial causal model of brain (dis)organization and
intervention

We formulated a novel 4D spatiotemporal multifactorial causal
model that accounts for multiple brain biological factors, cognitive
changes and controllability properties (see Methods). By estimating the
model’s biological parameters, and performing a multifactorial con-
trollability analysis, it is possible to obtain quantitative information
about: (i) probable initial triggering events and associated “epicenter”
brain regions associated to a given brain (dis)organization process, (ii)
relative factor-factor direct interactions weights, (iii) relative vulner-
ability and influence level of each considered biological factor, (iv)
relative level of intra-brain propagation of each biological factor’s
alteration/disequilibrium, as well as the corresponding fraction that
propagates through specific physical networks (e.g. anatomical and/or
vascular networks), (v) relative times among different clinical sub-
stages of the disorder, and (vi) identification of optimum (i.e. low-cost)
therapeutic strategies to stop/reverse multifactorial pathological pro-
cesses.

Reproducing and predicting multifactorial alteration patterns in
LOAD progression

We used the formulated model to investigate the mechanisms
underlying LOAD development, progression and potential interven-
tions. Similarly to a previous study (Iturria-Medina et al., 2016), we
evaluated AP misfolded proteins, glucose metabolism, CBF, functional
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activity in rest, and/or structural brain tissue patterns in a cohort of
561 subjects from the ADNI database (Methods, Study participants;
Table S1). These five biological factors were mapped in vivo using
advanced neuroimaging techniques (Fig. 1; Methods, Data Description
and Processing). Each participant had been previously diagnosed at
each visit as healthy control (HC), early mild cognitive impairment
(EMCI), late mild cognitive impairment (LMCI) or probable
Alzheimer’s disease patient (LOAD). In addition, participants were
cognitively characterised according to the Mini Mental State
Examination (MMSE), which was used here as a measure of cognitive
integrity. For each mentioned biological factor, representative regional
values were calculated for 78 regions covering all the brain’s grey
matter (Klein and Tourville, 2012) (Methods, Image processing
subsection). For each clinical group, each specific descriptor was
compared with an age-matched clinically normal reference (see
Methods, Model evaluation and validation with real data), obtaining
an average distance-based score of disequilibrium/alteration compared
to the healthy baseline. This calculation was repeated 500 times via a
bootstrapping technique (with replacement), which improved the
robustness of the estimations and allowed us to control the stability
of the results.

Supplementary material related to this article can be found online
at http://dx.doi.org/10.1016/j.neuroimage.2017.02.058.

Next, we evaluated the competence of the MCM to reproduce the
observed EMCI, LMCI and LOAD multimodal imaging and cognitive
alteration patterns, starting from a characteristic HC state. The analysis
consisted of introducing a small pathologic alteration at the clinically
normal state, modeling the initial disease triggering event, and
evaluating the model’s accuracy to reproduce the real diseased data.
The statistical complexity of this analysis resides in the replication of
the alteration values of N, crorsNrois+1 variables (the total number of
regions for all biological factors plus one cognitive variable, i.e. 391),
guaranteeing the spatiotemporal continuity across three different
clinical states (i.e. a total of 391*3=1173 values) with a considerably
smaller number of model parameters (i.e. 37 model parameters). A
fully automated algorithm and a bootstrapping procedure were used to
identify the most-likely pathological initial condition (i.e. the perturba-
tion introduced at the clinically normal state) and to estimate the
model’s biological parameters. For estimation details, see Methods,
Model evaluation and validation with real data subsection, and Text
S2.

The results (Fig. 2a) demonstrate the MCM’s capability to explain
intermediate and advanced LOAD alterations. It explains 84.36% (P <
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0.0001) of the variance in multifactorial regional abnormality patterns
across all the clinical states. Intra-imaging modalities results show also
a significant correspondence between the MCM’s outcome and the
reference data, supporting the effectiveness of this model to capture
factor-specific features during disease progression. See Videos S1-S5
for 3D illustrations of the reconstructed multifactorial dynamic altera-
tions. Also, based on the predicted relative disease progression scores
among the different LOAD clinical sub-stages (EMCI, LMCI, LOAD),
the results suggest that LOAD development occurs during a large
pathological temporal process. In a continuous disease progression
scale of [0, 1], with O corresponding to the initial pathological onset
and 1 to the LOAD diagnosis, EMCI and LMCI symptoms appear
around the 0.55 and 0.91 positions, respectively.

Finally, we evaluated the MCM’s predictive power on new instances
of data. For this, first we used the multifactorial alteration patterns of
the subjects at EMCI and LMCI states to predict the future trajectories
of the data, fitting the model with only these two states and projecting
the alteration pattern at the time that a hypothetical subject should
reach the LOAD stage. The results (Fig. 3a) confirm a strong predictive
accuracy, explaining 74.83% (P <0.0001) of LOAD’s characteristic
multifactorial variance. Also, we tested the model’s capacity to predict
intermediary stages of disease progression, training it with the subjects
at EMCI and LOAD states and predicting the characteristic LMCI
alteration patterns. We observed again a strong predictive power
(Fig. 3b), with the MCM explaining 84.50% (P <0.0001) of the
observed variance for subjects diagnosed as LMCI. To conclude, we
evaluated the model’s capacity to predict the past trajectories of the
data, fitting the model with the subjects at the LMCI and LOAD states
and predicting (via backward integration) the multifactorial alteration
patterns for the EMCI subjects. In line with previous results, the MCM
significantly explained the alteration data observed for the EMCI
subjects (Fig. 3c), explaining around 52% (P <0.0001) of its total
variance. All together, these findings (Figs. 3a-c) suggest that the
proposed MCM may be a precise diagnostic tool of future brain
disorganization and cognitive properties, which can contribute to
clarify early and intermediate processes associated to disease progres-
sion. In addition, even when our analyses are based on a population-
based sample, these results support the spatiotemporal continuity of
the EMCI, LMCI and LOAD stages.

Identifying potential triggering events in LOAD
Vascular dysregulation, Af toxicity, metabolic impairment, neuro-
nal hyperactivity, and accelerated tissue neurodegeneration are among

Reproducing EMCI, LMCI and LOAD
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Fig. 2. Reconstruction and prediction of the multifactorial alteration patterns in LOAD progression. Estimated vs. observed values for EMCI, LMCI and LOAD, starting from a HC state.
Each point represents a brain region; colors correspond to different imaging modalities. See also Videos S1-S5.
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Fig. 3. Prediction on new instances of data (cross-validation analysis). a) Predicted vs. observed LOAD alteration values, training the model only with EMCI and LMCI states. b)
Predicted vs. observed LMCI alteration values, training only with EMCI and LOAD states. ¢) Predicted vs. observed EMCI alteration values, training only with LMCI and LOAD states.

the basic mechanisms of the most consistent/polemic hypotheses of
LOAD, which are still the subject of continuing scientific debate
(Tturria-Medina et al., 2016). It is still unknown which of these or
other pathological factors may trigger the disease process, as well as
how the multifactorial pathological signals propagate concurrently
from the initial affected regions to connected brain areas. The
introduced MCM model allowed us to evaluate quantitatively different
cascade hypotheses by the data-driven identification of the brain areas
where the disease starts and the specific associated factor(s) that
become abnormal. In practical terms, every time the model is evaluated
it starts from an initial non-zero condition S (7)) (see Methods). This is
equivalent to introducing a perturbation in the defined brain system,
assumed to be until that time in a steady state equilibrium, with the
subsequent purpose of predicting any future time point by using the
model’s analytic formulations (expressions (5) and (13)). Usually, this
perturbation tends to be small in magnitude (i.e. with a few regions/
factors presenting non-zero values), reflecting the fact that neurode-
generation constitutes a long-term process, starting years before the
brain’s multifactorial alterations and the associated clinical symptoms
are detectable with current techniques. For the hypothetical case of
studying brain concussion effects, the initial perturbation should not be
necessarily small, but proportional to the received impact. For obtain-
ing a plausible initial condition and optimizing the model’s biological
parameters, we used a fully automated algorithm (Text S2), estimating
the most-likely factors/regions and parameters that better explain the
multivariate alteration patterns observed in the data. The estimation
included an intrinsic cross-validation, generating 10 training/test
disjoint folds, which allowed us to obtain the initial condition that

b)

a) 1

maximized the predictive power of the model. In addition, a boot-
strapping procedure, generating 500 repetitions with replacement, was
used to characterize the biological and methodological stability of the
results. Subsequently, for each of the five biological factors considered,
we obtained the probability of being the initial macroscopic triggering
event in LOAD. This probability was calculated as the relative number
of times, across all the bootstrapping repetitions, that a given factor
was identified as the initial pathological event (see Most-likely disease
triggering events and regional epicenters subsubsection, expressions
(15) and (16), Methods). Similarly, for each brain region, we computed
its probability to be a disease spatial epicenter (see expressions (17)
and (18), Methods).

Comparing the five factors considered, we observed a significant
predominance of the vascular and functional dysregulation compo-
nents as the most-likely initial pathological events (Fig. 4a). The
vascular factor was automatically identified as the triggering LOAD
cause for 58.66% of all the model evaluations/repetitions. It was
followed, as possible initial pathological event, by functional dysregula-
tion (40.58%), glucose metabolism impairment (0.32%), AB deposi-
tion/propagation (0.21%) and structural degeneration (0.21%). In
addition, the model identified the left hippocampus, left and right
entorhinal cortex, left putamen, left temporal regions and the right
hippocampus as the most-likely regional disease epicenters (Fig. 4b).
These regions have been historically associated with the genesis of
LOAD, being among the earliest areas targeted by the disease (Braak
and Del Tredici, 2015; Braak, 1991; Khan et al., 2014). See Discussion
section for subsequent analysis/interpretation.
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Fig. 4. Most-likely causal epicenters for LOAD. a) Factor-specific probability for triggering LOAD. b) Multifactorial regional relevance on disease onset. Regions were sorted according
to their total estimated participation probability on the disease onset. Regions with zero participation probability are not included.
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Causal interactions associated to LOAD

Relative outgoing influences
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Fig. 5. Direct interactions associated to LOAD progression (population-based results). a) Relative factor-factor influence matrix. Element (n,m) reflects the percent of regional changes
in the factor m that are caused by the direct influence of the factor n. See also Table S2 for obtained values. b) Associated causal diagram. Red and blue links correspond to positive and
negative direct relations, respectively. c) Relative incoming influences. d) Relative outgoing influences.

Characterizing direct factor-factor interactions and intra-brain
propagation properties

As mentioned, the direct coupling among multiple biological factors
is a key feature of the brain, both in health and disease (Andreone et al.,
2015; Bero et al., 2011; Iturria-Medina and Evans, 2015; Qosa et al.,
2014; Readnower et al., 2011; Sigkova et al., 2014). The identification
of the triggering events associated to a given disorder is not enough for
understanding its progression, but it is also crucial to identify the
underlying complex interacting mechanisms. Here, we used the MCM
to estimate and characterize the direct factor-factor associations
characteristic of the whole HC to LOAD transition. The relative
factor-factor influence metric allowed us to quantify the percent of
regional changes in a given biological factor that are caused by the
direct influence of any other factor (see Interpreting factor-factor
direct interactions and alteration spread subsection, Methods).

Fig. 5a-b illustrate the obtained population-based direct associa-
tions (see also Table S2 for obtained values). The results suggest that
the vascular supply has a strong positive impact on glucose metabolism
and itself, explaining around 10.66% and 14.39% of the observed
alterations in these factors, respectively. On the contrary, and consis-
tently with the fact that vascular dysregulation modulates AB clearance
(Qosa et al., 2014), the results support a negative impact of vascular
dysregulation on AP deposition (-3.21%). In a feedback mechanism,
we also observed a negative impact of AR accumulation on vascular
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integrity (-5.88%), in agreement with the experimental evidence
suggesting that AP induces morphological and architectural vasculature
changes, resulting in altered CBF (Meyer et al., 2008). In addition, Af
burden influences negatively gray matter density (-4.65%) and in-
creases functional activity at rest (4.99%, i.e. more Af binding implying
an increase in functional hyperactivity and vice versa, as reported by
Buckner et al. (2009)). Consistently, functional activity dysregulation
presented a strong direct impact on AP deposition (25.82%), as
suggested by Yuan and Grutzendler (2016). The results suggest also a
strong functional self-loop (25.87%), being the functional alterations at
rest mostly explained by intrinsic functional mechanisms and the grey
matter density changes (-13.77%). The latter interaction is in line with
the fact that neuronal structural degeneration can trigger functional
hyperexcitability and associated network dysfunctions (Siskova et al.,
2014). Glucose metabolism presents the strongest of all the analyzed
direct interactions, negatively impacting the vascular properties
(-40%). As proposed in the Discussion section, this strong negative
link may be reflecting a crucial compensatory mechanism (i.e. the
increasing failing in glucose metabolism, characteristic of LOAD
progression, may provoke an increasing and futile demand of blood
supply, in order to get more and more glucose, which paradoxically is
less and less metabolized as the disease progresses). As expected, we
observed an strong positive link also among glucose metabolism and
grey matter density (28.30%). The energy production impairment can
directly affect the neuronal/glial demands, conducing to cell dysfunc-
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tion, injury, and death (Demetrius and Driver, 2013).

Next, we analyzed how much each specific biological factor is
directly influenced by the others. For this we calculated the relative
incoming influences (Fig. 5¢), which reflects the percent of the regional
changes in each factor that is caused by the direct influences of all other
considered biological factors, excluding self-effects (see Interpreting
factor-factor direct interactions and alteration spread subsection,
Methods). The results suggest that the vascular component is the most
influenced factor, with around 80% of its alterations directly caused by
multifactorial effects. In particular, intra-brain vascular changes are
strongly modulated by glucose metabolism and structural alterations
(40% and 32%, respectively). The high incoming connectivity degree of
the vascular system could be making it particularly vulnerable to
pathologic alterations (see Discussion section). AP was identified as
the second most influenced biological factor, with around 58% of its
alterations directly caused by multifactorial effects. Functional hyper-
activity and glucose metabolism dysregulation presented the strongest
impacts on Af, explaining around 25% and 15% of the observed Ap
increase, respectively. As debated in the Discussion section, the
observed high levels of direct influences on vascular and A properties
may be reflecting the high vulnerability and susceptibility of these
biological factors, which could explain why they have been historically
reported as very early pathological events during LOAD progression.

a)

Vascular Connectome

r-IPAR

©) Relative spreading

(%)

d)
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Complementary to the previous analysis, by means of the relative
outcoming influence measure (see Interpreting factor-factor direct
interactions and alteration spread subsection, Methods), we quanti-
fied the percent of the regional changes in all the considered biological
factors that are caused by the direct influence of each specific biological
factor. Our results (Fig. 5d), based on the five biological factors
considered, suggest that once that the initial triggering events occurs,
the provoked glucose metabolism impairment becomes the most
directly influential factor. It has a strong influence on the other four
considered factors, particularly on the vascular and structural compo-
nents. Structural degeneration is the second most influential factor,
also with a notable impact on vascular flow (31.69%). See the
Discussion section for further interpretation.

In addition to factor-factor interactions, the propagation of factor-
specific alterations is thought to be a relevant mechanism on disease
progression (Cabral et al., 2012; Friston et al., 2014; Tturria-Medina
et al., 2014; Tturria-Medina and Evans, 2015; Sanz Leon et al., 2013).
Fig. 6a-b present the average vascular and anatomical connectomes
reconstructed in this study, which constituted the main physical
substrates through which the simulated factor-specific alterations
propagated. We observed that the vascular network presents a con-
siderably higher presence of inter-hemispheric connections than the
structural network. Despite this difference, a Mantel test with permu-

Structural Connectome

min

Fraction of connectome specific propagation

Fig. 6. Multifactorial intra-brain propagation mechanisms in LOAD. a) Reconstructed vascular connectome. b) Reconstructed anatomical connectome. Both a) and b) correspond to the
averages across all the clinical groups. A significant similarity between both networks was confirmed by a Mantel test with permutations (R=0.58, P < 0.0001). ¢) Relative spreading
(Diff ; see Methods), reflecting the percent of the regional changes in each factor that are caused by the factor’s spreading through the brain’s physical connections. d) Fraction of the
aberrant propagation in (c) that spread through the vascular or the anatomical networks, indicated by blue or light gray bars, respectively. For complete regions names, see Table S3.
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tations confirmed the significant similarity among both networks
(R=0.58, P <0.0001). This similarity might be explained by the fact
that during the initial neurodevelopmental processes, axon-guidance
cues mediate the navigation of blood vessels along predestined tracks
(Zacchigna et al., 2008), whereas angiogenic vascular endothelial
growth factor regulates the migration of various neuron types to their
final destination (Schwarz and et al., 2004; Zacchigna et al., 2008).
Next, we evaluated the relative spreading of each factor, which reflects
the percent of changes in a given factor that are not caused by local
multifactorial interactions but by interregional spreading through
physical connections. Among the five biological factors, metabolic
and functional impairment presented the highest relative propagation
tendencies (Fig. 6¢), which propagation effects explaining around a
70% and 50% of the changes in these factors. As analyzed in the
Discussion section, these findings may be associated to cortical
depression spreading (CSD) and hyperactivity dispersion effects, which
are key processes in neurodegeneration (Chang et al., 2013; de Haan
et al., 2012; Mergenthaler et al., 2013). We also observed a strong
propagation tendency of Af} and structural alterations, which may be
reflecting prion-like mechanisms (Brundin et al., 2010; Frost and
Diamond, 2010) and axonal degeneration effects (Lingor et al., 2012).
In addition, according to the results, while glucose metabolic dysregu-
lations, AP and structural alterations tend to propagate following the
route of structural connections (Fig. 6d), functional and vascular
impairments may propagate mostly by vascular connections.

Identifying optimum therapeutic strategies for stopping and
reversing LOAD progression

The ultimate goal of an effective therapeutic strategy is to prevent
and/or reverse brain multifactorial abnormalities and undesired
symptoms associated with disease progression/severity. In the specific
case of LOAD, and other dementias, this goal translates into stopping,
and ideally reversing, cognitive deterioration, which also guarantees a
normal multifactorial reorganization of the brain’s properties. In terms
of control theory (Kalman, 1963; Klickstein et al., 2016; Liu et al.,
2011), an output control strategy (Methods, Eq. (6)) applied to the
multifactorial causal network obtained here can help to identify the
optimum therapeutic strategy to modify the individual cognitive/
behavioral state, without necessarily restoring all the affected brain
properties. On the other hand, a full control strategy (Methods, Eq.
(8)) can focus on restoring to clinically normal ranges all the
considered biological properties, consequently influencing the cogni-
tive/behavioral output. Motivated by this, here we aimed to: i)
investigate the feasibility of an output control vs a full control
therapeutic strategy to effectively control LOAD progression, and ii)
for each strategy, to identify the most practical LOAD intervention,
considering either all possible single-factor or combinatorial treat-
ments.

For each considered biological factor or combination of factors (up
to a maximum of five), we estimated the theoretical optimum input
signal and corresponding cost-energy to conduce the cognitive state or
the brain’s state space (Fig. 1b) from a hypothetical LOAD state to a HC
clinical state (see Methods). Fig. 7 shows the controlled brain state
space and cognitive trajectories, for both the output control (Fig. 7a)
and the full control (Fig. 7b) strategies. Interestingly, we observed that
both controlling strategies conduce to the recovering of the cognitive
state at the POST-T point, suggesting that with an appropriate
treatment it is possible to stop and reverse LOAD’s cognitive severity.
However, although an output control strategy (Fig. 7a) was conducive
to cognitive improvement, it is far from controlling the regional
alterations observed in all the intra-brain biological factors, which in
fact will continue growing with time. As commented in the Discussion
section (Applications on the design and evaluation of therapeutic
interventions subsection), this finding suggests that, although exten-
sively practiced in the pharmaceutical and clinical fields, a LOAD
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a) Disease Progression and Output Control Strategy Effects
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Fig. 7. Controlled brain and cognitive trajectories for a hypothetic HC to LOAD to HC
transition. a) Effects of using an output control strategy, with the unique goal to stop/
reverse the cognitive deterioration. b) Effects of using a full control strategy, where the
overall goal is to normalize the brain’s multifactorial properties, indirectly influencing the
cognitive state. For each case, results correspond to the minimum cost-energy strategy
identified across all possible factor-specific treatments (see Fig. 6a-b). Each line
represents the alteration level of a brain region/factor (zero value implying normal
equilibrium), with the exception of the cognitive variable (MMSE, green line), which is at
its original scale. For visualization purposes, in (a) and (b) the cognitive variable was
rescaled to the range [10-20]. See also Videos S1-S5.

therapy selected uniquely because of its capacity to restore cognition
(or decline/stops its deterioration) may still be conducing to abnormal
brain states, characterized by other unstopped or newly generated (e.g.
secondary) effects. On the contrary, a full control strategy (Fig. 7b) can
ideally conduce to both the recuperation of cognition and the normal-
ization of the brain’s multifactorial properties, although this may be at
the expense of increasing the required cost-energy levels (Fig. 8a-b).
See Videos S1-S5 for 3D representations of the reconstructed multi-
factorial dynamic alterations.

The control cost-energy is a theoretical measure of deformation,
reflecting how much the system must be altered to reach a desired final
state (see Methods). In practical terms, the more expensive a control
intervention, the more difficult will be to implement. It will require the
input of therapeutic signals with an extremely strong biological impact,
which will be difficult to achieve and could have strong undesired
secondary effects. Here, when we analyzed the theoretical ordering in
cost-energy requirements for all possible factors-specific interventions,
we observed considerably lower cost-energy values for combinatorial
than for single-target treatments (Fig. 8a-b). In particular, for the full
control strategy, our results suggest that the combination of the five
biological factors considered would provide an efficient and effective
treatment to reverse LOAD effects, ideally conducing to a clinically
normal state. Interestingly, for both control strategies, treatments
targeting only the AP propagation/deposition required high amounts
of interventional energy, and consequently would require a large
application time to achieve a positive therapeutic impact (see also
Fig. S1). Finally, we repeated the previous controllability analyses for
the hypothetical case in which it is only desired to stop the disease’s
progression, i.e. halting memory deterioration and the increase in
multifactorial brain alterations, without necessarily reversing the
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Full Control Interventions
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Fig. 8. Optimum cost-energies of hypothetical LOAD therapeutic strategies. a) Output control strategy and b) full control strategy costs. Single-target and combinatorial (up to a
maximum of five target factors) therapies were sorted from minimum to maximum energy required to reverse disease progression, from an advanced LOAD state to a normal HC state.
Notice that, for both strategies, targeting only Ap is among the most biologically expensive alternatives (see also Figs. S1-S2).

disease’s pathological effects. Fig. S2 shows the theoretical ordering
obtained in cost-energy requirements for stopping the pathological
progression at the EMCI state. We observed equivalent results, i.e. a
more consistent result of a full control strategy over an output control
strategy, with a considerable reduction of post-treatment effects, and
considerably lower cost-energy values for combinatorial than for
single-target interventions.

See Discussion section (Applications on the design and evaluation
of therapeutic interventions subsection) for further analysis/interpre-
tation.

Discussion

In this study we sought to solve three major challenges of current
neurological research: i) no characterization of direct multifactorial
biological interactions, ii) no consideration of the concurrent spreading
of multiple pathological effects across physical brain networks, and iii)
an inability to predict in advance the effects of multifactorial interven-
tional strategies. We overcome these methodological issues by means
of a multifactorial causal model of brain (dis)organization and cogni-
tion. This, in addition to clarifying disease-specific pathological me-
chanisms, allows the evaluation of the biological feasibility of single-
target or combinatorial therapies. Applied to the study of LOAD
progression, our model offers for the first time an integrative causal
description of this disorder and, remarkably, quantitative guidelines for
stopping/reversing LOAD-associated multifactorial/cognitive dete-
rioration.

Towards a multifactorial interpretation of brain disorders

Recently, we showed the importance of considering large amounts
of multiple/concomitant biomarkers instead than only a priori selected
biomarkers, as well the advantages of using data-driven instead of
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observational models for the understanding of neurodegenerative
disorders (Iturria-Medina et al., 2016). However, similarly to many
other disease progression models (Donohue et al., 2014; Dukart et al.,
2013; Jack et al., 2013; Young et al., 2014), our previous analysis was
still based on changes in magnitude of the different biological factors,
as a measure of factor relevance on the disease. We highlighted,
although without solving it, the issue that small initial alterations in
specific biological factors can cause large alterations in other inter-
connected factors (Iturria-Medina et al., 2016). In this sense, only
causal analyses can potentially lead us to a more integrated under-
standing of pathological progression, clarifying the intrinsic brain
multifactorial pathological interactions that take place at different
spatiotemporal scales. The MCM introduced here attempts to address
this central point. Notice that causality is intrinsic in the differential
equations that define this model. Similarly to previous causal models
(Friston et al., 2014; Stephan et al., 2010; Valdes-sosa et al., 2011b),
but now going beyond the unifactor interaction/spreading, the MCM
equations describe: (i) how the present state of a given biological factor,
at a given brain region, causes new fluctuations in other factors or itself
at the same region or at a different brain region, via multifactorial local
interactions or by spreading through brain connections, and (ii) how
the system’s dynamic may change by the influence of external inputs
(e.g. cognitive/sensory stimulus, therapeutic interventions or environ-
mental influences). By estimating the most-likely initial triggering
causal effects and the direct interactions weights among pairs of
multiple relevant biological factors, it would then be possible to recover
the multifactorial chronological stages that lead to the outcome of a
complex disease. This concept/method might have profound implica-
tions on the ways in which we study brain disorders, i.e. focusing on the
discovery and interpretation of multifactorial causal mechanisms
instead of in the traditional observation of magnitude changes.

In particular, our results suggest that a vascular disequilibrium is
the most-likely macroscopic triggering event leading to LOAD devel-
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opment (Fig. 4). This finding led to a crucial question: what makes the
vascular system particularly vulnerable at the point of being a very
early pathologic event? When analyzing the factor-factor links that
define the complex dynamic of the brain system during LOAD
progression, we found that the vascular system is the most influenced
component by the other considered biological factors (Fig. 5c).
According to our data/results, around 80% of the observed vascular
alterations may be explained by local multifactorial interactions. This
may reflect the continuous high vascular vulnerability to fluctuations in
other factors. Consequently, the lifetime convergence of multifactorial
fluctuations on the vascular system may make it particularly fragile,
which might explain why it is a potential early pathologic event on
dementia progression. Interestingly, the fact that other (i.e. non-
vascular) factors have a non-zero probability to start/trigger the disease
process (Fig. 4a) might imply that, although less likely, different
multifactorial alterations can lead to the disease’s observed alteration
patterns/symptoms. We attribute this possibility to the existence of
factor-factor causal mechanisms (see Fig. 5 and next paragraph). Once
a given initial alteration or a combination of them occurs at the
identified most-likely epicenter regions (Fig. 4), the brain’s intrinsic/
invariant factor-factor causal mechanisms and interregional spreading
capacity guarantee that this alteration will eventually impact the other
biological factors and regions, initiating a pathological cascade of
events that under particular conditions (e.g. genetic, life style, envir-
onment) may conduce to LOAD. It is, however, essential to consider
that the initial causal/triggering disease factor (or combination of
factors) may not be necessarily be detected by current imaging/
statistical techniques as a “significant” abnormality. The proposed
MCM and its associated analysis/results are incompatible with the
traditional binary/dichotomized classification among “negative” or
“positive” subjects with regard a given pathologic biomarker (see
Jack et al., 2016, 2015). Such “negative” vs “positive” separation
ignores the fact that small, scarcely statistically detectable, changes in
a given biological factor can have strong temporal impacts on disease
progression, affecting in time other brain factors, which could reach
accentuated/notable magnitude changes. Consequently, the traditional
binary classification procedures could have been leading to wrong
causal biological interpretations, suggesting for example that a given
pathological condition (e.g. AP accumulation/propagation) appears/
acts negatively before others just because it is more readily statistically
detectable (Jack et al., 2016, 2015).

However, despite the relevance of identifying potential initial
pathologic events, the finding of multiple consistent factor-factor
interactions evidences the indispensable role of complex multifactorial
interactions on disease development. An interesting example is the
futile increase in CBF that a glucose metabolic dysfunction may induce.
Our results (Fig. 5a-b and Table S2) suggest that alterations in glucose
metabolism have a strong impact on vascular properties, explaining
around -40% of the changes on it. We attribute the negative link to a
compensatory mechanism: the increasing failing in glucose metabo-
lism, characteristic of LOAD progression, may provoke an increasing
demand of blood supply, in order to obtain more glucose. Due to the
metabolic dysfunction, the arriving glucose is less used with disease
progression, making futile the biological efforts to guarantee a higher
CBF, in a continuous aberrant cycle. We also observed an strong
positive link among glucose metabolism and grey matter density, in
line with the fact that the energy production impairment can directly
affect the neuronal/glial demands, conducing to cell dysfunction, injury
and death (Demetrius and Driver, 2013). As expected, we observed a
negative impact of vascular dysregulation on AP deposition, consistent
with the fact that vascular dysregulation modulates AB clearance (Qosa
et al., 2014). At the same time, Ap accumulation presented a negative
impact on vascular integrity, which is in line with the experimental
evidence suggesting that AP induces morphological and architectural
vasculature changes (Meyer et al., 2008). In line with previous studies,
the results suggest that AP burden and functional activity at rest
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modulate directly each other (Buckner et al., 2009; de Haan et al.,
2012; Yuan and Grutzendler, 2016), with more AB accumulation
during disease progression associated to hyperactivity increase, and
vice versa. We also observed a strong impact of grey matter density
alterations on functional activity, in agreement with the experimental
evidence supporting that neuronal structural degeneration can trigger
functional hyperexcitability and associated network dysfunction
(Siskova et al., 2014). Factor-factor interactions are concurrent with
the intra-brain spreading of factor-specific alteration effects. In line
with the general point of view, pathologic changes appearing in the
initial epicenter regions (Fig. 4b) may propagate to other regions,
spreading the disease via physical connections (Fig. 6a-b). However,
our results (Fig. 6¢) suggest that, in addition to the conventional
functional and AB changes propagation (Brundin et al., 2010; de Haan
et al., 2012; Frost and Diamond, 2010), other biological factors may
propagate their pathologic effects also to distant brain regions. Glucose
metabolic impairment and structural degeneration presented high
interregional propagation effects, with CSD (Chang et al., 2013;
Mergenthaler et al., 2013) and axonal degeneration (Lingor et al.,
2012) being potential underlying mechanisms, respectively. Although
needing further investigation, in general these multifactorial propaga-
tion results may be evidencing the methodological importance of
considering other intra-brain disease spreading mechanisms associated
to LOAD, beyond the classically studied functional and A8 dispersions.

Altogether, our results suggest that LOAD it is not caused by a
unique dominant biological factor (e.g. vascular dysregulation, Af, or
metabolic dysfunction, etc.) but by the complex interplay among
multiple relevant factors, which interact continuously across the life-
time, from before the initial pathologic event to the final/advance
disease stages. We believe that this characteristic is not unique of
LOAD, but a major attribute of multiple brain disorders. Subsequent
studies, from our or other groups, should explore the multifactorial
causal attribute of prevalent brain diseases. In order to help achieve
this goal, we anticipate that the used programming source code and
implementation experience will be shared relatively soon, with the
additional goal of promoting/supporting open science.

Applications on the design and evaluation of therapeutic interventions

An essential application of considering multifactorial direct inter-
actions and their impact on cognition is the possibility of predicting the
cascade of effects that a given external input may cause in the brain. In
this sense, generative quantitative models constitute a natural in silico
scenario to design and evaluate the effects of treatments. Here we
quantified, for the first time to the best of our knowledge, the impact
that multiple combinatorial or single-target interventions may have on
the brain and its immediate output, cognition. The principles of control
theory (Kalman, 1963; Klickstein et al., 2016; Liu et al., 2011), in
combination with the formulated MCM, allow us to evaluate not only
the theoretical impact of each possible therapeutic strategy but also to
quantify its feasibility, in terms of control energy required to direct the
system to the desired state (e.g. a clinically normal state, in the
neurological context). For each hypothetical intervention, the obtained
control energy can be interpreted as the accumulation of deformation
(in the same scale that the state space variables) that is necessary to
apply to the system in order to conduce it to the desired state. Although
these values have been calculated here for hypothetical interventions,
mathematically it is straightforward to calculate the real effects that a
given therapy may have over the brain and its immediate outputs,
cognition/behaviour. For characterizing an actual intervention of
interest, it would be only necessary to have longitudinal data associated
to it, including also the precise information about the time points of the
intervention (for defining a scaled input signal, u(t), see expression (5))
and at least some a priori knowledge of the brain regions that should be
directly affected (for defining the input matrix, B, see expression (5)).
With a few mathematical operations, it would be then possible to
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identify a direct function, translating treatment characteristics to brain
and cognitive/clinical impacts. In consequence, the introduced meth-
odology can be particularly useful for comparing alternative interven-
tions (Figs. 7, 8 and Fig. S1-S2) and identifying optimum pharmaco-
logical strategies to prevent and/or reverse disease progression.

Although still requiring further exploration at the individual level
(see Limitations and future work subsection), the population-based
results obtained here motivate two main comments. First, we observed
that although an output control strategy (i.e. the basic goal is to modify
the individual cognitive/behavioral state, without restoring the affected
brain properties; Fig. 7a) was conducive to cognitive improvement, it is
far from controlling the regional alterations observed in all the intra-
brain biological factors. Regularly practiced in the pharmaceutical and
clinical fields, this strategy is strongly susceptible to the appearance of
negative secondary effects. After the intervention, the remaining brain
alterations can continue interacting locally, via factor-factor direct
interactions, and can also continue to spread to other brain regions,
where other factor-factor interactions can take place. A full control
strategy (i.e. the basic goal is to modify/restore the affected brain
properties; see Fig. 7b and Videos S1-S5) can ideally conduce to both
the normalization of the brain’s multifactorial properties and conse-
quently to the recuperation of cognition. However, it is not always clear
what can be classified as a post-treatment remaining alteration or if it
could trigger a negative secondary cascade. As defined in the Methods
section, the MCM proposes to characterize each brain variable accord-
ing to its alteration/disequilibrium level or dissimilarity/distance to an
initial pathology-free state. Assuming an endpoint state, which could be
the same initial pathology-free state or other proposed by the clinician,
the model can be used to identify the optimum theoretical intervention
to reach such state. One possibility may be to conduce the individual
brain to reach similar properties before progressing on the disease, but
usually the associated data is not available, particularly for extended
neurodegenerative processes. Alternatively, the values observed for
demographically-matched clinically normal subjects can be assumed as
endpoints. But it is still under scientific debate what is ideal or clinically
normal, and that may even change from person to person. In this sense,
the MCM could also contribute to the evaluation of the individual
impact of multiple possible endpoints, even before a given treatment is
designed and applied. The simulation of future trajectories, beyond
each candidate endpoint, may be useful to clarify if an associated
(optimum) intervention would be eventually conducing to an accep-
table or to an undesired cognitively/clinically condition. Second, we
observed considerably lower cost-energy values for combinatorial than
for single-target interventions (Fig. 8a-b). This supports the previously
postulated advantage of using combinatorial over single-target treat-
ments (Sun et al., 2013). According to our results, the combination of
multiple biological factors as targets would provide an efficient and
effective treatment to reverse LOAD effects, ideally conducing to a
clinically normal state. Treatments targeting only the Af propagation/
deposition required high amounts of interventional energy (see Fig.
S1), which might explain why recent one-target Ap based therapies
have failed to improve clinical outcomes in LOAD (Doody et al., 2014;
Salloway et al., 2014). We observed similar results for the hypothetical
case in which it is only desired to stop the disease’s progression (see
Fig. S2), i.e. halting memory deterioration and the increase in multi-
factorial brain alterations, without necessarily reversing the disease’s
pathological effects. The latter indicates that similar therapeutic
principles are valid for preventing or reversing the disease.

In summary, we believe that the proposed model may be particu-
larly useful for: i) comparing multiple possible intervention strategies,
in terms of effectiveness and biological costs, ii) defining feasible
endpoints, designed also to avoid negative secondary brain effects, and
iii) evaluating additional practical information associated to treatments
decisions (e.g. technical difficulties and/or associated economic costs),
which would contribute to obtaining a realistic tradeoff among
theoretical predictions and relevant practical factors. In line with the
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latter application, it is important to keep in mind that any result based
on this methodology should be considered in combination with the
practical clinical feasibility associated with each possible treatment. For
example, targeting only four of the considered factors, e.g. excluding
grey matter density as a target, requires more control energy than
targeting the five considered factors together (Fig. 8a-b). But the
former intervention may be still more practical in clinical terms, due
to the therapeutic difficulty in promoting grey matter density increase
(or neurogenesis) across the whole brain. Thus, if we expect this
controlling methodology and others similar (Betzel et al., 2016; Freund
et al., 2016; Muldoon et al., 2016) to represent a turning point for the
assisted design of disease-specific therapeutics, it will be critical to
establish a strong compromise among theoretical predictions and
clinical feasibility. Potentially, incorporating a priori penalty weights
on the cost-energy function (expression (9)), may be useful for
integrating the theoretical estimations with the available information
about technical and/or economic difficulties for implementing a given
therapy. These methodological extensions will be among the main
focuses of our subsequent studies.

Limitations and future work

Brain modeling techniques strongly depend on how precisely the
considered descriptors reflect specific biological/pathophysiological
processes. The biological parameters estimated with the MCM are
not exempt from this dependency. In particular, the data used in this
study present some key limitations. First, although the MCM has been
explicitly formulated to consider the case of individual trajectories, the
lack of subjects with all imaging modalities required us to fit the data
on all samples, explaining and/or predicting population-based disease
stage patterns. Consequently, all the results/conclusions presented
here are only representative of the average tendency in the ADNI
population, and do not necessarily explain all possible individual
mechanisms. However, this optimization limitation does not alter the
causality nature of the model, intrinsic in the differential equations that
define it. The fact that multiple of the obtained factor-factor relation-
ships are in line with previously reported interactions, based on
experimental analyses, supports the biological validity of our popula-
tion-based findings. Importantly, we are already extending the model
formulation to deal with missing data, predicting the specific missing
modalities, which will allow us to fit individual datasets and analyze/
report consistencies and dissimilarities between population-based and
individual-based results. The extended formulation, and associated
individual-based results, will be the main focus of a subsequent
publication. Second, and for the same reason, continuous changes in
brain connectivity were approximated by inter-group changes. Despite
this, notice that the proposed model is not restricted to linear
dynamics. The causal multifactorial network A(t) can change dynami-
cally, depending on the alterations of the structural and vascular
connectomes. In the case of presenting continuous connectivity in-
formation (e.g. for longitudinal individual datasets), expressions (4)
and (5) can be accurately evaluated using advanced integration
methods (Carbonell et al., 2008), while the corresponding controll-
ability analysis can be performed using non-linear approaches (Wang
et al., 2016). Third, due to the lack of young clinically normal subjects
and to large longitudinal datasets, it is difficult to define a reference
healthy pattern. We used age and gender-matched clinically normal
subjects, which could have already non-pathological aging affectations,
and/or also an intrinsic predisposition to not develop LOAD. Thus, we
may be comparing the unhealthy subjects with “special” individuals.
Consequently, this may be affecting the precision of the abnormality/
disequilibrium measures. Fourth, we used approximate methods to
reconstruct vascular and anatomical brain connectomes. Fig. 6 illus-
trates the (dis)similarities among both obtained connectomes. Further
formulations/analyses should explore the possibility of making the
MCM robust to the choice of connectomes reconstruction algorithms,
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in order to reduce this potential source of bias (see (Huynh-Thu et al.,
2010; Tturria-Medina, 2013)). Fifth, our main analyses were based on a
specific brain parcellation scheme (Klein and Tourville, 2012).
Although this parcellation improved the consistency and accuracy of
labeling human cortical areas, the use of different parcellation schemes
can impact differently brain network reconstruction results (Zalesky
et al., 2010), and could potentially affect also the quantification of the
multimodal regional patterns. Notably, in a preliminary analysis, we
obtained consistent results using a different parcellation (AAL atlas),
considering 90 cortical and subcortical areas covering all the brain’s
gray matter (Tzourio-Mazoyer et al., 2002). For the AAL parcellation,
the results suggest once more that a vascular dysregulation may be the
most-likely initial pathologic event leading to LOAD. The vascular
factor was automatically identified as the triggering LOAD cause for
around the 66% of all the model evaluations/repetitions, and was
followed by functional dysregulation (27%) and amyloid deposition
(7%). We also observed a significant similarity among the obtained
multifactorial interaction measures for both parcellations (Pearson
correlation: R=0.7, P < 0.0001). We are already extending this analysis
by performing a broad model exploration/validation using multiple
parcellation schemes, defined at different spatial scales, with the
ultimate goal of making the MCM-based conclusions robust to the
choice of parcellation. Sixth, for the sake of simplicity on model
formulation and evaluation, in this study we used a linear function
for modeling the multifactorial regional impacts on cognition. In
principle, any other function could be used, depending on how robustly
it can be estimated previously from the available data. When consider-
ing different function alternatives for the system’s output function, it
will be important to reach an appropriate trade-off between accuracy
and complexity. For example, although the inclusion of region-region
interactions would benefit the model’s accuracy, it would also increase
considerably the number of parameters to be estimated. This would not
be necessarily a problem if it is used a relative large sample size,
although could be needed the use of feature selection techniques. Other
alternative could be the use of kernel or radial basis functions, which
would be useful to capture non-linear effects. Seventh, here multi-
factorial brain alterations were only evaluated in the grey matter,
ignoring possible alterations within the white matter and other LOAD-
relevant areas (e.g. CSF, arachnoid and pia matter/space). The inclu-
sion of other tissues and brain areas will be on the focus of other MCM-
based separate studies, for which we will combine structural white
matter alterations (evaluated with T1, T2 FLAIR, diffusion-weighted
connectivity measurements (Iturria-Medina, 2013)), white matter
vascular integrity, CSF ventricles volume and density, extra-brain
space measurements, among others. This multivariate information
can be readily inserted into the flexible formulation of the MCM,
ideally conducing to an advance spatiotemporal description/represen-
tation of the brain’s multifactorial nature.
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