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A recent conceptual development in schizophrenia is to view
its manifestations as interactive networks rather than in-
dividual symptoms. Negative symptoms, which are asso-
ciated with poor functional outcome and reduced rates of
recovery, represent a critical need in schizophrenia thera-
peutics. MIN101 (roluperidone), a compound in develop-
ment, demonstrated efficacy in the treatment of negative
symptoms in schizophrenia. However, it is unclear how the
drug achieved its effect from a network perspective. The
current study evaluated the efficacy of roluperidone from a
network perspective. In this randomized clinical trial, par-
ticipants with schizophrenia and moderate to severe neg-
ative symptoms were randomly assigned to roluperidone
32 mg (n=178), 64 mg (n=83), or placebo (/N =83).
Macroscopic network properties were evaluated to deter-
mine whether roluperidone altered the overall density of the
interconnections among symptoms. Microscopic properties
were evaluated to examine which individual symptoms were
most influential (ie, interconnected) on other symptoms in
the network and are responsible for successful treatment
effects. Participants receiving roluperidone did not differ
from those randomized to placebo on macroscopic proper-
ties. However, microscopic properties (degree and closeness
centrality) indicated that avolition was highly central in pa-
tients receiving placebo and that roluperidone reduced this
level of centrality. These findings suggest that decoupling
the influence of motivational processes from other nega-
tive symptom domains is essential for producing global im-
provements. The search for pathophysiological mechanisms
and targeted treatment development should be focused on
avolition, with the expectation of improvement in the en-
tire constellation of negative symptoms if avolition is effec-
tively treated.

Key  words: amotivation/psychosis/treatment/negative
symptoms

Introduction

Results of a phase 2b trial indicate that roluperidone,
a novel cyclic amide derivative with high affinities for
5-hydroxytryptamine 2A, sigma,, and alpha-1 adren-
ergic receptors, exerts a significant improvement on neg-
ative symptoms in schizophrenia patients.! Although
these results provide evidence for efficacy, they do not
explain /iow the drug achieved its effect. Recently, there
has been increasing interest in taking a network approach
to evaluating psychiatric symptoms to help explain how
treatments are effective.> The underlying theory behind
this approach is that mental illnesses arise from the inter-
actions among symptoms in a network, whereby the oc-
currence of one symptom increases the probability that
an interrelated set of symptoms also manifest.> Symptom
networks are described in terms of their density. Dense
networks are highly interconnected and co-activate once
symptom exacerbation occurs, forming closely joined
clusters of psychopathology that maintain each other and
become self-sustaining. Often, a specific symptom will be
more “central” within a network than others, with strong
interconnections to other symptoms in the network that
cause those symptoms to emerge whenever the central
symptom is present. In strongly connected networks, the
activation of a central symptom may lead to the con-
tinued activation of other symptoms, even after the fac-
tors which triggered that symptom have disappeared. This
process may be how symptoms become chronic, whereby
self-sustaining feedback loops are triggered by a central
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symptom that leads to the activation of other symptoms,
resulting in a global worsening in psychopathology.*

It is unclear whether more or less densely connected
symptom networks are most responsive to treatment, as
there is evidence for both possibilities.>® Densely con-
nected networks may be difficult to treat because symp-
toms are closely coupled. In such a network, the treatment
must effectively target the most central symptom and
produce a spreading effect on the global symptom net-
work that yields improvement across other domains.
Alternatively, less densely connected networks may be
very difficult to treat because symptoms have little inter-
action with one another. In this instance, even if a central
symptom is successfully impacted, the lack of intercon-
nection among symptoms makes it difficult for spreading
effects to occur because symptoms function as their own
islands of psychopathology with little interaction.

Determining which domains are most central and
driving global negative symptom exacerbation has crit-
ical treatment implications. If this notion is correct, re-
gardless of which individual symptoms are most central,
it would suggest that the search for pathophysiological
mechanisms and targeted treatment development should
be focused on those key symptoms, with the expectation
of improvement in the entire constellation of negative
symptoms if they are effectively treated. Historically,
there is precedent to expect avolition (ie, reductions in the
desire for and initiation of motivated behavior) to be the
most central of the 5 negative symptom domains identi-
fied in the 2005 NIMH Consensus Conference (the others
being alogia, blunted affect, asociality, and anhedonia).
For example, Kraepelin’ attributed considerable impor-
tance to avolition, describing schizophrenia patients
as having: “A weakening of those emotional activities
which permanently form the mainsprings of volition ....”
Bleuler® also proposed a central role for avolition, pos-
iting that: “Indifference seems to be the external sign of
their state .... The will (is) . . . disturbed in a number of
ways . . . The patients appear lazy and negligent because
they no longer have the urge to do anything either of
their own initiative or at the bidding of another.” In more
modern conceptualizations, avolition is also thought to
be key. For example, in their seminal review, Foussias
and Remington’ drew upon the principle of “Occam’s

Table 1. Demographic and Clinical Characteristics of the Sample

Razor” and proposed that avolition led to the emergence
of all other negative symptoms. Specifically, reductions in
motivation were proposed to underlie decreased speech
output (alogia), reductions in facial and vocal expression
of emotion (blunted affect), diminished pursuit of pleas-
urable activities (anhedonia), and limited engagement
in social interactions (asociality). Notably, the capacity
to engage in these behaviors may be preserved, but the
level of motivation needed for behavioral initiation was
not sufficient to execute them. In a study using network
analysis, Strauss et al.!® recently found support for this
notion, with evidence that avolition was a central nega-
tive symptom of schizophrenia. This finding may sug-
gest that treatments successfully targeting avolition could
have a cascading effect, producing global improvements
in the entire negative symptom cluster once motivation is
effectively enhanced. Historical difficulties in successfully
treating negative symptoms have made the exploration of
such possibilities infeasible; however, the recent success
of roluperidone offers a unique opportunity to evaluate
how successful treatment of negative symptoms occurs
from a network perspective.

In the current analysis, we took a network approach
to evaluating negative symptoms to determine whether
roluperidone achieved its effect by impacting a spe-
cific negative symptom domain or the overall density
of symptom connections. We adopted a standard ap-
proach to evaluating symptom networks by calculating
macroscopic and microscopic network properties.'!
Macroscopic properties (eg, network density, average
clustering coefficient, and average shortest path length)
provide information about the overall connectedness of
the network as a whole (see table 1). Networks with a
higher density, average clustering coefficient, and lower
average shortest path length are tightly connected (ie,
symptoms are highly interdependent). In contrast, mi-
croscopic properties (eg, degree centrality, closeness
centrality) provide information about which individual
symptoms are most influential and interconnected with
other symptoms in the network. Highly central symp-
toms are tightly coupled with other symptoms in the net-
work and interact with those symptoms more directly.

Based on historical clinical impression,’® the avolition
and Occam’s Razor theory,’ and results of a recent network

Roluperidone
32 mg/d (n = 78)

Placebo (n = 83)

Roluperidone
64 mg/d (n = 83)

Roluperidone All
(32 + 64 mg/d) (n = 161)

Age 40.0 (10.2) 39.8 (10.2)
Male % 57.8% 52.6%
PANSS total at base- 80.2 (10.7) 81.2(9.8)
line

BNSS total at baseline 47.3(9.0) 47.3(9.4)
CGI score at baseline 4.1(0.7) 4.2 (0.6)

40.6 (10.6) 40.2 (10.4)
57.8% 55.3%
79.7 (11.1) 80.4 (10.5)
47.1 (9.6) 47.2(9.5)
4.1(0.7) 4.2(0.6)

Note: PANSS = Positive and Negative Syndrome Scale; CGI = Clinical Global Impression; BNSS = Brief Negative Symptom Scale.
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analysis,'® we hypothesized that avolition would be highly
central among patients on placebo and that roluperidone
would reduce this level of centrality. We also examined
network density using macroscopic properties. Based on
evidence indicating that highly dense networks are more
difficult to treat,> we hypothesized that roluperidone
may achieve its effect by decreasing the global density of
negative symptom networks. Exploratory analyses were
also conducted to evaluate sex differences in the effect of
roluperidone on macroscopic and microscopic proper-
ties given that men and women with schizophrenia dis-
play differences in both density and centrality of negative
symptoms.!?

Methods

Participants

Participants included individuals with schizophrenia
enrolled in an international, multicenter, double-blind,
randomized controlled trial with 3 parallel arms:
roluperidone with a daily dose of 32 mg (n=78) or
64 mg (n = 83), and placebo (N = 83) administered as
monotherapy (see figure 1). The study was registered
as BudraCT Number: 2014-004878-42). See table 1 for
basic demographics and Davidson et al.! and Kirkpatrick
et al.'? for full details and results of primary and sec-
ondary outcome measures.

Negative Symptom Networks

Two hundred forty-four patients between the ages of
18 and 60 entered the trial. Entry criteria included (1) a
DSM-5 diagnosis of schizophrenia, (2) clinically stable
and exhibiting negative symptoms for 3 months prior to
entering the study, as determined by their treating psy-
chiatrist, and (3) on the Positive and Negative Syndrome
Scale, a total score > 20 on the PANSS negative syn-
drome subscale (items N1-N7), and scores <4 on the
PANSS excitement, hyperactivity, hostility, suspicious-
ness, uncooperativeness, and poor impulse control items.
Exclusions were a diagnosis of another mental disorder,
a significant risk of suicide, a positive urine test for illicit
drugs, a history of substance abuse, or an unstable med-
ical disorder. There were also exclusion criteria related to
QT values, and for poor and intermediate metabolizers
for P450 CYP2D6.!

Study Design

Eligible patients were withdrawn from depot anti-
psychotics, if any, for 21 month. All patients were then
hospitalized and withdrawn from all psychotropic drugs
for >5 days prior to randomization to oral roluperidone
32 mg/day, 64 mg/day, or placebo, in a 1:1:1 ratio. They
remained hospitalized for at least 36 h after randomi-
zation, or longer at the discretion of the investigator if
clinically indicated. Study treatment lasted for 12 weeks.

H 342 patients screened H

—1

98 screen failure H

244)

Double-blind randomized (n =

Safety sample, n =244
ITT sample, n = 234
Per-protocol sample, n = 154

Placebo
Safety population, n = 83
ITT population, n =79

MIN-101 32 mg
Safety population, n = 78
ITT population, n =76

MIN-101 64 mg
Safety population, n = 83
ITT population, n =79

54 Completed DB

39 dropouts *
Adverse event (n=3)
Lost to follow-up (n = 1)
non compliance with Tx (n=1)
Protocol deviation (n = 3)
Lack of efficacy (n = 17)
Withdrew consent (n = 13)
Moved out of area (n = 0)
Other (n=1)

33 dropouts *

Other (n=1)

54 Completed DB

Adverse event (n=3)

Lost to follow-up (n =2)

non compliance with Tx (n = 0)
Protocol deviation (n = 2)

Lack of efficacy (n=11)
Withdrew consent (n = 12)
Moved out of area (n =2)

57 Completed DB

30 dropouts *
Adverse event (n = 8)
Lost to follow-up (n = 1)
non compliance with Tx (n = 0)
Protocol deviation (n = 4)
Lack of efficacy (n=11)
Withdrew consent (n = 5)
Moved out of area (n = 0)
Other (n=1)

* Including patients who dropped out after completion of week 12 assessments due to refusal to be hospitalized
at onset of open label phase: Placebo (n =10); MIN-101 32 mg ( n =9); MIN-101 64 mg (n = 4)

Fig. 1. Clinical trial flow diagram.
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No psychotropic medications were allowed during the
trial, other than (1) oral lorazepam, oral zolpidem, or
injectable sodium amytal for insomnia or agitation, or
(2) anticholinergic medications for any extrapyramidal
symptoms that emerged during the study.

Data Analysis

Analyses were performed with the NetworkX package
in Python using data from the secondary outcome
measure, the Brief Negative Symptom Scale (BNSS).!*
The symptom network was constructed using the asso-
ciation between BNSS items calculated with cosine simi-
larity measure. Cosine similarity measures the similarity
of 2 vectors X and Y (ie, symptom change over time) by
calculating the angle between them as follows:

similari Xy
T I TV
Details regarding macroscopic and microscopic proper-
ties are summarized in table 2. To evaluate hypothesis
1, a 2 Group (roluperidone, Placebo) X 13 BNSS Item
repeated-measures ANOVA was performed separately
on degree centrality and closeness centrality. Significant
interactions were followed-up by independent samples
t-tests to determine which BNSS items were most cen-
tral to treatment effects. To evaluate hypothesis 2, inde-
pendent samples z-tests were run on the 3 macroscopic
properties: density, average shortest path length, and
clustering coefficient. Exploratory analyses were con-
ducted to evaluate sex differences by repeating the ana-
lytic approach used for hypotheses 1 and 2, using sex as
an additional between-subjects factor. Furthermore, ad-
ditional analyses evaluating dose (32 mg, 64 mg, Placebo)

Table 2. Summary of Network Measures

were conducted using one-way ANOVAs. All exploratory
analyses indicated nonsignificant effects of dose and sex.
As such, primary analyses were reported that collapsed
across doses and sexes.

Results

Microscopic Analyses

Mixed-models ANOVA revealed a significant Group
X BNSS item interaction for both degree centrality, F
(12, 2892) = 1.91, P =.028, and closeness centrality,
F (12, 2892) = 1.89, P =.032. Follow-up independent
samples z-tests indicated that for both centrality meas-
ures, BNSS item 8 (avolition internal experience)
distinguished treatment and placebo groups, with
roluperidone showing lower centrality than Placebo (de-
gree centrality 1 = —1.93, P = .05; closeness centrality
t = —1.84, P = .06). All other items were nonsignificant
(see figures 2 and 3; analyses were rerun after randomly
removing 10% of the data as a consistency test and t-test
results held significance. Changes in centrality were pro-
portional to change in covariance structure). To confirm
the reliability of these results, we conducted a “leave one
out” analysis, where network analysis was repeated with
item § excluded. The results confirmed the reliability of
the original analyses. Specifically, there were no statis-
tically significant differences between roluperidone and
placebo for closeness or degree centrality on any of the
other 12 items when item 8§ was left out. Notably, there
was a trend for item 7 for degree (P = .075) and close-
ness (P = .080) centrality. Although only a trend, this is
noteworthy because item 7 assesses avolition: behavior,
thereby providing further confirmation that avolition is
indeed the core domain that is most central to treatment
response.

Type Measure Definition Clinical Meaning Equation
Macroscopic  Density Avg. of all the edge weights To what extent symptoms in the 23 o
in the network network are interconnected D= N(N—T)
Harmonic mean Avg. shortest path length Level of information efficiency L= Nw-1)
shortest path length between all nodes in the network ey TT
Avg. clustering Overall clustering in the To what extent symptoms tend Ave CC — >.G
coefficient network to cluster together v8 - N
1
CCi = ](1(1(11771) Z (WiuWiv"‘"uv)3
uyveV
Microscopic  Degree centrality Sum of the edge weights Level of connectivity of S i
connected to a node a symptom in the network ki= ==
Harmonic mean Distance of a node to all How quickly one symptom C=Y —L
closeness centrality other nodes in the network  reaches other symptoms jev 4

Note: 1, j, u,v = Node (BNSS Symptom) Index; N = total number of nodes; V is the set of all nodes in the network; wij, wiu,
wiv = weight between nodes i and j, i and u, 1 and v; d(i,j) = shortest path between nodes i and j calculated based on inverse of their weight

(1/wij) ; ki and kj = degrees of nodes i and j.
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Fig. 2. Microscopic centrality results. Note: BNSS Items: 1 = intensity of pleasure during activities, 2 = frequency of pleasurable
activities; 3 = intensity of expected pleasure from future activities; 4 = lack of normal distress; 5 = asociality behavior; 6 = asociality
internal experience; 7 = avolition behavior; 8 = avolition internal experience; 9 = facial expression; 10 = vocal expression; 11 = expressive

gestures; 12 = quantity of speech; 13 = spontaneous elaboration.

Degree Centrality: MIN-101

Closeness Centrality: MIN-101

a7

an

Fig. 3. Topographic map of closeness and degree centrality. Note: Nodes/circles represent BNSS items; edge/line weight represents
strength of association. Warmer (darker) node color (lighter) reflects greater magnitude of degree or closeness centrality. BNSS
Items: 1 = intensity of pleasure during activities, 2 = frequency of pleasurable activities; 3 = intensity of expected pleasure from
future activities; 4 = lack of normal distress; 5 = asociality behavior; 6 = asociality internal experience; 7 = avolition behavior;

8 = avolition internal experience; 9 = facial expression; 10 = vocal expression; 11 = expressive gestures; 12 = quantity of speech;

13 = spontaneous elaboration.

Macroscopic Analyses

Independent samples ¢-tests examining the effects of
treatment on density (¢ = —.63, P = .53), average shortest
path length (z = —.70, P = .49), and clustering coefficient
(t=-.59, P = .56) were nonsignificant.

Discussion

The current study examined the nature of successful
negative symptom treatment from a network perspec-
tive using data from the roluperidone trial. Macroscopic
properties, which evaluate the overall connectedness of
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the network, did not distinguish between active drug and
placebo. However, as hypothesized, microscopic proper-
ties indicated that avolition was highly central in patients
on placebo (ie, tightly coupled and directly interacting
with other negative symptoms) and roluperidone reduced
this level of centrality.

These findings have several important implications.
First, the lack of a macroscopic effect suggests that fu-
ture drug development need not focus on targeting mech-
anisms that have relevance to all 5 negative symptom
domains (which may be vastly different). Rather, the
specificity of an effect on a single domain within the
microscopic analyses indicates that targeted treatment
development should focus on that domain, with the ex-
pectation that the entire symptom constellation will im-
prove if the domain is effectively treated. Second, the
specificity of the microscopic analysis effects to avolition
internal experience is important. This suggests that
decoupling the influence of motivational processes on
other aspects of negative symptoms should be the goal
of pharmacological treatment. Third, the observation
that the internal experience avolition item was most cen-
tral to successful treatment provides key insight into the
processes underlying negative symptoms. These findings
are consistent with historical views offered by Bleuler and
Krapelin,”® as well as the Occam’s Razor conceptualiza-
tion posited by Foussias and Remmington® that empha-
sized the centrality of avolition. How this network-level
symptom effect is realized at the neural level is unclear.
Modern conceptualizations of the pathophysiology of
avolition propose that dysfunctional cortico-striatal
interactions lead to impairments in a range of reward
processing mechanisms that impede the initiation of
goal-directed behavior.'*"> It is possible that dysfunc-
tion in these circuits and reward processes may have an
under-recognized effect on the other negative symptom
domains as well. Via its effects on SHT,, and Sigma, re-
ceptor functioning, roluperidone may produce beneficial
effects on these reward circuits that have a direct impact
on the negative symptom that is most central to global
improvements—avolition.

Certain limitations should be considered when
interpreting these findings. Network analysis was run
on only a single negative symptom measure: the BNSS.
Although the PANSS was collected as the primary out-
come measure in the trial,! its items do not assess negative
symptoms according to the most current conceptualiza-
tions in the field and it does not include items relevant to
all 5 constructs identified in the 2005 NIMH consensus
conference.'® As such, only the BNSS was evaluated for
the purpose of evaluating macroscopic and microscopic
structures; however, it is possible that alternate measures
would produce different results. The BNSS data were
analyzed at the level of individual items to capture po-
tential meaningful differences within negative symptom
domains (eg, dissociations between avolition behavior
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and internal experience). However, the BNSS data are
not agnostic to latent variables and potential latent con-
founding. Additionally, we were unable to evaluate what
Borsboom? referred to as “environmental factors” that
act on symptom networks. These are variables external to
the symptom network that can be either internal aspects
relevant to the participant (eg, inflammation, neural cir-
cuitry, genetics) or factors from the environment itself
(eg, early life stress). If such environmental factors exist,
they would also become relevant treatment targets.

Despite these limitations, findings indicate that avolition
plays a central role in global negative symptom pathology.
Motivational deficits may be at the core of blunted affect,
alogia, anhedonia, and asociality. Effectively treating
motivational deficits is key to successful global negative
symptom improvements. Animal models that closely
map onto how avolition manifests in schizophrenia, such
as the D2 receptor overexpression mouse model,!” may
be useful for targeted treatment development. Network
analysis may be a promising analytic tool for determining
how psychiatric medications achieve efficacy. Traditional
univariate analyses provide an indication of whether a
drug holds efficacy compared to placebo, but not how
that effect comes about. As evidenced by the current mi-
croscopic analyses supporting a role for avolition, net-
work analysis is capable of indicating whether certain
symptoms are driving treatment response by having dy-
namic influences on the entire symptom constellation.
Future studies could consider evaluating microscopic
properties at baseline to determine which domain is most
central, and using this information to take a personal-
ized medicine approach to targeting specific symptoms.
For example, once multiple medications and psychosocial
treatments are developed that are efficacious for negative
symptoms, baseline network scores indicating whether a
patient has avolition vs anhedonia vs blunted affect as the
most central negative symptom could be used to direct
the course of treatment based on mechanism of actions.
Using these “computational phenotypes” to guide clin-
ical decision-making would be a novel approach to per-
sonalized medicine.
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