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Clinical reality 

•  Excellent evidence-based treatments exist 

•  Same tx highly variable across individuals 

•  High relapse rates + multiple failed attempts 
– retention in opioid tx <6 months for 30-50%  
– increased overdose risk following treatment 

•  ‘Traditional’ variables do not predict outcomes 
–   e.g., little variance explained by baseline cocaine use 
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Neuroimaging of addiction outcomes 
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Yip et al., Drug Alcohol Depend, 2014 

Balodis et al, Neuropsychopharmacol, 2016 Gu et al., Brain, 2014 
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Limitations 

•  Small sample sizes; e.g., n=25 
–  reflection of complexity of translational research 

•  Use of methods that may overfit the data 
–  inflated effect sizes 
–  decreased likelihood of generalization  

 
•  Prior studies activation-based or ROI-based 

–  network based approaches may be more informative 
–  data-driven approaches can provide novel insight 
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Machine learning (aka predictive modeling) 

•  Training dataset > predictive model 

•  Test dataset > model validation 

•  Goal = generate predictions in novel data 

•  Key step for translation into clinical setting 
 

•  Can also be used for neurobiological discovery 
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Part I: Prediction of cocaine abstinence 
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Study design 

n=74*	
Pre	 Post	

12-week,	
outpatient	
treatment#	

	

#behavioral therapy +/- galantamine to treat cocaine-use 

*opioid-dependent, methadone-maintained  

Yip et al., American Journal of Psychiatry, 2019 
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>  64% male 
>  73% unemployed 
>  cocaine primarily smoked (70%) 

> + 3 prior outpatient treatment attempts 
> + 3 prior inpatient treatments attempts 
> + 5 lifetime arrests 

Yip et al., American Journal of Psychiatry, 2019 
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>  data-driven machine learning approach 

>  no a priori specification of networks 

>  predict and identify networks 

>  input = task-based connectivity matrices 
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Greene et al., Nature Communications, 2018 

Brain state manipulation improves prediction 

r=0.17 

r=0.20 

r=0.33 

r=0.35 

r=0.31 

r=0.32 
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Monetary incentive delay task 

Andrews et al., Biological Psychiatry, 2011 
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connectomes behavior 
A. Feature selection from FC matrices (training data) 
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Model validation - predictive accuracy 

*not associated w/  
baseline cocaine-use 

* 
Yip et al., American Journal of Psychiatry, 2019 

rho=0.42, p=0.001 
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Abstinence networks* 

*only 539 connections <2% of possible connections 
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Short versus long-range connectivity 

0 

0.2 

0.4 

0.6 

0.8 

Pos Neg 

Short 
Long 

%
 
 

•  Positive network (+ abstinence) > longer range 

•  Negative network (- abstinence) > shorter range 

 

√((x0-x1)2+(yo-y1)2+(z0-z1)2) 
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Regional connectivity 

Yip et al., American Journal of Psychiatry, 2019 

L R 

PFC 

limbic 

temporal 

PFC 

temporal 

limbic cerebellum 
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‘Canonical’ networks 

Networks	
1  Medial	frontal	
2  Frontoparietal	
3  Default	mode	
4  Sensori-motor	
5  Visual	a	
6  Visual	b	
7  Visual	asso	
8  Salience	
9  SubcorAcal	
10 Cerebellum/

brain	stem	

Medial	

Lateral	

Horien et al., NeuroImage, 2019 
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Network connectivity 
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medial	frontal	

frontoparietal	
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Yip et al., American Journal of Psychiatry, 2019 



S L I D E  19 

medial	
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motor	

Coordination	of	salience		
encoding	and	reward	responding	

Coordination	of	attention		
and	executive	control	
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segregation	
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Post-treatment networks predict abstinence* 

+ 

Post-treatment	fMRI	(n=40)	

*no changes in connectivity over time 

% days abstinent 
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rho=0.34, p=0.03  

Yip et al., American Journal of Psychiatry, 2019 
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But does it replicate? 
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Replicates in heterogeneous, independent sample 

n=45	

*methadone 

+ 

Cocaine abstinence 
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rho=0.36, p=0.015  

Yip et al., American Journal of Psychiatry, 2019 
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Part II: Networks across drugs and brain states 

Sarah Lichenstein, PhD 
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Same study, different drug 

Pre	 Post	

12-week,	
outpatient	
treatment#	

	

#behavioral therapy +/- galantamine to treat cocaine-use 

*opioid-dependent, methadone-maintained  
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Different mood states predict opioids vs. cocaine 

Epstein et al., Archives of General Psychiatry, 2009 
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•  engages fronto-parietal and cortico-striatal regions 
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stimuli 

Incongruent  
stimulus 

Cognitive control (Stroop) task 
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Opioid model - predictive accuracy 
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<3% of possible connections 

Opioid network 
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Shared edges across opioid and cocaine networks 
Consistent edges Opposing edges 

cocaine+ 
opioid- 

cocaine- 
opioid+ 

<1% overlap 

cocaine+ 
opioid+ 

cocaine- 
opioid- 



S L I D E  30 

Opioid network connectivity 
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Lichenstein et al., Molecular Psychiatry, In Press 
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motor/sensory 

medial frontal 

frontoparietal salience 

default mode 

within- and between-network integration 

between-network segregation 

Theoretical opioid network model 

Lichenstein et al., Molecular Psychiatry, In Press 
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Are networks drug or brain state specific? 
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Network identification is brain-state dependent 

Lichenstein et al., Molecular Psychiatry, In Press 
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Cocaine network across drugs and brain states 

rho(df=52)=0.11,	p=.425		 rho(df=52)=0.70,	p<.001		 rho(df=35)=0.41,	p=.014		
opioid use cocaine use cocaine use 
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Reward task Cognitive task Resting state 

Opioid use Cocaine use 

Cocaine	network	does	not	predict	opioid	use	
...but	does	generalize	across	tasks.	
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Opioid network across drugs and brain states 

rho(df=52)=0.07,	p=.606		 rho(df=52)=0.71,	p<.001		 rho(df=35)=0.46,	p=.005		
cocaine use opioid use opioid use 
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Opioid	network	does	not	predict	cocaine	use	
...but	does	generalize	across	tasks.	
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Network across drugs and brain states 

Cocaine	Network	 Opioid	Network	

Cocaine	 Opioid	 Opioid	 Cocaine	
Reward	 ✔	 x	 ✔	 x	

Cognitive	 ✔	 x	 ✔	 x	

Resting	 ✔	 x	 ✔	 x	

Lichenstein et al., Molecular Psychiatry, In Press 
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Post-treatment connectivity predicts opioid use* 

Post-treatment	fMRI	(n=40)	

*no changes in opioid connectivity over time 

r(df=39)=0.34, p=0.03  

% days opioid abstinent post-tx 
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rho=0.404, p=0.009  
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Pathology versus prediction 

•  Pathophysiology may not predict abstinence 
 - what changes w/ abstinence ≠ predict abstinence 

•  Initial and sustained responses may have different basis 
 - motivation to change > early tx response 
 - acquisition of new skills > sustained tx response 

•  Protracted neural change? 
-  abstinence rates improve post-treatment  

-  e.g., Carroll et al., Addiction, 2000 
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Prediction versus pathology? 
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different (e.g. abstinence-related changes in different
regions to those that show deficits in current users [24])
or are quantitatively different (e.g. activity patterns in
abstinent users that are greater than in either current users
or nonusers [25,27]) suggests more than a restoration of
function. We hypothesize that many of these changes
reflect the increased cognitive control demands required
to actively maintain abstinence (Figure 1). Although it
might be argued that the evidence of prefrontal changes
with abstinence may reflect a bias in task selection (i.e.
prefrontal changes are more likely to be detected as many
studies employ cognitive control or working memory
(WM) tests that engage prefrontal systems) this concern
is mitigated somewhat by complementary evidence from
whole-brain structural analyses. Consistent with the hy-
pothesis that cognitive control is an important contributor
to successful abstinence, research on the neural predictors
of abstinence also tends to implicate prefrontal systems,
the topic to which we turn next.

Baseline predictors of relapse
Supporting evidence for the hypothesis that prefrontal
control systems are central to successful abstinence comes
from studies that have investigated prequit neurobiological

predictors of treatment outcome. These studies build on
a cognitive literature demonstrating, for example, that
attentional biases to drugs and drug-related cues are
particularly good indicators of treatment outcome and
have been shown to predict relapse better than other
standard dependence measures such as self-reports of
dependence or drug use histories [30,31]. Similarly,
scores on self-report measures of impulsivity have been
shown to predict poorer treatment outcome [32,33]. As
neuroimaging measures can sometimes prove to be bet-
ter predictors of future abstinence than subjective
measures such as self-reported craving [34,35], there
have been a number of longitudinal studies assessing
if baseline imaging (either before or early in cessation)
can predict outcome. One important caveat is that this
literature tends to test retrospectively for neuroimaging
predictors. Here, the analyses tend to be predicated on
the known outcome (abstainer versus relapser), which,
due to overfitting with multi-voxel multivariate analyses
(i.e. lots of predictor variables relative to the numbers of
participants), can inflate the predictive power of the
observed results. This is an important qualification as
the true predictive value of these observed ‘postdicted’
effects are rarely quantified in independent samples.

670 Addiction

Figure 1

Abstinence Maintenance
for monitoring relapse
risk and regulating drug
urges

 

Relapse Risk reflecting
prolonged vulnerability

Restoration of structure
and function to
premorbid levels

Addiction Recovery 

Current Opinion in Neurobiology

The figure depicts three processes that are hypothesized to characterize the neurobiology of abstinence. The first two are involved in the recovery
process. Restoration refers to the return of brain function and structure over time (red columns) to premorbid levels comparable to non-addicted
comparison participants (blue column) and which arises from the discontinuity of drug use. Abstinence maintenance refers to those processes
hypothesized to actively resist relapse by monitoring the external and internal cues to relapse and by regulating drug urges. The functions and
structures associated with this process are hypothesized to contribute in a causal manner to maintaining abstinence and may, with prolonged
abstinence, increase beyond the levels observed in healthy controls. Finally, relapse risk reflects the long-lasting vulnerability to relapse that
characterizes drug dependence. The dynamic between the integrity of the maintenance and relapse risk processes and how the relationship between
the two is affected by relapse precipitants such as exposure to drugs, drug cues, and stress may determine the likelihood of successful abstinence.

Current Opinion in Neurobiology 2013, 23:668 –674  www.sciencedirect.com

Theoretical model 

Garavan et al., Current Opinion in Neurobiology, 2013 

Return to  
premorbid levels 

 
    

Elevation of function 
relative to controls 

 
    

Continued 
vulnerability 
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Theoretical model 

 Continued vulnerability 
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adapted from Garavan et al., Current Opinion in Neurobiology, 2013 
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n=38 controls participants 
 

No substance-use disorders 
 

Drawn from ongoing Yale 
Psychiatry research protocols  

 
38 years old (SD=9.06) 

58% male 
 
 

n=53 patients 
 

Cocaine + opioid use disorders 
 

Recruited from RCT for CUD + 
methadone treatment for OUD 

 
35 years old (SD=9.37) 

74% male 
 

Healthy controls 

identical acquisition, tasks & connectivity pipeline 

Lichenstein et al., Molecular Psychiatry, In Press 
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Cocaine network 

-0.15 

-0.1 

-0.05 

0 

0.05 

0.1 

0.15 

Responder Control Non-Responder 

p=.037 

p<.001 

Abstinent 
 
 

Control 
 
 

Not abstinent 
 
 

N
ne

tw
or

k 
st

re
ng

th
 

 

Lichenstein et al., Molecular Psychiatry, In Press 
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Lichenstein et al., Molecular Psychiatry, In Press 
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Protracted neural change? 

pre fMRI post fMRI follow-up fMRI 
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Second external replication 

rho(df=18)=0.53,	p=.02		
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Part III: Considerations for clinical prediction  
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Clinical workflow 

Yip et al., Biological Psychiatry: CNNI, 2020 
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‘Best’ metric depends on the question 

High	sensitivity	/	low	specificity	 Low	sensitivity	/	high	specificity	
	

TP	 FP	 TP	 FP	

n=70	 n=20	 n=5	 n=5	

FN	 TN	 FN	 TN	

n=5	 n=5	 n=70	 n=20	

High	sensitivity	/	low	specificity	 Low	sensitivity	/	high	specificity	
	

TP	 FP	 TP	 FP	

n=70	 n=20	 n=5	 n=5	

FN	 TN	 FN	 TN	

n=5	 n=5	 n=70	 n=20	

Outcome	1.	Assignment	to	active	treatment		

Outcome	2.	Termination	of	active	treatment		

Yip et al., Biological Psychiatry: CNNI, 2020 
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Clinical workflow 

Yip et al., Biological Psychiatry: CNNI, 2020 
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Elucidation as a goal of prediction 

Connection (or 
edge) level 

Region  
(or node) level 

accuracy was increased to 71% after inclusion of baseline
cocaine use (days of use in the month preceding treatment)
in the model (x2=6.20, df=2, p=0.02; 89% sensitivity; 41%
specificity). As shown in Figure S4 in the online supplement,
binarization across different levels of use ($25% drug-free
urine samples, $75% drug-free urine samples) decreased
sensitivity (57% and 25%, respectively) but increased spec-
ificity (71% and 89%, respectively).

DISCUSSION

The translation of brain imaging findings into real-world
clinical settings is one of the primary challenges of modern
neuropsychiatry (7–9, 11–13). In this study, we demonstrated
the ability of a recently developed connectome-basedmachine
learning approach to predict treatment outcomes (abstinence
from cocaine during 12-week treatment) using baseline pat-
terns of connectivity. We further demonstrated that post-
treatment patterns of connectivity within these networks
predicted abstinence during 6-month follow-up. Finally, we
demonstrated that the same networks can be used to predict
treatment response in an independent, heterogeneous sample.
Despite this predictive ability, identified networks could be
considered potential treatment targets (3, 5, 16), and further

replication and model refinement are needed before the
findings can be directly applied to clinical decision making.

Consistent with the connectome-based approach, absti-
nence networks were complex and included connec-
tions betweenmultiple well-established neural networks (17,
18). The positive network included more frontoparietal–
medial frontal–default mode connections as well as more
salience–subcortical–motor/sensory connections. In con-
trast, the negative network (the network for which increased
connectivity is negatively associated with abstinence) in-
cluded more connections between the medial frontal net-
work and salience, subcortical, and motor/sensory networks
aswell asmore salience–default mode connections. Based on
thesefindings, Figure 4 presents a theoretical networkmodel
of abstinence. We propose that abstinence is positively
predicted by 1) integration of a cognitive/executive control
system involving increased connectivity between fronto-
parietal and medial frontal networks; 2) integration of a re-
wardresponsiveness systeminvolving increasedconnectivity
between salience, motor/sensory, and subcortical networks;
and 3) segregation (decreased connectivity) between these
two systems. This model builds on previous models of
addiction emphasizing separation of frontoparietal and
salience networks (24, 25) but also incorporates medial

FIGURE 3. Positive and negative abstinence networks summarized by overlap with canonical neural networksa
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281 161 28–14

Medial frontal

Frontal parietal

Default mode

Motor/sensory

Visual a

Visual b

Visual assoc.

Salience

Subcortical

Cerebellum/
brainstem

Medial frontal

Frontal parietal

Default mode

Motor/sensory

Visual a

Visual b

Visual assoc.

Salience

Subcortical

Cerebellum/
brainstem

A. Positive Network 
 Functional Connectivity

B. Negative Network 
 Functional Connectivity

C. Positive – Negative Network 
 Functional Connectivity

No between network connections

No difference between networks

aWithin- and between-network connectivity for the positive network (panel A), for the negative network (panel B) and for the positive minus the
negative network (panel C) are summarized based on overlap with canonical neural networks. In panels A and B, cells represent the total number of
edges connecting nodes within (and between) each network, with darker colors indicating a greater number of edges. In panel C, cells represent the
number of positive versus negative edges connecting nodes within (and between) each network, with warmer colors (orange and yellow) indicating
more edges in the positive network and cooler colors (blue and green) indicatingmore edges in the negative network. Despite this visual simplification,
it is important to note that, by definition, positive and negative networks do not contain overlapping edges. (For further methodological details on
connectome-based network definitions, see Figure S3 in the online supplement.)

6 ajp.psychiatryonline.org Am J Psychiatry 00:0, nn 2018

CONNECTOME-BASED PREDICTION OF COCAINE ABSTINENCE Network / 
systems level 

Theory / 
mechanism level 

Yip et al., Biological Psychiatry: CNNI, 2020 

Levels of interpretation 
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Yip et al., Biological Psychiatry: CNNI, 2020 

Elucidation as a goal of prediction 
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