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Summary

The habenula (Hb) is central to adaptive reward and aversion-driven behaviors, comprising a 

hub for higher-order processing networks involving the prefrontal cortex (PFC). Despite an 

established role in preclinical models of cocaine addiction, the translational significance of the 

Hb, and its connectivity with the PFC, in humans is unclear. Using diffusion tractography, 

we detailed PFC structural connectivity with the Hb and two control regions, quantifying tract-

specific microstructural features in healthy and cocaine-addicted individuals. White matter was 

uniquely impaired in PFC-Hb projections in both short-term abstainers and current cocaine users. 

Abnormalities in this tract further generalized to an independent sample of heroin-addicted 

individuals and were associated, in an exploratory analysis, with earlier onset of drug use 

across the addiction subgroups, potentially serving as a predisposing marker amenable for early 

intervention. Importantly, these findings contextualize a plausible PFC-Hb circuit in the human 

brain, supporting preclinical evidence for its impairment in cocaine addiction.

eTOC blurb:

The habenula receives direct input from the prefrontal cortex, driving drug-seeking behaviors 

in preclinical models of addiction. Using diffusion MRI, King et al. identified microstructural 

abnormalities in the structural connections of the prefrontal cortex and habenula in humans with 

cocaine or heroin addiction, extending the translational importance of this circuit.
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Introduction

Impaired reward valuation is a fundamental feature of drug addiction that is characterized 

by compulsive drug-seeking at the expense of alternative reinforcers (Koob & Volkow, 

2016). Dysregulation of the prefrontal cortex (PFC), which is integral to the brain networks 

that regulate reward processing, salience attribution, and inhibitory control, is proposed to 

precipitate bingeing and relapse, perpetuating the addiction cycle (Goldstein & Volkow, 

2002, 2011). The habenula (Hb), a reward-processing structure in the epithalamus, plays 

a critical role in connecting regions underlying emotion and cognitive processing, notably 

the basal ganglia/striatum and amygdala, but also the PFC (Chiba et al., 2001; Kim & Lee, 

2012; Zahm & Root, 2017). Within the reward system, the lateral nucleus of the Hb (LHb) 

conveys aversion-related information to monoamine-releasing nuclei, thereby regulating 

motivated behaviors and reward sensitivity (Hikosaka, 2010). Specifically, neurons in the 

LHb trigger aversive responses to undesirable events, signaling to the rostromedial tegmental 

nucleus to suppress reward-sensitive neurotransmission in the dopaminergic midbrain (Jhou 

et al., 2009; Matsumoto & Hikosaka, 2009).

The LHb has been increasingly recognized as a key neural substrate of chronic pathological 

substance use (Pribiag et al., 2021; Velasquez et al., 2014), with emerging preclinical 

evidence implicating it in drug-seeking and addiction. Specifically, certain LHb neurons 

show biphasic responses to cocaine, including an initial downregulation (marking a drug-

induced “high”) followed by sustained increased firing (Gill et al., 2013; Jhou et al., 2013). 

Further, excitatory signaling from the rodent PFC to the LHb (Navailles et al., 2015), and the 

LHb to the rostromedial tegmental nucleus (Mahler & Aston-Jones, 2012), increased when 

cocaine-seeking behaviors were suppressed in a behavioral model of drug-related inhibition. 

Lasting LHb activation is consistent with aversive states that define withdrawal and, by 

promoting stress-induced cocaine-seeking, this mechanism may play a role in mediating 

the transition from initial use to long-term dependence, craving, and relapse (Meye et al., 

2015, 2016). Notably, whereas habenula functional abnormalities have also been detailed in 

models of opioid and nicotine addiction (Mathis & Kenny, 2019), the role of the PFC-Hb 

circuit in mediating the effects of drugs other than cocaine has not been addressed in the 

preclinical literature.

Despite its unique role in cocaine addiction, few studies to date have investigated the 

specific PFC-Hb projection in the human brain, including in human drug addiction (Savjani 

et al., 2014). A growing body of studies in small animal highlights unequivocal evidence 

for a monosynaptic medial PFC (mPFC) projection to the Hb (Li et al., 2011; Ye et al., 

2016), with roles in regulating socially directed behavior (Benekareddy et al., 2018) and 

working memory (Mathis et al., 2017). Evidence for such a direct PFC-Hb projection is less 

consistent in non-human primate tracer studies, although a handful of studies in macaques 
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do support the existence of a similar PFC-Hb anatomical connection in the primate brain 

(Cavada et al., 2000; Chiba et al., 2001; Preuss & Goldman-Rakic, 1987). Additionally, 

the phylogenetically conserved nature of the Hb circuitry (Stephenson-Jones et al., 2012) 

further motivates the exploration of the PFC-Hb anatomical projection in humans using 

diffusion magnetic resonance imaging (MRI) tractography (Freudenmacher et al., 2020), 

taking advantage of the sizable afferent fibers to the Hb through the stria medullaris 

(SM), a relatively thick fiber bundle situated on the dorsal-medial surface of the thalamus 

(Sutherland, 1982; Zahm & Root, 2017).

To evaluate the microstructural features of the PFC-Hb connection while avoiding partial 

volume effects, it is preferred to restrict quantification to a common major fiber pathway. 

Although the exact anatomical pathway of the PFC-Hb in the human brain is still elusive, 

the anterior limb of the internal capsule (ALIC), a major fiber bundle that carries thalamic 

and brainstem tracts to/from the PFC, serves as a highly plausible conduit as indicated by 

a previous diffusion tractography study seeding from the habenula (Shelton et al., 2012). 

White matter pathways with different functional origins are topologically organized within 

the ALIC (Safadi et al., 2018). Importantly, white matter pathology in the ALIC was 

previously observed in distinct PFC projections in humans with bipolar disorder, suggesting 

that microstructural hallmarks of disease may be localized to specific tracts in this region 

(Safadi et al., 2018). Similarly, diffusion tensor imaging (DTI) studies in human drug 

addiction suggest white matter microstructural abnormalities in the ALIC (He et al., 2020; 

W. Li et al., 2016) measured with reduced fractional anisotropy (FA), an index of the 

coherence of the diffusion process that can be used to infer alterations in the underlying 

tissue architecture in major fiber tracts associated with the PFC (Tondo et al., 2021).

In the present study, we performed probabilistic diffusion MRI tractography using 

individualized seeds in the Hb and control subcortical regions to assess their topology 

of structural connections with the PFC. Next, by probing the tissue microstructure using 

DTI, we aimed to explore white matter microstructural features in the PFC-Hb tract in 

individuals with cocaine use disorder (CUD), including short-term abstinent (CUD−) and 

current (CUD+) users, as compared to demographically matched healthy individuals. We 

additionally tested, for the first time, the generalizability of PFC-Hb circuity impairments to 

heroin addiction, in a group of inpatient heroin-addicted individuals on medication-assisted 

treatment. We hypothesized that PFC-Hb white matter microstructure is (1) characterized 

by reduced coherence, as compared to healthy controls, in individuals with CUD and 

generalizable to individuals with heroin use disorder (HUD), and (2) associated with drug 

use severity measures, encompassing recent or chronic use, or premorbid/predisposing 

factors.

Results

Demographic, psychometric, and drug use variables

Cocaine- and heroin-addicted individuals were recruited along with two groups of healthy 

control (CTL) subjects, demographically matched to the two addiction groups. Both the 

CUD and HUD groups were well matched to their respective CTL groups on age, sex, race, 

and ethnicity, but not on education (CTL > CUD/HUD), verbal (CTL > CUD+/HUD) and 
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non-verbal (CTL/CUD− > CUD+) intelligence, and depression symptomatology (CTL < 

CUD/HUD). There were also differences in recent alcohol use (CUD+ > CTL = CUD− > 

HUD, driven in part by restricted access to alcohol for the inpatient HUD subjects), cigarette 

smoking (driven by CTL, who were mostly never smokers), and severity of nicotine 

dependence (CTL < CUD−/HUD) (Table 1). Within the addiction groups, there were 

differences in race (compared to CUD, the HUD group was comprised of significantly fewer 

Black and more White participants), ethnicity (more HUD than CUD subjects identified 

as Hispanic), alcohol use (CUD+ > HUD) and severity of nicotine dependence (CUD+ < 

HUD). Significant between-group differences were also found for the drug of choice (DOC) 

for current abstinence duration (CUD+ < CUD− = HUD), past 30-day use (CUD+ > CUD− 

= HUD), craving (CUD+ = HUD > CUD−) and severity of dependence (CUD+ < CUD− = 

HUD).

Prefrontal-habenular tracts display distinct topology within and posterior to the ALIC

Prefrontal cortical connections with the Hb, as well as control regions in the anterior 

thalamus (AT) and ventral tegmental area (VTA) (Figure 1) were modeled by streamline 

bundles (hereby referred to as a “tract”) generated in the left and right hemisphere with 

endpoints in each region of interest. Qualitatively, the rending of structural connections prior 

to entering the ALIC (S2 in Figure 2A) in CUD subjects and their matched CTL group 

showed a ventral-medial pathway for the Hb streamlines relative to streamlines from the AT 

and VTA (Figure 2B). Within the ALIC, the Hb streamlines maintain this ventral-medial 

topology. Such topological distinction was highly consistent across subjects. Quantitatively, 

the degree of overlap between binarized streamline tracts within the ALIC was less than 

70%: for the Hb, 58.6% overlap with AT and 52.9% overlap with VTA; for the AT, 52.2% 

overlap with Hb and 61.8% overlap with VTA; and for the VTA, 52.8% overlap with Hb and 

69.8% overlap with AT (Figure 2C).

Prefrontal-habenular tracts reach distinct prefrontal cortical target

Streamline terminal distributions in the PFC were compared between tracts seeded in 

each of the subcortical regions of interest (Figure 3A). All three subcortical seed regions 

produced streamlines terminating in the superior frontal gyrus (SFG), middle frontal gyrus 

(MFG), inferior frontal gyrus (IFG), and orbitofrontal cortex (OFC) target regions in 

every individual, whereas fewer than two-thirds of individuals produced any streamlines 

terminating in the frontal pole (FP) or anterior cingulate cortex (ACC) (Figure 3B). As 

a result, statistical tests were performed only in the former four regions. The percentage 

of streamlines projecting from our seed regions of interest to the PFC target regions was 

analyzed using a 3 (Group: CTL, CUD+, CUD−) × 3 (Seed: Hb, AT, VTA) × 4 (Target: 

SFG, MFG, IFG, OFC) × 2 (Side: left, right) ANOVA. There was a significant main effect 

of Target (SFG > MFG > IFG > OFC), F(3,1344) = 556.45, p < .001, which was qualified 

by a significant Seed × Target interaction effect, F(6,1344) = 25.04, p < .001 (Figure 3B). 

Additionally, there was a significant Group × Target interaction effect, F(6,1344) = 2.74, 

p = .012 (Figure 3C). No other main or interaction effects reached significance, F < 1.14, 

p > .333. Post hoc analysis of the Seed × Target interaction showed a significant effect of 

Seed for all four targets and vice versa, implicating highly distinguishable targets in the PFC 

for the Hb streamlines as compared to the two control seed regions. For the effect of Seed: 
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SFG (AT = VTA > Hb), F(2,348) = 40.84, p < .001; MFG (Hb > AT = VTA), F(2,348) 

= 7.02, p = .001; IFG (Hb > AT = VTA), F(2,348) = 3.51, p = .031; and OFC (Hb > AT 

= VTA) F(2,348) = 16.28, p < .001. For the effect of Target: Hb (MFG > SFG = IFG > 

OFC), F(3,464) = 158.41, p < .001; AT (SFG = MFG > IFG > OFC), F(3,464) = 244.81, p < 

.001; and VTA (SFG = MFG > IFG > OFC), F(2,464) = 211.23, p < .001. Finally, post hoc 

analysis of the Group × Target interaction showed a significant effect of Group in the MFG, 

the region containing the most Hb streamline terminals (CTL > CUD+ = CUD−), F(2,348) = 

5.20, p = .006.

Analysis of the Hb streamline terminal distribution was reproduced in the independent 

HUD sample and demographically matched CTL group using a 2 (Group: CTL, HUD) × 

4 (Target: SFG, MFG, IFG, OFC) × 2 (Side: left, right) ANOVA (Figure S1). There was a 

significant main effect of Target (MFG > SFG = IFG > OFC), F(3,468) = 153.98, with no 

other main or interaction effects reaching significance, F < 1.72, p > .165.

Microstructural integrity is impaired in PFC-Hb tracts in CUD compared to CTL

For each streamline, DTI measures were extracted from each voxel and averaged with the 

other streamlines to obtain one value per tract in each hemisphere. The four DTI indices 

(fractional anisotropy, FA; mean diffusivity, MD; axial diffusivity, AD; and radial diffusivity, 

RD) were compared separately, correcting for multiple comparisons, using 3 (Group: CTL, 

CUD+, CUD−) × 2 (Side) ANOVAs in the Hb tracts along the entirety of the streamlines 

terminating in the PFC, as well as in the AT and VTA tracts as controls (Figure 4A). For 

FA, this analysis in the Hb tracts revealed a significant main effect of Group (CTL > CUD+ 

= CUD−), F(2,112) = 6.06, p = .003, with no other significant main or interaction effects, 

F < 0.94, p > .333. This same analysis in the AT or VTA tract did not yield any significant 

effects after correcting for multiple comparisons, F < 4.77, p > .010. Additionally, there were 

no significant main or interaction effects for MD, F < 2.34, p > .101; AD, F < 1.66, p > .196; 

or RD, F < 3.69, p > .028, in any of the three tracts (Figure S2A).

Additional analyses were performed separately in the ALIC (S2) subsection of each of the 

tracts to assess the specificity of the DTI metrics in this majority white matter region where 

the three pathways converge using 3 (Group: CTL, CUD+, CUD−) × 2 (Side) ANOVAs 

(Figure 4B). For FA, this analysis in the Hb tract revealed a significant main effect of Group 

(CTL > CUD), F(2,112) = 6.66, p = .002, with no other significant main or interaction 

effects, F < 1.82, p > .166. This same analysis in the AT and VTA tract did not yield any 

significant results after correcting for multiple comparisons, F < 4.62, p > .012. Additionally, 

there were no significant main or interaction effects for MD, F < 1.16, p > .318; AD, F < 

1.44, p > .242; or RD, F < 4.70, p > .011 (uncorrected trend), in any of the three tracts 

(Figure S2B). To assess the segmental specificity of the DTI group effect for FA in the Hb 

tract, we performed three 3 (Group) × 2 (Side) ANOVAs on FA in S1 and S3 in addition to 

S2 (see above), with Bonferroni correction for the three separate comparisons (alpha level 

.05/3 = .017) (Figure 5). This analysis yielded no significant main or interaction effects in 

either S1 (F < 0.73, p > .484) or S3 (F < 1.92, p > .152).
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White matter microstructural abnormalities observed in CUD show similar pattern in HUD

Mean FA was compared along the whole tract and in the ALIC subsection using two-sample 

t-tests in the HUD and its age, sex, race, and ethnicity-matched CTL group (Figure 6A). In 

the whole tract, this analysis yielded a significant group difference, t(39) = 2.60, p = .013 

(CTL > HUD). However, no group difference was observed in the ALIC, t(39) = 0.72, p 

= .476. Additionally, for comparison of the three substance use disorder groups, a 3-way 

(Group: CUD+, CUD−, HUD) ANOVA revealed no significant main effect of Group in the 

whole tract or in the ALIC, F(2,52) < 1.40, p > .255 (Figure 6B).

Lower FA is correlated with younger age of first use in drug-addicted individuals

Given a similar magnitude of PFC-Hb whole tract FA decreases across the addiction 

groups as compared to CTL groups, which was observed despite variability in several DOC 

measures, we combined the CUD+, CUD−, and HUD groups to assess correlations with 

the drug use variables that did not differ between the groups (i.e., age of first use, duration 

of regular use, and withdrawal) (Table 1). This analysis revealed a significant correlation 

with age of first use, r = 0.30, p = .025 (Figure 7). This effect remained significant when 

including as a covariate in the linear regression model individuals’ years of regular use, p = 

.023, which was correlated with age of onset, r = 0.31, p = .022. No significant correlations 

were observed for duration of regular use, p = .652, or withdrawal, p = .665.

Discussion

For the first time in the human brain, we present consistent evidence for a plausible 

PFC-Hb tract with specific impairments in both cocaine and heroin addiction. Motivated 

by the specificity of the PFC-Hb projection results, we quantitatively evaluated the 

microstructure of this pathway in currently using and short-term abstinent cocaine-addicted 

individuals. In support of our first hypothesis, the PFC-Hb tract displayed decreased FA 

in both these addicted subgroups compared with healthy controls, which was driven by 

the microstructural impairment of the ALIC. Importantly, results demonstrated a similar 

reduction in FA across the whole PFC-Hb tract in a separate cohort of heroin-addicted 

individuals compared to their own demographically matched healthy control subjects, in 

a pattern that was indistinguishable from the CUD group. Consistent with our second 

hypothesis, across all cocaine- and heroin-addicted subjects, and in an exploratory analysis, 

greater white matter impairment in the whole tract was associated with a younger age of first 

use of the individuals’ drug of choice. This result may suggest a common predisposing role 

(or impairments associated with early life drug use) for the microstructural integrity of the 

PFC-Hb tract in the development of substance use disorders.

Although the existence of the PFC-Hb tract in the primate brain is not well established, 

tracer studies in macaques with relatively broad cortical coverage of the anterograde tracer 

injection sites, specifically from (i) Brodmann area 32/25/24b (Chiba et al., 2001), (ii) 

OFC (Cavada et al., 2000), and (iii) Brodmann area 9/10 (Preuss & Goldman-Rakic, 1987), 

show evidence of direct anatomical connectivity to the Hb. Further, a growing body of 

small animal evidence points to an unequivocal monosynaptic medial PFC-LHb projection 

(Benekareddy et al., 2018; Li et al., 2011; Mathis et al., 2021; Ye et al., 2016), which is 
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consistent with the preferential MFG termination of our Hb streamline results (Mathis et al., 

2017). In addition, the ventromedial topological feature of our PFC-Hb tract is consistent 

with the well-known, phylogenetically conserved midline orientation of the Hb circuit (Ely 

et al., 2019; Zahm & Root, 2017). This converging evidence prompted us to adopt the term 

“PFC-Hb tract” to describe our current noninvasive neuroimaging results.

Studies using voxel-wise whole-brain analysis methods have previously reported white 

matter abnormalities, mostly in the form of diffuse reductions in FA encompassing major 

cortical tracts (superior longitudinal fasciculus, corpus callosum, and anterior thalamic 

radiations), in cocaine addiction (Azadeh et al., 2016; He et al., 2020; Ma et al., 2017) 

(although some, mostly earlier, studies have also reported increases in FA) (Bell et al., 2011; 

Romero et al., 2010; Vaquero et al., 2017). Similar results, notably in fiber tracts associated 

with frontal brain regions, were also reported in heroin users (Li et al., 2013; Liu et al., 

2008; Wang et al., 2013; Wollman et al., 2015). As compared to these major white matter 

tracts in these voxel-wise mapping studies, our results highlight a similar microstructural 

abnormality in a previously unexplored and small, yet highly conserved, white matter tract 

between the frontal lobe and the Hb.

The link between cocaine use and abnormalities in white matter FA is consistent with 

cocaine-induced neurotoxicity and neuroinflammatory effects, including reactive gliosis, 

which may disrupt the microarchitectural organization of axon bundles especially in 

subcortical regions (Clark et al., 2013; Tondo et al., 2021). Neurotoxic mechanisms are 

also linked to heroin use, including induced neuronal apoptosis, mitochondrial dysfunction, 

and reduced blood-brain barrier structural integrity (Pimentel et al., 2020; Tian et al., 2017). 

Disruptions in oligodendrocyte proliferation and the expression of myelin-related genes can 

further explain heroin-induced white matter abnormalities specifically in the PFC (Martin 

et al., 2018). Additional mechanisms underlying the white matter alterations in cocaine 

addiction may encompass elevated risk for cerebrovascular events, including ischemic and 

hemorrhagic stroke, as has been previously reported in frequent cocaine users, notably in the 

cerebral arteries that supply the subcortical white matter (Cheng et al., 2016; Kaufman et al., 

1998; Martin-Schild et al., 2010). Increased vasoconstriction can also potentially impact the 

myelination and structural integrity of axons in the affected fiber bundles (Montoya-Filardi 

& Mazon, 2017). Although the direct measurement of these physiological processes on a 

microscopic scale is not possible with DTI, in a rodent model of cocaine addiction reduced 

white matter FA and increased RD were specifically colocalized with myelin damage and 

destabilized neurite outgrowth in the internal capsule and the corpus callosum (Narayana 

et al., 2014). Our results in the CUD groups showing significantly decreased FA, driven 

by the ALIC of PFC-Hb tracts, in combination with a trend towards increased RD (p = 

.011, uncorrected), may similarly reflect greater axonal dispersion or lower packing density 

resulting in less coherent directionality of the diffusion along these pathways.

Similar FA reductions in the independent sample of heroin-addicted individuals implicates 

the physiological importance of this pathway not only to stimulants, as has been previously 

demonstrated in rodent models, but in opiate addiction as well. Combined with the 

correlation with drug use across all addicted subjects, such that greater severity of white 

matter effects was associated with younger age of first drug use, these results suggest 
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that this microstructural deficit in the PFC-Hb may be a core marker in drug addiction, 

potentially indicative of vulnerability factors that contribute to (or reflect) the development 

and maintenance of the addiction cycle. Notably, early exposure to drugs of abuse such 

as cocaine and heroin during adolescence has been shown to impact neurodevelopment, 

especially in the PFC and limbic system (Jordan & Andersen, 2017; Squeglia et al., 2009). 

Nevertheless, the differential pattern of results (specificity to the ALIC in CUD, which 

was not observed in HUD) is suggestive of multiple potential addiction-related processes 

affecting the white matter microstructure in this tract. The exploratory results suggesting 

a correlation with age of onset remain to be replicated with corrections for multiple 

comparisons and in larger sample sizes. Furthermore, polysubstance use is highly prevalent 

in the clinical populations studied here, and we acknowledge that group differences in the 

use of substances other than cocaine and heroin (e.g., alcohol, cannabis, and nicotine) may 

have contributed to the observed white matter effects. However, it is important to note 

that all other substance use disorders were in sustained remission at the time of the study, 

and measures of recent alcohol and nicotine use were found to not be associated with our 

variables of interest (analyses not possible for cannabis as only four subjects reported any 

past 30-day cannabis use).

Our streamline termination results suggest that, compared with the other subcortical regions 

examined, the Hb exhibits stronger connectivity with the cortical regions that are associated 

with decision-making and inhibitory control (i.e., the OFC, IFG, and MFG), which supports 

further interrogation of the functional significance of Hb connectivity in addiction. Our SFG, 

MFG, IFG, and OFC results are largely consistent with strong connections found in another 

diffusion tractography study seeding from the cortex to the habenula; while our FP and ACC 

results stand largely in contrast to findings in that study (Vadovičová, 2014). Unfortunately, 

in a similar diffusion tractography study seeding from the habenula, PFC–Hb connectivity 

results were not reported in sufficient detail for comparison (Shelton et al., 2012). These 

discrepancies with prior literature highlight the importance of technical details in the 

tractography analysis, as well as diffusion MRI data quality and resolution. As an incidental 

finding (not correlated with our main results), we also observed reduced streamline terminal 

density in the MFG relative to the other PFC subregions for all three subcortical seed regions 

of interest in both CUD groups (Figure 3C, MFG). The dorsolateral PFC, which is located 

within the MFG, serves important roles in learning, memory, and higher order executive 

functions such as cognitive control/shifting, is frequently reported in relation to core deficits 

in impulse control and salience attribution in drug addiction (Goldstein & Volkow, 2011), 

and is often used as a direct stimulation target to reduce craving in CUD (e.g., (Gaudreault et 

al., 2021)). However, the anatomical connectivity profile of the dorsolateral PFC in humans 

has yet to be fully characterized. Further investigation of the possible role of dorsolateral 

PFC-limbic connectivity in drug addiction is nevertheless warranted.

With limited tracer studies available in nonhuman primates to date, we recognize the on-

going debates as to the existence, as well as the precise anatomical location, of the intended 

fiber pathways analyzed in this study. A careful replication of the tracer studies in macaques 

would be needed for a strict neuroanatomical validation of whether the PFC-Hb pathway 

is conserved in the human brain. Instead, we used human neuroimaging with 3T MRI to 

perform, for the first time, tractography from three separate subcortical seed regions to 
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cortical targets. The tissue composition of these subcortical seeds is complex, as are the 

axonal projections/terminals associated with these structures. This is further complicated by 

the limited image resolution of in vivo diffusion tractography, especially where different 

tracts organize as they leave the ALIC to reach a mixture of targets. As a result, the 

three tracts in this study may inevitably be contaminated by adjacent structures that project 

to/from the PFC through the ALIC. Specifically, our neuroimaging-defined PFC-Hb tract 

probably includes neuroanatomical projections in the dorsal-posterior direction at the level 

of the thalamus, which may contain the medial mediodorsal thalamic nucleus, although 

to the best of our knowledge there is no evidence that this region receives projections 

through the SM (Roddy et al., 2018; Sutherland, 1982). Furthermore, our PFC-VTA tract 

likely represents multiple ascending neuroanatomical projections from the inferior direction 

in the brainstem. It is important to note that we do not claim an ALIC pathway for this 

tract, but rather we leverage the consistent diffusion tractography result of ascending VTA 

fibers through the ALIC, which have been labeled “false positive” (Haber et al., 2022) 

yet are of help, given their topology, in distinguishing this population of streamlines from 

those from the other two seeds)], and the PFC-AT tract may also include projections from 

other thalamic nuclei passing through the AT. Importantly, diffusion tractography is not 

a ground truth for neuroanatomy, providing instead an estimate of the path of probable 

structural connectivity between brain regions, which is influenced by actual white matter 

pathways but also the quality of the diffusion MRI and technical details of the tractography 

analysis (Jbabdi et al., 2015). Acknowledging this inevitable gap between in vivo diffusion 

tractography and the underlying neuroanatomy, the strong topological consistency of our 

results nevertheless adds important new information to the field, urging further postmortem 

studies in non-human primates of the PFC-Hb tract (Yendiki et al., 2022).

The imaging acquisition methods and resolution employed here also prohibited separate 

segmentation of the lateral and medial Hb, both displaying notable functional distinctions in 

the context of addiction (Velasquez et al., 2014). Ultra-high resolution multi-shell diffusion 

MRI acquisition methods may allow for greater precision in tract estimation by reducing the 

potential for contamination from medial Hb fibers (Strotmann et al., 2014). Nevertheless, 

PFC input to the Hb terminates exclusively in the lateral nucleus (Mizumori & Baker, 

2017), which supports our decision to emphasize functions attributed to the LHb. A more 

complete interrogation of the Hb circuitry, including its connections to the dopaminergic and 

serotonergic midbrain, will be vital for understanding the downstream effects of impaired 

PFC connectivity on the structure and functioning of the larger reward system. Additionally, 

future studies should include more women to adequately assess the potential for sex 

differences in white matter microstructure (Ritchie et al., 2018) in drug addiction. Finally, 

our interpretation of direct comparisons between substance use disorders was limited by key 

differences between the SUD subgroups, especially in treatment status. These differences 

were partially accounted for by subdividing the CUD group based on their urine toxicology 

results/length of abstinence, such that the CUD+ group controlled for current drug use and 

the CUD− for time since last use (which did not differ from that of HUD). Nevertheless, 

these important comparisons were limited by the small sample size, prohibiting the detection 

of interesting trends in the data (e.g., most FA decreases in the CUD−). Future studies may 

benefit not only from larger samples but also from a longitudinal design, as well as the 
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inclusion of both currently using and opioids-abstinent heroin-addicted individuals, to better 

discriminate the effects of current use vs. abstinence and recovery on the integrity of the 

PFC-Hb projection in drug addiction. For example, microstructural impairment in a tract 

associated with the nucleus accumbens was recently shown to predict relapse in individuals 

with stimulant use disorder (Tisdall et al., 2022), further highlighting the importance of 

better understanding the putative relationship between white matter and recovery.

In summary, using in vivo diffusion tractography we found a topologically distinct fiber 

pathway between the PFC and Hb in the human brain that parallels the PFC-Hb projections 

reported in small animal studies. Using DTI measures obtained specifically along this PFC-

Hb projection, we show microstructural impairments in individuals with CUD as generalized 

to a separate cohort of heroin-addicted individuals and commonly showing a greater deficit 

with earlier drug use onset. Overall, our results advance ongoing research in the field by 

targeting a previously unexplored circuit in the pathophysiology of addiction in humans, 

where deficits may predispose both to the development of drug addiction and to relapse, as 

potentially amenable for individually tailored prevention efforts and/or treatment.

Methods

Resource Availability

Lead Contact—Further information and requests for resources should be directed to and 

will be fulfilled by the lead contact, Rita Z. Goldstein (rita.goldstein@mssm.edu).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability

• All data reported in this paper will be shared by the lead contact upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

Experimental Model and Subject Details

Participant Recruitment—Thirty-one individuals with cocaine use disorder (CUD) and 

29 healthy control (CTL) subjects were included in this study. An additional cohort of 

24 individuals with heroin use disorder (HUD) and 17 CTL subjects was also included. 

Data from these subjects (except HUD-matched CTL subjects) are also included in a 

separate analysis of white matter using tract-based spatial statistics in substance use disorder 

(Gaudreault et al., 2022). Compared to this other study, the current study employed methods 

suitable for modeling precise structural connections that cannot be otherwise analyzed 

using whole-brain methods, which included both T1 and T2-weighted scans in addition to 

diffusion weighted imaging (DWI) and a fiber orientation diffusion function (fODF) pipeline 

to assess specific WM fiber bundles. Both subjects with CUD and HUD were recruited 

by advertisements and flyers (in local newspapers, bulletin boards, and online) as well as 

through educational talks provided to staff and patients groups at collaborating substance 
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abuse prevention and treatment organizations in the New York City metropolitan area. Using 

a similar approach (advertisements and flyers), the healthy controls were recruited from 

the same communities for matching purposes. Decisions about participant inclusion for all 

groups were made by the same senior clinical psychologists. Cocaine-addicted individuals 

were considered for inclusion if they had a history of substance use disorder (SUD) with 

cocaine as their primary drug of choice (DOC) as assessed with the Structured Clinical 

Interview for the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition 
(SCID-IV) (First et al., 1997). All heroin-addicted participants were inpatients in a single 

drug addiction rehabilitation facility (Samaritan Daytop Village, NY) on medication-assisted 

treatment; they met criteria for SUD with heroin as their primary DOC as assessed with 

the Mini International Neuropsychiatric Interview (Sheehan et al., 1998). The Addiction 

Severity Index (McLellan et al., 1992) was part of the diagnostic interview for all SUD 

subjects. Symptoms of withdrawal, craving, and severity of dependence were evaluated 

with the Cocaine Selective Severity Assessment (Kampman et al., 1998) or Short Opiate 

Withdrawal Scale (Gossop, 1990), the 5-item Cocaine Craving Questionnaire (Tiffany et al., 

1993) or 14-item Heroin Craving Questionnaire (Heinz et al., 2006), and the Severity of 

Dependence Scale (Gossop et al., 1995), respectively. Scores for withdrawal and craving 

were range-corrected to allow for group comparisons.

All participants underwent a brief physical examination including breath carbon monoxide 

(for cigarette smoking) and alcohol measurements, and a review of medical history. 

Cigarette use and nicotine dependence were also assessed with the Fagerstrom Test for 

Nicotine Dependence (Heatherton et al., 1991). A urine toxicology test was used as an 

objective assessment of drug use recency, which was further used to classify the CUD group 

as current users/cocaine urine-positive (CUD+) or abstinent users/cocaine urine-negative 

(CUD−) to control for the different stages of addiction. Self-reported abstinence duration 

was consistent with the urine toxicology results in the CUD+ (average 3.3 days since 

last cocaine use) and CUD− (average 89.6 days) groups (Table 1). All participants in the 

HUD group were under medication-assisted treatment, with urine toxicology positive for: 

methadone (n = 19), buprenorphine (n = 4), or both methadone and buprenorphine (n = 

1). The mean current self-reported abstinence duration on the day of the MRI scan was 

four and a half months for the HUD group, matching that of the CUD−. The route of 

drug administration included smoking (CUD n = 28; HUD n = 3), intra-nasal (CUD n = 

23; HUD n = 17), intravenous (CUD n = 2; HUD n = 17) and oral (CUD n = 1; HUD 

n = 1). Verbal and non-verbal intelligence were estimated using the reading subtest of the 

Wide Range Achievement Test 3 (WRAT-3) (Jastak & Wilkinson, 1993) and the Matrix 

Reasoning subtest of the Wechsler Abbreviated Scale of Intelligence (WASI) (Wechsler, 

1999), respectively. Participant characteristics are summarized in Table 1.

Comorbidities and Participant Inclusion/Exclusion—The original sample included 

37 individuals with CUD and 37 demographically matched CTL subjects, as well as an 

additional group of 31 individuals with HUD and 24 CTL. Comorbidities among CUD and 

HUD participants included alcohol use disorder (CUD n = 13; HUD n = 3), cannabis use 

disorder (CUD n = 5; HUD n = 2), opiate use disorder for CUD (n = 5), cocaine use disorder 

for HUD (n = 8), polysubstance use disorder (CUD n = 2; HUD n = 2), and post-traumatic 
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stress disorder (CUD n = 1; HUD n = 1). All SUD comorbidities were in partial or sustained 

remission at the time of the study. The CTL participants did not meet criteria for any of 

these disorders. Individuals who were assessed with the SCID-IV were considered to meet 

criteria for SUD if the diagnostic criteria were met for either substance abuse or dependence. 

Polysubstance use disorder was defined for all participants based on the DSM-IV criteria. 

The CTL participants completed all interviews and questionnaires except instruments that 

were specific to individuals with a substance use disorder (e.g., assessments of withdrawal, 

craving, and severity of dependence).

Across all subjects, exclusion criteria were (1) history of head trauma with loss of 

consciousness (30 minutes or longer), or any neurological disease; (2) abnormal vital signs 

at the time of screening; (3) current medical illness including cardiovascular disease (e.g., 

high blood pressure), as well as metabolic, endocrinological, oncological or autoimmune 

diseases, and infectious diseases common in individuals with SUD including Hepatitis B and 

C or HIV/AIDS; (4) history of major psychotic (e.g., schizophrenia), neurodevelopmental 

(e.g., autism), or psychiatric disorders, with the exception of disorders of high comorbidity 

with SUD for the CUD and HUD groups (e.g., post-traumatic stress disorder, polysubstance 

use disorder) and nicotine/caffeine dependence for all participants; (5) severe levels of 

self-reported depression as assessed using the Beck Depression Inventory (Beck et al., 

1996) (scores > 20); (6) positive breathalyzer test for alcohol or positive urine screen 

for any psychoactive drugs, with the exception of cocaine in CUD participants and 

opioids used for medication-assisted treatment in HUD participants; (7) current use of 

any medication that may affect neurological functions, with the exception of opioids used 

for medication-assisted treatment in HUD (antidepressant use in the HUD group was also 

non-exclusionary); (8) MRI contraindications including any metallic implants, pacemaker 

device, or pregnancy; and (9) for CTL participants, a positive breathalyzer test for alcohol, 

positive urine screen for any psychoactive drugs, or history of any SUD.

Further decisions on participant exclusions were made based on MRI quality assurance. 

Scans were excluded based on excessive motion artifact in diffusion-weighted images (n 
= 1 CUD; n = 1 CTL); signal dropout in anterior cortical regions (n = 2 CUD); and 

incidental findings as indicated by a radiologist (n = 1 CTL; n = 1 HUD). Scans from 

which tractography streamlines were successfully generated in the primary tract of interest 

(endpoints in habenula (Hb) and prefrontal cortex (PFC)) were included in further analyses 

for a final sample of n = 55 CTL (28 CUD-matched/17 HUD-matched), n = 31 CUD (16 

CUD+/15 CUD−), and n = 24 HUD (i.e., insufficient streamlines were generated for n = 14 

CTL, n = 3 CUD, and n = 6 HUD).

Methods Details

MRI Acquisition—MRI scans were obtained using a Siemens 3.0 Tesla Skyra (Siemens 

Healthcare, Erlangen, Germany) with a 32-channel head coil. Diffusion-weighted spin-echo 

EPI images were acquired with opposite phase encoding along the left-right axis, monopolar 

diffusion encoding with 128 gradient directions (64 in each phase encoding direction) and 

13 b=0 scans (1.8 mm isotropic resolution; repetition time 3650 ms; echo time 87 ms; 

bandwidth 1485 Hz/pixel; single shell maximum b value 1500 s/mm2, multiband factor 
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= 3, no in-plane acceleration). T1-weighted (T1w) structural scans were acquired using 

an MPRAGE sequence (0.8 mm isotropic resolution; repetition time 2400 ms; echo time 

2.07 ms; inversion time 1000 ms; flip angle 8°; bandwidth 240 Hz/pixel). T2-weighted 

(T2w) structural scans were acquired using a SPACE sequence (0.8 mm isotropic resolution; 

repetition time 3200 ms; echo time 565 ms; bandwidth 680 Hz/pixel).

Structural Data Preprocessing—T1-weighted structural scans were rigidly aligned 

with each subject’s preprocessed b0 scan using FSL’s FLIRT for preprocessing with the 

Freesurfer version 6.0 recon-all pipeline (Fischl et al., 2002), which includes steps for 

motion correction, non-uniform intensity normalization, skull stripping, and automated 

segmentation and parcellation based on the Desikan-Killiany atlas (Desikan et al., 2006). 

The PFC target regions of interest were constructed from parcellations of the superior frontal 

gyrus (SFG); rostral and caudal middle frontal gyrus (MFG); inferior frontal gyrus (IFG), 

which contained the pars opercularis, pars orbitalis, and pars triangularis; medial and lateral 

orbitofrontal cortex (OFC); frontal pole (FP); and rostral and caudal anterior cingulate cortex 

(ACC).

Segmentation of Subcortical Seed Regions and Inclusion Mask—Segmentation 

of the Hb was performed semi-automatically by exploiting the structure’s high myelin 

content relative to surrounding tissue as developed and validated for this purpose and 

described previously (Kim et al., 2016) (Figure 1A). Briefly, each subject’s T2w image was 

co-registered to the T1w image, and T1w-over-T2w images were generated to obtain myelin 

contrast maps (Glasser & van Essen, 2011). Two individual voxels centered in the left and 

right Hb region were manually specified, and boundaries were determined automatically 

by a region growing algorithm with partial volume estimation in the subject’s T1w and 

T2w images and myelin map. Following visual inspection to ensure anatomical validity, the 

segmented Hb volumes were shape-optimized and downsampled to individuals’ diffusion 

MRI space similar to previously described methods for functional MRI analysis (Ely et al., 

2019).

To enhance the anatomical accuracy of the estimated Hb streamlines and filter out 

streamlines originating in adjacent structures including the mediodorsal thalamus, an 

intermediate inclusion mask was designated in the most anterior aspect of the stria 

medullaris (SM). Selection of the inclusion region was performed in the sagittal plane 

and guided by the T1w-over-T2w image (Figure 1A, right). A 2 × 2 × 2 voxel region in 

the resolution of the diffusion space was manually drawn in both hemispheres immediately 

posterior to the anterior columns of the fornix along the third ventricle.

The area around the inclusion mask contains a handful other fiber pathways, including 

the anterior thalamic radiations and superolateral medial forebrain bundle. In order to 

evaluate the specificity of the Hb tractography results, we chose two control seed regions for 

these respective tracts: the anterior thalamus (AT), which was extracted using Freesurfer’s 

anteroventral and ventral anterior thalamic nuclei segmentations, which are fully automated 

in native space (Iglesias et al., 2018) (Figure 1B); and the ventral tegmental area (VTA), 

which was generated using a previously established atlas of midbrain structures in MNI 

space (Murty et al., 2014), thresholded at 0.6 to improve specificity, and coregistered to each 
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subject’s b0 scan (Figure 1C). This atlas is based on manually drawn anatomical tracings 

with clear anatomical delineations, now the current gold standard for midbrain segmentation 

in structural MRI. While we employed a combination of manual and atlas-based methods 

in region of interest selection, all segmentations were visually inspected in native space for 

each scan to ensure their anatomical validity.

Diffusion Data Preprocessing—Diffusion-weighted images were denoised and 

preprocessed using the dwipreproc command in MRtrix3 (Smith et al., 2004), which 

incorporates FSL tools to correct for eddy current, motion, and susceptibility-induced 

distortions (Andersson et al., 2003; Andersson & Sotiropoulos, 2016). Motion and eddy 

current outlier slices, defined by FSL’s eddy, accounted for less than one percent of the 

total acquired data in all groups (CUD: 0.346 ± 0.49%; CUD-matched CTL: 0.081 ± 

0.15%; HUD: 0.606 ± 0.67%; HUD-matched CTL: 0.398 ± 0.42%). Other corrections were 

made for B1 field inhomogeneity, and intensity normalization was performed (Tustison et 

al., 2010). Preprocessed diffusion-weighted images were subsequently upsampled to 1.25 

mm isotropic voxel resolution. Estimation of the white matter fiber orientation distribution 

(FOD) function was conducted using the single shell, multi-tissue constrained spherical 

deconvolution model (Jeurissen et al., 2014; Tournier et al., 2007). For microstructure 

analysis of DTI measures, the diffusion tensor was fitted locally in each voxel to generate 

whole-brain maps of the FA (an index reflecting the coherence of diffusion), MD (the bulk 

averaged/total magnitude of diffusion in all measured directions), AD (the magnitude of 

diffusion in the primary direction), and RD (the averaged magnitude of diffusion in the 

secondary and tertiary orthogonal directions) using the FSL function dtifit (Woolrich et al., 

2009). Note that MD may be linked to neurite dispersion and the intracellular space, AD 

is associated with axon caliber and fiber density, and RD has been previously shown to 

correlate with histological markers of demyelination (Alexander et al., 2007).

Tractography—Probabilistic tractography was carried out in MRtrix3 using the Second-

order Integration over Fiber Orientation Distributions (iFOD2) algorithm (Tournier et al., 

2009) in the upsampled individual subject space. Each subject’s FOD map was seeded at 

random within the left and right Hb volumes (and the control regions: AT and VTA) with a 

step size of 0.9 mm, with 100 streamlines terminating at the grey/white matter boundary of 

the PFC selected per hemisphere. Since, to the best of our knowledge, there are no previous 

reports indicating the existence of direct contralateral input to the Hb (Sutherland, 1982), 

the contralateral hemisphere was used as an exclusion region. Parameters for streamline 

selection were an FOD amplitude threshold of 0.15; 400 mm maximum length; and 20° 

maximum angle between successive steps. The Anatomically Constrained Tractography 

framework was included to improve the biological validity of streamline estimates using 

anatomical priors derived from the 5-tissue type segmented T1-weighted image (Smith et 

al., 2012), with the additional restriction to the SM inclusion mask for Hb streamlines. 

Individual tracts were visually inspected to ensure all endpoints were located exclusively in 

the Hb and PFC and streamlines that were irrelevant to the intended analysis (e.g., extending 

posterior or inferior to the Hb through the fasciculus retroflexus) were removed. Tracts 

from the Hb were segmented into subsections S1, S2, and S3 to assess potential spatial 

differences in the tissue microstructure in pre-specified anatomical sections. Boundaries 
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were designated in the coronal plane as follows: for S1, immediately anterior to the Hb 

extending to the anterior SM inclusion mask as described above; for S2, immediately 

anterior to the genu of the internal capsule extending to the most anterior slice containing 

the caudate (encompassing the ALIC); and for S3, immediately anterior to the caudate 

extending to the PFC grey/white matter boundary (Figure 2A). For all tracts, DTI measures 

were extracted from each voxel along every streamline, and streamline means were averaged 

across all voxels and between both hemispheres to produce one value per tract for each 

subject.

For the control regions, streamlines seeded from the VTA were restricted to pass through 

the ALIC, or S2, as defined above, with exclusion regions in the AT and in the brainstem 

immediately inferior to the VTA to eliminate overlap with adjacent structures. Streamlines 

seeded from the AT were restricted to pass through the same ALIC inclusion region. To 

quantify the spatial distinction between Hb and control streamlines in the ALIC, tracts in 

this region were binarized in each subject’s T1w space. Spatial overlap between the three 

tracts was computed for each of the three subcortical seed regions as the percentage of the 

total mask volume contained within each of the other masks, averaged between left and 

right hemispheres (e.g., the percentage of voxels within the Hb tract mask that also contain 

streamlines from the AT) (Figure 2C).

Finally, although tractography was performed with subcortical seed regions and the PFC as 

the target region, considering that anatomical connectivity with the Hb is unidirectional from 

the PFC, and tractography is indifferent to directionality, we refer to these projections as 

“PFC-Hb tracts” to uphold consistency with the previously established anatomy.

Quantification and Statistical Analysis

Group comparisons for demographic and drug use measures were performed using 

chi-square tests for categorical variables, while continuous variables were analyzed 

using Student’s t tests or non-parametric Mann-Whitney U for normal and non-normal 

distributions, respectively. A comparison of streamline distributions (percent of streamline 

endpoints) was performed using a 3 (Group: CTL, CUD+, CUD−) × 3 (Seed: Hb, AT, VTA) 

× 4 (Target: SFG, MFG, IFG, OFC) × 2 (Side: left, right) ANOVA. Group differences in 

white matter microstructure in each of the three subcortical seed regions were analyzed for 

each of the four DTI measures with 3 (Group: CTL, CUD+, CUD−) × 2 (Side: left, right) 

ANOVAs. For these DTI analyses, Bonferroni correction for multiple comparisons was used 

with an alpha level of .05/12 = .004 to account for four (FA, MD, AD, RD) separate analyses 

in the three tracts. Additionally, these same analyses were performed separately in S2 to 

assess specificity in the region of the ALIC where functionally segmented white matter 

pathways converge yet still maintain topological distinction; we then used as the dependent 

measure any DTI metrics that survived our multiple comparisons-corrected significance 

testing in a 3 (Group: CTL, CUD+, CUD−) × 2 (Side: left, right) ANOVA. The same 

statistical test was performed separately for the other two subsections (S1 and S3) to assess 

the spatial distribution of any significant DTI effects. Dependent DTI metrics that showed 

significant group effects (between CUD and CTL) were averaged between the left and right 

hemisphere in the absence of laterality effects and inspected in HUD using a two-sample 
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t-test with their own matched CTL, followed by a 3-way (Group: CUD+, CUD−, HUD) 

ANOVA. ANOVA statistics for the main group comparisons of interest are presented in 

Table S1. For all ANOVAs, significant main effects were followed up with Tukey HSD post 

hoc tests and simple effects analyses were performed to follow any significant interaction 

effects. To control for potential covariates, the effects of any demographic, psychometric 

and non-DOC drug use variables that differed between the groups were inspected for their 

associations with the DTI metrics exhibiting significant group differences (see Table 1). 

None of these tests were significant and, therefore, no covariates were included in the 

analyses. We also assessed correlations between our dependent DTI metrics that showed 

significant group effects with drug use and addiction severity variables (for the DOC). 

Three variables that did not differ significantly between the addicted groups were assessed 

as measures of lifetime use (duration of regular use), current severity (withdrawal), and 

possible predisposing factors (age of first use). Due to the exploratory nature of the analysis 

of drug use variables, statistical tests were not corrected for multiple comparisons. All 

statistical tests were performed using R version 3.6.1 (R Core Team, n.d.).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Diffusion MRI tractography models a plausible PFC-Hb connection in human 

brain

• People with cocaine addiction showed reduced PFC-Hb microstructural 

coherence

• Results showed a similar pattern in heroin addiction, extending preclinical 

models

• Impairments were associated with earlier onset of drug use in the addiction 

groups
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Figure 1. 
Subcortical seed region and inclusion mask selection for tractography analysis from 

one representative subject. (A) Habenula segmentation mask overlaid on T1w image. 

Anatomical landmarks are identified in the expanded boxed region with T1w/T2w image. 

Streamlines were constrained to pass through an individually defined anterior stria 

medullaris (white box) mask. AC=anterior commissure; Fx=fornix; Hb=habenula; SM=stria 

medullaris. (B) Anterior thalamus mask generated using Freesurfer’s anteroventral and 

ventral anterior nuclei segmentations. (C) Ventral tegmental area mask derived from an atlas 

of the midbrain in MNI space and warped to individual space.
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Figure 2. 
Habenula tract and its topological feature with the control tracts within and posterior to the 

anterior limb of the internal capsule (ALIC) in one representative subject. (A) Designation 

of subsections using anatomical landmarks with habenula tracts (green) overlaid: S1, 

anterior of the habenula to anterior thalamus; S2, anterior of the thalamus to anterior 

caudate; S3, anterior of the caudate to PFC grey matter. (B) Topology of the habenula 

tracts (blue) immediately posterior to (upper panel) and within (lower panel) the ALIC 

(S2) compared to control AT (yellow) and VTA (red) tracts. The habenula tracts display 

a ventral-medial trajectory relative to the control tracts that is maintained throughout the 

ALIC. (C) Percentage of voxels shared between masks of each tract in CUD subjects and 

their matched CTL group within S2 (e.g., Hb-AT denotes the percentage of Hb tract voxels 

that are also contained within the AT tract, see main text for detail). Boxplot represents the 

median (center line), interquartile range (box), and 1.5x the interquartile range (whiskers).
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Figure 3. 
Distinct PFC-Hb streamline terminal distributions as compared to those from control seed 

regions. (A) Tracts seeded in subcortical seeds, the habenula (Hb, blue), anterior thalamus 

(AT, yellow), and ventral tegmental area (VTA, red), with streamline terminals in the PFC 

from a representative subject. (B) Comparison of the distribution of streamline terminals 

in the PFC for tracts seeded in subcortical seeds, averaged between left and right sides. 

(C) CUD vs. CTL group comparisons of the distribution of streamline terminals from each 

of the subcortical seeds. *p < .05, **p < .01, ***p < .001. SFG = superior frontal gyrus; 

MFG = middle frontal gyrus; IFG = inferior frontal gyrus; OFC = orbitofrontal cortex; 

FP = frontal pole; ACC = anterior cingulate cortex; CTL = control individuals; CUD+ = 

currently using cocaine-addicted individuals; CUD− = short-term abstinent cocaine-addicted 

individuals. Boxplots represent the median (center line), interquartile range (box), and 1.5x 

the interquartile range (whiskers).
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Figure 4. 
Group comparisons of FA averaged across the entire tract (A) and within the ALIC 

subsection (B). *p < .05, **p < .01, ***p < .001. FA = fractional anisotropy; Hb = habenula; 

AT = anterior thalamus; VTA = ventral tegmental area; CTL = control individuals; CUD+ = 

currently using cocaine-addicted individuals; CUD− = short-term abstinent cocaine-addicted 

individuals. Boxplots represent the median (center line), interquartile range (box), and 1.5x 

the interquartile range (whiskers).
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Figure 5. 
Group comparison of FA in subsections S1, S2, and S3 of the PFC-Hb tract. FA = 

fractional anisotropy; CTL = control individuals; CUD+ = currently using cocaine-addicted 

individuals; CUD− = short-term abstinent cocaine-addicted individuals. Boxplot represents 

the median (center line), interquartile range (box), and 1.5x the interquartile range 

(whiskers). Note that S2 in this figure and Figure 4B Hb show the same data.
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Figure 6. 
Group comparisons of FA averaged across the entire prefrontal cortex-habenula tract in 

the heroin addiction group compared with healthy controls (A) and cocaine addiction 

groups (B). *p < .05, **p < .01, ***p < .001. FA = fractional anisotropy; HUD = 

heroin-addicted individuals CTL = control individuals; CUD+ = currently using cocaine-

addicted individuals; CUD− = short-term abstinent cocaine-addicted individuals. Boxplots 

represent the median (center line), interquartile range (box), and 1.5x the interquartile range 

(whiskers).

King et al. Page 29

Neuron. Author manuscript; available in PMC 2023 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Correlation of FA averaged across the entire prefrontal cortex-habenula tract with age of first 

cocaine (CUD+/CUD−) or heroin (HUD) use (r = 0.30, p = .025).
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

 

 

 

 

 

Bacterial and virus strains

 

 

 

 

 

Biological samples

 

 

 

 

 

Chemicals, peptides, and recombinant proteins

 

 

 

 

 

Critical commercial assays

 

 

 

 

 

Deposited data

 

 

 

 

 

Experimental models: Cell lines
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REAGENT or RESOURCE SOURCE IDENTIFIER

 

 

 

 

 

Experimental models: Organisms/strains

 

 

 

 

 

 

Oligonucleotides

 

 

 

 

 

Recombinant DNA

 

 

 

 

 

Software and algorithms

MRtrix3 Smith et al., 2004 https://www.mrtrix.org/

FSL dtifit Woolrich et al., 2009 https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

Freesurfer recon-all Fischl et al., 2002 https://surfer.nmr.mgh.harvard.edu/

Habenula segmentation Kim et al., 2016 https://github.com/junqianxulab/habenula_segmentation

Habenula resampling and shape optimization Ely et al., 2019 https://github.com/junqianxulab/Habenula_fMRI_ROIs

VTA segmentation Murty et al., 2014 https://www.adcocklab.org/neuroimaging-tools

Other
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