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Medial forebrain bundle structure is linked to  
human impulsivity
Kelly H. MacNiven1, Josiah K. Leong2, Brian Knutson1*

Comparative research indicates that projections from midbrain dopamine nuclei [including the ventral tegmental 
area (VTA)] to the ventral striatum [including the nucleus accumbens (NAcc)] critically support motivated behavior. 
Using diffusion-weighted imaging and probabilistic tractography in humans, we characterized the trajectory and 
structure of two tracts connecting the VTA and NAcc, as well as others connecting the substantia nigra and dorsal 
striatum. Decreased structural coherence of an inferior VTA–NAcc tract was primarily and replicably associated with 
increased trait impulsivity and also distinguished individuals with a stimulant use disorder from healthy controls. These 
findings suggest that decreased coherence of the inferior VTA–NAcc tract is associated with increased impulsivity 
in humans and identify a previously uncharacterized structural target for diagnosing disorders marked by impulsivity.

INTRODUCTION
Although small in size and buried deep in the brain, the medial 
forebrain bundle (MFB) carries critical signals for fueling motivated 
behavior (1). In comparative studies, MFB lesions can blunt moti-
vation, but electrical stimulation of this tract can energize motivated 
behavior (2–5). The MFB carries monoaminergic projections that 
ascend from focal midbrain nuclei to broadly modulate multiple 
subcortical and cortical circuits (1). Of these diverse projections, com-
parative research has specifically implicated dopaminergic neurons 
projecting from the ventral tegmental area (VTA) of the midbrain 
to the nucleus accumbens (NAcc) of the ventral striatum (VS) in 
motivating anticipation and pursuit of rewards (6, 7). Thus, the 
structure as well as the function of these tracts may hold relevance 
for motivated and impulsive behaviors—ranging from healthy to 
pathological (8).

In humans, assessing MFB structure has proven difficult. Chal-
lenges may arise from variation in cells within and next to the MFB, 
crossing fibers passing through the MFB, and limits on the spatial 
resolution of neuroimaging methods (9, 10). Recent advances in 
diffusion-weighted imaging (DWI) and probabilistic tractography, 
however, may support more precise assessment of these subcortical 
tracts in humans. Specifically, these methods allow statistical evalu-
ation of evidence for tract existence and trajectory, as well as esti-
mation of the qualities of identified tracts in humans (11, 12). For 
instance, researchers have recently identified MFB tracts by localizing 
specific structural targets in individuals’ native brain space (13) rather 
than warping the data into a standard brain space. Researchers have 
not yet characterized the trajectory of MFB tracts relative to other 
midbrain-striatal tracts nor have they examined whether qualities 
of the MFB are associated with traits related to motivated and im-
pulsive behavior.

We combined DWI with probabilistic tractography to attempt 
to identify white matter tracts connecting the midbrain to the striatum 
and then characterized their coherence using standard diffusion 
metrics [e.g., fractional anisotropy (FA) and inverse mean diffusivity 
(1-MD)]. Next, we determined whether qualities of the identified 

tracts were associated with individual differences in trait impulsivity 
[assessed by self-report on the Barratt Impulsiveness Scale (BIS) 
(14) and delay discounting choices (15)] in a healthy sample, as well 
as a replication sample. Last, we examined whether tract coherence 
differed in individuals diagnosed with a disorder marked by 
impulsivity—stimulant use disorder (SUD) (16).

On the basis of comparative anatomical tract-tracing studies of 
monkeys [e.g., (7)], we predicted that DWI and probabilistic tracto-
graphy would resolve MFB projections connecting the VTA and the 
NAcc as well as other midbrain-striatal tracts in healthy humans 
and that their connectivity would show similar ventromedial- to-
dorsolateral topographical organization. We additionally predicted 
that measures of MFB tract coherence (i.e., FA and 1-MD) would 
replicably correlate with individual differences in impulsivity. Last, 
we predicted that measures of MFB tract coherence might distin-
guish individuals with a diagnosis of SUD (associated with high im-
pulsivity) from healthy control subjects.

RESULTS
Identification of midbrain-striatal tracts
Probabilistic tractography successfully resolved all predicted 
midbrain-striatal tracts in every individual in the initial sample (n = 40) 
[seed and target volumes of interest (VOIs) are depicted in Fig. 1]. 
Visualization of results for midbrain to NAcc tracts further revealed 
that fibers connecting these VOIs took two distinct trajectories: one 
below the anterior commissure (labeled the “inferior NAcc tract”) 
and another above the anterior commissure that entered the NAcc 
from a more dorsal aspect (labeled the “superior NAcc tract”). To 
separately characterize the white matter properties of these distinct 
tracts, tractography was performed again with an exclusionary 
mask at the anterior commissure that isolated fibers in the inferior 
versus superior NAcc tracts. In each subject, this analysis identified 
an inferior NAcc tract running through the lateral hypothalamic 
area (adjacent to the mamillary bodies) and entering the NAcc from 
below the anterior commissure [consistent with the MFB trajectory 
described in human brain atlases (17)] and a superior NAcc tract 
running above the anterior commissure through the anterior limb 
of the internal capsule (ALIC) to enter the NAcc more dorsally [see 
also (18) and Fig. 1B]. Tracts connecting midbrain with caudate and 
putamen striatal VOIs were also identified in each individual, and 
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these traveled anterior to the corticospinal tract through the ALIC 
before diverging medially to terminate in the caudate or laterally to 
terminate in the putamen (Fig. 1).

Midbrain-striatal tracts show a medial-lateral  
topographic organization
To test for the medial-lateral gradient of midbrain origins of NAcc, 
caudate, and putamen tracts described in comparative research, the 
center of mass was calculated for each tract’s termination point in the 
midbrain VOI. Absolute values of the center of mass x coordinates in 
MNI (Montreal Neurological Institute) space in left and right hemi-
spheres were then averaged. A repeated- measures one-way analysis 
of variance (ANOVA) of the center of mass x coordinates confirmed 
a medial-lateral gradient in midbrain tract termination points (with 
center of mass MNI coordinates for inferior NAcc tract: ±4.4,–17.8, 
–13.4; superior NAcc tract: ±5.0,–18.3,–12.9; caudate tract: ±8.7,–19.9, 
–15.0; putamen tract: ±9.7,–20.3,–15.6; F3,117 = 910.2; P < 0.001; 
2 = 0.919). Pairwise t tests verified that midbrain origins of the infe-
rior NAcc tract were situated more medially than those of the superior 
NAcc tract (t39 = 5.3, P < 0.001), which were situated more medially 
than those of the caudate tract (t39 = 27.4, P < 0.001), which were situated 
more medially that those of the putamen tract (t39 = 10.0, P < 0.001), 
consistent with tract- tracing findings in monkeys (Fig. 2) (7, 19).

Inferior NAcc tract coherence is primarily associated 
with trait impulsivity
We next tested for associations of structural characteristics of the 
midbrain-striatal pathways with individual differences in impulsivity. 
While comparative research has implicated MFB function in moti-
vated and impulsive behavior (20), it is still unclear whether MFB 
structure is associated with impulsivity, which theoretically involves 

variability in motivation as well as control. We quantified diffusivity 
measurements associated with increased coherence (i.e., FA and 
1-MD) within each pathway by averaging over the middle 50% of 
each tract and across left and right hemispheres, yielding single 
measures of FA and 1-MD for each fiber tract. We then calculated the 
correlation between these structural coherence metrics and trait scores 
on a self-reported measure of impulsivity (i.e., the BIS-11). Subject 
age and head motion during the magnetic resonance imaging scan 
were included as covariates of no interest, based on previous evi-
dence that these variables might confound diffusivity measures 
(21, 22).

Analyses revealed that inferior NAcc tract coherence metrics 
(FA and 1-MD) were inversely associated with trait impulsivity 
such that inferior NAcc tract FA (r = −0.43, P = 0.008) and 1-MD 
(r = −0.39, P = 0.02) negatively correlated with impulsivity mea-
sures. Coherence metrics of other tracts, however, were not associ-
ated with impulsivity. Specifically, correlations of superior NAcc 
tract (FA: r = −0.07, P = 0.68; 1-MD: r = −0.04, P = 0.82), caudate 
tract (FA: r = −0.15, P = 0.36; 1-MD: r = −0.23, P  =  0.16), and 
putamen tract (FA: r  =  −0.14, P  =  0.41; 1-MD: r = −0.16, P = 
0.34) coherence with impulsivity were not significant (Fig.  3; fig. 
S1 depicts a similar pattern in analyses that do not control for 
age and motion). To rule out potential volumetric confounds asso-
ciated with impulsivity (23, 24), further analyses that controlled 
for the volumes of the brain regions of interest did not diminish 
the specific association between inferior NAcc tract coherence 
metrics and trait impulsivity [inferior NAcc tract FA ß  =  –0.49, 
P = 0.01, age ß = –0.15, motion ß = 0.24, VTA/substantia nigra (SN) 
volume ß  =  –0.01, NAcc volume ß  =  –0.28, caudate volume 
ß  =  0.07, putamen volume ß  =  0.20; inferior NAcc tract 1-MD 
ß = –0.44, P = 0.03, age ß = 0.18, motion = 0.00, VTA/SN volume 

Volumes of interest Midbrain-striatum fiber tracts
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Y = 9

Y = -18
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Fig. 1. Tractography VOIs and resulting fiber tracts in a representative subject. (A) Probabilistic tractography was performed between a midbrain VOI (top row) and 
each of three striatal VOIs (bottom row) separately for the left and right hemispheres. Fibers targeting the NAcc traversed either below or above the anterior commissure. 
(B) Resulting tracts are depicted in sagittal (top) and coronal (bottom) views between the midbrain and NAcc (yellow, orange), caudate (red), and putamen (blue). AC, 
anterior commissure; ALIC, anterior limb of the internal capsule.
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ß  =  –0.01, NAcc volume ß  =  –0.17; caudate volume ß  =  0.06, 
putamen volume ß = 0.16; all coefficients are standardized betas].

Auxiliary analyses confirmed the anatomical as well as functional 
specificity of the association of reduced tract coherence with trait im-
pulsivity. The association of inferior NAcc tract coherence with im-
pulsivity was strongest for overall BIS scores versus specific subscales 
(FA correlation with overall BIS: r = −0.43, P = 0.008; BIS attention 
subscale: r = −0.34, P = 0.04; BIS motor subscale: r = −0.31, P = 0.06; 
BIS nonplanning subscale: r = −0.26, P = 0.11; 1-MD correlation with 
overall BIS: r = −0.39, P = 0.02; BIS attention subscale: r = −0.14, P = 
0.40; BIS motor subscale: r = −0.23, P = 0.16; BIS nonplanning sub-
scale: r = −0.40, P = 0.01). Structural coherence metrics for the inferior 
NAcc tract were also not significantly associated with other self-report 
scales that assessed personality and affective constructs, e.g., Ten 
Item Personality Inventory (TIPI) Big 5 traits (25), Behavioral Activa-
tion and Inhibition (26), or Beck Depression Inventory (27). Inferior 
NAcc tract coherence was, how ever, similarly associated with a distinct 
behavioral measure linked to impulsivity—delay discounting [i.e., 
log(k) (15); FA: r = −0.33, P = 0.04; 1-MD: r = −0.30, P = 0.06; fig. S2].

Examination of additional component diffusion metrics re-
vealed that the observed association between tract coherence and 
reduced impulsivity was primarily driven by radial diffusivity (RD) 
(r = 0.47, P = 0.003), but not axial diffusivity (AD) (r = 0.08, 
P = 0.63). Separate tests of the inferior NAcc tracts in left and right 
hemispheres revealed a stronger association of impulsivity with re-
duced tract coherence in the left (FA: r = −0.42, P = 0.009; 1-MD: 
r = −0.43, P = 0.008) versus the right (FA: r = −0.36, P = 0.03; 1-MD: 
r = −0.19, P = 0.25) inferior NAcc tract. Anatomical visualization of 
these associations along the inferior NAcc tract trajectory revealed 
the strongest correlation with impulsivity in the middle portion of 
the tract, near the lateral hypothalamus (mean MNI coordinates: 
[−6, −9, −11]) (Fig. 4, A to C) (28).

Next, we attempted to replicate these findings in a second inde-
pendent sample of healthy subjects (i.e., using the same analytic 
pipeline; n = 31; see Materials and Methods). As in the first sample, 
analyses recovered the anatomical trajectories of midbrain-striatal 
tracts in all subjects. A similar association of reduced inferior NAcc 
tract coherence with trait impulsivity (BIS scores) was observed in 
this sample, although the association of tract coherence with delay 
discounting was not significant [log(k) correlation with inferior 
NAcc FA: r = 0.17, P = 0.38; 1-MD: r = 0.07, P = 0.71]. Separate ex-
amination of left and right hemisphere tracts revealed a significant 
association of left inferior NAcc tract coherence (FA-BIS correla-
tion: r = −0.38, P = 0.04; 1-MD–BIS correlation: r = −0.35, P = 0.06; 
fig. S3) but not right inferior NAcc tract coherence with trait impul-
sivity (FA-BIS correlation: r = −0.27, P = 0.16; 1-MD–BIS correlation: 
r = −0.15, P = 0.43). Auxiliary analyses of left hemisphere inferior 
NAcc tracts again implied that these associations were stronger for 
RD than AD (RD-BIS correlation: r = 0.38, P = 0.04; AD-BIS cor-
relation: r = 0.20, P = 0.30), and visualization of the data again high-
lighted that the strongest association of tract FA with impulsivity fell 
near the lateral hypothalamus (mean MNI coordinates: [−5, −8, −9]) 
(Fig. 4, D to F).

Together, these findings demonstrate a robust and replicable as-
sociation of reduced coherence of the left inferior NAcc tract with 
increased impulsivity in healthy humans. Auxiliary analyses with more 
traditional whole-brain voxel-wise statistical analysis using FSL 
(FMRIB Software Library) Tract-Based Spatial Statistics (TBSS; 29), 
however failed to reveal significant associations between tract co-
herence measures (FA and 1-MD) and trait impulsivity (fig. S4).

Inferior NAcc tract coherence is associated with SUD diagnosis
Because trait impulsivity represents a risk factor for the develop-
ment of addictive disorders (30, 31), we next tested whether structural 

Fig. 2. Midbrain-striatal pathways follow a medial-to-lateral gradient. (A) Midbrain location of striatal projections in monkeys, adapted from (19). Yellow neurons 
project to limbic striatum, red neurons project to associative striatum, and blue neurons project to sensorimotor striatum. (B and C) Midbrain origins of striatal tracts in 
this study. Each dot in (B) represents the x and y coordinates of the center of mass for a fiber tract’s midbrain endpoints in each subject after transforming identified coor-
dinates from individual to group (MNI) space. (C) Histogram of the center of mass x coordinates depicts the medial-lateral gradient within the midbrain, with the inferior 
NAcc tract originating most medially and putamen tract originating most laterally.
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coherence of the MFB differed between patients with an SUD 
(n = 63) and healthy controls (n = 40 from the first experimental 
sample; see tables S1 and S2 for group demographics). Comparison 
of coherence metrics revealed reduced FA in SUD versus healthy 
individuals in all midbrain-striatal tracts. After controlling for head 
motion, age, sex, education, depression scores, and smoking status 
(see table S1), reduced FA of the inferior NAcc tract remained sig-
nificantly associated with SUD diagnosis (t93 = −2.16, P = 0.03; see 
table S3 for full regression results), whereas the other tracts did not 
(group effect for superior NAcc tract FA: t93 = −0.86, P = 0.39; caudate 
tract FA: t93 = −1.47, P = 0.14; putamen tract FA: t93 = −0.41, 
P = 0.68). In contrast, FA was not significantly associated with suscep-
tibility to relapse in individuals diagnosed with SUD in any of the 
midbrain-striatal tracts (inferior NAcc tract FA: t54 = 0.14, P = 0.89; 
superior NAcc tract FA: t54 = 1.05, P = 0.30; caudate tract FA: 
t54 = 0.01, P = 0.99; putamen tract FA: t54 = 0.78, P = 0.44; Fig. 5). 
Inverse MD did not significantly differ by group (SUD patients ver-
sus healthy controls) or treatment outcome (SUD abstainers versus 
relapsers at 6 months; fig. S5).

Bootstrapped accelerated mediation analyses further tested 
whether individual differences in trait impulsivity could account for 
the association of inferior NAcc tract coherence (indexed by FA and 

controlling for age and motion) with SUD diagnosis. The total 
effect of inferior NAcc tract coherence to SUD diagnosis was signifi-
cant (Z = –3.29, P = 0.001), as were indirect paths from inferior 
NAcc tract coherence to trait impulsivity (Z = –1.99, P = 0.047) and 
from trait impulsivity to SUD diagnosis (Z = 5.28, P < 0.001). In-
cluding the indirect paths only partially mediated the influence of 
the direct path (indirect mediation effect: Z = –1.78, P = 0.08; direct 
effect: Z = –2.48, P = 0.01), suggesting that although they shared 
some variance, both inferior NAcc tract coherence and trait impul-
sivity could account for unique variance in explaining SUD diagnosis. 
Last, a signal detection analysis examined which factors contributed 
to classification of SUD diagnosis. Compared to 50% chance classi-
fication, area under the curve (AUC) for BIS impulsivity was 78% 
(d′ = 0.76), AUC for inferior NAcc tract structure was 64% 
(d′ = 0.69), and AUC for the combination of BIS impulsivity and 
MFB structure was 81% (d′ = 1.07), consistent with both features 
contributing to the classification of SUD diagnosis (Fig. 6). A final 
analysis conducted to test whether the duration of stimulant use 
(dated from SUD patients’ first use) was associated with inferior 
NAcc tract FA found no relationship (t61 = −0.15, P = 0.88).

DISCUSSION
By combining DWI with probabilistic tractography, we were able to 
visualize distinct white matter tracts connecting midbrain (includ-
ing the VTA and SN) and striatum (including the NAcc, caudate, 
and putamen), as well as to characterize their qualities in humans. 
Results revealed two distinct midbrain projections to the NAcc—
one inferior and another superior to the anterior commissure. 
Further, in both initial (n = 40) and replication samples (n = 31), 
reduced inferior NAcc tract coherence was associated with in-
creased trait impulsivity. Last, patients with SUD, which was 
marked by increased impulsivity, showed reduced coherence of the 
inferior NAcc tract.

This work makes several novel contributions. First, these results 
extend comparative research by reliably identifying and distin-
guishing distinct projections connecting the midbrain and striatum 
in humans. Specifically, the findings reveal that projections from 
the midbrain to the NAcc include two tracts—one following an in-
ferior trajectory, and the other following a more superior trajectory 
[see also (13)]. While fiber tracts projecting from the midbrain to 
striatum showed a clear medial-to-lateral gradient, tract termina-
tion points also showed some overlap. This spatial organization 
corresponds with the “ascending spiral” circuit organization 
described in anterograde and retrograde tracing studies of monkey 
midbrain connectivity (32)—a circuit architecture implicated in 
converting motivation into action (7, 33). Second, the findings 
resolved and replicated an association of decreased inferior NAcc 
tract coherence (i.e., FA and 1-MD) with increased trait impul-
sivity. This association was not apparent in the superior NAcc tract 
or in other adjacent tracts connecting the midbrain to the dorsal 
striatum. Inferior NAcc tract coherence was most robustly asso-
ciated with individual differences in impulsivity, but not with 
other personality traits (see fig. S2). Third, the findings demonstrate 
that decreased inferior NAcc tract coherence also marked individ-
uals diagnosed with SUD, which is associated with elevated trait 
impulsivity. Thus, both decreased inferior NAcc tract coherence 
and trait impulsivity contributed to the classification of having an 
SUD diagnosis.
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The association of inferior NAcc tract coherence with individual 
differences in impulsivity adds a new structural dimension to exist-
ing translational findings. For instance, researchers have associated 
individual differences in impulsivity with decreased dopamine (D2/
D3) receptor binding in the VTA and NAcc of both rodents and 
humans (34–36). Given its association with impulsivity, an interest-
ing further step might involve determining whether inferior NAcc 
tract structure links to neurochemical correlates at tract endpoints. 
Finer-grained visualization of tract trajectories revealed that the 
association of reduced inferior NAcc tract coherence with trait im-
pulsivity was most pronounced in the middle, near the lateral hypo-
thalamus (Fig. 4), highlighting a specific anatomical target for 
future study. A rich tradition of comparative research has critically 
implicated the lateral hypothalamus in diverse motivated behaviors 
(e.g., including seeking food, sex, and drugs) via its connections 
with the VTA and NAcc, among other regions (37, 38). Future tar-
geted investigations might explore how the structure and function 
of this circuit is associated with different motivated behaviors in 
healthy humans, as well as those with disordered impulse control. 
This anatomical localization also reinforces a growing body of hu-
man neuroimaging evidence suggesting that structural associations 
with function can vary along tract trajectories (39), confirming that 
probabilistic tractography can potentially add value to whole-brain 
analyses.

Although these findings associate reduced inferior NAcc tract 
coherence with SUD diagnosis, they cannot establish which occurs 
first (or whether they are causally linked). On the one hand, chron-
ic stimulant use might progressively degrade the coherence of tracts 
carrying motivational signals that drive behavioral impulses. On the 
other hand, decreased coherence of the inferior NAcc tract may 
pose a preexisting risk factor for impulse control disorders (including 
SUD), because individuals with blunted motivation may seek out 
more intense stimuli (40). The association of inferior NAcc but not 
other midbrain-striatal tracts’ coherence with SUD diagnosis and 
the absence of an association of inferior NAcc coherence with years 
of use argue against a cumulative neurotoxic effect of stimulants. 
While reduced inferior NAcc tract coherence classified SUD diag-
nosis, it was not associated with subsequent relapse to stimulant use. 
Escalation from recreational to chronic stimulant use versus relapse 
from abstinence to renewed use may involve different circuits (e.g., 
subcortical versus cortical), so future research might profitably ex-
plore whether coherence of other tracts [e.g., frontostriatal (41)] are 
more implicated in stimulant use relapse than onset.

Relative to previous work, the current design features several 
strengths. We recruited healthy community members (rather than 
more convenient students), as well as a replication sample. The neuro-
imaging analyses identified specific tracts of interest based on com-
parative research and separately estimated their structural qualities 
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Fig. 4. Association of inferior NAcc tract coherence with trait impulsivity is strongest near the lateral hypothalamus. (A) Each tube represents the core trajectory 
of one subject’s left inferior NAcc tract, transformed into MNI space. Colors indicate the strength of correlation between FA and trait impulsivity (BIS scores). The white 
dotted line shows the coronal slice with the strongest correlation (Y = –9). (B) Coronal view of fiber density at the peak slice [indicated by dotted line in (A)]. Fiber density 
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in original brain space. These tractography analyses might resolve 
greater anatomical detail than popular whole-brain voxel-based 
analyses (e.g., TBSS), which require warping individual brains to a 
group template as well as warping white matter to a “skeleton”—
procedures that could compromise coverage of small subcortical 
regions with crossing fibers (see fig. S5). Associations remained ro-
bust after controlling for potential confounds (e.g., age, sex, head 
motion, depression, education, and smoking) and were anatomically 
specific to a ventral but not more dorsal tracts connecting the mid-
brain and striatum. The association of inferior NAcc tract coherence 
with both healthy individual differences in impulsivity and clinical 
SUD diagnosis provides some convergent validation that this struc-
ture might scaffold a common underlying process.

The current design also has some limitations. DWI cannot re-
solve the directionality of projections between the midbrain and 
striatum, but triangulation with more invasive comparative probes 
could help resolve directional influences (7). The physiological sub-
strates underlying diffusion coherence metrics are also ambiguous, 
because crossing fibers and iron deposition may decrease measure-
ment accuracy (42). Comparative physiological studies might better 
clarify specific physiological contributions to these metrics. While 
the current findings focused on tracts connecting the midbrain and 
striatum, tracts connecting the frontal cortex and striatum have also 
been associated with individual differences in impulsivity (43–45), 
and so future work might combine the two. Although the malleability 
or plasticity of tract coherence metrics has not been resolved, tract 
metrics appear to show robust temporal stability within testing 
sessions (46), suggesting that they might offer a stable baseline for 
tracking subsequent change. To assess individual differences in im-
pulsivity, we used a reliable and valid self-report measure [i.e., the 
BIS (14)], which showed some but not complete concordance with 
a related measure [i.e., delay discounting (15); fig. S2]. Future 
studies might augment these self-report measures of impulsivity 
with behavioral indices of impulsivity that feature comparable reli-
ability and validity (47).

The novel association of inferior NAcc tract structural coherence 
with impulsive traits and related disorders suggests new research 
opportunities. Advances in comparative methods now allow re-
searchers to characterize homologous tracts across species. Com-
bining physiological methods (e.g., CLARITY) with DWI in animal 
models might better specify the location and direction of identified 
tracts and illuminate which physiological properties of white matter 
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contribute to DWI coherence metrics (48, 49). Researchers might 
also combine multiple neuroimaging modalities in humans to clarify 
how tract structural qualities relate to functional activity in projec-
tion targets, as well as associated behavior [e.g., (46, 50)]. Consistent 
with these structural findings, researchers have reported reduced 
correlations in the resting activity of target regions of the inferior 
NAcc tract in more impulsive individuals and stimulant users (51, 52). 
Clinically, white matter tract coherence measures might extend to 
diagnosing, predicting, and tracking changes in impulsivity in rele-
vant disorders [e.g., (45, 53, 54)]. Eventually, measures of deep brain 
tracts may help to not only improve the visualization and measure-
ment of brain structures but also track changes in those structures 
that can promote impulse control.

MATERIALS AND METHODS
Subjects were scanned with DWI and then completed the BIS-11 
(14) along with other questionnaires after scanning (see Supple-
mentary Methods). DWIs were acquired, processed, and analyzed 
as described in previous research (46). Probabilistic tractography 
was performed to resolve tracts connecting the midbrain and each 
striatal VOI separately in each hemisphere. DWI coherence mea-
sures were then extracted along the anatomical trajectory of each 
tract and submitted to regression analyses with impulsivity (BIS) 
scores. Tract coherence metrics included FA and 1-MD, which re-
spectively represent directional and (inverse) general movement of 
water molecules, and which are thought to index distinct aspects 
of axonal density, diameter, and myelination (10). Novel analyses of 
midbrain fiber endpoint topographical organization and brain- 
behavior associations are described in greater detail in Supplementary 
Methods.

Analyzed subjects included an initial group of healthy controls 
(n = 40), a replication sample of healthy controls (n = 31), and a 
clinical sample of 2-week detoxified inpatients diagnosed with an 
SUD (n = 63; who were followed for 6 months after leaving treat-
ment; see Supplementary Methods for detailed inclusion and exclu-
sion criteria as well as clinical descriptives). Study procedures were 
approved by the Institutional Review Board of the Stanford Univer-
sity School of Medicine, and all subjects provided written informed 
consent before participating.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/38/eaba4788/DC1

View/request a protocol for this paper from Bio-protocol.
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