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Parkinson’s disease (PD) and progressive supranuclear palsy (PSP) both impair response inhibition, exacerbating impulsivity.
Inhibitory control deficits vary across individuals and are linked with worse prognosis, and lack improvement on dopaminer-
gic therapy. Motor and cognitive control are associated with noradrenergic innervation of the cortex, arising from the locus
coeruleus (LC) noradrenergic system. Here we test the hypothesis that structural variation of the LC explains response inhibi-
tion deficits in PSP and PD. Twenty-four people with idiopathic PD, 14 with PSP-Richardson’s syndrome, and 24 age- and
sex-matched controls undertook a stop-signal task and ultrahigh field 7T magnetization-transfer-weighted imaging of the LC.
Parameters of “race models” of go- versus stop-decisions were estimated using hierarchical Bayesian methods to quantify the
cognitive processes of response inhibition. We tested the multivariate relationship between LC integrity and model parame-
ters using partial least squares. Both disorders impaired response inhibition at the group level. PSP caused a distinct pattern
of abnormalities in inhibitory control with a paradoxically reduced threshold for go responses, but longer nondecision times,
and more lapses of attention. The variation in response inhibition correlated with the variability of LC integrity across partic-
ipants in both clinical groups. Structural imaging of the LC, coupled with behavioral modeling in parkinsonian disorders,
confirms that LC integrity is associated with response inhibition and LC degeneration contributes to neurobehavioral changes.
The noradrenergic system is therefore a promising target to treat impulsivity in these conditions. The optimization of norad-
renergic treatment is likely to benefit from stratification according to LC integrity.
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Significance Statement

Response inhibition deficits contribute to clinical symptoms and poor outcomes in people with Parkinson’s disease and pro-
gressive supranuclear palsy. We used cognitive modeling of performance of a response inhibition task to identify disease-spe-
cific mechanisms of abnormal inhibitory control. Response inhibition in both patient groups was associated with the integrity
of the noradrenergic locus coeruleus, which we measured in vivo using ultra-high field MRI. We propose that the imaging bio-
marker of locus coeruleus integrity provides a trans-diagnostic tool to explain individual differences in response inhibition
ability beyond the classic nosological borders and diagnostic criteria. Our data suggest a potential new stratified treatment
approach for Parkinson’s disease and progressive supranuclear palsy.

Introduction
Progressive supranuclear palsy (PSP) and Parkinson’s disease
(PD) have distinct neuropathology and clinical features (Hauw et
al., 1994; Braak et al., 2003), but both can cause an impairment of
response inhibition that contributes to disinhibited behavior and
impulsivity, which is associated with poor clinical outcomes (Ryu
et al., 2019; Erga et al., 2020; Murley et al., 2021). Impulsivity is a
multifaceted behavioral construct, including abnormal sensitivity
to reward, intolerance to delayed reward and a failure to inhibit
inappropriate responses (Dalley et al., 2011; Dalley and Robbins,
2017). Here we focus on response inhibition, as the execution of
responses represents a point of convergence for upstream changes
in cognition and behavioral decisions in impulsivity.

Noradrenergic manipulations influence response inhibi-
tion, especially the cancellation of a response, in preclinical
models (Robinson et al., 2008; Bari et al., 2011), healthy
humans (Chamberlain et al., 2009), attention deficit disor-
ders (Chamberlain et al., 2007; Del Campo et al., 2011), and
PD (Averbeck et al., 2014; Kehagia et al., 2014; Z. Ye et al.,
2015; Borchert et al., 2016). In PSP and PD, the locus coeru-
leus (LC) is an early site of pathologies (Cash et al., 1987;
Zweig et al., 1993; Li et al., 2019; Kaalund et al., 2020)
whose structural integrity is associated with behavioral per-
formance and neural substrate of response inhibition
(Tomassini et al., 2022; R. Ye et al., 2022). The LC-norad-
renergic system is therefore a promising route to ameliorate
response inhibition deficits in diverse neurologic and psy-
chiatric disorders.

The heterogeneity in LC damage has been linked to variability
in the response to drugs that increase noradrenergic transmis-
sion, such as atomoxetine (O’Callaghan et al., 2021). To facilitate
more targeted treatment of impulsivity in PSP and PD, it is nec-
essary to quantify LC structural integrity in vivo and determine
its relationship to response inhibition. Specialist MRI sequences
for ultrahigh field scanners (7T) have enabled sensitive and well-
tolerated quantification of LC pathology (Wang et al., 2018; Betts
et al., 2019b; O’Callaghan et al., 2021; R. Ye et al., 2022). The
contrast and the resolution (400� 400� 500 mm) provided by
the specialist sequence and the 7T MR scanner are sufficient to
examine regional effects of pathology within the LC (Mason and
Fibiger, 1979; Loughlin et al., 1986), and an advantage over the
contrast and resolution at 3T.

The LC degeneration and noradrenergic deficits may influ-
ence response inhibition at both motor and cognitive (deci-
sional) levels, given the widespread cortical LC projections (Sara,
2009). Response inhibition can be measured using performance
on a stop signal task, but singular parameters of performance may
obscure the complexity of underlying decision mechanisms. A
multivariate model of computational parameters of response inhi-
bition overcomes this limitation, to distinguish motor, attentional,

and decisional components of inhibition (Zhang et al., 2016;
Murley et al., 2020; O’Callaghan et al., 2021).

In this study, we performed parametric analyses of the proc-
esses underlying the stop signal task, estimated with hierarchical
Bayesian models, to advance our understanding of the response
inhibition deficits in PD and PSP. These models explain response
accuracy and reaction times (RTs) as function of a race between
three processes: a stop process, a go process for the response that
matches the choice stimulus, and a go process for the response
that mismatches the choice stimulus (Logan et al., 1984; Matzke
et al., 2019, 2020). The models also estimate attentional failures
to trigger the stop and go processes. The go processes were para-
meterized as sequential sampling models, in which evidence
accumulates stochastically until a response threshold is reached.
The mean finish time of the stop process served as the estimate
of the stop signal RT (SSRT).

We tested the hypothesis that these parameters of response
inhibition relate to LC structural integrity at an individual partic-
ipant level, as measured in vivo using 7T-MRI. We predicted that
the response inhibition deficits characterizing PSP and PD
would be associated with reduced LC integrity. We investi-
gated the multivariate relationship between LC integrity and
response inhibition because of the multivariate nature of the
model parameters and the topographic organization of the
LC, identifying where its modulation is exerted by subpopula-
tions of LC neurons (Chandler et al., 2019) projecting to dif-
ferent brain regions (Loughlin et al., 1986).

Materials and Methods
Participants
Fourteen patients with probable PSP-Richardson’s syndrome (MDS 2017
criteria), 24 with idiopathic PD (UK Parkinson’s disease Brain Bank crite-
ria), and 24 age- and sex-matched healthy controls were included in the
study (as in R. Ye et al., 2022). Controls did not use psychoactive medica-
tions, and exclusions criteria for all participants included history of
stroke, severe medical comorbidity, and any contraindications to 7T-
MRI. None of the patients met criteria for impulse control disorders,
based on clinical impression and/or the Questionnaire for Impulsive-
Compulsive Disorders. Participants were not demented, based on a Mini-
Mental State Examination score.26 and clinical impression. All patients
with PD and 10 of 14 PSP patients were on dopaminergic medications
(Table 1). The study was approved by the local Cambridge Research
Ethics Committees. Participants provided written informed consent
according to the Declaration of Helsinki.

Experimental design
All participants underwent a structured clinical, cognitive, and behav-
ioral assessment (Table 1). The LC integrity was measured in vivo in a
7T-MRI scan on the same study session. Response inhibition was meas-
ured using a stop-signal paradigm. All participants completed the stop-
signal task on the same testing session of the MRI scan and task battery,
except for 18 patients with PD who were part of a single-dose, placebo-
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controlled, crossover drug study where the relationship between LC in-
tegrity and drug responsiveness was investigated (O’Callaghan et al.,
2021). The behavioral performance of these patients was examined for
the placebo session, and potential placebo or practice effects were explic-
itly modeled (see Statistical analysis).

Stop-signal task
For a detailed description of the stop signal task design, we refer the
reader to Murley et al. (2020) or O’Callaghan et al. (2021), who used an
identical paradigm. In brief, the stop-signal task involves a two-choice
RT “go” task, which was occasionally interrupted by a “stop signal.” For
the go task, participants were instructed to indicate the direction of a
black arrow presented at the center of the screen by pressing a left or
right button. On stop trials, the arrow changed to a red color in conjunc-
tion with a tone (i.e., the stop signal), and participants were instructed to

withhold their initiated response (Fig. 1, top left). The stop signal
occurred after a variable delay (i.e., the stop-signal delay), the length of
which was determined by an adaptive staircase method. The stop-signal
delay ranged from 50 to 1500ms and increased or decreased by 50ms af-
ter a successful or failed stop trial, respectively.

Modeling of response inhibition
Parametric race models.We applied two complementary race models

to the stop-signal task data. The first model assumed that the finish time
distributions of the stop and go processes followed ex-Gaussian distribu-
tions (Heathcote et al., 1991), with mean (m) and SD (s ) of the Gaussian
component, and mean t of the exponential component. The mean finish
time of each process was estimated as the mean of the corresponding ex-
Gaussian distribution, which is given by m 1 t . The mean finish times

Figure 1. Schematic representation of data analysis pipeline. The trial-by-trial stop signal task performance was subjected to a two parametric race model following ex-Gaussian and shifted
Wald distributions. An array of behavioral parameters were estimated hierarchically from the models for both stop and go response, including SSRT, go RT, trigger failure, go failure, drift rate
(�), response threshold (B), and nondecision time (t0). These parameters altogether provided more mechanistic understanding of response inhibition. The LC integrity was assessed by comput-
ing voxel-wise CNR and extracted using an independent LC probability atlas. The multivariate relationship between LC integrity and response inhibition was then examined using PLS on result-
ing behavioral and imaging matrices from previous data processing steps. Significant pairs of latent variables were identified with the permutation test. The contribution of LC in response
inhibition was finally confirmed in linear regression models with individual subject loading scores on the inhibition latent variable as dependent variable, loading scores on the LC latent vari-
able, group and nuisance covariates as predictors.

Table 1. Demographics (mean and SD) of participants and clinical assessmentsa

Descriptive p values for pairwise tests

HC PD PSP HC vs PD HC vs PSP PD vs PSP

Age (yr) 65.5 (5.5) 67.2 (7.4) 69.7 (7.7) 0.66 0.164 0.52
Education (yr) 14.8 (3.1) 14 (2.3) 12.3 (2.8) 0.584 0.021 0.15
Male/female 13/11 18/6 8/6 0.131 0.859 0.253
MMSE 29.75 (0.53) 29.52 (0.65) 28.5 (1.74) 0.649 ,0.001b 0.009
MoCA 28.58 (1.44) 27.88 (1.87) 24 (3.94) 0.557 ,0.001b ,0.001b

ACER-total 97.71 (3.25) 95.25 (3.6) 87.21 (7.17) 0.153 ,0.001b ,0.001b

Apathy Scale 10.38 (5.25) 12.42 (5.55) 20 (9.49) 0.528 ,0.001b 0.003
BIS 55.71 (9.56) 58.69 (10.21) 63.86 (12.44) 0.591 0.063 0.316
HADS-Depression 2.83 (2.84) 4.25 (2.79) 7.43 (4.27) 0.281 ,0.001b 0.012
HADS-Anxiety 4.29 (3.53) 5.17 (3.16) 6.57 (3.2) 0.634 0.111 0.424
RBDSQ — 5.38 (3.69) 3.07 (1.82) — — 0.036
Disease duration (yr) — 5.09 (3.05) 4.24 (2.68) — — 0.397
LEDD — 646.6 (509.53) 323.57 (389.4) — — 0.038
UPDRS-III — 28.21 (12.21) 33.07 (6.96) — — 0.182
PSPRS — — 30.79 (9.11) — — —
aGroup difference in sex was examined using x 2 test. A one-way ANOVA was used for group difference with post hoc Tukey HSD p values provided for pairwise comparisons. RBDSQ, disease duration and UPDRS-III were com-
pared with independent-samples t test between PD and PSP. MMSE, Mini-Mental State Examination; MoCA, Montreal Cognition Assessment; ACER, Addenbrooke’s Cognitive Examination Revised; BIS, Barratt Impulsiveness
Scale; HADS, Hamilton Anxiety and Depression Scale; RBDSQ, REM Sleep Behaviors Screening Questionnaire; LEDD, Levodopa equivalent daily dose; UPDRS, Unified Parkinson’s Disease Rating Scale; PSPRS, PSP Rating Scale.
bSignificant p values (p, 0.0016, equivalent to p, 0.05 with Bonferroni correction).

7030 • J. Neurosci., October 18, 2023 • 43(42):7028–7040 Ye et al. · LC Integrity and Response Inhibition Deficits



of the stop process and matching go process were taken as the SSRT and
go RT, respectively.

The second model was similar, except that the finish time distribu-
tions of the go processes were assumed to follow shifted Wald distribu-
tions (Matzke et al., 2020). The Wald distribution describes the first-
passage time distribution of a single-boundary diffusion process, where
evidence accumulates stochastically at a positive mean rate � (compare
the drift rate) until a threshold B is reached. A subject-specific constant
nondecision time t0 shifts the lower bound of the distribution to account
for peripheral processes, such as stimulus encoding and motor output.
The shifted Wald distribution therefore enables a process model that
explains how the go RT distributions were generated.

Both models additionally included the probabilities of attentional
failures related to the stop process (trigger failure) and go processes (go
failure). Thus, the first model featured 11 free parameters: three ex-
Gaussian parameters for each of the three processes, and the trigger and
go failure probabilities. The second model featured nine free parameters:
separate drift rates for the matching and mismatching go processes, a
threshold and nondecision time that were shared across the go processes,
three ex-Gaussian parameters for the stop process, and the trigger and
go failure probabilities.

Hierarchical Bayesian modeling was used to fit each model to the
observed task data, separately for the PSP, PD, and control groups.
Markov Chain Monte Carlo (MCMC) sampling methods were used to
estimate the posterior distributions of all group- and participant-level
parameters. We assigned broad (“weakly informative”) priors on the
group-level means and SDs of the model parameters, to regularize the
inference and prevent parameters from taking on extreme values. These
priors were based on suggested settings from the model developers
(Heathcote et al., 2019), with slight adjustments to account for slower
response times in older age and neurodegenerative disease. Specifically,
for the ex-Gaussian model, the prior on the group-level mean of the m
parameter was N1 (1.5, 1) for the go processes and N1 (1, 1) for the stop
process; the prior on the group-level means of the s and t parameters
was N1 (0.2, 1); and the prior on the group-level means of the probit-

transformed attentional failure probabilities was N (f –1(0.1, 1). Here, N
(m, s ) denotes a normal distribution with mean and SD; N1(m, s )
denotes a normal distribution truncated to only allow positive values;
and f –1(p) denotes the probit function (i.e., the inverse cumulative dis-
tribution function of the standard normal distribution) evaluated at
probability p. For the hybrid Wald/ex-Gaussian model, the prior on the
group-level mean of the drift rate � was N1 (2, 3) for the matching go
process and N1 (1, 3) for the mismatching go process; the prior on the
group-level mean of the threshold B was N1 (2, 1); and the prior on the
group-level mean of the nondecision time t0 was N1 (0.1,1)(0.3, 0.25),
where N(a,b)(m, s ) denotes a normal distribution with lower truncation a
and upper truncation b. The priors on the group-level means of the pa-
rameters of the stop runner and the probit-transformed attentional fail-
ure parameters were the same as in the ex-Gaussian model. For all
parameters in both the ex-Gaussian model and the hybrid Wald/ex-
Gaussian model, the prior on the group-level SD was an exponential dis-
tribution with a rate of 1.

Sampling convergence was confirmed by visual inspection of the time
series plots of the MCMC samples, and by the potential scale reduction
statistic R-hat (,1.1 for all parameters). The absolute goodness of fit was
assessed by visually comparing the observed data to simulated data gener-
ated from the model’s posterior predictive distribution (Fig. 2).

Model fitting was performed using the Dynamic Models of Choice
toolbox (Heathcote et al., 2019) implemented in R (version 3.6.1). The
number of sampling chains was set to 3 times the number of free param-
eters. Automated procedures were used to continue sampling until con-
vergence was reached (h.run.unstuck.dmc and h.run.converge.dmc
functions in the Dynamic Models of Choice toolbox). After this, an addi-
tional 500 iterations were obtained for each chain to create a final poste-
rior distribution for each parameter, which was used for statistical
analyses.

MRI acquisition and processing
Participants were scanned on a 7T Magnetom Terra (Siemens) with a
32-channel receive head coil (Nova Medical). Following the acquisition

Figure 2. Posterior predictive checks of response proportions and RTs. For each panel, the observed data (hollow dots) are compared with data from 100 simulated participants, drawn ran-
domly from the posterior predictive distribution of the final model fit (solid dots and error bars). Each panel represents one unique combination of trial type (go vs stop) and choice stimulus
(left vs right). The results are plotted separately for each group (controls, PD, PSP). For response proportions (A), the results are additionally plotted separately for each response option along
the x axis (no response, left, right). For RTs (B), the 10th, 50th, and 90th percentiles of the RT distributions (bottom, middle, top dot) are plotted separately for response accuracy (matching vs
mismatching), since mismatching responses constituted a very small proportion of the data. For each panel, the dots represent group-level medians, and the error bars indicate the group-level
95% QIs of the simulated data.
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and processing protocol described previously (O’Callaghan et al., 2021;
R. Ye et al., 2021, 2022), the LC was imaged using a near-isotropic 3D
magnetization transfer (MT) weighted sequence at submillimeter resolu-
tion (112 oblique, axial slices oriented perpendicular to the long axis of
the brainstem). The sequence applied a train of 20 Gaussian-shape RF
pulses at 6.72 ppm off-resonance, 420° flip angle, followed by a turbo-flash
readout (TE¼ 4.08ms, TR¼ 1251ms, flip angle¼ 8°, voxel size¼ 0.4�
0.4� 0.5 mm3, 6/8 phase and slice partial Fourier, bandwidth¼ 140Hz/
px, no acceleration, 14.3% oversampling, TA ; 7min). For each subject,
the transmit voltage was adjusted based on the average flip angle in the
central area of the pons obtained from a B1 precalibration scan. Two
images with MT presaturation pulses were acquired, then averaged offline
to enhance signal-to-noise ratio. One image without MT effect (MT-off)
was additionally obtained for registration. A high-resolution T1-weighted
structural image (0.7 mm isotropic) was acquired using an MP2RAGE
sequence with the UK7T Network harmonized protocol (Clarke et al.,
2020): TE¼ 2.58ms, TR¼ 3500ms, BW¼ 300Hz/px, voxel size¼ 0.7�
0.7� 0.7 mm3, FOV¼ 224� 224 � 157 mm3, acceleration factor
(A�P)¼ 3, flip angles¼ 5/2°. MT and T1 images were preprocessed
using the Advanced Normalization Tools (ANTs version 2.2.0). MT
images were N4-bias field-corrected, then coregistered to the isotropic 0.5
mm ICBM152 (International Consortium for Brain Mapping) T1-
weighted asymmetric nonlinear template (Fonov et al., 2011) following a
T1-driven coregistration approach. The individual registration roadmap
was initiated from the estimation between averaged MT image and the
MT-off image (rigid only), then moved to the coregistration between MT
and T1 modality in the following order: MT-off to MT (rigid only), indi-
vidual T1 to MT-off (rigid only), individual T1 to T1 group template
(rigid, Affine and SyN), and finally T1 group template to the ICBM152
template (rigid, Affine and SyN). The detailed parameter settings used for
coregistration and T1 template construction can be downloaded from the
NITRC webpage of our 7T LC atlas for the replication of our image proc-
essing procedures (https://www.nitrc.org/projects/lc_7t_prob/).

The coregistered MT images were converted to contrast-to-noise
(CNR) maps by subtracting the mean and dividing by the SD of the sig-
nal in a central pontine reference region (O’Callaghan et al., 2021; R. Ye
et al., 2022). This cubic pontine reference region (4� 4 � 4.5 mm3) was
chosen as a measurement source of noise because of its proximity to the
LC. A probabilistic LC atlas was applied on the CNR maps with a con-
servative threshold (25%) to extract voxel-wise LC CNRs for later statis-
tical tests and slice-wise means for group comparisons. The calculation
of CNR maps was implemented using fslmaths function, and fslstats was
used for the extraction of CNRs within the probabilistic LC atlas.
Structural T1-weighted images were subjected to FreeSurfer (version
6.0) recon-all pipeline with -highres and -brainstem options. The result-
ing total intracranial and brainstem subregion volumes were used for the
estimation of global and local atrophy, respectively. Signal quality was
measured with signal-to-noise ratio (SNR) by calculating the division
between the mean and the SD of the raw signal on coregistered MT
images for subregions and the whole LC. Potential group differences and
correlations with LC integrity measures of brainstem volumes and re-
gional SNRs were tested using ANOVAs and linear regression models,
respectively.

Statistical analysis
Group differences in response inhibition parameters. We analyzed

group differences in mechanisms of response inhibition by examining
the posterior distributions of the group-level means of the race model
parameters. For each posterior distribution, we took the median as the
posterior estimate, and the 95% quantile interval (QI) as the range of
plausible values. We derived posterior distributions for group contrasts
by subtracting the set of MCMC samples of the two groups under con-
sideration. For each group contrast, we computed the probability of
direction (Pdir) as an index of the presence of an effect (Makowski et al.,
2019). This measure indicates the proportion of the contrast’s posterior
distribution that is strictly positive or negative (whichever is the most
probable). Pdir can be directly interpreted as the probability that a group
difference is non-zero, and is therefore not subject to a particular signifi-
cance threshold. To examine individual differences in mechanisms of

response inhibition, we extracted the medians of all participant-level
posterior distributions.

Multivariate relationship between LC integrity and response inhibi-
tion. The prediction of response inhibition by LC integrity was tested
using a multivariate approach with a two-level procedure (Tsvetanov et
al., 2016, 2018, 2021; Passamonti et al., 2019). In the first level, the multi-
dimensional relationship was determined using partial least squares
(PLS) (McIntosh and Lobaugh, 2004; Krishnan et al., 2011) with in-
house MATLAB scripts. The PLS correlation method is well suited to
modest group sizes and situations where the number of variables exceeds
the number of participants, as is the case in the current study. PLS
described the linear relationship between the two multivariate datasets,
namely, all response inhibition parameters and voxelwise LC contrast,
based on the singular value decomposition of the cross-covariance ma-
trix between the two datasets. Dataset 1 consisted of all LC voxels across
all subjects (62 cases� 274 voxels; LC dataset). Dataset 2 included all
response inhibition parameters across all subjects (62 cases� 7 parame-
ters; Response Inhibition dataset). This analysis provided pairs of latent
variables (LVinhibition and LVLC) as linear combinations of the original
variables that were optimized to maximize their covariance. The same
procedure was repeated exclusively in the PD sample (24 cases) to con-
firm the stability of the obtained latent relationship between voxelwise
LC CNRs and response inhibition parameters. All original variables
were z-scored (mean of 0 and SD of 1) before PLS analysis.

Statistical significance of each pair of latent variables was determined
using permutation testing with 10,000 iterations and a significance thresh-
old of p, 0.05. Specifically, for each iteration, the rows of the Response
Inhibition dataset were randomly reordered, whereas the LC dataset was
unaltered, thereby eliminating the participant-wise link between datasets.
Null distributions were then obtained by estimating the correlation between
latent variables for each iteration of permutation sampling. The p value for
a given pair of latent variables was computed as the proportion of the null
distribution for which the correlation was equal to or greater than the corre-
lation for the original data. The reliability of individual variables contribut-
ing to a significant latent variable was assessed by bootstrap ratios (BSRs,
1000 iterations), that is, the weight of the individual variable divided by the
bootstrap-estimated SE of that variable (Efron and Tibshirani, 1986). The
grouping factor was additionally included to direct the permutation and
cross-validation where roughly the same class proportion and equal size as
the original group distribution were drawn to avoid biased sampling from
the same subgroup. Both loadings of latent variables and BSRs were pro-
vided for the level of contribution and the reliability measures for response
inhibition parameters and voxelwise LC integrity, respectively.

In the second-level analysis, we confirmed the nature of the group-
wise relationship between LC integrity and response inhibition ability, and
whether this relationship differs between groups, using linear regression
models. The dependent variable was subjects’ response inhibition latent
variable scores (LVinhibition) from the first-level PLS. Predictor variables
included subject LC integrity latent variable scores (LVLC) from the first-
level PLS, group identity, and their interaction term. Subsequent regres-
sion models examined the effects of nuisance covariates, including age,
global and local atrophy, disease duration, and motor severity. To mitigate
the potential placebo and/or practice effects in the 18 of 24 of the PD
patients who completed the task as part of a drug study (O’Callaghan et
al., 2021), we adopted two approaches. In a first model, a categorical vari-
able indicated practice (0¼ first/only session; 1¼ second session); while
in a second model, a categorical indicator was added for both practice and
placebo effects (0¼ one session without placebo; 1¼ first session on pla-
cebo; 2¼ second session on placebo). Adding either of these categorical
indicators as a covariate of no interest in the regression models did not
meaningfully change the results. Before analysis, continuous variables
were z-scored, and categorical variables (including nuisance covariates)
were assigned sum-to-zero contrasts.

Results
Basic task performance
Participant characteristics and clinical summary data are pre-
sented in Table 1. Groups were similar by age, sex, and education,
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while the patient groups were similar by disease duration
and motor severity, although cognitive function was lower
in PSP. There were expected significant main effects of
group on both the stop accuracy rate (Fig. 3A; F(2,59) ¼
10.21, p, 0.001; BF¼ 143.66) and go error rate (Fig. 3D;
F(2,59) ¼ 8.46, p, 0.001; BF¼ 46.85). Post hoc tests indi-
cated that these effects were driven by patients with PSP,
who had reduced response accuracy compared with the
other groups.

The mean go RT (Fig. 3E) was similar across PSP
(median¼ 1.08 s, 95% QI: [0.80, 1.29]), PD (median¼ 0.97
s, 95% QI: [0.36, 1.30]), and control (median¼ 1.00 s, 95%
QI: [0.23, 1.43]) groups (Fig. 3F). However, the mean SSRT
was longer in PSP (Fig. 3B; median¼ 0.60 s, 95% QI: [0.51,
0.69]) compared with controls (Fig. 3C; median¼ 0.39 s,
95% QI: [0.36, 0.42]; D PSP - controls: median¼ 0.21 s, 95%
QI: [0.11, 0.30], Pdir ¼ 99.98%) and PD (median¼ 0.43 s,
95% QI: [0.39, 0.48]; D PSP - PD: median¼ 0.16 s, 95% QI:
[0.06, 0.27], Pdir¼ 99.90%), confirming the expected impairment
of response inhibition. The SSRT was also longer in PD com-
pared with controls (Fig. 3B; D PD – controls: median¼ 0.04 s,
95% QI: [�0.01, 0.10], Pdir¼ 94.01%).

Processes underlying response inhibition deficits
Following Zhang et al. (2016), the mean threshold height was
confirmed as lower in PSP (Fig. 4A; median¼ 2.17, 95% QI:
[1.93, 2.40]) relative to controls (Fig. 4B; median¼ 3.31, 95% QI:
[2.69, 3.80]; D PSP - controls: median ¼ �1.14, 95% QI: [�1.68,
�0.49], Pdir ¼ 99.71%) and PD (median¼ 3.02, 95% QI: [2.38,
3.53]; D PSP - PD: median ¼ �0.85, 95% QI: [�1.41, �0.18],
Pdir ¼ 98.99%). The nondecision time was slower in PSP (Fig.
4C; median¼ 0.22 s, 95% QI: [0.11, 0.34]) relative to controls
(Fig. 4D; median¼ 0.11 s, 95% QI: [0.10, 0.13]; D PSP - controls:

median¼ 0.11 s, 95% QI: [�0.004, 0.23], Pdir ¼ 96.37%) and
PD (median¼ 0.12 s, 95% QI: [0.10, 0.16]; D PSP - PD:
median¼ 0.10 s, 95% QI: [�0.02, 0.22], Pdir ¼ 93.67%).
However, the posterior estimate of PSP patients’ nondecision
time was imprecise (Fig. 4C), suggesting that a slower nondeci-
sion time was not a feature across all patients with PSP.

We estimated the probabilities of failing to trigger the stop
process (trigger failure) and go processes (go failure). The mean
probit-transformed trigger failure probability was higher in PSP
(Fig. 5A; median ¼ �1.78, 95% QI: [�2.68, �0.87]) compared
with controls (Fig. 5B; median¼ �3.06, 95% QI: [�3.71,�2.40];
D PSP - controls: median¼ 1.27, 95% QI: [0.18, 2.40], Pdir ¼
98.85%). The mean probit-transformed go failure probability
was higher in the PSP group (Fig. 5C; median ¼ �2.78, 95% QI:
[�3.12, �2.40]) compared with the control (Fig. 5D; median ¼
�3.74, 95% QI: [�4.13, �3.35]; D PSP - controls: median¼ 0.96,
95% QI: [0.45, 1.49], Pdir ¼ 99.98%) and PD group (median ¼
�3.46, 95% QI: [�3.81,�3.12]; D PSP - PD: median¼ 0.69, 95%
QI: [0.21, 1.19], Pdir ¼ 99.76%). There were no meaningful dif-
ferences between the PD and control groups on these attentional
parameters (Fig. 5B,D; all Pdir, 90%).

7T MRmeasurement of LC integrity
Disease-related brain atrophy was not found in medulla
(F(2,58)¼ 0.48, p¼ 0.62), pons (F(2,58)¼ 2, p¼ 0.14), or the whole
brainstem (F(2,58)¼ 2.39, p¼ 0.10). There was a significant group
effect on midbrain volume (F(2,58) ¼ 5.59, p¼ 0.006) where the
midbrain atrophy was evident in PSP compared with controls
(pholm ¼ 0.008) and PD (pholm ¼ 0.01). LC CNR was not corre-
lated with individual brainstem volumes as examined in linear
regression models with total intracranial volume as covariate
(medulla: b ¼ 0.11, p¼ 0.15, pons: b ¼ 0.1, p¼ 0.46, midbrain:
b ¼ 0.15, p¼ 0.24, whole brainstem: b ¼ 0.12, p¼ 0.36).

Figure 3. Stop signal task performance. A, D, Proportions of successful stop trials (A) and incorrect go responses (D). Statistical significance of comparing groups: ***p, 0.001; **p,
0.01; *p, 0.005; post hoc Tukey’s tests. B, E, Posterior distributions of the mean SSRTs (B) and mean go RTs (E). Black dots represent the medians. Thick black line segments indicate the
66% QIs. Thin black line segments indicate the 95% QIs. C, F, Posterior distributions of group comparisons for the mean SSRT (C) and mean go RT (F). Percentages indicate the proportion of
the posterior distribution that is strictly positive (i.e., the gray shaded area).
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Figure 5. Group-level means of attentional failure parameters. A, C, Posterior distributions of probit transformed mean trigger failure probability (A), and probit trans-
formed mean go failure probability (C). Black dots represent the medians. Thick black line segments indicate the 66% QIs. Thin black line segments indicate the 95% QIs. B,
D, Posterior distributions of group comparisons for the probit transformed mean trigger failure probability (B) and probit transformed mean go failure probability (D).
Percentages indicate the proportion of the posterior that is strictly positive (i.e., the gray shaded area). The probit function was used to project the attentional failure param-
eters from the probability scale (0, 1) to the real line (�1, 1).

Figure 4. Sequential sampling model of go responses. A, C, E, Posterior distributions of mean threshold (A), mean nondecision time (C), and mean drift rate (E). Black dots
represent the medians. Thick black line segments indicate the 66% QIs. Thin black line segments indicate the 95% QIs. B, D, E, Posterior distributions of group comparisons
for the mean threshold (B), mean nondecision time (D), and mean drift rate (F). Percentages indicate the proportion of the posterior that is strictly negative (B, F) or posi-
tive (D), that is, the gray shaded area. G, Schematic illustration of the sequential sampling model. Evidence for a go response accumulates stochastically at a constant aver-
age rate (the drift rate) until a threshold is reached. To explain RTs, the time taken by the accumulator to reach the threshold is offset by a constant nondecision time. Bold
horizontal lines indicate the posterior median estimates of the mean thresholds. Bold directed lines indicate the posterior median estimates of the mean drift rate. Thin lines
provide examples of simulated random walks.
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Repeated-measures ANOVA revealed a significant effect of LC
subregions on the LC signals (F(2118) ¼ 12.84, p, 0.001), as
higher SNR was found in rostral LC compared with central
(pholm , 0.001) and caudal (pholm ¼ 0.003) subregions. The SNR
also differed across three groups (F(2,58) ¼ 4.43, p¼ 0.02) where
higher SNR was seen in the LC area in PD patients comparing
with PSP (PD. PSP: pholm ¼ 0.03).

The group difference of LC integrity measured with LC CNR
was examined using an ANCOVA model by including age, gen-
der, education, midbrain volume, and regional SNR as covariates
of no interest. As described in our previous study (R. Ye et al.,
2022) and shown in Figure 2B, the LC CNR was differed between
patients and healthy controls (F(2,54) ¼ 4.27, p¼ 0.019) in the
caudal subregion where the effect was mainly driven by the dif-
ference between patients with PSP and controls (pholm ¼ 0.025).

LC integrity and response inhibition
PLS analysis of the response inhibition parameters and voxel-
wise LC contrast identified a single significant pair of latent vari-
ables (r¼ 0.45, p¼ 2.35� 10�4, 10,000 permutations). The LC
latent variable (LVLC) expressed negative loadings throughout
the structure, to a variable degree across subregions (Fig. 7A).
Higher scores on this imaging latent variable represent reduced
LC integrity. The response inhibition latent variable (LVinhibition)
expressed positive loadings on the SSRT, go and trigger failure
probabilities, and nondecision time, and expressed negative load-
ings on the drift rate and response threshold of the go process
(Fig. 7C). Thus, higher scores on this behavioral latent variable
reflected impaired response inhibition with prolonged SSRT,
greater probability of attentional failures, reduced response
threshold, lower drift rate, and longer nondecision time. Mean
go RTs had negligible loading on the LVinhibition, confirming that
a simple summary measure of response execution was not related
to the cognitive mechanisms of response inhibition. We also
observed a single significant pair of latent variables (r¼ 0.53,
p¼ 0.008, 10,000 permutations) with the same pattern of contri-
butions for the LVLC and the LVinhibition by only including the
PD patients in the PLS model (Fig. 8A,C).

The BSRs were also calculated for all response inhibition
parameters and for each LC voxel for the identified multivariate
relationship. High BSRs. 2 were obtained for SSRT, trigger failure
and go failure probabilities, response threshold and nondecision

time, indicating that these parameters reliably contributed to the
identified LVinhibition, whereas lower BSR (i.e., lower reliability,
BSR, 2) was found for the drift rate and mean go RT (Fig. 7D).
For LVLC, all voxels showed high BSRs (.2) where the left caudal
LC expressed the highest BSRs comparing to other LC subregions,
suggesting that the contribution of left caudal LC was relatively
more stable than other LC substructures (Fig. 7B). For the BSR
results of PD patients, high BSRs were observed for go and trigger
failure probabilities among all response inhibition parameters,
whereas all LC voxels had BSR. 2, suggesting these measures con-
tributed reliably to the observed latent variables (Fig. 8B,D).

A regression analysis examined the relationship between
response inhibition and LC integrity, and potential group differ-
ences. The LVinhibition participant score was the dependent vari-
able, and the LVLC participant score, group, and their interaction
were independent variables. In the following analyses and in
Figure 7E, the sign of the LVLC scores was arbitrarily flipped
from negative to positive to enable a more intuitive presentation
of results, where higher LVLC scores represent greater LC integ-
rity. There was a significant overall relationship between the
LVLC scores and the LVinhibition scores (Fig. 5D; b ¼ �0.24,
F(1,56) ¼ 7.23, p¼ 0.009; BF¼ 6.95). This suggests that individu-
als with reduced LC integrity have more severe deficits in
response inhibition. There was a significant main effect of group
on the LVinhibition scores (F(2,56) ¼ 29.88, p, 0.001; BF¼ 1.98 �
107), reflecting impaired response inhibition in the PSP group
compared with the control group (t(56) ¼ 7.46, p, 0.001) and
PD group (t(56) ¼ 6.33, p, 0.001), regardless of LC integrity.
There was no significant interaction effect between the LVLC

scores and group (F(2,56)¼ 0.31, p¼ 0.734; BF¼ 0.15), suggesting
that the slope between the LVLC and LVinhibition scores is similar
across groups.

We confirmed the robustness of these results with four addi-
tional regression analyses. First, adding age, gender, and years of
education to the regression model as covariates of no interest did
not meaningfully change the relationship between the LVLC and
LVinhibition scores (b ¼ �0.23, F(1,53) ¼ 6.31, p¼ 0.015;
BF¼ 6.99), nor did the inclusion of additional covariates, includ-
ing disease duration, motor severity, and local and global brain
atrophy. Model selection procedures consistently identified a rel-
atively sparse model as the optimal account of the data, retaining
only the LVLC scores and group as predictors of LVinhibition

Figure 6. The difference of LC structural integrity in healthy controls and patients. The group averages of the coregistered LC scans were presented (A) where PD and PSP patients had
diminished contrast in the LC area comparing to the healthy control. The fit of the 25% LC atlas (second column, cyan area) to LC scans was also presented. The averaged contrast to noise
ratios of the LC were presented (B) for the whole LC and three subregions (rostral, central, and caudal) for individual healthy controls (black dots), PD (orange dots), and PSP patients (purple
dots). The group difference was most evident in the caudal LC. Error bars indicate SEs.
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Figure 8. The stability of the latent association between response inhibition and LC integrity. Similar patterns of the latent LC (A) and response inhibition (C) variables were obtained by test-
ing the PLS model exclusively within PD patients. The BSR assessments (B,D) for contributing factors in the two latent variables were provided. Reliable factors (BSR. 2) included go and trig-
ger failure probabilities and all LC voxels for the PLS model tested in PD patients.

Figure 7. The relationship of LC integrity and response inhibition. As confirmed using PLS, a significant pair of latent variables was identified between voxel-wise LC contrast and response
inhibition parameters estimated from cognitive models. A, C, The reliability of the loadings identified in the PLS was assessed using BSRs and was presented for the LC (B) and response inhibi-
tion parameters (D). Negative LC loadings were associated with positive loadings on SSRT, go failure (gf), trigger failure (tf), and nondecision time (t0), and negative loadings on drift rate (�)
and response threshold (B), whereas loadings on drift rate were less reliable than other parameters as indicated by lower BSR (absolute values, 2). This suggested that impaired response in-
hibition is linked with reduced LC integrity seen in both PD and PSP patients. An overall relationship of LC integrity and response inhibition was further confirmed in the linear regression model
consistent across all groups as supported by a significant main effect of LC when including the group predictor in the model (E). Individual fitted lines for each group were presented with
curved areas, indicating 95% CIs.
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(Table 2). Third, rerunning the regression analysis with only the
PD and PSP groups yielded a similar relationship between the
LVLC and LVinhibition scores (b ¼ �0.26, F(1,34) ¼ 4.90, p¼
0.034; BF¼ 2.07). Fourth, accounting for potential placebo and/
or practice effects in the PD group did not meaningfully change
the results. Specifically, the addition of a factor that indicated
whether each participant’s data were obtained from their
first/only testing session versus their second testing session
did not meaningfully change the relationship between LVLC

and LVinhibition scores (b ¼ �0.24, F(1,55) ¼ 7.11, p¼ 0.010;
BF¼ 6.86). Similarly, the addition of a factor that indicated
whether each participant’s data were obtained from (1) a single
session without placebo administration, (2) their first of two ses-
sions, with placebo administration, or (3) their second of two ses-
sions, with placebo administration, did not meaningfully change
the relationship between LVLC and LVinhibition scores (b ¼ �0.24,
F(1,54)¼ 6.65, p¼ 0.013; BF¼ 6.75).

Notably, the overall sample size (N¼ 62) was not formally
predetermined (e.g., using an a priori power analysis). We per-
formed a post hoc power analysis using G*Power (version
3.1.9.2) to determine the achieved power for our primary analy-
sis: testing for a linear relationship between the LC latent variable
scores (LVLC) and response inhibition latent variable scores
(LVinhibition), while accounting for group differences and poten-
tial interaction effects between group and LVLC. The observed
effect size of LVLC (b ¼ �0.24) within this multiple regression
model corresponded to a Cohen’s f2 of 0.13. With a Type I error
probability of a ¼ 0.05, our sample size of N¼ 62 provides 80%
power to detect such an effect (f2 ¼ 0.135) for a single predictor
term (here, LVLC), in the context of a multiple linear regression
model with five predictors (one predictor for LVLC, two dummy
predictors to code for the three groups, and two predictors for
interactions between group and LVLC).

Discussion
This study confirms the hypothesis that response inhibition defi-
cits in PD and PSP are linked to structural integrity of the LC,

the principal source of cerebral noradrenaline. Diminished re-
sponse inhibition (i.e., multivariate disinhibition-related parame-
ters) was associated with reduced LC integrity (i.e., multivariate
voxelwise loadings) across both groups, in keeping with psycho-
pharmacological and preclinical studies (Bari et al., 2011; Bari
and Robbins, 2013; Averbeck et al., 2014; Kehagia et al., 2014; Z.
Ye et al., 2015, 2016; Borchert et al., 2016).

The race models identified latent variables to explain the be-
havioral performance. Despite similar mean RTs in the go
responses, there were disease-specific patterns underlying abnor-
mal inhibitory control. Patients with PSP had a reduced response
threshold, consistent with a paradoxical bias toward committing
go responses as proposed by Zhang et al. (2016), noting that the
current study was manual not oculomotor. The PSP group also
had a slower nondecision time, suggesting that they required
more time for sensory encoding and execution of motor outputs.
There was evidence for a lower drift rate among patients with
PSP relative to patients with PD and controls, confirming the
slower accumulation of evidence to reach a decision.

Task performance might also have been influenced by atten-
tional problems, which are a common cognitive feature in par-
kinsonian disorders, especially in PSP (Rittman et al., 2013). To
account for this possibility, we included attentional failures
related to the stop and go processes (i.e., trigger failure and go
failure) in the race models of the stop signal task. These indices
revealed that patients with PSP had greater attentional deficits
than PD and control groups, albeit not to the extent that pre-
vented them from correctly executing the task. The attentional
impairments during the stop signal task were also captured
within the main PLS-derived LVinhibition variable that related to
the LVLC component reflecting LC structural integrity.

The results support the hypothesis that the decision threshold is
reduced in PSP to compensate for the impairment in evidence accu-
mulation (reduced drift rate) and execution (slower nondecision
time). This threshold compensation is liable to change the quality of
decisions, and thereby promote impulsivity. This relationship is dis-
ease agnostic and relates to the level of pathology with the LC,
which is more severely affected in PSP (R. Ye et al., 2022).

Table 2. Stepwise selection of predictors of response inhibition scores for the full sample (controls, PD, and PSP groups)a

Model selection step

Predictors 1 2 3 4 5 6 7 8 BFinclusion

LVLC �0.23* �0.23* �0.23* �0.23* �0.24** �0.24** �0.24** �0.24** 7.45
Group �0.76***;

�0.41**
�0.75***;
�0.40**

�0.73***;
�0.39**

�0.75***;
�0.39**

�0.77***;
�0.40**

�0.73***;
�0.38**

�0.69***;
�0.35**

�0.68***;
�0.35**

7.84� 106

Gender 0.16 0.18 0.17 0.15 0.14 0.12 0.07 — 0.44
Midbrain 0.41 0.42 0.38 0.41 0.42 0.11 — — 0.53
Brainstem �0.27 �0.28 �0.24 �0.27 �0.30 — — — 0.46
Education �0.08 �0.08 �0.07 �0.07 — — — — 0.49
Whole brain 0.06 0.07 0.06 — — — — — 0.43
Age �0.06 �0.05 — — — — — — 0.41
LVLC � Group 0.03;

�0.07
— — — — — — — 0.23

Information criteria
AIC 136.68 132.95 131.39 129.85 128.50 127.68 126.98 125.78
D AIC 10.90 7.17 5.62 4.07 2.72 1.90 1.20 0
BIC 164.33 156.35 152.67 148.99 145.51 142.57 139.74 136.42
D BIC 27.92 19.94 16.25 12.58 9.10 6.15 3.32 0

aValues for predictors under the “Model selection step” columns are standardized regression coefficients (b ). BFinclusion, Inclusion Bayes factor, that is, the change from before posterior inclusion odds, which indicates how
much more likely the data are under models that include the predictor compared with models that exclude the predictor; LVLC, participant scores on latent variable of LC CNR; Group, controls versus PD patients versus PSP
patients; Midbrain, total midbrain volume (mm3); Brainstem, total brainstem volume (mm3); Whole brain, estimated total intracranial volume (mm3); AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion;
D AIC/BIC, difference in AIC/BIC with respect to the lowest AIC/BIC value. The predictors Group and LVLC � Group are each represented by two regression coefficients: The first coefficient represents the difference between the control
group and the intercept; the second coefficient represents the difference between the PD group and the intercept; and the PSP group is modeled as the intercept plus the negative of the sum of the two coefficients.
***p, 0.001; **p, 0.01; *p, 0.05.
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The variability of LC degeneration across patients in our
study is also evident postmortem (Cash et al., 1987; Zweig et al.,
1993; Kaalund et al., 2020), consistent with what is observed in
other neurodegenerative disorders, such as Alzheimer’s disease,
corticobasal degeneration, and Lewy body dementia (Brunnstrom
et al., 2011; Theofilas et al., 2017; Eser et al., 2018; Betts et al.,
2019a). This highlights the potential of LC imaging as a trans-
diagnostic marker to understand individual differences in cogni-
tion beyond the classic nosological borders and diagnostic criteria
(Betts et al., 2019b).

On average, LC degeneration is more severe in PSP than PD,
and our in vivo imaging data confirm this, particularly in the
caudal portions (Doppler et al., 2021; Madelung et al., 2022; R.
Ye et al., 2022). This distribution is consistent with neuropatho-
logical studies reporting greater degeneration in the caudal LC
(Bertrand et al., 1997). However, the response inhibition deficits
spanning PSP and PD topographically map to the mid-caudal
and rostral LC (Fig. 7A,B), that innervate the forebrain regions
associated with response inhibition and impulsive behavior
(Loughlin et al., 1986).

The LC-noradrenergic system’s influence on response inhibi-
tion and impulsivity may be nonlinear (e.g., a U-inverted shape
function), and involve multiple brain networks (Bari et al., 2011;
Cools and D’Esposito, 2011; Bari and Robbins, 2013). The LC
diffusely projects to many sites within the brain where noradren-
aline has a state-dependent effect on the neuronal input–output
gain function (Shine et al., 2021). Although we did not directly
measure noradrenaline transmission or noradrenergic receptor
density, LC structural integrity is a proxy index of physiological
and cognitive functions that are modulated by the LC and
impaired in neurodegenerative disorders (Sommerauer et al.,
2018; Betts et al., 2019b). The in vivo imaged LC integrity reflects
the LC cell density as diminished LC contrast is a sign for the
loss of pigmented neurons (Sulzer et al., 2018), but it may also
relate to the function of the LC-noradrenergic system based on
the assumption that presynaptic LC cell loss is accompanied by
the impairment of its postsynaptic function. Behavioral and
imaging studies have supported this structure–function relation-
ship, with reduced LC integrity being associated with impaired
cognitive function and more severe clinical symptoms (Liu et al.,
2020; Madelung et al., 2022; Tomassini et al., 2022; R. Ye et al.,
2022), although future studies are warranted to determine the
underlying neural mechanism and how other factors, such as
aging, interacts with the LC structure–function relationship.

Our study focused on noradrenergic contributions to response
inhibition deficits in parkinsonian disorders. However, we recog-
nize that noradrenergic projections from the LC have secondary
pharmacological interactions with other neurotransmitter systems,
including dopamine and GABA. For example, dopamine and nor-
adrenaline can be coreleased from the same LC-noradrenergic
terminals (Devoto et al., 2001, 2005a,b). LC activity can alter mid-
brain dopamine cell firing (Mejias-Aponte, 2016) and directly par-
ticipate in the regulation of dopamine release in hippocampus
(Duszkiewicz et al., 2019). Moreover, there might be a closer link
between dopaminergic function and response inhibition deficits
(often at a decisional level) in a subset of PD patients with impulse
control disorders (Weintraub et al., 2015). Nevertheless, pharma-
cological studies using selective dopamine manipulations have
found no effects on response inhibition (Overtoom et al., 2003;
Bari et al., 2009; Obeso et al., 2011a), and there is no clear evidence
for a relationship between response inhibition and the levodopa
equivalent daily dose or the on/off state of dopaminergic medica-
tion in PD (Obeso et al., 2011b; Nombela et al., 2014). Together,

our results are consistent with a growing body of work that indi-
cates a robust link between the LC-noradrenaline system and
response inhibition, although further work is needed to elucidate
the potential contribution of dopaminergic mechanisms. However,
we anticipate that any future use of noradrenergic treatments that
target response inhibition deficits would be adjunctive to standard
dopaminergic therapy, and not an alternative. Therefore, all patients
were tested on their usual clinically optimised dopaminergic medi-
cation. We acknowledge that patients’ task performance may have
differed if they were taken off their dopaminergic medication, which
consequently could have affected the relationship between response
inhibition and LC integrity.

Our study has several limitations. We acknowledge that all the
patients were diagnosed with clinical criteria, without pathologic
confirmation. Misclassification of PSP subtypes and other atypical
parkinsonian syndromes can occur for PSP-Richardson’s syn-
drome diagnosis (Jabbari et al., 2020); and future studies, includ-
ing postmortem confirmation, would be critical to enhance the
diagnostic accuracy. Our study did not include PD patients
with impulse control disorders and dementia. However, the
impairment of response inhibition is not confined to that mi-
nority patients with impulse control disorders; while cogni-
tive impairments are common in nondemented patients. The
mechanisms underlying the response inhibition deficits in
these phenotypes are likely to include LC-noradrenergic sys-
tems that affect other patients, but might involve additional
interactions with dopaminergic and cholinergic pathways. Data
from some patients with PD were drawn from a placebo-con-
trolled drug study (O’Callaghan et al., 2021). Only the placebo
data were analyzed, but we acknowledge that this might have
resulted in heterogeneity because of effects of placebo expect-
ancy and/or task practice. To mitigate these issues, we used two
approaches to explicitly model the impact of placebo/practice
confounds in the statistical analyses. Reassuringly, neither of
these steps meaningfully altered the results.

In conclusion, our study elucidates the role of the LC norad-
renergic system in response inhibition and its impairment in PD
and PSP. Individual differences in response to drug are marked
(O’Callaghan et al., 2021) due in part to variation in disease se-
verity, and its impact on brain structure and function, including
the integrity of the LC (Ramoz et al., 2009; Whelan et al., 2012;
Z. Ye et al., 2014, 2015, 2016; Borchert et al., 2016; O’Callaghan
et al., 2021). We propose that LC imaging could be used as a heu-
ristic stratification marker in clinical trials, targeting response in-
hibition deficits with noradrenergic drugs in those most likely to
benefit. Optimization of noradrenergic treatments will benefit
from better understanding the mechanisms of response inhibi-
tion and their relationship to the integrity of the LC.
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