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Abstract

Background—~Freezing of gait is a disabling symptom of Parkinson’s disease (PD) that involves
failure to initiate and continue motor activity appropriately. PD disrupts fronto-basal ganglia
circuitries that also implement the inhibition of responses, leading to the hypothesis that freezing
of gait may involve fundamental changes in both initiation and inhibition of motor actions.

Objective—We asked whether PD patients who show freezing of gait show selective deficits in
their ability to inhibit upper and lower extremity reactions.

Method—We compared older healthy controls, older PD controls without freezing of gait, and
older PD participants with freezing of gait, in stop-signal tasks that measured the initiation (go
trials) and inhibition (stop trials) of both hand and foot responses.
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Results—When only go trials were presented, all three groups showed similar initiation speeds
across lower and upper extremity responses. When stop signal trials were introduced, both PD
groups slowed their reactions nearly twice as much as healthy controls. While this adjustment
helped PD controls stop their actions as quickly as healthy controls, PD patients with freezing
showed significantly delayed inhibitory control of both upper and lower extremities.

Conclusions—When anticipating the need to stop their actions urgently, PD patients show
greater adjustments (i.e., slowing) to reaction speed than healthy controls. Despite these proactive
adjustments, PD patients who freeze show marked impairments in inhibiting both upper and lower
extremity responses, suggesting that freezing may involve a fundamental disruption to the brain’s
inhibitory control system.
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Paradigm

Introduction

Parkinson’s disease (PD) is a neurodegenerative condition disrupting multiple
neurotransmitters systems and producing atrophic changes in subcortical and cortical
structures (Braak and Braak 2000). The substantial loss of dopamine-producing neurons in
the substantia nigra compacta of the basal ganglia is regarded as a key mechanism
underlying a range of characteristic PD symptoms, including bradykinesia, tremor, postural
instability, and rigidity (Davie 2008; Lang and Lozano 1998). An expanding body of
literature indicates that PD, and particularly dopamine loss, also disrupts fronto-basal
ganglia circuitries involved in the cognitive control of action, such as processes that
implement the voluntary selection, coordination, and inhibition of actions (Cools 2006;
Cooper et al. 1991; Lees and Smith 1983; Owen et al. 1993). These cognitive control
circuitries are also modifiable by pharmacological or surgical therapies for PD that target
modulatory neurotransmitters (e.g., dopamine) or specific nodes (e.g., subthalamic nucleus)
within these circuits (Hikosaka 1998; Mink 1996).

Among the most perplexing and catastrophic failures in action control expressed in PD is the
freezing of gait (FOG) phenomenon. FOG generally involves the sudden inability to walk
despite the intention to move, as if the entire motor system is temporarily locked (Giladi et
al. 1997; Nutt et al. 2011). FOG prevalence ranges from 6% of patients in the early stages of
PD to 60-70% in the later stages and is associated with longer disease duration, longer
levodopa therapy use, severity of disease, presence of midline signs, and greater overall
cognitive decline (Bartels et al. 2003; Macht et al. 2007; Nutt et al. 2011). FOG responds
variably to levodopa therapy and is often resistant to pharmacotherapy. While typically a
lower extremity phenomenon, freezing of upper extremities (for example during fine motor
tasks) and speech reveal a more complicated phenomenon that points to a more central
mechanism (Achiron et al. 1993; Ackerman et al. 1993; Atchison et al. 1993; Fahn 1995;
Imai et al. 1993; Lewis and Shine 2014; Moreau et al. 2007; Niewboer et al. 2009; Quinn et
al. 1989).
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Several putative mechanisms underlying FOG have been proposed (Nutt et al. 2011). FOG
is commonly triggered in particular stimulus contexts, such as navigating narrow
passageways, around obstacles, or through crowds. This has prompted theories emphasizing
the role of early visual perceptual and attentional processes and the postural adjustments
they trigger as contributing to FOG (Almeida and Lebold 2010). Theories emphasizing late
motor processes have also been proposed, pointing to aberrant postural control dynamics,
including alterations in stride variability and anticipatory postural adjustments, as key
components of FOG (Hausdorff et al. 2003). More recent theories have suggested that
cognitive control mechanisms between early visual processing and late motor adjustments
are fundamental to understanding FOG (Giladi and Hausdorff 2006; Lewis and Barker 2009;
Matar et al. 2013; Nutt et al. 2011; Vandenbossche et al. 2012; Walton et al. 2015). For
example, patients with FOG show selective slowing of reaction time in times of motor
system conflict (i.e., when a situation activates multiple response options or alternatives to
the current motor program). This fits well with the idea that FOG represents an exacerbated
disruption of basal ganglia circuitries that are implicated in coordinating action selection and
inhibition. In fact, a recent formulation of this theoretical framework asserted that a variety
of stimulus, emotional, and cognitive events can trigger conflict between action choices, but
the final common pathway for FOG expression was a deficit in resolving the resulting
overload of motor system conflict (Lewis and Barker, 2009; Lewis and Shine 2014). This
overload of motor system conflict may result from dysfunctional hyperdirect fronto-STN
circuitries (Lewis and Shine, 2014) that are implicated in inhibiting or delaying the selection
of motor programs (Aron and Poldrack 2006; Frank 2006; Mink 1996).

Direct behavioral evidence that individuals with FOG have greater deficits in inhibitory
motor control (which rely on intact hyperdirect fronto-STN circuitry) than PD patients
without FOG or healthy controls is extremely limited. Exacerbated conflict effects are
suggestive of a possible deficit in inhibiting conflicting motor actions. However, mean
conflict interference effects used in typical conflict tasks can be driven by stronger
activation of conflicting responses or poorer inhibition of these activations (Ridderinkhof
2002; van den Wildenberg et al. 2010). In healthy adults, there is growing evidence that the
hyperdirect fronto-STN circuitry is used for fast inhibitory control (Aron et al. 2007, 2014).
Therefore, evidence of inhibitory deficits in individuals with FOG would be consistent with
dysfunctional hyperdirect fronto-STN circuitry.

A powerful and theoretically rich framework for studying response initiation and inhibitory
motor control is the stop-signal paradigm (Logan and Cowan 1984). Subjects perform a
reaction time task (the “go” task) on every trial. On a subset of trials, a stop signal occurs
and the subject must try to inhibit their go response. The Independent Race Model (Logan
and Cowan 1984; Logan et al. 2014) allows computation of the latency of inhibition, the
stop-signal reaction time (SSRT). Faster SSRT is evidence of better inhibitory control,
because actions can be countermanded more quickly as goals change.

The stop-signal paradigm provides measures of the speed of initiating a response (go RT)
and the speed of inhibiting a response (SSRT). Studies of stop-signal task performance in
PD have demonstrated selective deficits in response inhibition, but less so response
initiation, in PD compared to healthy controls (Gauggel et al. 2004; Obeso et al. 2011). An
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open question is whether stop-signal task performance differs based on the presence or
absence of freezing behavior.

The first aim of the study was to determine whether PD patients with FOG showed greater
deficits with initiation and inhibition of responses. We compared three groups of subjects in
a stop-signal paradigm (Logan and Cowan, 1984): older healthy controls (HC), PD controls
without freezing of gait (FOG-), and PD patients who have freezing of gait (FoG+). The
extant cognitive control theories for freezing (Heremans et al. 2013) can be simplified to
suggest that freezers may experience a failure of the initiation system, the inhibition system,
or both. Freezers may experience initiation problems, as a movement is intended but
initiated slowly. Support for this hypothesis would be revealed in a selective deficit in speed
of initiating responses among patients with FOG compared to patients without FOG.
Alternatively, freezers may experience changes in their inhibition system. Freezing often
happens when hesitation is required, as when a new stimulus enters the environment or the
patient is walking through a doorway. Therefore, freezers may develop deficits in control
over the response inhibition system, manifesting as deficits deploying inhibition when
needed, modulating movement by hesitation, or issuing complete inhibition that interferes
with any and all movement initiation. In the current investigation, support for the hypothesis
that freezers experience a pronounced and selective deficit in the response inhibition system
would be revealed by slower inhibition (i.e., slower SSRT). This would also be consistent
with the hypothesis that freezing is linked to dysfunctional frontal-STN circuitry (Lewis and
Shine 2014), the putative pathway involved in response inhibition in the stop-signal
paradigm (Aron et al. 2007, 2014).

Freezing is typically a gait and lower extremity problem, so we asked participants to
complete two versions of the stop-signal paradigm: one requiring manual (hand) responses
(as is convention in human stop-signal research) and one requiring responses with their feet.
Thus, the second aim was a novel comparison of response initiation and inhibition across
upper and lower extremities (effectors) in HC and in PD patients with and without FOG.
Whereas response inhibition deficits in PD have been observed in manual responses, there is
no evidence of generality across the skeletomotor system. Thus, we compare SSRT when
making responses with hands and feet, testing the generality of SSRT deficits in PD across
effectors. FOG is defined by arresting of lower extremity movements, so particularly large
control deficits might be expected when engaging or stopping foot responses. Alternatively,
if freezers experience a central control deficit (Lewis and Shine 2014) then SSRT deficits
may be apparent when stopping either manual or foot responses.

There were three groups of subjects: FOG+, FOG-, and HC (see Table 1 for demographic).
All PD patients were recruited from the Vanderbilt Parkinson’s Disease Clinic. PD (using
UK brain bank criteria, Hughes et al. 1992) and FOG were diagnosed clinically by a review
of clinical medical records and verification by a movement disorder specialist (CT, DC, or
FP) who performed a clinical evaluation and Unified Parkinson’s Disease Rating Scale
(UPDRS, Fahn et al. 1987; Goetz et al., 2007). We further included the FOG-Q to obtain a

J Neural Transm (Vienna). Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bissett et al.

Page 5

rating or freezing, festination, and gait symptom severity (Giladi et al. 2000). FOG-Q was
used to further confirm that the FOG group was experiencing symptoms compatible with
FOG. The PD subjects performed while on their usual medications and within 30-45
minutes of their most recent dosing. The HC group was recruited from local community
advertisement and screened for medical, neurological, and psychiatric health problems.

All participants had normal or corrected-to-normal vision. Participants were screened to
ensure that they did not have a history of any neurological, mood, affective, or cognitive
condition other than PD. All participants provided written informed consent, which was
compliant with standards of ethical conduct in human investigation as regulated by the
Vanderbilt institutional review board. Table 1 describes demographic data for the three
groups. The FOG- group differed from the FOG+ group in CES-D, Years Since Diagnosis,
FOG-Q, and Levodopa Dose, but did not significantly differ in Age, Education, MOCA, and
UPDRS Il. The FOG- group did not differ form the HC group in any measure (Age,
Education, CES-D, or MOCA). The CES-D rating cutoff for clinical depression has been
argued to be between >=20 and >=25 (Haringsma, Engels, Beekman, and Spinhoven, 2004;
Himmelfark and Murrell, 1983). Both HC (M = 6.9) and FOG- (M = 11.2) groups showed
mean depression ratings that were well below the cutoffs indicated clinical depression, but
the FOG+ group (M = 17.8) was approaching the cutoff for clinical depression, suggesting
the likely presence of mild depression in the FOG+ group. At the end of the Results section
we will argue that our results cannot be explained by any group differences in demographic
data.

Apparatus and Stimuli

Procedure

The experiment was run on a laptop PC running E-Prime 2 (pstnet.com). The go stimulus on
each trial was a single gray arrow on a black background presented in the center of the
screen. On some trials, the gray shape changed to red, which was the stop signal. When
responding with their hands, subjects responded with two custom-made response devices
that were held within the palm of each hand. Subjects responded by pressing a key with their
right thumb to a right arrow and a key with their left thumb to a left arrow. When responding
with their feet, subjects responded with two foot pedals, one under the heel of each foot.
They depressed both foot pedals in anticipation of each trial, and then lifted either their right
or left heel to signal a right or left response, respectively.

Each trial began with a 500ms fixation cross, followed immediately by the presentation of
the go stimulus for 1300ms, and then followed immediately by a 500ms blank-screen inter-
trial interval. The go task was to respond quickly and accurately based upon the direction of
the centrally presented arrow.

Before subjects were introduced to the stop signal, they completed approximately 40 trials
responding with hands to go stimuli and 40 trials responding with feet to go stimuli (PreStop
Block). A total of nine subjects completed a different number of these PreStop trials (across
the entire group of 63 subjects the mean number of hands trials = 39.4, mean number of feet
trials = 37.8).
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On 40% of trials, the gray shape changed to red after the stop-signal delay (SSD). SSD was
initially set at 250ms and was adjusted based upon a staircase tracking algorithm designed to
yield a .5 probability of responding given a stop signal (Levitt 1971). When subjects
succeeded at stopping to a stop signal, SSD increased by 50ms, handicapping the race in
favor of the go process. When subjects failed at stopping, SSD decreased by 50ms,
handicapping the race in favor of the stop process. This staircase tracking algorithm yields
accurate SSRT estimates (Band et al. 2003), particularly when used with the integration
method for SSRT computation (Verbruggen et al. 2013), as we used here.

At the beginning of the simple stop condition, subjects completed 40 trials of practice either
responding with hands or feet with 40% stop signals. They next completed the main task
250 trials using whichever effector they practiced. Then they had 20 trials of practice using
whichever effector they did not practice at the beginning of the simple stop condition. Then
they completed the main task of 250 trials with the effector that they practiced second. Each
250 trial section was separated into five, 50 trial blocks. At the end of each block, subjects
were given a rest period and received feedback on their go RT and accuracy from the
preceding block.

Dependent Measures and Analyses

To assess the ability to initiate a response without the requirement to balance the demands of
inhibiting a response, we looked at reaction time and accuracy in the initial block before
stop signals were introduced. To assess the ability to initiate a response with the requirement
to balance the demands of inhibiting response, we looked at reaction time and accuracy of
the trials in the stop-signal task in which a stop signal did not occur (go trials). Subjects tend
to proactively slow RT when stop signals are introduced (Chikazoe et al. 2009; Verbruggen
and Logan 2009). This has been discussed as a shift in strategy from initiation toward
inhibition as subjects expect stop signals (Bissett and Logan 2011). We assessed proactive
slowing by comparing go RT before stop signals were introduced (PreStop Block) to go RT
during the stop task. Longer RT during the stop task than the PreStop block indicates
proactive slowing, and therefore greater shifts in priority from initiation towards inhibition
in preparation to stop more effectively.

In order to assess inhibitory control, we computed SSRT. SSRT is a measure of the latency
of the inhibitory process, with shorter SSRT indicated faster, more effective inhibition.
SSRT was computed with the integration method (Logan and Cowan 1984). The integration
method involves rank ordering all N go RTs from fastest to slowest, then finding the Mth go
RT, where M = N x the probability of responding given a stop signal, and then subtracting
mean SSD from the Mth go RT to get SSRT. We ran two planned comparisons on SSRT:
FOG- versus HC and FOG- versus FOG+. The former comparison is motivated by the
literature that has established an inhibition deficit in PD (Gauggel et al. 2004; Obeso et al.
2011). The latter comparison is motivated by the hypothesis that freezers may experience
dysfunction in inhibitory control circuitry (Lewis and Shine 2014).
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Go Responses and Proactive Slowing

SSRT

The RT for the three groups were compared with a 2 (Effector: Hands Vs. Feet) x 2 (Block:
PreStop Vs. Stop) x 3 (Group: FOG+, FOG-, and HC) mixed ANOVA, with the first two
factors within subjects and the last factor between subjects (see Figure 1). This revealed a
main effect of Effector, F(1,60)=32.89, MSE=5009, p<.001, with feet RT (M=615ms)
slower than hands RT (M=564ms). There was also a main effect of Block, F(1,60)=191.38,
MSE=12217, p<.001, with Stop Block RT slower (M = 686 ms) than PreStop Block RT
(M=493ms). This is evidence of large proactive slowing. However, there was no main effect
of Group, F(2,60)=3.14, MSE=39930, p>.05. Therefore, there was not evidence of slower
response initiation in FOG- or FOG+ than in HC. There was a significant interaction of
Block X Group, F(2,60)=7.18, MSE=12217, p=.002. There were no other interactions (all
p’s >.05).

The significant interaction of Block X Group suggests that the introduction of stop signals
influenced the groups differently. Simple effects analyses showed that the groups did not
differ in PreStop Block RT, F(2,60)=1.97, MSE=6795, p=.15, but they did differ in Stop
Block RT, F(2,60)=4.83, MSE=19279, p=.01. In the stop block, FOG+ RT (M=732ms) and
FOG- RT (M=716ms) were considerably longer than HC RT (M=609ms). Taken together,
the RT results show that the process of initiating speeded responses is not impaired in FOG+
or FOG- (as evidenced by similar PreStop Block RT), but FOG+ and FOG- show larger
proactive slowing than HC (as evidenced by the different Stop Block RT) when stop signals
can occur unpredictably. Therefore, FOG+ and FOG— more drastically engage proactive
slowing, shifting priority towards inhibition when stop signals are introduced.

To assess go accuracy, we ran a mixed ANOVA with the same structure as the ANOVA on
RT. There was a main effect of Effector, F(1,60)=87.89, MSE=.002, p<.001, with feet
responses less accurate (M=93%) than hand responses (M=98%). There was also a main
effect of Block, F(1,60)=13.09, MSE=.003, p=.001. Accuracy before stop signals were
introduced (M=94%) was lower than after stop signals were introduced (M=96%). There
was also a main effect of Group, F(2,60)=3.91, MSE=.004, p=.03. Post-hoc Tukey’s HSD
tests revealed lower accuracy in the FOG+ (94%) than the HC Group (96%), p=.03, but no
other pairwise differences (all other p’s >.05). FOG- accuracy was 96%. Finally, there was
a significant interaction of Effector X Block, F(1,60)=4.04, MSE=.002, p=.05. The hands —
feet accuracy difference was larger in the PreStop Block (M=3%) than the Stop Block
(M=1%).

We then compared the three groups in SSRT, the measure of the speed of inhibition (see
Figure 2). We ran a 2 (Effector: Hands Vs. Feet) X 3 (Group: FOG+, FOG—, and HC) mixed
ANOVA on SSRT. This revealed a main effect of Effector, F(1,60)=74.58, MSE=1525, p<.
001. Feet SSRT (M=293ms) was longer than hands SSRT (M=233ms). This is in line with
previous work showing longer SSRT in feet than hands (Tabu et al. 2012). The main effect
of Group did not reach significance (p=.11), nor did the interaction (p=.86). We ran two
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planned comparisons on SSRT, the first between FOG+ and FOG-, and the second between
FOG- and HC. FOG+ SSRT was longer than FOG- SSRT, t=2.11, p=.04. FOG- SSRT did
not differ from HC SSRT, t<1. These SSRT results suggest that there is no inhibitory control
deficit for PD patients without freezing. The inhibitory deficit was specific to PD subjects
with freezing.

Relationship Between Demographics and Dependent Variables

In order to assess the relationship between our demographic variables (see Table 1) and our
dependent variables (PreStop Block RT, PreStop Block accuracy, Stop Block RT, Stop
Block accuracy, SSRT) we ran a series of correlations across groups between each
demographic variable and each dependent measure (8 demographics X 5 dependent
variables = 40 correlations). No correlation reached significance after Bonferroni correction
for multiple comparisons, suggesting that the results presented above cannot be explained by
demographic differences across groups.t

Discussion

We compared performance in a stop-signal paradigm between three groups: FOG+, FOG-,
and HC. Before stop signals were introduced, RT did not differ between groups. This
suggests that FOG+ and FOG- do not have a deficit when initiating speeded responses.
When we introduced stop signals, we found that the FOG+ and FOG- groups had longer go
RT in the stop-signal task than the HC group. This suggests that when stop signals are
introduced the FOG+ and FOG- groups engage more proactive slowing than HC to prepare
for the stop signals.

Comparing SSRT across groups showed that FOG+ had longer SSRT than FOG—, but FOG-
did not differ from HC. This is evidence that a deficit in response inhibition in PD is clearly
expressed in patients with PD who also exhibit freezing. Additionally, though foot responses
were slower to engage and slower to inhibit, this effect did not interact with group. Taken
together, these results suggest that freezers have an inhibition deficit that results in poor
stopping control of both hand and foot movements.

The Influence of Stop Context

The stop-signal paradigm involves competing goals of initiation and inhibition. As subjects
expect stop signals to occur, they shift priority from initiating reactions quickly (i.e., go
priority) to preparing to inhibit (i.e., stop priority), which slows go RT (Bissett and Logan
2011, 2012a) but speeds SSRT (Bissett and Logan 2012b). In this study, 40% of all trials

1\we considered the appropriateness of ANCOVA for our analyses, especially for our critical analyses of SSRT across groups.
However, two assumptions for ANCOVA are violated: (1) given the significant relationship between multiple demographic variable
(Depression Rating, Years Since Diagnosis, FOG-Q, and Levodopa Dose) and the independent variable Group, the assumption of
independence between independent variables and covariates is violated (Miller and Chapman 2001), and (2) given the significant
correlation between several pairs of covariates (e.g., UPDRS and Years Since Diagnosis, Levodopa Dose and Years Since Diagnosis,
Levodopa Dose and FOG-Q, CES-D and FOG-Q, and a negative correlation between MOCA and Age), the assumption that covariates
are not overly correlated with each other is violated. Additionally, given the lack of a significant correlation between any demographic
variables and dependent measures, the assumption of a linear relationship between covariate and dependent variable may be violated.
In spite of these violations that we believe undermine any conclusions that can be drawn from ANCOVA, we ran a 2 (Effector: Hands
Vs. Feet) X 2 (Group: PD-FoG Vs. PD-C) mixed ANCOVA on SSRT with all 8 demographic variables from Table 1 as covariates.
The group effect on SSRT remained significant (p < .05).
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were stop trials, which is higher than the usual 25% or 33%. When stop signals occur at
higher probabilities, subjects tend to shift their task priority from going to stopping more
drastically (Bissett and Logan 2011; Logan 1981; Logan and Burkell 1986). Compared to
the HC group, both the FOG+ and FOG- slowed go RT more when stop signals were
introduced, as evidenced by significantly larger proactive slowing. For FOG—, this drastic
shift in priority from going to stopping control was accompanied by normal SSRT latencies,
suggesting that they may have effectively eliminated the response inhibition deficit that is
usually observed in PD patients. This suggests that an effective strategy for mitigating
inhibitory control deficits in PD may be to enter a slower, more deliberate response control
mode.

This is consistent with recent work in PD investigating strategic adjustments in control
during response conflict resolution (van Wouwe et al. 2014; Wylie et al. 2009). When PD
subjects prioritized speed over accuracy, they had greater difficulty suppressing incorrect
response impulses compared to HC subjects. However, when PD subjects prioritized
accuracy over speed, they showed a marked reduction in the suppression deficit. Together
with the current results, these patterns suggest that cognitive control deficits in PD can be
modulated by strategies that de-emphasize speed of reacting and shift priority toward greater
inhibition control. Encouraging more cautious strategies may be an effective way to
ameliorate action control deficits in PD.

Future work will hopefully distinguish the hypotheses that a stop-focused context can
compensate for the inhibitory deficit in FOG— from the hypothesis that PD in the absence of
freezing is not accompanied by an inhibitory deficit.

Response Inhibition Deficit in FOG

One challenge to addressing FOG, which is a costly and debilitating symptom of PD, is
understanding the basic mechanisms of freezing. Some progress has been made addressing
mechanisms (Lewis and Barker, 2009; Lewis and Shine 2014; Shine et al. 2013), but the
diversity of conditions that provoke and relieve freezing make it difficult to address the
underlying mechanisms. In this report, we ask whether FOG+ patients have a deficit in
initiating or inhibiting a response. Freezers may experience alterations in their ability to
initiate a response when desired, or an inability to engage and then disengage inhibition
when necessary.

Our results show that freezers are able to engage speeded responses about as quickly as FOG
- and HC groups before stop signals were introduced. Once stop signals were introduced,
much like the FOG— group, the FOG+ group engaged drastic proactive slowing, entering
into a stop focused context that traded priority in the go task for priority in the stop task.
Despite this drastic adjustment, SSRT was still slowed in FOG+ compared to FOG- and
HC. This suggests that individuals with freezing of gait experience a deficit in inhibitory
control that cannot be overcome by strategically prioritizing inhibition. This is consistent
with a recent theory proposing that FOG involves dysfunction in the hyperdirect fronto-STN
pathway (Lewis and Shine 2014) that is putatively engaged in response inhibition (Aron et
al. 2007, 2014).
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SSRT is a measure of the latency of the inhibitory process, so prolonged SSRT in FOG+
suggests that inhibitory control is less efficient and effective. Current theories suggest that
the hyperdirect fronto-STN pathway (Aron et al., 2007; Aron et al., 2014) underlies the
inhibitory process measured by SSRT. Therefore, longer SSRT in FOG+ is consistent with
the theory that FOG is linked to dysfunctional hyperdirect fronto-STN circuitry.

If the hyperdirect pathway engages inhibition, dysfunctional hyperdirect circuitry may be
expected to produce more movement, not the apparent arresting of movement despite the
intention to move in FOG. However, there is often continued moving or festination when
stopping or freezing (Naismith & Lewis, 2010), suggesting that freezing may involve
incomplete or ineffective inhibitory control over some movement options. Also, if inhibition
is less effectively engaged in FOG it may also be less effectively disengaged, resulting in
freezing episodes.

Inhibitory Deficit in PD-FOG is not Specific to Lower Extremities

The SSRT patterns across groups did not differ when subjects were stopping hands or feet.
Irrespective of effector, SSRT in FOG+ was longer than FOG-, which did not differ from
HC. This is evidence that the inhibitory control problems in PD subjects who exhibit
freezing are not exclusive to the lower extremities. Lower extremity freezing may be most
commonly observed clinically because they are particularly debilitating, as they can result in
dangerous falls. However, the SSRT results suggest that freezers have similar difficulty
inhibiting hand and foot responses. This shows that the control deficit in FOG+ is a central
inhibitory control deficit, not a peripheral deficit that manifests specifically in the lower
extremities.

Conclusion

We compared the speed to initiate and inhibit responses in the stop-signal paradigm in three
groups: FOG+, FOG—, and HC. Previous work showed impaired response inhibition in PD,
a neurodegenerative disorder that results in basal ganglia dysfunction. Our results revealed
that, compared to HC, PD patients with and without FOG responded similarly quickly until
stop signals were introduced, and then became considerably slower, revealing greater
proactive slowing in anticipation of the need to stop. This adjustment facilitated normal
stopping speeds among FOG—, but FOG+ showed inhibition deficits despite shifting priority
toward stopping control. The inhibition impairment in PD-FOG was general to hands and
feet, revealing a central inhibitory control deficit in PD-FOG. These results are consistent
with a recent theory of FOG that postulates dysfunction in the hyperdirect fronto-STN
circuitry that is engaged during response inhibition (Lewis and Shine 2014).
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Figure 1.

Mean reaction times across Group (FOG+, FOG-, and HC), Effector (Hands Vs. Feet), and

Block (PreStop Vs. Stop) on correct go trials.
Note. Error bars are one standard error of the mean.
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Figure 2.
Stop-Signal reaction times (SSRT) across Group (FOG+, FOG—, and HC) and Effector

(Hands Vs. Feet).
Note. Error bars are one standard error of the mean.
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Table 1
Demographic Data for the FOG+, FOG-, and HC Groups

Measure FOG+ FOG- HC p-value
N 20 22 21
Age (years) 63.6 (10.3) | 63.2(6.0) | 65(8.3) 76
Education (years) 15.1(2.6) | 15.6(3.0) | 16.7 (2.5) 17
Gender (M:F) 13:7 11:11 15:7

Depression Rating (CES-D) 17.8(7.0) | 11.2(9.1) | 6.9(6.2) <.0012

Cognitive Impairment (MOCA) | 24.4(4.1) | 25.5(3.0) | 27.1(2.1) 03P

Years Since Diagnosis 8.6 (5.3) 55(3.2) .03

UPDRS Il 25.4(10.8) | 22 (12.7) 36
FOG-Q 142(2.9) | 1.72.0) <.001
Levodopa Dose (mg) 1263 (578) | 742 (361) .001

Note. Standard deviation presented in parentheses. P-value is output of one-way ANOVA when comparing 3-groups and two sample t-test when 2
groups.

aPost—hoc Tukey’s HSD showed FOG+ < FOG- (p=.02) and FOG+ < HC (p<.001) but FOG- and HC did not differ (p=.16).

bPost—hoc Tukey’s HSD showed FOG+ did not differ from FOG- (p=.53), FOG+ < HC (p=.02), and FOG-did not differ from HC (p=.22).
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