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A B S T R A C T   

Background: In people with Parkinson’s disease (PwPD), Freezing of Gait (FOG) episodes can be levodopa 
responsive (OFF-FOG) or levodopa unresponsive (ONOFF-FOG). Steady-state gait abnormalities, outside of the 
freezing episodes themselves also exist and the response to levodopa in these different groups has not been 
previously documented. 
Objectives: To define the levodopa responsiveness in steady-state gait in OFF-FOG and ONOFF-FOG individuals. 
Methods: Steady-state gait was collected in both the effective levodopa OFF-state (doses withheld > 8 h) and ON- 
state (1 h after levodopa dosing) in 32 PwPD; 10 with OFF-FOG and 22 with ONOFF-FOG. Levodopa response 
was compared between the two groups in the mean and variability (CV) of 8 spatiotemporal gait parameters. 
Results: Both OFF-FOG and ONOFF-FOG participants showed improvement in mean stride-length and stride- 
velocity with levodopa. Improvement was seen in the OFF-FOG but not the ONOFF-FOG groups in mean 
stride-width and CV Integrated pressure with levodopa. 
Discussion: In this study we show that steady-state gait deficits improve with levodopa in PwPD with OFF-FOG 
and ONOFF-FOG, even though episodes of FOG did not resolve in the ONOFF-FOG group. Lowering levodopa 
in people with ONOFF-FOG, or levodopa-unresponsive freezing of gait, should be undertake with caution and 
objective gait titration at different levodopa doses may be beneficial. Further work is needed to elucidate the 
pathophysiologic mechanisms of these differences.   

1. Introduction 

Freezing of gait (FOG) is a debilitating feature of Parkinson’s disease 
(PD) with limited treatment options. FOG is resolved by levodopa in 
some people with PD and is termed levodopa-responsive FOG or OFF- 
FOG. In others, levodopa may improve FOG to a degree but not 
completely resolve it, and this has been termed levodopa-unresponsive 
FOG, or levodopa ONOFF-FOG. Rarely FOG has been reported to 
occur in the levodopa medicated state but not the unmedicated state and 
this form has been termed ON-FOG [1–3]. People with ONOFF-FOG are 
older, have worse UPDRS scores, worse cognitive function, with lower 
quality of life, worse gait phenotype, but similar mood, apathy and sleep 

quality [4] than other people with PD. Both OFF-FOG and ONOFF-FOG 
groups show similar response to levodopa on the motor UPDRS, 
including in most domain scores [2]. However as per definition, the 
levodopa response in FOG episodes differs between groups. Whether the 
OFF-FOG and ONOFF-FOG phenotypes are on a continuum of disease 
severity or distinct pathophysiologic entities is still a matter of debate. 

While FOG is an episodic phenomenon [5], steady-state gait abnor-
malities outside of freezing episodes differ between those with and 
without FOG [6]. Steady-state gait also objectively declines faster in 
those with FOG [7]. It has been suggested that ONOFF-FOG people may 
have different levodopa response curves [8], but whether or not levo-
dopa helps steady-state gait abnormalities in the different FOG 
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phenotypes has not been studied. Increasing steady-state gait speed and 
stride-length could decrease fall risk thereby improving quality of life 
[9]. Our hypothesis was that steady-state gait in both OFF-state and 
ONOFF-state FOG would improve with levodopa in at least a set of 
common spatiotemporal gait parameters. 

2. Methods 

Thirty-two participants with PD based on UK brain bank criteria and 
with documented FOG on examination (termed definite FOG) were 
evaluated between December 2016 and January 2020. Written informed 
consent was obtained from all participants prior to conducting any study 
related procedures and the study was approved by the local Institutional 
Review Board (UAMS IRB# 203234) and conducted in accordance with 
the guidelines of the Declaration of Helsinki. 

2.1. FOG classification: 

Participants whose freezing resolved with levodopa were classified 
as OFF-FOG (n = 10) while those whose freezing continued 1 h after 
levodopa dosing were classified as ONOFF-FOG (n = 22); there were no 
participants who had FOG in only the ON-state (i.e., ON-FOG n = 0) All 
ONOFF-FOG participants had previously clinically titrated to higher 
levodopa doses (simulating a supra-ON-state) with continued FOG in the 
ON-state. 

2.2. Gait assessments: 

Steady-state gait was evaluated over 8 lengths of a 20-foot Zeno- 
walkway (Protokinetics, Havertown PA) in both the effective levodopa 
OFF-state (doses withheld > 8 h) and ON-state (1 h after dose). The 
mean and coefficient of variation (CV, the standard deviation divided by 
the mean) in 8 spatiotemporal gait parameters, integrated-pressure, 
foot-strike-length, stride-length, stride-width, stride-time, stride-veloc-
ity, swing-phase-percent and total-double-support-phase-percent were 
determined using Protokinetics Movement Analysis Software (PKMAS) 
for each participant. During foot step selection if a participant had a 
witnessed freeze on video and pressure trace, those footsteps were 
marked as other and not included in the steady state gait analysis [6,7]. 
For each participant, the change in these spatiotemporal parameters was 
determined subtracting their OFF levodopa from ON levodopa results; 
termed “levodopa response.” Dyskinesias did not impact gait 
performance. 

2.3. Other assessments 

Participants also completed a Unified Parkinson’s Disease Rating 
Scale (UPDRS) by a trained movement disorders neurologist (TV) and 
the freezing of gait questionnaire (FOG-Q) to quantify freezing severity. 
Non-motor features assessed included cognition on the Montreal 
Cognitive Assessment (MoCA), depression and anxiety on the Hamilton 
Depression (HAM-D) and Anxiety (HAM-A) scales, and REM sleep 
behavior disorder (RBD) on the RBD-questionnaire (RBD-Q). 

2.4. Statistical analysis 

Patient characteristics were compared between groups with Mann- 
Whitney U-tests and Pearson χ2-tests. For UPDRS and spatiotemporal 
gait parameters, paired t-tests were used to evaluate levodopa response 
(the difference in scores between ON- and OFF-states) within group, and 
two-sample t-tests used for comparing levodopa response between 
groups. Results are presented with 95 % confidence intervals (CI95 %). 
The choice of using t-tests was made because for the 5 parameters that 
violated normal assumptions (mean stride-width and foot-strike-length, 
and CV stride-velocity, stride-width and stride-length) statistical results 
were more conservative with a t-test than with non-parametric boot- 

strap method. That is to say, nonparametric method found a significant 
difference whereas t-test did not (Supplementary Table 1). When 
comparing groups, we also evaluated whether the groups are equivalent 
with Two One-Sided Tests (two one-sided CI95 %). The two one-sided 
CI95 % may be used to test equivalence within a specified equivalence 
interval (e.g., ±1 SD). 

3. Results 

In our cohort, ONOFF-FOG participants were older (Table 1), but 
importantly were well matched for sex, disease duration and FOG 
duration (Table 1). Total daily levodopa dose and the dose of levodopa 
taken during the levodopa challenge while higher in the ONOFF-FOG 
group was not statistically significant (Table 1). Cognition on the 
MoCA, and anxiety were worse in the ONOFF-FOG groups while 
depression and RBD severity were trending higher (Table 1). 

Fig. 1 presents levodopa response for each group in the left two 
panels and compares levodopa response between the groups in the right 
two panels. UPDRS and means of spatiotemporal gait parameters are in 
the top two panels of Fig. 1 and coefficients of variation (CV) of 
spatiotemporal gait parameters are in the bottom two panels. Results are 
presented in terms of Cohen’s d effect size, which is the difference in 
means divided by the relevant SD; natural scale results are in Supple-
mentary Table 2. Both OFF-FOG and ONOFF-FOG participants showed 
improvement in mean stride-length and stride-velocity with levodopa 
(Fig. 1A, left panel; Supplementary Table 2). OFF-FOG but not ONOFF- 
FOG participants, also had improved foot-strike-length, swing-phase- 
percent and total-double-support-phase-percent (Fig. 1A, left panel; 
Supplementary Table 2). Variability measures were not significantly 

Table 1 
Demographics and Assessments.   

OFF-FOG 
(n = 10) 

ONOFF-FOG 
(n = 22) 

Mann-Whitney 
U-Test 
(Z, p-value) 

Age (years) 63.9 ± 9.3 73.5 ± 5.2 − 2.887, 0.004 
Sex (female/male) 3/7 7/15 #0.011, 0.918 
Hoehn & Yahr score 

OFF-levodopa  2.1 ± 0.2  3.7 ± 0.7  − 4.363, 
<0.001 

ON-levodopa 2.0 ± 0.0 3.6 ± 0.7 − 4.357, 
<0.001  

Motor Unified Parkinson’s 
Disease Rating score 
OFF-levodopa   24.5 ± 10.0   38.1 ± 7.8   − 3.197, 

<0.001 
ON-levodopa 17.0 ± 11.8 30.8 ± 10.0 − 2.930, 0.003  

Total Unified Parkinson’s 
Disease Rating score 
OFF-levodopa   42.5 ± 13.6   66.2 ± 12.7   − 3.722, 

<0.001 
ON-levodopa 29.5 ± 17.0 56.0 ± 13.7 − 3.437, 

<0.001  

Duration with FOG (years) 4.3 ± 2.6 4.0 ± 2.1 − 0.203, 0.839 
FOG-Q score 8.9 ± 3.0 15.1 ± 2.0 − 4.199, 

<0.001 
Duration on ldopa (years) 6.6 ± 4.2 7.4 ± 4.4 − 0.529, 0.597 
Daily ldopa (mg/day) 888 ± 356 1069 ± 456 − 0.979, 0.328 
Ldopa challenge dose (mg) 214 ± 96 274 ± 101 − 1.445, 0.148 
On dopamine agonist 0 (0 %) 3 (14 %) #1.505, 0.220 
On MAO-Inhibitor 4 (40 %) 3 (14 %) #2.796, 0.094 
Dyskinesias reported at visit 3 (30 %) 11 (50 %) #1.117, 0.290 
MoCA score 26.2 ± 3.6 21.3 ± 4.4 − 2.699, 0.007 
HAM-D score 7.7 ± 3.7 11.7 ± 5.0 − 1.839, 0.066 
HAM-A score 5.0 ± 3.6 9.5 ± 5.3 − 2.395, 0.017 
RBD-Q score 7.2 ± 2.9 4.9 ± 3.1 − 1.839, 0.066 

#Pearson’s χ2
(1).  
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Fig. 1. Levodopa response in spatiotemporal gait parameters. The left panel (A,C) presents levodopa response (CI95 % for a difference) for OFF-FOG (circles) and 
ONOFF-FOG (squares) groups. The right panel (B,D) compares levodopa response (triangles) between OFF-FOG and ONOFF-FOG groups (CI95 % for equivalence 
within 1 SD). Black circles and squares indicate statistically significant differences (left panels) and black triangles indicate statistically significant equivalence within 
1 SD (right panels). Gray symbols denote statistical non-significance. All significant results are in the direction of improvement with levodopa. 
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responsive to levodopa in either group (Fig. 1B, left panel). The differ-
ence between the ONOFF and OFF-FOG groups levodopa response for 
mean stride-velocity, stride-length (Fig. 1A, right panel) and CV total- 
double-support-phase-percent (Fig. 1B, right panel) were statistically 
within one standard deviation of one another, while the levodopa 
response in mean stride-width (Fig. 1A, right panel) and CV Integrated 
pressure (Fig. 1B, right panel) were statistically different (Fig. 1 right 
panel, two one-sided CI95 % not crossing 0 line). For both groups, 
levodopa reduced UPDRS scores by about 7.4 points (Supplementary 
Table 2). 

4. Discussion 

In this study we report for the first time a comparison of the response 
in steady-state gait parameters in participants with both ONOFF-FOG (or 
levodopa unresponsive FOG) and OFF-FOG (or levodopa responsive 
FOG). Those with OFF-FOG are expected to exhibit gait improvements 
when on levodopa; however, since freezing of gait does not improve this 
may not be a reasonable expectation for those with ONOFF-FOG. We 
found that both OFF-FOG and ONOFF-FOG participants showed im-
provements of similar magnitudes in mean stride-length and stride- 
velocity with levodopa suggesting that there may be a common circuit 
involved in dopaminergic gait response in these groups despite differ-
ential response in the response to freezing. On the other hand, 
improvement with levodopa was seen in the OFF-FOG but not the 
ONOFF-FOG groups in mean stride-width and CV Integrated pressure. 
This suggests that these features may mark changes in circuitry that may 
help differentiate the levodopa responsive and unresponsive freezing 
groups. 

Prior studies in patients with PD that were not differentiated based 
on freezing status also reported walking speed and stride length 
improved [10], as in our study. It has previously been reported that 
levodopa increased step velocity and stride-length in patients with FOG 
[11]. In our study, we found that those who freeze while ON levodopa 
(ONOFF-FOG) experience longer stride-length and faster stride-velocity 
than when OFF levodopa; this underscores the need to still strive to 
optimize levodopa dose in those with ONOFF-FOG. We also corrobo-
rated the previous stride-length and stride-velocity findings in those 
with OFF-FOG. Titration of levodopa using objective measures to opti-
mize gait may be beneficial in difficult to treat patients with levodopa 
unresponsive freezing of gait episodes as these patients are under-
standably fixated on the freezing response and may have difficulty 
noting other gait improvements [8]. 

Modulation of foot-strike-length and swing- and total-double- 
support improved significantly only in OFF-FOG, but the direction of 
improvement was in the same direction in both groups. This suggests 
that, at least for steady-state gait, dopamine responsive-pathways may 
be similarly affected in both OFF-FOG and ONOFF-FOG phenotypes. 
However, the fact that the freezing episodes show differential response 
to levodopa suggests that the pathophysiologic mechanisms underlying 
these episodes likely differ. Dysfunction in cholinergic pathways have 
been reported to be differentially affected in freezers [12], and warrants 
further exploration in the OFF-FOG and ON-OFF FOG groups. 

One limitation of our study is that response to levodopa was evalu-
ated at one time point, 1 h after dosing. It is possible that in people who 
take longer to reach their best ON-state we may have measured an 
incomplete response. 

In summary, despite lack of improvement in freezing episodes with 
levodopa in ONOFF-FOG steady-state gait does improve, and titration of 
levodopa to optimize gait function using objective measures can be 
beneficial. Further work is needed to elucidate the pathophysiologic 
changes that subserve these different levodopa responses to different 
features of gait. 

Funding sources 

This work was supported by the UAMS Clinician Scientist Program, 
NIH NIGMS (grant number GM110702) and the Parkinson’s Foundation 
(grant number PF-JFA-1935). 

CRediT authorship contribution statement 

Tuhin Virmani: Conceptualization, Data curation, Formal analysis, 
Funding acquisition, Investigation, Methodology, Project administra-
tion, Resources, Supervision, Writing – original draft, Writing – review & 
editing. Lakshmi Pillai: Data curation, Formal analysis, Investigation, 
Writing – review & editing. Aliyah Glover: Data curation, Formal 
analysis, Investigation, Writing – review & editing. Reid D. Landes: 
Formal analysis, Investigation, Methodology, Writing – original draft, 
Writing – review & editing. 

Declaration of Competing Interest 

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests: 
Dr. Virmani received salary support from the University of Arkansas for 
Medical Sciences (UAMS), salary from the UAMS clinician scientist 
program (UAMS CSP), salary from a grant from the Parkinson’s Foun-
dation (PF-JFA-1935) and a pilot NIGMS award (GM110702). Ms. 
Glover and Ms. Pillai, received salary support from the UAMS CSP, PF 
and NIGMS pilot awards (to TV). Dr. Landes received salary support 
from NIH/NCATS and the PF grant. None of the authors have any 
financial disclosures or conflicts of interest related to the research 
covered in this manuscript. 

Acknowledgements 

This work was supported by the UAMS Clinician Scientist Program, 
NIH NIGMS (grant number GM110702) and the Parkinson’s Foundation 
(grant number PF-JFA-1935). We also thank our participants without 
whom this work would not have been possible. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.prdoa.2023.100202. 

References 

[1] M. Amboni, F. Stocchi, G. Abbruzzese, L. Morgante, M. Onofrj, S. Ruggieri, M. 
Tinazzi, M. Zappia, M. Attar, D. Colombo, L. Simoni, A. Ori, P. Barone, A. Antonini, 
D.S. Group, Prevalence and associated features of self-reported freezing of gait in 
Parkinson disease: The DEEP FOG study, Parkinsonism Relat. Disord. 21(6) (2015) 
644–649. 

[2] J. Lucas McKay, F.C. Goldstein, B. Sommerfeld, D. Bernhard, S. Perez Parra, S. 
A. Factor, Freezing of Gait can persist after an acute levodopa challenge in 
Parkinson’s disease, NPJ. Parkinsons Dis.. 5 (2019) 25. 

[3] A.J. Espay, A. Fasano, B.F. van Nuenen, M.M. Payne, A.H. Snijders, B.R. Bloem, 
“On” state freezing of gait in Parkinson disease: a paradoxical levodopa-induced 
complication, Neurology 78 (7) (2012) 454–457. 

[4] R.D. Landes, A. Glover, L. Pillai, S. Doerhoff, T. Virmani, Levodopa ONOFF-state 
freezing of gait: defining the gait and non-motor phenotype, PLoS ONE 17 (6) 
(2022) e0269227. 

[5] J.G. Nutt, B.R. Bloem, N. Giladi, M. Hallett, F.B. Horak, A. Nieuwboer, Freezing of 
gait: moving forward on a mysterious clinical phenomenon, Lancet Neurol. 10 (8) 
(2011) 734–744. 

[6] J. Shah, L. Pillai, D.K. Williams, S.M. Doerhoff, L. Larson-Prior, E. Garcia-Rill, 
T. Virmani, Increased foot strike variability in Parkinson’s disease patients with 
freezing of gait, Parkinsonism Relat. Disord. 53 (2018) 58–63. 

[7] A. Glover, L. Pillai, S. Doerhoff, T. Virmani, Differential gait decline in Parkinson’s 
disease enhances discrimination of gait freezers from non-freezers, J. Parkinsons 
Dis. 10 (4) (2020) 1657–1673. 

[8] T. Virmani, A. Glover, L. Pillai, M. Lotia, R. Dhall, Utility of objective gait measures 
in levodopa-unresponsive freezing in Parkinson’s, Clin. Case Rep. 00 (2020) 1–6. 

T. Virmani et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.prdoa.2023.100202
https://doi.org/10.1016/j.prdoa.2023.100202
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0010
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0010
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0010
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0015
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0015
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0015
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0020
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0020
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0020
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0025
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0025
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0025
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0030
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0030
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0030
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0035
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0035
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0035
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0040
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0040


Clinical Parkinsonism & Related Disorders 9 (2023) 100202

5

[9] J.D. Schaafsma, N. Giladi, Y. Balash, A.L. Bartels, T. Gurevich, J.M. Hausdorff, Gait 
dynamics in Parkinson’s disease: relationship to Parkinsonian features, falls and 
response to levodopa, J. Neurol. Sci. 212 (1–2) (2003) 47–53. 

[10] L. Rochester, K. Baker, A. Nieuwboer, D. Burn, Targeting DOPA-sensitive and 
DOPA-resistant gait dysfunction in Parkinson’s disease: selective responses to 
internal and external cues, Movement Disord.: Off. J. Movement Disorder Soc. 26 
(3) (2011) 430–435. 

[11] A. Suppa, A. Kita, G. Leodori, A. Zampogna, E. Nicolini, P. Lorenzi, R. Rao, 
F. Irrera, l-DOPA and freezing of gait in Parkinson’s disease: objective assessment 
through a wearable wireless system, Front. Neurol. 8 (2017). 

[12] N.I. Bohnen, P. Kanel, Z. Zhou, R.A. Koeppe, K.A. Frey, W.T. Dauer, R.L. Albin, 
M. Muller, Cholinergic system changes of falls and freezing of gait in Parkinson’s 
disease, Ann. Neurol. 85 (4) (2019) 538–549. 

T. Virmani et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S2590-1125(23)00020-8/h0045
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0045
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0045
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0050
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0050
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0050
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0050
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0055
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0055
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0055
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0060
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0060
http://refhub.elsevier.com/S2590-1125(23)00020-8/h0060

	Levodopa responsive gait dynamics in OFF- and ONOFF-state freezing of gait in Parkinson’s disease
	1 Introduction
	2 Methods
	2.1 FOG classification:
	2.2 Gait assessments:
	2.3 Other assessments
	2.4 Statistical analysis

	3 Results
	4 Discussion
	Funding sources
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


