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Abstract

We explored the origin of the impaired control of action stability in Parkinson’s disease (PD) by testing levodopa-naive PD
patients to disambiguate effects of PD from possible effects of long-term exposure to levodopa. Thirteen levodopa-naive PD
patients and 13 controls performed single- and multi-finger force production tasks, including producing a self-paced quick
force pulse into a target. A subgroup of patients (n=10) was re-tested about 1 h after the first dose of levodopa. Compared
to controls, PD patients showed lower maximal forces and synergy indices stabilizing total force (reflecting the higher inter-
trial variance component affecting total force). In addition, PD patients showed a trend toward shorter anticipatory synergy
adjustments (a drop in the synergy index in preparation to a quick action) and larger non-motor equivalent finger force
deviations. Lower maximal force, higher unintentional force production (enslaving) and higher inter-trial variance indices
occurred in PD patients after one dosage of levodopa. We conclude that impairment in synergies is present in levodopa-
naive patients, mainly in indices reflecting stability (synergy index), but not agility (anticipatory synergy adjustments). A
single dose of levodopa, however, did not improve synergy indices, as it did in PD patients on chronic anti-PD medication,
suggesting a different mechanism of action. The results suggest that indices of force-stabilizing synergies may be used as an
early behavioral sign of PD, although it may not be sensitive to acute drug effects in drug-naive patients.
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Abbreviations ME Motor equivalent
ASA  Anticipatory synergy adjustment nME  Non-motor equivalent
Fropr Total force

HY Hoehn and Yahr

MVC Maximal voluntary contraction Introduction
PD Parkinson’s disease
UCM  Uncontrolled manifold Studies of multi-finger interaction and coordination have

documented significant changes in patients with early-stage
Parkinson’s disease (PD), particularly in indices reflecting
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the neural control of action stability (Park et al. 2012; Jo
et al. 2015; reviewed in Latash and Huang 2015). These
studies used the framework of the uncontrolled manifold
(UCM) hypothesis (Scholz and Schoner 1999) to quantify
indices of stability during steady-state multi-finger accurate
force production, as well as indices of agility associated with
a drop in the stability indices in preparation to a quick action
(anticipatory synergy adjustments or ASAs, Olafsdottir et al.
2005). If a person plans to perform a quick action, high sta-
bility of the performance variable to be changed is antitheti-
cal to the planned change. ASAs reflect a neural mechanism
of feed-forward preparation to an action, a mechanism that
ensures a drop in the stability index.

According to the UCM hypothesis, the central nervous
system organizes commands to individual fingers to stabilize
a salient performance variable (such as the total force, Frrqp).
This leads to two consequences. First, inter-trial variance in
the finger force space is higher in directions that do not affect
Fror (within the UCM for Frop) compared to directions that
affect Froy (orthogonal to the UCM, ORT), resulting in a
signature inequality: Vo > Vore- Second, changes in indi-
vidual finger forces between two steady states separated by
a quick action are large within the UCM (motor equivalent,
ME) compared to displacements orthogonal to the UCM
(non-motor equivalent, nME) (Mattos et al. 2011, 2015).

Early-stage PD has been shown to lead to smaller dif-
ferences between Vi and Vrr and shorter and smaller
ASAs (reflecting impaired agility). These differences were
seen in the apparently unaffected hands of Hoehn and Yahr
(1967) stage I PD patients (Park et al. 2012, 2014) and even
in healthy persons at high risk for developing parkinsonian
signs such as professional welders (Lewis et al. 2016). In PD
patients with history of being treated chronically with anti-
PD drugs, levodopa, which is the most effective dopamine-
replacement medication, has been shown to improve both
indices of stability and agility (Park et al. 2014), whereas
deep brain stimulation improved the latter, but not the former
(Falaki et al. 2018).

The described findings could be direct reflections of
changes in the neural circuitry in PD and/or of long-term
exposure to dopamine-replacement drugs. To disambiguate
the effects of PD from possible effects of drugs, we tested a
group of levodopa-naive PD patients. Based on earlier stud-
ies, we expected these levodopa-naive patients to exhibit
lower indices of stability and agility compared to age-
matched controls (Hypothesis 1). Testing this hypothesis is
important for possible future use of synergy indices as an
early behavioral sign of PD.

We also re-tested a subgroup of the PD patients about
1 h after they had taken their first dosage of levodopa.
Based on the mentioned studies, we expected medication to
improve indices of both stability and agility (Hypothesis 2).
This hypothesis is highly non-trivial given that long-term
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exposure to dopamine-replacement medications is known to
lead to major changes in brain circuitry, including changed
sensitivity to drugs (Feigin et al. 2002; Hershey et al. 2003;
Politis et al. 2017) and even cases of tardive dyskinesia.
We also explored the effects of levodopa-naive PD and
levodopa on indices of performance (such as maximal vol-
untary force, MVC, and peak rate of force production during
the force pulse) and finger interaction (such as enslaving,
reflecting unintentional force production by non-instructed
fingers, Zatsiorsky et al. 2000). Based on earlier studies,
we expected lower MVC force and higher enslaving in PD
patients compared to the controls and that levodopa would
lead to an increase in MVC force and peak rate of force pro-
duction, without affecting enslaving (cf. Park et al. 2014).

Methods
Participants

Thirteen levodopa-naive PD individuals and 13 healthy con-
trols participated in this study. Detailed demographic and
clinical information are presented in Table 1. Levodopa-
naive PD subjects were invited to take part if they were not
taking any form of levodopa as part of their regular medica-
tions. Ten PD participants had not taken any anti-PD medi-
cation, one had taken Amantadine (100 mg, t. i. d, Subject
7, Table 1), one had taken Selegiline (5 mg, b. i. d., Sub-
ject 8, Table 1), and one had taken both Pramipexole (ER
4.5 mg/day, and 0.25 mg, b. i. d.) and Selegiline (5 mg, b. i.
d., Subject 13, Table 1). Controls had no known neurologi-
cal disorders and were free from musculoskeletal and joint
disorders in their upper extremities. A subgroup of 10 PD
individuals (first 10 listed in Table 1) was tested twice, with
the first evaluation occurring in the morning and the second
test ~60 min after taking the very first dose of carbidopa/
levodopa 25/100 at lunch time. The other three participants
in the PD group were assessed only once as they decided
against initiating levodopa therapy at the time of study. Prior
to their participation, all individuals gave written informed
consent according to the protocol approved by the Penn State
Hershey Institutional Review Board. After giving consent
and before performing the main experiment, the subjects
were assessed using the Unified Parkinson’s Disease Rating
Scale part IIT (UPDRS-III, Goetz et al. 2008) and performed
the Nine Hole Peg Test (9HPT, Mathiowetz et al. 1985).

Apparatus

Four uniaxial force sensors (Honeywell, Model 31, 25
LBS, Columbus, OH, USA) mounted on slots of a steel
frame (140 X 90 mm), 3-cm apart from each other in the
medial-lateral direction were used in this study. The
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ISE!:;S Description of study Group  Age (years) Sex (F/M) Mass (kg) Height(m) HD(R/L) HYstage UPDRS-III
! OFF ON
PD
1 68 F 75.7 1.63 R 3 26 25
2 70 M 106.2 1.80 L 2 33 18
3 70 F 71.1 1.70 R 2 38 41
4 62 F 68.4 1.52 R 1 50 50
5 81 F 93.5 1.55 R 2 34 32
6 53 M 83.6 1.73 R 1 14 10
7 75 M 74.7 1.75 R 2 34 30
8 68 M 74.7 1.68 R 2 52 44
9 56 F 77.0 1.73 R 3 25 24
10 61 F 73.8 1.73 R 1 8 7
11 59 F 89.7 1.63 R 0 4 -
12 53 F 68.1 1.65 R 2 24 -
13 49 F 52.5 1.52 R 1 15 -
Control
1 68 M 77.5 1.78 R
2 60 F 74.3 1.59 R
3 73 M 67.5 1.63 R
4 67 M 108.7 1.80 L
5 62 F 57.5 1.55 R
6 76 F 60.8 1.57 R
7 55 M 71.7 1.78 L
8 65 F 72.5 1.73 R
9 66 F 67.5 1.56 R
10 57 F 67.0 1.68 R
11 55 F 78.5 1.67 R
12 47 F 64.8 1.63 R
13 70 F 70.3 1.61 R

F/M female/male, HD hand dominance, R/L right/left, HY Hoehn and Yahr, UPDRS-1II Unified Parkinson’s

Disease Rating Scale part III

sensors measured the downward pressing forces produced
by the index, middle, ring, and little fingertips. The top
surfaces of the sensors were covered with sandpaper (100-
grit) to increase friction.

The subjects sat with their forearm in the sagittal plane,
parallel to the ground, and placed each fingertip of the
hand on the corresponding force sensor. The sensor posi-
tions were adjusted in the anterior—posterior position to
allow each finger to be curved slightly, making the hand
look like a dome. A wooden piece was placed underneath
the subject’s palm to maintain a constant hand and finger
configuration during the tests. A Velcro strap was placed
slightly above the wrist joint of the subject to restrain
the forearm to avoid its movement during the tasks. A
19" monitor, positioned approximately 0.6 m from the

subject’s face provided visual feedback on the total down-
ward force (Frgp) produced by the fingers or by one of
the fingers in single-finger ramp task (see later). Figure 1
shows a schematic representation of the experimental
setup.

Before each trial, all sensor signals were set at zero
when subjects rested their fingertips on the sensor centers
and relaxed their hands. Consequently, only active down-
ward forces were measured by the sensors. A customized
LabVIEW routine (2014 version, National Instruments,
Austin, TX, USA) was used to present visual feedback
and acquire the force data. The force data were recorded
at 1000 samples per second with a 16-bit resolution (NI
PCI-6225, National Instruments) using a desktop computer
and stored for offline data analyses.
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Fig. 1 Schematics of a the experimental setup, with the screen seen
by the participant in the multi-finger accurate Frqor with pulse pro-
duction task. b The screen seen by the participant during the single-
finger ramp task. ¢ Force sensors with the participant’s hand position

Procedures

The subjects performed three unimanual multi-finger press-
ing tasks with each hand. Both hands were tested in a coun-
terbalanced way, with some participants starting with the
right hand and some with the left hand. The tasks were: (1)
the maximal voluntary contraction (MVC); (2) the single-
finger ramp task; and (3) the multi-finger accurate Frop with
quick pulse production task (Fig. 1a). In the MVC task, Frop
was displayed on the monitor screen as a left-to-right run-
ning white circle (cursor) on the black background. Partici-
pants were asked to press with the four fingertips as hard
as they could to reach maximal Fpqr within 3—4 s until a
command “relax” was given by the experimenter. Two MVC
trials were performed with a 30-s interval in between. The
trial with the highest For value was used to set the target
force levels for the other two tasks.

Immediately after the MVC task, participants performed
the ramp task. In this task, subjects were requested to keep
all four fingers on the sensors and produce force with an
instructed finger (master finger) to match the force profile
shown on the monitor. The target force profile started with
a 2-s horizontal line set at 10% of the master finger force at
the moment of the Fop MVC, followed by a 6-s ramp line
ending at 40% of the master finger MVC and finishing with a
2-s horizontal line at the 40% level (Fig. 1b). Only the force
produced by the master finger was displayed on the screen.
Participants were told not to pay attention to possible force
production by the non-task (enslaved) fingers and keep all of
their fingers on the sensors at all times. Eight trials (two for
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each master finger) were performed. The first trial by each
finger was considered familiarization; only the second trial
was used in the analysis. On a few occasions, trials were
repeated, mainly because subjects lifted one or more fingers
during the task execution.

In the multi-finger accurate Frop with quick pulse pro-
duction task, a line corresponding to 5% of Frop MVC was
shown as a blue target line on the monitor. The actual Fpqr
was shown as a left-to-right running white circle. A vertical
line was shown such that the cursor would cross it 6 s after
trial initiation (see Fig. 1a). Two extra horizontal lines were
shown after the vertical line at 20% and 30% of the Fygr
MVC to define the target for the following force pulse. The
instruction was to press on the sensors with all four fingers
and match Fpgr with the initial target line (5% MVC) as
accurately as possible. Participants were instructed to pro-
duce a rapid force pulse into the target at a self-selected time
after the Frqp cursor crossed the vertical line. The instruc-
tion emphasized speed of the force pulse over accuracy.
After producing the force pulse, the participants were asked
to “return to the blue horizontal target line” as fast as they
could and continue matching this line until the trial stopped
about 3 s after the pulse initiation. The subjects performed
six practice trials (recorded but not used in data analysis)
followed by 24 more trials. The 30 trials were performed
in three blocks of ten trials. Each trial lasted for 12 s and
15 s of rest was given in between trials. A more extended
rest (= 1 min) was given between blocks of trials to prevent
fatigue. Participants were encouraged to ask for extra rest as
needed; fatigue was never reported.

Data analysis

Customized LabVIEW (2017 version) routines were used
to process and analyze the data obtained in the ramp and
accurate Frgr production tasks. The force signals were fil-
tered with a fourth-order, zero-lag, low-pass Butterworth
filter with a cut-off frequency of 10 Hz.

For the ramp task, the enslaving matrix E and an index
reflecting unintentional force production by non-task fin-
gers (index of enslaving, Iy) were calculated. For each trial,
the first and last 1-s intervals of the 6-s ramp phase were
removed to avoid possible edge effects. Linear regressions
were computed between Frqr and the force produced by
each individual finger. The regression coefficients (k) were
used as entries in the 4 X4 E matrix:

ki,i ki,m ki,r ki,l

— km,i kmm km,r km,l
E= kr,i kr,m kr,r kr,l
kl,i kl,m kl,r kl,l
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Here, the first subscript shows the finger producing force,
whereas the second subscript shows the task finger (i.e.,
master finger). The main diagonal of E (highlighted in gray)
represents the master fingers and the off-diagonal values rep-
resent the unintentional force production by the enslaved
fingers. An index of enslaving, Iy (in % of the total force
produce by all fingers) was computed as the average of the
off-diagonal values of E multiplied by 100.

For the analysis of performance in the accurate Fpqr with
quick pulse production task, the first step was to detect the
pulse initiation (#;) and align all trials by this event. The
t, was defined as the moment in time when the F gy rate
(dFpor/de) reached 5% of its peak value in that specific trial.
All the 1, values were checked for accuracy, and no trial
was rejected based on ¢, accuracy criteria. Further, forces
produced by each finger were normalized to the task force
level, i.e., 5% of Fyopr MVC.

Task performance

The consistency of accurate Frpr production was assessed
with the coefficient of variation (CV) of Fr at steady state
(CVgg, from — 1.2 to — 1 s, with respect to #;) and during
the pulse-approaching phase (CVp, from —1 to 0 s). The
CVgg and CV;, were averaged across trials and used for
further analysis. The performance in the pulse production
was assessed by the peak Frqr and the peak Frpqp rate values
measured during the pulse.

UCM-based analysis of variance

The inter-trial variances within the UCM (V) and within
the space orthogonal to the UCM (Vi) were computed
within the framework of the UCM hypothesis (Scholz and
Schoner 1999; for computational detail see the Appendix).
Vucwm 1s the variance that did not affect Firqp, whereas Vpr
is the variance component that affected task performance.
The two variance components were computed for each time-
sample starting 1.2 s before ¢, using the null-space of the
Jacobian matrix, J=[1 1 1 1], as an approximation of the
UCM in the space of finger modes (for more details see
Latash et al. 2001; Park et al. 2012). Finger modes are hypo-
thetical control variables to individual fingers that can be
manipulated by the neural controller one at a time (Danion
et al. 2003); modes were computed from the finger force
data using the individual E matrix (details in Latash et al.
2001). The finger modes were calculated as the product of
the inverse of the enslaving matrix E by the forces recorded
from each individual finger [m=E_1j] where m and f stand
for the finger mode and force vectors.

An index of synergy was calculated for each time-sample:
AV=Vyem/3 — Vort/1)/(Vior/4), where Vigy stands for
total variance at a given sample and each variance index

is normalized by the dimensionality of the corresponding
space (Scholz et al. 2002). Because AV is not normally
distributed, it was log-transformed taking into account its
computational boundaries using a modified Fisher z-trans-
formation: AV,=0.5X1In [(AV+4)/(1.33—-AV)] (Park et al.
2010). Values of Vycum, Vorts and AV, were averaged within
the steady-state time interval [— 1.2: — 1 s] with respect to
t,=0.

Anticipatory synergy adjustments (ASAs)

ASAs prior to the force pulse initiation were quantified using
two indices, the time of ASA initiation (¢,g,) and the magni-
tude of the drop of AV, (AAV,), which was quantified from
the steady-state level until #,. The 7,5, was defined as the
time when AV, dropped below its average steady-state value
by more than two standard deviations and stayed below that
level until #,. A drop in AV, starting prior to , was reflected
in negative values of #,g,.

Motor equivalence (ME) analysis

This analysis quantified the magnitude of motion in the
finger mode space between two time intervals within each
single trial: motion within the UCM (motor equivalent, ME)
and orthogonal to the UCM (non-motor equivalent, nME).
In each trial, average values of finger modes were computed
in 200 ms windows 1 s before f, [—1.2; — 1.0 s] and 2 s after
ty [+2.0; + 2.2 s]. The second time interval was selected as
the time by which all participants returned to the instructed
steady force level (according to visual inspection). For each
pair of measurements, the difference vectors (AM) were pro-
jected onto the UCM and ORT spaces; the magnitudes of
these two projections, normalized by the square root of the
space dimensionality, were taken as ME and nME, respec-
tively (Mattos et al. 2015; see the “Appendix”). For each
participant, the ME and nME values were averaged across
trials and used for further statistical analysis.

Statistical analysis

The statistical analyses were performed in the IBM SPSS
Statistics Package (Version 25). The normality of data distri-
bution for each outcome variable was tested using the Shap-
iro—Wilk test. Outcome variables with non-normal distribu-
tions were log-transformed to obtain a normal distribution.
Further, parametric analyses were performed for all outcome
variables, except for the UPDRS-III.

A series of statistical tests intended to assess the
effect of the disease with the factor Group (levodopa-
naive PD vs. controls) on all tested outcome variables.
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For UPDRS, Mann—Whitney test was performed. Two-
way (Group X Hand) analyses of variance (ANOVA) with
the factor Hand (dominant vs. non-dominant) treated as
repeated measure (RM) were performed for the follow-
ing outcome variables: 9HPT, Fror MVC; Iy; peak Fror,
peak Fpqp rate, AV, AAV,, and t,g, obtained from the
multi-finger accurate Frop production task. A three-way
(Group X Hand X Time-Interval: at steady state vs. at
the pulse-approaching phase) ANOVA, with Hand and
Time-Interval as RM, was performed for the variable CV.
Finally, two three-way (Group X Hand X Component: UCM
vs. ORT) ANOVA, with Hand and Component as RM fac-
tors, were performed for the variance (Vi and Vrr) and
motor equivalence (ME and nME) indices.

The other series of statistical tests intended to assess
the effect of medication on levodopa-naive PD subjects
(n=10) who were tested twice, before and after the first
dose of medication. Note that, even with the relatively
small number of patients, the normality assumption was
not violated for some of the variables that did not require
log transformation (i.e., Frop MVC, Izy, AV, and f5g4).
as well as for other variables after log transformation [i.e.,
peak Frop, peak Frgr rate, CV (at steady state and pulse-
approaching phase), variance (Vycy and Vggp), motor
equivalence (ME and nME), and AAV,] according to the
Shapiro—Wilk tests. Therefore, two-way RM ANOVAs
(Medication: “on” vs. “off” and Hand) were performed
for the following outcome variables: 9HPT, Fyor MVC;
Ipn; peak Frgp, peak Frorp rate, AV, AAV,, and t,q,.
A three-way (Medication X Hand X Time-Interval) RM
ANOVA was performed on CV. Two three-way RM ANO-
VAs (Medication X Hand X Component) were performed
for the indices of variance (Vycy and Vogp) and motor
equivalence (ME and nME). Pairwise contrasts with Bon-
ferroni corrections were performed as needed. For all sta-
tistical tests, the alpha level was set at p=0.05.

Results

Effects of PD

PD patients were on average 29% slower than controls
in the 9HPT (F, ,4,=27.7, p<0.001, n*=0.54), with no
effect of Hand and no Group X Hand interaction (Fig. 2a).
Overall, the PD patients showed lower maximum four-
finger Fpopr (MVC) than controls (on average, by about
35%; F(124)=6.69, p=0.016, n*=0.21, Fig. 2b). No dif-
ference between hands and no Group X Hand interaction
were found. No effects and interaction were found for the
overall index of enslaving, Iy, although the indices in the
PD group were, on average, about 20% higher (Fig. 2¢).
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the dominant (DH) and non-dominant hands (NDH). Error bars show
standard errors. Stars shows significant group effects (p <0.05)
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CV at steady state (SS, white and black bars) and during the pulse-
approaching (PA, light and dark gray) phase. Error bars show stand-
ard errors. Stars shows significant group effects (p <0.05)

Task performance

There was no difference in the force pulse characteristics
between the groups. Specifically, the peak Fror and peak

Fror rate were similar between the PD and control groups
(Fig. 3a, b). No main effect of Hand and no Group X Hand
interaction were found.

Overall, the coefficient of variation for Fpgp (CV) was
greater for the PD group (effect of Group: F; 54)=15.54,
p=0.001, ;72=O.39) than controls, with this difference
being larger in the steady state compared to the pulse-
approaching phase (Group X Time-Interval: F; 54)=5.94,
p=0.023, n”=0.2). Also, the CV was smaller during the
steady-state phase (CVyg) than during the pulse-approach-
ing phase (CVp,), which was confirmed by an effect of
Time-Interval (F; 54, =226, p<0.001, 7°=0.9, Fig. 3c). In
addition, CV¢g was smaller for the dominant hand than the
non-dominant hand, but there was no difference between
hands for the CVp, (Time-Interval X Hand: F; 54,=77,
p<0.001, 7*=0.76).

UCM-based analysis of variance

Levodopa-naive PD subjects showed significantly higher
inter-trial variance component in the space of finger modes
affecting F'rqgr (Vort)s no such effect was seen for the vari-
ance component that did not affect Frqop (Viycy)- This was
confirmed by ANOVA during steady state (Group X Com-
ponent: F(; 54=7.21, p=0.013, n*=0.23; main effect
for Vogyt F(y04)=17, p<0.001, n*=0.41). Much higher
Vyeu compared to Ve values were seen in both groups
(Fig. 4a). This result was confirmed by the significant
effect of Component (F; ,4)=321, p<0.001, n*=0.93).
No effect of Hand and no other interactions were found.

As a result of the inequality Vycy > Vogrys the syn-
ergy index, AV, was consistently positive in both groups
(Fig. 4b). Averaged across subjects, time profiles of AV,
are shown in Fig. 5. Note the higher values in the controls
during steady state (between 1.2 and 1 s before the first
vertical dashed line) and the consistent drop in AV, in
preparation to the force pulse initiation (second vertical
line) reflecting the ASA. Smaller synergy index values,
AV, during steady state in levodopa-naive PD were con-
firmed by the effect of Group (F(; ,4,=6.28, p=0.019,
7*=0.21). No other effects or interaction were seen.

The drop in the synergy index for both groups started,
on average, 360 ms before f,. No Group and Hand effects
were observed for 7,5, (Fig. 4c). Whereas no difference
between groups was observed for the AV, drop magnitude
(AAYV,) in the dominant hand, AAV, was smaller for the
non-dominant hand in the PD group compared to controls
(Group X Hand; F(1!24) =5.47, p=0.028, 172 =0.18; main
effect of Group in the non-dominant hand, F, ,4,=4.86,
p=0.037, *=0.17) (Fig. 4d).
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outcome variables of the motor equivalence analysis (ME and nME)
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Motor equivalence analysis

The changes in the finger modes between steady states
separated by the force pulse were confined primarily to the
UCM for Frpqp (Fig. 4e). Consequently, ME was about three
times larger than nME (effect of Component: F(; 55y =231,
p<0.001, n2=0.91). No differences between the hands
were found. While no group difference was found for ME,
levodopa-naive PD subjects showed higher nME compared
to controls reflected in an equivocal Group X Component
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interaction (F 54)=3.73, p=0.065, n*=0.13) and main
effect of Group on nME (F(; ,4,=8.93, p=0.006, n*=0.27).

Effects of the first dose of levodopa

Levodopa-naive PD patients, on average, showed a small
reduction in the UPDRS-III score after taking their first dose
of carbidopa/levodopa (25/100 mg) (Z=—-2.196, p=0.028,
see Table 1 for individual data) and were, on average, 18%
faster in the 9HPT (F, 5)=11.82, p=0.007, 172=0.57), with
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Fig.5 The time profiles of average and SE of the synergy index, AV,
for the PD (black line) and control groups (dotted line) of the dom-
inant and non-dominant hands during the accurate Fqop with pulse
production task. The first vertical dashed line in each plot (at —1 s)

no effect of Hand and no Medication X Hand interaction
(Fig. 6a).

The first dose of medication had negative effects on both
maximal force magnitude (it decreased) and unintentional
finger force production (enslaving increased). Compared
to the metrics observed in the off-drug state, PD subjects
showed, on average, approximately a 17% drop in Frop
MVC (F(; ,=13.9, p=0.005, n*=0.61, Fig. 6b). No effect
of Hand and no Medication X Hand interaction were seen for
Fror MVC. Additionally, there was an increase in the index
of enslaving, Iy, by about 20% (F(, ¢)=7.42, p=0.023,
7> =0.45) with no other effects (Fig. 6¢).

Task performance

Compared to the off-drug state, in the on-drug state, PD
patients showed a 12% increase in the magnitude of peak
Fror (effect of Medication: F; g,=13.9, p=0.005, n*=0.61,
Fig. 7a) and a 20% increase in the peak Fi rate (effect of
Medication: F, 4)=8.86, p=0.016, n*=0.5, Fig. 7b) during
the force pulse. No effect of Hand and Medication XxHand
interaction were observed for these outcome variables.

Overall, CV of Fpgr was smaller during the steady-state
phase than the CV during the pulse-approaching phase
(effect of Time-Interval: F(l,g) =97.5, p<0.001, 172 =0.92,
Fig. 7¢). In addition, the CV in both phases tended to be
higher in the on-drug state (marginal effect of Medication:
F(l’g) =4.02, p=0.076, ;72 =0.31). No effect of Hand and no
interactions were observed.

UCM-based analysis of variance

The inequality Vycy > Vorr Was valid both for off- and
on-drug (effect of Component: F(, 4)=71.77, p<0.001,

1.2 1.0 -08 -06 -04 -02 00 02 04 06 08 10 12 -1.2 -1.0 -08 -06 -04 -02 00 02 04 06 08 1.0 1.2

Time (s)

represents the end of the steady-state phase [—1.2: —1 s] and the
second vertical dashed line in each plot (at 0) represents the time of
pulse initiation (#;)

172 =0.89) states. In the on-drug state, there was an increase
in both variance components (effect of Medication:
F(Lg) =14.87, p=0.004, ;12=0.62). No effect of Hand and
no interaction were seen (Fig. 8a). As a result of propor-
tional changes in the two variance components, the index of
synergy, AV,, was not affected by medication and showed
no other significant effects (Fig. 8b). There were no effects
of medication on either of the two indices of ASAs, f5ga, OF
AAV, (Fig. 8c, d). No effect of Hand and no interactions
were seen.

Motor equivalence analysis

During both off-drug and on-drug tests, changes in finger
modes between steady states separated by the force pulse
were confined primarily to the UCM for Frrqp (Fig. 8e). This
led to ME being about three times larger than nME (effect
of Component: Foo= 68.31, p<0.001, ;12 <0.88). No dif-
ferences between the hands were found. There were effects
of Medication (F; 9,=12.42, p=0.006, n*=0.58), which
tended to be component specific (Medication X Component:
F(19)=3.76, p=0.084, n*=0.30). Specifically, whereas
no effect of Medication was seen for nME (p >0.2), ME
increased on-drug (F(; y=10.74, p=0.01, n*=0.54). No
other significant effects were observed.

Discussion

Overall, our observations provide support for the first
hypothesis formulated in the Introduction, but not for
the second one. Indeed, as suggested by Hypothesis-1,
levodopa-naive PD patients showed reduced indices of
stability (lower synergy index, AV reflecting an increase
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in nME without a change in ME) compared to controls.
These results confirm earlier observations in early-stage
PD patients tested in the “on-medication” state (Park et al.
2012; Jo et al. 2015). The results were ambiguous with
respect to ASAs: Only one of the indices (drop in the syn-
ergy index in the non-dominant hand) showed a signifi-
cant difference from the values in the control group. As
in earlier studies, PD patients showed lower MVC force
and a tendency toward higher enslaving values (cf. Park
et al. 2012).
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(black and dark gray filled bars) medication stage for the dominant
(DH) and non-dominant hand (NDH). In panels A and E, the bars
show Vycy and ME (white and black bars) and Vg and nME (PA,
light and dark gray). Error bars show standard errors. Stars shows sig-
nificant medication effects (p <0.05)

In contrast, effects of medication were opposite to our
expectations and went against all the predictions of Hypoth-
esis-2. After taking the first dose of levodopa despite bet-
ter performance in UPDRS-III and 9HPT, the PD patients
showed lower MVC, higher enslaving, higher overall vari-
ance (without a change in AV), and a trend toward smaller
ASAs. These observations are mostly in the opposite direc-
tion compared to those reported in an earlier study on the
effects of levodopa in PD patients who were on chronic
anti-PD drugs, including levodopa (Park et al. 2014). These
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unexpected findings are consistent with the idea that the
long-term chronic anti-PD drug exposure in the PD pop-
ulation we previously studied may lead to brain circuity
changes; these changes may, in turn, lead to the differences
in the acute sensitivity to levodopa between the levodopa-
naive PD population and PD patients on chronic dopamine-
replacement therapy.

Stability and agility in early-stage PD

Two aspects of change in motor coordination have been
identified in PD and addressed as impaired control of action
stability (reviewed in Latash and Huang 2015). These two
aspects are related to two groups of seemingly incompat-
ible signs and symptoms in PD. On the one hand, patients
with PD show low stability of actions, which leads to loss
of stability of posture and gait with disease progression. On
the other hand, these patients are unable to destabilize steady
states of their bodies leading to hesitations, problems with
movement initiation, and even episodes of freezing (e.g.,
freezing of gait, reviewed in Schaafsma et al. 2003; Mor-
ris et al. 2008; Snijders et al. 2016). We address these two
groups of signs and symptoms as impaired stability and
impaired agility.

Analysis of action stability has been developed within
the framework of the UCM hypothesis (Scholz and Schoner
1999); this analysis takes into account that any action
involves multiple elements that may or may not be coordi-
nated to ensure stability of a salient performance variable, to
which all the elements contribute (Schoner 1995). The con-
cept of task-specific, controlled stability has allowed devel-
oping a number of computational approaches to quantify
action stability (reviewed in Latash and Zatsiorsky 2016).
One of them is based on the idea that trajectories of move-
ments in unstable directions diverge, while they converge in
stable directions. As a result, inter-trial variance estimated
at a particular action phase is expected to be larger in more
unstable (less stable) directions compared to less unstable
(more stable) ones. Note that this is a non-trivial step: Using
indices of inter-trial variance to reflect stability along each
individual trial.

Another method to quantify stability, analysis of motor
equivalence, is more direct: Using a perturbation and quan-
tifying deviations of the system of interest. The perturbation
can represent a change in external forces (e.g., Wilhelm et al.
2013; Zhou et al. 2014) or a quick action performed by the
person (Mattos et al. 2011, 2015). Deviations in less sta-
ble directions in response to either type of perturbation are
expected to be larger compared to deviations in more stable
directions, if the perturbation is transient and the system
returns close to its initial state (ME>nME). This method
has a clear advantage for clinical studies, because it requires
fewer trials. Recently, we noticed that outcome variables
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from the ME analysis (i.e., ME and nME) require between
4 and 10 trials, whereas outcome variables of the inter-trial
variance within the UCM and ORT (V¢ and Vrr) space
need between 10 and 14 trials for reliable assessment (Frei-
tas et al. 2019). Also, note that both analysis of variance and
analysis of motor equivalence produce synergy indices with
high reliability (de Freitas et al. 2018).

In our experiment, both methods produced indices
suggesting high stability of Fror (Vyem>> Vort and
ME>>nME) in steady states. Controls, however, showed
larger differences between Vi and Vgt (larger AV) com-
pared to PD subjects. Whereas, there was no difference in
ME between the groups, nME was larger in the PD group,
also suggesting lower Fqp stability. Given that PD patients
were tested before taking their first dose of dopamine-
replacement medication, we conclude that the change in
stability was due to PD-related changes in brain circuitry
and not to levodopa treatment effects.

The differences in the indices of agility (554 and AAV;)
were more ambiguous. It is possible that problems with
action stability emerge early in the neurodegenerative
process, whereas problems with agility need more time to
develop. Consistent with this idea, an earlier study did not
find significant changes in the indices of agility in profes-
sional welders who are at high risk for Parkinsonism, while
there was a significant reduction in indices of stability
(Lewis et al. 2016).

It is undisputable that cortical (e.g., originating from M1)
commands directed to motoneurons (Gentner and Classen
2006; Overduin et al. 2012) and spinal interneurons (Takei
et al. 2017) via the corticospinal pathways play a signifi-
cant role in the multi-finger posture and movement control.
Interestingly, chronic post-stroke individuals with a cortical
lesion showed slower force pulse production than controls
during a quick force pulse production task, while showing
no change in the index of multi-finger force-stabilizing syn-
ergy in either the contralesional or ipsilesional hand (Jo et al.
2016). This latter result is counterintuitive and suggests that
cortical areas may be not as important as subcortical struc-
tures and loops to ensure the stability of salient performance
variables.

Consistent with this general idea, previous studies from
our group have shown that subcortical structural damage
in the basal ganglia, cerebellum, and brain stem affects
multi-finger stability and agility indices. In particular, Park
et al. (2012, 2014) have shown that individuals with PD
have lower indices of multi-finger synergy during steady-
state force control (i.e., impaired stability) and delayed and
smaller anticipatory synergy adjustments (i.e., impaired
agility) during quick force change compared to healthy age-
matched controls. These studies also showed that temporary
withdrawal of levodopa negatively affected the indices of
stability and agility in PD subjects. In addition, Lewis et al.
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(2016) showed that welders who have exposure to welding
fumes and may represent a subclinical model of basal gan-
glia dysfunction (Bowler et al. 2006; Dorman et al. 2006)
have lower indices of stability than controls, which corre-
lated with microstructural damage in the globus pallidus.
Recently, Falaki et al. (2018) have shown that PD subjects
who had undergone deep brain stimulation (DBS) directed
to the globus pallidus or subthalamic nuclei showed indices
of multi-finger synergy as high as healthy controls. Collec-
tively, these results demonstrate the importance of the basal
ganglia in the control of multi-finger coordination during
tasks requiring force control.

The cerebellum also is important for the organization
of motor synergies (Thach et al. 1992; Houk et al. 1996;
Brandauer et al. 2011). Specifically, Park et al. (2013) have
found that individuals with olivopontocerebellar atrophy
(OPCA) show lower indices of multi-finger synergies than
controls in an accurate force production task. In addition,
OPCA subjects showed smaller anticipatory synergy adjust-
ments (lower agility) immediately prior to the initiation of a
force pulse. It is known that PD patients display symptoms
associated with cerebellar dysfunction and weakened con-
nections in the striatum-cerebellar pathway (for review see
Wau et al. 2011). This tract is related to action initiation. The
fact that we found early-stage PD subjects already having
reduced indices of stability, but relatively intact anticipa-
tory synergy adjustments (agility), may mean that the stri-
atum-cerebellar pathway is preserved in the initial disease
stage. With disease progression, however, this pathway may
become affected. This aligns with the clinical scenario in
PD, whereby action initiation becomes more challenging
(e.g., freezing of gait) and/or balance issues arise (e.g., falls)
as the disease progresses. If the striatum-cerebellar pathway
indeed is preserved in early-stage PD, this offers an oppor-
tunity to develop neuroprotective treatments for preventing
the pathway impairment.

Lastly, it is also worth noting that stroke patients pre-
sented delayed and smaller anticipatory synergy adjustments
(i.e. reduced agility) immediately prior to the quick force
pulse initiation, when compared to age-matched controls
(Jo et al. 2016). This result indicates that neural circuitry
involved in ensuring stability of action may differ from
that involved in ensuring action agility. The lack of major
ASA differences in our newly diagnosed and drug-naive PD
patients may reflect the lack of involvement of the cortical
areas, which are perhaps involved at later stages of PD.

Indices of finger synergies as behavioral biomarkers
for early-stage PD

The identification of PD biomarkers that can be used as a
predictive and/or diagnostic tool would have tremendous
clinical and scientific impact, as neuroprotective treatments

could be developed and tested rigorously in individuals at
risk for PD. Several behavioral tests have been put forth as
predicting PD, including low sense of smell [UPSIT—Uni-
versity of Pennsylvania Smell Identification Test (Hummel
1999; Tissingh et al. 2001) and sleep disorder measures
(Howell and Schenck 2015). These metrics, however, are
based on non-motor domains. Besides, they may be sensi-
tive but not specific to PD and occur in other neurodegen-
erative disorders such as Alzheimer’s disease and diffuse
Lewy body disease. Diagnostic and predictive PD biomarker
candidates based on motor symptoms may add specificity to
those non-motor metrics. The UPDRS-III (motor evaluation
by a rater) has been used widely to assess motor disability
and outcomes in symptomatic trials in PD (Adler et al. 1997,
Trenkwalder et al. 2011). This metric, however, is brief
(5-10 min) and influenced by factors intrinsic to patients
(e.g., circadian, diurnal and daily fluctuations, food, stress,
etc.), raters (rater—rater reliability), and/or subject-rater
interaction (“white coat” effect). Thus, development of more
objective and reliable motor metrics is needed.

Earlier studies have suggested that indices of stability
and agility during multi-finger tasks can serve as potential
theory-based motor metrics for early PD detection. In par-
ticular, typical changes in indices of stability and agility
were documented in both hands of Hoehn-Yahr stage I PD
patients (Park et al. 2012, 2014) when clinical signs of PD
are observed only on one side. In addition, the changes in
synergy indices for asymptomatic welders were quantita-
tively smaller, but qualitatively similar to those in PD (Lewis
et al. 2016), suggesting that they may be sensitive to subtle,
subclinical neural perturbations. It is known that welders
may develop manganism, a Parkinsonian syndrome (Cer-
sosimo and Koller 2006; Guilarte 2013), and synergic met-
rics have been linked to basal ganglial regions (Lewis et al.
2016). Taken together, these previous studies suggest that
changes in indices of multi-finger synergies may be used for
early detection of PD-related changes in the basal ganglia.
Our study supports this idea by showing that levodopa-naive
PD patients already show detectable changes in indices of
stability. We are particularly encouraged by the significant
group differences in the nME index. Note that this index
can be measured in individual trials and relatively few trials
(4-10 trials) are needed to reach statistically reliable results
compared to those needed during analysis of inter-trial vari-
ance (10-14 trials, Freitas et al. 2019). The approximately
twofold reduction in the number of trials makes analysis of
motor equivalence attractive for potential clinical use.

It is known that the PD patients’ initial clinical response
to levodopa is variable, with some patients demonstrating
an improvement of motor symptoms dramatically and others
showing no improvement (Marsden and Parkes 1977). The
first dose of levodopa in healthy controls increases the blood
flow in the left sensorimotor cortex (SMC), probably caused
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by an increased activity of the thalamocortical projections.
It also increases blood flow in the left ventrolateral prefron-
tal cortex (VLPFC), which could be caused by increased
activity in dopaminergic neurons in different brain regions,
including midbrain and basal ganglia that send direct inputs
to VLPFC (Hershey et al. 2003). Note that VLPFC activity
is associated with motor response inhibition (Menon et al.
2001) and object manipulation (Brodmann area 44, Binkof-
ski et al. 1999).

Levodopa has been shown to attenuate the deficits in the
communication between cortical and subcortical areas in PD
patients (Palmer et al. 2009). Other brain structures seem
to compensate for basal ganglia deficits when PD patients
are levodopa naive. However, because some deficits persist
even on chronic anti-Parkinsonian medication, it has been
argued that the medication is unable to revert this compensa-
tory brain connectivity due to PD (Palmer et al. 2009). This
may explain the different effects observed in functional and
experimental tasks of our study. Changes after taking levo-
dopa observed only in more functional tasks may be related
to the nature of the task, number of body segments involved,
and the outcomes used to assess performance.

Earlier studies have suggested that impaired motor syn-
ergies during multi-finger action observed in Hoehn-Yahr
stages I and II PD patients, even in the apparently unaffected
(subclinical) side of the body of stage I patients (Park et al.,
2012, 2014), could be one of the earliest motor dysfunctions
of PD. In this study, the first dose of levodopa caused similar
(“positive”) and opposite (“negative”) effects on outcome
variables of the other tasks performed. In terms of positive
effects on the clinical tests, there was a small reduction in
the UPDRS part III score (~ 15%) and an 18% reduction in
the time to perform the 9HPT. The reduction in the UPDRS
part III score after the first dose of levodopa is below the cut-
off value of a 33% improvement expected for PD suggested
earlier (Merello et al. 2011; Schade et al. 2017). Although
most of the patients did not improve their UPDRS-III scores
beyond the cut-off value, they were responsive to chronic
use of levodopa (noted by their treating physicians). The
18% improvement in the 9HPT after taking the first dose of
levodopa could be explained by learning/adaptation effects.
Participants performed two trials before taking the medica-
tion and two more trials after taking the first dose. It is plau-
sible that the improvement could be cause of practice, even
though the participants performed the trials after the medica-
tion on average 2 h after the first set of trials. The improve-
ment also could be caused by reduction in bradykinesia in
proximal muscle groups of the upper limbs after medication.
Bradykinesia is a cardinal PD symptom and it is known to be
reduced with chronic levodopa use. The increase in the peak
Fror rate during quick force pulse production in the main
experimental task also could be seen as a sign of the acute
effect of levodopa on bradykinesia.
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The different findings observed between the experimen-
tal and functional tasks in our study may be also due to
differences in the nature of tests. The 9HPT used to assess
hand dexterity involves movement of upper limb segments
(a more dynamic task), while the main experimental task
(used to quantify synergy indices) was an isometric task
requiring mainly activation of intrinsic and extrinsic finger
flexors. Hence, it seems that a beneficial acute effect may be
observed in more dynamic tasks such as arm reaching and
gait characteristics (cf. Castiello et al. 2000; Smulders et al.
2016). In addition, while the dexterity task only assesses
the final product (performance), the investigated task is
related to the motor strategies used to accomplish the task
successfully.

Nonetheless, the synergy measures were able to distin-
guish early PD patients from healthy, control individuals,
reproducing early findings in which PD patients on chronic
anti-Parkinsonian medication showed lower indices of syn-
ergy than controls (Park et al. 2012; Jo et al. 2015). There-
fore, the indices of stability and agility quantified in our
study may be proposed as biomarkers for early identifica-
tion of PD process, particularly its impact in basal ganglial
structures, although they may not be sensitive to track acute
drug effects on functional behaviors.

Effects of long-term medication exposure on drug
sensitivity for multi-finger synergies

Motor control studies investigating the acute effect of the
first dose of levodopa in de novo PD patients are scarce.
Most of the studies tested PD patients “off”” medication after
an approximately 12 h withdrawal from all dopaminergic
medication followed by another evaluation 1 h after inges-
tion of levodopa in an “on” medication state. A review paper
from Smulders et al. (2016) showed that gait parameters
such as speed, stride length, duration, and arm swing ampli-
tude and peak velocity increased after levodopa administra-
tion in PD patients, as did excursion of the center of pressure
just before the gait initiation. Levodopa also affects upper
extremity function and control in PD patients. For example,
during a reaching-to-grasp task, moving the hand from its
initial position to the object is faster, and peak movement
velocity and acceleration are higher on levodopa (Castiello
et al. 2000). Conversely, the manipulation component of the
action is not affected by levodopa as demonstrated by no
change in the magnitude of hand aperture or the moment
when the maximum hand aperture was reached (Castiello
et al. 2000, Kelly et al. 2002: Schettino et al. 2006).

In the current study, the effects of the first dose of lev-
odopa were unexpected and intriguing. Indeed, the acute
levodopa results, we found in de novo PD subjects taking
their first dose are qualitatively different from similar studies
in PD subjects on chronic drug therapy (Nutt and Holford
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1996; Michely et al. 2012; Park et al. 2014). In particu-
lar, Park et al. (2014) reported increased MVC force and
decreased enslaving after levodopa, whereas we observed
a decreased MVC force and higher enslaving indices.
This previous study also reported longer and larger ASAs,
whereas we observed trends (non-significant) of ASAs being
smaller and shorter. Synergy indices were unchanged after
levodopa in our study (although the variance components
increased), whereas they were higher “on” medication in
the Park et al. study.

Overall, the quick change in both synergy indices and
ASAs were observed after dopaminergic medication admin-
istration (Park et al. 2014) matches well with the known
positive effects of these drugs on clinical motor metrics
related to bradykinesia and rigidity (Adler et al. 1997; Roc-
chi et al. 2002; Smulders et al. 2016, Trenkwalder et al.
2011). The effects observed in our study, however, showed
that levodopa worsened individual control of fingers (higher
enslaving index) and led to higher overall variance indices
and smaller ASAs. One would expect these effects to lead
to poorer performance on functional tests and worse clinical
scores, which was not the case (see the UPDRS in Table 1
and 9HPT in Fig. 6a).

There are a number of possible explanations for these
unexpected findings: First, the comparison in the previ-
ous study used a practically defined “oft” medication state
(overnight withdrawal of PD medication), whereas in the
current study, subjects were tested truly in the “off” medica-
tion state, since they had never taken levodopa before. It is
possible that residual effects of medication in the previous
study influenced the results. On the other hand, such residual
effects could be expected to reduce the magnitude of differ-
ences between the “on” and “off” states, not to change its
sign.

Second, it also is possible that the order of testing affected
the outcome. For obvious practical reasons, de novo patients
always were tested first in the “off” medication condition,
which represented their steady-state condition, followed by
“on” medication testing. This means that we explored the
effects of added medication. In earlier studies, however, the
steady-state condition for PD subjects was “on”” medication
and data collected after overnight withdrawal represented
effects of removed medication (even though the comparisons
were made with the “on” medication state after taking the
first morning dose).

An intriguing possibility, however, is that the difference
between the current and previous results is due primar-
ily to long-term exposure to medication that may mod-
ify neural circuits and their acute response to levodopa.
Consistent with this idea, PD subjects treated chronically
showed larger and more beneficial effects of acute addition
of medication. We currently are retesting those patients
after 6 months of anti-PD drug treatment and it will be

very interesting to observe whether levodopa response
changes with treatment. It also remains to be seen whether
the described contrasting effects are typical only of finger
coordination tasks or also can be seen in other tasks, in
particular in multi-muscle coordination of vertical posture.
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Appendix

Analysis of the structure of variance and motor
equivalence within the UCM-framework

The force data from multiple trials f were converted into a
mode vector m using the enslaving matrix, E, where f=[f;
fin £ /1% (T represents a matrix transpose):

m= [E]""-f (1

Change in total force, F;,;r was a function of the
changes in modes dm = [dm; dm,, dm, dm]" :

dFror=[1111]-df=[1111]-E-dm ?)

The UCM was approximated as a sub-space defined by
an orthogonal set of the vectors e; in the m space satisfying:

0=[1111] -E-¢ 3)

These vectors were found by computing the null-space
of the Jacobian of this transformation ([1 1 1 1]«FE). The
mean-free modes were then projected onto these directions
and summed to produce:

n—-p

fr=2 (el -dm)e, @)

i

where n=4 is the number of finger modes, m, and p=1 is
the number of constraints defined by the performance vari-
able, Fy,r. The orthogonal to the null-space projection was
computed as:

fi=dm—fy o)

The amount of variance per degree of freedom within
the UCM is:
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) If”r (6)

Viem =
(n - p)Ntrials

The amount of variance per degree of freedom orthogonal
to the UCM is:

Tl

Vorr = ——— 0
pN trials

For the analysis of motor equivalence, mean deviation

mode vector, Am, was projected onto the null and orthogo-

nal spaces of the corresponding J as follows:

3

Amy = (ef - Am) e, ®)
i=1

Am; = Am— Am, 9)

where Am is the null-space component and Am |, is the
orthogonal component of the mean deviation mode vector.
Both components are still four-dimensional mode vectors.
The magnitude of ME and nME changes in the mode space
was assessed by computing the length of these vectors, nor-
malized by the square root of the number of DOF in the
corresponding dimension.
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