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A B S T R A C T

Background: Multi-digit synergies, a recently developed, theory-based method to quantify stability of
motor action, are shown to reflect basal ganglia dysfunction associated with parkinsonian syndromes. In
this study, we tested the hypothesis that multi-digit synergies may capture early and subclinical basal
ganglia dysfunction. We chose asymptomatic welders to test the hypothesis because the basal ganglia are
known to be most susceptible to neurotoxicity caused by welding-related metal accumulation (such as
manganese and iron).
Methods: Twenty right-handed welders and 13 matched controls were invited to perform single- and
multi-finger pressing tasks using the fingers of the right or left hand. Unified Parkinson’s Disease Rating
Scale and Grooved Pegboard scores were used to gauge gross and fine motor dysfunction, respectively.
High-resolution (3T) T1-weighted, T2-weighted, T1 mapping, susceptibility, and diffusion tensor MRIs
were obtained to reflect manganese, iron accumulation, and microstructural changes in basal ganglia.
The synergy index stabilizing total force and anticipatory synergy adjustments were computed,
compared between groups, and correlated with estimates of basal ganglia manganese [the pallidal index,
R1 (1/T1)], iron [R2* (1/T2*)], and microstructural changes [fractional anisotropy and mean diffusivity].
Results: There were no significant differences in Unified Parkinson’s Disease Rating Scale (total or motor
subscale) or Grooved Pegboard test scores between welders and controls. The synergy index during
steady-state accurate force production was decreased significantly in the left hand of welders compared
to controls (p = 0.004) but did not reach statistical significance in the right hand (p = 0.16). Anticipatory
synergy adjustments, however, were not significantly different between groups. Among welders, higher
synergy indices in the left hand were associated significantly with higher fractional anisotropy values in
the left globus pallidus (R = 0.731, p < 0.001) but not with the pallidal index, R1, or R2* values in the basal
ganglia.
Conclusions: These data suggest that multi-digit synergy metrics may serve as preclinical markers for
basal ganglia dysfunction in welders and other populations at risk for neurodegenerative diseases
involving parkinsonian symptoms. This finding may have important clinical, scientific, and public/
occupational health implications.
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1. Introduction

Since all natural human movements are performed in a poorly
predictable environment and involve varying internal states,
movement stability is crucial for successful everyday motor
performance. For example, holding a cup of water steady requires
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stability of the integrated contribution of the many involved joints
and muscles, all of which may vary their state. It is important to
note that stability is not always desirable. If a person wants to make
a quick action, high stability would resist this intentional change.
We address the ability to modify steady states in preparation to a
quick action as agility. Loss of stability of motor performance may
cause spills, falls (balance problems), dropped objects, illegible
writing, stuttering, etc., whereas loss of agility may cause difficulty
in motor initiation (such as freezing of gait). These examples are
extreme and obvious; but loss of movement stability also may be
subtle and not observable with the naked eye.

Until recently, no method could quantify movement stability of
motor function across the repertoire of everyday actions that
involve multi-digit object manipulation, multi-joint reaching, and
whole-body actions. Based on two theoretical constructs, the
principle of abundance (Gelfand and Latash, 1998; Latash, 2012)
and the uncontrolled manifold hypothesis (Scholz and Schoner,
1999), we have developed an index of motor synergies ensuring
action stability. We define synergies as task-specific organizations
of redundant (abundant, Latash, 2012) sets of elements. All human
movements involve abundant sets of elements; as a result, a given
value of a performance variable (e.g., total force produced by a set
of fingers) can be achieved with numerous combinations of
elemental variables (e.g., finger forces). If a person performs
several task trials, elemental variables are expected to diverge in
less stable directions and converge in more stable directions. As a
result, stabilizing a salient performance variable (such as total
force) may be expected to lead to relatively high inter-trial variance
of elemental variables within the sub-space where the perfor-
mance variable does not change (its uncontrolled manifold, UCM;
Scholz and Schoner, 1999) compared to variance orthogonal to the
UCM direction, ORT. Variance along the UCM (VUCM) has no effect
on the performance variable, as it reflects flexible use of varying
solutions to ensure the same performance across slightly changing
effector (e.g., finger) contributions. Variance along the ORT (VORT)
reflects accuracy of performance. The normalized difference
between VUCM and VORT has been defined as a synergy index
(DV; reviewed in Latash et al., 2002, 2007). Prior to a quick change
in the corresponding performance variable, a drop in an index of
stability was observed in young, healthy persons 200–300 ms prior
to the initiation of a quick action from steady state (Olafsdottir
et al., 2005). We defined this phenomenon as anticipatory synergy
adjustments (ASAs), which reflect the ability to modify a steady
state in experimental studies.

As a new concept (Latash and Huang, 2015), the syndrome of
impaired control of stability has not been mentioned in clinics or
human health-related research. Currently, the main test of basal
ganglia dysfunction in a clinical setting is the Unified Parkinson’s
Disease (PD) Rating Scale (UPDRS). The scale is subjective, offers
little insight into motor coordination, and is not useful in
asymptomatic populations with subclinical basal ganglia dysfunc-
tion. The Grooved Pegboard test also has been used for gauging fine
motor dysfunction (reviewed in Ruff and Parker, 1993; Causby
et al., 2014). This test may be useful and sensitive to detect definite
declines in fine motor skills for patient populations (Lee et al.,
2013) but may not be sensitive to detect subtle motor function
changes in subclinical populations (Ellingsen et al., 2008).

Recently, we demonstrated that perturbation of the basal
ganglia in PD and parkinsonism patients leads to a significant
decrease in synergy indices and ASAs (Park et al., 2012; Park et al.,
2013b; Jo et al., 2015), suggesting impairments both in creating
task-specific stability of salient variables (cf. Schöner, 1995) and
adjusting it in anticipation of a quick action. Most importantly, we
found synergy changes in early-stage PD patients, even in the
asymptomatic limb. Together, these data suggested that multi-
digit synergies might capture subclinical basal ganglia dysfunction.
Testing this hypothesis is important because many neurodegener-
ative disorders have a long pre-clinical period (Sandberg et al.,
2001; Mandel and Korczyn, 2011; Eisen et al., 2014) and developing
tests that sensitively detect preclinical signs also may help develop
neuroprotective methods.

Overt Mn neurotoxicity is known to have similarities to PD
(Cersosimo and Koller, 2006; Bowler et al., 2007a). The neurotoxic
effects of chronic and lower-level Mn exposure, at the level most
relevant to occupational and public health, however, are less clear.
Asymptomatic welders with relatively low exposure levels may
serve as a human model of subclinical basal ganglia dysfunction
based on the following knowledge: 1) High-exposure welding
causes a clinical syndrome similar to PD (manganese-induced
parkinsonism or manganism) such as slowness of movements,
tremor, and balance problems. Their symptoms, however, are
probably related to excessive exposure to manganese (Mn) (Huang
et al., 1993; Hauser et al., 1996; Mergler and Baldwin, 1997; Pal
et al., 1999; Guilarte, 2013), although our group has demonstrated
recently that higher accumulation of iron also occurs in welders
(Lee et al., 2016b). 2) Many studies have documented subclinical
symptoms (e.g., declines in neuropsychological or motor perfor-
mance) that do not meet criteria for overt manganism (Bowler
et al., 2006a,b; Bowler et al., 2007a,b; Ellingsen et al., 2008; Chang
et al., 2009; Cowan et al., 2009a,b; Simon-Sanchez et al., 2009). 3)
Although manganism can be differentiated from PD by the lack of
L-dopa response (Ostiguy et al., 2006), they share the common
feature of basal ganglia dysfunction. In PD, the basal ganglia
dysfunction arises from dopaminergic cell loss in the substantia
nigra, whereas in manganism it may be related to Mn accumula-
tion in the basal ganglia, especially in the globus pallidus (Kim
et al., 1999; Dorman et al., 2006; Criswell et al., 2012; Lee et al.,
2015, 2016b). Thus, asymptomatic welders with relatively low
exposure levels may represent a transitional group that allows us
to determine if synergy metrics can serve as a sensitive
measurement for preclinical basal ganglia dysfunction.

In this study, we tested the following two hypotheses: 1) multi-
digit synergy and ASA indices in welders are reduced compared to
controls; 2) reduced synergy metrics in welders are associated
with exposure measurements (welding-related metal accumula-
tion and/or microstructural changes) in the basal ganglia.

2. Materials and methods

2.1. Subjects

Twenty welders and 13 matched controls were selected from a
larger cohort of subjects in an exposure and neuroimaging study.
The original cohort of 80 subjects (40 welders and 40 controls) was
recruited from regional union meetings in central PA, USA, and
from the community around the Penn State Hershey Medical
Center (PSHMC; Lee et al., 2015). Welders were defined as subjects
who had welded at any point in their lifetime and controls as those
who did not have any history of welding. Subjects selected for this
study were all male, right-handed according to their preferred
hand during writing and eating, and answered negatively for past
diagnosis of neurological disorders. As part of the screening visit,
detailed demographic information was obtained from all subjects.
Since all subjects in the overall cohort were male, matching by
gender was not an issue for the current study. We attempted to
match controls and welders by education and BMI, but controls in
the overall cohort had significantly more education and lower BMIs
(Table 1; Lee et al., 2015). All welders underwent an orbital
radiograph to rule out any metal fragments around the eye prior to
brain MRI. Written informed consent was obtained from all
subjects in accordance with the Declaration of Helsinki and



Table 1
Demographic, exposure, and MRI metrics for welders and controls.

Controls (N = 13) Welders (N = 20) p-values

Age (years) 41.9 � 10.8 47.1 � 12.9 0.239
Education (years) 16.3 � 2.0 13.3 � 2.2 <0.001
ALT (IU/L) 37.1 � 16.7 45.1 � 19.9 0.240
BMI (kg/m2) 25.1 � 3.2 29.4 � 5.9 0.020
HrsW (hours) 0 � 0 (0) 162 � 140 <0.001
YrsW (years) 0 � 0 (0) 24.7 � 12.3 <0.001

MRI metrics
PI 108.9 � 1.3 109.2 � 1.8 0.436

R1
Caudate 0.670 � 0.058 0.676 � 0.091 0.854
Putamen 0.712 � 0.064 0.701 � 0.046 0.552
Globus pallidus 0.889 � 0.081 0.867 � 0.039 0.161

R2*
Caudate 21.5 � 1.9 23.6 � 3.0 0.080
Putamen 25.9 � 2.7 27.2 � 3.7 0.472
Globus pallidus 34.5 � 5.4 37.8 � 5.2 0.826

FA
Caudate 0.166 � 0.014 0.176 � 0.018 0.220
Putamen 0.211 � 0.029 0.237 � 0.030 0.280
Globus pallidus 0.349 � 0.034 0.358 � 0.027 0.649

MD
Caudate 7.80 � 10�4 7.66 � 10�4 0.110
Putamen 7.35 �10�4 7.45 �10�4 0.618
Globus pallidus 7.73 � 10�4 7.58 � 10�4 0.282

All data represent the mean � SD, unless otherwise indicated. Data were analyzed
using ANCOVA except for gender and handedness, which were analyzed using
Fisher’s Exact test. Abbreviations: ALT, alanine aminotransferase; BMI, body mass
index; FA, fractional anisotropy; HrsW, hours welding in the 90 days prior to study
visit; MD, mean diffusivity; PI, pallidal index; YrsW, total years welding.
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approved by the PSHMC Internal Review Board/Human Subjects
Protection Office.

2.1.1. Clinical information
All subjects were examined and ascertained to be free of any

obvious neurological and movement deficits using the UPDRS
motor scores (UPDRS-III) with a threshold score of <15 indicating
lack of parkinsonian motor symptoms as defined by a previous
welder study (Lee et al., 2015). Subjects also completed sections I (a
non-motor-related functional questionnaire) and II (a motor-
related functional questionnaire) of the UPDRS. None of the control
subjects had any arthritis in their upper extremities. Descriptive
data for all subjects are presented in Table 1.

2.2. Experimental design

All subjects were assigned a study identification number (study
ID) upon enrollment. This study ID then was used during data
analysis so that analyses could be carried out in a blinded fashion.
Subjects were not randomly assigned to a group, as group
assignment was dictated by previous welding history. A priori
sample size calculations based on a power analysis using G*Power
(Faul et al., 2007) suggested studying at least 11 control and 21
welders in order to achieve an effect size (d) greater than 1.1 with
at least 80% power and type-I error rate of a = 0.05 to detect a group
difference. The effect size was estimated based on our previous
study with 10 PD patients compared to 11 controls, which revealed
a large effect size of d = 1.39 for the synergy index group difference
[1.79 � 0.49 for PD vs. 2.58 � 0.64 for controls; (Park et al., 2012)].
The actual sample size of 13 controls and 20 welders would yield
85% power to detect the assumed effect size for a group difference.
2.3. Exposure assessment

Exposure first was assessed by the work history (WH)
questionnaire that collected job information over the individual’s
working lifetime, emphasizing welding and other jobs associated
with welding exposure. Responses on the WH enabled an estimate
of cumulative lifetime years welding (YrsW). An additional
supplementary exposure questionnaire (SEQ; Lee et al., 2015)
focused on the 90-day period prior to the MRI and determined the
time spent welding, type of metal welded, and various types of
welding performed. The exposure metrics derived from the SEQ
were: hours welding, brazing, or soldering [HrsW = (weeks
worked) * (h/week) * (fraction of time worked related directly
to welding)] in the 90-day period preceding the MRI (Lee et al.,
2015).

2.4. Apparatus

2.4.1. Multi-digit pressing setup
This setup has been described in more detail previously (Park

et al., 2012). Briefly, four piezoelectric force sensors (model
208A03; PCB Piezotronics, Depew, NY) were used to measure
vertical forces produced by the fingers. The sensors were attached
to a customized flat wooden panel. Each sensor was covered with
sandpaper (300-grit) to increase the friction between the finger-
tips and the top surface of the sensors. Sensor positions in the
medial-lateral and anterior-posterior directions were adjusted
according to individual hand and finger anatomy to achieve a
comfortable hand posture. A wooden piece was placed underneath
the subject’s palm to help maintain constant hand and finger
configurations during the tests (see schematic in Fig. 1). The four
force signals were digitized at 300 Hz with a 16-bit resolution using
a customized LabView program.

2.5. Experimental procedures

The experiment comprised three tasks: 1) maximal voluntary
contraction (MVC) tasks, 2) single-finger ramp tasks, and 3) quick
force pulse production tasks. The subjects performed all three
tasks in the above order with their dominant (right) and non-
dominant (left) hand. The entire experiment lasted �1 h. Before
each task, subjects were given instructions and a demonstration by
an experimenter, after which they practiced for 1–3 min.

2.5.1. Pressing tasks
Subjects sat in a chair facing a 19-in. computer monitor

positioned at eye level. The monitor showed real-time finger force
feedback. The forearm was strapped into a wrist-forearm brace to
avoid forearm and wrist movement during trials (see Fig. 1). Prior
Fig. 1. Schematic of the pressing setup.
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to each trial, all sensor signals were set to zero when subjects
placed their fingertips on the sensor centers and relaxed their
hand. As a result, the sensors measured only active downward
forces.

2.5.1.1. MVC task. In the MVC task, subjects were instructed to
press on the sensors with the four fingers together as hard as
possible in a self-paced manner and achieve maximal total force
level within 8 s. Subjects were instructed to relax immediately
after reaching a maximal force. The feedback showed the sum of
the four finger forces (FTOT). Maximal total force (MVCTOT) and the
forces of individual fingers (MVCi; i = I, index; M, middle; R, ring;
and L, little) were measured. Subjects performed two consecutive
attempts, and the trial with the higher MVCTOT was selected to set
further tasks with the pressing setup.

2.5.1.2. Single-finger ramp tasks. Subjects were required to press
with one of the fingers (the task finger) and match its force with
the template shown on the screen. The 20-s template consisted of a
horizontal segment at zero force for the first 4 s, followed by a
slanted line from 0% to 40% of the force of the task finger measured
in the MVC test over the next 12 s, and a horizontal segment at 40%
of MVCi for the last 4 s. Subjects were asked to pay no attention to
possible force production by other fingers (non-task fingers) and to
keep all fingers on the sensors at all times.

2.5.1.3. Accurate multi-finger force pulse production task. In this
task, subjects were asked to produce an accurate steady-state force
level followed by a quick force pulse into a target by pressing with
all four fingers. During each trial, the feedback on FTOT was
provided on the computer screen. Two horizontal lines showed an
initial force level (set at 5% of MVCTOT) and a target level (set at 25%
of MVCTOT; with �5% error margins). The instruction was to press
on the sensors with all four fingers and match FTOT with the initial
force level as accurately as possible. A vertical line was shown
corresponding to 5 s after the trial initiation. Once the cursor
crossed the vertical line, the subjects were required to produce a
very quick force pulse to the target at a self-selected time within
the next 5 s. Each subject performed at least 25 trials and
additional trials (over the minimum 25) were given if the
subject made a major mistake (for example, pressing before the
cursor reached the vertical line, pressing several times within 1
trial, or changing the baseline force slowly in preparation to
pressing).

2.5.2. Grooved Pegboard Test
The Grooved Pegboard Test (Lafayette Instrument Company,

Lafayette, Indiana) is a conventional neurobehavioral assessment
to measure fine motor dexterity and used widely in patient
populations (reviewed in Causby et al., 2014). This test contains 25
holes with randomly positioned slots and pegs that have a key
along one side. Subjects were asked to rotate the pegs to match the
hole before it could be inserted. Subjects were instructed to place
all pegs into the 25 holes, picking them up one at a time, and using
just one hand. They completed the test first using their dominant
and then their non-dominant hand. Total completion time was
measured using a stopwatch. Average scores for the dominant or
non-dominant hands in each group were calculated. The scores
then were transformed to z-scores based on age- and education-
adjusted norm scores (Ruff and Parker, 1993).

2.5.3. MRI data acquisition
All images were acquired using a Siemens 3 T scanner

(Magnetom Trio, Siemens Medical Solutions, Erlangen, Germany)
with an 8-channel head coil. High-resolution T1-weighted (T1W)
and T2-weighted (T2W) images were acquired for anatomical
segmentation. T1W images were collected using an MPRAGE
sequence with Repetition Time (TR) = 1540 ms, Echo Time
(TE) = 2.3 ms, FoV = 256 � 256 mm, matrix = 256 � 256 mm, slice
thickness = 1 mm, slice number = 176 (with no gap), and voxel
spacing 1 �1 �1 mm. T2W images were acquired using a fast-spin-
echo sequence with TR/TE = 2500/316, and the same spatial
resolution as the T1W images.

For whole brain fast T1 mapping, images were acquired using a
spoiled gradient recalled echo (SPGR) with two flip angles and
transmit field (B1) correction. Image acquisition parameters for
the T1 mapping were as follows: TR = 15 ms, TE = 1.45 ms, flip
angles = 4/25, FoV = 250 � 250 mm, matrix = 160 � 60, slice
thickness = 1 mm, slice number = 192 50% overlap, and voxel
spacing = 1.56 � 1.56 � 1 mm; and for the B1 field mapping:
TR = 1000 ms, TE = 14 ms, flip angles = 45/60/90/120/135, FoV = 250
� 250 mm, matrix = 32 � 32, slice thickness = 5 mm, and slice
number = 22.

For R2*, five echoes with TE ranging from 8 to 40 ms and an
interval of 8 ms were acquired with TR = 51 ms, flip angle = 15�,
FoV = 230 mm � 230 mm, matrix = 256 � 256, slice thickness = 1.6
mm, and slice number = 88. For R1, parameters were TR = 15 ms,
TE = 1.45 ms, flip angles = 4/25, FoV = 250 � 250 mm, matrix = 160
� 160, slice thickness = 1 mm, slice number = 192, and voxel
spacing = 1.56 � 1.56 � 1 mm.

For DTI, TR/TE = 8300/82 ms, b value = 1000 s/mm2, diffusion
gradient directions = 42 and 7 b = 0 scans, FoV = 256 � 256 mm,
matrix = 128 � 128, slice thickness = 2 mm (with no gap), and slice
number = 65 were used.

2.6. Data analysis

2.6.1. Finger force data
The force data were digitally low-pass filtered with a zero-lag,

fourth-order Butterworth filter at 10 Hz. The data processing was
done using a customized Matlab code as described previously (Jo
et al., 2015). For each subject and each hand, we computed
maximum voluntary force (MVCTOT) in the MVC trials, the time to
peak force during the quick force-pulse production trials (tFtot), and
an overall index of enslaving (EN) in the single-finger ramp tasks.
Enslaving is unintentional force production by non-task fingers
when one of the fingers (task finger) produces force intentionally
(Zatsiorsky et al., 2000). To compute the index of enslaving, for
each single-finger trial, linear regressions of the force produced by
individual fingers against FTOT over a 10-s time interval were
computed. The first and last 1-s intervals were excluded to avoid
edge effects. The regression coefficients in Fi,j = fi

0 + ki,j� FTOT,jwere
used to construct:

E ¼
kI;I kI;M
kM;I kM;M

kI;R kI;L
kM;R kM;L

kR;I kR;M
kL;I kL;M

kR;R kR;L
kL;R kL;L

2
664

3
775

Where i, j = {I, M, R, L}; j represents a task finger; Fi,j and FTOT,j
indicate the individual i-finger force and FTOT, respectively, when
j-finger was the task-finger. An overall index of enslaving, ENj, was
computed for each finger as the average ki,j across the non-task
fingers when j-finger was the task-finger: ENj =

P
ki,j/3 (i 6¼ j).

We calculated synergy indices for each hand within the
framework of the UCM hypothesis (Scholz and Schoner, 1999;
Latash et al., 2001). Finger forces were transformed into finger
modes (m) with the help of the E matrix. Mode is a hypothetical
neural variable reflecting the intentional force production by a
finger leading to forces by all the fingers of the hand due to
enslaving. The variance in the mode space across all the accepted
trials was quantified separately in two sub-spaces for each time
sample. The first sub-space (UCM) corresponded to no changes in
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FTOT. The second sub-space was the orthogonal complement (ORT)
to the UCM; variance within ORT changed FTOT. The two variance
components (VUCM and VORT) were further combined into a single
metric, a synergy index, DV, which was computed for each time
sample: DV = (VUCM� VORT)/VTOT, where each variance index is
normalized by the number of degrees-of-freedom in the corre-
sponding spaces, 3 for UCM, 1 for ORT, and 4 for TOT; VTOT stands
for total variance.

We interpret DV > 0 as sign of a FTOT � stabilizing synergy; a
higher DV implies a stronger synergy. For further statistical
analysis, DV was log-transformed (DVZ) using the Fischer
transformation applied for the computational boundaries, from
�4 to +1.333.

The time (t0) of initiation of FTOT change was defined as the time
when the first derivative of force (dF/dt) reached 5% of its peak
value in that particular trial. All the accepted trials for each hand
and each subject were aligned with respect to t0. The time to reach
peak force (tFtot) was defined as the time of peak force with respect
to t0. The average value (DVSS) and standard deviation (SD) of DVZ

were computed for the steady-state interval (between �600 and
�400 ms prior to t0).

Anticipatory synergy adjustment (ASA; see Fig. 2) was
quantified using two indices, the difference in the DVZ between
steady state and t0 (DDVZ) and the time of initiation of the DVZ

drop (tASA). The tASA index was defined as the time when DVZ

dropped below its average steady-state value (DVZ) by more than 2
SD. Negative values of tASA mean that DVZ started to drop before
the initiation of FTOT changes.

2.6.2. Imaging data

2.6.2.1. Defining brain regions of interest. Bilateral basal ganglia
structures (putamen, caudate, and globus pallidus) were defined
for each subject using automatic segmentation software (AutoSeg;
Joshi et al., 2004; Gouttard et al., 2007) as regions of interests
(ROIs) and then eroded by 1 voxel using a morphological operation
in order to ensure the segmented ROIs were within the anatomical
ROIs based on the T1W image. The quality of the segmentation
then was confirmed visually for all subjects by a reviewer blinded
to group assignment. Bilateral ROIs were analyzed separately
(please see Statistical analysis section below).
Fig. 2. Total force (gray line) and index of synergy (DVZ, black line) during the force puls
prior to the force pulse initiation (t0). The figure also shows the time (tASA) and magni
2.6.2.2. Estimations of brain MRI measurements.
R1 values: R1 values in each ROI were calculated as 1/T1 in each
voxel and averaged over the entire ROI as previously described (Lee
et al., 2015).

Pallidal index: The PI was derived from the ratio of globus
pallidus T1W intensity to frontal white matter intensity
[PI = (globus pallidus/FWM) � 100] (Krieger et al., 1995) as
previously described (Lee et al., 2015).

R2* values: R2* values in each ROI were calculated as 1/T2* in
each voxel and averaged over the entire ROI as previously
described (Lee et al., 2016b).

DTI values: Two DTI values [fractional anisotropy (FA) and mean
diffusivity (MD)] were calculated out of three diffusivity eigen-
values (l1, l2, l3; Le Bihan et al., 2001). FA is a weighted average of
pairwise differences of the three eigenvalues and may represent
the degree of diffusion anisotropy.

FA ¼
ffiffiffi
1
2

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðl1 � l2Þ2 þ ðl2 � l3Þ2 þ ðl3 � l1Þ2

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2
1 þ l2

2 þ l2
3

q

MD is an average of the three eigenvalues and provides
information regarding the magnitude of the diffusion (Le Bihan
et al., 2001; Du et al., 2014; Lee et al., 2016a).

2.7. Statistical analysis

Group comparisons were conducted using one-way ANOVAs.
For motor tasks of synergy data [MVC, EN, and outcome variables of
the quick force pulse production task (tFtot, DVSS,DDVZ, and tASA)]
and Grooved Pegboard, analysis of covariance (ANCOVA) was used
with adjustments for age and education level. For MRI DTI (FA and
MD), R1, R2*, and PI data, ANCOVA was used with adjustments for
age, body mass index (BMI), and respirator use.

Spearman partial correlation analyses were conducted between
motor tasks that showed significant group differences and
welding-related exposure measurements (exposure metrics and
MRI markers) after adjusting for age in welders. The imaging data
for one welder was excluded due to poor quality, resulting in 19
welders included in the imaging and correlation analyses.

Since there were several subtests for the synergy task and
multiple basal ganglia regions for the MRI markers to be compared,
e production task by a representative welder subject. Note the drop in DVZ starting
tude (DDVZ) of the anticipatory synergy adjustment.
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the group comparisons of motor tasks (synergy data), MRI markers,
and the correlation analyses were corrected for multiple compar-
isons using the Stepdown Bonferroni method (Holm, 1979) to
control the familywise error rate (FWER) at p = 0.05. All statistical
tests were two-tailed.

We reported raw p values and marked the values (*) that remain
significant after correction for multiple comparisons. SAS 9.3 was
used to perform all statistical analyses.

3. Results

3.1. Demographic

There were no group differences in age or ALT (a measure of
liver function; Table 1). Control subjects had significantly more
years of education than welders (p < 0.001). The BMI was
significantly higher in welders compared to controls (p = 0.020).

3.1.1. Welding-related exposure
Exposure metrics: HrsW (p < 0.001) and YrsW (p < 0.001)

measures were significantly higher in welders compared to
controls (Table 1).

MRI markers: There were no group differences in any welding-
related MRI markers in any ROI either using the combined or
separate measures for each hemisphere after adjustment for age,
BMI, and respirator use (ps > 0.079; Table 1). Significant group
differences in welding-related MRI markers with a larger sample of
the same cohort, however, have been reported previously (Lee
et al., 2015, 2016a, 2016b).
Table 2
Performance characteristics for motor measurements.

Controls 

UPDRS subscores
I 3.8 � 3.3 

II 0.62 � 1.4 

III 1.6 � 2.8 

Total 6.0 � 5.2 

Grooved Pegboard Tests
Right hand �0.127 � 0.871
Left hand �0.189 � 1.036

Finger test measures
Maximal voluntary contraction (N)
Right hand 89.5 � 31.9 

Left hand 90.0 � 29.2 

Enslaving indices
Right hand 0.690 � 0.217
Left hand 0.831 � 0.402
Time to peak force (s)
Right hand 0.146 � 0.023
Left hand 0.141 � 0.024

Synergy measures
Overall steady-state synergy index, DVSS

Right hand 2.257 � 0.253
Left hand 2.615 � 0.392
Time of anticipatory synergy adjustment (s)
Right hand �0.176 � 0.140
Left hand �0.152 � 0.093
Synergy index change during ASA, DDVZ

Right hand �0.475 � 0.345
Left hand �0.524 � 0.336

Data represent the means � the standard deviation (SD). For the Grooved Pegboard dat
complete the task. Data were analyzed using analysis of covariance (ANCOVA) with 

adjustment for multiple comparisons. All the DV indices were log-transformed. Abbre
3.2. Motor tasks

3.2.1. UPDRS and Grooved Pegboard scores
As seen in Table 2, there were no significant differences in the

UPDRS total score or the motor (sections II and III) and non-motor
(section I) sub-scores. There also were no significant differences
between welders and controls on the Grooved Pegboard test
(ps > 0.128; Table 2).

3.2.2. Maximal voluntary contraction (MVC) and enslaving (EN)
Maximal force values (MVC) produced by welders were similar

to those produced by controls (ps > 0.05, Table 2). Both groups
showed substantial force production by the non-task fingers
during single-finger ramp force production tasks. The enslaving
index (EN) in both groups was similar in each hand (Table 2). Time
to peak force (tFtot) also did not differ between the groups
(ps > 0.91).

3.2.3. Multi-finger synergies and ASA measures
All subjects showed much higher inter-trial variance of

commands to fingers (force modes) compatible with an unchanged
value of total force (VUCM) compared to the variance that changed
total force (VORT). This was reflected in consistently positive
synergy indices quantified over the steady-state accurate force
production, DVSS (Table 2). Welders had a significantly lower
steady-state synergy index (DVSS) of the left hand compared to
controls (p = 0.004, Table 2), which remained significant after
correction for multiple comparisons, whereas the difference did
not reach statistical significance in the right hand (p = 0.160). Thus,
we focused on synergy indices on the left hand for the correlation
analyses in the next section.
Welders P values

4.5 � 3.4 0.549
0.80 � 1.3 0.703
2.7 � 2.9 0.461
8.0 � 4.8 0.278

 0.458 � 1.300 0.135
 0.312 � 1.270 0.183

86.2 � 26.7 0.796
82.2 � 27.2 0.698

 0.673 � 0.222 0.658
 0.700 � 0.293 0.175

 0.146 � 0.038 0.909
 0.143 � 0.035 0.940

 2.040 � 0.425 0.160
 2.213 � 0.275 0.004*

 �0.162 � 0.118 0.692
 �0.187 � 0.131 0.292

 �0.407 � 0.221 0.870
 �0.390 � 0.237 0.231

a are presented as the mean � SD and represent the z-transformed time needed to
adjustment for age and education level. *Represents comparisons that survived
viations: UPDRS, Unified Parkinson’s Disease Rating Scale.
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Prior to the force pulse initiation, both groups showed a
consistent drop in DV, which started on average �170 ms prior to
the first detectable change in total force. Fig. 2 illustrates a typical
performance by one of the welder subjects. Note the drop in the
synergy index DVZ (black line) prior to the time of force pulse
initiation (t0). The initiation time of the DV drop (tASA) and the
change in the synergy index during ASA (DDVZ) were not
significantly different between the two groups in either hand
(ps > 0.231; Table 2).

3.2.4. Synergy associations with exposure and imaging measures
Since the left steady-state synergy index (DVSSL) was the only

synergy metric showing a significant group difference, this metric
was used in the exposure and imaging correlation analyses.

3.2.4.1. Exposure measurements. The synergy index of the left hand
(DVSSL) correlated negatively with HrsW (r = �0.477, p = 0.039) and
YrsW at a trend level (r = �0.448, p = 0.055) in welders. The
significant relationship between DVSSL and HrsW, however, did not
survive correction for multiple comparisons. Controls had no
exposure measures to correlate.

3.2.4.2. R1, R2*, and PI measurements. There were no significant
associations between the left synergy index (DVSSL) and any of the
MRI measurements for Mn (R1 or PI) or iron (R2*) accumulation in
welders or controls (Supplemental Table 1).

3.2.4.3. FA and MD measurements. The synergy index of the left
hand (DVSSL) was correlated positively with FA values in the left
globus pallidus in welders (r = 0.731, p = 0.0006, Fig. 3,
Supplemental Table 1A), which remained significant after
correction for multiple comparisons. The relationship was
lacking in controls (Fig. 3, Supplemental Table 1B). DVSSL also
was correlated positively with FA values in the right caudate
(r = 0.486, p = 0.041) in welders and negatively with the right
putamen in controls (r = �0.667, p = 0.018), but neither association
survived correction for multiple comparisons. DVSSL was not
correlated with MD values in any ROI for either welders or controls
(ps > 0.068; Supplemental Table 1).
Fig. 3. Welders (black line) demonstrated a strong and significant correlation
between the synergy index and GP FA values, whereas controls (red line) showed no
significant relationship between the two measures. GP FA values and synergy
indices were ranked due to non-normal distributions. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
4. Discussion

This is the first study to examine whether multi-digit synergies
may capture subclinical basal ganglia dysfunction in asymptomatic
welders. The results confirmed the hypotheses formulated in the
Introduction: 1) welders had a decreased synergy index compared
to control subjects, particularly for the left hand; and 2) the
synergy index was correlated with welding-related imaging
metrics reflecting microstructural changes in the basal ganglia
of welders. The results, however, do not support that synergy
measurements correlated with measures of Mn or Fe metal
accumulation per se. Together, these data suggest that multi-digit
synergy metrics may serve as preclinical markers for basal ganglia
dysfunction in welders and, potentially, other populations at risk
for basal ganglia dysfunction. The findings may have important
clinical, scientific, and public/occupational health implications as
we discuss below.

4.1. Synergy studies as a tool to measure impaired motor stability in
welders

A series of studies have shown that impaired control of action
stability happens with healthy aging (Shinohara et al., 2004;
Olafsdottir et al., 2007a,b). Those studies tested healthy elderly
subjects (70–85 years of age) and documented a reduction in the
synergy index in multi-digit pressing and prehensile tasks. Two
studies have shown that exercise may lead to a significant
improvement in the synergy index in older adults (Olafsdottir
et al., 2008; Wu and Hallett, 2013). Recently, our group has
demonstrated synergy changes in patients with basal ganglia
dysfunction (PD and parkinsonism; Park et al., 2013b; Jo et al.,
2015).

This study is the first to investigate multi-finger synergies in
asymptomatic welders exposed to Mn, which at high levels is
associated with Mn-induced parkinsonism. The finding of a
decreased synergy index, a metric for movement stability, in
asymptomatic welders is consistent with the involvement of the
basal ganglia, which is vulnerable to welding-related damage due
to higher metal accumulation (Kim et al., 1999; Dorman et al.,
2006; Criswell et al., 2012; Lee et al., 2015, 2016b). In addition, this
finding is consistent with previous literature that welders have
issues with balance and tasks requiring maintaining stability
(Mergler et al., 1994; Bouchard et al., 2007; Bowler et al., 2007c;
Zoni et al., 2007; Ellingsen et al., 2008).

Welders generally hold a torch or electrode and repeat a very
precise motion with their dominant (e.g., right) hand, while using
their non-dominant (left) hand to guide and stabilize the object.
Several recent studies have shown that multi-digit synergies are
stronger in the non-dominant hand during steady-state tasks (Park
et al., 2012; Jo et al., 2015). This observation fits well with the
dynamic dominance hypothesis (Sainburg, 2002; Sainburg, 2014),
which suggests that the non-dominant hand has an advantage
during positional tasks. Indeed, the demonstrated advantage of the
left hand in positional, steady-state tasks may be partly due to the
higher stability in those tasks performed by the non-dominant
hand. We observed significant group differences in the left hand
synergy index during steady-state accurate force production,
whereas the differences did not reach statistical significance in the
dominant right hand. This is an intriguing result. Asymptomatic
active welders are able to remain in their regular welding job that
requires tremendous accuracy and agility (Ellingsen et al., 2008;
Baker et al., 2015). In fact, welders may have superior motor
function, especially in their dominant hand, compared to other
manual workers not exposed to welding fumes, and be able to
mask subtle welding-induced changes in motor functions when
the exposure level is relatively low (“skilled-worker” phenomena).



M.M. Lewis et al. / NeuroToxicology 56 (2016) 76–85 83
This may have contributed to the lack of significant motor deficits
in the dominant hand. Nevertheless, we did observe a trend in the
right hand and increasing the sample size might reveal this
difference. It would be interesting in future studies to obtain
synergy metrics for tasks not involving hands, such as postural
tasks, that may help test effector-specific vs. systemic effects on
motor stability.

4.2. Synergy as a sensitive marker of basal ganglia dysfunction

As we discussed in the Introduction, the Grooved Pegboard has
been used for gauging fine motor dysfunction (reviewed in Ruff
and Parker, 1993; Causby et al., 2014). The sensitivity and
usefulness of this test has been demonstrated in patient
populations (Lee et al., 2013) but it may not be accurate in
detecting subtle motor functional changes in subclinical popula-
tions (Ellingsen et al., 2008). Consistent with this notion, the
pegboard test in the current study failed to detect significant
differences between the groups, whereas the multi-finger synergy
index succeeded in detecting these differences.

Several recent studies from our group have shown that
impaired motor synergies during multi-finger action may be one
of the earliest detectable motor dysfunctions in PD, even in the
apparently unaffected (subclinical) side (Park et al., 2012, 2013a,
2014). Welders tested in the current study had no parkinsonian
signs. In addition, their fine motor skills were comparable with
those of controls and they showed no difference from controls in
the ability to perform quick force pulses. The fact that we
captured reduced synergy indices in this group of welders is
consistent with the hypothesis that synergy changes may provide
the earliest behavioral markers for basal ganglia dysfunction.

The synergy index is more specific to subcortical dysfunction
and relatively preserved in cortical dysfunction (Reisman and
Scholz, 2003; Reisman and Scholz, 2006; Jo et al., 2016), whereas
ASA changes have been observed in both PD and cortical stroke
patients (Jo et al., 2016). It is interesting to note that our welders
showed reduced synergy indices during steady-state tasks,
whereas the ASAs were unchanged. This result suggests that
synergy index changes during steady-state tasks may be specific to
subclinical changes in the basal ganglia while ASA changes may
emerge later in progressive disorders when more diffuse neural
networks are involved. It would be very interesting in future
studies to see if ASA change occurs in clinical, symptomatic
welders (manganism) and can be used to gauge the extent and
severity of the associated neurodegenerative process.

4.3. Biological relevance of synergy-brain microstructural associations
in understanding Mn-related neurotoxicity

Overt Mn neurotoxicity is known to have similarities to PD
(Cersosimo and Koller, 2006; Bowler et al., 2007a). The neurotoxic
effects of chronic and lower-level Mn exposure, at the level most
relevant to occupational and public health, however, are less
clear. Past studies of “asymptomatic” welders support an
association between exposure to Mn-containing welding fumes
and subclinical neural deficits (Ellingsen et al., 2008; Chang et al.,
2009), but the conclusion was marred by the lack of an objective
in vivo marker(s) to sensitively reflect Mn at the brain tissue level,
the absence of accounting for co-exposed metal (i.e., iron)
accumulation in brain tissue, and little investigation of their
structural and functional consequences. In the current study, we
leveraged the most recent advances in MRI to reflect basal ganglia
metal (Mn and iron) accumulation and microstructural changes
to address this gap.
The synergy index was not correlated with the metrics for Mn
accumulation (R1 and the PI). This is not surprising because
although these metrics (R1 and PI) may reflect sensitively current
or ongoing brain Mn exposure, they may not capture long-term
lingering effects of Mn on brain tissues or function, particularly
when the levels of exposure are low (Han et al., 2008; Baker et al.,
2015; Lee et al., 2016b).

The finding of a strong and significant association between the
synergy index and globus pallidus FA values, the region known to
have highest susceptibility for Mn accumulation, is very encour-
aging and suggests that the decline in motor stability is not only
measurable, but also related to Mn-induced microstructural
changes in the globus pallidus (Lee et al., 2016a). Indeed, in a
previous study we found reduced globus pallidus FA values in
asymptomatic welders that were robustly associated with the PI (a
traditional measure for Mn accumulation in the globus pallidus;
Lee et al., 2016a) but not with R2* values (Lee et al., 2016b). In
contrast to MRI metrics for Mn accumulation that may be more
sensitive to short-term dynamics of Mn-exposure, Mn-induced
microstructural changes probably are related more to long-term,
cumulative neurotoxic effects resulting from multiple transient
exposures. In line with this notion, we recently discovered that
globus pallidus FA changes, not Mn brain accumulation (particu-
larly R1), are correlated with long-term Mn exposure metrics (Lee
et al., 2016a).

4.4. Hemispheric control of motor function

Although motor function primarily is controlled by the
contralateral hemisphere, previous work demonstrated significant
and important ipsilateral hemisphere involvement in unimanual
hand tasks (Davare et al., 2007), particularly when the task is
complex (Singh et al., 1998; Haaland et al., 2004) or requires
increased force (Hess et al., 1986; Muellbacher et al., 2000).
Ipsilateral control of motor function is most evident in the left
(dominant) hemisphere, as right-handed subjects more strongly
activate the left motor cortex during left-handed tasks than the
right motor cortex during right-handed tasks (Kim et al., 1993;
Kobayashi et al., 2003). Virtual lesion studies confirm these
imaging findings (Chen et al.,1997). Patients with stroke often have
contralateral hemiparesis (Bourbonnais and Vanden Noven, 1989;
Levin, 1996) but motor deficits ipsilateral to the lesion also are
observed (Haaland and Harrington, 1996; Sunderland, 2000). Our
finding of the strong relationship between left hand synergies and
FA values in the left globus pallidus support important ipsilateral
control in motor tasks. In addition, the association may reflect left
(dominant) hemisphere specialization on multi-finger synergies to
ensure stability of motor performance. Whereas the Spearman
correlation between the right hand synergy index and left globus
pallidus FA values was under the level of significance, testing a
larger cohort and/or following subjects over time may clarify the
relationship. Further studies are warranted to confirm these
findings and elucidate the underlying mechanisms.

4.5. Limitations and summary

Although the results reported are intriguing and robust, the
sample size is relatively small. The findings need to be replicated in
a larger cohort, preferably with a longitudinal component, to
determine whether these changes persist or evolve, and tasks not
involving hands need to be tested to sort out effector vs. systemic
effects. Nevertheless, our data suggested that the multi-digit
synergy index can capture early and subclinical motor changes in
asymptomatic welders and may serve as a preclinical marker for
basal ganglia dysfunction in welders and other populations at risk
for basal ganglia dysfunction.
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