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Abstract

Precision grip control is important for accurate object manipulation and requires coordination
between horizontal (grip) and vertical (load) fingertip forces. Manifest Huntington’s disease (HD)
subjects demonstrate excessive and highly variable grip force and delayed coordination between
grip and load forces. Because the onset of these impairments is unknown, we examined precision
grip control in premanifest HD (pre-HD) subjects. Fifteen pre-HD and 15 age- and sex-matched
controls performed the precision grip task in a seated position. Subjects grasped and lifted an
object instrumented with a force transducer that measured horizontal grip and vertical load forces.
Outcomes were preload time, loading time, maximum grip force, mean static grip force, and
variability for all measures. We compared outcomes across groups and correlated grip measures
with the Unified Huntington’s Disease Rating Scale and predicted age of onset. Variability of
maximum grip force (P < .0001) and variability of static grip force (P < .00001) were higher for
pre-HD subjects. Preload time (P < .007) and variability of preload time (P < .006) were higher in
pre-HD subjects. No differences were seen in loading time across groups. Variability of static grip
force (r2 = 0.23) and variability of preload time (r2 = 0.59) increased with predicted onset and
were correlated with tests of cognitive function. Our results indicate that pre-HD patients have
poor regulation of the transition between reach and grasp and higher variability in force
application and temporal coordination during the precision grip task. Force and temporal
variability may be good markers of disease severity because they were correlated with predicted
onset of disease.
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Huntington’s disease (HD) is an autosomal dominant degenerative disorder caused by a
CAG repeat expansion in the gene that encodes huntingtin.! The length of the CAG repeat is
related to disease onset and clinical progression.22 Clinically, HD is characterized by motor,
cognitive, and behavioral impairments that vary in their presentation and rate of progression
across subjects. Motor deficits are associated with functional limitations*® and include slow
and variable eye movements,6-8 gait,® and arm?® and hand movements.11.12

Grasping and manipulating objects is extremely important for everyday functional activities.
Precision grip, the act of grasping objects between the thumb and index finger, is a complex
sequential action that requires precise application of forces large enough to prevent objects
from slipping but not too large to break fragile objects or cause fatigue.1314 In healthy
individuals, precision grip begins when the fingers contact the object of interest, leading to
an increase in the grip force (preload phase). Following this, the grip force and load force
increase in parallel (loading phase) until the load force overcomes the weight of the object,
leading to the beginning of object transport. Finally, if the object is held in space (static
phase), the grip and load forces exceed the minimum force required to prevent slipping until
the object is returned to the surface.13 The magnitude and timing of fingertip forces are
modulated to match variations in object size, weight, and surface texture for successful
grasping.1315 Precision grip control requires accurate prediction of object features (such as
weight and texture) and timely reaction to sensory feedback from the hand and fingers.16:17

Precision grip impairments in manifest HD include temporal delays in the transition between
the preload and loading phases, higher static grip force, and greater variability in grip force
(particularly for lighter objects) compared with healthy control subjects.11:18-20 \/ariability
in grip force is correlated with functional limitations, as defined by the Total Functional
Capacity (TFC) scalel! and worsens with disease progression.2! These results suggest that
precision grip may be impaired in HD because of a deficit in reactive control rather than
predictive control either from degeneration of the basal ganglia—cortical loop or as
compensation for the degeneration. Given that neuronal loss in the basal ganglia,
specifically the putamen, begins 10 to 15 years before diagnosis,22 precision grip control
may be impaired prior to the development of clinically diagnosed HD (premanifest HD [pre-
HD]). Because regulation of sequential movements such as gait has been shown to be
impaired in pre-HD,® we hypothesized that pre-HD would also demonstrate impairments in
regulation of precision grip control.

Subjects and Methods

Subjects

Fifteen premanifest Huntington’s disease (pre-HD) subjects (mean age, 38.86 years; range,
26-66 years) and 15 healthy controls (mean age, 37.55 years; range, 26—67 years)
participated in the study. Pre-HD subjects were tested by a movement disorder specialist,
and were included in the study if they had genetic confirmation of the HD mutation and did
not meet the criteria for clinical diagnosis of HD based on a diagnostic confidence rating.
Pre-HD subjects were recruited from the PREDICT-HD study, a multisite longitudinal
observational study aimed at identifying the biological and clinical markers of HD.22
Healthy control subjects were recruited from among mutation negative family members of
pre-HD or from the staff and student population at Columbia University. Control subjects
were matched with pre-HD subjects for age (1 year) and sex. The Institutional Review
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Board at Columbia University Medical Center approved study procedures, and all subjects
provided written informed consent before participation.

Quantitative Assessment of Precision Grip

We used a custom instrumented object with a force transducer (25 mm diameter and 22 mm
height; Nano F/T transducer, ATI Industrial Automation, Garner, NC) to measure the
horizontal “grip” and vertical “load” forces exerted during precision grip.11:2! The contact
surfaces of the object were covered with 200-grit sandpaper for the duration of this study.
The object’s weight could be modified to 200, 500, or 800 g by inserting an exchangeable
mass at the base of the object (Fig. 1A).

All subjects washed their hands before participating in the experiment to remove excess dirt,
sweat, or oils. Subjects were seated comfortably on a chair in front of a table. The height of
the chair was adjusted such that the subjects’ forearms were parallel to the floor at the
beginning of the task. Following a demonstration trial and 3 practice trials, each subject was
asked to reach for and grasp the object between the index finger and thumb of the dominant
hand, lift and hold the object at a height of 10 cm as indicated by a marker, before returning
the object to the table. Each trial lasted 10 seconds. All subjects performed 5 trials at each of
the 3 object weights (200, 500, and 800 g). The order of conditions was counterbalanced
across subjects. We used a range of weights from light to heavy because magnitude and
variability of static grip force were shown to be dependent on weight in manifest HD
subjects.11:18-20

Quantitative data from the force transducer were sampled at a frequency of 400 samples per
second, digitized with 12-bit resolution, and stored in a flexible laboratory computer system
(SC/ZOOM, Department of Physiology, Umeé University, Sweden). An interactive graphics
terminal was used to score force and temporal events. Figure 1B shows grip force and load
force data from a typical trial from a control subject, and Figure 1C shows a representative
trial from a pre-HD subject. We marked Ty as the onset of grip force, defined as the time at
which the grip force first increased beyond 0.1N. The onset of load force (>0.1N) was
marked as T4, and peak value of grip force was marked as T,. These temporal markers were
used to define a preload phase (T1—-Tp) and loading phase (T,—T7). We marked T3 as the
time at which load force stabilized once the object was held at the designated marker.
Finally, we marked T4 3 seconds from T3. The period between T3 and T4 was defined the
static phase.

Clinical Assessment

Premanifest HD subjects were administered the Unified Huntington’s Disease Rating Scale
(UHDRS), a valid and reliable clinical rating scale that evaluates behavioral abnormalities
and motor, cognitive, and functional skills.23

Motor Skills—A movement disorder specialist rated the motor items of the UHDRS. On
the basis of the total motor score, the specialist made a judgment of confidence rating
ranging from 0 to 4, defined as follows: 0, no motor abnormalities; 1, nonspecific motor
abnormality (<50% confidence), 2, motor abnormalities that may be signs of HD (50%-89%
confidence); 3, motor abnormalities that are likely signs of HD (90%-98% confidence); 4,
motor abnormalities that are unequivocal signs of HD (=99% confidence). Within the motor
scale, we analyzed the total motor score and 3 items pertaining to hand function: finger
tapping, pronation—supination, and the Luria test. The total motor score is computed from 31
items, with a maximum possible score of 124. Each item is rated from 0 (no impairment) to
4 (maximum impairment).
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Cognitive Skills—We administered the following items from the UHDRS: Symbol Digit
Modality test, a brief test of substitution; the Stroop test; Trail Making A and B, which
measure executive function; and the Luria test, which is a measure of frontal lobe
dysfunction.23

Functional Ability—Functional ability was assessed by the functional capacity scale
(TFC), which evaluates capacity to perform activities of daily living and instrumental
activities of daily living (scale of 0-13, with higher scores indicating greater ability).

Statistical Analysis

Results

Differences in performance between the 2 groups (pre-HD and controls) were examined by
conducting parametric and nonparametric analyses. Because the results were qualitatively
similar, we only report results of the parametric statistical analysis. We compared the
following dependent variables in a group (control, pre-HD) x weight (200, 500, 800 g)
analysis of variance with repeated measures on weight: (1) maximum grip force, (2)
coefficient of variation of maximum grip force, (3) static grip force (2 seconds), (4)
coefficient of variation in static grip force within each trial, (5) preload time, (6) coefficient
of variation of preload time, (7) loading time, and (8) coefficient of variation of loading
time. Group comparisons were considered significant if P < .05.

Variables that were significantly different between pre-HD and controls were entered as
dependent variables into a polynomial regression analysis with predicted years to onset for
pre-HD. Estimated years to predicted clinical onset was computed from a parametric
survival model based on the CAG repeat length and the person’s age at the time of motor
testing.24 A blinded statistician for the PREDICT-HD study?2 performed the computations
of years to predicted onset. In addition, we conducted correlation analysis between selected
grip variables and the clinical neurological exam (UHDRS), tests of cognitive function, and
gait (from data published previously).® Correlation with gait variables was conducted to
evaluate whether motor variability, common to discrete (precision grip) and rhythmical
(gait) movements in pre-HD, is related. Statistical analyses were carried out in SPSS
(version 16.0). Group results are presented as mean * standard deviation.

Table 1 presents demographic and clinical characteristics for the 2 subject groups. There
were no differences between groups in age and sex. Premanifest Huntington’s disease (pre-
HD) subjects were, on average, 14.6 + 1.84 years from predicted disease onset as computed
from the probabilistic model.2# Pre-HD subjects either demonstrated no motor impairments
(score of 0 for 5 subjects) or nonspecific motor impairments (score of 1 for 10 subjects) on
diagnostic confidence rating. Total motor score for pre-HD subjects was 2.78 + 1.62 from a
total possible score of 124, indicating that clinical neurological exam revealed minimal
nonspecific motor impairments. None of the pre-HD subjects demonstrated functional
limitations (13 of 13 on the TFC).

Force Control in Precision Grip

Control and pre-HD subjects were able to scale their grip force in a predictive manner to
match object weight, as seen in Figure 2. Maximum grip force increased with object weight
for both groups of subjects (Fig. 2A). Analysis of variance (ANOVA) for maximum grip
force demonstrated a significant effect of weight (F = 29.25, P <.0001) but did not
demonstrate differences between groups (F = 0.08, P =.78). We observed a similar pattern
of results for static grip force, which increased with object weight (Fig. 2C). ANOVA
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demonstrated a significant effect for weight (F = 42.41, P <.0001) but did not demonstrate a
significant effect for group (F = 0.17, P = .67).

Force variability was significantly higher for pre-HD subjects compared with controls (Fig.
2B,D). Coefficient of variation for maximum grip force was higher in pre-HD, as seen by a
significant effect of group (F = 17.9, P =.0001). Variability in maximum grip force was
highest for the lighter weight (200 g) compared with the heavier weights (F =5.74, P =.
025). Within-trial coefficient of variation of static grip force was also higher for pre-HD
compared with controls (main effect of group, F = 231.38, P <.00001), particularly for the
heavier weights (500 and 800 g), as seen by a significant effect of weight (F =4.43, P <.
018) and a significant interaction effect (F = 3.99, P < .025).

Temporal Control in Precision Grip

We compared duration of preload phase and loading phase during precision grip. Preload
time was higher for pre-HD subjects compared with controls (Figure 3A), evidenced by a
significant effect of group (F = 9.13, P <.007), but the effect was not modulated by weight
(F =1.97, P < .15). Variability in preload time was higher for pre-HD for all object weights
(Figure 3B), as seen by a significant effect of group for coefficient of variation of preload
time (F = 9.48, P <.006). There were no differences in loading time (F = 3.09, P <.09) or
variability in loading time across groups (F = 2.36, P < .14), but as expected, this measure
was longer for heavier weights (Figure 3B,D).

Predictive Validity of Precision Grip

We conducted polynomial regression analysis (using a quadratic fit) of predicted years to
onset for 4 variables that were significantly different across groups: preload time, coefficient
of variation (CoV) preload time, CoV maximum grip force, and CoV static grip force. Of
the 4 variables, CoV of static grip force and CoV preload time increased with predicted
years to onset. CoV of static grip force increased as subjects approached disease onset (r2 =
0.23, P <.01), as seen in the top panel of Figure 4. CoV of preload time also increased as
subjects approached predicted disease onset (r2 = 0.598, P < .0001), as seen in the bottom
panel of Figure 4. It is interesting to note that the slope changed significantly between 10
and 15 years from predicted onset for both variables. These results indicate that variability
of preload time, in particular, is a good predictor of estimated disease onset in pre-HD
subjects.

Association of Precision Grip with Cognitive Function and Gait

Given the high predictive validity of coefficient of variation of preload time and static grip
force, we examined their association (using correlation coefficients) with clinical measures
of cognitive function and gait (Table 2). Coefficient of variation of preload time was
significantly correlated with several measures of cognitive function, such as the Stroop test,
Luria, and Trail Making B. In contrast, coefficient of variation of static grip force was
significantly correlated only with the Luria test. Variability of preload time was correlated
with stride length variability (r = 0.59), swing time variability (r = 0.59), and double support
variability (r = 0.57). Variability of static grip force was correlated with variability of double
support percentage (r = 0.6). Thus, precision grip variability appears to be a robust measure
to differentiate between pre-HD and healthy controls and is also associated with measures of
cognitive and gait impairments.

Discussion

The precision grip task allows for the study of mechanisms underlying the control of
complex, sequential voluntary movements in a functional context. Results of our study
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demonstrate that premanifest HD (pre-HD) subjects scaled their grip force appropriately
with object weight similar to that of healthy control subjects. There were no differences in
maximum grip force or static grip force between the 2 groups. However, variability of
maximum grip force and static grip force was higher in pre-HD subjects. Pre-HD subjects
also demonstrated specific impairments in temporal control, which included longer and
highly variable preload time. Variability of preload time and static grip force was correlated
with predicted disease onset and clinical measures of cognitive function, indicating that
force and temporal variability may be good markers of disease onset and severity.

Manifest HD subjects are known to demonstrate increased grip force at load force onset and
higher maximum grip force, particularly for lighter objects.1112.20 Thjs result suggests that
HD subjects may apply higher grip force because of a deficit in processing sensory
information. Given that higher grip force was not seen in pre-HD in our study, higher forces
may be seen as a general compensation for disturbed sensory processing in manifest HD
rather than a primary impairment specific to early HD.2® In contrast, impairments common
to premanifest and manifest HD subjects are temporal delays during the preload phase,
implicating poor regulation of the transition between reaching toward objects and grasping
objects. In addition, pre-HD subjects demonstrated higher variability in temporal and force
parameters, as has been demonstrated for manifest HD subjects.11:20.21 Because variability
was correlated with predicted disease onset, it appears that increased motor variability is an
additional significant feature of early basal ganglia pathology.®-26:27

What might cause delays in phase transitions and increased variability in premanifest
subjects with no clinically observable impairments? For successful grasping of objects,
accurate predictive control (to estimate object weight and produce appropriate grip forces)
and reactive control (to modulate grip force in response to changing surface texture) is
necessary.1” Given that pre-HD subjects in our study and manifest HD subjects (from prior
work) are able to scale grip force with object weight, predictive control may not be impaired
in HD. When an object is unexpectedly loaded, manifest HD subjects demonstrate
appropriate magnitude but delayed onset in reactive increase in grip force.20 Because
standard clinical examination of the hand and fingers does not detect sensory impairments,28
any sensory processing deficit may be central in origin.2%30 This is supported by the
observation that long latency stretch reflexes and somatosensory evoked potentials are
delayed in manifest HD.18:29:30 |ncreased activation of the globus pallidus has been shown
in response to passive sensory stimulation in healthy subjects. However, patients with
Parkinson’s disease and Huntington’s disease demonstrated decreased activation of the
globus pallidus and putamen, highlighting the important of the basal ganglia as sensory
analyzers.30

Because timely somatosensory information is necessary for the successful transition from
reaching to grasping,3L it is possible that intact basal ganglia may be important for
processing somatosensory information at phase transitions. Basal ganglia pathology begins
well before onset of clinical symptoms in premanifest HD, as seen by decreased striatal
volume computed from MRI scans.2”:32:33 The presence of pathological changes may help
to explain the increased variability seen during precision grip and during gait in the
premanifest HD subjects.?

Another possibility is that higher variability in HD is related to a deficit in timing control,
for which the basal ganglia are proposed to play a role.26:34 A recent study measured basal
ganglia volume while pre-HD subjects completed a time reproduction task and reported that
increased motor timing variability was associated with decreased striatal volume.33 These
and additional data on increased variability on repetitive tapping tasks indicate that timing
control may indeed be a putative deficit.26 However, none of the results discussed thus far
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allow us to resolve between the two proposed mechanistic deficits (sensory processing
versus timing control). It may be useful in future work to better clarify mechanisms
underlying impairments.

The similarity of impairments in precision grip and gait indicates that motor variability is a
robust early neurobiological marker, rather than simply a task specific impairment. Future
clinical trials may benefit from the use of motor variability as an outcome measure. In our
study temporal and force variability demonstrated minimal impairment from 15 to 25 years
from predicted onset. However, between 15 and 10 years from predicted onset, the slope of
force and temporal variability increased, as was reported by the PREDICT-HD study with a
larger sample size for tapping tasks, striatal volume, odor identification, and UDHRS motor
exam score.35 Future work using the precision grip paradigm with larger samples will be
important to validate the results of this study.
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FIG. 1.

A: Schematic diagram of instrumented object with force transducer to measure grip force
and load force. B: Sample grip force and load force traces from representative control
subject. C: Sample grip force and load force traces from a premanifest HD (pre-HD) subject.
Vertical lines in B and C indicate the temporal events marked: t0, grip force onset; t1, load
force onset; t2, grip force maximum; t3, beginning of static phase; t4, end of static phase.
Preload phase was measured as t0-t1, loading phase was measured from t1 to t2, and static
phase was measured from t3 to t4.
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A. Maximum Grip Force
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B. Variability of Maximum Grip Force
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FIG. 2.

200g 500g 800g

OPre-HD ® Control
* p<0.0001 main effect of group
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D. Variability in Static Grip Force
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* p<0.00001 main effect of group
** p<0.01 main effect of weight

Mean and standard deviation for grip force for premanifest HD (empty bars) and control
subjects (black bars) for 3 object weights (200, 500, and 800 g). A: Maximum grip force. B:
Variability of maximum grip force. C: Static grip force. D: Variability of static grip force.
*Significant effect of group; **significant effect of condition (weight). Significance levels

are listed below each graph.
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A. Preload Time
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B. Varialbility in Preload Time
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D. Variability in Loading Time
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Mean and standard deviation for temporal control for premanifest HD (empty bars) and

control subjects (black bars) for 3 object weights (200, 500, and 800 g). A: Preload time. B:
Variability of preload time. C: Loading time. D: Variability of loading time. *Significantly
different effect of group; **significantly different effect of condition (weight). Significance

levels are listed below each graph.
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CoV Static Grip Force

Variability of Static Grip Force versus Years to Predicted Onset
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Relationship between estimated years to onset of Huntington’s disease and variability of
static grip force (A) and variability of preload time (B). Inflection point in each graph marks
the change in slope between 15 and 10 years from onset.
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TABLE 1

Demographic and clinical characteristics of premanifest Huntington’s disease (pre-HD) and control subjects

Demographic and clinical measure Control Pre-HD

Age (y) 37.55 (11.78) 38.86 (10.53)

Men/women 6/9 6/9

Race (% white) 80% 100%

UHDRS total motor score, range (SD) NT 2.78,0-6 (1.62)

UHDRS upper limb score, range (SD) NT 2.18,0-5(1.72)

UHDRS, TFC score, range (SD) NT 13, 13-13 (0)

Mean CAG repeat length (SD) NT 42.84 (0.57)

Mean predicted yrs from NA —14.6 (1.84/19.65)
onset (SD/range)

NT, not tested; NA, not applicable.
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TABLE 2

Correlation of selected measures of precision grip with cognitive tests and gait (significance level listed in
parentheses)

CoV preload time  CoV static grip force

Cognitive test

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Stroop Color Naming 0.643 (P <.02) 0.53 (P <.06)
Stroop Word Reading 0.649 (P <.02) 0.495 (P < .08)
Stroop Interference —-0.513 (P <.06) -0.31 (P <.33)

Luria 0.61 (P < .03) 0.697 (P < .002)
Trail Making A 0.14 (P < .84) 0.245 (P < .84)
Trail Making B 0.99 (P < .005) 0.613 (P <.27)
Symbol Digit Modality Test —0.55 (P <.06) 0.29 (P <.35)
Gait
Stride length CoV 0.59 (P <.03) 0.5 (P <.09)
Swing time CoV 0.59 (P <.03) 0.23 (P <.47)
Double support % CoV 0.57 (P <.04) 0.6 (P <.03)
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