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Abstract We investigated age related changes in the
control of precision grip in 29 healthy adults spanning early
adulthood to middle age (21-67 years). Subjects performed
a visually guided, isometric precision grip ramp-and-hold
force-tracking task. Target force levels were 3, 6, and 9 N.
Precision and performance of force regulation was quan-
tified. Larger errors were made during the ramp than during
the hold phase. Age correlated positively with the amount
of error at the lowest (3 N) force level in both phases.
Force onsets were systematically earlier in middle-aged
subjects and the average slope of the force during the ramp
decreased with increasing age. The results show that pre-
cision during low grip force control decreases already
during middle age and those subjects may modify their
force generation strategies to compensate for early and
subtle degenerative changes in the motor system before
decline in grip strength is apparent.
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Introduction

The precise control of force between the digits is a nec-
essary pre-requisite for dexterous object manipulation. It is
well established that ageing affects grip function (Sosnoff
and Newell 2006; Cole 1991) and the capacity for dex-
terous manipulation (e.g., Smith et al. 1999; Cole et al.
1999). Ageing also leads to increased motor output vari-
ability (Laidlaw et al. 2000; Christou and Tracy 2006).
Although underlying physiological changes with age have
been examined, how they affect grip function remains
unclear (Cole et al. 1999; Enoka et al. 2003). For example,
it is not clear why motor output variability seems to
increase with age more so during rapid discrete isometric
contractions than during force maintenance (Christou and
Carlton 2001). Physiologically, several components of the
motor system change in old age: (1) muscle strength
declines (Doherty 2003; Ranganathan et al. 2001) as well
as muscle mass (Lexell et al. 1988), (2) there is a loss of
spinal motoneurons (Cruz-Sanchez et al. 1998) and the
number of motor units decreases (Brown 1973; Campbell
et al. 1973), (3) the functional properties of the remaining
motor units change, e.g., the size of single motor units
increases and their contractile speed decreases (Doherty
and Brown 1997). Furthermore, the average firing rate of
motor units is reduced and their firing pattern altered (Erim
et al. 1999). If age-related behavioral changes occur, it is
not clear whether these can be fully attributed to passive,
physiological changes in the motor and sensory systems
(i.e., directly caused by age-related degeneration) or whe-
ther some of these may also be due to an active change in
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task-strategy in order to compensate for passive deterio-
ration in the underlying systems (Woollacott and
Manchester 1993).

Although many studies indicate quite drastic physiolog-
ical changes after age 60, they also show progressive
changes prior to old age (Cruz-Sanchez et al. 1998), and in
particular for muscles acting on the thumb and index finger:
the number of motor units in the thenar muscles declines
with increasing age, with an approximate reduction of 1.2
motor units per year from adolescence to age 60 (Brown
1973). This was not the case for more proximal arm muscle
motor units (Galea 1996). Age-related atrophy has also been
shown to be greater in thenar than hypothenar muscles
(Voermans et al. 2006). Despite the loss of thenar motor
units before age 60, strength of these muscles may be
maintained, probably by reinnervation of denervated muscle
fibers by sprouting of the remaining motor axons (Brown
1973). Given these findings, we hypothesized that on the
behavioral level and as a consequence of these progressive
physiological alterations, healthy subjects (<60 years)
should show (1) a gradual decline in grip force control with
age, since there are presumably fewer motor units available
for graduation of forces, (2) this effect would be expected to
be more pronounced for low forces, and (3) subjects should
not show a decline in overall grip strength, since the loss of
motor units is presumably compensated for by reinnervation
of muscle fibers resulting in increased motor unit twitch
tensions (Doherty and Brown 1997).

A variety of tasks have been used to investigate the
behavioral effects of ageing on grip function, including the
grasp-and-lift task (Cole 1991; Cole et al. 1999; Augurelle
et al. 2003) and visuomotor tracking of isometric force
(Jagacinski et al. 1995; Vaillancourt and Newell 2003;
Voelcker-Rehage and Alberts 2005; Sosnoff and Newell
2006). Few studies have investigated both dynamic and
static force tracking profiles during isometric precision grip
(Voelcker-Rehage and Alberts 2005) and often sinusoidal
tracking was used (Jagacinski et al. 1995; Vaillancourt and
Newell 2003; Voelcker-Rehage and Alberts 2005; Sosnoff
and Newell 2006), i.e., a continuously changing slope of
force. The effect of ageing on grip performance has usually
been studied by comparing groups of young (age 20-30)
and old (age 60-75) subjects (e.g., Lazarus and Haynes
2000; Vaillancourt and Newell 2003; Voelcker-Rehage and
Alberts 2005; Sosnoff and Newell 2006). Together, these
studies leave no doubt that grip function changes in old
age, however, they do not indicate whether these changes
occur abruptly or progressively. Behavioral studies cover-
ing the middle-aged population are relatively rare, whereas
imaging studies are more common (e.g., Pieperhoff et al.
2008). Despite suggestions that subtle changes in dexterity
may occur before age 60 (Smith et al. 1999), there has
been, to our knowledge, only one previous study describing
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a decrease in grip force control in normal middle-aged
subjects (Cole et al. 1999): their results showed that heal-
thy subjects increased their grip force profiles in a grasp-
and-lift task already at age 50, presumably reflecting an
increased safety margin to prevent the object from slipping.

According to our hypothesis, the aim of this study was,
first, to determine whether behavioral age-related changes
in force tracking occur already in middle age (working
adults <60 years). Second, if this was the case to charac-
terize these changes in terms of task precision at different
force levels, i.e., to quantify the degree of accuracy in force
tracking (minimizing the tracking error was the instructed
goal) (Kurillo et al. 2004). Third, to test whether in this
population maximal grip force was independent of age.
Finally, based on the suggestion that altered finger force
characteristics in older subjects may be adaptive (Shim
et al. 2004), we also investigated whether middle-aged
subjects might adopt particular task strategies to actively
compensate for possible age-related passive degenerative
processes. Task performance (i.e., behavioral characteris-
tics not constrained by any instruction) was quantified by
measures such as the number of force adjustments, the
variation of force, as well as the timing of force onsets and
offsets (see “Methods” for details). Finally, we used a
visually guided tracking task where subjects matched the
isometric force between the thumb and index finger (i.e.,
precision grip force) to a ramp-and-hold target. This
allowed us to separately quantify the precision and char-
acterize the performance during the ramp (period of force
increase) and the hold (period of constant force
maintenance).

Materials and methods
Participants

Twenty-nine subjects (14 males, 15 females) ranging in age
from 21 to 67 (mean = 41) participated in the study. Age
was normally distributed (Shapiro-Wilk W test = 0.95,
P = 0.17). All subjects were right handed and were stu-
dents or full time employed. Subjects reported no sensory
deficits and all had adequate pressure sense for the task,
i.e., 70% or more correct identification of the 0.4 g
Semmes—Weinstein monofilament on the finger and thumb
pads. Exclusion criteria included: (1) any neuromuscular
disorder that may impair precision grip (e.g., arthritis, neck
pain or any radiating symptoms, diabetes); (2) any visual
impairment or difficulty in watching a computer screen;
and (3) any cognitive impairment or difficulty in under-
standing the task. Subjects, who regularly engaged in
activities requiring high dexterity of the dominant hand
(e.g., frequent playing of musical instrument or video
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games) were also excluded. The procedures of the study
complied with the Declaration of Helsinki and subjects
provided informed consent.

Data acquisition

Participants were seated in a chair and grasped a manipu-
landum as shown in Fig. la. The forearm was flexed to
about 45 degrees, positioned on the table and the wrist was
fastened to ensure a steady posture throughout testing.
Subjects performed a visuomotor step-tracking task by
exerting isometric force between the thumb and index
finger. Each fingertip applied force on a force sensitive
resistor (FSR, +2% repeatability, force range 0.07-70 N).
The distance between the thumb and index finger trans-
ducer was 1 cm. Calibration, i.e., a linear regression, was
performed for each transducer separately by applying
weights ranging from 50 to 2,000 g. Force transducer
output was amplified and then sampled at 1 kHz by a CED
Micro1401 (Cambridge Electronic Design®). Spike2 (ver-
sion 4.24; Cambridge Electronic Design®) was used to
display the recorded force in real-time as well as the target
force on a 15-in. computer screen. Recorded force was
displayed as a small box whose vertical position was a
linear function of the summed force. The target force tra-
jectory moved with constant velocity over the screen from
right to left (Fig. 1a). The screen displayed 3 s of the target
force prior and 3 s after the cursor. This allowed the sub-
ject to anticipate the forthcoming ramp-and-hold profile.

Task

Subjects were instructed to perform a visuomotor step-
tracking task by following the target force with the cursor
as precisely as possible. The task comprised 18 blocks each
consisting of 4 ramp-and-hold target force trajectories from
0 N to either 3, 6, or 9 N. Since reduced force control in

older adults occurs predominantly during tasks in low force
ranges (Galganski et al. 1993; Sosnoff and Newell 2006),
we collected data across three force ramp-and-hold profiles
at 3, 6 and 9 N, i.e., from about 10-30% MVC. Prior to
each ramp, the target remained for 3 s at O N. The target
force then increased linearly (ramped up) during a 2-s
period to reach the steady state force level, i.e., the slope
increased from 1.5 to 3 and to 4.5 N/s in the three force
targets. The steady-state period lasted 4 s, after which, the
target force dropped instantaneously to O N. Between
blocks there was a 5-s pause with a black screen. Each
subject performed a pseudo-randomised order of six blocks
at each force level (i.e., 24 trials at each force level and 72
trials). To avoid changes of hand and grip position during
testing the subjects were continuously monitored and
instructed to maintain the index and thumb on the force
transducers throughout the pause periods. Subjects were
instructed to minimize the distance (error) between the
applied and the target force. All subjects were familiarized
with the task before testing. Collection of the 72 trials took
approximately 12 min. Since age-related changes in grip
function may partly be explained by diminished grip
strength (Sosnoff and Newell 2006), all subjects performed
three trials of maximal grip force (between thumb and
index finger) after the ramp-and-hold trials.

Data analysis

Force data were processed and analyzed using Matlab v6
(The MathWorks, Inc.). Thumb and index finger force
were down-sampled to 100 Hz and summed. Trials where
the baseline force (from 1.5 to 0.5 s prior to the ramp)
exceeded 20% of the target force were discarded. Two
periods of 2 s were defined: (1) the ramp-phase (from the
start to the end of the target force ramp) and (2) the hold-
phase (from 2 to 4 s into the steady state period). The last
phase of the steady-state period was chosen in order to

Fig. 1 Precision grip set-up and single trial raw data. a The subject
applied isometric grip force with his thumb and index finger. The
cursor on the screen in front of the subject moved in the vertical
direction as a linear function of grip force. The target force scrolled
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over the screen from right to left. b A single 3, 6 and 9 N trial of a
younger subject (age 21). ¢ A single 3, 6 and 9 N trial of an older
subject (age 67). Dashed line target force, solid line actual grip force.
Arrows force onset and offset
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avoid transient adjustments from the ramp to the steady-
state period. A detailed analysis was performed trial-by-
trial. First, precision was quantified by the following
characteristics, which were separately calculated for the
ramp and hold phase:

1. Error = the area (or sum over each bin) of the absolute
difference between actual force and target force.

2. Positive error (overshoot) = error for periods of actual
force > target force.

3. Negative error (undershoot) = error for periods of
actual force < target force.

Relative error values, i.e., normalized to the target force,
were also calculated. Thus, the term “error” will hence-
forth implicitly indicate absolute values, whereas the term
“relative” will be used explicitly.

Second, performance, i.e. the way subjects solved the
task, was characterized by:

4. Number of corrective adjustments = the number of
times the actual force trace crossed the target force
trace.

5. Mean force and coefficient of variation (CV) of the
force applied during the hold (within-trial).

6. Mean slope of the applied force (dF/dt, i.e. rate of
change of force) and the CV of the slope during the
ramp (within-trial).

7. Force onset relative to the ramp onset, defined as the
time when the slope crossed a positive threshold, i.e.
dF/dt > 0.2*maxy;, (dF/df). Onsets were negative if
occurring prior to target onset and positive otherwise
(Fig. 1b).

8. Force offset, defined as the time when the slope
crossed a negative threshold, i.e., dF/dt < —6). Offsets
were negative if occurring prior to the end of target
hold and positive otherwise (Fig. 1b).

Note that the subject was provided with a real-time
visual feedback on precision, but had no such feedback on
performance measures. For each subject, precision and
performance criteria were averaged over all trials of a
given force condition, i.e. for 3, 6 and 9 N. Finally, as age-
related force fluctuations may occur during steady-state
maintenance of force (Christou et al. 2004) we identified
the frequency components during the hold period using the
discrete Fourier transform. Power spectra of force between
1 and 15 Hz were analyzed for any age effects.

Statistical analysis
Differences in error and number of corrective adjustments
were analyzed using a general linear model repeated

measures ANOVA with two within subjects factors:
PHASE (ramp and hold) and FORCE level (3, 6, and 9 N).
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To study the effects of error type (positive or negative) an
additional factor (ERROR TYPE) was used in the ANOVA
analysis. Differences in the slope during the ramp, in the
force during the hold, and in the timing (onsets and offsets)
were analyzed with one within subject factor: FORCE level
(3, 6, and 9 N). Post hoc contrasts were used for post hoc
testing of group differences. The relation between age and
precision or performance criteria, as well as the relation
between maximal force, steadiness during hold phase and
age were examined using Pearson correlations. Statistical
analysis was performed using Statistica 7 (StatSoft, Inc.)
and the level of significance set to P < 0.05.

Results

Figure 1b and c show single trial raw data of the visually
guided force tracking task for the 3, 6 and 9 N target force
levels. The force trajectory clearly showed fluctuations
around the target force (dashed line). The force trajectories
were analyzed in terms of task-parameters and as a func-
tion of age.

Precision of isometric force tracking (whole group
results)

We first quantified the precision in the tracking task. Fig-
ure 2a shows that the grand average of the error increased
(linearly) as a function of the increasing target force
[F(2,56) = 203.6, P < 0.001, 11}2, = 0.88] during the ramp
as well as during the hold. However, the error increased
more during the ramp, with a significant interaction
between phase and force level [F(2,56) = 21.4, P < 0.001,
;712, = 0.43]. At all three target force levels, the grand
average of the error was higher during the ramp than the
hold phase [F(1,28) = 57.6, P < 0.001, nﬁ = 0.67]. Fig-
ure 2b shows that the positive error (overshoot), increased
as a function of target force during the ramp but not during
the hold, whereas the negative error (undershoot) increased
as a function of target force during both the ramp and the
hold (i.e., an interaction between FORCE, PHASE,
ERROR TYPE: F(2,56) = 100.5, P < 0.001, 17,% = 0.78).

Figure 2c and d illustrate the precision as relative error,
i.e. normalized to the target force. The relative error was
also higher during the ramp than the hold [Fig. 2c,
F(1,28) = 20.5, P < 0.001, 1, = 0.42]. In contrast to the
(absolute) error, the relative error decreased as a function
of target force [F(2,56) = 88.6, P < 0.001, 1712, = 0.76],
which is explained by the fact that the absolute error
increased with a slope < unity, i.e. it was not twice as large
when the target force doubled.

Relative positive error (overshoot) or negative error
(undershoot) was found to interact with both task phase
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[F(1,28) = 150.0, P <0.001, 7, =0.84] and force
[F(2,56) = 47.3, P < 0.001, 1112, = 0.63]. Figure 2d shows
that the relative positive error decreases as a function of
target force, both for the ramp and the hold phase. Fur-
thermore, at all three target levels, the relative positive
error was higher during the ramp than the hold. In contrast,
the relative negative error did not vary as a function of
target force and was higher during the hold than the ramp.

Performance of isometric force tracking (whole group
results)

We used several quantitative performance criteria to char-
acterize the tracking behavior. First, the number of force
adjustments, quantified by the number of crossings between
the actual and target force, was evaluated. The number of
adjustments was found to increase with increasing force
level [F(2,56) = 4.9, P = 0.01, 172 = 0.15). However, post
hoc analysis revealed no difference at 3 compared to 6 and
9 N during ramp or hold (P > 0.1) except for fewer adjust-
ments made during hold 3 N than hold 6 N (P = 0.03).
Second, we evaluated force generation during the ramp.
As expected (and imposed by the task), the mean slope
during the ramp increased as a function of target force.

Unexpectedly, we also found that the relative (normalized)
slope also increased with target force [F(2,56) = 15.8,
P < 0.001, 1712, = 0.36] (Fig. 3a). This is related to the fact
that the positive error during the ramp increased with target
force. The CV of the slope, i.e. the variation of the slope
during the ramp, was higher at lower forces
[F(2,56) = 99.3, P < 0.001, n,z, = (.78] and decreased as a
function of target force (Fig. 3b).

Third, we quantified the maintenance of force during the
hold. The relative mean force level decreased with
increasing force during the hold (Fig. 3c), [F(2,56) = 76.4,
P < 0.001, 11,2, = 0.73), indicating that subjects maintained
force farther away from the target force at 3 N compared to
6 and 9 N (P < 0.001). The variation of the force during
the hold period (i.e. the CV of force) also decreased with
increasing force [F(2,56) = 31.1, P < 0.001, 1112, = 0.53]
(Fig. 3d).

Fourth, we evaluated the timing of force changes about
the target force on- and offset. The average time of force
onset varied between —307 and 91 ms, but did not depend
on target force level [F(2,56) = 1.6, P = 0.2, 1712, = 0.05].
Average offset time, i.e., force release, varied between
—185 and 101 ms and was earlier with increasing force
[F(2,56) = 23.1, P < 0.001, np = 0.45].

@ Springer



218 Exp Brain Res (2009) 193:213-224
Fig. 3 Performance measures A 45 - B 16T
as a function of target force:
a Grand average and SD of the - B
relative mean slope of applied @O
force during the ramp. b Grand 8‘ 4.3 1ar
average and SD of the 7 8 i
Coefficient of variation of the % B o
slope as a function of target [} — »w 12k
force. ¢ Grand average and SD E 41} 5
of the relative mean force T) i
during the hold. Y-axis Rel. o B 10k
mean force of 1 equals the ’
target level. d Grand average 39 | L
and SD of the Coefficient of . . . . .
variation of the force during the 0.8
hold C 107 D 32
i @
105 | g 287
g 1 s |
pust B C
L © 24t
c ()
c 1.03 e L
£ &
< B S 20
) Y -
o 1.01F X
> 16F
L (@] i
0.99 L . 1.2 1 1 1
3N 6N 9N 3N 6N 9N

Relation between precision of isometric force tracking
and age

The relation between task precision and age was quanti-
fied by Pearson correlations. The error increased with age
at 3 N during the ramp (Fig. 4a, r = 0.58, P = 0.001)
and the hold (Fig. 4b, r = 0.46, P = 0.01). However, no
relation between error and age was found at 6 and 9 N
(Fig. 4).

Examination of error type during the ramp revealed that
the positive error increased with age at 3 N (r = 0.47,
P = 0.01). A similar relation was found at 6 N (r = 0.41,
P = 0.03) and no relation was found at 9 N (P > 0.2).
Negative error did not correlate with age at any force level
during the ramp.

During the hold, positive error also increased with age
(r=043, P=0.02; r=0.59, P=0.001; r=0.5I,
P = 0.005, at 3, 6, and 9 N, respectively). Similar to the
ramp, negative error did not correlate with age at any force
level during the hold.

Relation between performance of isometric force
tracking and age

The relation between task performance and age was

quantified by Pearson correlations. First, the number of
force adjustments made during the ramp correlated
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negatively with age at 3 and 6 N, i.e., middle-aged subjects
made fewer adjustments (Fig. 5, r = —0.47, P = 0.009;
r = —0.50, P = 0.006, respectively). No age effect was
found with the number of adjustments made during the
hold.

Second, force generation during the ramp was also age-
dependent: the relative mean slope decreased with
increasing age across all force levels (Fig. 6a, r = —0.46,
P =0.01; r = —0.65, P < 0.001; r = —0.53, P = 0.003).
An increasing CV of the slope with age was found at 3 N
(r = 0.40, P = 0.03). However, no relation was found at 6
and 9 N (P > 0.2).

Third, force maintenance was only partially dependent
on age (Fig. 6b): during hold, the relative mean force
increased with increasing age at 3 N (r= 0.51,
P = 0.005). A trend for similar relationships was found at
6 and 9N (r=04, P=0.03; r=0.38, P =0.04,
respectively). No relation was found between age and CV
of force at any force level (P > 0.12).

Fourth, time of force onset was a function of age: force
onset was earlier with increasing age for all three target
force levels (Fig. 7, r = —0.43, P = 0.02; r = —0.50,
P =0.006; r=—0.55, P=0.002, at 3, 6, and 9 N,
respectively). Time of offsets did not correlate with age at
any force level (P > 0.6). Figure 1c gives a single trial
example of earlier onsets (arrows) in a middle-aged subject
compared to a younger subject (Fig. 1b).
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Fig. 4 Precision measures as a function of age. a Ramp error as a
function of age for each target level. Each symbol represents the
average ramp error of a single subject across all trials of a given target
force (circle, square and triangle depict, respectively, 3, 6 and 9 N
target force). Oblique lines indicate the linear regression. b Hold error
as a function of age for each target level. Symbols as in a

Relation between maximal force, steadiness during
hold phase and age

Maximal force ranged from 22.9 to 39.5 N (mean = 32.5,
SD = 4.8 N). Maximal voluntary contraction (grip) force
was not correlated to and did not decrease with age
(r = 0.34, P = 0.07). The force power spectra during the
hold peaked at 1 Hz independent of the force level. The
mean power spectral density of the 1 Hz peak increased as
a function of force (1.63, 5.04, and 8.8 at 3, 6, and 9 N
levels). However, the force power spectra (from 1 to

20 30 40 50 60 70
Age

Fig. 5 Performance measure as a function of age. Mean number of
force adjustments during the ramp period as a function of age for each
target level. Each symbol represents the average number of force
adjustments of a single subject across all trials of a given target force.
Oblique lines indicate the linear regression. Symbols as in Fig. 4

15 Hz) during the hold period showed no difference
between younger and middle-aged subjects.

Relation between precision and performance
characteristics

Since task precision may depend on performance char-
acteristics, we attempted to correlate these two sets of
parameters, first for the ramp period and second for the
hold period. Table 1 summarizes the results. During the
ramp, clearly, the more adjustments (target crossings)
were made the smaller the error (negative correlations).
Intuitively, this makes sense, since subjects with many
crossings tend to be close to the target and thus tend to
have small errors. In contrast, large variations of the slope
(CV) produced larger errors. Neither the force onset nor
the mean slope correlated with error. However, a post hoc
within-subject analysis across individual trials was per-
formed in order to evaluate whether subjects matched the
slope of the force generated with the onset times during
the ramp. A positive correlation was found in all subjects
(r values ranged from 0.38 to 0.76, mean 0.6), i.e., sub-
jects produced more force (steeper slope) the later the
onset.

During the hold, the number of adjustments did not
correlate with the error. The mean force correlated with the
error at the 3 N level only, while the variation of the force
(CV) correlated with error at 3 and 9 N levels.
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subject across all trials of a given target force. Oblique lines indicate
the linear regression. b Relative mean force during the hold as a Mean slope 0.00 —0.18 —0.05
function of age during each target level. Symbols as in Fig. 4 CV of slope 0.51%% 0.52%% 0.59%%*
Force onset —0.36 —0.05 0.08
Hold
Discussion Adjustments —0.28 —0.19 —0.17
Mean force 0.76%%%* 0.35 —0.08
We examined whether age-related changes in precision CV of force 0.61%%* 0.28 0.52%%

grip force tracking occur already in middle age (working
adults <60 years). We characterized these changes in terms
of precision (tracking accuracy) and performance (the way
the task was achieved). For the visuomotor ramp-and-hold
force tracking, we showed that in terms of precision, larger
errors were made during the ramp than during the hold and
this was independent of age (Figs. 2, 3), whereas age
mainly affected the precision at the lowest (3 N) but not at
higher (6 and 9 N) force levels (Figs. 4, 5). This supports
our hypothesis that a gradual decline in grip force control
occurs from adulthood to middle age, specifically for force
control at low forces. In contrast, but in accordance with
our second hypothesis, maximal grip force did not vary
with age. In terms of performance, the latency (onset of
force increase) was systematically earlier in middle-aged
subjects (Fig. 7) and the average slope of the force during
the ramp systematically decreased with age (Fig. 6). These
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Pearson correlation coefficients shown
* P < 0.05; * P < 0.01; *** P < 0.001

latter findings suggest that middle-aged subjects adopt a
strategy to compensate for degenerative age-related pro-
cesses (discussed below).

Precision compromised in visuomotor tracking tasks
with age

Our visuomotor force-tracking task was divided into a
ramp and a hold phase. Independent of age, the error
(whether absolute or relative) was higher during the ramp
than the hold phase, indicating that the steady generation
(increase) of force is a more difficult task than the main-
tenance of force. This finding is in agreement with
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Vaillancourt and Newell (2003) who found that the preci-
sion is lower during dynamic (sine wave tracking) than
during constant force tracking, even though the slope of the
ramp was constant in our study. Whole group analysis
(independent of age) also revealed that visuomotor tracking
was more demanding at low forces, as indicated by higher
relative error and coefficient of variation. Precision at the
3 N target force was age-dependent with poorer precision
with advancing age. Whereas previous findings showed
reduced control during submaximal contractions in the
elderly (Galganski et al. 1993; Enoka et al. 2003; Sosnoff
and Newell, 2006), we found a similar tendency in middle-
aged subjects, particularly so for force control at low for-
ces. Poorer precision with increasing age was found both
during the generation and maintenance phases of the
tracking at 3 N.

Performance: compensatory strategies in middle-aged
subjects

The way subjects performed the task was a function of
age: both the ramp and the hold period were affected.
During the ramp middle-aged subjects showed earlier
force onsets than younger subjects. This was true for the
ramps of all three target force levels. Two of our find-
ings suggest that this relation reflects an active and
systematic (but most likely unconscious) strategy under-
taken by middle-aged subjects rather than an age-related
general decline in timing: (1) Within-subject analysis
revealed positive correlations between time of onset and
slope of force in all subjects. Thus, an early onset meant
a small slope of force generation, whereas a late onset
meant a steeper slope of force generation. This associa-
tion between onset timing and slope, which assures that
the steady-state target force level will be attained at the
end of the ramp even if the slope is lower than the target
slope, was intact in middle-aged subjects. This associa-
tion did not vary with age. However, in order to make
this strategy work, subjects need to anticipate future
force trajectories, which was feasible in our task. (2) No
age-dependent difference was found in the timing of
force offsets (the release of force at the end of the hold
phase). This finding speaks against a general decline in
timing with increasing age, since a general decline
should also affect the timing of force offset, which was
not the case.

During the hold, middle-aged subjects showed a steady
and systematic overshoot of force during the force main-
tenance phase at the 3 N target level, as indicated by the
positive correlation between positive error and age. This is
similar to the excessive force profile found in middle-aged
(Cole et al. 1999) and older (Gilles and Wing 2003) indi-
viduals performing a precision grip-and-lift task.

The middle-aged subject’s systematic use of these two
strategies suggests a behavioral compensation in order to
comply with the task requirements and possibly to improve
precision. Similar use of compensatory strategies has been
reported during reaching, where older subjects slow down
the later part of the movement in order to improve accuracy
(Goggin and Meeuwsen 1992), and in standing, where they
use different muscles in the leg to maintain postural sta-
bility while moving the arms (Bleuse et al. 2006). The
presence of such behavioral strategies suggests a certain
cognitive involvement. Since even simple movements can
be regarded as complex cognitive tasks (Hausdorff et al.
2005) our visuomotor force tracking task undoubtedly
requires a cognitive effort, and may be more so for middle-
aged than younger subjects. This would be in line with (1)
behavioral dual-task paradigms that showed a stronger
interrelation between cognitive tasks and force control in
older subjects (Voelcker-Rehage et al. 2006) and (2) with
brain imaging studies, where older subjects showed greater
movement-related brain activity in sensory-motor and
attentional cortical networks (Heuninckx et al. 2005; Ward
and Frackowiak 2003; Mattay et al. 2002). Thus, in terms
of a functional implication, it seems possible that middle-
aged subjects already deploy additional cognitive resources
to counterbalance subtle deteriorating motor performance,
as do older subjects with impaired motor performance
(Lindenberger et al. 2000).

Compensatory strategies: possible mechanisms

Why do middle-aged subjects have systematically earlier
force onsets prior to the ramp and why do they apply more
force during the maintenance phase (at 3 N) than young
subjects? Previous studies suggested that a gradual deteri-
oration of tactile or visual processing with age (Kaneko
et al. 2005) may cause subjects to alter their strategies
(Cole et al. 1999; Lazarus and Haynes 2000; Warabi et al.
1986). However, several observations in the present study
suggest that the change of strategy was not due to a dete-
rioration of sensory processing or due to a general slowing
of processing: (1) it seems unlikely that a general slowing
of visual processing would affect the force onset (earlier in
middle-aged subjects) but not the force offset (no age-
related difference). (2) As our error-feedback was visual, it
seems unlikely that the earlier force onsets in middle-aged
subjects were due to subtle tactile impairments (Kaneko
et al. 2005). (3) The findings are also inconsistent with the
notion of general motor slowing with age (Jagacinski et al.
1995; Smith et al. 1999), since middle-aged subjects
showed earlier, not later, onsets and no difference in offset
timing.

About the excessive force during the maintenance
phase, it has been shown that older subjects increase their
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“safety margin” during object manipulation, either in
lifting tasks (Johansson and Westling 1987; Cole 1991;
Cole et al. 1999) or when manipulating an object under
varying external load conditions (Danion et al. 2007). Our
results can be similarly interpreted as reflecting an increase
in “safety margin” with respect to a possible undershoot
during the hold. Cole et al. (1999) suggested that the
increased force in older subjects was due to a reduced
tactile sensibility implicated in encoding frictional infor-
mation from the index finger and thumb. Indeed, excessive
grip and lift forces have also been found in healthy subjects
who undergo anesthesia (Augurelle et al. 2003) and in
patients with sensory loss (Hermsdorfer et al. 2004).
However, in our study, middle-aged subjects did not have
pressure perception thresholds different from younger
subjects, corresponding to observations that show a decline
in pressure perception mainly after age 60 (Cole et al.
1999; Kaneko et al. 2005). These findings suggest that
something other than reduced sensory processing or gen-
eral slowing is causing the early onsets and the increased
force levels seen in this study.

Our data are compatible with the suggestion that par-
ticular degenerative changes in the motor system cause
subjects to adopt new and active strategies (Shim et al.
2004). Such degenerative changes include reduced sub-
cortical white matter volume along the corticospinal tract
(Pieperhoff et al. 2008) as well as reduced corticospinal
excitability (Oliviero et al. 2006). At the level of the motor
units, several changes have been observed: loss of motor
units (Brown 1973; Campbell et al. 1973; Doherty 2003)
along with a reduction of their contractile speed (Doherty
and Brown 1997), altered firing patterns (Erim et al. 1999;
Vaillancourt et al. 2003), reduced and more variable firing
rates (Kamen and Knight 2004), especially at low forces
(Laidlaw et al. 2000; Tracy et al. 2005). Altered muscle
fiber structure, remodeling of motor axons, as well as
altered muscle physiology leads to greater force being
exerted by single motor units with increasing age (Gal-
ganski et al. 1993; Doherty and Brown 1997; Knight and
Kamen 2007). Together these degenerative changes likely
lead to poorer regulation of isometric precision grip force
(Vaillancourt et al. 2003; Kamen and Knight 2004; Kornatz
et al. 2005).

Although it is not possible in this study to pinpoint the
mechanism causing poorer force tracking in middle-aged
subjects, it seems likely that progressive age-related
degenerative changes occur (Doherty and Brown 1997) that
lead to behavioral consequences as we have hypothesized.
Reduced force regulation at low forces without decreased
grip strength is fully compatible with progressive physio-
logic alterations, in particular with loss of motor units
(Brown 1973; Doherty 2003), larger motor unit twitch
tension and slower contraction speed (Doherty and Brown
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1997). During the ramp, the middle-aged subjects may start
producing force earlier to compensate for slowed force
production secondary to these degenerative changes. This
compensatory strategy would explain why an age-related
difference in timing was only found for onsets and not for
offsets and why it occurs systematically across all target
force levels. This strategy allows more time to generate
force but may reduce precision in tasks requiring high
temporal accuracy, as indicated by the correlation between
onset timing and precision at the 3 N target level. The
systematic use of early anticipation has been documented
in older people: they anticipate body weight shifts earlier
and take more protective steps than younger people take
during postural perturbations (Jonsson et al. 2007; Pai et al.
1998). Thus, middle-aged subjects are likely to anticipate
movement onsets in a variety of everyday tasks to com-
pensate for degenerative slowness within the motor system.
However, this type of compensatory strategy is only
applicable in tasks that allow for prediction and sufficient
time for action planning: older subjects show slowed
reaction times for hand movements in tasks where antici-
pation is ruled out (Warabi et al. 1986). Similarly,
excessive maintenance of force at the 3 N target level may
also be secondary to degenerative changes in the motor
system. In particular, two processes might have lead mid-
dle-aged subjects to adopt a compensatory strategy that
favored an overshoot: remodeling of motor units and
increased firing variability. Both processes would make it
more difficult to maintain a low and steady grip force as
required in our task. A similar interpretation was offered by
Hermsdorfer et al. (2004) for excessive grip forces in
subjects without sensory impairments. However, the
influence on steady force seems to be moderate, since our
middle-aged subjects did not show altered frequency
components in the force trace, as found in older subjects
(Christou et al. 2004). To conclude, our data show that
precision during low grip force control declines already
during middle age and suggest that middle-aged subjects
adapt their force generation strategies to possibly com-
pensate for early and subtle degenerative changes in the
motor system before decline in grip strength is apparent.
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