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a b s t r a c t

The objective of this study is to better understand the role of proprioception in handwriting and test
earlier conclusions stating that the automated shaping of letters was not impaired by the removal of
visual control in deafferentation. To this aim we compared the performance of the deafferented patient
GL, who suffers from a complete loss of cutaneous and proprioceptive sensation, with that of eight healthy
age- and sex-matched subjects. The word “Parallele”, written within a short sentence with and without
visual control, was quantified using a digital writing tablet. Three of the 13 analyzed parameters were
strikingly different in patient GL compared to healthy subjects, both with and without vision: increase
of number of pen touches, increase in number of inversions in velocity, and decrease of mean stroke
eafferentation
roprioception
ision
eedback

frequency. The changes in these three parameters indicate a strong impairment in automated behaviour
in the absence of proprioception and touch. This impairment is also supported by the significantly longer
movement duration, which is also significantly increased by the removal of visual control.

The present study provides for the first time a quantification of handwriting in a completely deaffer-
ented patient and reveals the central role of proprioception for the storage, updating, and maintenance of
skilled motor programs. The fact that the deficits are already present with visual feedback suggests that

writin
the role of vision in hand

. Introduction

The relative role of vision and proprioception in the generation
nd control of fine complex motor skills has been the object of many
tudies, mainly focusing on reaching and grasping. Persons with
xperimentally induced sensibility deficits and patients suffering
rom severe polysensory neuropathies or strokes are impaired in
sing their hands when controlling force and in fine manipulations
22,28,8,11,5,12,24,46,6,13]. These investigations strongly suggest
hat cutaneous and proprioceptive feedback are absolutely neces-
ary for updating motor memories and internal models whereas
isual information, providing feedforward information, may in a
redictive mode only adjust the motor commands [8,29,2].
One important highly complex daily motor skill is handwriting.
first requirement for writing is the coordination of multiple joints

n the hand, wrist, elbow, and shoulder to form letters, numbers,
nd symbols, and to place them in space [14,15]. Second, to hold a

∗ Corresponding author. Tel.: +49 761 270 5411; fax: +49 761 270 5416.
E-mail address: rumyana.kristeva@uniklinik-freiburg.de (R. Kristeva).
URL: http://www.uniklinik-freiburg.de/neurologie/live/forschung/xpeeg.html

R. Kristeva).

361-9230/$ – see front matter © 2009 Elsevier Inc. All rights reserved.
oi:10.1016/j.brainresbull.2009.05.013
g is only secondary.
© 2009 Elsevier Inc. All rights reserved.

pen and guide it on a paper relies mostly on sensory signals from
skin, joints and muscles of the hand, providing adaptation to the
pen–paper friction [37,3,46]. Finally, most handwriting activities,
trained and improved over years, are highly automated, calling on
motor programs stored in motor memory [21,41,47,4]. They may be
far less dependent on a moment-to-moment visual guidance than
other complex movements as they are characterized as open-loop
performance, with bell-shaped velocity curves and little attentive
guidance [19].

The question of the role of vision in handwriting has been
specifically addressed in healthy subjects by several groups
[35,34,45,42,43,17,18]. However, no general consensus has been
reached so far as, depending on the experimental conditions, the
removal of vision induced increase in movement time and size of
trajectories [35,43], or modifications in the production of strokes
and letters [45], or no clear deficits at all, unless vision and attention
were manipulated [17,18].

With respect to the role of proprioception, deficits in hand-

writing after pathological deafferentation have been up to now
described only for two patients. Rothwell et al. [26] investigated the
manual performance of the patient GO who suffered from strong
sensory deficits in arms and hands, legs, and feet. The loss con-
cerned mainly pinprick sensation, vibration, and light touch. In this

http://www.sciencedirect.com/science/journal/03619230
http://www.elsevier.com/locate/brainresbull
mailto:rumyana.kristeva@uniklinik-freiburg.de
dx.doi.org/10.1016/j.brainresbull.2009.05.013
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atient, though incomplete deafferentation, the deficits were quite
evere and his handwriting was unreadable. In another more com-
lete deafferented patient (GL), lacking touch and proprioception
p to the level of the nose, Teasdale et al. [36] only found spatial dis-
rganization of the writing when GL had the eyes closed, whereas
he letters were normally shaped and recognizable. These observa-
ions supported the hypothesis that the automated letter shaping
omponents are preserved in the absence of both proprioceptive
nd visual feedbacks. This claim, however, can be questioned in
iew of Ghez and co-workers’ findings in patients with large-fiber
ensory neuropathy that the control of multijoint movements, such
s reaching, requires proprioception [8,9,27]. Although reaching
nvolves the coordination of proximal joints, the question can be
aised whether the complex coordination of multiple distal joints,
s needed in handwriting, should not also be dependent on an intact
roprioception.

To our knowledge, a new analysis of handwriting in deaffer-
nted patients is lacking, although many data have been recently
eported for several patients in various reaching, weight estima-
ion, and other tasks [20,23,2]. With respect to patient GL, she can
rasp and reach nearly normally [1,33,29] and produce and esti-
ate manifolds of force, even without visual feedback [16]. The

utcome of these investigations suggests that handwriting features
ay be preserved thanks to their internal representation and do

ot need proprioceptive feedback, despite the findings of Ghez and
o-workers supporting the opposite interpretation.

The existence of tools, such as pressure-sensitive digitizing
oards and specialized software providing a quantification of many
andwriting parameters [17], allows precise evaluation of the

mpairments due to lack of cutaneous sense and proprioception,
nd of the influence of vision on this skilled performance. There-
ore, we investigated the handwriting of the deafferented patient GL
ith and without visual control, using a digitizing board, and com-
ared her results to those of eight healthy age- and sex-matched
ubjects. We expected that deficits in letter production under visual
ontrol, if any, should be identified and that removal of visual feed-
ack would strongly enhance them.

. Material and methods

.1. Subjects

The deafferented patient GL, a right-handed 56-year-old woman par-
icipated in the study (for detailed clinical description, see Ref. [7];
ttp://deafferented.apinc.org//). In brief, after two episodes of extensive sen-
ory polyneuropathy (at the age of 27 and 31) the patient has been suffering from
strong sensory impairment on the whole body up to below the nose, due to

ffected large diameter peripheral sensory myelinated fibres. The impairment
as documented by sural biopsy. The patient has a total loss of touch, vibration,
ressure and kinaesthetic senses, and no tendon reflexes in the four limbs. Pain and
emperature sensations are still present. The motor fibres are not affected and, as
atient GL has no motor deficits, she can perform complex motor tasks and write
nder visual guidance.

Eight healthy right-handed female subjects (mean age 54.5 ± 3 years), without
ny history of neurological disease, participated in the study as age- and gender-
atched controls. The handedness of patient and controls was tested according to

he Oldfield questionnaire [25].
All subjects participated according to the declaration of Helsinki, with informed

onsent and with the approval of the local ethics committee.

.2. Experimental paradigm

During the experimental session subjects and patient were sitting in a chair in
n electrically shielded, dimly lit room. Their dominant right hand and arm were
upported in a rigid cast and the wrist was free to move. The digital board was fixed
o the chair in an adjustable way and positioned in the most comfortable way for

ach subject. For patient GL, the arm was additionally immobilized by strips and the
on-inking pen fixed with tape between her thumb and index finger, in the position
he generally holds a pen.

The experimental paradigm consisted in writing a test sentence on a digital
oard with a non-inking pen under two experimental conditions: first with visual
ontrol (+VC) and second without (−VC) visual control. For GL who is French speak-
arch Bulletin 79 (2009) 365–370

ing the sentence was: “Une Parallele Canada Europe” and for the control subjects
who were German speaking “Die Parallele Canada Europa”. For each condition the
task consisted in writing the sentence repeatedly with a short pause (5 s) between
the repetitions, six times for GL in order to avoid fatigue and twenty times for the con-
trol subjects. The +VC condition always preceded the −VC, with a 5 min interruption
between both.

During the +VC condition the subjects had to look at a 17′ PC monitor reproducing
the pen trace. The monitor was at a distance of 1 m in front of the subjects and
centred at the eye level. During the (−VC) trials the PC monitor was switched off
and the subjects had to fix their gaze on a green dot fixed in the centre of the screen.
The hand was in the same posture in both conditions and was hidden by a solid
construction that did not disturb the handwriting movements. Thus, the subjects
could see neither the graphic table nor their writing hand. Prior to the experiment
patient and control subjects had to read the sentence and to write it several times
until they felt confident with the task.

The hand of patient GL had to be positioned on the digitizing board before the
start of each trial and an experimenter was checking her performance on the board.

2.3. Recordings

The writing performance was recorded using a pressure-sensitive digitizing
board (WACOM UD-1212) connected to a PC by 19.200 band serial line and general
software package CS Version 4.3 and CSWin 1.0 for the off-line analysis respectively.
The position of the writing pen was detected with a sampling frequency of 166 Hz
and accuracy 0.2 mm in both X and Y directions. Data were provided when the pen
touched the digitizing board or when the pen was lifted above the tablet up to a
height of less than 12.7 mm. The maximum recording time was set at 30 s for GL and
at 10 s for the controls with rest intervals between trials from 10 to 15 s. This time
was the rest period for the subject and was used by the investigator to store the data.

2.4. Writing performance analysis

The software package for calculation of the velocity used non-parametric
regression methods (Kernel estimators) that assure extremely small and negligible
distortion of the signals (for more details cf. [19]).

For each condition the six trials of GL and the first six trials of the controls
were taken for the analysis. We selected the same word “Parallelle” from the test
sentence, which is easy to segment because it contains many “l” and “e”, i.e. letters
performed in a highly automated way without having to lift the pen from the tablet.
The writing performance was estimated by quantifying 13 parameters. Although
several measures are not independent from each other, they all represent different
aspects of the performance.

The quality and the level of automaticity of the handwriting were investigated
with the single stroke analysis which is based on handwriting trace decomposition
in one-stroke segments, each stroke being defined as single up or down movement of
the pen. From a motor control point of view, the strokes are the smallest measurable
units of handwriting [39,40]. Following related parameters were measured. First, the
mean stroke frequency which gives a measure of the fluency and automaticity of the
writing, 4 Hz being a normal predictive mode of motor control and values below 3 Hz
indicating impairments [48]. Second, the number of inversions in velocity (NIV), a
quantitative evaluation of the inversions of the velocity profile during a single stroke
which is equal to 1 when an up or down stroke shows the normal smooth bell-shaped
velocity profile as it is in skilled writers and is higher when irregularities occur. And
third, the percent of strokes with number of inversions in velocity equal to 1 (NIV = 1)
which was calculated from the total number of strokes in the word “Parallele”. A high
percentage is expected in the open-loop handwriting of healthy subjects.

The movement duration was defined as the time between the first and end move-
ment of the word, including: the mean time of pen on paper and mean time of pen
in the air. Related to these parameters are the percent of total time of pen on paper
and the mean trajectory and absolute velocity of the pen on paper and of pen lifted.

In addition, the number of the pen touches on paper and the mean vertical
pressure were also quantified.

2.5. Statistical analysis

On the basis of the mean subjects’ values for each writing parameter under the
two conditions (+VC and −VC), the statistical significance (set at p < 0.05) between
patient GL and the healthy controls was assessed for the dependent variables by
two-way ANOVAs, with repeated measures of both factors. In this design, the first
factor was the between-subjects factor Group (GL and controls) and the second
factor was the within-subject factor Mode (−VC and +VC). Note that the ANOVA
used by us is a comparison of a single sample with the confidence intervals of the
control group. To control the p-values for multiple testing we have in addition per-
formed �-adjustment after Holm for the parameters with significant differences
[10].
3. Results

Though her strong proprioceptive and cutaneous deficits, GL
managed to write the sentence on the digitizing board, even with-

http://deafferented.apinc.org//
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Fig. 1. Original pen traces (left panel) and velocity profiles (right panels) of patient GL (upper part) and one control subject (lower part). The plots on the left represent the
x n the
v r num
a pen l
−

o
t
t
v
t
f
−

p
s
t
i
t

/y coordinate plot of the tip of the pen on the digitizing tablet (in mm). The plots o
elocity on the y-axis (V, mm/s). Note the longer movement duration and the highe
s well with (+VC) and without visual control (−VC). Note also the longer trajectory
VC condition.

ut seeing her hand. She reported at the end of the experiment
hat she did not know whether the pen still was in her hand and
hat the handwriting task was not an easy one, especially without
isual control. The original pen traces of patient GL and of one con-
rol and their corresponding velocity profiles are displayed in Fig. 1
or both conditions, i.e. with and without visual control (+VC and
VC respectively).

In Fig. 1 some qualitative differences in writing and velocity

rofiles are already obvious between patient GL and the control
ubjects in the + VC condition, especially the longer writing dura-
ion, the irregularities in letter shaping, and the higher number of
nversions (NI) in GL. In addition, it is apparent that without vision
he handwriting of the patient is strongly degraded.
right are the corresponding velocity profiles with time in ms on the x-axis (T) and
ber of inversions in velocity (NI) in patient GL in comparison to the control subject,
ifted (dotted line in pen traces and velocity profiles) in patient GL, especially in the

The quantification of the 13 selected handwriting parameters
(see Section 2) revealed clearly the impairments of GL. The mean
intertrial values and SDs of these parameters are listed for the
patient and the eight healthy subjects in Table 1.

The two-way ANOVAs revealed significant main effects for the
factor Group (between-subjects, patient and controls), for the fac-
tor Mode (within-subject, +VC and −VC), and for both Group and
Mode and their interactions. The results of the ANOVAs are shown

in Table 2.

This statistical analysis disclosed that for four handwriting
parameters both, differences between GL and the controls (fac-
tor Group) and between with and without vision (factor Mode)
as well as their interactions were significant (Table 2). These
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Table 1
Mean values and SD for the 13 quantified handwriting parameters. N = 6 for the patient GL and N = 48 (8 × 6) for the controls.

Handwriting parameters +VC −VC

Patient GL Controls Patient GL Controls

Movement duration (ms) 6835 ± 343 2847 ± 387 8746 ± 944 2757 ± 330
Mean time pen on paper (ms) 3736 ± 835 2359 ± 462 4517 ± 2153 2348 ± 372
Mean time pen lifted (ms) 3086 ± 985 484 ± 275 3542 ± 2695 407 ± 188
Percent of total time of pen on paper 55 ± 13 83 ± 10 58 ± 29 85 ± 6
Mean trajectory pen on paper (mm) 201 ± 49 190 ± 54 331 ± 188 210 ± 47
Mean trajectory pen lifted (mm) 103 ± 24 31 ± 23 223 ± 183 28 ± 14
Number of pen touches on paper 11.8 ± 2 4.1 ± 1.5 7 ± 2 4 ± 1
Absolute velocity pen on paper (mm/s) 54 ± 5 82 ± 24 74 ± 20 90 ± 18
Absolute velocity pen lifted (mm/s) 34 ± 4 63 ± 19 66 ± 19 70 ± 15
Mean vertical pressure (N) 0.28 ± 0.1 0.25 ± 0.11 0.24 ± 0.14 0.31 ± 0.13
Mean stroke frequency (Hz) 2.8 ± 0.2 4.6 ± 0.6 1.8 ± 0.4 4.7 ± 0.6
Number of inversions in velocity/stroke 1.8 ± 0.2 1.1 ± 0.1 2.5 ± 1 1.1 ± 0.1
Percent of strokes with NIV = 1 68 ± 14 95 ± 5 54 ± 11 96 ± 4.3
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ig. 2. Mean values and SD for the handwriting parameters of patient GL (black col
he ANOVA analysis. +VC: with visual control; −VC: without visual control.

arameters are displayed graphically in Fig. 2 which clearly
hows the longer movement duration (Group p = 0.0001, Mode
= 0.0007, interaction p = 0.0002), higher number of pen touches

Group p = 0.02, Mode p = 0.001, interaction p = 0.003), the lower
ean stroke frequency (Group p = 0.004, Mode p = 0.001, interac-

ion p = 0.0003), and the higher number of inversions in velocity
Group p = 0.0001, Mode p = 0.006, interaction p = 0.0004) in the
atient. The outcome of the statistical analysis speaks in favor
f a clear impairment of patient GL in writing automaticity. In
ddition, the removal of vision further enhanced all these impair-
ents.
Differences between patient and controls (main effect Group)

ccurred for two temporal parameters as the patient was sig-
ificantly slower than the controls in both mean time pen
n paper (F [1,7] = 9.1, p = 0.02) and mean time pen lifted
F [1,7] = 18.7, p = 0.004). In addition, the mean trajectory pen
ifted (i.e. the loss of contact with the digitizing board, see
ig. 1) was also significantly longer in the patient (F [1,7] = 10.0,
= 0.02). Finally, the percent of strokes with NIV = 1 was sig-
ificantly smaller for GL than for the controls (F [1,7] = 66.0,
< 0.0001).

The influence of vision alone (main effect Mode) occurred for
hree parameters specifically affected by its removal. The first one
s the mean trajectory on paper (F [1,7] = 5.9, p = 0.04) which sig-
ificantly increased for both GL and controls. This suggests that
he absence of visual control impaired the precision in letter shap-

ng. The two other ones were the absolute velocity of pen lifted (F
1,7] = 9.7, p = 0.02) and of pen on paper (F [1,7] = 5.7, p = 0.05), which
ithout vision showed an increase in GL and in the healthy controls

s well (Table 1). This probably reflects some loss of control when
ision was removed.
) and control group (grey columns) with significant main and interaction effects in

With respect to the mean vertical pressure of the pen on the
paper, no significant main effects for both factors were found, nor
was any interaction.

4. Discussion

The important new message of our quantitative assessment
of handwriting in a deafferented patient is that the shaping of
letters and automaticity are strongly impaired. Most of these
deficits are already present when patient GL has a visual feed-
back of her writing performance. In addition, several deficits are
enhanced by the removal of this feedback. This clearly demon-
strates that proprioception and cutaneous senses are a prerequisite
to maintain a learned and automated complex motor behaviour
such as writing. This quantitative proof of so-called “morphoci-
netic” deficits in deafferentation is at variance with Teasdale et
al. [36] who based their conclusions on observation only. How-
ever, writing impairments similar to the present ones have recently
been suggested in an experimental model of deafferentation
[6].

The handwriting of the patient was characterized by a strong
increase of temporal parameters, i.e. the increase of movement
duration, of the pen on paper and of the pen in the air. An increase
in movement duration has also been reported by Ebied et al. [6]
in healthy subjects after infiltrating the median nerve with anes-

thetics. Slowness has also been described in Parkinson patients
[37,38], in writer cramp patients with and without visual feedback
[4,48], and for MS patients as an increase of stroke duration [31].
For patient GL, the removal of vision produced a significant increase
in the total movement duration only.
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Table 2
Results of the ANOVA analysis with significance level for the 13 handwriting
parameters.

Handwriting parameters Factors F p

Movement duration
Group 65.3 0.0001
Mode 33 0.0007
Group × Mode 54.7 0.0002

Mean time pen on paper
Group 9.1 0.02
Mode 1.7 0.2
Group × Mode 1.4 0.3

Mean time pen lifted
Group 18.7 0.004
Mode 2.2 0.18
Group × Mode 0.08 0.8

Percent of total time of pen on paper
Group 4.4 0.07
Mode 4.9 0.06
Group × Mode 0.8 0.4

Mean trajectory pen on paper
Group 0.8 0.4
Mode 5.9 0.04
Group × Mode 1.6 0.2

Mean trajectory pen lifted
Group 10 0.02
Mode 3.3 0.1
Group × Mode 3.5 0.1

Number of pen touches on paper
Group 8.9 0.02
Mode 26.6 0.001
Group × Mode 19.9 0.003

Absolute velocity pen on paper
Group 1.9 0.2
Mode 5.7 0.05
Group × Mode 1.1 0.33

Absolute velocity pen lifted
Group 2.5 0.15
Mode 9.7 0.02
Group × Mode 4.1 0.08

Mean vertical pressure
Group 0.04 0.8
Mode 0.09 0.7
Group × Mode 3 0.1

Mean stroke frequency
Group 17.4 0.004
Mode 29.1 0.001
Group × Mode 44.2 0.0003

Number of inversions in velocity/stroke
Group 257.2 0.0001
Mode 34.9 0.006
Group × Mode 38.9 0.0004
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ercent of strokes with NIV = 1
Group 66 0.0001
Mode 2.9 0.13
Group × Mode 5.1 0.06

The most important finding of the present study is provided by
he strong deficits in a group of three handwriting parameters, i.e.
he increased number of pen touches on paper, the decreased mean
troke frequency, and the higher number of inversions in velocity.
hese parameters are describing aspects of letter strokes produc-
ion and give information on the level of automaticity and fluency
f the writing. The patient’s impairments, already highly significant
hen she has a visual control of her handwriting, also increased in

he absence of vision. However, the fact that the deficits already
xist with visual feedback of the performance suggests that the
ole of vision in handwriting is only secondary. Several studies
n handwriting in healthy subjects came to similar conclusions
35,17,19]. That the cutaneous sensation plays an important role
n handwriting has been reported by Ebied at al. [6] who, dur-
ng transient deafferentation, also observed impaired smoothness
nd directness. The deficits of the deafferented patient GL which
re similar to these transient effects give a strong support to the
ypothesis that “morphocinetic” features of handwriting requires
ntact proprioception and touch, even when visual control is pro-
ided.

Many factors could have influenced our results and explain dis-
repancies between the observations of Teasdale et al. [36] and ours
arch Bulletin 79 (2009) 365–370 369

besides methodological differences. Controlling a pen when writ-
ing requires complex computations for multijoint coordination and
integration of the effecter location and position. These processes
need a constant update by proprioception [32]. Thus, we cannot
exclude that in GL a slow degradation of her internal handwriting
representation might have taken place with time due to a loss of
updating mechanisms. This could have caused the impairments in
letter shaping, both with and without visual feedback.

In patient GL the removal of the visual feedback had a strong
hampering effect on the parameters mentioned above. This find-
ing is not surprising having in mind the study of Sainburg et al.
[27] who showed that, without vision of the hand and cursor trace,
deafferented patients made typical errors at movement reversals in
out-and-back reaching movements on a digitizing board. Marquard
et al. [17,18] who investigated the impact of vision on handwrit-
ing in healthy subjects found that, similar to our own controls, the
removal of visual feedback did not impair handwriting. They how-
ever reported that the movements slowed down and the number
of inversions increased when subjects were visually tracking the
pen tip or making mental tracking during writing. They attributed
these impairments to an increase in attention load in these two
experimental situations. A similar increase in stroke duration had
also been reported in healthy subjects [44] as well as in MS patients
writing in a closed-loop condition, i.e. monitoring the movements
of the pen [31]. We cannot exclude that the increase of GL writing
impairments when vision was removed was not partly due to such
an increase in attention, as she had to strongly rely on a mental
representation of the letters during writing.

A puzzling and unexpected finding is the mean vertical pressure
exerted by GL which not only differ from that of the controls but
also behaved quite differently without vision, decreasing and not
increasing as for the controls. This finding is also at odd with other
pathologies, such as in writer’s cramp patients who generated in
absence of visual feedback an increase in vertical pressure [4,30].
This decrease in vertical pressure may be due to a feedforward pos-
tural strategy used by GL to hold the pen that may have been less
strong when visual feedback of her performance was removed, as
she had to strongly concentrate on her motor memory. The fact that
the pen was fixed to the thumb and index finger of GL could also
be the origin of the lack of pressure increase occurring in healthy
subjects when vision was removed.

In conclusion, our investigation which provides new insight on
an automated fine manipulative skill, the handwriting, stresses the
fact that the morphological aspects of handwriting need intact pro-
prioception and touch. It also demonstrates that the visual support
is not sufficient to counter the profound deficits in central represen-
tation of handwriting, probably caused by the long-lasting absence
of somatosensory feedback.
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