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Precision grip function after free toe transfer
in children with hypoplastic digits
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Summary Although toe-to-hand transfer has a defined role in the management of
congenital hand deformities, it remains unclear how well children integrate the
transferred digits into physiological grasping. We analysed fingertip forces in the
precision grip of 13 patients when lifting a test object more than three years after
free toe transfer for absent or hypoplastic digits. Clinically, most patients showed
normal sensibility of transferred digits, but active motion and pinch strength were
limited as compared to the normal hand. For the control of fingertip forces, two key
features of the normal two-digit opposition grip were seen in all operated hands:
adaptation of grip force to object weight and parallel coordination of lift and grip
forces. These physiological grasping strategies developed independently of the
patients’ age at the time of operation, which ranged from one to 13 years. In four
patients, we observed increased tangential load forces with the operated hand due
to misalignments in the application of fingertips on the grasp surfaces. Such forces
lead to increased grip force requirements on both fingers that may overload trans-
ferred digits with limited motor function. The need for optimal alignment of the
grip axis during toe-transfer surgery is emphasised.
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Just over a decade ago, free toe transfer did not
have a clearly defined role in the treatment of
congenital hand deformities with hypoplastic
digits.1 Following early descriptions,2,3 Lister’s
important series of successful microsurgical
uctiveandAestheticSurgeons.PublishedbyElsevierLtd.Allrightsreserved.
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second toe transfers for thumb reconstruction4

encouraged surgeons to extend the indications
for this procedure in children. Several clinical
series have since demonstrated that free transfers
of the second toe have the potential to improve
the function of the hand as well as the sense of
well-being of these patients.5e11 The role of this
operation in the treatment of congenital hypoplas-
tic digits has now been defined.12 However, little is
known about how well the transferred digits be-
come integrated into the child’s physiological
grasping behaviour.

The picking up of objects requires moving the
hand to the target object, selecting grasp sites on
the object, grasping it and applying adequate
forces once contacted. In this study, we analysed
forces and movements after contact of the digits
with the object when the patients carried out
a fundamental manipulatory task: lifting a small
object using a precision grip between two digits.13

This task involves the application of coordinated
fingertip forces adapted to physical characteristics
of the object, such as its surface friction and
weight.14 These fingertip forces are initially gener-
ated in anticipation of force requirements but can
be corrected during the lift whenever necessary to
match the real force demands of the task.15

A complex system of sensoryemotor control is en-
gaged that involves the generation of individual
fingertip forces based on memories of previous
trials, visual and tactile estimations of object
properties and sensory signals from mechanore-
ceptors during the lift.

We examined 13 patients three years or more
following second toe transfer and compared the
grasping performance with the thumb and index
finger of the normal hand with that of the
equivalent reconstructed digits of the hypoplastic
hand. Specifically, we aimed to establish if these
patients demonstrated physiological coordination
of grip and lift forces and how they managed to
adapt the forces to changes in object weight when
using the transferred digits.

Patients and methods

Patients

For participation in this study, we invited consec-
utive patients with unilateral symbrachydactyly or
transverse absence, who had undergone microvas-
cular transfer of both second toes at least three
years previously (Table 1). We included only
patients who were unable to grasp objects with
a tip-to-tip precision grip preoperatively. We
excluded patients who were listed for secondary
surgery at the time of our investigation. Of 13
patients recruited, six patients had a functional
thumb and the toes had been transferred to two
selected rays of the second to fourth ray to oppose
the thumb. In six other patients, one toe had been
transferred to the first ray to oppose the other toe
on one of the finger rays. One patient (pt. 3) had
undergone free pollicisation of the ring finger e
the only digit present preoperatively e and double
toe transfer to rays 3 and 4. The patients were be-
tween one and 13 years of age at operation and all
were five years or older at the time of the present
study. All patients understood the lifting tasks and
could cooperate sufficiently.

The patients attended an interview and a clin-
ical assessment before the tests of precision grip.
Patients and parents were interviewed about the
use of the operated hand in activities of daily
living. To validate this information the clinical
examiner observed the patients when they per-
formed bimanual tasks that involved opening a jar
and connecting and disconnecting pieces of
Lego� and Duplo�. A children’s hand therapist
measured the active range of motion at each
joint in the transferred digits, the tactile
detection thresholds using SemmeseWeinstein
(SeW) filaments and the static 2-point discrimi-
nation with the DelloneMackinnon Discriminator�.
The Local Research Ethics Committee at St.
James’s University Hospital granted permission
for this study. We received informed consent
from both patients and parents.

Precision grip task

Sitting on a chair, the patients grasped a small test
object placed on a low table, lifted it straight up
to about 5e10 cm and replaced it (Fig. 1A). With
the normal hand, they used a precision grip
between the tips of the index finger and the
thumb. With the operated hand, the patient
grasped the object either between two transferred
digits or between the natural thumb and the
preferred transferred digit.

Each participant performed one lifting series
with each hand. Each series consisted of 19 trials,
during which the weight of the test object was
altered (0.11, 0.26 and 0.55 kg) in an order unpre-
dictable to the patient (see Fig. 1B). It started with
a lift of the medium weight (0.26 kg) followed by
six lifts with each of the three weights. Each series
was performed first with the normal and then with
the operated hand. The first trial of each series
was regarded as a practicing trial and not included
in the data analysis. The test object measured, for
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able 1 Patients and clinical results

Sex Diagnosisa Patients Tactile sensibility

Double
toe transfer
to (side)

Ageb

(op)
Age
(FU)

FU
(years)

SeW filamentsc

RadialeUlnar
S2PDd

Radiale
Ulnar

ROMe

Radial eUln

F TA (thumb) ray 3, 4 (L) 13 20 6 (3.22) e 4.17 (4) e 7 N e 25

F SBD (thumb) ray 2, 4 (R) 12 17 4 (2.44) e 4.31 (3) e >12 N e 80
Mf TA (BJ) ray 3, 4 (L) 8 12 4 2.83 e 3.84 5 e 5 0 e 80
M TA (no BJ) ray 1, 4 (L) 3 (4) 13 9 3.61 e 4.31 4 e >12 80 e 70

F SBD (BJ) ray 1, 3 (L) 4 (5) 13 9 3.22 e 2.83 4 e 5 15 e 85
M TA (BJ) ray 1, 2 (R) 3 9 6 2.44 e 2.83 5 e 6 35 e 25

F SBD (thumb) ray 3, 4 (L) 1 (1) 9 8 (2.44) e 2.44 (3) e 4 N e 90
M SBD (thumb) ray 3, 4 (L) 1 7 5 (3.61) e 3.61 (3) e 5 N e 110

M TA (BJ) ray 1, 3 (R) 1 7 5 2.83 e 3.61 4 e 5 50 e 30
0 M SBD (no BJ) ray 1,3 (L) 1 7 5 2.44 e 3.61 3 e 5 20 e 10

1 M SBD (thumb) ray 1, 4 (L) 2 6 4 (3.61) e 2.83 (3) e 3 N e 60

2 M SBD (no BJ) ray 3, 4 (R) 1 5 3 3.61 e 3.61 3 e 3 40 e 0

3 F SBD (thumb) ray 2, 3 (L) 1 5 3 (2.44) e 2.44 (2) e 3 N e 90

a The diagnosis was transverse absence (TA) or symbrachydactyly (SBD). The preoperative status of the first ray regard
rackets.
b Three patients underwent asynchronous toe transfers with the age at the second transfer given in brackets.
c Tactile sensibility was measured with SemmeseWeinstein (SeW) filaments. Values in brackets indicate the sensibility o
rotective sensation (>3.61) and abnormal S2PD (>6 mm) are highlighted in italic.
d The static 2-point discrimination (S2PD) with a DelloneMackinnon Discriminator�.
e Range of motion (ROM) represents the total active range and ‘N’ indicates normal ROM in a thumb present preopera
f Patient 3 underwent free pollicisation of the normal ring finger at the time of synchronous double toe transfer. The res

o the transferred ring finger.
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Figure 1 Test object and force reference frames. (A) A patient lifts the instrumented test object in a two-finger
precision grip between the abnormal thumb and the preferred transferred digit. (B) The test object carried two op-
posing grasp surfaces attached to a forceetorque sensor, a position sensor and two computer-controlled electromag-
netic weights to alter object mass without visual cues before lift-off. (C) The grip force (GF), the vertical lift force
(VF) and the horizontal force (HF) were measured separately for each digit. Malpositioning of the digits causes differ-
ences in the horizontal and vertical position of the points of grip force attack (GF*) and have to be met by additional
tangential forces for preventing object rotation.16
each digit, the grip force along an axis perpendic-
ular to the parallel grasp surfaces. Tangential to
the grasp surfaces it measured the vertical (lift)
force and the horizontal force (Fig. 1B and C). A
position sensor measured the object’s vertical
position. The maximum voluntary grip force in
three separate ‘squeeze’ trials by each pair of
digits used in the task represented the pinch grip
strength. A more detailed description of the appa-
ratus and the procedure can be found in an earlier
paper.16

Data analysis

A flexible data acquisition and analysis system (SC/
ZOOM, Physiology Section, IMB, Umeå University)
continuously sampled the signals provided by the
test object. Grip and horizontal forces are
reported as the mean of the absolute forces
recorded at both digits if not indicated otherwise
and the tangential force was calculated as the
vector sum of the vertical and horizontal forces.

For each trial, the coordination of grip and
vertical forces, measured during the period of
force increase between contacting and lifting the
object, was analysed by linear regression. During
the following (holding) phase when the object
was aloft, forces were measured at the instance
of maximal object elevation. In each patient we
used these data to analyse grip force adjustment
to weight by linear regression and by an ANOVA
with weight (0.11, 0.26 and 0.55 kg) and hand
(normal and operated) as factors. These data
were also used for the analysis of tangential
forces. In comparison of ratios between forces
and populations of correlation coefficients we
used the non-parametric ManneWhitney test. In
all tests, the probability selected as significant
was p< 0.05.

Results

Clinical assessment

Table 1 summarizes the clinical results. All
patients had normal tactile sensibility in the trans-
ferred digits except two who underwent toe trans-
fer as adolescents (pts. 1 and 2) and one (pt. 4)
who achieved normal sensibility in one, but not
in the other transferred digits. The postoperative
motor function after toe transfer was more vari-
able and was poor in two patients with exception-
ally weak pinch strength and limited active range
of movement (pts. 6 and 10). All three patients
who had a toe transferred onto the first ray with-
out a competent basal joint (pts. 4, 10 and 12)
had a very weak pinch grip (<10 N). Most of the
patients whose transfers opposed a normal or
vestigial thumb (pts. 1, 2, 7, 8, 11 and 13) had
a stronger pinch grip than the patients who
grasped between both transfers.

Related to limited motor and sensory recov-
eries, several patients reported difficulties using
the operated hand in activities of daily life. For
example, frequent injuries to her toe transfers
forced patient 1 to change job from cook to
landscape gardener. This presumably related to
poor protective sensation, as her grip between the
normal thumb and the transferred digits was
strong enough to support heavy manual work. By
contrast, both patients 6 and 10 with a weak grip
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and limited mobility of the digits reported prob-
lems manipulating objects.

Precision grip task

With one exception, all patients could perform the
task with their operated hand. Table 2 lists the
numbers of failed attempts to lift the object and
occasional drops when aloft. Patient 6 consistently
failed to lift the object with the operated hand,
but was also unable to lift the heavy weight
(0.55 kg) with the normal hand. Although a weak
pinch force may have accounted for the poor per-
formance of the operated hand, the anatomically
normal hand showed no obvious force limitations.

Grip force adaptation to object weight
Fig. 2 shows the fingertip forces of the operated
hand for one patient with a strong grip but abnor-
mal sensibility (pt. 1) and for one with good motor
function and normal sensibility (pt. 5) during lifts
with each of the three weights (0.11, 0.26 and
0.55 kg). In both patients, the grip force increased
with increases in the total vertical force (thick
traces) applied to overcome the weight of the
object. For each of the 12 patients who could lift
objects of the different weights with both hands

Table 2 Grip force modulation to weight

Patient Unable
to lift N/Ta

Drop N/Tb Main effect
of handc

1 0/0 0/0 *** þ
2 0/0 0/1 * �
3 0/0 0/5 p¼ 0.13
4 0/0 0/5 *** �
5 0/0 0/0 *** �
6 6/18
7 0/0 0/0 *** �
8 0/0 0/0 *** �
9 0/0 0/0 p¼ 0.89
10 0/6 0/1 * �
11 0/0 0/2 p¼ 0.15
12 0/0 0/1 p¼ 0.27
13 0/0 1/0 p¼ 0.14

n¼ 18/18

Significant p-values are shown as *p< 0.05, **p< 0.01 and
***p< 0.001.

a Number of trials from a total of 18 during which the pa-
tient was unable to lift the object or dropped it once lifted.

b Number of trials from a total of 18 during which the
patient was unable to lift the object using the normal
hand (N) and the toe transfers (T).

c A significant main effect by hand (ANOVA) indicated
differences in the grip force level for normal and operated
hands. The grip forces using the toe transfers could be
higher (þ) or lower (�) than with the normal hand.
(Table 2) there was a significant positive correla-
tion between weight and grip force when the
object was aloft. Importantly, this was applied
not only to the normal hands (0.38< r2< 0.93;
median r2¼ 0.81), but also to the operated hands
(0.76< r2< 0.98; median r2¼ 0.87). Fig. 3 exem-
plifies this correlation by showing data from all
lifts by either hand of three different patients.
These results indicate that the patients reliably
adapted grip forces with their transferred toes to
object weight, which is essential for upholding
a stable grasp when lifting objects of various
weights.14

To assess possible differences between the
operated and normal hands in this respect, we
run a two-way ANOVA with weight and hand
(operated and normal) as factors on the grip force
data from each of the 12 patients. Apart from
a main effect of weight in all patients reflecting
the robust correlations between weight and grip
force for both hands, the ANOVAs indicated a sig-
nificant difference between the hands for seven
patients (Table 2). One patient (pt. 1) used higher
grip forces with the operated hand (Fig. 3B). The
operated hand in six patients used a weaker grip
(for one example, see Fig. 3C). Different slopes
of the relationship between weight and grip force
characterized the difference between the normal
and operated hands, which was verified by signifi-
cant interaction effects between weight and hand.

Parallel coordination of grip and lift forces
during the loading phase
Lifting objects of various weights smoothly with
maintained grasp stability requires a coordinated
increase of grip and vertical load force during the
period of isometric force increase before object
lift-off.14 In contrast to the holding phase, the
forces during this ‘loading phase’ depend on both
the current weight and that of the object experi-
enced in the previous trial.17 Fig. 4 shows how
the youngest patient of this study (pt. 13, aged 5)
applied coordinated vertical lift and grip forces
with both hands during the loading phase in trials
with the medium weight (0.26 kg). The two top
trials were preceded by lifts with the lighter object
(0.11 kg), which the patient anticipated in the cur-
rent trials. Both forces increased in parallel to the
point of expected object lift-off (arrows in Fig. 4)
followed by a second phase of slower parallel force
increase until the object actually lifted off. The
situation was reverse for trials preceded by lifts
with the heavier object (0.55 kg) where the
patient initially generated a strong force drive
accounting for a marked force overshoot in expec-
tation of the heavier weight (bottom trials in
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Figure 2 Force traces and position signals of consecutive lifts in two selected patients using the operated hand.
Vertical markers indicate times when force measurements were taken to represent forces during the holding phase
with the object in mid-air. The grip force at that time is approximately proportional to the total vertical lift force
(thick traces), which reflects object weight. (A) Patient 1 applied virtually all the vertical force with one digit. A sub-
stantial horizontal force was generated as well. (B) Patient 5 shows a balanced distribution of vertical forces between
both digits and a negligible amount of horizontal force (pt. 5). Note the lower grip forces as compared to patient 1 for
trials of corresponding weight.
Fig. 4). Note that the parallel development of grip
and vertical force during the loading phase is
expressed both by the normal and the operated
hands.

Fig. 5 illustrates the parallel force coordination
by plotting the grip force against the vertical force
for trials by all patients. An approximately
straight line would indicate a coordination repre-
sentative for normal adults.14 By contrast, a force
coordination characteristic for very young children
shows a sequential force increase first in grip, then
in vertical force and results in a curve with an ini-
tially steep slope and then more flat trajectory.18

In agreement with successful adaptation of grip
force to object weight, all 12 patients who could
lift the 0.26-kg-object showed rather smooth
parallel coordination of grip and vertical
forces, including the youngest children (pts. 12
A B C

Figure 3 Grip force adaptation to object weight. Relationship between grip force and object weight shown for (A)
one of the five patients whose behaviour with toe transfers and normal hands did not differ significantly, (B) the
patient who used higher grip forces with the operated hand and (C) one of the six patients who used lower grip forces
with the operated hand. Each symbol refers to a single trial and the lines were obtained by linear regression.



Free toe transfer in children with hypoplastic digits 19
and 13; Fig. 5). Visual comparison of the curves in
Fig. 5 between the normal and operated hands for
individual patients suggested that the coordination
was quite similar between the pairs of hands of
most patients. However, there were differences
in three patients (pts. 4, 7 and 10) as assessed by
linear regression, where the mean r2-values of
the operated hand were significantly smaller than
for the normal hand.

Increased tangential forces
The lifts shown in Fig. 2 reveal further details
about the fingertip forces applied by patients. In
patient 1, one digit applied virtually all vertical
forces used to lift the object while the other digits
partly generated negative vertical forces, i.e.
forces directed downwards (Fig. 2A). By contrast,
the vertical lift force applied by patient 5 was
equally partitioned between the digits (Fig. 2B).
Furthermore, unlike patient 5, patient 1 generated
considerable horizontal forces (cf. Fig. 2A and B).

Because the patients held the object approxi-
mately to level, the discrepancy in vertical force
between the digits and the generation of horizon-
tal forces was accounted for by a difference in the
vertical and horizontal positions of the points of
grip force attack by the two digits. A difference in

BA

Figure 4 Parallel coordination of grip and vertical
forces in trials with medium weight (0.26 kg) by one pa-
tient (pt. 13). Superimposed grip and lift forces during
the loading phase of lifting trials in single trials preceded
by lifts of the same (0.26 kg), a lighter (0.11 kg) or
heavier (0.55 kg) weight. Parallel coordination of forces
is equally seen in the operated (A) and in the normal (B)
hand. Variations in force rate within both groups of trials
reflect weight prediction based on object weight in the
preceding trial. The arrows indicate the point where
object lift-off is expected based on the previous trial
with the lighter weight (0.11 kg).
the vertical position would cause change in object
elevation unless counteracted by asymmetric ver-
tical tangential forces. Similarly, a difference in
the horizontal position would lead to rotation of
the object in the horizontal plane unless counter-
acted by horizontal tangential forces. To analyse
vertical force imbalances in all patients, we
calculated the fraction of the total vertical force
generated by the normal or the reconstructed
thumb (Fig. 6A). This measure was 0.5 (i.e. 50%)
if the vertical force was equally distributed be-
tween the pair of digits engaged. For all but one
(pt. 6) of the normal hands, the vertical forces
were evenly distributed between the digits. By
contrast, this measure was significantly different
from 0.5 for the operated hands in seven patients.
The most loaded digit could be either the radial

Figure 5 Parallel coordination of grip and vertical
forces in trials with medium weight (0.26 kg) for all pa-
tients and hands. Grip force plotted against the sum of
vertical forces generated by the two digits between
the instance of fingertipeobject contact and object
lift-off (black part of the curves). Initially during trials
patients occasionally applied a negative vertical force
indicating downward pressure onto the object that was
accompanied by a small increase in grip force for grasp
stability. The r2-values (obtained by linear regression)
represent the mean values of the coefficient of determi-
nation obtained for the curves of each hand and patient
Three patients showed significant differences between
hands in the r2-values (ManneWhitney test; *p< 0.05,
**p< 0.01).
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(pts. 1, 3, 7, 12 and 13) or the ulnar digit (pts. 2
and 11), the transferred toe (pts. 2, 3, 11 and
12) or the thumb present preoperatively (pts. 1,
7 and 13). Object tilt could not explain these im-
balances as there was no significant correlation
between object elevation and the fraction of
load taken up by the thumb (Spearman’s rank
correlation). As such, the object tilt for these
seven patients was small (range of mean values:
0.08e3.46�).

Both vertical and horizontal asymmetries in the
points of grip force attack by the two digits affect
the tangential force required to prevent object
rotation.16 The filled segments of the bars in
Fig. 6B show the increased tangential force related
to misalignments in the vertical positioning of the

A

B

C

Figure 6 Tangential and grip forces applied in trials
with the medium weight (0.26 kg). (A) Fraction of total
vertical force taken up by the thumb. Uneven distribu-
tion of vertical force between digits is indicated by
values significantly different from 0.5. (B) Inflated tan-
gential force on the most loaded digit accounted for
by malalignment of the fingertips on the grasp plates
with the contribution of horizontal and vertical compo-
nents indicated. The rise in tangential load with the
transplanted hands differed significantly from the con-
tralateral hand in four patients. (C) Grip forces with sig-
nificant differences between hands are indicated. (AeC)
(*, ** and *** refer to *p< 0.05, **p< 0.01, ***p< 0.001,
respectively).
digits. Although there were significant vertical
force imbalances between digits of the operated
hand in seven patients (cf. Fig. 6A), the resultant
tangential force increases were significantly
different between the hands only in the four
patients (pt. 1, 2, 3 and 11) with the most pro-
nounced imbalances. For all patients, horizontal
forces also contributed to the increased tangential
force in both hands (see hollow segments of the
bars in Fig. 6B).

Increased tangential force caused by misalign-
ments of the digits increases the demand for grip
forces to prevent accidental dropping of the
object as compared to a balanced grip. However,
of those four patients with significantly inflated
tangential loads, only patient 1 used higher grip
forces with the operated than with the normal
hand (Fig. 6C). The fact that the other three
patients (pts. 2, 3 and 11) did not do that might
relate to their weak pinch grip with the operated
hand. Accordingly, patients 4, 5 and 10 who also
had a weak pinch, used significantly lower grip
forces with the operated hand as compared to
the normal hand even though the tangential forces
were similar for both hands (Fig. 6C). There is no
obvious explanation for the extremely high grip
forces applied by patient 7 with the normal hand.

Discussion

We have shown that patients following second toe-
to-hand transfer for congenital hypoplastic digits
exhibit physiological principles of grasping when
using the transferred digits to lift a small object
with a precision grip. They adapted the grip forces
to object weight and coordinated grip and lift
forces in parallel during phases of isometric force
changes. With the operated hand, one-third of the
patients generated grip forces in proportion to
load forces without obvious differences to their
normal hand. Most patients, however, modulated
the grip forces within a restricted range possibly
related to a weak pinch grip with the transferred
digits. Because of extra tangential loads caused by
malpositioning of the digits on the object, in some
patients there were imbalances in the grip that
increased the grip force demands required for
grasp stability. This potentially overloads the
capacity of such a hand, which typically has
a weaker grip than the normal side. Consequently,
this may result in an increased rate of slippage,
object drop and fatigue further degrading
dexterity.

The finding of physiological principles for the
precision grip with transferred toes has significance
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in relation to the development of grasp. A possible
different outcome of our study would have been
a sequential application of grip and lift forces as
seen in young children,18 which prevents smooth
adaptation of forces to object weight. Although
children at the age of two years have learned to
scale the grip force when they lift objects of differ-
ent weights, both the rates of force generation and
the absolute grip force levels remain highly vari-
able.19 Smooth parallel coordination of grip and
lift forces is not seen before the age 4e6 and
undergoes changes well into teenage years.18 Like-
wise, anticipatory strategies of grip force adapta-
tion based on previous lifts only emerge before
age four and gradually mature until they reach
adult patterns by the age of 8e11.19,20 In the
majority of our patients, the toe transfer was per-
formed during this phase of development and our
study suggests that their grasping development is
similar to children born without anomalies of the
hand. Even the youngest children in our study
showed parallel coordination of forces that com-
pares well with previous observations on normal
children lifting a similar apparatus.18,21

The timing of toe transfer in children with
congenital hypoplasia of digits remains controver-
sial. Some surgeons believe that the procedure
should be performed before the development of
a true pinch grip at 11 months of age6 while others
suggest that it is better to wait until age two or
later for better size of structures.22 Regarding
the development of grip after pollicisation for
aplasia of the thumb, Buck-Gramcko had originally
suggested operating early before age one, but
later stated that the outcome is similar if the oper-
ation is performed before age three.23 Our findings
suggest that the exact timing is not critical. The
age of our patients at the time of operation ranged
from one to 13 years and all patients developed
key features of the physiological grasp. That
some patients generated forces in a less coordi-
nated manner with the operated than with their
normal hand (see Fig. 5) did not obviously relate
to their age at operation. The four patients with
the best clinical and physiological outcomes (pts.
5, 9, 11 and 13) had the toe transfers at an age be-
tween one and five years. The age of operation of
the patients with less good outcomes (pts. 1, 4, 6
and 10) ranged widely between one and 13 years.

However, our findings suggest an age effect on
the development of sensibility in transferred
digits. Whilst the two patients operated on as
adolescents aged 12 and 13 had incomplete touch
detection and 2-point discrimination, all patients
operated on before the age of eight achieved good
sensibility. This agrees with long-established
outcomes of clinical tests after peripheral nerve
repair showing that recovery of sensibility corre-
lates strongly with the age of the patient at nerve
suture.24,25 Likewise, it corroborates results of
sensibility tests in previous series of microvascular
toe transfers on younger children4,6,9,11 as com-
pared to incomplete sensory recovery after toe
transfer in adolescents.26

Despite abnormal digital sensibility, the two
oldest patients successfully adapted the grip
forces to object weight (pts. 1 and 2), as did the
one patient with normal tactile sensibility in one,
but not the other transferred digits (pt. 4). This
may be explained by the fact that these patients
had one digit with normal sensibility engaged in
the precision grip. Furthermore, somatosensory
information about the event of lift-off presumably
drives the adaptation to weight changes when
there is no visual cue to estimate object weight.15

Such somatosensory information does not depend
on fingertip sensation and can be encoded by
mechanoreceptors in the proximal hand and arm
sensitive to mechanical transients (e.g. FA-II
sensors).15,27,28

One of these three patients with abnormal
digital sensibility consistently used higher grip
forces when using the transferred digits (pt. 1).
Although we identified inflated tangential loading
of the grasp, which presumably contributed to high
grip forces in this patient, she may also have used
increased grip forces as a compensatory strategy
for reduced fingertip sensibility. This is a frequent
finding in adult patients with abnormal sensibility
after peripheral nerve injury.16

Although the majority of patients in this study
showed reduced grip strength and limited active
range of motion as compared to their normal hand,
this was most marked in the three patients without
an intact basal joint of the thumb (pts. 4, 10 and
12). A mobile, stable and competent first carpo-
metacarpal joint has previously been recognised as
the single most powerful determinant of the
clinical outcome of microvascular toe transfer for
congenital digital hypoplasia.12 A further contrib-
uting factor to limitations in motor function could
be the lack of intrinsic hand muscles. These mus-
cles may be abnormal or absent in patients with
congenital hypoplastic digits and the reconstruc-
tion of intrinsic tendons during toe transfer is
often not possible.6,12

In four patients, malalignment of the digits of
the operated hand on the object caused increased
tangential forces and thereby additional grip force
demands for a stable grasp. In spite of the
increased demands with the operated hand, only
one of these four patients (pt. 1) used significantly
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higher grip forces with this hand. The other three
patients applied grip forces not significantly dif-
ferent from their contralateral hands, which could
be due to force limitations (cf. maximum grip
strength for pts. 2, 3 and 11 in Table 1). In
patients, who are unable to generate higher grip
forces, load imbalances may overload the recon-
structed digit with a weak grip and are possibly
the reason for a higher rate of slippage (cf. pts.
2, 3 and 11 in Table 2). We believe that lack of
intrinsic hand muscle function is an important con-
tributor to the malalignments of the digits,16 but
this is difficult to correct surgically. Precise surgi-
cal orientation of joints and adequate skeletal
fixation during toe transfer, however, would be
a crucial step to minimise imbalances in force
application during precision grip and thus reduce
the demand for fingertip forces. This is particularly
important for patients with aplasia of all digits,
who would completely depend on the two trans-
ferred toes in their grip. Patients with a double
toe transfer opposing the thumb may take advan-
tage of the third digit to align the two fingers
and stabilise the precision grip against the effects
of finger misalignments (Fig. 7).

Conclusion

Children with congenital hypoplasia of digits after
free toe transfer develop physiological grip

Figure 7 Stabilisation of the precision grip using the
second transferred digit. In patient 1 the double toe
transfer opposes a normal thumb and makes it possible
to use the third digit for fine-tuning of forces and for sta-
bilisation. By contrast, patients with aplasia of all digits
completely rely on a potentially less stable 2-digit pinch
grip with the transferred toes, where correct surgical
orientation of skeletal elements is crucial to minimise
imbalances in force application (cf. Fig. 2 B).
patterns. The age at toe transfer is not critical
for the development of a physiological grasp
pattern, but for full sensory recovery the opera-
tion has to be performed at the age of eight years.
Finger malalignment within the grasp is a possible
cause for increased demands of fingertip forces
with potential adverse effects on manipulation,
which underlines the importance of correct surgi-
cal orientation of transferred digits.
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