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Driving and emergency braking may be impaired
after tibiotalar joint arthrodesis: conclusions after a case series
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Abstract
Purpose To assess whether reaction time (RT) and movement
time (MT), as the two components of the total brake response
time (TBRT) and brake force (BF) are different in patients
with a foot joint arthrodesis in comparison to controls.
Methods The study was a comparative case series in a driving
simulator under realistic driving conditions. Mobile patients
without a walker, ≥6 months after surgery who were driving a
car and had no neurological co-morbidity, knee or hip joint
prosthesis were included in the study. The selection criteria
resulted in 12 patients with right tibiotalar joint arthrodesis
(TTJA) and 12 patients with another right foot joint arthrode-
sis (OFJA), who were compared to 17 individuals without any
ankle-joint pathology. For TBRT, an empirical safe driving
threshold of 700 ms was used. The outcome measures were
RT, MT, TBRT, BF and McGuire score.

Results MT (p=0.034) and TBRT (p=0.026) were longer in
TTJA patients in comparison with the controls. Also, more
patients with TTJA than patients with OFJA and controls
exceeded the safe driving threshold (p=0.028). The outcomes
in OFJA patients and in controls were comparable. The
McGuire score was similar between the TTJA and OFJA pa-
tients (p=0.26).
Conclusions Significantly slower MT and TBRT, and signif-
icantly more patients exceeding the safe driving threshold,
were observed after a tibiotalar-joint arthrodesis in compari-
son to the controls. Patients with OFJAs were not significantly
different from the controls. Driving and emergency braking
may be impaired after tibiotalar-joint arthrodesis.

Keywords Foot joint arthrodesis . Car driving . Total brake
response time . Reaction time,Movement time . Brake force .

McGuire score . Tibiotalar joint

Abbreviations
RT reaction time
MT movement time
TBRT total brake response time
BF brake force
TTJA tibiotalar joint arthrodesis
OFJA other foot joint arthrodesis

Introduction

One of the most common questions asked by patients under-
going an arthrodesis of the tibiotalar or talocalcaneal joint is
whether the arthrodesis affects the ability to drive a car. Vari-
ous abilities are required for safe car driving. An important
measure is the ability of emergency braking for an emergency
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stop. The time required for an emergency braking is referred to
as total brake response time (TBRT) [1–3]. TBRT is the sum
of the reaction time (RT), movement time (MT) and device
response time, according to Green [4] (Table 1).

The braking distance is mostly determined by the car ve-
locity, but it also depends on the car weight, brake properties,
and the properties of the road surface. Over the past years
successful technical efforts have been made to reduce braking
distance. The last challenge remaining is the reaction distance,
however. At a speed of 60 km/h the reaction distance is longer
than the braking distance of the car itself [5].

A lower-limb-joint replacement or an arthrodesis may po-
tentially influence the TBRT. The annual numbers of
ankle joint arthrodeses performed, as well as the number of
hospitals that perform this kind of surgery, are gradually grow-
ing according to the only published German data [6]. Trauma
is the most frequent indication for a foot joint arthrodesis,
making up 49 % of all arthrodeses captured in the German
Orthopaedic Foot and Ankle Association’s registry [6].

Several studies have analysed TBRT and braking force
(BF) after total knee and total hip replacement [3, 7–9]. To
our knowledge, only one study is known to examine the
TBRT following ankle joint arthrodesis. The study showed
that TBRT following a healed right ankle arthrodesis in ten
patients was significantly lower than that of ten healthy con-
trols, whereas the BF did not significantly differ between the
patients and the controls [10]. However, this age-matched
study did not distinguish between different arthrodesis types.
The study also did not adjust for patient sex, which might
hypothetically have an influence on the reaction and move-
ment times and/or on braking force.

The purpose of the current study was (1) to compare the
RT, MT, TBRT and braking force (BF) between patients with
different arthrodesis types and healthy controls adjusted for
patient age and sex and (2) to measure the proportion of pa-
tients with a too slow TBRT.

Materials and methods

The study was approved by the local ethics committee. In-
formed consent was received from every patient and control.

Patients and controls

The selection criteria for this study were mobile patients with-
out a walker, at a minimum of six months after a
right foot joint arthrodesis, who were driving a car at least
once a week and had no neurological co-morbidity, motor
deficits or a score of less than 4/5 according to the British
Medical Research Council Scale, infection, artificial knee or
hip joint or drug intake with a known influence on the reaction
time. All consecutive patients who received a foot joint ar-
throdesis between February 2006 and October 2012 at our
department were invited and agreed to participate in the study.
The sample included 12 patients who underwent a
right tibiotalar joint arthrodesis (TTJA group) and 12 patients
who received another foot joint arthrodesis (OFJA group).
More specifically, the OFJA group consisted of six patients
with a talonavicular arthrodesis, two patients with a subtalar
arthrodesis, two patients with a talocalcaneal arthrodesis, one
patient with a triple arthrodesis and one patient with a
calcaneocuboidal arthrodesis. A third group of 17 healthy vol-
unteers without any ankle pathology was assessed as controls.
All participants were regularly driving a car, at least once a
week, having a valid driving license.

Outcome measures

The outcomemeasures were TBRT, RT,MT, BF andMcGuire
score. Additionally, the proportion of patients with the TBRT
above 700 ms was assessed.

Simulator

In consideration of the spatial constraints in a real car cabin, a
brake simulator was built based on a Volkswagen car model
(Fig. 1a). Force transducers fromMegatron® Electronics were
mounted to the acceleration and brake pedals to assess the
outcome measures (Fig. 1c). Measured time intervals and ap-
plied forces were displayed on the computer screen as a dia-
gram after each testing (Fig. 1d). For the assurance of the
accuracy of the BF measurements, a calibration of the sensor
was conducted for each testing based on a standard procedure.

Table 1 Components of Total Brake Response Time according to Green [4]

1. Reaction time 2. Movement time 3. Device response time

- Sensation - Lift the foot off the accelerator pedal and transfer it to the brake - Time it takes the devise to engage once activate

- Perception/recognition - Depress the pedal

- Situational awareness

- Response selection

- Programming
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Measurement

Participants were asked to wear convenient footwear that they
typically wear during driving. The seat was adjusted in dis-
tance and tilt to be convenient for the driving position of each
participant. Standardised instructions about the usage of the
brake simulator were given prior to testing. Some time for a
test run was also provided. Depression of the accelerator pedal
activated the computer-based registration. Participants were
instructed to keep the pedal permanently depressed with their
right foot until a red light flashed up. The light was mounted to
the front lid (arrow in Fig. 1b). The light signal was
representing an emergency and causing the participant to ini-
tiate an emergency braking. In doing so the right foot of the
participant should be lifted off the accelerator pedal and trans-
ferred to the brake pedal to apply the maximum brake force.
Within a period of ten seconds after the participant had posi-
tioned himself or herself, the supervisor activated the light
signal randomly by an external trigger which was not visible
to the participants. The interval between the activation of the
light signal and the start of the decrease of the force measured
on the accelerator pedal was determined as the reaction time.
MT was defined as the interval between the start of force
decrease on the accelerator and the start of the force applica-
tion to the brake pedal. The combination of the two times
resulted in the TBRT. In parallel, the force applied to the brake
pedal was measured.

For the evaluation of functional status in both treatment
groups a patient-based McGuire score was used. The score
was first described in 1988 and is known as a simple clinical
measure of function for patients with a foot joint arthrodesis
[11]. The score includes dimensions of pain, walking distance,
support, walking on uneven surfaces, range of motion,
climbing stairs and limping with three to five answer options.

The score values are read as follows: 80–100, excellent; 70–
79, good; 65–69, poor; <65, failed.

Statistical analyses

After a test run, the outcome measures of the ten following
repeated trials were averaged and the average value was used
in the analysis.

Categorical variables are presented as frequencies and per-
centages, and continuous variables as means with standard
deviations and medians with ranges.

Differences between all three groups in outcome measures
were evaluated using the generalised linear modelling with
pairwise comparisons adjusted for patient age and sex.
Bonferroni correction was used to adjust for multiple testing.
In addition, the proportion of participants above the empirical
TBRT threshold of 700 ms according to the U.S. Federal
Highway Administration [10, 12] was compared between
the groups using Fisher’s exact test.

All statistical analyses were conducted using SAS 9.4
(SAS Institute, Cary, NC) with an α=0.05.

Results

In the OFJA, TTJA and control groups the mean ages were 55
±17 years (median 62 and range 22–73 years), 59±15 years
(median 58 and range 24–76 years) and 66±10 years (median
65 and range 50–84 years) (overall p=0.08), respectively. The
proportion of female patients was 58.3 %, 50.0 % and 17.7 %
in the respective groups (p=0.055).

The results of outcome measures are shown in Table 2. The
mean measured times were the lowest in the control group,
followed by OFJA and TTJA patients. The mean measured

Fig. 1 The car cabin and brake
simulator
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BFwas the highest in the control group followed by TTJA and
OFJA patients. RTand BF did not differ significantly between
the three groups (p>0.28). MT as a component of TBRT and
TBRT itself in TTJA patients were both significantly higher
than in the controls (Table 2; p=0.034 and p=0.026,
respectively).

The mean McGuire score was 83.2±12.4 (median 78.5,
range 49–96) and 76.6±15.6 (median 88, range 54–99) in
OFJA and TTJA patients, respectively (p=0.26).

None of the controls, two patients with OFJA (16.7 %) and
four patients with TTJA (33.3 %) had the mean TBRTexceed-
ing the threshold of 700 ms (p=0.028) up to two times. In the
control group, 9 out of the 170 individual measurements
(5.3 %) in the 17 volunteers only marginally exceeded the
threshold.

The results of the individual arthrodesis subgroups and
controls are displayed in Fig. 2 as boxplots.

Discussion

The question, BCan I drive a car?^, concerns a major part of
patients undergoing a foot joint arthrodesis. Clinical experi-
ence shows that patients undergoing a foot joint arthrodesis
care more about their functional outcome and the ability to
drive a car after surgery than about the surgery itself. The
braking process is a complex combination of plantar flexion
and dorsal extension in the ankle, rotation in the hip and ex-
tension in the knee. A foot joint arthrodesis may, therefore,
potentially affect the driving ability, much like knee and hip
surgeries.

Spalding et al. [3] were the first to report on reaction time
after total knee replacement. Their study on 40 patients
showed that a reasonable driving ability is achieved
eight weeks after surgery. Marques et al. [1] showed that driv-
ing ability with a safe brake response time after a total knee

Fig. 2 Results for the individual arthrodesis subgroups and controls
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replacement is achieved four weeks after surgery. According
to the study by Pierson et al. [13], who also studied brake
response time after total knee replacement, the driving ability
is achieved nine weeks after surgery. Liebensteiner et al. [14]
showed that patients with dorsal fusion were able to drive
safely after surgery. In another study on the brake response
time after complex injuries of the lower extremity, such as
acetabulum, calcaneus, tibial plateau and pilon fractures, safe
values for this measure were achieved 6 weeks after the initi-
ation of weight-bearing [15].

The studies on driving ability after surgically treated
foot joint pathologies are rare. Egol et al. [16] showed that
in patients with ankle fractures brake response time reaches
the level of healthy controls nine weeks after stabilisation.
Holt et al. [2] showed that the brake response time after an
osteotomy of the first metatarsal bone for hallux valgus cor-
rection was comparable to that of healthy controls six weeks
after surgery.

It seems to be reasonable to believe that roughly
2.5 months after a foot joint surgery the ability to drive
safely should be restored. Our study addressed this typical
patient concern from another perspective, selecting sup-
posedly recovered patients and comparing their total brake
response time and other outcome measures to that of the
controls and to the threshold proposed by the U.S. Federal
Highway Administration [12]. A similar approach was
used by Jeng et al. [10], who selected ten patients one year
after an ankle arthrodesis surgery, which was not specified,
however, and compared them to ten age-matched controls.
The author observed a significantly slower TBRT in pa-
tients than in controls, whereas BF was not different be-
tween the study groups.

Our findings demonstrate that patients with a TTJA were
slower in movement and in the overall TBRT in comparison to
healthy controls. Although their reaction time and braking
force values remained comparable to those of the controls.
Considering the small group sizes, one-third (n=4) of the
TTJA patients had TBRT exceeding the proposed safety
threshold. The parameters RT and BF appear to be of no con-
cern. These results of our TTJA patients are in accordance
with the study by Jeng et al. [10].

Our second treatment group of other foot joint arthrodesis
showed overall shorter RT, MT and TBRT values than the
TTJA patients. Solely, the average BF was slightly lower in
OFJA than in TTJA patients. The differences between OFJA
and TTJA patients were not significant, however. The num-
bers of the individual arthrodesis subgroups are too low to
allow for a reasonable statistical assessment. However, overall
it can be said that the TTJA patients were performing worse
than all other arthrodesis subgroups and controls.

The comparable BF in our study groups supports the as-
sumption that the vast majority of braking power is generated
in the hip and knee [17].

Different road authorities proposed different TBRT thresh-
olds between 700 ms [18, 19] and 1,500 ms [20]. For our
study the lowest proposed threshold of 700 ms, coming from
the U.S. road authority, was used. This rather conservative
threshold is more appropriate for experimental settings as pro-
posed by Hofmann et al. [21].

The similar reaction time and different movement time
points to the affect of the foot kinematics in patients with
tibiotalar joint arthrodesis. Movement time was defined as
the interval between the start of force decrease on the acceler-
ator and the start of the force application to the brake pedal.

Table 2 RT, MT, TBRT and BF in the study groups

Outcome Study
group

N Mean SD Median Range Comparison vs
controls
(p-value)

Comparison vs
UAJA
(p-value)

RT OFJA 12 223.8 74.0 208.0 143.9 - 395.5 1.0 1.0

TTJA 12 250.2 120.3 204.8 170.8 - 611.8 0.28 -

Control 17 193.3 24.3 188.7 151.3 - 232.4 - -

MT OFJA 12 372.4 85.7 357.1 259.4 - 528.1 1.0 0.12

TTJA 12 478.7 256.8 400.1 278.5 - 1186.5 0.034 -

Control 17 282.4 51.5 295.2 202.7 - 354.1 - -

TBRT OFJA 12 596.2 141.4 587.1 449.7 - 923.6 1.0 0.16

TTJA 12 729.7 332.9 585.1 478.3 - 1471.9 0.026 -

Control 17 475.7 63.5 477.6 378.0 - 578.4 - -

BF OFJA 12 392.4 171.6 320.1 221.4 - 696.6 1.0 1.0

TTJA 12 461.1 245.8 432.2 107.5 - 954.8 1.0 -

Control 17 499.3 169.6 482.1 162.6 - 919.1 - -

Note: RT – Reaction Time; MT – Movement Time; TBRT – Total Brake Response Time; BF – Braking Force; OFJA – Other Foot Joint Arthrodesis;
TTJA – Tibiotalar Joint Arthrodesis; SD – Standard Deviation
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During acceleration, the forefoot is located on the acceleration
pedal and the heel rests on the floor. As Liebensteiner et al. [9]
put it, BIt is possible to complete the process of braking by
flexing the right leg at all major joints and lifting the entire
foot from the floor, then adducting the leg towards the brake
and again extending the leg. It is also possible to lift just the
right forefoot by dorsiflexion of the ankle, adduct the leg at the
hip using the heel as a pivot, and then activate the brake by
plantar flexion of the foot^. In healthy subjects, Scott et al.
[22] observed the fastest braking response time in those sub-
jects who solved the task by only moving the foot. Patients
with a tibiotalar-joint arthrodesis obviously have affected foot
kinematics and are most probably compensating for them by
other joints of the lower limb.

Orthopaedic surgeons should be aware of the results of this
study as practically every second arthrodesis is performed in a
trauma patient [6]. The results of the analysis should be used
for the information of the patient and shared decision-making
whenever possible. Despite the fact that car driving is an im-
portant component of most patients’ life and that the number
of orthopaedic interventions in the lower limb is constantly
growing, no well-established guidelines for determining when
it is safe to drive after injury or treatment exist [8]. Based on
our findings, it is not reasonable to hold off every patient with
a right foot joint arthrodesis from car driving. A standardised
assessment of total brake response time in patients six months
after a foot joint arthrodesis to ensure his or her safe driving
may be a reasonable approach. The creation of such a standard
is desirable for warranting inter-patient comparability, which,
however, must be left to the respective medical and regulatory
expert groups.

This study is of an experimental design. It is unclear how
well the results of the simulator reflect the real world driving
conditions. However, since a control group was examined and
since the TBRT values in all controls was below the used
threshold, the achieved comparison results should be valid.

The sample size in this study was low as it was a single-
centre study and as a foot joint arthrodesis is not a frequent
surgery in our department. A multi-centric study design may
be recommended to increase the sample size, but simulator
measurements should still be based on one simulator only, to
assure the same standardised approach in all subjects. This
might become a logistical challenge. Nevertheless, despite the
similar results by Jeng et al. [10] and in our study, the used
sample sizes do not allow for definitive conclusions in terms
of driving safety after a foot joint arthrodesis. According to
the local German Road Authority, all study participants pos-
sess a driving license and are hence allowed to drive, which
suggests safe driving. The study observed, however, a signif-
icantly slower movement time and total brake response time
in patients with a tibiotalar joint arthrodesis in comparison to
healthy controls. Also, significantly more patients with a
tibiotalar joint arthrodesis exceeded the safety driving

threshold. The group of other pooled foot joint arthrodesis
locations was not significantly different from the controls.
Moreover, our study showed a variability of the measured
parameters both between individual patients as well as de-
pending on the arthrodesis location. We suggest, therefore, a
standardised assessment of total brake response time in pa-
tients six months after a foot joint arthrodesis to ensure his or
her safe driving.
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