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Abstract
Objective

Patients with rheumatoid arthritis (RA) are at increased risk of falling. In healthy elderly persons with a history of falling, 
a reduced ability to avoid obstacles while walking has been shown to relate to increased fall risk. The aim of this study was 

to determine whether this potential risk factor for falls would also be present in persons with RA. 

Methods
Twelve RA patients and twelve controls performed an obstacle avoidance task on a treadmill. The obstacle was released 

during three different phases of the gait cycle (late stance, early swing and mid swing) to create increasing difficulty levels. 
The primary outcome measure was failure rate.

Results
Overall, the RA patients had significantly higher obstacle avoidance failure rates. To avoid an obstacle, a long or a short 
stride strategy can be used, the choice of which depends on the phase of obstacle release. There were no significant group 
differences in the distribution of obstacle avoidance strategies. However, the RA patients made significantly more failures 

when performing a short stride strategy in mid swing obstacle release trials (the condition which gave the patients the least 
time to react; available response time). In addition, compared to the controls, the RA group approached the obstacle more 

closely prior to obstacle crossing (shorter toe distance), thereby increasing the risk of stumbling. 

Conclusion
Obstacle avoidance performance in persons with RA is significantly deteriorated compared to age- and gender-matched 

controls, especially when available response time is low. This deficit may contribute to their higher fall risk. 

Key words
Obstacle avoidance, gait, rheumatoid arthritis, falls



780

Obstacle avoidance in RA / E. Smulders et al.

Ellen Smulders, MSc, PT 
Chantal Schreven, MSc, PT
Wim van Lankveld, PhD
Jacques Duysens, MD, PhD
Vivian Weerdesteyn, PhD, PT
This study was supported by grants from 
‘bijzonder onderzoeksfonds’ (OT/08/034 
and IDO/07/012) and the Organization for 
Healthcare Research in the Netherlands 
(ZonMW).
Please address correspondence to:
Dr Ellen Smulders, 
Research, Development and Education, 
Sint Maartenskliniek, 
P.O. Box 9011, 6500GM Nijmegen, 
The Netherlands. 
E-mail: e.smulders@maartenskliniek.nl
Received on December 1, 2008; accepted 
in revised form on May 4, 2009.
© Copyright CLINICAL AND 
EXPERIMENTAL RHEUMATOLOGY 2009.

Competing interests: none declared.

Introduction
Rheumatoid arthritis (RA) is an inflam-
matory autoimmune disease that affects 
the joints. Major complaints are pain 
and swelling in the affected joints, stiff-
ness, fatigue and joint destruction (1). 
Retrospective studies show that fall in-
cidence in adult RA patients is as high 
as in the elderly with one out of three 
persons falling at least once a year (2-
4). Data on prospective fall incidence 
measurements in RA are scarce but our 
previous work has indicated that fall 
incidence is clearly increased in RA 
patients as compared to the elderly (5). 

Potential risk factors for falling in RA 
patients are diminished strength and 
proprioception, reduced postural stabil-
ity and pain (1, 2, 5). Moreover, persons 
with RA are known to have a lower 
bone mineral density, which leads to an 
increased risk of fractures in the event 
of a fall (1, 6). This makes it even more 
important to better understand risk fac-
tors for falls in this population.
Lower extremity problems in persons 
with RA have been associated with al-
tered gait patterns. In general, persons 
with RA have a slower walking veloc-
ity, shortened stride length, increased 
double stance period and decreased 
range of motion in all three planes of 
the forefoot (7-10). A study by van 
Leeden et al. showed that in patients 
with RA-related foot complaints, a 
longer disease duration causes a shift 
from a heel-to-toe roll-over gait to a 
more shuffled gait (11), which increases 
the propensity to trip over an obstacle. 
It has been shown that the ability to ef-
ficiently avoid an obstacle is reduced in 
elderly persons and this ability further 
deteriorates with advancing age, in par-
allel with an increased fall risk in daily 
life (12). When morbidity is present, 
one may expect further deterioration. 
For example, patients with pain asso-
ciated with osteoarthritis of the knee 
have an increased probability to trip 
on an obstacle (13). Although the cir-
cumstances of falls in RA patients have 
not been described in the literature, it is 
known that trips and slips are the most 
prevalent causes of falls in the elderly 
population in general (accounting for 
59% of falls) (14). Many of these falls 
are provoked by an external factor, 

such as an obstacle (15), and obstacle 
avoidance is thus an important area of 
investigation.
The main determinant for success in 
obstacle avoidance under time pressure 
is the Available Response Time (ART). 
The ART is defined as the time be-
tween obstacle detection and the esti-
mated moment of foot contact with the 
obstacle. With longer ARTs, persons 
have enough time to react and thus will 
hardly ever contact the obstacle, but 
when ARTs become shorter, the time 
pressure increases and the obstacle will 
be hit more frequently (16-18).  
The choice of obstacle avoidance strat-
egy is a second determinant for suc-
cess in obstacle avoidance. Two dif-
ferent strategies can be used to avoid 
an obstacle. In a long stride strategy 
(LSS) the obstacle is crossed by a 
lengthened stride. The other strategy is 
a short stride strategy (SSS) in which 
the stride before crossing is shortened 
and the obstacle is crossed in the next 
stride. Which strategy is most efficient 
to avoid an obstacle depends on the 
ART and the distance of the foot to the 
obstacle (16-19).
The aim of this study was to determine 
whether RA patients in general have 
increased difficulties with avoiding ob-
stacles while walking. Our hypothesis 
was that RA patients would have high-
er failure rates on the obstacle avoid-
ance task compared to healthy controls, 
because of the joint and mobility prob-
lems in RA patients and since they of-
ten have high pain levels. Furthermore, 
obstacle avoidance strategy and the 
distribution of failures over the differ-
ent strategies will be examined along 
with parameters related to obstacle 
avoidance (heel and toe distances and 
reaction time). 

Methods
Participants
Eligible participants were selected 
from a large study population included 
in a study on fall risk factors in persons 
with RA (5). This population was ran-
domly sampled from the visitors of our 
rheumatology clinic, twelve patients 
with RA (7 female, 5 male, mean age 
61 (SD 11, range 42-76 years) were 
included. Inclusion criterion was the 
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diagnosis RA, according to the ACR 
(American College of Rheumatology) 
criteria (20). Participants were exclud-
ed when they were recently diagnosed 
with RA (< one year), had neurological 
disorders or were not able to walk at 
least 15 minutes without the use of a 
walking aid. None of the participants 
had corticosteroid injections in the ar-
ticular joints in the six months prior to 
the study. The following data were ob-
tained to characterize the RA patients: 
disease activity (Erythrocyte Sedimen-
tation Rate), disease duration, number 
of affected joints, medication use, 
Visual Analog Scale (VAS) scores of 
pain during stance and walking (0=no 
pain, 100=severe pain) and scores on 
the Health Assessment Questionnaire 
(HAQ) (21) and Arthritis Impact Meas-
urement Scales 2 Short Form (AIMS2-
SF) (22). Furthermore, the RA patients 
monitored their fall incidence for one 
year, by means of monthly fall regis-
tration cards. In addition, 12 healthy 
controls of the same gender and com-
parable age (7 female, 5 male, mean 
age 61 (SD 10, range 46-78 years) were 
included. This study was approved by 
the medical ethical committee of the 
region Arnhem-Nijmegen and all par-
ticipants gave written informed con-
sent for participation. 

Sample size 
An a priori sample size calculation was 
performed for this study, using the data 
of a previous study on the same task in 
healthy young and older persons (23). 
We aimed to detect a minimal between-
group difference in obstacle avoidance 
failure rates of 10% and used a stand-
ard deviation of 7% (23) in the sample 
size calculation. With a power of 0.9 
and a two-tailed α of 0.05 the required 
number of patients per group was 12. 

Experimental set-up and protocol
The participants were instructed to 
avoid obstacles while walking on a 
treadmill (ENRAF Nonius, Type EN-
tred Reha) at a fixed velocity of 3 km/
hr, wearing comfortable shoes. This 
velocity was selected, because it is a 
comfortable walking speed for both 
RA patients and healthy persons (24-
26). They were secured by a safety 

harness, attached to the ceiling. Above 
the front of the treadmill a bridge was 
placed with an electro-magnet. The ob-
stacle (40cm [length] x 30cm [width] x 
1.5cm [height]) was held by the magnet 
in front of the left foot. Two reflective 
markers were attached to the shoe on 
the left heel and  hallux and one marker 
was attached on top of the obstacle. 
Marker positions were recorded by a 
6-camera 3D motion analysis system 
(Vicon, 100Hz). In Figure 1 the experi-
mental set up is presented.
Before the experiment started the par-
ticipants were given an opportunity to 
familiarize to treadmill walking. Fur-
thermore, five practice trials of obstacle 
avoidance were performed. Stepping 
sideways from the obstacle was not al-
lowed. The participants walked on the 
treadmill at a fixed distance of 10 cm to 
the obstacle. For each step, the motion 
analysis system provided on-line infor-
mation of the distance to the obstacle 
on the basis of the markers on the foot. 

When this distance systematically de-
viated from 10 cm over a number of 
steps, the experimenter instructed the 
participant to correct his/her distance.
During the experiment, the obstacle was 
released at one of three different phas-
es of the gait cycle: late stance, early 
swing and mid swing, to create differ-
ent levels of difficulty. Late stance ob-
stacle release was the easiest condition, 
with the most time to react (long ART), 
whereas mid swing release represent-
ed the most difficult condition (short 
ART). In Figure 2 the different phases 
of the gait cycle in which the obstacle 
could be released are presented.
Each condition was repeated ten times, 
randomly divided over two series of 15 
trials. The number of strides between 
two successive obstacle releases was 
variable so that the moment of obstacle 
release was not predictable.
Obstacle release was triggered by a 
computer, as described in detail in a 
previous study (12). To determine the 

Fig. 1. Experimental set 
up. In front of the treadmill, 
the obstacle is attached to 
a bridge with an electro-
magnet. After a trigger from 
the computer the magnet 
switches off and the obsta-
cle falls in front of the left 
foot of the participant. 

Fig. 2. Phases of the gait cycle and the three phases of obstacle release in the obstacle avoidance 
experiment; 1: late stance, 2: early swing, 3: mid swing.
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correct moment of obstacle release the 
heel marker position was processed in 
real-time during the experiment. Al-
gorithms were used to predict the next 
heel contact. Based on this information 
the exact timing of obstacle release in a 
certain phase of the gait cycle was de-
termined. The obstacle was not released 
before a regular walking pattern had 
been achieved, which was defined as 
less than 50ms difference in stride dura-
tion between two consecutive strides. 
The primary outcome measure was 
avoidance failure rate. Failures were de-
fined as contact of the foot with the ob-
stacle and were noted during the experi-
ment by two observers. In the case of 
disagreement between the observers the 
3D recordings were checked to verify 
whether the foot had touched the obsta-
cle. The strategy used to avoid the ob-
stacle (SSS or LSS) was also noted. The 
present study was designed such that 
the obstacle was released at different 
ARTs. Based on prior research it can be 
expected that in mid swing trials (short 
ARTs) an SSS is used in the majority of 
trials, whereas in the late stance obsta-
cle release trials (long ARTs) the LSS 
prevails (12, 17, 27). Failures during an 
SSS occur because participants contact 
the most proximal part of the obstacle 
with their toes. A failure during an LSS 
occurs when the heel touches the distal 
part of the obstacle (27).
From the recording of the marker po-
sitions spatial parameters were deter-
mined. Data were obtained both on toe 
distance to the obstacle before obstacle 
avoidance and on heel distance after 
obstacle avoidance. Toe distance is 
most relevant to characterize success-
ful SSS, whereas heel distance is most 
relevant for successful LSS. In addi-
tion, reaction time (RT) was derived 
from the marker position data. RT was 
defined as the time which the accel-
eration curve of the avoidance swing 
phase exceeded the mean ± 2 standard 
deviations of 30 control swing phases.

Data processing and 
statistical analyses
First, ARTs were calculated for each 
phase of obstacle release. To ensure that 
the level of difficulty of the task was 
indeed similar in the experimental and 

control group, it was checked whether 
the ARTs were equal in both groups. 
This was done by means of a repeated 
measures ANOVA, with ‘phase’ as a 
within subjects and ‘group’ as a be-
tween subjects variable.
The same statistical test was conducted 
to compare failure rates and strategy 
choice for the 3 phases of obstacle 
release (late stance, early swing, mid 
swing) between RA patients and con-
trol. Post hoc analyses were performed 
using Students t-tests (alphas corrected 
for multiple comparisons). To analyze 
whether the groups differed with re-
spect to the number of failures in each 
of the strategies, a Chi-Square test was 
applied.
To compare toe and heel distances be-
tween the RA group and healthy con-
trols an univariate ANOVA was used, 
with ART as covariant. Reaction times 
were analyzed by means of a Students 
t-test. The alpha level was set at 0.05.  

Results
The characteristics of the RA patients 
are described in Table I. Mean height 
of the RA patients was 171 (SD 9) cm 
and 166 (SD 7) cm for the controls. The 
mean weight of the RA patients and 
controls was 71 (SD 12) and 82 (SD 
18) kg, respectively. There were no sig-
nificant differences (p<0.05) between 
the RA patients and the control group 
for gender, age, height and weight. Ac-
cording to their HAQ scores, the RA 
patients in this study were moderately 
affected by their disease (28).  
The prospective fall incidence registra-
tion showed that the RA patients had 
a mean of 2.0 falls per person in one 
year, with 83% reporting at least one 
fall. The number of falls per person 
ranged from one to nine (24 falls in to-
tal). Most of the falls occurred during 
walking (61% of all falls) and 57% of 
these falls were caused by tripping over 
an obstacle. Other causes were falling 
down the stairs, getting off a bike, get-
ting into bath and a failed attempt to sit 
down on the floor. No serious injuries 
occurred because of the falls. In 52% 
of the falls the RA patients reported 
bruises, in 26% pain was reported, 17% 
caused scrapes and in 22% no injuries 
occurred. 

Obstacle avoidance
As expected the release in the various 
phases induced different ARTs (main 
of effect of phase (F(2,44)=1925.995, 
p<0.001). The mean ART was 494±28 
ms for late stance phase trials, 344±27 
ms for early swing and 238±19 ms 
for mid swing. The analysis of ARTs 
confirmed that the level of difficulty 
of the task was equal for both groups, 
because there was no main effect of 
Group (F(1,22)=0.030, p=0.865) and 
no interaction effect of Phase x Group 
(F(2,44)=1.183, p=0.316). 
In Figure 3, the failure rates of the RA 
group and the controls are shown for 
each phase and for the total experiment. 
The failure rates increased in both 
groups when the trials became more 
challenging. In late stance the mean 
failure rate was 1% for the controls and 
3% for the RA group, whereas in the 
mid swing phase, failure rates of 20% 
and 43% were seen for the controls and 
RA group respectively. RA patients 
were less successful than their controls, 
but this was dependent on the phase of 
obstacle release (Phase x Group inter-
action, F(2,44)=4.364, p=0.019).
Post hoc analysis of the failure rates 
in the three phases of obstacle release 
showed that RA patients performed 
significantly worse in the mid swing 
phase (p=0.012), but there were no sig-
nificant differences between the groups 
in early swing (p=0.171) or late stance 
(p=0.336).  Within the RA group, fail-
ure rates did not depend on disease 
severity (HAQ score) and pain during 
walking (VAS score), as introducing 
these factors as covariants in the ANO-
VA model did not yield significant in-
teractions with failures rates (respec-
tively, p=0.238 and p=0.332). 
With regard to the strategy choice and 
failures, as expected, it was found that 
in mid swing (short ARTs) the SSS was 
used in the majority of trials, whereas 
in the late stance (long ARTs), the LSS 
prevailed (see Fig. 3). Statistical analy-
sis confirmed that the strategy used to 
avoid the obstacle differed between the 
phases of obstacle release (main effect 
of Phase, F (2,44)=73.236, p<0.001). 
Overall, the distribution of avoidance 
strategies changed from predominantly 
LSS (98%) in late stance trials to pre-
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dominantly SSS (70%) in mid swing tri-
als. The RA group and the controls had 
similar proportions of LSS and SSS in 
each of the phases of obstacle release.
The remaining question is whether the 
increased failure rate of the RA patients 

depends on the avoidance strategy 
used. In Figure 4 the percentage of suc-
cessful trials and failures is shown for 
each strategy and phase. It can  be seen 
that the difference between the RA pa-
tients and controls resides primarily in 

the percentage of failures in the SSS, in 
particular during the mid swing phase 
(when there was a significant difference 
between the RA patients and the con-
trols in avoidance failure rates). Indeed, 
RA patients had significantly more fail-
ures during SSS in the mid swing phase 
(χ2(1)=18.633, p<0.001) compared to 
their controls. For LSS trials the groups 
showed no differences in the number of 
failures (χ2(1)=0.197, p=0.657). 
Kinematic data were also obtained. RA 
patients had significantly smaller toe 
distances than the controls (24.8±6.6 
vs. 79.4±10.3 mm, p=0.026). Heel dis-
tances did not differ between the groups 
(p=0.830). The reaction time of the RA 
patients was higher compared to the 
healthy controls, but this difference was 
not significant (166±25 vs. 150±17 ms, 
p=0.093).  

Discussion 
The aim of this study was to determine 
whether RA patients would have more 
problems with avoiding obstacles com-
pared to healthy controls, which may 
expose them to an increased risk of 
falling. Our hypothesis was that obsta-
cle avoidance would be deteriorated in 
patients with RA compared to healthy 
controls. The results of our study con-
firm this hypothesis. The RA patients 
had higher failure rates on the obstacle 
avoidance task compared to the healthy 
controls. This was mainly due to the 
most difficult condition (mid swing 
phase) when the ARTs were short. These 
findings are in line with earlier studies 
that showed that mobility problems 
are associated with increased obstacle 
avoidance failure rates (13, 29, 30). 

The finding that in late stance and early 
swing conditions no significant group 
differences were observed may well be 
due to the small sample size. The av-
erage failure rates for these phases of 
obstacle release were also higher in the 
RA group than in the controls, but the 
between-group differences were small-
er than in the mid-swing condition. 
A possible reason for the higher failure 
rates in the RA group could have been 
a different preference of obstacle avoid-
ance strategy. In other studies it was 
shown that elderly persons, compared 
to younger controls, prefer the LSS 

Table I. Patients’ characteristics (n=12). 

Disease activity (n)
High erythrocyte sedimentation rate (>25 mm/u) 3 
High C-reactive protein (>5 mg/l) 1

Mean disease duration (months (SD, range)) 161 (151, 30-444)

Mean number of affected joints* (SD, range,) 8 (5, 3-17)

Affected joints (n):
Hand (left-right) 10:11
Wrist (left-right) 5:8
Elbow (left-right) 3:4
Shoulders (left-right) 6:6
Forefoot/toes (left-right) 10:11
Heel (left-right) 2:2
Ankle (left-right) 4:3
Knee (left-right) 5:3
Hip (left-right) 1:2
Neck 2
Lower back 1

VAS pain during stance (mm (SD, range)) 40 (24, 3-78,)

VAS pain during walking (mm (SD, range)) 44 (28, 5-80)

HAQ (mean (SD, range)) 1.1 (0.6, 0.0-2.1 )

AIMS2-SF (mean (SD, range)) 5.8 (1.2, 4.0-8.2)

Medication (n.):
Paracetamol 7
NSAIDs 10
DMARDs 10
Biologicals 2
Corticosteroids 2

Orthopaedic surgery in lower extremities (n) 2

*Affected joints are defined as joints that the RA patient reported to be warm, tender, swollen                
and/or painful.

Fig. 3. Mean values and standard deviations of the failure rates of RA patients and controls in the 
three phases of obstacle release and in total. The asterisk indicates a significant difference between the 
groups (p<0.05). 
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(12). This was also seen in patients with 
pathologies such as a stroke or a lower ex-
tremity amputation compared to healthy 
controls (29, 30). However, contrary to 
the findings in these studies, there were 
no differences in distribution of the ob-
stacle avoidance strategies between the 
RA patients and their controls.
A less efficient choice of obstacle 
avoidance strategy can therefore not be 
the reason for the significantly higher 
failure rates of the RA patients. Howev-
er, failures were not equally distributed 
over both strategies. In the mid swing 
phase, RA patients made significantly 
more failures during an SSS, whereas 
the number of LSS failures was not dif-
ferent between patients and controls. Of 
all the SSS strategies in the mid swing 
phase RA patients failed 48%, where-
as the controls only failed 17% of the 
SSS trials. A failure during an SSS oc-
curs when the step is not appropriately 
shortened and the participant touches 
the obstacle with the forefoot. Not only 
did the RA patients make more failures 
during an SSS in the mid swing phase, 
they also had significantly smaller toe 
distances to the obstacle when they 
performed a correct SSS. This means 
that they were at greater risk of touch-
ing an obstacle.
Why would the RA patients have spe-
cial difficulties in executing an SSS? 
One reason could be that RA patients 
are slower in these reactions. The time 
to landing is much shorter in an SSS 

than in an LSS. Hence, if there is a 
delay in response this will have much 
more consequences for the SSS. De-
layed obstacle avoidance reaction 
times and reduced response amplitudes 
are indeed related to higher obstacle 
avoidance failure rates (23). There is 
some indirect evidence indicating that 
RA patients have delayed reaction 
times and reduced speed of movement. 
Kauranen et al.  (31) suggested that be-
cause of motor unit problems, destruc-
tive and inflammatory changes in the 
joints and pain or fear of pain, patients 
with RA avoid performing fast move-
ments as quickly as normal. However, 
they only studied hand movement and 
reaction times. The RA patients in this 
study showed an increase in reaction 
time of 16 ms compared to the controls. 
However, this difference was not sig-
nificant, presumably due to high inter-
subject variability, low sample size or 
heterogeneity of the RA group. 
A limitation of the study is that walk-
ing on a treadmill with a fixed walking 
speed is not the same as overground 
walking. However, previous studies 
have shown that the differences be-
tween these walking conditions are 
minor (32). The mechanics of treadmill 
walking were not different from those of 
overground  locomotion, as long as the 
treadmill speed was held constant (33). 
Furthermore, for obstacle avoidance it 
was shown that the same strategies are 
used in overground studies as in tread-

mill ones (13). In addition, treadmill 
walking allows for a much better con-
trol of walking speed. For these reasons 
our group has used a treadmill design 
in several studies (12, 17, 23, 27). The 
present experiment used exactly the 
same methods, thereby allowing com-
parison with these previous studies. 
A second limitation concerns the group 
size. Because poor obstacle avoidance 
can distinguish fallers from non-fall-
ers in healthy elderly (17), it would 
have been of interest to examine the 
relationship between failure rate and 
falls in this group. However, our group 
size was not large enough to identify 
differences in obstacle avoidance per-
formance between the RA patients who 
reported a fall in the year they moni-
tored their fall incidence and those who 
did not. Nonetheless, it was shown that 
most of the falls in the one year follow-
up occurred during walking (61%), 
with tripping over obstacles as a fre-
quent cause, which may indicate that 
poor obstacle avoidance during walk-
ing is a risk factor for falling. Because 
of the small sample size it was also not 
possible to discriminate between sub-
populations within the rather hetero-
genic RA group. Various RA-related 
factors may affect the ability to avoid 
obstacles while walking. The patient(s) 
with orthopaedic surgery of the lower 
extremity joints, high pain scores, high 
disease activity, longer disease dura-
tion or large numbers of affected joints, 
however, did not represent outlying 
values on the obstacle avoidance fail-
ure rates of the RA group in this study. 
Further research is needed to identify 
the critical determinants for the im-
paired obstacle avoidance performance 
of the RA patients. 
In conclusion, RA patients are less 
successful in obstacle avoidance than 
healthy controls, which may put them at 
increased risk for falling. In order to de-
sign appropriate intervention strategies 
to prevent falls and fall-related fractures 
in persons with RA, further research of 
the reasons why RA patients are less 
successful in avoiding obstacles is re-
quired. Such investigations can help in 
understanding the contribution of this 
poor obstacle avoidance and other risk 
factors to the relatively high fall inci-
dence rates in persons with RA.
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Fig. 4. Distribution of successful and failed trials for the short stride strategy (SSS) and long stride 
strategy (LSS) for the RA patients and their controls. Results are shown for each phase of obstacle 
release and in total.
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