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A B S T R A C T

This study investigated whether the Tinetti scale, as a subjective measure for fall risk, is associated with

objectively measured gait characteristics. It is studied whether gait parameters are different for groups

that are stratified for fall risk using the Tinetti scale. Moreover, the discriminative power of gait

parameters to classify elderly according to the Tinetti scale is investigated. Gait of 50 elderly with a

Tinneti > 24 and 50 elderly with a Tinetti � 24 was analyzed using acceleration-based gait analysis.

Validated algorithms were used to derive spatio-temporal gait parameters, harmonic ratio, inter-stride

amplitude variability and root mean square (RMS) from the accelerometer data. Clear differences in gait

were found between the groups. All gait parameters correlated with the Tinetti scale (r-range: 0.20–

0.73). Only walking speed, step length and RMS showed moderate to strong correlations and high

discriminative power to classify elderly according to the Tinetti scale. It is concluded that subtle gait

changes that have previously been related to fall risk are not captured by the subjective assessment. It is

therefore worthwhile to include objective gait assessment in fall risk screening.

� 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Falls are the most common accidents in elderly causing serious
problems; in addition falls have shown to be the sixth leading
cause of death among elderly [1]. Numerous factors have been
related to fall risk, including changes in gait [1–4]. Up to 70% of the
falls in elderly occur during walking. Fletcher et al. showed that
individuals with an impaired mobility were 1.65 times more likely
to experience a fall [5]. Indeed, gait and balance disturbances are
shown to be better predictors for imminent falls than other risk
factors like for instance impaired vision [6]. Several gait
characteristics have been associated with fall risk and fall history,
i.e. slow speed, shortened swing phase, increased gait unsteadiness
and stride-to-stride variability [1,3,4,7,8].
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Various tools are currently applied in clinical practice to
quantify fall risk. At this moment, there is no gold standard.
Moreover there is no consistency among clinicians regarding the
best tool for assessing fall risk [9]. Some assessments rely on
functional measures like timing a physical performance. These
tools are mainly sensitive for elderly with an increased fall risk,
who have visually detectable deviations in function (e.g. decreased
ambulation) [10]. Questionnaire-based checklists evaluating
multi-dimensional risk factors such as psychological status (e.g.
Physiological Profile Approach (PPA) [11]) showed to be reliable
and valid to assess fall risk, but they are not suitable for clinical use
where time is limited [11]. Fall history has also frequently been
employed as indicator for fall risk. This method is clinically
feasible, but lacks reliability especially in subjects who are
forgetful [12]. Other commonly used approaches evaluate func-
tional aspects of postural stability by visually observing functional
limitations (e.g. Berg Balance Scale) [9]. The Tinetti scale is one of
these subjective approaches frequently used and widely accepted
in clinical settings to assess mobility dysfunctions in elderly [13–
15], to assess fall risk in individuals with Parkinson’s [16] and
Huntington’s Disease [17] and to predict falls among healthy
elderly subjects [15,18]. The response to falls of the Tinetti-balance
subscore is only moderate (Area Under Curve, AUC 0.6), but similar
and even higher than the predictive power of functional measures
like the Timed Get Up & Go (AUC 0.6), functional reach (AUC 0.5)
and one-leg stance (AUC 0.5) test [15]. This suggests that
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Fig. 1. 3D acceleration signal of the gait pattern measured by the accelerometer

(DAAFb, right). Gait parameters are derived using a ‘template’ peak detection

algorithm which relies on the anterior-posterior acceleration signal (blue signal).

The ‘o’ represents the peak that is detected, which corresponds with foot contact.

(For interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.)
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combining a subjective and a functional measure may be of added
value for fall risk assessment. Since objectively measured gait
characteristics have been associated with fall risk [1,3,4,7,8] and
because gait analysis provides more detailed information about
the functional ability of individuals than commonly used
functional measures (e.g. Get Up and Go), objective gait analysis
is indicated as an obvious functional measure.

Acceleration-based gait analysis (AGA) has become popular in
clinical practice. Accelerometers have been applied to objectively,
reliably and reproducibly analyze gait in different populations
[2,19–22], to identify fear of falling and to differentiate fallers from
non-fallers [5,23]. In addition the acceleration pattern of the pelvis
during walking has been associated with physiological falls risk as
measured by the comprehensive PPA [4]. Direct relationships
between objectively measured gait characteristics as measured by
AGA and commonly used subjective scales for fall risk, like the
Tinetti scale, are currently missing. It is in addition unknown
whether objectively measured gait characteristics are of additional
value in current fall risk screening.

This study investigated whether the Tinetti scale, as a subjective
measure for fall risk, is associated with objectively measured gait
characteristics related to fall risk. Specifically, it was studied
whether AGA-parameters are different for groups that are
stratified for fall risk using the Tinetti scale. Moreover, the
discriminative power of AGA-parameters to classify elderly
according to the Tinetti scale was investigated.

2. Methods

2.1. Subjects

One hundred subjects of which 50 without (avg. 74 � 5 years) and 50 with a fall risk

(avg. 79 � 6 years) were included in this case control study (Table 1). The inclusion

criteria were: age of 65 years or older, able to walk without assistive devices and no severe

cognitive impairments. All subjects were informed about the study and gave written

informed consent. Ethics approval was obtained from the local ethical committee.

2.2. Fall risk

The Tinetti scale was used as an indicator of fall risk [18] which is based on a

visual gait and balance assessment. A total score of 24 points or less out of 28

indicates fall risk [18]. This test was performed by two researchers trained in the

assessment. It took roughly 15–20 min to complete the test. The risk group was

further divided into a low (Tinetti 19–24/28, n = 31) and high (Tinetti < 19/28,

n = 19) risk group.

2.3. Test procedure

Fall history and subject demographics were collected (Tables 1 and 2). Fall

history was obtained by asking the subjects whether they have fallen in the last six

months. Falls were defined as unintentionally coming to rest on the ground. All
Table 1
Averages � standard deviations of subject characteristics, Tinetti (sub) scores, fall histor

Tinetti > 24.

Tinetti �

Gender (F/M) 23/27 

Age (years) 74.2 � 5

Height (m) 1.68 � 0

Weight (kg) 72.3 � 1

BMI (kg/m2) 25.47 � 

Tinetti total 26.5 � 1

Tinetti gait 11.7 � 0

Tinetti balance 14.9 � 1

Fall history 24/50 

Walking speed (m/s) 1.23 � 0

Frequency (steps/s) 1.86 � 0

Step length (m) 0.66 � 0

Asymmetry (%) 6.05 � 5

Root mean square (vertical accelerations) 0.25 � 0

Inter-stride amplitude variability (vertical accelerations) 0.08 � 0

Harmonic ratio (vertical accelerations) 3.09 � 1

* Significant difference (p < 0.05) between groups; Tinetti � 24 indicates at risk for fa
subjects performed a walking test while a triaxial accelerometer (DAAFb, f 102 Hz

or ETB-Pegasus, f 100 Hz, Fig. 1) was attached to the level of the sacrum using

double sided tape. Subjects walked a 20 m straight distance in a hospital corridor at

preferred speed. Their last step had to take them beyond the 20 m mark. The

additional distance was measured by a ruler to obtain the exact distance walked.

After 20 m subjects turned around and walked back. This procedure was carried out

three times, resulting in six walking trials. The duration of the test set-up (�1 min)

and measurement (�3 min) is more or less 4 min. The analysis of the data takes �5–

10 min. The data analysis relied on semi-automated algorithms requiring some manual

intervention (e.g. check for correct peaks, indicate start and stop point) [19].

2.4. Gait parameters

A self-designed template algorithm was applied on the anterior-posterior

acceleration signal to identify specific peaks corresponding to foot contact as is

shown by Zijlstra. A pilot study, revealed good agreement between our template

algorithm and a manual peak detection algorithms according to Zijlstra et al. In this

way, steps were recognized and gait parameters were derived (Fig. 1) [24]. Spatio-

temporal parameters like number of steps (amount peaks), walking speed

(distance/walking time), cadence (number of steps/walking time), step time (time

from foot contact to foot contact) and step length (distance/number of steps) were

determined. The step time asymmetry was calculated to indicate differences

between left and right leg movements [22]. The harmonic ratio, inter-stride

amplitude variability and root mean square (RMS), all relying on vertical

acceleration signal, were determined as defined and described by Menz et al.

[25]. The average of gait parameters measured over six trials was used for analysis.

2.5. Statistical analysis

ANOVA was used to examine differences in AGA-parameters between groups

(Tinetti > 24 vs. 19–24 vs. <19). Differences in fall history were studied by Fisher’s
y and AGA-parameters for the group having a Tinetti � 24 and the group having a

 24 (n = 50) Tinetti > 24 (n = 50) p-values

33/17 0.07

.1 78.9 � 6.2 <0.01*

.09 1.67 � 0.11 0.51

2.7 70.3 � 13.5 0.44

3.76 25.10 � 4.14 0.64

.4 20.0 � 3.4 <0.01*

.6 9.0 � 1.7 <0.01*

.2 11.0 � 2.4 <0.01*

12/50 0.02*

.22 0.86 � 0.26 <0.01*

.17 1.69 � 0.23 <0.01*

.09 0.51 � 0.13 <0.01*

.55 9.24 � 7.06 0.02*

.07 0.16 � 0.07 <0.01*

.03 0.07 � 0.03 <0.01*

.25 2.18 � 1.09 <0.01*

lling, Tinetti > 24 indicates no fall risk.



Fig. 2. Correlation plot Tinetti scale vs. walking speed (top) and harmonic ratio

(bottom).
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exact test. Pearson correlation was performed to investigate associations between

the Tinetti scale, AGA-parameters, fall history and subject demographics. Linear

regression analysis was done to further explore associations between AGA-

parameters and the Tinetti scale, taking fall history and subject demographics into

account. The discriminative power of AGA to differentiate subjects with a

Tinetti � 24 and > 24 was assessed by determining the area under the Receiver

Operating Characteristic (ROC) curve. The area under the curve (AUC), including

95% confidence intervals, was used as a measure of the overall performance of a

diagnostic test. The closer AUC is to one, the better the overall diagnostic

performance of the test [26]. All analyses were done in SPSS 15.0. A p-value �0.05

was considered significant.

3. Results

The group with a Tinetti � 24 was significantly older and more
often reported a fall in the six months prior to the experiment. The
groups were similar in weight and height (Tables 1 and 2). The
group with a Tinetti � 24 walked significantly slower, with shorter
steps and lower step frequency than the group with a Tinetti > 24.
Moreover smaller RMS, larger step time asymmetry, lower
harmonic ratio and smaller inter-stride amplitude variability
was found in the group with a Tinetti � 24 (Table 1). Comparable
differences were found between risk groups with exception of the
step frequency, step time asymmetry and inter-stride amplitude
variability which were comparable between these groups (Table
2).

All gait parameters correlated significantly with the Tinetti
scale. The strongest correlations occurred for walking speed, step
length and RMS (resp. r = 0.73, r = 0.71, r = 0.60, p < 0.01, p < 0.05)
and the poorest for step time asymmetry (r = �0.20, p = 0.05).
Walking speed, step length, RMS, step frequency, inter-stride
amplitude variability and harmonic ratio correlated positively
with the Tinetti scale (Fig. 2). A negative correlation was found
with step time asymmetry (Table 3). Age correlated moderately
(r = �0.59, p < 0.01) and fall history weakly (r = �0.22, p = 0.03)
with the Tinetti scale, while no correlation was found between the
Tinetti scale and height (p = 0.17), weight (p = 0.27). Poor to
excellent correlations were observed between AGA-parameters (r-
range: �0.20 (RMS vs. step time asymmetry) to 0.91 (RMS vs.
walking speed), p < 0.05).

AGA-parameters (except asymmetry and inter-stride ampli-
tude variability) correlated with age, showing the lowest correla-
tion for RMS (r = 0.38, p < 0.01) and the highest correlation for
walking speed (r = 0.55, p < 0.01). Step time asymmetry was the
only AGA-parameter correlating with fall history, showing a weak
correlation (r = 0.25, p = 0.01).

ROC analysis showed that walking speed, step length and RMS
have excellent discriminative power to differentiate subjects with
different Tinetti scores showing AUC ranging from 0.81 to 0.85.
Acceptable discriminative power was found for step frequency,
Table 2
Subject demographics, Tinetti score, fall history and AGA-parameters for the group

(average � standard deviation).

Tinetti 1

Age (years) 76.0 � 4

Height (m) 1.69 � 0

Weight (kg) 72.9 � 1

Tinetti 21.9 � 1

Fall history 17/31 

Walking speed (m/s) 0.95 � 0

Frequency (steps/s) 1.71 � 0

Step length (m) 0.55 � 0

Asymmetry (%) 9.39 � 8

Root mean square (vertical accelerations) 0.18 � 0

Inter-stride amplitude variability (vertical accelerations) 0.07 � 0

Harmonic ratio (vertical accelerations) 2.51 � 1

* Significant difference (p < 0.05) between groups; Tinetti 19–24 indicates low fall ri
harmonic ratio and inter-stride amplitude variability (AUC range:
0.71–0.73). Poor discriminative power (AUC = 0.67) was found for
asymmetry.

4. Discussion

This study investigated whether the Tinetti scale, as a
commonly used subjective measure for fall risk, is associated
with objectively measured gait characteristics. Clear differences in
gait were found between the groups with different Tinetti scores.
Walking speed, step length and RMS were the only AGA-
parameters showing a strong association with the Tinetti scale.
These parameters had also the best discriminative power to
classify elderly according to the Tinetti scale.

The observed differences in AGA-parameters between groups
were similar to previous studies that classified fall risk based on
the PPA [1,4] or Tinetti scale combined with fall history and
functional measures [2]. The slower walking speed and shorter
steps in elderly with a Tinetti � 24 indicate that they adopt a more
 with a Tinetti ranging between 19 and 24 and the group with a Tinetti < 19

9–24 (n = 31) Tinetti < 19 (n = 19) p-values

.8 83.6 � 5.3 <0.01*

.09 1.65 � 0.13 0.19

4.1 66.2 � 11.7 0.08

.7 17.0 � 3.3 <0.01*

7/19 0.25

.24 0.72 � 0.26 <0.01*

.20 1.64 � 0.28 0.27

.11 0.43 � 0.11 0.01*

.14 8.99 � 5.03 0.84

.07 0.13 � 0.07 0.03*

.03 0.06 � 0.02 0.21

.13 1.64 � 0.77 0.01*

sk, Tinetti < 19 indicates high fall risk.



Table 3
Pearson correlation coefficients between AGA-parameters and the Tinetti scale and the Area Under Curve (AUC) of the receiver operating characteristic analysis to determine

the discriminative power of AGA to differentiate elderly with a Tinetti � 24 from the elderly with a Tinetti > 24.

Correlation coefficient AUC 95% confidence interval

Walking speed (m/s) 0.73*

p < 0.01

0.85 0.77–0.92

Frequency (steps/s) 0.49*

p < 0.01

0.74 0.64–0.84

Step length (m) 0.71*

p < 0.01

0.83 0.75–0.91

Asymmetry (%) �0.20*

p = 0.01

0.67 0.63–0.83

Root mean square (vertical accelerations) 0.60*

p < 0.01

0.81 0.73–0.89

Harmonic ratio (vertical accelerations) 0.52*

p < 0.01

0.73 0.64–0.83

Inter-stride amplitude variability (vertical accelerations) 0.33*

p = 0.01

0.71 0.61–0.81

* Significant correlation (p < 0.05).
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cautious gait pattern possibly to minimize upper body displace-
ments [4,27,28]. Moreover this group showed impaired inter-
stride amplitude variability, RMS and harmonic ratio, implying e.g.
that elderly with a Tinetti � 24 have more difficulty in controlling
gait smoothness and that their gait pattern is more variable [4].

All AGA-parameters correlated with the Tinetti scale. However
only walking speed and step length, which are highly correlated
(r > 0.9, p < 0.01), were both strongly associated with the Tinetti
scale (r > 0.7, p < 0.01). A faster walking speed was related to
higher Tinetti scores, which corresponds to previous studies
relating a slow walking speed with an increased fall risk [2,4,29].
Moreover walking speed and step length were the most powerful
AGA-parameters to classify elderly according to the Tinetti scale
(resp. AUC 85% and 83%). The coordinates of the ROC curve of the
walking speed showed that a cut-off level of 1.08 m/s (3.89 km/h)
is able to discriminate the group with a Tinetti � 24 from the group
with a Tinetti > 24 (76% sensitivity, 70% specificity). This cut-off
value corresponds well with the study of Bautmans et al. (cut-off
1.16 m/s, sensitivity 78%, specificity 78%), which also demonstrat-
ed that walking speed has the best discriminative capacity to
classify elderly according to fall risk as measured by fall history,
Tinetti and timed-get-up-and-go test [2]. RMS showed also good
discriminative power to differentiate groups of elderly with
different Tinetti scores (AUC 81%). This parameter is highly
correlated with the walking speed (r = 0.91, p < 0.01) indicating
redundancy [4]. RMS is a useful proxy for the walking speed as it
can be derived directly from the accelerometer data, not requiring
additional measurements (e.g. distance) and calculations.

Many of the differences in AGA-parameters between groups
appear to be related to differences in walking speed as is shown by
their correlations (r-range �0.25 to 0.93, p < 0.0). Consequently,
harmonic ratio and inter-stride variability had no real additional
value (AUC < 0.74, r < 0.6, p < 0.01) to distinguish between the
groups. These parameters may become more powerful and
discriminative for other populations having more complex
limitations like Parkinson Disease patients [30]. This however
needs further investigation and requires a reference database
including norm values for AGA-parameters which may allow to
identify fall risk-related gait characteristics in various population
groups [22].

There was a small but significant difference in age between the
risk groups and it could be argued that the gait differences are
simply a consequence of age. It is known that gait changes with
advancing age due to factors such as a loss in strength. However
comparing AGA-parameters between the younger (65–74 years)
and older (75–84 years) subjects of each group, showed that the
gait differences between the age groups were bigger in the group
with a Tinetti � 24 than in the group with a Tinetti > 24. This
suggests that age is a factor, particularly in the group with a
Tinetti � 24. However this needs further investigation including a
larger amount of subjects per age (young vs. old) and fall risk
group.

Linear regression analysis showed that only walking speed, step
length and RMS are significant determinants of the Tinetti scale,
with fall history and age only having small additional effects.
Harmonic ratio and inter-stride amplitude variability had no
additional value. The two best models, including speed (B = 7.76),
age (B = �0.19) and fall history (B = �1.28) or RMS (B = 21.50), age
(B = �0.29) and fall history (B = 1.40) were able to explain
respectively 60% and 52% of the variability in Tinetti scale.
Analysis with fall history as an indicator for fall risk (logistic
regression analysis) did not lead to better results (R2 = 0.09, with
step time asymmetry as significant variable).

Interestingly, inter-stride amplitude variability and harmonic
ratio which are frequently considered indicators for an elevated fall
risk, had only moderate to poor associations with the Tinetti scale
and were not incorporated in the regression models. Several
aspects may explain the relatively poor association between the
subjective and objective gait assessment. First of all, the population
was categorized in two groups in advance (Tinetti � and >24). In
future studies, preferable prospective cross-sectional studies, a
random inclusion of many elderly of varying subject character-
istics and of varying Tinetti scores may provide further insight into
these associations. However, in general the data was equally
distributed over the studied ranges. Secondly, AGA-parameters
were compared to the full Tinetti scale, which also includes a
balance assessment (involves 57% of the Tinetti score). However,
performing the analysis with the Tinetti-gait sub-score did not
improve the observed associations (results not shown). It can be
concluded that the subtleties in gait that have previously been
shown to be related to fall risk are not captured by the subjective
assessment [1,3,4,7]. Hence, it may be worthwhile to include
objective gait monitoring in fall risk screening [2].

This is one of the few studies that has included a large group
(n = 100) of representative older subjects who had an average age
of 77 � 6 years (range 65–90 years) and are categorized for fall risk
using the Tinetti scale. However, a more comprehensive fall risk
screening may be required to better understand the contribution of
gait monitoring to fall risk assessment. One of the issues in cross-
sectional fall risk studies is that there is not a real gold standard to
quantify fall risk. Fall risk is a multi-factorial problem [11] and several
aspects (e.g. medication use or fall history) were disregarded in this
study. Interestingly, fall history, which is commonly used as an
indicator of fall risk [2,12] appeared to have only a small added values
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in this study. Screening various fall risk related aspects (e.g.
Physiological Profile Assessment [11], fall history and gait assess-
ment) in combination with a prospective evaluation of fall accidents
(e.g. by fall detectors) [12] may strengthen a future study.

The findings of this study demonstrate the potential of AGA as
objective gait analysis system in elderly at risk for falling. Detailed
and objective information about changes and deviations in gait can
be achieved by AGA. The practical properties of AGA (fast, easy,
portable, approaching daily life conditions) will allow its use in
clinical practice (e.g. nursing homes) in the future. Fall risk related
AGA-parameters may yield targets for fall prevention programs.
Moreover AGA may help to make decisions regarding fall
prevention and may allow to evaluate, optimize and develop fall
prevention programs (e.g. Tai Chi). However currently there is no
evidence that the Tinetti scale should be replaced by AGA, neither
that fall risk assessment should rely on AGA. Future, preferably
prospective studies are needed to indicate the most important and
predictive variables for fall risk. The results of the current study
will be the basis for these studies.

5. Conclusion

Subtleties in gait that have previously been related to fall risk
are not captured by the subjective fall risk assessment. It is
therefore worthwhile to include objective gait assessment in fall
risk screening.
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