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The aim of this systematic review was to evaluate and summarize the current evidence base related to
the clinical efficacy of gait analysis. A literature review was conducted to identify references related to
human gait analysis published between January 2000 and September 2009 plus relevant older
references. The references were assessed independently by four reviewers using a hierarchical model of
efficacy adapted for gait analysis, and final scores were agreed upon by at least three of the four

ge?'wordls" ) reviewers. 1528 references were identified relating to human instrumented gait analysis. Of these, 116
E;;z:cr;a ysis original articles addressed technical accuracy efficacy, 89 addressed diagnostic accuracy efficacy, 11

addressed diagnostic thinking and treatment efficacy, seven addressed patient outcomes efficacy, and
one addressed societal efficacy, with some of the articles addressing multiple levels of efficacy. This body
of literature provides strong evidence for the technical, diagnostic accuracy, diagnostic thinking and
treatment efficacy of gait analysis. The existing evidence also indicates efficacy at the higher levels of
patient outcomes and societal cost-effectiveness, but this evidence is more sparse and does not include
any randomized controlled trials. Thus, the current evidence supports the clinical efficacy of gait
analysis, particularly at the lower levels of efficacy, but additional research is needed to strengthen the
evidence base at the higher levels of efficacy.
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© 2011 Published by Elsevier B.V.

1. Introduction

The appropriate role of gait analysis in clinical care remains
controversial. Proponents argue that gait analysis provides
important information needed to optimize the care of patients
with complex walking problems [1]. Opponents counter that,
although gait analysis is a useful tool for research, as a clinical tool
it adds unnecessary cost without providing any proven benefits to
individual patients [2]. Consequently, the utilization of gait
analysis is highly variable [3]. Whether or not gait analysis is
used is largely determined by individual physician preference,
availability of motion analysis services, and insurance coverage,
which is also highly variable. The uneven utilization and
reimbursement are at least partially due to differences in
interpreting the evidence related to the efficacy of clinical gait
analysis.
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Evaluating the clinical impact of a diagnostic test is complex
because diagnostic tests have an indirect effect on patient
outcomes [4,5]. By influencing the treatment decision-making
process, gait analysis may affect patient management and,
consequently, patient outcomes. Fryback and Thornbury have
proposed a widely used framework for evaluating the efficacy of a
diagnostic test [4,5]. This framework organizes evidence of efficacy
into a hierarchy of levels ranging from technical data acquisition to
treatment decision-making to patient and societal outcomes. This
framework was first used to evaluate magnetic resonance imaging,
but can also apply to diagnostic tests in general [6,7]. It is widely
used in medical technology assessments such as those conducted
by the United States (U.S.) Agency for Healthcare Research and
Quality (AHRQ) Technology Assessment Program, which provides
information contributing to coverage decisions by the U.S. Centers
for Medicare and Medicaid Services and insurance carriers [6,7]. In
this review, we utilize this framework to evaluate clinical gait
analysis.

The aim of this systematic review was to evaluate and
summarize the current evidence base related to the clinical
efficacy of gait analysis. As noted above, the review was performed
using the established framework developed by Fryback and
Thornbury [4,5]. Evidence of efficacy is needed by patients,
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families, healthcare providers, insurers and policy makers to better
determine and agree on the appropriate clinical use of gait
analysis. It is also important to establish the current evidence base
to understand what evidence exists and what additional research
is needed.

2. Methods

A literature review was conducted to identify references related to human gait
analysis published between January 2000 and September 2009. We limited our
search to Medline/PubMed databases as these contain most of the reports on
instrumented gait analysis. We next identified search terms using MEDLINE
thesaurus online and Medical Subject Headings (MeSH). Our search terms included
gait, locomotion, walking, biomechanics, kinematics, and electromyography
combined with the terms analysis, evaluation, and diagnostic techniques. We also
used the combined terms of gait analysis, motion analysis, and biomechanic
analysis. The articles identified by the search were screened to determine whether
they were related to gait analysis in humans; references not related to human gait
analysis (N=83) were excluded. Additional older references known to the
reviewers were also included. The search was limited to English language
references.

The Fryback and Thornbury framework for technology assessment was adapted
for application to gait analysis (Table 1). The levels of efficacy were (1) technical
efficacy, (2) diagnostic accuracy efficacy, (3 and 4) diagnostic thinking and
treatment efficacy, (5) patient outcomes efficacy, and (6) societal efficacy. A score of
7 was added for studies that used gait analysis as a descriptive or outcome measure,
but did not provide information related to efficacy. Technical efficacy refers to the
physical process of obtaining data, including the accuracy and reliability of the
equipment used and the procedures employed in data collection (e.g., marker
placement, anthropometric measurements, model used to analyze data, processing
methods used to obtain kinematics, kinetics, and temporospatial parameters).
Diagnostic accuracy efficacy refers to interpretation of the data collected, including
performance in classifying patients and making diagnoses, interpreting data for
individual patients (e.g., through pattern recognition or automatic or semi-
automatic interpretation), and identifying measures predictive of good or bad
outcomes for specific treatments. Diagnostic thinking and treatment efficacy refers
to the impact of gait analysis on treatment decision-making and the treatment
actually done (change in treatment or reinforcement of treatment plan). This
category combines the Fryback and Thornbury levels 3 (diagnostic thinking) and 4
(therapeutic) because they are tightly coupled in gait analysis. Patient outcomes
efficacy refers to the effect on outcomes for individual patients. Societal efficacy
reflects cost effectiveness or cost-benefit analysis from a societal viewpoint (e.g.,
savings to health care system, more efficient use of resources, etc.).

Using this framework, all identified references were initially scored indepen-
dently by two of four reviewers. Reviewers were allowed to assign multiple scores
to references that addressed multiple levels of efficacy. References identified as
addressing efficacy by at least one of the reviewers (scores 1-6) were then also
scored by the remaining two reviewers. After the initial scoring, the review criteria
were discussed and clarified using 12 references with discrepant scores to focus the
discussion. All references with discrepant scores were then independently re-
evaluated by the individual reviewers; discussion and re-scoring was performed
iteratively until agreement was achieved among at least three of the four reviewers.
The final scores were those agreed upon by at least three of the four reviewers.

3. Results

1528 references were identified relating to human instrumen-
ted gait analysis. Of these, 240 were identified by the first two
reviewers as addressing efficacy levels (scores 1-6) and appropri-
ate for additional review. The majority of the excluded references
(N =1063) used gait analysis as an outcome or descriptive measure
only, e.g., using gait kinematics to evaluate the outcome of a
surgery without evaluating the efficacy of the gait analysis itself.

Other excluded references were not focused on classic instru-
mented clinical gait analysis (N = 142).

Based on the scores of all four reviewers, 105 original articles
addressed technical efficacy, 78 addressed diagnostic accuracy
efficacy, eight addressed diagnostic thinking and treatment
efficacy, four addressed patient outcomes efficacy, and one
addressed societal efficacy. An additional 22 original articles
addressed multiple levels of efficacy (Fig. 1). Of 18 review articles,
five addressed technical efficacy, four addressed diagnostic
accuracy efficacy, two addressed diagnostic thinking and treat-
ment efficacy, and seven addressed multiple levels of efficacy.

3.1. Technical accuracy (level 1)

Over half of the studies relating to efficacy addressed technical
accuracy (N =116 original articles). These included direct assess-
ments of accuracy and reliability, as well as the development of
methods to improve the quality of the data collected.

3.2. Diagnostic accuracy (level 2)

The next largest group of studies addressed diagnostic accuracy
(N =89 original articles). These studies evaluated the efficacy of
gait analysis in classifying patients into diagnostic groups or
identifying measures to select treatments or predict outcomes.
Studies developing methods to improve the usefulness of the data
interpretation were also included.

3.3. Diagnostic thinking and treatment efficacy (levels 3-4)

11 original articles evaluated the impact of gait analysis on
clinical decision-making and treatment. The results consistently
showed that treatment plans change after consideration of gait
analysis data and that the treatment ultimately performed differs
from the plan before gait analysis. Specifically, treatment plans
with and without gait analysis differed in a high percentage of
patients (52-89%) and procedures (40-51%) [8-13]. In addition,
37-39% of the procedures planned before gait analysis were not
ultimately done, and 28-40% of the procedures actually done were
not planned before gait analysis [11,13]. Gait analysis recommen-
dations were followed in a high percentage of cases, with 92-93%
of recommendations for specific surgical procedures being
followed [13,14] and 77% of patients having an exact match
between the surgeries recommended by gait analysis and the
surgeries ultimately performed [14]. This suggests that the
changes in treatment are at least partly due to the addition of
gait analysis. The specific articles pertaining to efficacy levels 3-4
and above are listed in Table 2.

3.4. Patient outcome efficacy (level 5)

Seven original articles evaluated the effect of gait analysis on
patient outcomes (Table 2). All of these studies used case-control
or case series designs; none were randomized controlled trials.
These studies compared outcomes among groups of patients

Table 1
Scoring scheme based on hierarchical model of efficacy [5] adapted for gait analysis.
Score Efficacy type Description
1 Technical Physical process of obtaining data (system and personnel)
2 Diagnostic accuracy Effectiveness of data plus interpretation of data
3-4 Diagnostic thinking and treatment Effect on decision-making and treatment
5 Patient outcome Effect on outcomes for individual patient
6 Societal Cost-effectiveness or cost-benefit from societal viewpoint
7 - Gait analysis as a descriptive or outcome measure
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Fig. 1. Results of systematic review.

whose treatment followed gait analysis recommendations to
different extents. Lee et al. reported that 15 children who had
surgeries recommended by gait analysis all improved after
surgery, compared with only two of seven children having other
surgeries [15]. Gough and Shortland reported that contractures
and gait improved in children who had multilevel surgery as
recommended by gait analysis, remained stable in children who
had no surgery as recommended by gait analysis, and worsened in
children who did not undergo surgery despite its recommendation
by gait analysis [16]. Filho et al. observed a relationship between
the degree to which gait analysis recommendations were followed
and improvements in gait [17]. Lofterod and Terjesen reported
positive kinematic outcomes in children who received surgical or
non-surgical treatment consistent with gait analysis recommen-
dations [18]. Molenaers et al. found that patients managed with
gait analysis had a lower prevalence of surgery at all ages and a
lower rate of multiple surgeries than historical controls managed
without gait analysis [19]. Finally, Chang et al. found that children

Table 2
Original articles addressing higher levels of efficacy (levels 3-6).

Level References

3-4 Kay et al. [11]
Lofterod et al. [13]
Smith et al. [28]
DeLuca et al. [9]
Sankar et al. [29]
Kay et al. [12]
Wren et al. [14]
Cook et al. [8]

3-5 Filho et al. [17]
Fuller et al. [10]

Lofterod et al. [18]

5 Chang et al. [20]
Lee et al. [15]
Gough et al. [16]
Molenaers et al. [19]

6 Wren et al. [25]

who had surgery in accordance with gait analysis recommenda-
tions had a significantly higher rate of positive outcomes than
matched cases who had the same surgeries recommended but no
surgery done [20].

3.5. Societal efficacy (level 6)

Only one study was found relating to societal efficacy (Table 2).
This study retrospectively compared ambulatory patients with
cerebral palsy who had lower extremity orthopaedic surgery with
(N=313) and without (N=149) pre-operative gait analysis.
Patients who underwent gait analysis had more procedures and
higher cost during the index surgery, but less subsequent surgery,
with no difference in the total cost or number of procedures. The
authors concluded that clinical gait analysis results in less
disruption to patients’ lives without increasing costs.

4. Discussion

Gait analysis allows for a more accurate assessment of gait
deviations than visual gait assessment [21,22], and gait analysis is
widely accepted as a useful research tool [2,3]. The clinical use of gait
analysis, however, remains variable. While this variability may have
multiple causes, including lack of availability, reimbursement, and
training, itis also due, atleast in part, to the perception that there is a
lack of evidence supporting the clinical efficacy of gait analysis.

The vast majority of research on gait analysis efficacy has
focused on methodology for data collection and interpretation.
While this body of literature includes both “positive” and
“negative” articles [23], in general, it provides strong support
for the technical and diagnostic accuracy efficacy of gait analysis. A
smaller group of studies has provided strong evidence suggesting
that gait analysis changes treatment decision-making. These
results are supported by recent data from a randomized controlled
trial [24] which demonstrated that gait analysis not only changes
treatment decisions when it disagrees with the original treatment
plan, it also reinforces decisions when it agrees with the original
plan.
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The effect of gait analysis on patient outcomes is less well
established. No data are available from randomized controlled
trials, and prior to 2002 there was only a single study in this area
[15]. In recent years, however, a number of cohort comparisons
and case-control studies have examined the relationship between
gait analysis and patient outcomes. These studies have consistent-
ly found that gait and functional outcomes are superior when gait
analysis is done and treatment follows gait analysis recommenda-
tions. More specifically, function improves when surgery is done
and is consistent with gait analysis recommendations, function is
maintained when no surgery is done as recommended by gait
analysis, and function deteriorates when surgery is recommended
by gait analysis but not done or other surgeries are done.

At the societal level, only one published study was found on the
cost-benefits or cost-effectiveness of gait analysis [25]. This study
reported that patients who had received pre-operative gait
analysis had more surgeries done initially, but fewer subsequent
surgeries. The reduced incidence of surgery was achieved without
increasing costs and presumably resulted from the gait analysis
enabling the surgeons to perform single-event multi-level surgery
(SEMLS) [26]. Since this was a retrospective study performed at a
single center, additional research is needed to corroborate this
result and to further investigate the societal impact of gait analysis.
An additional abstract has indicated that SEMLS facilitated by gait
analysis is much less costly than performing the same procedures
in a staged manner, even after the costs of the gait analysis test are
taken into account [27].

The current examination of efficacy focuses on the ability of gait
analysis to affect the care of an individual patient who receives the
test. This review does not consider another possible benefit of gait
analysis, which is its role as an educational tool to improve the
decision-making skills of a treatment provider such as an
orthopaedic surgeon. For example, reviewing quantitative gait
analysis data on patients pre- and post-operatively may provide
feedback to surgeons so they can learn from their mistakes and
successes to be able to provide better care for future patients. In
addition, seeing gait analysis data from one patient may improve a
surgeon’s ability to treat another patient with similar problems,
even without gait analysis data from the second patient. This type
of educational efficacy was not included in the current review.

This review attempted to be as comprehensive as possible, but
it is likely that some relevant articles were missed. A starting date
for the literature review had to be chosen, and the year 2000 was
selected to capture most of the relevant literature. Because of the
small number of studies in levels 3-4 and above, two earlier
articles of historical significance (Lee et al. [15] and DeLuca et al.
[9]) were included to make the review of higher level articles more
complete. It is possible that other articles were missed because
they preceded the start date of the search or because they were not
captured by the keywords investigated.

It should be noted that limited evidence for the higher levels of
efficacy, including lack of evidence from randomized controlled
trials (RCTs), does not mean gait analysis is not effective. To the
contrary, the existing evidence suggests that gait analysis is effective
at all levels studied, including the patient outcome and societal
levels. The main weakness of the current evidence base is the limited
number of studies at the higher levels of efficacy and the lack of RCTs.
The lack of data from RCTs is not unique to gait analysis. Randomized
trials of clinically available procedures are often difficult to justify
due to ethical concerns. Surgeons who use gait analysis clinically are
often reluctant to withhold this service from patients whom they
believe would benefit from the test. Also, RCTs of diagnostic tests are
complex because many factors affect patient outcomes, such as
heterogeneous patient characteristics and the variety of multi-level
surgical procedures that often follow gait analysis. Such issues may
necessitate the use of alternative study designs [4,5].

In summary, the existing evidence supports the efficacy of
clinical gait analysis, particularly at the lower levels of efficacy
(levels 1-4). Evidence is sparse at the higher levels of efficacy (levels
5-6), and no data are available from RCTs. However, the evidence
that does exist is supportive of gait analysis. Additional research is
needed to further investigate the higher levels of efficacy.

Conflict of interest

None of the authors have any financial or personal relationships
with other people or organizations that could inappropriately
influence this work.

References

[1] Gage JR. The role of gait analysis in the treatment of cerebral palsy. ] Pediatr
Orthop 1994;14:701-2.

[2] Watts HG. Gait laboratory analysis for preoperative decision making in spastic
cerebral palsy: is it all it’s cracked up to be? ] Pediatr Orthop 1994;14:703-4.

[3] Narayanan UG. The role of gait analysis in the orthopaedic management of
ambulatory cerebral palsy. Curr Opin Pediatr 2007;19:38-43.

[4] Fryback DG, Thornbury JR. The efficacy of diagnostic imaging. Med Decis
Making 1991;11:88-94.

[5] Thornbury JR, Fryback DG. Technology assessment—an American view. Eur ]
Radiol 1992;14:147-56.

[6] Krupinski EA, Jiang Y. Anniversary paper: evaluation of medical imaging
systems. Med Phys 2008;35:645-59.

[7] Tatsioni A, Zarin DA, Aronson N, Samson DJ, Flamm CR, Schmid C, Lau J.
Challenges in systematic reviews of diagnostic technologies. Ann Intern Med
2005;142:1048-55.

[8] Cook RE, Schneider I, Hazlewood ME, Hillman SJ, Robb JE. Gait analysis alters
decision-making in cerebral palsy. ] Pediatr Orthop 2003;23:292-5.

[9] DeLuca PA, Davis 3rd RB, Ounpuu S, Rose S, Sirkin R. Alterations in surgical
decision making in patients with cerebral palsy based on three-dimensional
gait analysis. ] Pediatr Orthop 1997;17:608-14.

[10] Fuller DA, Keenan MA, Esquenazi A, Whyte ], Mayer NH, Fidler-Sheppard R. The
impact of instrumented gait analysis on surgical planning: treatment of
spastic equinovarus deformity of the foot and ankle. Foot Ankle Int
2002;23:738-43.

[11] Kay RM, Dennis S, Rethlefsen S, Reynolds RA, Skaggs DL, Tolo VT. The effect of
preoperative gait analysis on orthopaedic decision making. Clin Orthop Relat
Res 2000;217-22.

[12] Kay RM, Dennis S, Rethlefsen S, Skaggs DL, Tolo VT. Impact of postoperative
gait analysis on orthopaedic care. Clin Orthop Relat Res 2000;259-64.

[13] Lofterod B, Terjesen T, Skaaret I, Huse AB, Jahnsen R. Preoperative gait analysis
has a substantial effect on orthopedic decision making in children with
cerebral palsy: comparison between clinical evaluation and gait analysis in
60 patients. Acta Orthop 2007;78:74-80.

[14] Wren TA, Woolf K, Kay RM. How closely do surgeons follow gait analysis
recommendations and why? ] Pediatr Orthop B 2005;14:202-5.

[15] Lee EH, Goh ]JC, Bose K. Value of gait analysis in the assessment of surgery in
cerebral palsy. Arch Phys Med Rehabil 1992;73:642-6.

[16] Gough M, Shortland AP. Can clinical gait analysis guide the management of
ambulant children with bilateral spastic cerebral palsy? ] Pediatr Orthop
2008;28:879-83.

[17] Filho MC, Yoshida R, Carvalho Wda S, Stein HE, Novo NF. Are the recommen-
dations from three-dimensional gait analysis associated with better postop-
erative outcomes in patients with cerebral palsy? Gait Posture 2008;28:
316-22.

[18] Lofterod B, Terjesen T. Results of treatment when orthopaedic surgeons follow
gait-analysis recommendations in children with CP. Dev Med Child Neurol
2008;50:503-9.

[19] Molenaers G, Desloovere K, Fabry G, De Cock P. The effects of quantitative gait
assessment and botulinum toxin a on musculoskeletal surgery in children
with cerebral palsy. ] Bone Joint Surg Am 2006;88:161-70.

[20] Chang FM, Seidl AJ, Muthusamy K, Meininger AK, Carollo JJ. Effectiveness of
instrumented gait analysis in children with cerebral palsy—comparison of
outcomes. ] Pediatr Orthop 2006;26:612-6.

[21] Saleh M, Murdoch G. In defence of gait analysis. Observation and measure-
ment in gait assessment. ] Bone Joint Surg Br 1985;67:237-41.

[22] Wren TA, Rethlefsen SA, Healy BS, Do KP, Dennis SW, Kay RM. Reliability and
validity of visual assessments of gait using a modified physician rating scale
for crouch and foot contact. ] Pediatr Orthop 2005;25:646-50.

[23] Noonan K], Halliday S, Browne R, O’Brien S, Kayes K, Feinberg ]. Interobserver
variability of gait analysis in patients with cerebral palsy. ] Pediatr Orthop
2003;23:279-87 [discussion 288-291].

[24] WrenTA, Bowen RE, Otsuka NY, Scaduto AA, Chan LS, Sheng M, Hara R, Kay RM.
Influence of gait analysis on decision-making for lower extremity surgery. Dev
Med Child Neurol 2009;51:1.

[25] Wren TAL, Kalisvaart MM, Ghatan CE, Rethlefsen SA, Hara R, Sheng M, Chan LS,
Kay RM. Effects of preoperative gait analysis on costs and amount of surgery. ]
Pediatr Orthop 2009;29:558-63.



T.A.L. Wren et al./Gait & Posture 34 (2011) 149-153 153

[26] Schwartz MH, Viehweger E, Stout ], Novacheck TF, Gage JR. Comprehensive [28] Smith PA, Hassani S, Reiners K, Vogel LC, Harris GF. Gait analysis in children
treatment of ambulatory children with cerebral palsy: an outcome assess- and adolescents with spinal cord injuries. ] Spinal Cord Med 2004;27:
ment. ] Pediatr Orthop 2004;24:45-53. S$44-9.

[27] Ounpuu S, Bell K, DeLuca P. The “birthday syndrome” vs. the single event [29] Sankar WN, Rethlefsen SA, Weiss ], Kay RM. The recurrent clubfoot: can gait
multilevel surgical approach: a comparison of financial costs. Richmond, VA: analysis help us make better preoperative decisions? Clin Orthop Relat Res

GCMAS; 2008. 2009;467:1214-22.



	Efficacy of clinical gait analysis: A systematic review
	Introduction
	Methods
	Results
	Technical accuracy (level 1)
	Diagnostic accuracy (level 2)
	Diagnostic thinking and treatment efficacy (levels 3-4)
	Patient outcome efficacy (level 5)
	Societal efficacy (level 6)

	Discussion
	Conflict of interest
	References


