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INTRODUCTION

Evaluating lower-limb walking symmetry can help clinicians establish functional limitations, 

track changes over time, and assess effectiveness of rehabilitation techniques.1 Walking 

symmetry between prosthetic and intact limbs is often viewed as a measure of improved 

rehabilitation in individuals who use unilateral lower-limb prostheses (IULLPs),2 such 

as transtibial and transfemoral prostheses. Walking symmetry has been associated with 

increased balance,3–5 decreased fall risk,6 and decreased risk of developing musculoskeletal 

overuse injuries, such as osteoarthritis.7 Confidence in walking and balance tasks have 

been shown to improve community participation and quality of life.6,8 Therefore, increasing 

walking symmetry has the potential to improve functional mobility and quality of life in 

IULLPs.

Several reviews have discussed walking symmetry in IULLPs. In 2004, a review examined 

the influence of prosthetic componentry on kinematics, kinetics, and electromyography.9 

Reviews on lumbopelvic parameters,10 standing balance,4 and the influence of muscle 

strength on balance5 also exist. Reviews on gait training15 and suspension systems11 

have been shown to influence walking symmetry, and a review in 2011 identified the 

most common kinematic parameters studied in IULLPs.12 However, a review normalizing 

kinematic walking symmetry data across studies to inform clinical considerations in this 

population is lacking from the literature. Normalized walking symmetry data summarized 

from research in IULLPs can provide quantitative baseline characteristics to better inform 

clinical decision making.

Translating research findings into clinical care was identified as a 2020 research priority 

by the American Academy of Orthotists and Prosthetists, highlighting the importance of 

narrowing the barrier that exists between research data and clinical application.13 However, 
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research studies have been difficult to compare, posing a barrier to translating research 

findings into clinical practice. Research studies typically have small sample sizes and 

differences in objectives, participant demographics, kinematic parameters, and mathematical 

analysis of symmetry.14 As a result, consensus among clinical practitioners has largely been 

based on observational effects rather than research findings.9 In order to translate kinematic 

walking symmetry research findings into clinical care, data need to be comparable, which 

can be achieved by normalizing research data across studies. Normative, or reference, values 

for symmetry have not been identified across current literature and could provide clinicians 

evidence-based rehabilitation targets by level of limb loss and payer justification for certain 

prosthetic componentry.

Therefore, the objective of this review was to normalize kinematic walking symmetry 

data in IULLPs by level of limb loss and prosthetic factors to inform considerations in 

clinical practice and future research. The most common participant demographics, kinematic 

parameters, and mathematical analysis of symmetry were identified. Then, data were 

normalized across studies using the most common mathematical analysis of symmetry for 

the five most common parameters identified in this review. Considerations for designing 

future kinematic walking symmetry studies are also provided to help promote clinical 

translation.

METHODS

A search was performed on March 18, 2020, in PubMed, Scopus, and Google Scholar 

to encompass literature from the year 2000. References from identified studies were also 

examined for inclusion.

The following search terms were used:

PubMed: (spatiotemporal) AND transtibial OR transfemoral AND prosth* AND unilateral 

AND symmetry OR asymmetry; (kinematic) AND transtibial AND prosth* AND unilateral 

AND symmetry OR asymmetry

Scopus: interlimb AND kinematic AND prosth* AND symmetry AND unilateral AND 

transtibial OR “below knee” OR transfemoral OR “above knee”

Google Scholar: kinematic OR spatiotemporal AND prosth* AND symmetry OR 

asymmetry OR “symmetry index” AND unilateral AND transtibial OR “below knee” AND 

transfemoral OR “above knee” AND gait OR ambulation -running -sprinting -powered -stair 

-ramp -incline -slope

Studies were selected based on the following inclusion criteria (Figure 1):

• Adult population (defined as 18 or older) who used unilateral transtibial or 

transfemoral prostheses

• Kinematic symmetry data were reported between the prosthetic and intact limbs

• Participants walked on a level surface (ground or treadmill)
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Studies were excluded based on the following criteria:

• Case reports (defined as less than 5 participants)

• Conference papers

• Novel development or testing of prosthetic components not commonly 

prescribed in clinical practice

• Participants performed movement tasks other than walking (e.g., stairs, running)

• Computer modeling was used in place of participant testing

Many studies included in this review investigated parameters other than kinematics such 

as kinetics, energy consumption, or patient preference. Several studies also investigated 

movement tasks other than walking, such as traversing stairs or inclines, navigating turns, 

or performing sit-to-stand transitions. Only the portions of each study that met the inclusion 

criteria were discussed in this review.

The most common participant demographics, kinematic parameters, and mathematical 

analysis of symmetry were identified across studies. Findings by level of limb loss and 

prosthetic factors were then determined by using the most common mathematical analysis of 

symmetry identified in this review to recalculate symmetry data across studies for the five 

most common kinematic parameters in this review.

Normalizing data typically involves recalculating values to a range between 0 and 1.15 This 

review normalized data to a range between 0 and 100% between-limb symmetry across 

studies. Several conversions were made to report results consistently. All spatiotemporal 

units were converted to meters (m) and seconds (s). The most common mathematical 

analysis of symmetry in this review was Eq. 1, which provides asymmetry percentages.

I − P
0 . 5∗ I + P ∗100 Eq. 1

I represents the intact limb and P represents the prosthetic limb. Perfect symmetry is a value 

of 0% and perfect asymmetry is a value of either 100% if intact limb values are greater or 

−100% if prosthetic limb values are greater. Therefore, an absolute value of 100 – Eq. 1 was 

used to provide symmetry percentages, resulting in 100% representing perfect symmetry and 

0% representing perfect asymmetry.

Out of the 44 studies included in this review, 34 studies could be converted to normalized 

symmetry values. The remaining 10 studies could not be normalized because symmetry was 

examined through ratio scales or waveform analysis, and did not provide prosthetic and 

intact limb values necessary for recalculation using Eq. 1.15–24

RESULTS

This review included 44 studies after applying inclusion and exclusion criteria. Table 1 

summarizes each study by objective, participant demographics, prosthetic componentry 

of participants, kinematic parameters measured, and mathematical analysis of symmetry. 
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Results are reported in the following sections: participant demographics, kinematic 

parameters, and mathematical analysis of symmetry.

PARTICIPANT DEMOGRAPHICS

The highest number of IULLPs in a single study was 128,25 followed by 60 in two 

studies.15,16 However, 84.1% of studies included 15 or less IULLPs, and 61.4% of studies 

included 10 or less IULLPs. Half of studies included both females and males (n=22, where 

n indicates the number of studies) and several studies only included males (n=12) or did 

not report sex (n=10). The mean age of IULLPs ranged from 29.0 to 71.7 years. IULLPs 

with traumatic etiologies were included in over twice as many studies (n = 31) as those with 

vascular etiologies (n=15). Eleven studies did not report the etiology of participants.

Functional activity levels are assigned to IULLPs based on ambulation potential, and defined 

by Medicare as K-levels (K0-K4).26 No studies included in this review had IULLPs at K0 

or K1 functional activity levels. Therefore, this review defines lower functional activity as 

K2, and higher functional activity as K3 or K4. Only six studies included at least one IULLP 

at a lower functional activity level of K2,15,17,18,27–29 while the remaining studies included 

IULLPs at higher functional levels of K3 or K4.

KINEMATIC PARAMETERS

The most common spatiotemporal parameters were step length (n=31) and stance time 

(n=27). The most common joint angle parameters were sagittal plane range of motion 

(RoM) at the hip (n=12), knee (n=16), and ankle (n=12). Few studies investigated all five of 

these parameters (n=8).

The most common equipment used to assess symmetry was motion capture (n=29), followed 

by the GaitRite system (n=5), instrumented insoles (n=2), instrumented treadmills (n=3), 

and inertial measurement units (IMUs) (n=1).

MATHEMATICAL ANALYSIS OF SYMMETRY

Symmetry index equations were most commonly used to assess interlimb symmetry (n= 20). 

The most common equation, which provides an asymmetry value, was Eq. 1 (n=6). Many 

studies did not directly calculate symmetry, but used statistical comparison (n=16), ratio 

scales (n=5), waveform analysis (n=2), or developed their own measures of symmetry (n=1) 

to examine differences between limbs.

FINDINGS BY LEVEL OF LIMB LOSS AND PROSTHETIC FACTORS

Findings by level of limb loss and prosthetic factors are summarized by differences between 

limbs in metric units (seconds, meters, degrees) in Table 2 and normalized symmetry 

percentages in Table 3. Individual study values used to calculate summaries in Tables 

2 and 3 can be found in Supplementary Data Tables. Individuals who used unilateral 

transtibial prostheses were most frequently included (n=27), followed by individuals who 

used unilateral transfemoral prostheses (n=25), and individuals without limb loss were 

included as a control group in 15 studies. Individuals without limb loss tended to have the 
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most symmetry, followed by individuals who used transtibial prostheses, then individuals 

who used transfemoral prostheses.

Half of studies included in this review investigated the influence of prosthetic factors on 

symmetry (n=22). Specifically, these studies investigated prosthetic factors of as suspension 

(n=5), alignment (n=2), foot componentry (n=6), and knee componentry (n=9). Suspension 

and alignment studies compared liners (n=1), transfemoral socket designs (n=1), transtibial 

suspension methods (n=3), and transtibial alignments (n=2). Foot componentry studies 

compared energy storage and return (ESAR) to non-ESAR feet (n=3), two different shapes 

of ESAR feet (n=1), and hydraulic feet to non-hydraulic feet (n=2). Knee componentry 

studies compared hydraulic knees to microprocessor knees (MPKs; n=5).

DISCUSSION

The objective of this review was to normalize kinematic walking symmetry data in IULLPs 

by level of limb loss and prosthetic factors to inform considerations in clinical practice 

and future research. Symmetry tended to decrease as the level of limb loss became more 

proximal and increase with more advanced prosthetic foot and knee componentry. However, 

it should be noted studies primarily included 10 or fewer individuals who were less than 65 

years of age, had traumatic etiologies, and ambulated at higher functional levels of K3 or 

K4. While these findings are not novel, this review provides normative symmetry values by 

level of limb loss and prosthetic componentry as well as considerations for future research 

in this population, such as including larger sample sizes and individuals who are over 65 

years of age, have diabetic etiologies, and ambulate at K2 functional levels to reflect clinical 

considerations for the majority of IULLPs.

PARTICIPANT DEMOGRAPHICS

Functional activity level, age, and etiology can influence decisions regarding rehabilitation 

goals in IULLPs. Most IULLPs included in this review were individuals who were less than 

65 years of age, had traumatic etiologies, and ambulated at higher functional levels of K3 or 

K4.

The six studies that included at least one IULLP at a lower functional level of K2 provided 

normalized symmetry values of 86.2– 97.2% for step length, 92.2– 99.5% for stance time, 

96.4– 97.1% for hip RoM, 77.0– 97.8% for knee RoM, and 44.5– 96.1% for ankle RoM. 

These values were in line with studies that did not include K2 participants, which is not 

surprising considering few participants were classified as K2 in each of these studies.

General literature has found that walking symmetry declines with age in individuals without 

limb loss from ≥90% to 80–85% in individuals over 65 years of age.30,31 Many individuals 

with limb loss are over 65 years of age, and vascular etiologies are the primary cause of 

amputation.32 Yet, IULLPs 65 years of age or older with vascular etiologies were only 

included in 12 and 15 studies, respectively. Only two studies exclusively included older 

IULLPs with vascular etiologies, with mean ages of 64 and 71.7 years.17,28 One study 

could not be normalized, and the other only measured step length in individuals who used 

transtibial prostheses, providing normalized symmetry values of 96.6%. In contrast, 10 
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studies exclusively included IULLPs with traumatic etiologies with mean ages ranging 30 to 

45 years across studies.16,22,23,33–39 Normalized symmetry values ranged 89.5– 98.5% for 

step length, 74.5– 98.4% for stance time, 92.9% for hip RoM, and 87.9% for knee RoM, 

which were comparable to individuals without limb loss.16,23,34,35

Therefore, IULLPs who are older adults, have vascular etiologies, or ambulate at lower 

functional activity levels may differ compared to IULLPs that were included in this review. 

Collecting kinematic walking symmetry data from individuals with these demographic 

characteristics can help inform clinical considerations in a way that accurately represents 

the majority of IULLPs.

KINEMATIC PARAMETERS

The most commonly investigated parameters identified in this review, specifically step 

length, stance time, and knee RoM, were in line with a previous review of individuals 

who used transtibial prostheses.12 Future studies could include these parameters to improve 

comparison of findings across studies.

MATHEMATICAL ANALYSIS OF SYMMETRY

The most common mathematical analysis of symmetry in this review were symmetry index 

equations (n= 18), with the most common equation being Eq. 1 (n=6), or a derivation 

of Eq. 1 (n=4). This equation was first described by Robinson et al. (1987) and then 

Herzog et al. (1989) in individuals without limb loss using right and left limbs, rather than 

prosthetic and intact limbs. Therefore, when applying this equation to IULLPs, it is up 

to the authors whether to use the prosthetic or intact limb as the reference value. Three 

studies instead calculated the absolute value of Eq. 1 to obtain only positive values.35,40,41 

Absolute values eliminate the need for a reference value, but also eliminate the distinction of 

which limb had higher or lower values. In this case, researchers could include both absolute 

percent symmetry values alongside the original data values (Table 2 and Table 3) to ease 

comparisons across studies.42

Additionally, one study used three different analyses for calculating symmetry with 

various statistical significance depending on the equation used,43 and one developed 

symmetry scores based on thigh and shank angular velocity data collected from inertial 

measurement units.25 These symmetry values were consistent with studies including similar 

demographics. Until these newly developed equations are consistently used or considered 

a better representation of symmetry, it is suggested that future studies analyze kinematic 

walking symmetry data using Eq. 1, in addition to the newly developed equations, to ease 

comparisons of findings across studies.

FINDINGS BY LEVEL OF LIMB LOSS

In agreement with research prior to 2000,48–51 individuals without limb loss tended to show 

the most symmetrical gait with values over 90% (97.0– 99.8%), followed by individuals 

who used transtibial prostheses (70.8– 98.5%), while individuals who used transfemoral 

prostheses tended to show the least symmetrical gait (53.2– 98.5%).
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Spatiotemporal Parameters—Step lengths tended to be longer on the prosthetic limb 

compared to the intact limb, with more symmetry in individuals who used transtibial 

prostheses than transfemoral prostheses. Two studies in this review suggested step length 

differences between prosthetic and intact limbs might be functional compensations to 

preserve backward margin of stability during double limb support.48,49

Stance times tended to be shorter on the prosthetic limb compared to the intact limb, with 

more symmetry in individuals who used transtibial prostheses than transfemoral prostheses. 

Three studies in this review compared stance time symmetries, and found the greatest 

symmetry in individuals without limb loss, followed by individuals who used transtibial 

prostheses (89.7– 93.4%), and then individuals who used transfemoral prostheses (58.6– 

74.5%).16,34,35 However, individuals without limb loss and individuals who used transtibial 

prostheses tended to have similar amounts of symmetry in studies included in this review. 

Individuals who used transfemoral prostheses tended to have the widest range of symmetry 

across studies with the lowest minimum values.

Joint Angle Parameters—In a study of 78 individuals without limb loss, the ankle 

was the least symmetrical joint (88.0– 94.0%) compared to the knee (96.0– 98.0%) and 

hip (96.0– 98.0%).50 The ankle was also the least symmetrical joint for all IULLPs in 

this review (Table 3). Transtibial values for normalized symmetry averaged 64.7% (23.7– 

96.1%) at the ankle compared to 87.7% (70.8– 97.8%) at the knee and 97.8% (85.7– 99.8%) 

at the hip. Transfemoral values for normalized symmetry averaged 68.2% (53.2– 83.2%) 

at the ankle compared to 86.0% (70.5– 98.2%) at the knee and 73.3% (55.0– 91.9%) at 

the hip. The prosthetic foot had less ankle plantarflexion compared to the intact limb in 

individuals who used transtibial prostheses.43,51–54 This agrees with previous research,55–57 

and supports the idea that the intact limb may compensate for lack of plantarflexion in the 

prosthetic foot.14,58–62Ankle symmetry was not reported in any study included in this review 

for individuals without limb loss.

FINDINGS BY PROSTHETIC FACTORS

Prosthetic factors are discussed by studies that examined suspension and alignment, foot 

componentry, and knee componentry. The influence of suspension and alignment findings 

on symmetry were inconclusive for the five normalized kinematic parameters. ESAR 

and hydraulic feet tended to show increased symmetry compared to non-ESAR and non-

hydraulic feet.18,19,37,43,51 MPKs tended to show increased symmetry compared to non-

MPKs.16,20,41,63,64

Suspension and Alignment

Spatiotemporal Parameters: Suspension systems are typically considered the most critical 

part of a prosthesis, since it provides direct contact between an individual’s prosthesis and 

residual limb. Individuals who used transtibial prostheses had decreased gait variability 

when participants wore a polyurethane liner compared to their previous liner, but had no 

difference in step length or stance time symmetry.65 Individuals who used transfemoral 

prostheses had more symmetrical step lengths with a wider base of support while wearing an 

ischial containment socket (98.0%) compared to a brimless socket with vacuum suspension 
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(92.0%).66 Individuals who used transtibial prostheses showed increased step length and 

stance time symmetry, though not statistically significant, with suction suspension (93.2%) 

compared to pin-lock suspension (86.2%),29 and increased step lengths with vacuum 

suspension (91.9– 95.8%) compared to without vacuum (91.5%).54,67,68

Prosthetists optimize prosthetic alignment by observing an individual’s gait and make 

prosthetic adjustments to increase symmetry between prosthetic and intact limbs. 

Misalignment of the prosthesis can negatively influence gait and cause residual limb 

irritation. One study found stance time symmetry was consistent across alignment 

conditions,40 but another found stance time was least symmetrical during the optimal 

alignment condition.69 Both investigated individuals who used transtibial prostheses. 

Differences in findings may be explained by prosthetic design and foot componentry. In the 

study that found stance time symmetry was consistent across alignment conditions,40 some 

participants typically ambulated with an exoskeletal prosthesis, but used an endoskeletal 

prosthesis for the study. Participants in this study also used SACH feet, while participants 

used ESAR feet in the study that found stance time was least symmetrical during the optimal 

alignment condition.69

Joint Angle Parameters: Transtibial suspension studies found almost identical hip RoM 

symmetry across pin-lock, suction, and vacuum suspensions.29,67 Astrom and Stenstrom 

(2004) found no differences in knee symmetry when participants used polyurethane liners 

compared to their prescribed liners. Chow et al. (2006) determined knee flexion at loading 

response had the least relevance in determining acceptable alignment. One study found 

pin-lock suspension (84.4%)showed significantly increased knee joint symmetry compared 

to suction suspension (77.0%),29 and one study found differences in knee RoM between 

vacuum on (97.0%) and off (97.6%) conditions were almost identical.54,67 Ankle symmetry 

had less than a 1% difference between pin-lock and suction suspensions,29 and almost 

identical values between vacuum on and off conditions.54,67

Foot Componentry

Spatiotemporal Parameters: Studies agreed ESAR and hydraulic feet increased step length 

and stance time symmetry compared to non-ESAR and non-hydraulic feet.16,18,19,37,43,51 

Yang et al. (2018) found the ESAR foot with split forefoot and heel wedge (97.3%) slightly 

increased step length symmetry compared to an ESAR foot without those features (94.2%). 

Moore (2016) results could not be normalized but found hydraulic feet significantly 

increased symmetry in comparison to non-hydraulic feet regardless of whether participants 

used transtibial or transfemoral prostheses or ambulated at lower or higher functional 

activity levels.

Joint Angle Parameters: Hip, knee, and ankle symmetry increased when individuals who 

used transtibial prostheses ambulated with an ESAR foot compared to a SACH foot. The 

ankle showed the most prominent differences between ESAR (63.5%) and SACH (23.7%) 

feet.43 Findings were consistent across three different equations Marinakis (2004) used to 

calculate results. Yang et al. (2018) showed the ESAR foot with split forefoot and heel 

wedge (60.8%) increased ankle dorsiflexion symmetry between limbs compared to the 
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ESAR foot without those features (44.5%) throughout the gait cycle. Bai et al. (2017) found 

the non-hydraulic foot (83.2%) had increased ankle symmetry compared to the hydraulic 

foot (53.2%) throughout the gait cycle.

Knee Componentry

Spatiotemporal Parameters: Several studies found participants had increased step length 

symmetry with MPKs compared to hydraulic knees64,70 while other studies found no 

significant differences.41,71 These conflicting findings may be explained by prosthesis 

accommodation times. Studies that found significant differences had accommodation times 

of 3 months or stated each participant used the prosthetic knee for at least two years prior 

to testing, while studies that found no significant differences had accommodation times of 1 

week or 10 hours. A previous review concluded proper accommodation times are important 

in determining findings that are reflective of long-term use and allowing clinicians to make 

appropriate prosthetic decisions.72

Stance time symmetry findings were also conflicting. One study found MPKs increased 

stance time symmetry compared to hydraulic knees,41 while another found the opposite,39 

and two other studies found no significant differences.64,71 Conflicting findings may 

be explained by selection of hydraulic knee componentry. The study that found MPKs 

increased stance time symmetry tested hydraulic 3R60 knees (Ottobock, Duderstadt, 

Germany), while the study that found the opposite tested hydraulic 3R80 knees (Ottobock, 

Duderstadt, Germany), and both studies with no significant differences tested hydraulic 

Mauch SNS knees (Ossur, Reykjavik, Iceland). Conflicting step length and stance time 

findings were in line with a clinical practice guideline stating spatiotemporal parameters 

may not be primary indications for prosthetic knee joint selection due to comparable 

symmetries among knees.73

Joint Angle Parameters: MPKs (91.6%) tended to increase hip RoM symmetry compared 

to non-MPKs (82.6%), but showed similar amounts of knee RoM symmetry with MPKs 

(70.5– 97.7%) compared to non-MPKs (77.8– 98.2%).20,63,64 One study using waveform 

analysis found MPKs had more stance phase symmetry in all three joints compared to 

a variety of non-MPKs, though findings were not statistically signifcant.20 Another study 

found MPKs had more symmetry in all three joints across the gait cycle compared to 

hydraulic knees, with most increased symmetry at the hip.63 Finally, participants had 

more knee angle symmetry with MPKs compared to hydraulic knees after three-month 

acclimation periods to each knee. No studies that compared prosthetic knee componentry 

reported ankle symmetry or RoM.

CLINICAL CONSIDERATIONS

Walking symmetry is not typically quantified in clinical practice. Instead, prosthetists use 

observational gait analysis to observe kinematic symmetry parameters, such as step length 

or joint RoM, to make prosthetic adjustments and inform treatment plans. Effectiveness of 

using observational gait analysis can be dependent on subjective factors such as practitioner 

experience, user fatigue, or time allotted for the appointment. Observational gait analysis 
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could be supplemented by translating kinematic walking symmetry research findings into 

clinical practice.

Motion capture was most commonly used to measure kinematic parameters in this 

review. While motion capture typically quantifies symmetry in research settings, it can 

be impractical to use in clinic for several reasons: high costs, lack of portability, and the 

need for specialized personnel.14 Some studies used equipment such as gait mats or inertial 

measurement units to collect data outside of research lab settings. As portable and wearable 

equipment becomes more ubiquitous and cost effective, clinicians and researchers may find 

this equipment more practical.

Clinicians can use normalized data summarized in this review, particularly the Table 2 

summary of differences between prosthetic and intact limbs in metric units, as reference 

values for step length, stance time, and sagittal plane hip, knee, and ankle range of motion. 

These values provide evidence-based data that can be used to guide thresholds of symmetry 

in rehabilitation and justify ESAR feet and MPKs for active adults under 65 years of age 

with traumatic etiologies to insurance payers.

LIMITATIONS AND FUTURE RESEARCH

This review focused on kinematic symmetry due to ease of translation to observational gait 

analysis in clinical practice, and several researchers have noted kinematics alone should 

not be the sole determinant of gait symmetry.16,74 The majority of studies included in this 

review measured parameters other than kinematics such as kinetics, muscle strength, patient 

preference, or energy consumption, which should also be assessed. Furthermore, this review 

only included studies that measured walking. Other movement tasks such as sit-to-stand 

transitions, turns, and navigating inclines, declines, or uneven terrain are also important 

activities of daily living that should be examined in future research.

Several considerations can be applied to future studies regarding information collected from 

participants. Length of time since amputation was often assumed to reflect gait consistency. 

However, gait consistency could also be influenced by prosthetic socket or alignment 

changes, regardless of a participant’s time since amputation. Collecting the data since 

last prosthetic fitting, adjustment, or alignment may be a more accurate way to determine 

the consistency of a participant’s gait pattern than time since amputation. Additionally, 

testing clinically appropriate components with adequate accommodation time is necessary to 

determine findings that accurately inform clinical decisions.

Considerations for data collection and analysis could also be applied to future research. 

Future studies could use normalized values provided in this review as a reference for their 

findings and include the most common kinematic parameters and mathematical analysis of 

symmetry identified in this review to improve comparisons across studies. Studies could 

include larger sample sizes of IULLPs with a wide variety of demographics, which may be 

more feasible as portable and wearable equipment becomes more ubiquitous.

Several topics for future research were identified in this review. Collecting pelvic and trunk 

symmetry could improve understanding of gait deviations that contribute to commonly 
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reported secondary health conditions such as low back pain in IULLPs.10,75,76 No studies 

included in this review directly examined differences in gait symmetry by age or etiology, 

examined ankle symmetry in individuals who used transfemoral prostheses, or compared 

componentry intended for individuals with lower activity levels.

CONCLUSIONS

This review normalized kinematic walking symmetry data in IULLPs by level of limb loss 

and prosthetic factors to provide considerations for clinical practice, and also provided 

considerations to promote clinical translation in future research. Individuals without limb 

loss had the most symmetry, followed by individuals who used transtibial prostheses, then 

individuals who used transfemoral prostheses in step length, stance time, and lower-limb 

sagittal RoM parameters. Componentry intended for individuals with higher activity levels, 

such as ESAR feet and MPKs, tended to increase symmetry. However, the majority of 

studies included 10 or fewer individuals, young adult IULLPs with traumatic etiologies 

who used componentry intended for higher activity levels. Clinicians can use normalized 

values in this study to guide thresholds for walking symmetry during rehabilitation, and 

future research can include larger sample sizes and individuals who are older, have vascular 

etiologies, or use componentry intended for lower activity levels to help promote translation 

of research findings into clinical practice for the majority of IULLPs. Identifying reference 

values reflective of the majority to IULLPs could ultimately help clinicians elevate the 

standard of care for individuals with lower-limb loss.
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Fig. 1: 
Flow diagram of inclusion process.
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Table 2:

Differences Between Prosthetic and Intact Limbs

Summary Step Length 
Differences (m):

Stance Time 
Differences (s):

Stance Time 
Differences (% 
gait cycle):

Overall Hip 
RoM 
Differences (°):

Overall Knee 
RoM Differences 
(°):

Overall Ankle 
RoM 
Differences (°):

Ranges by Level 
of Limb Loss

Control= 0.003 – 
0.01

Control= 0.001 – 
0.02

Control= 0.71 Control= NR Control= 1.5 Control= NR

TT= 0.01 – 0.12 TT= 0.01 – 0.04 TT= 0.07 – 5.15 TT= 0.63 – 3.05 TT= 1.43 – 14.6 TT= 0.8 – 12.2

TF= 0.008 – 
0.164

TF= 0.01 – 0.24 TF= 5.0 – 20.7 TF= 3.72 – 19.0 TF= 1.01 – 16.7 TF= 2.4 – 7.7

Ranges by 
Prosthetic Feet

SACH= 0.05 SACH= NR SACH= NR SACH= NR SACH= NR SACH= NR

ESAR= 0.01 – 
0.13

ESAR= 0.04 – 
0.07

ESAR= 0.3 – 8.0 ESAR= 0.63 – 
1.47

ESAR= 1.43 – 
3.19

ESAR= 2.4 – 
12.2

Ranges by 
Prosthetic Knees

Hydraulic= 0.04 – 
0.09

Hydraulic= 0.07 – 
0.11

Hydraulic= 7.4 Hydraulic= 8.75 Hydraulic= 1.01 
– 13.4

Hydraulic= NR

MPKs= 0.03 –
0.07

MPKs= 0.03 – 
0.13

MPKs= 5.3 MPKs= 3.72 MPKs= 1.26 – 
16.74

MPKs= NR

Table 2: Summary of studies (31 total) that reported raw values for prosthetic and intact limbs or differences between limbs in meters (m), seconds 
(s), % of the gait cycle, or degrees (°) for step length, stance time, or overall sagittal range of motion (RoM) at the hip, knee, and ankle. Studies that 
measured stance time either reported values in seconds or % of the gait cycle, so these are reported separately. Results are taken from level ground 
walking conditions at self-selected walking speeds. Baseline conditions and intermediate walking speeds were chosen if multiple conditions or 
speeds were tested. Normalized symmetry percentages calculated from these raw values are reported in Table 3. NR= not reported, TT= individuals 
who use unilateral transtibial prostheses, TF= individuals who use unilateral transfemoral prostheses, IULLPs= individuals who use unilateral 
lower-limb prostheses, SACH= solid ankle cushion heel, ESAR= energy storage and return, MPK= microprocessor knee.
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Table 3:

Normalized Symmetry Percentages

Step Length (% 
Symmetry from 
m)

Stance Time (% 
Symmetry from 
s)

Stance Time (% 
Symmetry from 
% gait cycle)

Overall Sagittal 
Hip RoM (% 
Symmetry from 
°)

Overall Sagittal 
Knee RoM (% 
Symmetry from 
°)

Overall Sagittal 
Ankle RoM (% 
Symmetry from 
°)

Ranges by Level 
of Limb Loss

Control= 97.0 – 
99.6

Control= 97.2 – 
99.8

Control= 98.6 Control= NR Control= 96.2 Control= NR

TT= 81.3 – 98.0 TT= 78.9 – 98.8 TT= 81.3 – 99.9 TT= 85.7 – 99.8 TT= 70.8 – 97.8 TT= 23.7 – 96.1

TF= 66.4 – 98.5 TF= 74.5 – 98.4 TF= 58.6 – 91.6 TF= 55.0 – 91.9 TF= 70.5 – 98.2 TF= 53.2 – 83.2

Ranges by 
Prosthetic Feet

SACH= NR SACH= 78.9 SACH= NR SACH= 85.7 SACH= 84.9 SACH= 23.7

ESAR= 81.6 – 
97.3

ESAR= 97.0 ESAR= 87.1 – 
99.5

ESAR= 89.0 – 
98.5

ESAR= 91.4 – 
97.8

ESAR= 44.5 – 
83.2

Ranges by 
Prosthetic Knees

Hydraulic= 86.6 
– 94.2

Hydraulic= 74.7 
– 91.2

Hydraulic= 88.2 Hydraulic= 82.6 Hydraulic= 77.8 
– 98.2

Hydraulic= NR

MPKs= 90.3 – 
95.9

MPKs= 71.4 – 
96.0

MPKs= 91.6 MPKs= 91.6 MPKs= 70.5 – 
97.7

MPKs= NR

Table 3: Summary of studies (34 total) that could be converted to percentages using 100- Eq. 1. Studies that measured stance time either reported 
values in seconds or % of the gait cycle, so these are reported separately. Results are taken from level ground walking conditions at self-selected 
walking speeds. Baseline conditions and intermediate walking speeds were chosen if multiple conditions or speeds were tested. NR= not reported, 
TT= individuals who use unilateral transtibial prostheses, TF= individuals who use unilateral transfemoral prostheses, IULLPs= individuals who 
use unilateral lower-limb prostheses, SACH= solid ankle cushion heel, ESAR= energy storage and return, MPK= microprocessor knee.
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