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Abstract

The hill assessment index (HAI) and stair assessment index (SAI) were developed to objectively 

evaluate ramp and stair gait. This study’s purpose was to determine the validity and reliability of 

these tests in a sample of persons with unilateral transfemoral amputation (TFA) using 

microprocessor prosthetic knee systems. All subjects were fit with a microprocessor knee system. 

After accommodation, subjects performed three trials ascending and descending a 5° ramp and a 

flight of stairs while being recorded on video. Sensitivity and specificity for the HAI was 

calculated against degree of asymmetry in step length using Dartfish video analysis software. 

Reliability was assessed using intraclass correlational coefficients calculated using Spearman’s 

Rho (rs). A priori significance level was set at p ≤ 0.05. Twenty (n = 20) individuals with TFA 

completed the study protocol. Sensitivity and specificity of the HAI were calculated at 88.0% and 

75.0% during ascending conditions and 94.0% and 67.0% during descending conditions, 

respectively. Significant correlations for the HAI included rs = 0.87 and rs = 0.73 within raters 

uphill and downhill, respectively. Corresponding coefficients of rs = 0.80 and rs = 0.67 were 

calculated between raters. For the SAI, significant correlations included rs = 1.00 for both 

comparisons within raters and in the comparison between raters in the ascending condition. A 

correlation of rs = 0.89 was calculated for the between-rater comparison in the descending 
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condition. The HAI showed moderate to excellent sensitivity and specificity but good to adequate 

reliability. The SAI showed excellent to good reliability.
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INTRODUCTION

Observational gait analysis (OGA) serves an integral role in many rehabilitation fields and is 

a current clinical assessment standard for prosthetics. However, while OGA has been found 

to have approximately 60% to 85% reliability (1), it has been infrequently investigated on 

ramps and stairs (2). Further, few clinically useful outcome measures to objectively evaluate 

gait on ramps and stairs have been introduced. The hill assessment index (HAI) and stair 

assessment index (SAI) were developed for this reason (3,4). These assessments utilize an 

11- and 13-point ordinal scale, respectively, to describe gross motor pattern implementation, 

degree of step length symmetry, and use of assistive devices. The inter-rater and intra-rater 

reliability of the HAI was found to be excellent in hill descent tasks for a sample of 

unilateral transfemoral amputation (TFA) patients using mechanical and C-Leg 

microprocessor knee (MPK) systems (2). However, no further evidence of psychometric 

properties for either outcome measure is available.

Video motion analysis has been used to determine criterion validity for other observational 

and functional outcome measures in the past and may allow for establishing evidence of the 

validity of the HAI and SAI (5–7). Therefore, the purpose of this study was to determine the 

criterion validity and inter-rater and intra-rater reliability of the HAI and SAI in a sample of 

persons with unilateral TFA using a prosthetic MPK system.

METHODS

All procedures were reviewed and approved by the University of South Florida’s 

Institutional Review Board, and subjects gave informed consent prior to study participation.

Subjects were considered for study inclusion if they met the following criteria:

• Unilateral transfemoral or knee disarticulation amputation

• Use of a prosthesis with MPK for at least one year

• Independent level of community ambulation without use of an assistive 

device

• Ability to ascend and descend a ramp without human support

• Ability to ascend and descend stairs without human support

Subjects who met the inclusion criteria were enrolled in the study and evaluated by the study 

prosthetist to assure proper fit and function. The study prosthetist was state-licensed and 
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certified by the American Board for Certification in Orthotics, Prosthetics, and Pedorthics. 

Subjects’ prosthetic sockets and suspension systems were not changed for the duration of the 

experiment to reduce confounding from fit and acclimation issues. All subjects were fit with 

the same model energy-storing prosthetic foot for use over the study duration. Manufacturer 

specifications were used to set componentry alignment and were verified using the LASAR 

alignment system (Ottobock Healthcare, Duderstadt, Germany). Each subject received 

training from the study physical therapist on the functions of the MPK and study foot for 

transitional movements, obstacle crossing, ramps, stairs, speed variation, and variable 

surfaces. Training techniques were used from prior publications (8,9). Subjects then 

accommodated with the new foot components until they reported and demonstrated 

confidence in walking unassisted on level ground, inclines, declines, and up and down stairs. 

Following this accommodation, subjects were scheduled for testing.

Subjects were asked to ascend and descend an Americans with Disabilities Act-compliant 

cement ramp, which was 0.9 m in width, 4.9 m in length, and sloped at an angle of 5°. Each 

subject completed three trials up and three trials down at a self-selected walking speed using 

handrails as they deemed necessary. These trials were timed using a stopwatch and recorded 

(sagitally) on video. The recordings were scored by two independent raters who reviewed 

the video recordings to determine the appropriate HAI value based on the criteria outlined in 

Figure 1 (3,4). The recordings were then assessed using Dartfish™ 2D (v7, Dartfish USA, 

Inc. Alpharetta, GA, USA) gait analysis software to determine prosthetic and sound side 

step length. Step length was measured relative to a 1.0 m reference object captured in the 

video background and measured using reflective markers placed on subjects’ heels and toes. 

A previous investigation found inconsequential differences in marker movement tracked by 

3D motion capture and Dartfish software on the order of ≤5 mm (10). Further, this program 

was previously found to be a valid (PCC ≥ 0.95; p < 0.05) and reliable (ICC ≥ 0.93; p < 

0.05) motion analysis tool (11). Degree of asymmetry (DoA) was then calculated for step 

length using the following equation:

Subjects then repeated the protocol on a flight of Americans with Disabilities Act-compliant 

stairs (12). The three trials ascending and three trials descending at a self-selected speed 

were timed using a handheld stopwatch and sagittaly recorded on video. These recordings 

were again scored by two independent raters, this time using the criteria outlined in Figure 2 

to determine the appropriate SAI score (3,4). Subjects repeated the study protocol on the 

ramp and stairs 90 d after initial testing to assess intra-rater reliability.

The HAI is scored on an ordinal scale from 0 to 11. In this sample, however, all subjects 

received a score of 10 or 11, resulting in a dichotomous data set. This allowed for step 

length, specifically DoA of step length (13), to become the reference standard for an 

assessment of sensitivity and specificity of the instrument at its higher scoring levels. The 

HAI indicates that a perfect score of 11 is an even step length without an assistive device 

determined visually by the rater. Asymmetrical movements in function and gait between 5% 
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and 10% have previously been described as typical (13,14). A perfect DoA score of 0, 

providing allowances for normal asymmetrical movement, can then be assumed to equate to 

a perfect HAI score. Therefore, absolute DoA values of ≤±0.1 were determined to be 

representative of a symmetric step length and thus eligible for an HAI rating of 11/11. This 

was used to establish the reference standard and those participants with absolute DoA values 

>±0.1 from the video motion analysis were determined to have an asymmetric step length 

and scored 10/11 on the HAI in this dichotomous set.

Sensitivity and specificity are statistical measures of the validity of an outcome measure 

(15). Sensitivity is the proportion of subjects who test positive for a condition to all those 

who truly have the condition. Specificity is the proportion of subjects who test negative for a 

condition to all those who truly do not have the condition. In this case, sensitivity and 

specificity of the HAI in identifying subjects who do and do not exhibit step length 

symmetry during ramp gait was assessed. These variables were calculated using a two-by-

two configuration of HAI score and step length symmetry determined by the Dartfish 

software and the calculation of DoA in step length. Sensitivity and specificity were 

calculated as:

In the above equation for sensitivity, nHAI score 10 represents the number of subjects who 

scored 10 on the HAI because the rater found them to have an asymmetrical step length, and 

n|DoA|>0.1 represents the number of subjects who truly exhibited asymmetrical steps as 

assessed with video motion analysis and the DoA equation for step length symmetry. In the 

above equation for specificity, nHAI score 11 represents the number of subjects who scored 11 

on the HAI because the rater found them to have symmetrical step length, and n|DoA|≤0.1 

represents the number of subjects who truly did exhibit symmetrical steps as assessed with 

video motion analysis and the DoA equation for step length symmetry. Higher levels of 

sensitivity and specificity provide evidence to support the validity of the HAI to assess step 

length symmetry walking on ramps. To evaluate levels of sensitivity and specificity, we 

interpreted scores from 90% to 100% as excellent, 75% to 89% as good, 50% to 74% as 

adequate, and below 50% as poor sensitivity and specificity for the HAI uphill and downhill.

Positive and negative likelihood ratios can be calculated from the sensitivity and specificity 

values. A positive likelihood ratio indicates how many times more likely a positive test will 

be seen in those with more symmetric step lengths than in those with less symmetric step 

lengths (15). Interpretation of likelihood ratios vary (16,17). We interpreted a positive 

likelihood ratio of 10 or more as large, 5 to 9.94 as moderate, 2 to 4.94 as small, and 1 to 

1.94 as very small positive likelihood. These positive likelihood ratios were used to 

determine if the HAI was a very useful, often useful, sometimes useful, or rarely useful test, 

respectively. A negative likelihood ratio, then, indicated how many times more likely a 

negative test will be seen in those with more step length symmetry compared to those with 

less step length symmetry (15). A negative likelihood ratio of less than 0.1 was interpreted 

as large, 0.11 to 0.2 as moderate, 0.21 to 0.5 as small, and 0.51 to 1.0 as very small negative 
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likelihood. These negative likelihood ratios were used to determine if the HAI was a very 

useful, often useful, sometimes useful, or rarely useful test, respectively.

Comparisons between rater one and rater two at initial testing and rater one at the repeat 

evaluation were made to assess inter- and intra-rater reliability of each instrument, 

respectively. Data were compared for both tests for ascending and descending conditions. 

Intraclass correlation coefficients (ICC) were determined using Spearman’s Rho. Definitions 

for correlation strength also vary (15,18–20). We interpreted 0.9 to 1.0 as an excellent 

correlation, 0.75 to 0.89 a good correlation, 0.5 to 0.74 an adequate correlation, and below 

0.5 a poor correlation. The level for statistical significance was determined a priori to be p ≤ 

0.05.

RESULTS

Twenty (n = 20) individuals with TFA completed the study. The sample was 80% male with 

etiology of trauma (70%), tumor (20%), or vascular disease (10%). Mean (SD) age was 46.5 

years of age (±14.2). All subjects were unlimited community ambulators. Sensitivity of the 

HAI was calculated at 88.0% for uphill and 94.0% for downhill conditions. These results 

correspond to positive likelihood ratios of 3.5 and 2.8, respectively. Specificity for the 

instrument was determined to be 75.0% for uphill and 67.0% for downhill. These results 

correspond to negative likelihood ratios of 0.17 and 0.10, respectively. These results are 

summarized in Table 1.

For the HAI, Spearman Rho ICCs of rs = 0.80 (p < 0.001) for uphill and 0.67 (p = 0.001) for 

downhill conditions between rater one and rater two were found. ICCs of rs = 0.87 (p < 

0.001) and 0.73 (p < 0.001) were calculated between initial and repeat testing scores for 

uphill and downhill conditions, respectively (Table 2). Mean (SD) uphill times (Table 3), in 

seconds, for trials one, two, and three were 4.71 (0.86), 4.71 (0.99), and 4.72 (1.03), 

respectively, resulting in a mean percent difference of 0.11% among trials. Mean and median 

scores were 10.8 and 11 for all trials. Mean downhill times, in seconds, for trials one, two, 

and three were 4.80 (1.14), 4.74 (1.19), and 4.78 (1.40), respectively, resulting in a mean 

percent difference of 1.1% among trials. Mean and median downhill scores were 10.9 and 11 

for all trials.

For the SAI, ICCs of rs = 1.00 (p < 0.001) and 0.89 (p < 0.001) were found between raters 

one and two for ascending and descending conditions, respectively. ICCs of rs = 1.00(p < 

0.001) were calculated for both ascending and descending conditions between initial and 

repeat testing (Table 2). Mean (SD) ascent times (Table 3), in seconds, for trials one, two, 

and three were 4.95 (1.01), 5.15 (1.62), and 4.68 (1.33), respectively, resulting in a mean 

percent difference of 6.7% among trials. Corresponding mean trial scores were 9.7, 9.9, and 

10.1, with a constant median of 11. Mean descent times, in seconds, for trials one, two, and 

three were 3.82 (0.97), 3.72 (0.80), and 3.61 (0.80), respectively, resulting in a mean percent 

difference of 2.76%. Corresponding mean descending scores were 12.0, 11.7, and 11.8, with 

a constant median of 11. Times and scores for the HAI and SAI are shown in Table 3.
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DISCUSSION

The results of this study provide evidence of the validity and reliability of the HAI and SAI 

in a sample of persons with unilateral TFA using an MPK system and ambulating at an 

unlimited-community level.

The sensitivity of the HAI was determined to be good for uphill and excellent for downhill 

evaluations in this sample of community ambulating transfemoral amputees. The good 

sensitivity for uphill and excellent sensitivity for downhill evaluations resulted because the 

raters on the HAI correctly identified those who walked with step length DoA above the 0.1 

reference standard. Especially on hill descent, the excellent sensitivity shows that the HAI 

will have a low rate of false negatives, meaning that if a subject is identified by the rater as 

having asymmetrical step length, it is highly likely that they actually do have asymmetrical 

step length. Both positive likelihood ratios indicate the HAI is a “sometimes useful” test for 

uphill and downhill assessments of hill gait in higher functioning TFA subjects.

The specificity of the HAI was determined to be good for uphill and adequate for downhill 

assessment. The lower specificity on ramp descent was a result of some subjects being 

scored by the raters as having asymmetrical step length although they actually had 

symmetrical step lengths based on having step length DoA below 0.1. This could mean that 

identifying step length symmetry during ramp descent may be more difficult and there is the 

potential for an increased rate of false positives (i.e., giving a lower HAI score for step 

symmetry). The negative likelihood ratios confirm that the HAI is a “sometimes useful” test 

for both uphill and downhill assessments of hill gait. In summary, the HAI was found to be 

an adequate to excellent assessment tool of step length symmetry during uphill and downhill 

gait of subjects in this sample. The assessment was found to be more sensitive for downhill 

assessment and more specific for uphill in high-functioning persons with unilateral TFA. 

Due to the lower specificity in ramp descent, low scores may be vulnerable to false results in 

this population. However, due to the good and excellent sensitivity of the HAI, lower scores 

should truly identify those with less symmetrical step length during ramp gait.

Assessment of intra-rater reliability for the HAI was found to be good for uphill but 

adequate for downhill gait in this sample based on the strength of correlation (Spearman’s 

Rho). These results were identical to the inter-rater reliability in this sample, with uphill 

being found as good and downhill being found as adequate. The downhill inter-rater 

reliability assessment was adequate. These results differ slightly from the results of previous 

work, which found excellent inter-rater reliability in a more heterogeneous sample of TFA 

subjects utilizing C-Leg MPKs (2). The modest differences could be multi-factorial and 

potentially include sample heterogeneity, rater experience and background, a lack of scoring 

instructions for the instrument, slight performance interpretation differences, and other 

factors.

The consistency of HAI times, with a percent change in time of 0.1% and 1.1% for ascent 

and descent, respectively, and the reliability of uphill HAI scores among trials provide some 

evidence of the instrument’s stability on repeat testing within a single visit. Based on the 

negligible differences in time to ambulate on the ramp and HAI scores, no learning or 
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fatigue effects were noted in this sample. This internal consistency commonly suggests no 

benefit between a single or repeated testing protocol. Thus, in the interest of valuable 

clinical time, it seems feasible that a single administration of the test may be sufficient to 

determine the patient’s ability to ambulate ramps. Repeated testing of high-functioning TFA 

patients within a single clinic visit seems unlikely to yield different scores provided 

conditions (e.g., components, physical status) are not changed.

The SAI was found to be a very reliable assessment tool for high-functioning transfemoral 

prosthetic users. Inter-rater reliability was excellent for ascending and good for downhill 

conditions based on the strength of correlation. Excellent intra-rater reliability was found for 

both ascending and descending assessments. The percent differences among trial times was 

higher than the HAI, but the mean differences remain adequately low to preliminarily 

declare the instrument as stable in comparable samples. No clear trend in time or scoring for 

the SAI was found among trials, further suggesting no learning or fatigue effect. The results 

of this work also show no benefit or detriment to performing the test once or multiple times. 

For clinical simplicity, the test may only require a single administration to determine a high-

functioning TFA subject’s true stair ascent or descent capability. As with the HAI, this is 

provided that the subject has been trained and is confident in using the specific functional 

features (e.g., stair ascent mode) of the MPK. The SAI may provide more obvious 

differentiation between scores relative to the HAI, as there is less opportunity for 

subjectivity in the construct. The HAI requires the rater to determine step length ratios, 

which may have large variability between subjects, whereas the SAI requires identification 

of more discretely discernable stepping patterns. Future research should attempt to establish 

validity for the SAI, as this study demonstrated strong evidence of the inter-rater and intra-

rater reliability for the SAI as a measure of stair ascent and descent. Replication research is 

needed to confirm the recommendation for a single test in comparable samples but also in 

TFA patients using mechanical knees or other types of knees and in those who ambulate at 

lower functional levels.

Limitations

This study utilized a group of high-functioning subjects with unilateral TFA who ambulated 

with MPKs. Therefore, results may not be applicable to individuals of differing amputation 

level(s), those with bilateral or upper extremity involvement, amputees of lower functional 

levels, or individuals of other diagnostic groups. Further, the dichotomous results of the HAI 

allowed for sensitivity and specificity calculation but prevented evaluation of the entire 

ordinal scale (i.e., at the lower end of the functional spectrum). A lack of low scores was 

also observed in SAI scores, resulting in left skewed data. Also, the reference standard 

adopted for this study, DoA in step length, while a more objective measure of step length 

symmetry than observational gait analysis, has not been thoroughly evaluated. The DoA cut-

off score of ±0.1 was chosen based on the assumption that 5% to 10% asymmetry in 

movement is typical in gait and other functional movement patterns (13,14). For this reason, 

it is difficult to make definitive conclusions of the reliability and validity of the entirety of 

the HAI and SAI. Further research is needed to confirm the results of this work in other 

amputation populations, including lower-functioning patients who would score lower in the 

range of the HAI and SAI measures.
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CONCLUSION

The results of this work established validity and reliability of the upper end of the HAI and 

SAI in a population of high-functioning subjects with unilateral TFA using microprocessor 

knee systems. The HAI showed moderate sensitivity and specificity. Intra-rater reliability of 

the HAI was good for uphill and adequate for downhill assessment. Inter-rater reliability was 

found to be good for uphill and adequate for downhill assessment. Since other ramp gait 

assessment tools are scarce, the HAI was shown to be a viable assessment tool. The SAI 

showed excellent and good inter-rater reliability for ascending and descending conditions, 

respectively, and excellent intra-rater reliability for both. Both HAI and SAI were shown to 

be stable instruments for both ascending and descending assessments, resulting in a 

recom-200 mendation for one trial as a true assessment of hill and stair gait. More research 

is needed to determine validity of the SAI and to confirm all of these results in other 

amputation populations.
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Figure 1. 
Hill Assessment Index (HAI).
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Figure 2. 
Stair Assessment Index (SAI).
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Table 1

Sensitivity, Specificity, and Likelihood Ratios

Condition Uphill Downhill

Sensitivity 88.0% 94.0%

Specificity 75.0% 67.0%

+ Likelihood Ratio’ 3.50 2.80

− Likelihood Ratio’ 0.17 0.10
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Table 2

HAI/SAI Inter/Intra-Rater Correlations

Hill Assessment Index Inter-rater Intra-rater

Variable Uphill Downhill Uphill Downhill

Spearman’s Rho (rs) 0.80 0.67 0.87 0.73

ICC significance p < 0.001 p = 0.001 p < 0.001 p < 0.001

Stair Assessment Index Inter-rater Intra-rater

Variable Ascent Descent Ascent Descent

Spearman’s Rho (rs) 1.00 0.89 1.00 1.00

ICC significance p < 0.001 p < 0.001 p < 0.001 p < 0.001
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