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Abstract

Background—The elevated vacuum suspension system has demonstrated unique health benefits 

for amputees, but the effect of vacuum pressure values on gait characteristics is still unclear. The 

purpose of this study was to investigate the effects of elevated vacuum levels on temporal 

parameters, kinematics and kinetics for unilateral transtibial amputees.

Methods—Three-dimensional gait analysis was conducted in 9 unilateral transtibial amputees 

walking at a controlled speed with five vacuum levels ranging from 0–20 inHg, and also in 9 able-

bodied subjects walking at self-preferred speed. Repeated ANOVA and Dunnett’s t-test were 

performed to determine the effect of vacuum level and limb for within subject and between 

groups.

Findings—The effect of vacuum level significantly affected peak hip external rotation and 

external knee adduction moment. Maximum braking and propulsive ground reaction forces 

generally increased for the residual limb and decreased for the intact limb with increasing vacuum. 

Additionally, the intact limb experienced an increased loading due to gait asymmetry for several 

variables.

Interpretation—There was no systematic vacuum level effect on gait. Higher vacuum levels, 

such as 15 and 20 inHg, were more comfortable and provided some relief to the intact limb, but 

may also increase the risk of osteoarthritis of the residual limb due to the increased peak external 

hip and knee adduction moments. Very low vacuum should be avoided because of the negative 

effects on gait symmetry. A moderate vacuum level at 15 inHg is suggested for unilateral 

transtibial amputees with elevated vacuum suspension.
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Introduction

There are an estimated 1.5 million people with amputations living in the United States [1]. 

Of these, approximately 400,000 have unilateral lower-limb amputations who are at a 

substantially higher risk to develop osteoarthritis (OA) in the hip and knee of the intact limb 

than in the able-bodied population [2–4]. Previous studies have shown that improper 

prosthetic fit and alignment were associated with secondary physical conditions, including 

knee OA in the intact limb, osteoporosis in the amputated limb and back pain [2,4,5]. 

Additionally, gait asymmetries are common in persons with unilateral amputations, which is 

often demonstrated by a relatively longer stance time, a greater peak adduction moment for 

the hip and knee, and a larger first peak of vertical ground reaction force (GRF) on the intact 

limb [4–7]. A well-fitting prosthesis provides more comfortable control of the residual limb. 

This suggested a benefit from improved prosthesis design that includes socket comfort and 

could also reduce the loading burden of the intact limb and the risk of degenerative joint 

OA [6, 8].

The elevated vacuum suspension system (EVSS) has been cited as providing a better fitting 

socket and a superior prosthetic linkage compared to other suspension systems [9–12]. This 

system creates a strong coupling between the residual limb and prosthesis by drawing out air 

between the socket and liner. Previous studies have reported that the EVSS could effectively 

reduce vertical pistoning in the socket [9, 10], increase the rotational stability of residual 

limb [13] and prevent volume loss and even promote slight volume gain of the residual 

limb [11, 12]. In addition to a stable socket volume, the EVSS showed a lower positive 

pressure impulse during stance and greater negative pressure impulse during swing duration 

compared with the pin suspension and suction suspension system [14, 15]. This is important 

to amputees since positive pressure rather than negative pressure causes skin irritation and 

breakdown. Additionally, gait symmetry was found to improve at high vacuum conditions in 

contrast to no vacuum for step length and stance duration [9]. All of these effects of EVSS 

positively affect limb function and benefit the wearer with improved mobility and quality of 

life.

Although the number of amputees using the EVSS is growing quickly, a paucity of research 

has focused on the effect of different vacuum pressure settings including what should be 

considered a sufficient or preferred vacuum level. Questions about performance changes 

with vacuum level differences remain unanswered. One previous study investigated the 

effect of two intermediate vacuum levels (10 and 15 inHg) and a suction condition on the 

residual limb volume with a single K2 transtibial amputee [16]. A significantly lower volume 

fluctuation with vacuum than suction condition was found and the two tested vacuum levels 

had similar absolute percent changes in volume. Another study evaluated the amputees’ 

outcome from 8 to 20 inHg using amputee feedback and vacuum pressure data [17]. The 

results suggested that most amputees preferred vacuum setting greater than 14 inHg and 

vacuum pressure fluctuations decreased with an increase vacuum setting.

So far, the effects of EVSS on gait parameters at different vacuum levels have not been well 

quantified. What has been published only discusses two temporal gait parameters at one 
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elevated vacuum [9]. Therefore, the purpose of this research was to address this gap and 

reveal the effect of vacuum levels on gait characteristics for unilateral transtibial amputees 

(TTA), including temporal parameters, kinematics and kinetics. The knowledge gained may 

benefit amputees, clinicians and prosthetic designers to better understand the effect of 

vacuum level on amputee gait.

Methods

Subjects

Eighteen adult male subjects participated in this study. Nine unilateral TTA currently using 

the EVSS comprised the sample of interest, with a mean (SD) age of 51.1 (16.1) years, 

height of 183.3 (6.0) cm, body mass of 94.8 (12.1) kg, and BMI of 28.3 (4.0) kg/m2. These 

amputees were recruited from regional prosthetic clinics and were free from musculoskeletal 

disorders and leg pain, and did not require assistive devices for walking. Of these unilateral 

TTA, five amputations occurred due to trauma, one was vascular, and three resulted from 

other causes. All amputees had dynamic response prosthetic feet and mechanical vacuum 

pumps. Self-assessed K-activity levels were used to describe the activity and capability of 

the amputee. K1 is classified as the most limited category and K4 the most active [18]. Seven 

unilateral TTA were K3 and two were K4 in this assessment, implying that all of the TTA in 

this study were capable of ambulating with variable cadence. The nine adult male control 

subjects were recruited from University of Utah and had a mean (SD) age of 27.8 (3.7) 

years, height of 180.1 (5.3) cm, body mass of 82.9 (17.7) kg, and BMI of 25.5 (4.8) kg/m2. 

Each control subject was free from limb injuries or other disorders which would affect their 

gait. Institutional review board approval was obtained and all participants signed an 

informed consent document before participating in the study.

Procedures

Prior to the gait analysis, the Trinity Amputation and Prosthesis Experience Scales (TAPES) 

questionnaire was completed by amputees to assess various aspects of having an artificial 

limb including psychosocial adjustment issues, activity restriction and prosthesis 

satisfaction [19]. The portion of TAPES regarding activity restriction was also completed by 

the control group.

For the gait data collection, 14 mm reflective markers were attached bilaterally to the 

participants using a standard lower extremity and trunk modeling protocol common for 

clinical gait assessment [20]. A static trial was performed for each subject to calibrate the 

marker set for that individual. A knee alignment device was placed on the knee in the static 

trial to assist in defining the frontal plane of the thigh segment. Subjects wore shoes during 

trials. For amputees, ankle markers on the prosthetic side were placed over the center of 

rotation of the prosthetic ankle joint and the markers on the prosthetic shank were placed to 

approximate the same location as the intact limb. All markers were placed by the same 

researcher to limit marker placement variability. Amputees wore their own personal socket 

and prosthesis during both static and dynamic trials. Three-dimensional motion data were 

captured with a ten-camera motion capture system (Vicon Motion Systems Ltd, Oxford, 
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UK) at 100 Hz and GRFs were measured using four force plates (Advanced Mechanical 

Technology, Inc. Watertown, USA) at 1000 Hz.

A pressure measurement system (Fig. 1) was developed to measure vacuum pressure inside 

the socket. The gauge has a scale ranging from 0 to 30 inHg with increments of 1 inHg (Item 

no. VG150-18PBM, Anver Corporation, Hudson, USA). The gauge has an accuracy of 0.75 

inches Hg, according to the manufacturer. One length of hose (Tygon R-3603, Saint Gobain 

Performance Plastics, Akron, USA) connects the gauge to a brass tee having three barbs. 

Stemming from one side of the tee is another length of hose leading to a one-way check 

valve. One side of the one-way valve was connected to the vacuum socket of the prosthetic 

limb via a hose which is part of the prosthetic limb. As a result, pressure in the socket was 

directly measurable. A hand-held vacuum pump (Model MV8500, MityVac Corporation, St. 

Louis, USA) was connected to the third barb of the brass tee for pulling elevated vacuum 

levels in the vacuum socket.

Vacuum levels of 0, 5, 10, 15, and 20 inHg were assigned in random order to unilateral TTA 

in a static standing position. Five trials with clean force plate strikes were collected for each 

limb at each vacuum level. Vacuum was monitored for every trial with the gauge attached to 

the prosthesis. If vacuum changed by more than 2 inHg from the target value, the pump was 

reconnected and vacuum was pulled to the target level before continuing with more trials. 

After each set of trials, amputees were questioned to assess the prosthesis comfort level 

based on a scale from 1–10, with 10 being the highest level of comfort. Walking speed for 

amputees was controlled to be within the range of 1.20 to 1.40 m/s with a target of 1.30 m/s, 

which was similar to the adult preferred walking speed published in the literature [21, 22]. 

This process was achieved by the instructions from a custom walking speed timing system 

described elsewhere [23]. Control subjects walked at their typical walking speed for five 

successful trials with each limb.

Data analysis

The variables of interest were temporal, kinematic and kinetic parameters. The temporal 

variables included speed, cadence, step length, step time, stance phase, single and double 

supports. Kinematic variables included the range of motion (RoM) between the hip and knee 

in three body planes and ankle in the sagittal plane. Additionally, the peak value of hip 

extension and ankle dorsiflexion during stance phase, and also peak value of knee flexion, 

ankle plantarflexion, hip abduction and external rotation during swing phase. Kinetic 

variables included the peak value of hip and knee adduction moments, and also GRF in the 

vertical and anteroposterior directions.

The experimental data were firstly processed using Vicon Nexus software (Vicon Motion 

Systems Ltd, Oxford, UK). Marker trajectories and analog data were filtered, prior to 

running plug-in gait model, with a cut-off frequency of 6 Hz and 300 Hz respectively. The 

model parameters for residual limb were considered to be the same as for the intact limb. 

The kinematic and kinetic data were filtered using a fourth order zerolag Butterworth filter 

with a cut-off frequency of 6 Hz. Then, Visual 3D software (C-Motion; Germantown, USA) 

was used to calculate the temporal variables and determine the peak value and RoM of 

kinematic and kinetic variables. All the variables were normalized to 101 points for each gait 
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cycle. Kinetic and GRF were finally normalized to body weight and mass of each subject, 

respectively. For the amputees, all the temporal, kinematic and kinetic quantities were 

averaged across trials for each amputee at each vacuum level, then averaged across amputees 

for both intact and residual limbs. For the control group, the variables were firstly averaged 

across five within-subject trials and then across subjects to obtain group-averaged data.

Statistical analysis

Statistics were performed using SPSS 20.0 (IBM Corporation, Armonk, USA). Descriptive 

statistics were calculated for sample and gait variables. Dunnett’s t-test was used to compare 

the limb effect (residual with control, intact with control) at each vacuum level with the 

control group. Two-factor (vacuum level and limb), repeated measures analysis of variance 

(RANOVA) was used to determine the effects of vacuum level and limb within the amputee 

group. If the assumption of sphericity was violated, the Greenhouse-Geisser correction was 

used. Post-hoc tests were performed using the Bonferroni adjustment to correct for multiple 

comparisons. A significance level of 0.05 was used for all statistical comparisons.

Results

Although the amputee group was older than the control group (P = 0.010), they were not 

significantly different in height, body mass and BMI. In terms of activity restriction, 

amputee group showed similar activity and functional abilities with control group as 

assessed by TAPES. The self-assessed comfort levels were statistically different by vacuum 

level (P = 0.001). Averaged comfort levels were 7.6, 8.3, 8.9 and 8.6 at the 5, 10, 15, and 20 

inHg vacuum levels, respectively, and other than the 5 inHg were all significantly higher 

than the mean of 5.6 for no vacuum (0 inHg).

Temporal Parameters

The vacuum level had no statistically significant effect on temporal parameters, but a 

significant limb effect was found for the step length (P = 0.005), limb speed (P = 0.023), 

stance phase (P = 0.019) and single support (P = 0.008) (Table 1). Furthermore, the step time 

showed a significant limb by vacuum level interaction effect (P = 0.034), with the residual 

limb step time longer than intact limb for all vacuum levels except for 0 inHg.

In all five vacuum level conditions, amputees displayed a shorter single support for the 

residual limb and a longer step length for the intact limb when compared with the control 

group (Table 1). Additionally, the stance phase was longer (P = 0.037) for the intact limb at 

5 inHg than the controls. But the step time, cadence and double support were comparable 

among intact, residual and control limbs at all vacuum levels.

Gait Kinematics

A significant effect of vacuum level was found for the peak hip external rotation during 

swing phase (P = 0.023) (Table 2, Fig. 2). Post-hoc tests revealed that peak hip external 

rotation during swing phase was smaller for vacuum level at 10 inHg (= 0.020) and 15 inHg 

(P = 0.025) compared with no vacuum (0 inHg). In addition, the limb effect was significant 
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for ankle RoM (P = 0.021) and ankle plantarflexion during swing phase (P = 0.019) for 

amputees (Table 2, Fig. 2).

In all five vacuum level conditions, significant differences were found for hip sagittal and 

horizontal RoMs between the amputees (both intact and residual limbs) and controls. The 

residual limb also displayed a larger hip external rotation during swing phase, ankle 

dorsiflexion during stance phase and knee sagittal RoM, but a smaller knee horizontal RoM 

and ankle sagittal RoM when compared with controls (Table 2).

Gait Kinetics

The effect of vacuum level was significant for the peak external knee adduction moment 

(KAM) (P = 0.009), which was larger for vacuum level at 5 inHg (P = 0.005) and 20 inHg (P 
= 0.039) compared with no vacuum (Table 3). There were several statistically significant 

differences between the intact and residual limbs (Table 3, Fig. 3), including peak external 

hip adduction moment (HAM) (= 0.004), second peak vertical GRF (P = 0.007) and 

maximum propulsive GRF (P = 0.001). Additionally, first peak vertical GRF (P = 0.035), 

maximum braking (P = 0.020) and propulsive GRF (P = 0.019) were found to have 

significant limb by vacuum level interaction effect within the amputee group.

When compared with the controls, amputees showed a significantly smaller second vertical 

force and propulsive force on the residual limb at all vacuum levels (Table 3). No significant 

differences were found for the peak of first vertical GRF, braking force, external HAM and 

KAM between the controls and amputees (both intact and residual limbs) at any vacuum 

levels (Table 3).

Discussion

The purpose of this study was to investigate the effects of EVSS on gait parameters at 

different vacuum levels. Comfort in the EVSS generally increased with an elevated vacuum, 

indicating a preference for higher levels of vacuum, and notably the mean comfort value was 

greatest at 15 inHg. These findings support reported results that over 70% of amputees have 

self-preferred vacuum levels of 14 inHg or greater [17].

The limb effect was a significant factor for many temporal parameters, rather than different 

vacuum levels. This was confirmed by the longer step length, greater stance phase and 

shorter single support duration for the intact limb than residual limb. These results suggest 

that the amputees rely on intact limb to a greater extent than residual limb to move forward, 

which aligned well with previous research relative to amputee gait [5, 7, 24]. The intact limb 

showed a faster limb speed than residual limb, based on step length and step time, which had 

implications for kinetics and GRF. Amputees displayed shorter single support duration for 

the residual limb than controls, which suggests that amputee gait is less stable than able-

bodied gait.

Step time was found to have a significant interaction effect. The residual limb showed the 

same longer step time (about 0.015s) than the intact limb with vacuum (5–20 inHg), but 

similar step time was observed for both limbs without vacuum. These results indicated that 
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amputees spent a greater proportion of time on the residual limb compared to the intact limb 

at vacuum conditions [9], which was also in agreement with the significantly higher comfort 

levels with vacuum than without vacuum.

The effect of vacuum level significantly influenced peak hip external rotation during swing 

phase, and the value at 15 inHg was smaller than no vacuum and was most comparable to 

the control group. This finding agreed with the self-reported comfort level results and the 

typical daily vacuum level setting with a mean (SD) 16 (2) inHg [17]. Further analysis 

showed that the difference between without vacuum and 15 inHg was mainly due to the 

residual limb (4.3 and 8.5 degree, Table 2) and the change was nearly 20% since the average 

hip rotation RoM was 21.4 degree at 15 inHg for residual limb.

The peak hip extension in stance phase was about three degrees higher, on average, for the 

intact limb than the residual limb and controls. This at least partially contributes to greater 

step length observed for the intact limb. The peak knee flexion during swing phase in the 

residual limb trended toward smaller for higher vacuum level (Table 2, knee flexion swing), 

which was likely due to the effect of increased pistoning at lower vacuum levels [9, 16], 

where slightly more knee flexion would be required to produce the same amount of toe 

clearance during swing compared with higher vacuum levels. Additionally, the minimum 

difference of peak knee flexion between the intact and residual limbs was found at 15 inHg, 

which suggests that reduced pistoning in the socket may improve the gait symmetry [9].

Not surprisingly, the passive prosthetic foot did not generate plantarflexion at the end of the 

stance phase, while the intact limb did. This explains the findings that peak ankle 

plantarflexion and ankle RoM were significantly different between intact and residual limbs. 

The ankle kinematics have clinically significant asymmetry between limbs and lack of 

residual limb plantarflexion affects ipsilateral ankle joint power production and induces 

compensation mechanisms [5]. This may partly contribute to the significant difference of hip 

and knee RoMs of the residual limb when compared with controls. Somewhat surprisingly, 

hip and knee RoMs were comparable between intact and residual limbs for the amputees 

with EVSS at all the vacuum levels, which contrasts with previous reports that hip and knee 

sagittal RoMs were significantly different between limbs for unilateral TTA [7]. These 

results indicate that the EVSS has the ability to provide a well-fitting socket and partially 

compensates for asymmetry during gait.

The effect of vacuum level was significant for peak external KAM and a higher value was 

found at 20 inHg than with no vacuum. Additionally, peak external HAM and KAM tended 

to increase with increasing vacuum level from 10 inHg to 20 inHg for both the intact and 

residual limbs although there was not statistically different (Table 3). These findings suggest 

that it may not be recommended to use higher vacuum levels for the EVSS if a lower level of 

vacuum will suffice. Additional research is needed to confirm these results and verify that a 

higher adduction moment occurs with increased vacuum. An increase in adduction moment 

has been thought to increase the rate of OA progression, especially in the knee joint and 

should be avoided [6, 25, 26].
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Although vacuum level significantly contributes to the external KAM value, the vacuum 

level alone cannot completely mitigate the between-limb effect. In the current study, intact 

limb showed a 50% and 44% greater peak external HAM and KAM than the residual limb, 

respectively, which indicated probability of higher joint OA incidence in the intact limb than 

residual limb of amputees [2, 6, 25].

The residual limb had a diminished second peak of vertical GRF and peak propulsive GRF 

compared to intact limb. This is likely due to the lower limb speeds and the compliance of 

the prosthesis, including the displacement of the mechanical pump and decreased vertical 

deceleration of the residual limb. Additionally, lack of plantar flexors and limited energy 

storage capacity of the prosthesis also contributed to the smaller propulsive force peak for 

the residual limb, as was expected.

The peak braking and propulsive GRFs were significantly affected by the limb by vacuum 

level interaction effects, which generally increased for the residual limb and decreased for 

the intact limb with increasing vacuum. This result suggests that amputees had less 

dependence on intact limb at higher vacuum levels. Additionally, the largest differences 

between limbs happened at 0 inHg which implies more gait asymmetry. This, in addition to 

the adverse effects on comfort, make it inadvisable to operate the EVSS without vacuum.

Some limitations existed in the current study. The unilateral TTA group was older than the 

control group. Several studies showed that the gait characteristics changed with age, which 

was most explained by a reduced walking speed [27, 28]. Since walking speed was controlled 

across groups, age is unlikely to be a main contributor to the findings between amputee and 

control groups. The current gait model assumed the prosthetic limb had the same value as 

for the intact limb. However, prosthetic and intact limb mass differences exist, as well as 

disparities in the center of mass and moments of inertia, which may result in miscalculation 

of the hip and knee joint moment. Previous research suggested that mass differences have a 

greater effect on kinetics during swing phase than stance phase for amputees [29] and no 

significant difference between peak hip and knee moment calculation between direct 

measurement and cadaver-estimated anthropometry during prosthetic gait [30]. Since this 

study examined the peak external HAM and KAM in early stance, we believe that the model 

provides reasonable estimates of these values. Finally, all the pumps were mechanical which 

likely reduces the influence of pump effects, but it may also prevent the ability to generalize 

the findings to other pump types. Future studies focused on the combined effects of pump 

design and vacuum levels is needed to extend the current findings.

Conclusions

In summary, the gait characteristics of unilateral TTA using EVSS at multiple vacuum levels 

were studied. It was found that vacuum level had a significant effect on the comfort level, 

peak hip external rotation and maximum external KAM. Vacuum level by limb interaction 

effect was significant for maximum braking and propulsive ground reaction forces, which 

generally increased for the residual limb and decreased for the intact limb with increasing 

vacuum. These result indicate that amputees had less dependence on their intact limb at 

higher vacuum levels, which generally led to greater comfort. Additionally, the intact limb of 
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the amputee showed a greater burden than the residual limbs for many parameters including 

step length, stance phase, single support duration, peak ankle plantarflexion, ankle sagittal 

ROM, maximum external HAM, maximum propulsive and second vertical GRFs. Many of 

these differences could be thought of as compensation mechanisms, some of which resulted 

from the different speed among limbs and the lack of plantar flexors in the prosthesis.

While the current study does not reveal a specific ideal vacuum level for all gait variables, 

there are trade-offs associated with increasing the vacuum level. Higher vacuum levels, such 

as 15 and 20 inHg, have been shown to be more comfortable and provide some relief to the 

burden of the intact limb, but also increase the risk of OA due to a greater peak external 

HAM and KAM for the residual limb. Very low levels of vacuum should be avoided because 

they exacerbate gait asymmetry on GRFs. Therefore, several factors should be taken into 

account when recommending a vacuum level including limb comfort, patient preference and 

also gait characteristics. We suggest that a moderate vacuum level at 15 inHg is a good 

choice and should be considered in the design and fitting of EVSS for unilateral TTA.
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Highlights

1. Comfort level improved with increasing vacuum and provided relief to the 

intact limb

2. Vacuum effect was significant on peak hip external rotation and knee 

adduction moment

3. The intact limb showed an increased loading than residual limb due to gait 

asymmetry

4. Very low vacuum should be avoided because of the negative effects on gait 

symmetry

5. Vacuum level at 15 inHg is suggested for amputees with elevated vacuum 

suspension

Xu et al. Page 11

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Diagram of vacuum pressure measurement system
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Fig. 2. 
Lower limb joint kinematics by vacuum level and limb. (a) Hip flexion/extension (b) Hip 

adduction/abduction (c) Hip external/internal rotation (d) Knee flexion/extension (e) Knee 

varus/valgus (f) Ankle dorsiflexion/plantarflexion
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Fig. 3. 
Joint kinematics and GRF by vacuum level and limb. (a) External hip adduction/abduction 

moment (b) External Knee adduction/abduction moment (c) Vertical GRF (d) anterior/

posterior GRF
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