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Article

Introduction

Millions of Americans report to emergency departments for 
lower extremity injuries each year, many of which require a 
period of mechanical unloading and rehabilitation.15 Two 
negative consequences of unloading include skeletal mus-
cle atrophy and strength loss.1,4 Several options for mobility 
assistance are available to lower-limb injury patients during 
the recovery period.22 Axillary crutches (AC) are the most 
common form of device, although they have drawbacks 
regarding pain and upper extremity function.20 A medical 
kneeling scooter (MKS) can be used as an alternative, but is 
limited in the surfaces it can maneuver and requires some 
upper extremity contribution to steer the device.22 A new 
type of hands-free crutching device (HFC) is also available, 

and recent research suggests it closely simulates a regular 
gait while still mechanically unloading the lower leg mus-
culature.19 HFC use elevates muscle activation in the rectus 
femoris, vastus lateralis, and lateral gastrocnemius com-
pared with AC and MKS.7,8 Although not directly shown, 
these data may provide indirect evidence of the potential to 
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Abstract
Background: Ambulation devices may differ in their utility, muscle activation patterns, and how they affect regional blood 
flow. This study aimed to evaluate popliteal blood flow and vessel dimensions in response to ambulation with a hands-free 
crutch (HFC), axillary crutches (AC), a medical kneeling scooter (MKS), and regular walking in healthy adults.
Methods: HFC, AC, MKS, and regular walking were completed in a random order by 40 adults aged 18-45 years. 
Participants ambulated at a comfortable pace for 10 minutes with each device. At baseline and immediately following 
each trial, a trained operator used diagnostic ultrasonography to capture popliteal vein and artery dimensional and flow 
characteristics.
Results: Significant increases were observed from baseline (0.65 ± 0.23 cm) in venous diameter following walking (0.71 
± 0.21 cm, P = .012) and MKS (0.73 ± 0.21 cm, P = .003). Venous blood flow was also significantly different between 
conditions (P = .009) but was only greater following walking (124 ± 79 mL/min) compared to MKS (90 ± 64 mL/min, 
P = .021). No differences were observed in arterial dimensions between ambulation conditions. Significant increases 
were found in arterial blood flow from baseline (107 ± 69 mL/min) following walking (184 ± 97 mL/min, P < .001) and 
HFC (163 ± 86 mL/min, P < .001). Arterial blood flow following walking was greater than AC (132 ± 72 mL/min, P = 
.016) and MKS (128 ± 74 mL/min, P = .003).
Conclusion: We found an average decrease in venous time-averaged mean velocity between walking and use of the MKS, 
but no such decrease with either HFCs or use of ACs in this healthy experimental cohort.

Level of Evidence: Level III, diagnostic comparative study.

Keywords: neuromuscular disuse, flow-mediated dilation, acute hemodynamics

https://journals.sagepub.com/home/fao
mailto:kyle.hackney@ndsu.edu


2 Foot & Ankle Orthopaedics

mitigate atrophy and strength loss in specific muscle groups 
over the duration of an unloading period.

Alternatively, ambulation devices and unloading condi-
tions may also influence local blood flow.6,14,21,28 Venous 
thromboembolism, which may present as deep vein throm-
bosis (DVT), is a consequence of prolonged immobilization 
and is a concern for patients and clinicians. Incidence of 
DVT following foot and ankle surgery has been elusive to 
determine but may range from 0.22% up to 32%.24,26 
Associated factors are also difficult to predict and include 
(but are not limited to) inherited thrombophilia, postopera-
tive infection, prolonged surgical tourniquet time, immobil-
ity within 30 days, and absence of full weightbearing.11

A fixed knee angle has also previously been attributed to 
increased stasis and higher incidents (2.7%) of DVT in uni-
lateral lower limbs suspension (eg, spaceflight model of 
disuse).3 The influence of knee angle has also been exam-
ined in blood flow simulations with various mobility 
devices. For example, Ciufo et al5 showed reduced popliteal 
venous volumetric flow rates in healthy adults in the flexed 
knee position on an MKS (106 mL/min) compared to stand-
ing (227.8 mL/min). The authors concluded that the dura-
tion of scooter use and the flexed knee position may have an 
effect on the degree of stasis.6 However, this study was lim-
ited in that it did not account of the potential effects of skel-
etal muscle pump activity on venous flow during muscular 
contractions.11 Reb et al21 recently showed simulated mus-
cle pump activity (ie, plantar and dorsal flexion at 1 motion 
per second) increased all venous blood flow parameters and 
countered the negative effect of gravity and knee flexion. A 
limitation of both previous investigations was that blood 
flow characteristics could not be evaluated during a full 
ambulation simulation given current technologies (Doppler 
ultrasonography and probe) require minimal movement.2 
Given HFC simulates regular gait and requires weightbear-
ing through the gait cycle, we hypothesized this would 
enhance muscle pump activity and affect local blood flow 
and vessel dimensions.7,8 Thus, the aim of this research was 
to investigate blood flow and vessel dimensions at rest 
(baseline) and immediately following an ambulation simu-
lation involving regular walking, MKS, AC, and HFC.

Methods

Study Design

A randomized, within-subject, crossover experimental 
design was used to compare popliteal blood flow and vessel 
dimension effects between 4 different ambulation condi-
tions. The study consisted of 3 sessions: (1) informed con-
sent/fitting, (2) ambulation device practice, and (3) testing. 
Appropriate precautions were taken to minimize COVID-
19 exposure risk including screening, the use of masks 
when able, and sanitization of all contact surfaces. The 4 

different ambulation conditions were as follows: (1) walk-
ing, (2) medical kneeling scooter (MKS) (Elenker, Chino, 
CA), (3) hands-free crutch (HFC) (iWalkFree Inc, Long 
Beach, CA), and (4) axillary crutches (AC) (Personal Care 
Products, Larchmont, NY). Following the completion of 
written informed consent, participants were fit according to 
manufacturer instructions. Fitting for the HFC involved 
matching portions of the device to participants’ limb lengths 
and adjusting for varus and/or valgus present in partici-
pants’ normal gait. A picture of the HFC device is available 
elsewhere.16

Participants returned on a different day for a familiariza-
tion session to ensure competency in each ambulation con-
dition. In this session, the 3 ambulation conditions (not 
including regular walking) were continuously practiced on 
a similar course to the one utilized during data collection. 
The familiarization session ended when participants met the 
following criteria with all 3 devices: completion of 5 min-
utes of ambulation without stopping; able to navigate turns 
without losing balance; subject looks comfortable and 
expresses confidence in ambulation. No additional practice 
followed this session. The testing session occurred within 1 
week after the familiarization session. All participants com-
pleted testing within a single session.

Participants arrived at the laboratory the day of data col-
lection after refraining from exercise for 24 hours and caf-
feine for 12 hours. Ambulation condition order was 
randomized to mitigate any crossover effects of trial order. 
First, height and body mass (shoes removed) were recorded 
by researchers using a stadiometer (Seca 213; Chino, CA) 
and digital scale (Denver Instrument DA-150; Arvada, CO). 
Baseline ultrasonography measures (as described later) 
were then collected prior to the first condition. Following 
baseline ultrasonography measures, participants were pre-
pared for the first condition. Participants then completed a 
10-minute trial of the first ambulation condition around a 
30.5-m (100-ft) rectangular walkway. At the conclusion of 
the 10 minutes, participants ambulated directly back to the 
training table for immediate right lower limb (disuse leg) 
popliteal ultrasonography. A 5-minute rest period occurred 
between each trial. The procedures were repeated until all 4 
ambulation conditions were completed with respective 
ultrasonography.

Subjects

Persons aged 18-45 years were recruited via email listservs 
and word of mouth. After providing written informed con-
sent to engage in study protocols, participants completed a 
DVT screening questionnaire, a Physical Activity Readiness 
Questionnaire, and additional study-specific questions.12,27 
Exclusion criteria included cardiac condition, pregnancy, 
lower limb pain, recent injury, inability to self-ambulate 
unassisted, body mass over 124.7 kg (275 pounds), or 
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height outside the range of 152.4 to 193 cm (5 ft to 6 ft 4 
in.). The descriptive characteristics of the 40 participants 
are shown in Table 1. Sample size for the study was esti-
mated above previous studies on blood flow in ambulatory 
conditions.6,21 A retrospective power analysis for our main 
dependent effects of popliteal venous and arterial flow 
determined that the sample size of 40 participants was 
above 85% power at an alpha level of 0.05.

Ultrasonography

Baseline and post-mobility device popliteal hemodynamics 
were collected on the right lower limb (disuse limb) via 
duplex ultrasonography (Terason uSmart 3300, Terason, 
Burlington MA, USA) of the popliteal fossa while prone on 
a training table with the ankle propped to set the knee angle 
between 15 and 20 degrees of flexion.21 Vessels were 
imaged longitudinally with a 15L4 linear transducer. 
Doppler was superimposed over 2D imaging to measure 
velocity (cm/s). Utilizing software calipers, vessel diameter 
was measured at the widest portion of each still longitudinal 
image. Each ultrasonographic measure was collected in 
duplicate to ensure reliability.

All measurements were collected by an investigator 
trained in ultrasonographic techniques. Baseline reliability 
data are shown in Table 2. Cross-sectional area (cm2) was 
calculated as π*D2/4 under the assumption that vessel cross-
sections were circular.6 Venous and arterial flow (mL/min) 
were calculated by multiplying the product of time-aver-
aged mean velocity (TAMV) and cross-sectional area by  
60 s/min.6 The probe was posited with an angle of insonation 
no greater than 60 degrees. Ultrasonographic data collec-
tion times were measured using a stopwatch starting at the 

completion of the 10-minute trial and ending at the freezing 
of the final image. Average ultrasonography collection time 
(mean ± SD) was 90.8 ± 25.5 seconds postambulation.

Statistics

Statistical analyses were completed using SPSS version 
28.0 (IBM, Armonk, NY). The descriptive characteristics 
were presented as mean ± SD. Intraclass correlation coef-
ficients (type 6) were calculated between all duplicate base-
line ultrasonographic values to determine reliability.25 
Parametric analysis of variance (ANOVA) with repeated 
measures were used to determine hemodynamic differ-
ences. An alpha level of 0.05 was used for all analyses. 
When significance was identified, Sidak post hoc tests were 
used to evaluate differences between the 4 ambulation 
conditions.

Results

There were significant differences in venous dimensions 
between baseline and ambulation conditions (Table 3). 
There were significant differences in venous flow (F4,36 = 
3.5, P = .009) and TAMV (F4,36 = 3.0, P = .032). Post hoc 
analyses for venous flow are shown in Figure 1. There were 
no significant differences in arterial dimensions between 
baseline and any conditions (Table 4). However, there were 
significant differences in arterial flow (F4,35 = 10.7, P < 
.001) and time-averaged mean velocity (TAMV) (F4,35 = 
10.0, P < .001). Post hoc analyses for arterial flow are 
shown in Figure 2.

Discussion

The principal findings of this investigation revealed venous 
blood flow differences between ambulation conditions, 
which may have implications pertaining to the prevention 
of DVT. We found significant decrease in venous time-
averaged mean velocity between walking and use of the 
knee scooter.

DVT is a concern with prolonged knee flexion and  
is associated with decreased popliteal venous flow and  
stasis.11 Previous investigations highlight a negative effect 
of knee flexion on venous flow when standing still, but nei-
ther HFC nor MKS affected venous flow compared to base-
line in this study despite a flexed knee position.21 Venous 
dimensions are not influenced by knee flexion in other 
reports, perhaps because of lack of ambulation.6 However, 
in the current study, use of the MKS elicited a larger venous 
diameter than baseline and AC but lower venous flow than 
walking, supporting previous evidence that weightbearing 
with a straight knee stimulates venous flow more than 
weightbearing on a flexed knee.21 This combination of dila-
tion without comparable flow increase is likely indicative 

Table 1. Participant Characteristics.

Characteristic Mean ± SD

Age, y 24.3 ± 5.1
Height, cm 173.6 ± 7.7
Body mass, kg 77.7 ± 13.8
BMI 25.7 ± 3.6

Abbreviation: BMI, body mass index.

Table 2. Baseline Popliteal Blood Flow and Vessel Dimension 
Reliability.

Characteristic Venous ICC Arterial ICC

Diameter .983 .957
TAMV .863 .947
Flow .914 .934

Abbreviations: ICC, intraclass correlation coefficient (Cronbach’s alpha); 
TAMV, time-averaged mean velocity.
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of venous pooling. However, despite having a flexed knee, 
venous flow following HFC was not different than walking. 
The effect of knee flexion in HFC was likely mitigated by 
its unique ambulation similar to walking gait, given that 
muscular activity is a major determinant of popliteal venous 
flow, and previously mentioned evidence demonstrates ele-
vated surface electromyography when using HFC.7,19 The 
use of HFC may be a better option than MKS in populations 
requiring foot/ankle unloading where venous pooling is of 
concern, such as those at risk for DVT.

Participants experienced an increase in popliteal arterial 
flow from baseline following both walking and HFC, 
whereas MKS and AC likewise both resulted in a decrease 

in flow compared to walking. Acute popliteal arterial flow 
is a concern in many disuse conditions and can be reduced 
by up to 61% from 8 hours of constant sitting.14 We specu-
late that blood flow and vessel dimensions are influential in 
disuse outcomes via nutrient delivery and waste clearance, 
though the logistics of longitudinal blood flow research 
makes such data collection highly implausible.5,9,13,17,23

Several additional factors are at play when selecting an 
ambulatory aid. HFC has a much smaller base and is less 
stable than the 4-wheeled MKS, which may be relevant to 
high-risk DVT populations with poor balance.10,16 
Although this may be disadvantageous on a level, unob-
structed surface, the small base of the HFC allows for 
better maneuverability around corners and can be used to 
climb stairs. Maintaining independence is critical for this 
population, as low independence in daily life is associated 
with DVT onset.18 The hands-free nature of HFC allows 
for full upper body use while ambulating during daily 
tasks, whereas the MKS requires the user to be stationary. 
Clinicians must balance potential DVT risk advantages, 
balance concerns, and utility when recommending an 
ambulatory aid to patients.

Our investigation is not without limitations. Unlike 
actual injured patients, the population studied was 
healthy and passed a DVT risk screening.12 Rest time 
was standardized between all devices’ simulation, and a 
return to baseline was not verified by collecting heart 
rate data or conducting additional ultrasonography. 
However, given the conditions were randomized, the 
effect of ambulation condition order should be minimal. 
Although popliteal blood flow and vessel dimensions 
were directly measured using ultrasonography, data were 
collected immediately following each condition and may 
not represent live values during ambulation. Subjects 
were positioned prone with knee flexed to 15-20 degrees 
for ultrasonography, different from the unique position-
ing of each ambulatory condition. This study design 
decision was influenced by the popliteal strap of HFC 
that obstructed probe access during ultrasonographic 
measurement. Therefore, blood flow measures were 
standardized to the prone position for all devices imme-
diately following physical activity.

Table 3. Popliteal Vein Flow and Dimensions.

Characteristic
Baseline,

Mean ± SD
Walk,

Mean ± SD
HFC,

Mean ± SD
AC,

Mean ± SD
MKS,

Mean ± SD

Diameter (cm) 0.65 ± 0.23 0.71 ± 0.21a 0.70 ± 0.22 0.68 ± 0.20 0.73 ± 0.21ab

Cross-sectional area (cm2) 0.37 ± 0.23 0.43 ± 0.24a 0.42 ± 0.25 0.39 ± 0.21 0.45 ± 0.24ab

TAMV (cm/s) 4.54 ± 2.47 5.19 ± 3.07 4.55 ± 2.52 4.67 ± 2.94 3.80 ± 2.34c

Abbreviations: AC, axillary crutches; HFC, hands-free crutch; MKS, medical kneeling scooter; TAMV, time-averaged mean velocity.
aDifferent from baseline, P < .05.
bDifferent from AC, P < .05.
cDifferent from walk, P < .05.

Figure 1. Popliteal vein blood flow immediately following each 
ambulation condition.
All values shown as mean ± SD. Abbreviations: HFC, hands-free crutch; 
AC, axillary crutches; MKS, medical kneeling scooter. #Significant decline 
from walking P < .05.
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Conclusion

Unlike MKS and AC, HFC did not differ significantly from 
walking in any popliteal blood flow or vessel dimension 
measure. Ambulation conditions affect popliteal venous 
dimensions and blood flow. Popliteal arterial blood flow but 
not vessel dimensions are affected by ambulation condi-
tions. The negative effects of knee flexion on venous blood 
flow are mitigated by ambulation. Clinicians aiming to pre-
vent stasis may consider HFC as a promising ambulation 
device option during periods of unloading.
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