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Chronic effects of simultaneous electromyostimulation
and vibration on leg blood flow in spinal cord injury

H Menéndez1,2, C Ferrero1,2, J Martín-Hernández2, A Figueroa3, PJ Marín4 and AJ Herrero1,2

Study design: Randomized two-group parallel.
Objectives: The objective of this study was to analyze the adaptations on the popliteal artery (mean blood velocity (MBV), peak blood
velocity (PBV), arterial resting diameter (RD) and blood flow (BF)) induced by 12 weeks of simultaneous application of whole-body
vibration and electromyostimulation (WBV+ES) in patients with spinal cord injury (SCI). Secondarily, the musculoskeletal effects of this
therapy on the gastrocnemius muscle thickness (MT) and femoral neck bone mineral density (BMD) were analyzed.
Setting: Valladolid, Spain.
Methods: Seventeen SCI patients (American Spinal Injury Association (ASIA) A or B) were randomly assigned to the experimental
group (EG=9) or the control group (CG=8). Each subject was assessed in four different occasions: at baseline, after 6 weeks (Post-6)
and 12 weeks of the treatment (Post-12) and 8 weeks after the end of the treatment (Post-20). Subjects in the EG performed 30
10-min sessions of WBV+ES during 12 weeks.
Results: In the EG, RD increased compared with the baseline value at Post-6 (9.5%, Po0.01), Post-12 (19.0%, Po0.001) and Post-
20 (16.7%, Po0.001). Similarly, in the EG, BF increased compared with the baseline value and with CG only at Post-12 ((33.9%,
Po0.01) and (72.5%, Po0.05), respectively). Similarly, WBV+ES increased the MT of the gastrocnemius. BMD of both hips
remained invariable during the study. CG showed no change at any point.
Conclusions: WBV+ES improved popliteal artery BF, RD and MT after 12 weeks in SCI patients. This increase in RD remained above
baseline after 8 weeks. The combination of WBV and ES could be considered a promising alternative to reverse the musculoskeletal
atrophy and improve peripheral vascular properties in SCI patients.
Spinal Cord (2016) 54, 1169–1175; doi:10.1038/sc.2016.60; published online 3 May 2016

INTRODUCTION

Spinal cord injury (SCI) is one of the most devastating clinical
conditions, which can lead to loss of independence and currently has
limited potential for recovery.1 The SCI population has a 228% greater
mortality rate from cardiovascular diseases than the able-bodied
population.2,3 Not surprisingly, young people with chronic SCI
experience an accelerated development of cardiovascular diseases
due to premature arterial aging and loss of physical ability.2,4

Recent evidence suggests that peripheral arterial dysfunction may be
a relevant factor for the increased cardiovascular risk5 in this
population versus the traditional central cardiac mechanisms.6 Tradi-
tional cardiovascular risk factors (e.g., sex, age, diabetes, blood lipid
profile, elevated systolic blood pressure and smoking status7) do not
seem to be sufficient to explain the augmented cardiovascular risk in
SCI patients.8 In this sense, there are several structural and functional
adverse arterial adaptations after SCI that could deteriorate cardiovas-
cular health. For example, significant modifications have been
described in peripheral arteries below the level of the injury almost
immediately after SCI.9,10 A previous study reported a 30% reduction
in the common femoral artery diameter and blood flow after 6 weeks
of SCI.9 A 50% and 40% reductions in diameter and blood flow have
been observed, respectively, in the common femoral artery after

periods of physical inactivity longer than 6 weeks.5 In addition, this
early vascular dysfunction has been closely related to the decrease in
metabolic demand after SCI.11 The only study that related the
common femoral artery diameter with leg muscle volume found no
difference between chronic SCI (41 year) patients and healthy
subjects.12 Although absolute peak blood flow reactivity to thigh
muscle ischemia was reduced in SCI patients, adjustment of peak
blood flow for the reduced muscle volume eliminated the between-
group differences. Therefore, arterial dysfunction and muscle atrophy
are strongly associated in SCI patients.12

These peripheral adverse vascular adaptations appear to be respon-
sible for the development of pressure ulcers due to the significant
reduction in lower limb arterial blood flow.13 About 95% of SCI
patients will suffer from this secondary complication,14 which is one of
the leading causes of rehospitalization in SCI patients. In addition,
arterial dysfunction in SCI is considered a risk factor for developing
thromboembolism. Because of a 40–81% prevalence thromboembo-
lism is considered the third leading cause of death in these patients.15

It has been proposed that cardiovascular mortality associated with
chronic SCI is potentially preventable through exercise training.3

Electromyoestimulation (ES) and whole-body vibration (WBV) are
effective methods to stimulate paralyzed skeletal muscles of SCI
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patients. The effective implementation of ES for the prevention of
venous stasis and its related complications in patients with circulatory
disease16,17 has been widely studied. Similarly, an increment in the
femoral artery inflow through ES of the calf muscles18 has been
observed in this population. However, despite the relevance of
peripheral arterial dysfunction in SCI patients, the number of studies
examining arterial adaptations to ES training is very small. In this line,
ES training has shown positive vascular effects19,20 in SCI patients. In
these studies, SCI patients performed dynamic leg extensions against
different resistances evoked by ES. After 18 weeks of training, the
authors observed an improvement in muscle fatigue, flow-mediated
dilation and arterial range (expressed as maximum diameter−mini-
mum diameter). However, artery size and blood flow did not increase,
possibly because of the low-volume protocol used (8 min per week).
In contrast, 2 weeks of ES cycling training improved arterial diameter
and blood flow in SCI patients.21 These findings suggest that the
exercise mode combined with ES is important to evoke beneficial
arterial adaptations in SCI patients.
WBV produces a stretch-shortening action that activates muscle

spindles and triggers reflexive muscle contraction.22 To date, only
acute cardiovascular effects of WBV have been examined in SCI
patients. In the first study, 3–6 min of WBV elicited increases in
oxygen consumption in the gastrocnemius muscle, suggesting
increased perfusion.23 In the second study, the vibratory stimulus
applied to the feet produced increases in femoral artery blood
velocity.24 Our research group has previously demonstrated that the
simultaneous application of WBV and ES (WBV+ES) produced a
greater acute popliteal artery blood velocity response than the isolated
or consecutive application of both stimuli in healthy males25 and SCI
patients.26 However, to date, no study has analyzed the arterial
adaptations to this novel method. The purpose of this study was to
analyze the induced adaptations on the popliteal artery (mean blood
velocity (MBV), peak blood velocity (PBV), arterial resting diameter
(RD) and blood flow (BF)) in SCI patients after 12 weeks of WBV+ES.
In addition, the effects of WBV+ES on the gastrocnemius muscle

thickness (MT) and femoral neck bone mineral density (BMD) were
analyzed.

MATERIALS AND METHODS

Subjects
Seventeen patients (12 males and 5 females) volunteered to participate in the
study. All the patients had SCI and used wheelchair for their locomotion. All
the participants were classified according to the American Spinal Injury
Association (ASIA) as A or B level and was considered as the inclusion criteria.
Medications were recorded and only antispasticity drugs were allowed during
the study. The possibility that a participant started a different pharmacological
treatment during the study was considered as the exclusion criteria. Finally,
non-attending more than one therapy session was an exclusion criterion.
Table 1 summarizes the characteristics of the sample. All the subjects received
ten 2-h rehabilitation sessions per month, consisting of standing position
(or tilt position), passive movements, low-intensity resistance training or
electrotherapy, and physiotherapy treatment. WBV+ES was applied to the
patients before their rehabilitation routines. Each participant gave written
informed consent before testing. The study was conducted according to the
Declaration of Helsinki and was approved by the University Committee on
Human Research. We certify that all applicable institutional and governmental
regulations concerning the ethical use of human volunteers were followed
during the course of this research.

Experimental design
The effects of the simultaneous application of WBV and ES were analyzed in a
randomized two-group parallel design. Patients were randomly assigned to the

experimental group (EG= 9) or the control group (CG= 8). Each subject was
assessed in four different occasions: at baseline (B), after 6 weeks (Post-6), after
12 weeks (end of the treatment period, Post-12) and 8 weeks after the end of
the treatment period (Post-20). Patients in the EG performed 30 10-min
sessions of WBV+ES during 12 weeks.25

Procedures
When a patient came to the laboratory, s/he was seated in her/his own
wheelchair with the feet anchored with straps to the vibration platform (Galileo
Home, Galileo; Novotec, Nettetal, Germany). To facilitate the placement of the
feet, a wedge with an inclination of 20° was used to support the vibrating
platform (Figure 1). During all treatments, participants wore the same athletic
shoes to standardize the damping of the vibration by the footwear.27

The frequency of vibration was set at 10 Hz and the amplitude at 5 mm (peak
to peak). The vertical component of acceleration was measured by an
accelerometer (VT-6360, Hong Kong, China). The acceleration (peak) was
6.8 g. Feet were placed parallel to each other 38 cm apart (measured from the
midlines of the heels).
For the ES, a rectangular, biphasic and symmetric wave with a pulse width of

400 μs was applied (Compex 3; DJO Ibérica, Madrid, Spain). A continuous
8 Hz current was used during all the protocol, resulting in a pulsatile
stimulation of the calf. Three 2-mm-thick self-adhesive electrodes were used
on each leg: one electrode (10× 5 cm2) was placed about 2 cm below the
popliteal fold, and two electrodes (5× 5 cm2) were placed as close as possible to
the motor point of the gastrocnemius medialis (GM) and gastrocnemius
lateralis (GL), respectively (Figure 2). Current intensity was increased until the
patient’s motor threshold (mean achieved intensity: 49.5± 11.2 mA). This
intensity, reached in the first treatment session, was increased during each
subsequent session to avoid a muscle contraction intensity below the motor
threshold because of muscle fatigue caused by ES.28

Measurements
Vascular parameters. Each patient completed all testing sessions at the same
time of day to avoid variations in arterial function. When a subject arrived at
the laboratory, a resting period of 10 min was provided to normalize blood
flow. Popliteal artery was imaged in a longitudinal section with an ultrasound

Table 1 Descriptive characteristics of the study sample

Gender Age (years) Height (m) Mass (kg) Years

after

injury

Level of

lesion

ASIA

score

1 M 63 1.68 69.4 29 T9 A

2 M 38 1.92 88.8 13 C7 A

3 M 33 1.80 70.3 4 C6 A

4 M 31 1.76 74.3 9 C7 A

5 M 36 1.74 50.2 17 C7 B

6 M 50 1.85 95.9 4 L1 B

7 M 59 1.70 73.8 20 T2 A

8 M 42 1.77 80.0 24 C7 B

9 M 43 1.74 110.0 8 C7 A

10 M 62 1.75 71.0 6 T12 A

11 M 49 1.72 63.1 7 T6 A

12 M 65 1.70 78.0 5 C4 B

13 F 49 1.64 54.6 12 T7 A

14 F 66 1.56 61.2 8 T3 A

15 F 57 1.60 62.4 12 L1 A

16 F 38 1.58 48.0 27 T4 B

17 F 68 1.62 75.2 22 T4 A

Mean 49.9 1.72 72.1 13.3

S.d. 12.5 0.10 15.9 8.3

Abbreviations: ASIA, American Spinal Injury Association; F, female; M, male.
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system (MyLab 25, Esaote Biomedica, Genoa, Italy) using a pulsed color
Doppler with a linear array transducer (LA 523, 7.5–12 MHz; length, 50 mm;
Esaote Biomedica) placed in the right popliteal fossa. The participant was seated
in the wheelchair with a 90º of knee flexion during vascular measurements. The
probe was positioned to maintain an insonation angle ⩽ 60°. Each 4 s
ultrasound image was recorded by pulsed wave Doppler. These waves were
analyzed (MyLabDesk 8.0, Esaote Biomedica) to obtain MBV and PBV. Arterial
RD was measured as a perpendicular line from the intima–lumen interface of
the near to the far wall. Five images were recorded for each measurement. The
highest and the smallest values were excluded, and the mean of the three
remaining values was used for further analysis. Images were then analyzed using
specialized software (MyLabDesk; Esaote Biomedica). Popliteal artery blood

flow was calculated as MBV×Π(RD/2)2 × 60. The laboratory personnel were
blinded to the randomization. The person who registered and analyzed all the
measurements was not the same person who carried out the treatment
application. Moreover, an ID number was assigned to each participant during
the registration to avoid the identification of the subject during the analysis of
the variables studied.

Muscle thickness. MT of GM and GL was assessed using a real-time B-mode
ultrasonography linear array ultrasound probe (LA 523, 7.5–12 MHz; length,
50 mm; Esaote). Sagittal plane ultrasound images were obtained at the proximal
third between the lateral epicondyle of the femur and the lateral malleolus of
the fibula. This distance was measured with the patients lying on an
examination bed with their knees fully extended. This site was marked on
the skin to ensure the repeatability of the measurement. Subjects were asked to
remark this reference everyday during the study period. MT was measured as
the distance between superficial and deep aponeurosis. Five images were
recorded for each measurement. The highest and the smallest values were
excluded and the mean of the three remaining values was used for further
analysis. Images were then analyzed using specialized software (MyLabDesk;
Esaote Biomedica).

Bone mineral density. The femoral neck BMD was measured using the
Norland XR-46 dual energy X-ray absorptiometry (Norland Coopersurgical
Corp, WI, USA). Subjects were supine with the foot braced and strapped to a
plastic triangular frame, ensuring a hip fixed internal rotation of 60°. BMD was
calculated from bone mineral content (g) and bone area (cm2) and expressed as
g cm−2. BMD was assessed at baseline and Post-12.

Data analyses
The normality of the dependent variables was checked and subsequently
confirmed using the Shapiro–Wilk test. A two-way repeated-measures analysis
of variance in group and time was applied. When a significant F-value was
achieved, pairwise comparisons were performed using the Bonferroni post hoc
procedure. Effect size statistic, η2, was provided to determine the magnitude of
the effect independently of the sample size. Pearson's correlation coefficient
between MT and RD was calculated. Statistical significance was set at P⩽ 0.05.
Values were expressed as mean± s.d.

RESULTS

Vascular parameters
Resting MBV, PBV, diameter and BF were not different between EG
and CG. MBV and PBV (P= 0.152; η2= 0.117 and P= 0.652;
η2= 0.035, respectively) remained constant along the different time
points in both groups (Table 2).
On the contrary, a time× group effect was observed in RD

(Po0.001; η2= 0.453). In the EG, the RD increased compared
with baseline value (Figure 3) at Post-6 (9.5%, Po0.01), Post-12
(19.0%, Po0.001) and Post-20 (16.7%, Po0.001). No differences
between groups were found.
A time× group effect was observed in BF (Po0.05; η2= 0.202). In

the EG, the BF increased compared with the baseline value (Figure 4)
at Post-12 (33.9%, Po0.01). The improved BF after WBV+ES was
significant compared with the CG. BF returned to baseline following
8 weeks of detraining.

Muscle thickness
In the left leg (Table 3), a time× group effect was observed in GL
(Po0.05; η2= 0.182) and GM (Po0.05; η2= 0.231). In the EG, MT of
the GL increased from baseline to Post-6 (13.5%, Po0.001) and to
Post-12 (22.1%, Po0.01). Similarly, MT of the MG increased from
baseline to Post-6 (5.8%, Po0.01) and to Post-12 (8.0%, Po0.05). In
the right leg (Table 3), a time× group effect was observed in GL
(Po0.001; η2= 0.395) and GM (Po0.001; η2= 0.302). In the EG, MT
of the GL increased from baseline to Post-6 (17.5%, Po0.001) and to

Figure 1 Simultaneous application of WBV+ES.

Figure 2 Electromyostimulation electrodes placement.
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Post-12 (18.4%, Po0.001). Similarly, MT of the GM increased
from baseline to Post-6 (13.2%, Po0.001) and to Post-12
(17.1%, Po0.001). The increases in LGL (Post-6), LGM (Post-6

and Post-12), RGL (Post-12) and RGM (Post-6) MT following WBV
+ES were different compared with the CG. These adaptations were not
maintained after the detraining period. Correlations between right
gastrocnemius MT and blood flow, as well as right popliteal artery RD,
are presented in Table 4.

Bone mineral density
The right and left femoral neck BMD remained invariable during the
study (P= 0.176; η2= 0.101 and P= 0.555; η2= 0.024, respectively).
For the EG, the right and left (respectively) femoral neck BMD
showed no differences between baseline (0.6098± 0.1795 and
0.6506± 0.2035 g cm−2) and Post-12 (0.6078± 0.1780 and
0.6584± 0.2011 g cm−2). Similarly, for the CG, the right and left
(respectivelly) femoral neck showed no differences between baseline
(0.5579± 0.1185 and 0.5401± 0.1118 g cm−2) and Post-12
(0.6026± 0.1135 and 0.5682± 0.1038 g cm−2).

Table 2 Blood velocity values (expressed in cm s−1) of both groups in

the four measurements (mean± s.d.)

EG CG

MBV PBV MBV PBV

Baseline 23.7±4.3 43.1±7.7 21.0±5.9 42.6±14.7

Post-6 23.9±6.7 44.0±10.2 21.6±4.6 44.0±13.2

Post-12 22.7±4.2 40.8±8.1 18.6±6.3 39.2±14.3

Post-20 18.2±4.6 33.9±8.7 21.0±2.8 38.8±7.1

Abbreviations: CG, control group; EG, experimental group; MBV, mean blood velocity; PBV, peak
blood velocity; Post-6 and -12, after 6 and 12 weeks of the treatment; Post-20, 8 weeks after
the end of the treatment.

Figure 3 Time-course changes on arterial resting diameter in the four assessments. ** and *** different from baseline at Po0.01 and 0.001, respectively.

Figure 4 Time-course changes on arterial blood flow in the four assessments. **Different from baseline at Po0.01. aDifferent from CG at Po0.05.
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DISCUSSION

This is the first study that has evaluated the chronic application of
WBV+ES. Moreover, this is the first time in which SCI patients carried
out a training program based on this new therapy. The major finding
of this study was that 12 weeks of simultaneous application of WBV
+ES enhanced resting BF of the popliteal artery (33.9%) via an
increment in the RD (19.0%). This increment of the arterial lumen
continued above the baseline value after 8 weeks with no intervention.
Despite not being the main outcome of the study, the simultaneous
application of both stimuli (WBV+ES) produced an increment in the
gastrocnemius MT. However, BMD of both hips remained invariable
during the study.
Popliteal artery RD was increased after 6 (9.5%) and 12 (19%)

weeks of WBV+ES in SCI patients. In previous studies that examined
the chronic effects of high-frequency ES combined with resistance
training on vascular properties. The authors reported no influence of
electrically stimulated resistance training on femoral artery diameter or
blood flow in SCI patients after 18 weeks.19,20 In both studies, ES
(30 Hz; 450 μs; 5 s ON; 5 s OFF) was applied to perform four sets of
10 dynamic leg extensions during 36 sessions (2 sessions per week).
Although these studies applied a tetanic current, a low continuous
frequency was used in the present study. It has been documented that
these ES currents induce light muscle contractions responsible for a
muscle pump effect and therefore evoke acute increases in local
muscle blood flow.29 In contrast, tetanic currents with on and off
times may lead to partial muscle ischemia and limit the ability to
increase blood flow. Accordingly, evoking tetanic contractions could
be a limiting factor for structural and functional arterial adaptations
following ES-induced exercise training in SCI patients. The reason
why we have observed vascular adaptations with respect to these
studies could be related with the applied current and its combination
with WBV.
Very little is known about the long-term effects of WBV application

in the vascular system. To date, no study regarding vascular adapta-
tions after chronic WBV in SCI patients has been carried out. WBV

seems to be responsible for the vascular benefits observed with
resistive exercise in healthy subjects confined voluntarily to prolonged
bed rest.30 WBV exercise (20–26 Hz) was applied three times per week
for 5–7 min per session during 60 days. This protocol attenuated the
reduction in diameter of the superficial femoral artery compared with
the conventional resistance training and control groups. The vibration
stimulus seems to stimulate nitric oxide production and BF in
response to increased shear stress,30,31 a fundamental mechanism for
the prevention of arterial diameter reduction.32 However, Weber
et al.33 observed a small increase in the superficial femoral artery RD
after 6 weeks of high-intensity resistance training with or without
WBV in young healthy men. The ineffectiveness of the superimposed
WBV may be explained by a short-term training period and/or lack of
skeletal muscle and arterial abnormalities in young men. It is possible
that the efficacy of WBV training on arterial function can be apparent
in individuals with some degree of dysfunction, as WBV is considered
a low-intensity resistance exercise modality.34 Therefore, our study has
shown increments in popliteal artery RD and BF after simultaneous
therapy with WBV+ES in SCI patients. In previous studies, acute
WBV+ES proved to be more effective for increasing popliteal artery
MBV and PBV than the isolated application of both treatments in SCI
patients26 and healthy young men.25 The hypothetical additional effect
of WBV+ES may be due to (i) the recruitment of deeper muscle areas
when both stimulus are concomitantly applied and (ii) the larger
production of muscle vasodilatory metabolites and endothelial-NO.
The MT of GL and GM of both legs was increased in the EG within

the first 6 weeks of the study (Post-6) and to a greater extent in the
second half of the treatment period (Post-12). These results are in
concordance with previous studies35,36 that have shown an increase in
muscle size after 8–12 weeks of ES resistance training in SCI patients.
Mahoney et al.36 used a ‘classical’ ES resistance training (previously
described) two times a week during 12 weeks and observed an
increment in the quadriceps femoris cross-sectional area between 35
and 39%. Surprisingly, the simultaneous application of WBV+ES
increased MT by 22.1% in the GL in the present study. It should be
noted that the remaining muscles analyzed also had a relevant growth.
Low-frequency currents have been usually applied as a postexercise
recovery modality.29 In this sense, a systematic review concluded that
low-frequency ES increases oxidative enzyme activity, although the
results concerning changes in muscle fiber composition and muscle
size were conflicting.37 However, in a recent case report,38 an ES
training protocol consisting of 45 min sessions, 5 days per week for
6 weeks (1350 min total), increases vastus lateralis MT by 3% in
healthy men. In this line, we observed an increment of 17.5% in the
GL MT at Post-6 with only 150 min of total WBV+ES training. Little
is known regarding the neuromuscular and cardiovascular adaptations

Table 3 MT values (expressed in cm) of both groups in the four measurements (mean± s.d.)

EG CG

LGL LGM RGL RGM LGL LGM RGL RGM

Baseline 1.04±0.25 1.38±0.15 1.03±0.23 1.29±0.23 1.00±0.32 1.32±0.20 1.01±0.22 1.29±0.23

Post-6 1.18±0.23a,*** 1.46±0.13a,** 1.21±0.18*** 1.46±0.19a,*** 0.99±0.24 1.30±0.16 1.02±0.24 1.28±0.26

Post-12 1.27±0.19** 1.49±0.16a,* 1.22±0.24a,*** 1.51±0.23*** 1.04±0.24 1.26±0.20 1.01±0.24 1.25±0.27

Post-20 1.13±0.19 1.38±0.14 1.10±0.21* 1.38±0.26 1.03±0.21 1.26±0.18 1.03±0.22 1.22±0.28

Abbreviations: CG, control group; EG, experimental group; LGL, left gastrocnemius lateralis; LGM, left gastrocnemius medialis; Post-6 and -12, after 6 and 12 weeks of the treatment; Post-20,
8 weeks after the end of the treatment; RGL, right gastrocnemius lateralis; RGM, right gastrocnemius medialis.
*, **, ***Different from baseline at Po0.05, 0.01 and 0.001, respectively.
aDifferent from CG at Po0.05.

Table 4 Correlations between right gastrocnemius muscle thickness

and blood flow/resting diameter in the four measurements

BF/RGL BF/RGM RD/RGL RD/RGM

Baseline 0.835*** 0.841*** 0.682** 0.854***

Post-6 0.777*** 0.834*** 0.631*** 0.820***

Post-12 0.873*** 0.860*** 0.840*** 0.915***

Post-20 0.791*** 0.820*** 0.748*** 0.952***

Abbreviations: BF, blood flow; Post-6 and -12, after 6 and 12 weeks of the treatment; Post-20,
8 weeks after the end of the treatment; RD, resting diameter; RGL, right gastrocnemius
lateralis; RGM, right gastrocnemius medialis.
**,***Statistically significant Po0.01 and 0.001, respectively.
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produced by this kind of stimulus, and more research is needed on
this topic in individuals with disabilities.
On the other hand, WBV has been proposed as a potential method

to induce benefits in the musculoskeletal function. Few studies have
shown a positive muscular effect by increasing cross-sectional area in
postmenopausal women39 or by reducing atrophy induced by
prolonged bed rest.40 However, these studies involved active voluntary
exercise such as squats during WBV. In this sense, the only study that
analyzed the chronic application of passive standing on a WBV
platform showed no improvements in calf muscles cross-sectional
area.41 Seven SCI adult men (ASIA A or B) completed 40 weeks of
passive standing with knees flexed at 160° for 45 min per session with
WVB at 45 Hz. Although the WBV was prescribed at a higher intensity
and longer periods of acute and chronic exposure than the present
study, the intervention did not provide sufficient stimulus to promote
muscle hypertrophy in SCI patients. Of clinical interest, our WBV+ES
demonstrated relevant results in MT with smaller load training than
the previous studies. Therefore, WBV+ES may have greater efficacy
than the ‘isolated interventions’. It would be interesting to answer this
question in the future through a study that carries out a simultaneous
isolated comparison in a chronic application. This is a limitation of
this study; however, it was not possible to include more groups
because of the limited sample available. On the basis of the results of
this study, it is not possible to establish what percentage of benefit is
due to each treatment. In a previous study,26 this combination
induced a higher acute response in popliteal artery blood flood than
any isolated treatment. We hypothesized that the chronic effects of
applying both treatments concomitantly would be higher than each
one alone, resulting in a further impact in the patient's vascular health.
The effect of ES application on BMD has been mainly studied in

age- or disuse-induced bone loss in older women and SCI patients.
One year of whole-body low-intensity dynamic exercises with ES in
older women caused a borderline (P= 0.051) increase in lumbar spine
BMD but not in hip BMD.42 Moreover, the potential benefit of ES for
the treatment of osteoporosis resulting from neurological damage is
controversial.43 In this new study with recent SCI patients (8 weeks
from injury), authors used a high-frequency pattern (30 Hz, 200 μs) to
elicit quadriceps isometric muscle contractions during 5 days a week
for 14 weeks. One 47-min session consisted of 10 sets of ES-induced
exercise with a 60 s rest between sets. At the end of the study, no effect
was observed on hip BMD. Similarly, in our study, no effect in femoral
neck BMD was observed after 12 weeks of WBV+ES. First, the
location of the scan must be considered, as BMD increments seem to
be conditioned to the bone area under mechanical stress.44 Second,
the intensity of the muscle contraction and the osteogenic effects are
closely related.45 Therefore, the use of a low-frequency current on the
gastrocnemius muscle was insufficient to increase femoral neck BMD
in our SCI patients.
Finally, WBV therapy has demonstrated a positive effect on bone

remodeling in different special populations such as postmenopausal
women.46 WBV as a form of resistance training is believed to regulate
bone maintenance and stimulate bone formation as shown by
increased hip BMD after 6 months.47 Despite the characteristic loss
of bone mass observed in SCI patients, to date, this aspect has not
been widely studied. In a case study with an incomplete SCI patient
(4 years from injury), three progressive phases of 10 weeks were
applied (standing only, partial standing and combined stand with
vibration).48 After 20 min of partial standing, the patient was seated in
her own wheelchair with her feet on the platform (similar to our
study). The participant was asked to perform three isometric exercises
during the vibration set (30–50 Hz). In the last phase, the WBV was

applied with the subject standing on the platform. This was the only
phase that recorded significant positive changes in BMD at the trunk
and spine. With respect to the present study, the position of the
participant on the platform created a greater mechanical load.48 This is
pivotal in the design of specific bone-preservation treatments and
could be the main explanation for the absence of BMD effects in
our study.
In conclusion, the simultaneous application of WBV+ES produced

an increase in popliteal artery BF after 12 weeks in SCI patients. This
novel therapeutic method resulted in increased popliteal artery RD
after the end of the treatment period. Moreover, this increase
remained above baseline after 8 weeks of detraining. The gastro-
cnemius MT was also increased at Post-12, showing a promising
efficiency in SCI patients. These findings could be of great clinical
interest to reverse the musculoskeletal deterioration and peripheral
arterial dysfunction in SCI patients. These aspects are essential to
improve the quality of life and cardiovascular risk in SCI patients.
However, this therapy requires further investigation to explore the
mechanisms involved in these beneficial adaptations.
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