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                         ORIGINAL ARTICLE     

 Physiological effects of combined thermal and electrical muscle 
stimulation (cTEMS) in healthy individuals: A pilot study      

    ESPEN     ROSTRUP  1,3  ,       MONIKA H. E.     CHRISTENSEN  2,3  ,       REINHARD     SEIFERT  1   
 &        JAN E.     NORDREHAUG  1,3    

  1  Department of Heart Disease, Haukeland University Hospital, Bergen,   2  Hormone Laboratory, Haukeland University 
Hospital, Bergen, and   3  Institute of Medicine, Faculty of Medicine and Dentistry, University of Bergen, Bergen, Norway                              

 Abstract 
  Objective.  Adding superfi cial heat to electrical muscle stimulation may provide added effects. In this pilot study we inves-
tigated the effects on oxygen consumption of combined thermal and electrical muscle stimulation at different levels of heat 
and modes of electrical stimulation.  Design.  An observational clinical pilot study.  Subjects.  A total of 14 healthy persons 
aged 30 – 70 years.  Methods.  Subjects were randomly assigned to stimulation with different electrical pulse types in random 
order. At 38.2 ° C and 40.7 ° C heat intensity we measured peak oxygen uptake, capillary lactate, catecholamines, growth 
hormone and hemodynamics at 20% of the maximum output (194 mA) and at each individual ’ s maximal stimulation 
intensity.  Results.  Multivariate analyses showed that electrical stimulation signifi cantly increased peak oxygen uptake and 
the levels of lactate, catecholamine and growth hormone. Increasing the heat during electrical stimulation gave additional 
hemodynamic response and rise in growth hormone. We observed a dose-response relationship in peak oxygen uptake for 
increase in stimulation intensity. The highest oxygen uptake was observed with biphasic continuous stimulation at 7 Hz 
( p   �    0.001).  Conclusions.  Biphasic low frequency electrical muscle stimulation elicited the highest oxygen uptake; higher 
stimulation intensity was not obtained by adding heat.  

  Key Words:   Electric stimulation therapy  ,   skeletal muscle  ,   exercise  ,   growth hormone  ,   oxygen consumption  ,   catecholamines  ,  
 hot temperature   

  Introduction 

 Increased aerobic fi tness reduces cardiovascular dis-
ease risk [1]. Different methods of electrical muscle 
stimulation (EMS) can mimic traditional physical 
activity and improve aerobic fi tness [2] and increas-
ing evidence has shown also that the EMS of unloaded 
muscles could mimic the effects of regular exercise 
training and thus could serve as a substitute. In 
healthy individuals, EMS has been shown to increase 
cardiorespiratory fi tness as assessed by maximum 
oxygen uptake (VO 2 max ) [3 – 5] and increase muscle 
strength [3,6], but it can also have clinical applica-
tion [7]. The effects of EMS may be improved by 
various combinations of stimulation modes, however 
there is no general agreement as to which mode of 
electrical stimulation should be used [8]. 

 Acute hormonal response to exercise training 
is important for skeletal muscle remodeling and 

long-term adaptation, and it leads to increased mus-
cle strength and muscular hypertrophy [9]. Growth 
hormone (GH) is a potent anabolic hormone that 
stimulates protein synthesis in skeletal muscle [10], 
and EMS seems to stimulate GH release more than 
voluntary exercise [11]. Catecholamines are also 
known to increase during exercise training [12,13] 
and plasma catecholamine concentration seems to be 
related to the intensity of exercise; expressed as the 
percentage of VO 2 max  [14]. 

 Superfi cial heat application is known to reduce 
muscular pain [15,16] and moderate heat expo-
sure increases muscle blood fl ow and tissue circu-
lation [17,18]. Heat is widely used in various 
muscular conditions, but it has not been tested 
whether it can increase tolerance to electrical stim-
ulation or recruit more muscle fi bers as an adju-
vant to EMS. 
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 In this pilot study, we wanted to test the hypoth-
esis that combined thermal and electrical muscle 
stimulation (cTEMS) was better than EMS alone to 
elicit physiological responses similar to exercise train-
ing. Further, we explored the effect on oxygen con-
sumption of different electrical muscle stimulation 
protocols, using different electrical pulse types, vari-
able intensity of heat and electric current.   

 Methods  

 Subjects 

 Healthy individuals were recruited from the fi rst 
responders to an invitation sent by e-mail to all 
10,000 employees at the Haukeland University Hos-
pital in Bergen, Norway. Subjects were eligible if they 
were between the ages of 30 and 70, able to perform 
exercise testing and their clinical examination was 
normal. Exclusion criteria included extensive derma-
tological disease, pacemaker or implanted defi brilla-
tor, regular medication, known pulmonary or heart 
disease, other major disease or pregnancy. A total of 
16 healthy volunteers (8 males, 8 females) were 
recruited. Among these volunteers, 14 subjects com-
pleted all examinations and stimulation sessions and 
were included in the data analysis. Non of the 
recruited subjects were competitive athletes. Two 
female subjects withdrew their consent of reasons 
not related to the study or the methods used.    

 The pilot study was approved by the Regional 
Committee for Medical and Health Research Ethics 
(Western Norway Ref: 263.08) and conformed to the 
Declaration of Helsinki. All subjects gave written, 
informed consent.       

Experimental setup 

 All examinations and experiments were performed in 
a designated research laboratory in the Haukeland 
University Hospital, Bergen, Norway. 

 Prior to the baseline examination, all subjects 
underwent two sessions of adaptation to cTEMS. 
Furthermore, prior to all study visits, individuals 
included in the study underwent 2 h of fasting but 
were allowed to drink water. In the 24 h before the 
study visits, the volunteers were asked to refrain from 
exercise training and the consumption of pineapples, 
plums, avocados and walnuts. At the baseline visit, 
all resting parameters were measured, and the resting 
blood samples collected after 30 min of supine rest.    

Combined thermal and electrical muscle stimulation 

 In this pilot study, we used the combination of 
applied heat (generated by electrical heating ele-
ments) and EMS. Ten silicone electrodes were con-
nected to a stationary stimulator (TEI System, 
R Ö S ’ S Est é tica S. L., Barcelona Spain). 

 The electrodes were incorporated into strips that 
generate heat and stimulation currents. Each elec-
trode band included an electrical heating element for 
thermal stimulation and two electrodes for the appli-
cation of electrical current for EMS. Two different 
sets of electrodes were applied: three large electrodes 
(24 cm  �  26 cm; max heating power 25 W) and seven 
small ones (24 cm  �  17 cm; max heating power 15 W). 
The electrodes were attached to the prespecifi ed 
muscle groups (quadriceps, hamstrings, glutei mus-
cles, oblique ’ s, rectus abdominis and lower lumbar 
muscles) using elastic bands with Velcro, and optimal 
skin adhesion was obtained using a standard ultra-
sound gel.    

Stimulation protocol 

 After the baseline visit, all subjects were randomly 
allocated to undergo stimulation with fi ve different 
cTEMS pulse types at low- (45 W) and high-
intensity heat (90 W). In tests prior to the study, 
we measured the temperature between the elec-
trode and the skin (mean temperature over 30 
min) to be 38.2 and 40.7 ° C at low- and high-
intensity heat, respectively. We did not measure 
body temperature. 

 A total of 10 electrical pulse types that varied 
in pol a rity (biphasic/monophasic), frequency (2.5 –
 100 Hz), pulse width (150 – 500 ms) and output 
mode (continuous/burst) were tested (Table I). 

 At each stimulation visit, the participants 
received the designated electrical pulse type and 
heat intensity starting at 20% of the stimulator ’ s 
maximal electrical stimulation capacity (194 mA). 
Blood samples were drawn, and the clinical and gas 
exchange variables were registered after the heart 
rate (HR) reached a steady state (minimum 10 
min). Then, while keeping the heat intensity 
unchanged, the electrical stimulation intensity was 
increased to an individual maximum, while main-
taining it below the threshold of discomfort. After 
the HR reached a steady state, all of the parameters 
were measured, and the blood samples were col-
lected. Fever and illness was considered a contrain-
dication to cTEMS.    

Respiratory gas analysis 

 The ventilatory gas exchange was determined every 
10 sec during the cTEMS sessions using a breath-
to-breath analyzer (Schiller Cardiovit ErgoSpiro 
CS200/PowerCube, Ganshorn) with a facemask. The 
highest oxygen consumption during a steady state in 
the HR for each stimulation intensity was deter-
mined, and the mean during the 30 sec around the 
peak value was calculated, which represented the 
highest sustainable oxygen uptake (VO 2 ) for each 
temperature and stimulation intensity.    
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Hemodynamic measurements 

 The hemodynamic measurements were derived from 
continuous non-invasive fi nger arterial pressure mea-
surement, using a device designed for this purpose 
[19] (Nexfi n HD, BMEYE - Cardiovascular Moni-
toring, Dallas, Texas). We did not apply cTEMS 
heating elements on the arms or near the fi nger cuffs 
used for the pressure monitoring. The cardiac out-
put, stroke volume and system vascular resistance 
were assessed and indexed in relation to the body 
surface area. 

 The HR was observed continuously with ECG 
monitoring (Schiller Cardiovit CS-200 Ergo-Spiro) 
and registered at rest and at maximum exercise 
capacity during exercise testing and after 5 min of 
steady state at each cTEMS pulse type stimulation. 
Blood pressure was monitored according to the 
standard protocol during exercise testing. During 
cTEMS, blood pressure was registered after 5 min 
of a steady state in the HR at each cTEMS pulse-
type stimulation using a Schiller BP-200 plus blood 
pressure monitor.    

Exercise testing 

 The maximum exercise capacity was evaluated 
by ergospirometry during a standard treadmill test, 
using a modifi ed Bruce Protocol. The ventilatory gas 
exchange was measured with a Schiller ergospirom-
eter by the breath-to-breath technique (Schiller 
Cardiovit CS-200 Ergo-Spiro). Before the baseline 
examination, all subjects underwent one session of 
adaptation to the exercise test. 

 The VO 2 max  was considered reached when all of 
the following accepted criteria were met; the maximal 
HR measured at exhaustion was greater than 90% 
of the age-predicted maximal HR, the respiratory 

exchange rate measured at exhaustion was greater 
than 1.1, and the subject was not able to sustain a 
suffi cient running speed on the treadmill.    

Body composition 

 A dual-energy X-ray absorptiometry (GE Medical 
Systems, Lunar Prodigy DF) was used for the analy-
sis of body composition.    

Biochemical and hormonal analyses 

 Lactate was measured using a portable blood lactate 
analyzer (Lactate Pro, Arkray KDK, Japan). Coded 
reagent strips were fi lled by capillary blood and 
inserted in the device for analysis. 

 For hormonal analysis, blood samples were drawn 
under standardized conditions and kept frozen 
at  � 80 ° C until analyzed at the Hormone Laboratory, 
Haukeland University Hospital. Insulin and GH were 
analyzed using a two-site chemiluminescent immuno-
metric assay using an Immulite 2000 (Siemens, 
Gwynedd, UK). The detection limit for GH was 0.01 
ng/mL, and the inter-assay variations were 6.5%, 
5.5% and 6.6% for concentrations of 2.6 ng/mL, 
5.3 ng/mL and 17 ng/mL, respectively. Catecholamines 
were analyzed with a radioimmunoassay, Cat Combi 
RIA (DRG Instruments GmbH, Marburg, Germany). 
The assay had an inter-assay variation for norepi-
nephrine of 10% at 22 ng/mL and 6.1% at 11 ng/mL. 
For epinephrine, the inter-assay variation was 5.6% 
at 4.4 ng/mL and 6.1% at 21 ng/mL.    

Statistical analysis 

 All outcome variables were converted to percentage 
change from rest. The association of different cTEMS 

  Table I. Electrical pulse type characteristics and terminology  .

Pulse type term Waveform Frequency Hz Pulse width  μ s Burst mode

M  •  18Hz  •  400 μ s Monophasic 18 400 n/a

M  •  20  �  60Hz  •  450 μ s Monophasic Modulated
20 –    60

450 n/a

M  •  100Hz  •  500 μ s Monophasic 100 500 n/a

B  •  2,5Hz  •  400 μ s
Biphasic

2,5 400 n/a
Symmetrical

B  •  7Hz  •  400 μ s
Biphasic

7 400 n/a
Symmetrical

B  •  14Hz  •  400 μ s
Biphasic

14 400 n/a
Symmetrical

B  •  18Hz  •  400 μ s
Biphasic

18 400 n/a
Symmetrical

B  •  50 � 165Hz  •  150 μ s  •  b
Biphasic Modulated 150 6.5 sec on
Symmetrical 50–165 2.5 sec off

B  •  60Hz  •  450 μ s  •  b
Biphasic

60 450
2.0 sec on

Symmetrical 2.0 sec off

B  •  100Hz  •  150 μ s  •  b
Biphasic

100 150
8.0 sec on

Symmetrical 2.0 sec off

   Pulse type term: Waveform  •   Frequency  •   Pulse width  •   Burst Mode Waveform: M, Monophasic; B, Biphasic Burst mode: b, Burst mode 
activated.   
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stimulation protocols with mean percentage change 
of outcome variables from baseline were assessed 
with random intercept mixed effects models. Current 
intensity was modeled as a continous covariate 
(0 – 100%) and heat intensity (low/high) and pulse 
types (B•  7 Hz •   400  μ s, etc) as cofactor. Study sub-
jects were included as random effect and the variance 
structure was adjusted for heteroscedastic residual 
spreads between pulse types [20]. Analyses were per-
formed with R version 2.14.0 (The R Foundation for 
Statistical Computing, Vienna, Austria, 2011) and 
nlme package version 3.1   -   102.    

 Results 

 The baseline characteristics of the 14 subjects are 
shown in Table II. 

 There were no complications related to the 
cTEMS sessions.  

 Stimulation intensity 

 The effect on outcome variables, expressed as the 
percentage change from resting values, is shown in 

Table III. EMS increased VO 2 , HR and cardiac index 
(CI) and the levels of capillary lactate, catecholamine 
and GH. In addition, EMS decreased peripheral vas-
cular resistance. 

 Every 10% increase in EMS intensity induced a 
signifi cant increase in all outcome variables except 
the stroke volume index, which was not infl uenced 
by either the stimulation intensity or the increased 
heat intensity. A 10% increase in stimulation inten-
sity induced a 5.9% increase in the HR ( p   �    0.001) 
and an 11.8% increase in the CI ( p   �    0.001). Systolic 
blood pressure increased by 3.7% ( p   �    0.001) and 
diastolic blood pressure by 1.2% ( p   �    0.01). Further-
more, the systemic vascular resistance index (SVRI) 
was reduced by 5.8% ( p   �    0.001). The highest VO 2  
during stimulation increased by 39.2% ( p   �    0.001), 
which was accompanied by a highly signifi cant 
increase in capillary lactate ( p   �    0.001) and plasma 
catecholamine levels ( p   �    0.001 for both Epinephrine 
and Norepinephrine). Finally, there was also a 67.7% 
increase in GH ( p   �    0.05).   

 Heat intensity 

 Increasing the heat from low (38.2 ° C) to high 
(40.7 ° C) did not increase the highest VO 2 , blood 
pressure, lactate or catecholamines. Increased heat 
intensity, however, changed hemodynamic parame-
ters. The HR and CI increased by 7.3% ( p   �    0.001) 
and 8.8% ( p   �    0.001), respectively, whereas the SVRI 
was reduced by 6.8% ( p   �    0.001). Increasing the heat 
intensity from the lowest to the highest level con-
ferred an additional signifi cant rise in GH by 106.8% 
( p   �    0.05). 

 At 20% stimulation intensity, there was no differ-
ence in the measured VO 2  (4.8    �    0.8ml/kg/min vs. 
4.9    �    1.0ml/kg/min) between the low heat stimula-
tion and the high heat stimulation (see Figure 1). The 
same observation was made when the stimulation 
intensity was increased to the individual maximum. 

  Table II. Baseline characteristics;  N   �    14 (8 males, 6 females).  

All subjects
 N   �    14

Age (years) 42    �    6
Height (cm) 172    �    10
Weight (kg) 73.6    �    16.9
Body mass index (kg/m 2 ) 24.5    �    3.6
Lean mass (kg) 50.8    �    11.2
Fat mass (kg) 19.7    �    7.0
Fat percentage (%) 27.7    �    5.2
VO 2 max  (ml/kg/min) 48.5    �    4.7
MET max 13.9    �    1.3

   Values are means  �  SD; lean mass, fat mass and fat percentage 
measured by DEXA; VO2 max  and MET max  from treadmill test    
 MET, metabolic equivalent   .

  Table III. Outcome variables as percentage change from resting values induced by every 10% increase in stimulation intensity or by 
increasing heat intensity from low to high intensity.  

By 10% stimulation 
intensity increase

By heat intensity 
moderate to high Resting values

Heart rate (beats/min)  5.9   ‡   7.3   ‡  57    �    5
Systolic blood pressure (mmHg)  3.7   ‡  1.0 118    �    12
Diastolic blood pressure (mmHg)  1.2   †    �  1.5 79    �    9
Cardiac Index (l/min/m 2 )  11.8   ‡   8.8   ‡  2.7    �    0.3
Systemic Vascular Resistance Index (dyn X s/m 5 /m 2)    �  5.8   ‡     �  6.8   ‡  2535    �    444
Stroke Volume Index (ml/m 2 ) 0.9 1.1 49    �    7
Highest oxygen uptake (ml/kg/min)  39.2   ‡  2.0 3.1    �    0.5
Lactate (mmol/l)  25.0   ‡  5.8 1.2    �    0.3
Epinephrine (nmol/l)  27.3   ‡  5.4 0.20    �    0.15
Norepinephrine (nmol/l)  16.0   ‡  6.5 2.8    �    1.3
Growth hormone ( μ g/l)  67.7   ∗   106.8   ∗  1.2    �    1.8

   Differences in mean percentage change in association with different cTEMS treatment parameters were assessed using multivariate analysis 
(linear mixed model with random intercept).   
 Absolute resting values are shown as mean  �  SD.   
 Signifi cant changes are marked with bold fi gures. Signifi cance codes:  ∗  p   �    0.05;   †   p   �    0.01;   ‡   p   �    0.001   
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The highest sustainable oxygen uptake at low heat 
was 6.4    �    1.7 ml/kg/min, and at high heat, it was 
6.6    �    2.1 ml/kg/min. Individual maximum stimula-
tion intensity did not differ between the low heat and 
high heat stimulations (32    �    7%vs. 32    �    7%).   

 Electrical pulse types 

 The monophasic pulse type with a frequency of 100 
Hz and a pulse width of 500  μ s resulted in the low-
est VO 2  increase during stimulation and was chosen 
as the reference for comparison in the other electrical 
pulse type protocols. Outcome variables are expressed 
as percentage change compared to the reference and 
are shown in Table IV. 

 All current intensities showed a higher VO 2  than 
the monophasic stimulation at 100 Hz, except for the 
monophasic pulse type at 18 Hz frequency (M • 18 
Hz • 400  μ s; for electrical pulse type terminology, see 
Table I). 

 The HR, CI and SVRI were all signifi cantly 
altered by B • 100 Hz • 150  μ s • b. In addition, a signifi -
cant rise in HR was achieved by biphasic pulse type 
at 14 Hz (B • 14 Hz • 400  μ s). In addition, a signifi cant 
increase in CI was observed by biphasic pulse type 
at 7 Hz (B • 7 Hz • 400  μ s). The stroke volume index 
and epinephrine levels were not signifi cantly infl u-
enced by any cTEMS protocol compared to the ref-
erence pulse type. In norepinephrine however, we 
observed a 69.5% increase ( p   �    0.001) using M • 18 
Hz • 400  μ s and a 67.6% increase ( p   �    0.001) by 
B • 100 Hz • 150  μ s • b. No cTEMS protocol showed a 
signifi cant impact on blood pressure compared to 
stimulation with M • 100 Hz • 500  μ s. With the excep-
tion of monophasic pulse type at 18 Hz, the sig-
nifi cant increases of the outcome variables were 
consistent for the same protocols between 20% and 
the maximal stimulation intensity. 

 The rise in VO 2  achieved using the biphasic low 
frequency pulse type at 7 Hz (B • 7 Hz • 400  μ s) was 

signifi cantly higher than all other pulse types. At low 
heat, the highest oxygen uptake was 5.2    �    0.6 ml/kg/
min at 20% stimulation intensity and 8.7    �    1.8 ml/
kg/min at individual maximum stimulation (28    �    3%). 
At high heat, B • 7 Hz • 400  μ s generated an oxygen 
uptake of 6.0    �    1.1 ml/kg/min at 20% stimulation 
intensity and 9.8    �    2.7 ml/kg/min at individual max-
imum stimulation intensity (29    �    5%). The highest 
VO 2 , measured using B • 7 Hz • 400  μ s, represented a 
3.2-fold increase in resting oxygen uptake, corre-
sponding to 2.8 metabolic equivalents.    

 Discussion 

 This pilot study provides novel data on the integra-
tion of thermal stimulation and EMS. The principal 
fi nding was that the electrical muscle stimulation 
increased VO 2  and levels of venous lactate, cate-
cholamines and GH with a clear dose-response rela-
tionship. Increasing heat in the stimulation protocol 
caused additional hemodynamic changes and an 
increase in GH, but had no effect on the highest VO 2  
or the levels of venous lactate and catecholamines. 
Our results also indicated that a continuous low-
frequency biphasic electrical pulse type at 7 Hz 
resulted in a signifi cantly higher oxygen uptake com-
pared to the other pulse types, corrected for EMS 
intensity and heat intensity. A monophasic pulse type 
with a frequency of 100 Hz resulted in the signifi -
cantly lowest VO 2  among the pulse types tested in 
the study. 

 One of the major limitations with EMS is the 
strong discomfort associated with the peripheral 
stimulation [8,17,21]. The integration of heat simu-
lation and EMS may in theory reduce this disadvan-
tage, but using heat as adjuvant to EMS, the increase 
of superfi cial heat from 38.2 ° C to 40.7 ° C, did not 
allow a higher electrical stimulation intensity. Increas-
ing the heat from low to high intensity induced 
peripheral vasodilatation with a decrease in the 

  Figure 1.     Stimulation intensity and oxygen uptake (VO 2 ) at low and high heat stimulation. (a) Mean stimulation intensity as a percentage 
of the maximum stimulation (194 mA) at low and high heat for fi xed stimulation at 20% of the maximum and the individual maximum 
stimulation intensity. (b) Mean oxygen uptake (ml/kg/min) at low and high heat for fi xed stimulation at 20% of the maximum and the 
individual maximum stimulation intensity.  
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and sensory nerve action potential than a biphasic 
current [29]. This may partly explain our fi ndings 
which indicates that monophasic currents at a given 
stimulation intensity are less likely to cause an 
increase in VO 2  than biphasic currents. 

 Few studies on EMS have used the same current 
characteristics, and, in addition, these studies have 
often been poorly detailed [8,30], making the com-
parison of the outcomes between EMS studies dif-
fi cult. In this study, we used a stimulator that 
delivered square waveforms. Although some studies 
have compared the effect of different waveforms 
[30], we have been unable to identify studies com-
paring the exercise effects of different waveforms 
using otherwise identical stimulation parameters. 
Our data, however, indicate that with cTEMS, con-
tinuous pulse types at lower frequencies are better 
at eliciting an increase in the peak oxygen uptake as 
observed with other electrical stimulation modalities 
[31]. Further, it is well established that heat expo-
sure causes a decrease in VO 2   max  [32 – 34] and that 
VO 2 max  decreases progressively with increasing 
ambient temperature [32]. It may therefore be the 
case that the VO 2  measured during cTEMS repre-
sents a higher relative exercise intensity than values 
measured in other studies [35 – 37] with conventional 
EMS and that increasing the heat intensity during 
cTEMS enhances this effect [38].   

 Conclusion 

 In conclusion, cTEMS shows physiological responses 
similar to exercise training. While electrical stimula-
tion induced muscular work above the anaerobic 
threshold with a dose-response effect on the highest 
sustainable VO  2 , increasing heat intensity increased 
GH and led to additional hemodynamic responses 
triggered by the vasodilatation. We found a continu-
ous biphasic pulse type at 7 Hz frequency to be the 
most effective in inducing an increase in oxygen 
uptake, independent of stimulation and heat inten-
sity. The clinical use and indication for the applica-
tion of heat combined with EMS remains to be 
determined. 
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systemic vascular resistance and thus a compensatory 
physiological increase in the HR and the CI. The 
increase in the blood fl ow induced by local heat 
application has previously been shown to cause less 
EMS current to penetrate into the muscles and 
increase the current required to stimulate the muscle 
[17], but we observed no signifi cant change in the 
highest VO 2  by increased heat intensity. At 20% stim-
ulation intensity, there was no difference in VO 2  
at low and high heat and when we used individual-
ized electrical stimulation intensity, there was no 
difference in the maximum tolerated intensity or 
measured VO 2  between the heat intensities. 

 All stimulation sessions were apparently well tol-
erated, and none of the participants in this study 
withdrew because of cTEMS. One limitation with 
the cTEMS device was the fi xed program design. 
This limitation was attenuated by the application of 
a wide range of stimulation frequencies. 

 Both exercise [22] and heat exposure [23] have 
been shown to increase the concentration of plasma 
GH which is in accordance with our fi ndings. We found 
an increase in GH when heat intensity was increased 
during cTEMS and when the electrical stimulation 
intensity was increased. This fi nding is also consistent 
with the work of Ftaiti et al., who showed a synergistic 
rise in GH due to the combination of exercise and heat 
exposure [24]. The long-term effect of repeated stimu-
lation of the GH-axis through cTEMS is unclear; how-
ever, in some individuals, this increase may have 
benefi cial effects. GH given to patients with chronic 
heart failure has shown positive effects on physical 
exercise capacity and peak oxygen uptake [25]. Fur-
thermore, GH given to patients with GH defi ciency 
had benefi cial effects on cardiac and exercise perfor-
mance, lipid profi le and atherosclerosis [26]. 

 Consistent with previous fi ndings during isometric 
exercise [27], we observed a signifi cant increase in cat-
echolamines caused by electrical stimulation. Given 
that stimulation of  ß -adrenoreceptors during long bed 
rest can attenuate deconditioning [28], our observa-
tions are of special interest. In contrast to most exercise 
regimes, cTEMS can be applied during bed rest. 

 Catecholamines increase muscle performance 
[14], and the increase in lactate refl ected muscular 
work that increased beyond the anaerobic threshold. 
Given that the increase in HR was the same for heat 
and electrical stimulation, the increased oxygen con-
sumption does not refl ect the myocardial workload 
but must have been due to increased skeletal muscu-
lar oxygen demand. Clearly, whereas heat induces a 
natural physiological response, only electrical stimu-
lation has the potential to increase muscle perfor-
mance by the combination of direct electrical 
stimulation, the additional catecholamine effects and 
the possible long-term effects of GH. 

 Studies on nerve stimulation have shown that a 
monophasic current requires a higher stimulation 
intensity to reach the sensory perception threshold 
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Abstract

Background: To better understand how prolonged electrical muscle stimulation can improve cardiorespiratory risk

markers in obese subjects, we investigated the effect of prolonged combined thermal and electrical muscle stimulation

(cTEMS) on peak oxygen consumption (VO2peak) and body composition with subsequent lipolytic and mitochondrial

activity in adipocytes.

Methods and results: Eleven obese (BMI� 30 kg/m2) individuals received cTEMS in three 60-minute sessions per week

for 8 weeks. Activity levels and dietary habits were kept unchanged. Before and after the stimulation period, functional

capacity was assessed by VO2peak, and body composition was analysed. Lipolytic activity was determined in abdominal

adipose tissue by 24 hours of microdialysis on a sedentary day, and adipose tissue biopsies were taken for the gene

expression analysis. Eight weeks of cTEMS significantly increased VO2peak from 28.9� 5.7 to 31.7� 6.2ml/kg/min

(p< 0.05), corresponding to an average increase of 1.2% per week. Oxygen uptake and work capacity also increased

at the anaerobic threshold. Mean microdialytic glycerol concentration over 24 hours, an index of sedentary lipolytic

activity, increased from 238� 60 to 306� 55 mM (p< 0,0001), but no significant changes in body composition were

observed. In addition, PGC-1a and carnitine-palmitoyltransferase-2 mRNAs were significantly upregulated in subcuta-

neous abdominal adipose tissue.

Conclusions: In obese individuals with unchanged lifestyles, 8 weeks of cTEMS significantly improved functional capacity

towards a higher fatigue resistance. This increase also gave rise to elevated lipolytic activity and increased mitochondrial

activity in abdominal adipose tissue.
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Introduction

Electrical muscle stimulation (EMS) of unloaded mus-
cles improves cardiorespiratory fitness in healthy indi-
viduals1,2 and patients with heart failure,3,4 but it is
unclear whether EMS could serve as an adjunct
approach to improve fitness and body composition in
obese individuals.

Obesity is associated with an increased risk of
numerous comorbidities.5,6 While targeting obese sub-
jects with sedentary habits and low fitness appears to be
an effective strategy in improving the health of this
population,7 the possible role of prolonged EMS

within this strategy remains unexplored. Muscular
strength and cardiorespiratory capacity are both inver-
sely associated with metabolic syndrome prevalence,8

and the maintenance or improvement of physical fitness
may counteract obesity-associated disease risks and
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lead to health benefits.9 In addition to improving phys-
ical fitness, exercise training has beneficial effects on
lipoprotein profiles,10 and, even at low intensity, exer-
cise training also tends to increase fat oxidation and
lead to positive changes in the expression of genes
essential for fat metabolism.11

Obesity may restrict both exercise training practice
and performance, which makes alternative methods to
promote fitness desirable. However, these same restric-
tions may also limit the potential benefit of EMS. For
example, the electrical current threshold is reported to
be higher in obese than in nonobese subjects, and their
stimulation tolerance appears to diminish within one
stimulation session.12 Alterations have been proposed
to reduce discomfort while maintaining the efficacy of
EMS in obese populations,13 but the potential benefits
have not yet been explored.

This study aimed to investigate the effects of com-
bined thermal and electrical muscle stimulation
(cTEMS) on cardiorespiratory fitness in obese subjects
as measured by VO2peak. In addition, we investigated
effects of cTEMS on body composition and adipose
tissue.

Methods

Subjects

This study recruited 12 obese (body mass index,
BMI,� 30 kg/m2) and sedentary subjects (< 20minutes
of exercise <3 days per week) through an invitation
sent to employees at the Haukeland University
Hospital in Bergen, Norway. Other inclusion criteria
were age between 30 and 70 years and the ability to
undergo exercise testing. Individuals with a pacemaker,
regular medication, cardiovascular disease, pulmonary
disease, extensive dermatological disease, or other pri-
mary diseases, pregnant women, and individuals who
were abusing alcohol or drugs were excluded from the
study. For completion of the study, participation in
more than 70% of the cTEMS sessions was mandatory.

Among the 12 volunteers (six males and six females),
one female withdrew her consent during the study. This
was not related to the study or methods used. Before
inclusion, all subjects underwent a clinical examination
and provided written informed consent. The study was
approved the Regional Committee for Medical and
Health Research Ethics (Western Norway ref. 2009/
1273) and conformed to the Declaration of Helsinki.

Experimental set up

The study was performed in a designated laboratory in
the Haukeland University Hospital, Bergen, Norway.
Prior to the baseline visit, all subjects had one session of

cTEMS adaptation and tolerance testing. Prior to the
baseline and follow-up examinations, the participants
fasted overnight but were allowed to drink water.

Blood samples were collected in the fasting state, and
the body composition was measured. Lipolytic activity
in subcutaneous abdominal adipose tissue (SCAAT)
was analysed for the following 24 hours using micro-
dialysis. We also performed exercise testing and col-
lected a SCAAT biopsy to analyse mitochondrial and
lipolytic-related mRNAs. To avoid interactions, we
separated the examinations (microdialysis, exercise test-
ing, and biopsy) by at least 48 hours.

Following the baseline examinations, all subjects
underwent an 8-week intervention period with three
cTEMS sessions per week, followed by follow-up exam-
inations. During the study, all participants were
instructed to maintain their normal dietary habits and
physical activity levels. Possible changes in lifestyle
were controlled for with a nutritional questionnaire
and with accelerometer.

Combined thermal and electrical muscle stimulation

In this study, we used cTEMS, a combination of
applied superficial heat and electrical muscle stimula-
tion. cTEMS was applied using a stationary stimulator
(TEI System; RÖS’S Estética, Barcelona Spain).14 The
system consists of an electrical power source connected
to ten silicone pads with two different sizes (24� 26 cm,
with maximum heating capacity 25W, and 24� 17 cm,
with maximum heating capacity 15W). Within the sili-
cone pads, both electrode bands for the delivery of elec-
trical current and heating elements are incorporated.

At each stimulation session, ten electrodes were
attached to the designated muscle groups (two elec-
trodes each to quadriceps, hamstrings, glutei, and obli-
ques, and one electrode each to rectus abdominis and
lower lumbar muscles) with elastic bands. Optimal skin
adhesion was secured by standard ultrasound gel.

Stimulation protocol

cTEMS was delivered three times a week for 60minutes
at each individual’s stimulation threshold. To secure
compliance throughout the intervention period, we
varied the electrical pulse types during the sessions
using 2–4 different pulse types at each stimulation
visit. Heat stimulation was set at 40% of the maximum
heating capacity. The detailed stimulation protocols are
given in Table 1.

Biopsy from abdominal adipose tissue

Abdominal adipose tissue was collected using a
14-gauge needle connected to a 10-ml syringe with a
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locking member to create vacuum (Hepafix; B Braun
Melsungen, Germany). While maintaining vacuum in
the syringe, 4-6ml of fat and fluid were aspirated,
cleansed in saline, frozen in liquid nitrogen, and kept
at �80�C until further analysis.

Gene expression

Tissue samples were homogenized and total cellular
RNA was purified and quantified spectrophotometric-
ally. RNA quality was evaluated by capillary electro-
phoresis. One microgram of total RNA was reverse
transcribed in 100 ml reactions using TaqMan reverse
transcription reagents with RNase inhibitor (Applied
Biosystems, Foster City, CA, USA). Real-time PCR
was performed with 384-well Multiply-PCR Plates
(Sarstedt, Newton, NC, USA) on the following
genes using probes and primers from Applied
Biosystems: carnitine palmitoyltransferase 1a (CPT-
1a, Hs00157079), CPT-2 (Hs00264677), hormone-sensi-
tive lipase (LIPE, Sh00943410), peroxisome prolifera-
tor-activated receptor gamma (PPARg, Hs00174128),
PPARg coactivator 1 (PPARGC-1a (PGC-1a),
Hs00173304), resistin (RETN, Hs00982492), uncou-
pling protein 1 (UCP-1, Hs00222453), UCP-2
(Hs00163349), and UCP-3 (Hs00243297). Three refer-
ence genes were used: glyceraldehyde-3-phosphate

dehydrogenase (GAPDH, Hs99999905) and ribosomal
protein large P0 (RPLP0, 4333761T) from Applied
Biosystems and 18S MP (Kit-FAM-TAMRA,
RT-CKFT-18s) from Eurogentec (Seraing, Belgium).
We used the Normfinder algorithm15 to assess the sta-
bility of the measured reference genes. RPLP0 showed
the best results, with a stability value of 0.039, and was
subsequently used to normalize the target gene values.
We calculated the relative expression values as the ratio
of target gene expression to RPLP0.

Microdialysis

Lipolysis in adipose tissue was assessed with microdia-
lysis, a technique previously described by Arner et al.16

After light epidermal anaesthesia (Emla patch 5%), one
microdialysis probe (CMA 63, 20-kDa molecular-
weight cut-off; CMA Microdialysis, Sweden) was
inserted percutaneously into the SCAAT, 8–10 cm lat-
eral to the umbilicus. The probe was connected to a
microdialysis pump (CMA 107, CMA Microdialysis)
and continuously perfused with sterile Ringer0s solution
(154mM Naþ, 6mM Kþ, 2,5mM Ca2þ, 160mM Cl�).
The perfusion was set at a standard flow rate of
2 ml/min, and fractions were collected every 2 hours fol-
lowing a 30-minute equilibration period. The microdia-
lysate was kept at 4�C until it was analysed in a
microdialysate analyser (Iscus Flex; CMA
Microdialysis). The lipolytic activity in SCAAT was
expressed as the dialysate glycerol.

The 24 hours of registration the subjects spent in
their habitual surroundings. At baseline, the subjects
registered their food intake and were instructed to
follow exactly the same dietary intake on the follow-
up registration.

Exercise testing

The cardiorespiratory fitness before and after the 8-
week intervention period with cTEMS was evaluated
by ergospirometry during a standard treadmill test
while using a modified Balke protocol. The subjects
were acclimated to the treadmill before the baseline
test was performed. At a speed of 5.5 km/h, we
increased the elevation by 2� every 2minutes, during
which ventilatory gas exchange was measured by an
ergospirometer with a breath-to-breath analyser
(Cardiovit CS-200 Ergo-Spiro/13 Ganzhorn Power
Cube; Schiller).

Peak oxygen consumption (VO2peak) was considered
to have been reached when all of the following criteria
were met: the maximal heart rate measured at exhaus-
tion was higher than 90% of the age-predicted maximal
heart rate; the respiratory exchange ratio (RER) mea-
sured at exhaustion was greater than 1.1; and the

Table 1. Electrical pulse types and cTEMS sessions per week

Session 1 Session 2 Session 3

Time (min) 60 60 60

Pulse type 1

Waveform Biphasic Biphasic Biphasic

Frequency (Hz) 14 7 18

Pulse width (ms) 400 400 400

Modulation n/a n/a n/a

Pulse type 2

Waveform Biphasic Biphasic Biphasic

Frequency (Hz) 2.5 100 2.5

Pulse width (ms) 400 150 400

Modulation n/a Burst Burst

Pulse type 3

Waveform Biphasic Biphasic

Frequency (Hz) 50–165 60

Pulse width (ms) 150 450

Modulation Modulated

frequency

Burst

Pulse type 4

Waveform Monophasic

Frequency (Hz) 100

Pulse width (ms) 500

Modulation n/a
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subject was not able to sustain sufficient speed on the
treadmill.

Anaerobic threshold was determined using the
V-slope method.17

Body composition

Dual-energy X-ray absorptiometry (Lunar Prodigy
DF; GE Medical Systems) was used to analyse body
composition, while body weight and visceral fat area
were measured using bioelectrical impedance analysis
(InBody 720; BioSpace, Seoul, Korea).18

Lifestyle monitoring

Subjects were encouraged to maintain their sedentary
behaviour, and activity levels were measured before and
at the end of the 8-week treatment period. For 5 con-
secutive days, the participants wore a triaxial acceler-
ometer (GT3X; The Actigraph, Fort Walton Beach,
FL, USA) on their hip while awake. The data were
processed by ActiLife software (The Actigraph), and
the total physical activity time spent in sedentary,
light, moderate, vigorous, and moderate to vigorous
physical activity modes was calculated and converted
into the percentage of total time spent in each activity
mode. We used a 15-item SmartDiet self-administered
questionnaire to monitor possible dietary habit
changes.19

Serum lipid analysis

Serum lipids were measured enzymaticly on a Hitachi
917 system (Roche Diagnostics, Mannheim, Germany)
using the triacylglycerol (GPO-PAP), cholesterol
(CHOD-PAP), HDL cholesterol, and LDL cholesterol
kits from Roche (Roche Diagnostics). The phospho-
lipids FS, NEFA FS (nonesterified fatty acids), and
free cholesterol FS kits were from Diagnostic Systems
(Holzheim, Germany).

Statistical analysis

Baseline and follow-up measurements were presented
as mean� standard deviation and compared using the
nonparametric Wilcoxon signed-rank test.

Mean glycerol dialysate levels were estimated over
time. Relative gene expression values at baseline and
follow-up were estimated with a random-intercept
linear mixed-effects model in a two-way repeated meas-
ure configuration.

Statistical analyses were conducted with R version
2.15.2 (R Foundation for Statistical Computing,
Vienna, Austria) and linear mixed-effects models were
analysed using package nlme-3.1–107.

Results

Eleven subjects (five female; six male) with a mean age
of 44.6� 5.9 years completed the study and were
included in the analysis. We observed no notable com-
plications related to the cTEMS intervention.

Exercise testing

All subjects completed the exercise testing (Table 2).
After 8 weeks of cTEMS intervention, we observed a
9.6% increase in VO2peak (p¼ 0.014) and a 10.8%
increase in peak work capacity (p¼ 0.014). The higher
VO2peak and workload were accompanied by a signifi-
cantly lower RER. At the anaerobic threshold, both
total VO2 and work capacity increased significantly,
and RER decreased (p¼ 0.022). The decrease in RER
was also found at rest when analysing true resting
values (from 0.87� 0.06 to 0,79� 0,06; p¼ 0.028).

Table 2. Exercise testing and body composition

Baseline Follow up p-value

Resting systolic BP (mmHg) 129.2� 13.9 127.4� 16.9 0.575

Resting diastolic BP (mmHg) 85.0� 7.9 87.6� 8.6 0.608

Resting heart rate (bpm) 64� 7 67� 8 0.423

Peak VO2 (l/min) 3.04� 0.68 3.33� 0.69 0.014

Peak VO2 (ml/kg/min) 28.9� 5.7 31.7� 6.2 0.014

Peak VCO2 (l/min) 3.93� 0.99 3.99� 0.91 0.663

Peak RER 1.28� 0.06 1.20� 0.06 0.009

Peak work capacity (watt) 231� 57 256� 59 0.014

AT VO2 (l/min) 2.44� 0.59 2.65� 0.49 0.002

AT VO2 (ml/kg/min) 23.3� 5.4 25.4� 4.7 0.002

AT VCO2 (l/min) 2.64� 0.70 2.67� 0.58 0.754

AT RER 1.08� 0.06 1.00� 0.08 0.022

ATwork capacity (watt) 174� 50 190� 40 0.008

Total mass (kg) 103.13� 14.05 106.31� 14.31 0.365

Body mass index (kg/m2) 35.4� 3.3 35.5� 3.7 0.833

Fat mass (kg)a 43.72� 8.85 43.22� 8.46 0.959

Fat percentage (%)a 42.9� 8.3 42.5� 7.9 0.373

Lean mass total (kg)a 58.73� 12.92 59.00� 12.70 0.505

Lean mass trunk (kg)a 28.69� 6.34 29.05� 6.48 0.577

Lean mass arms (kg)a 6.24� 1.59 6.28� 1.91 0.683

Lean mass legs (kg)a 19.38� 4.86 19.19� 4.38 0.365

Visceral fat (cm2)b 179.6� 31.4 177.8� 30.3 0.898

Values are mean� SD for 11 patients (six male, five female). p-values for

two-sided nonparametric Wilcoxon signed-rank test; Blood pressure and

heart rate measured in supine position at rest. Respiratory values mea-

sured at peak exercise intensity and anaerobic threshold during treadmill

test; aMeasured with dual-energy X-ray absorptiometry; bEstimated by

bioelectrical impedance analysis; AT, Anaerobic threshold; BP, blood pres-

sure; RER, respiratory exchange ratio.
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Body weight and body composition

As shown in Table 2, we observed no significant
changes in body weight or body composition between
baseline and follow up.

Cholesterol and lipids

During 8 weeks of cTEMS, the ratio between the
total and HDL cholesterol was unchanged despite
significant reductions of total cholesterol from
5.60� 1.37 to 5.21� 1.14mmol (p¼ 0.042). Both
LDL and HDL cholesterol were nonsignificantly
decreased. The other lipid biomarkers remained
unchanged (Table 3).

Microdialysis

Lipolytic activity in the abdominal adipose tissue was
estimated by the mean glycerol concentration over 24
hours on a sedentary day. We observed a significant
increase from 239� 60 mM at baseline to 304� 55 mM
at follow up (p¼ 0.001) after 8 weeks of cTEMS, as
shown in Figure 1. Further, we also observed an
increase in mean 24-hour microdialytic lactate from
2.85� 0.27mM at baseline to 3.73� 0.58mM at the
follow-up examination (p¼ 0.002).

Adipose tissue analysis

The gene expression in SCAAT is presented as the
mean� standard error relative expression. Resistin
and UCP-1 mRNAs were not expressed in the
SCAAT specimen and thus not included in the analysis.

Eight weeks of cTEMS significantly increased PGC-
1a expression in the adipose tissue from 8.10� 1.08 to
10.00� 1.56 (p< 0.05). Further, we observed an increase

in CPT-2 from 7.89� 0.24 at baseline to 8.82� 0.35
at follow up (p< 0.001). CPT-1a (4.43� 0.94 to 4.73�
0.67; p¼ 0.445), LIPE (3.04� 0.35 to 3.15� 0.50;
p¼ 0.641), PPARg (75.30� 5.53 to 77.21� 7.31;
p¼ 0.518), UCP-2 (5.53� 1.09 to 5.58� 0.79; p¼
0.908), and UCP-3 (41.25� 3.24 to 48.21� 3.85;
p¼ 0.518) all showed slight but nonsignificant increases
in mRNA expression.

Lifestyle monitoring

Dietary habits remained unchanged, as indicated by a
SmartDiet score of 29.27� 5.16 at baseline and
29.36� 4.15 at follow up (p¼ 1.000). Physical habits,
as measured with an accelerometer, also remained
unchanged. The percentage of total time spent in the
sedentary state over 5 consecutive days was
78.8� 7.7% at baseline and 80.0� 6.7% at follow up
(p¼ 0.232). Additionally, 18.9� 7.8% of their time was
spent in light physical activity at baseline vs.
18.3� 6.8% at follow up (p¼ 0.375), and we observed
a slight decrease in time spent in moderate activity
(2.3� 0.9 vs. 1.7� 0.7%; p¼ 0.027). The participants
barely performed heavy physical activity (0.01� 0.03
vs. 0.02� 0.04%; p¼ 1.000), and no time was spent
with very heavy physical activity.

Discussion

This study provides new insights into the effects of pro-
longed electrical muscle stimulation. In obese sedentary
individuals with unchanged physical activity levels and
nutritional habits, 8 weeks of cTEMS resulted in sig-
nificant increases in peak aerobic capacity, as expressed
by VO2peak. The improved work capacity, towards a
higher fatigue resistance, was both reflected in an
increased maximal workload during the exercise testing

Table 3. Lipids and cholesterol at baseline and follow up

Baseline Follow up p-value

Total/HDL cholesterol ratio 4.87� 1.56 4.82� 1.42 0.683

LDL cholesterol (mmol/l) 3.61� 1.02 3.41� 0.99 0.147

Non-HDL cholesterol (mmol/l)a 4.40� 1.41 4.09� 1.16 0.638

Triglycerides (mmol/l) 1.69� 1.06 1.45� 0.72 0.308

Apolipoprotein B/A1 ratio 0.80� 0.23 0.83� 0.23 0.229

Apolipoprotein B 1.09� 0.32 1.03� 0.27 0.052

Apolipoprotein A1 (g/l) 1.38� 0.20 1.26� 0.16 0.083

Phospholipids (mmol/l) 2.95� 0.60 2.76� 0.40 0.185

Free fatty acids (mmol/l) 0.50� 0.13 0.47� 0.17 0.594

Values are mean� SD for 11 patients (six male, five female). p-values for two-sided nonparametric Wilcoxon

signed-rank test; aTotal cholesterol minus HDL cholesterol.
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and secondary improvements in sedentary lipolytic
activity and adipose tissue mitochondrial activity. To
our knowledge, this is the first time such a training
effect has been observed in obese individuals using
EMS as an exercise training modality.

The observed changes in VO2peak from baseline to
follow up represented a 9.6% increase, with an average
increase of 1.2% per week of cTEMS intervention. In
comparison, when investigating the training effects in
individuals with metabolic syndrome, Tjønna et al.
observed an increase of 1.0% per week with continuous
moderate exercise at 70% of the maximal heart rate and
2.2% per week with aerobic interval training at 90% of
the maximal heart rate.20 Exercise capacity is a more
powerful predictor of mortality than many other estab-
lished cardiovascular risk factors,21 thus our finding
may prove to have future clinical relevance for obese
individuals not able or willing to participate in regular
exercise training.

In healthy individuals, a rise in the maximal oxygen
uptake is caused by an increase in the cardiac output,
increased arteriovenous oxygen extraction, or both.22

We have previously shown that cTEMS resulted in a
3.2-fold increase in the resting VO2, corresponding to
2.8 metabolic equivalents,14 an increase less likely to
give a training effect on the heart. In the present
study there was no change in resting blood pressure
or heart rate, indicating that stroke volume and cardiac
output was unaffected. The increased oxygen consump-
tion caused by cTEMS is therefore likely to be

associated with increased arteriovenous oxygen extrac-
tion by the stimulated muscle groups. This would also
be in agreement with the finding of Nuhr et al.,23 who
previously showed that EMS in healthy individuals
induced changes both in skeletal muscle fibre compos-
ition and energy metabolism.

Maximal oxygen uptake has been positively corre-
lated with metabolic flexibility, i.e. the ability of the
skeletal muscle to switch between fat and carbohydrate
oxidation.24 Furthermore, exercise increases the reli-
ance on fat oxidation and the capacity for free fatty
acid mobilization and oxidation during exercise at a
given intensity level.25,26 An upregulation of the anaer-
obic threshold due to cTEMS and the corresponding
increase in metabolic flexibility is the most reasonable
explanation for the observed increase in the lipolytic
activity measured on sedentary days. Compared with
baseline values, we found a significant increase in the
24-hour mean microdialysate concentration of glycerol
at follow up, which is an indication of a rise in the
mobilization of triacylglycerol and the following con-
version into free fatty acids and glycerol.27 Subsequent
to the increase in interstitial glycerol, we also found a
significant increase in adipose tissue lactate. This path-
way remains a major source of energy for the working
muscle28 and thus the increased lipolysis provides fuel
for the increased muscular utilization of fatty acids.

It is unlikely that changes in microdialytic glycerol
levels resulted from blood flow alterations in adipose
tissue. Central haemodynamics remained unchanged,
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Figure 1. Lipolytic activity.

Mean microdialysate glycerol over time. Error bars denote standard error estimated by a random-intercept mixed-effects model.

The group difference between baseline and follow up is 76.9mmol/l (p< 0.001).
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and microdialytic examinations were performed during
a sedentary day under controlled diet. A physiological
pulse of growth hormone may also activate lipolysis29

in adipose tissue. We have previously found an acute
increase in growth hormone due to cTEMS set off by
both the electrical and the heat stimulation,14 but the
long-term effect of cTEMS and EMS on growth hor-
mone is unknown and was not in focus in this study.

The effect of exercise training on gene expression in
human adipocytes remains unexplored. In rats, how-
ever, 4 weeks of daily swim training resulted in a sig-
nificant increase in PGC-1a, a key regulator of
mitochondrial biogenesis.30 When analysing key genes
related to fatty acid oxidation in SCAAT, we found an
increase in PGC-1a, essential in mitochondrial func-
tion and in regulating the genes involved in fatty acid
oxidation.31 We interpreted these findings as early
adaptions to the increase in the energy-demanding
lipolysis process, as shown by the increase in
microdialytic glycerol in SCAAT. The significant
increase in CPT-2 and the relative, but not significant,
increase in the other investigated genes may support
this interpretation.

Despite the observed increase in adipose tissue lip-
olysis, 8weeks of cTEMS did not significantly influence
body composition. When investigating the effect of
EMS on the body mass index of sedentary individuals,
Banerjee et al.2 found similar results. The type of exer-
cise conferred by cTEMS may explain this, as regu-
lar steady-state exercise at moderate intensity does
not seem to induce significant changes in body
composition.32

Previously, a connection between the fat layer thick-
ness and electrical current has been proposed,33 and
higher currents, associated with increased discomfort,
are necessary to evoke muscle activation in obese sub-
jects.13 The stimulation modality used in this study,
with relatively large electrodes, as suggested by
others,13,34 and applied heat, appear to be alterations
making it possible to overcome these limitations.
Superficial heat is known to reduce pain35 and thus
seem to improve tolerance to afferent electrical stimu-
lation necessary to evoke muscular contraction.14 In
this study, cTEMS was well tolerated and administered
without any significant complications or discomfort.
After the end of the intervention period, an anonymous
questionnaire was sent by mail to the 11 study partici-
pants, and nine responded. Only two of nine responders
associated the stimulation sessions with light or mod-
erate discomfort. Another two subjects reported being
neutral, while the remaining five described light (one
person), moderate (one person), or great comfort
(three persons) related to cTEMS. If available, eight
of the nine responders reported that they would con-
sider cTEMS as a regular part of their daily routines.

Some limitations in our study may be considered in
the evaluation of the findings. The main weaknesses are
the nonrandomized design and a relatively small study
population. Both diet and everyday activity may influ-
ence the results; however, when controlled, we did not
find any changes in dietary habits or physical activity
levels. Further, the fact that the training effect from
cTEMS was observed in combination with positive
metabolic and genetic findings, we consider a strength
of our study.

In conclusion, we found that 8 weeks of prolonged
electrical muscle stimulation with added heat in obese
sedentary subjects significantly improved the functional
capacity towards higher fatigue resistance. Both at peak
exercise and at the anaerobic threshold, we observed
increased VO2, most likely caused by increased muscu-
lar arteriovenous O2 extraction. Secondary to these
training-effects, we found increased lipolytic activity
and increased level of mitochondrial activity in adipose
tissue. During this relatively short stimulation period,
the body composition and visceral fat area remained
unchanged. Further studies are needed to determine
the possible role for cTEMS as an adjuvant in the treat-
ment of obese individuals.
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Table 1  Baseline charateristics 

  LC+cTEMS  LC  Between 
groups 

  n=11(6 f/5m)  n=11(5f/6m)   

Age Years 44.2±6.0  50.7±7.9  n.s. 

Systolic blood pressure  mmHg 121±9  128±12  n.s. 

Diastolic blood pressure  mmHg 78±7  81±9  n.s. 

Heart rate rest 1/min 64±8  63±7  n.s. 

VO2 max per kilogram ml/kg/min 30.6±6.1  29.3±4.5  n.s. 

Maximal work load watt 237±51  231±60  n.s. 

Body mass kg 101.5±14.4  101.6±15.7  n.s. 

Height cm 175.1±9.3  174.3±9.8  n.s. 

Body mass index kg/m2 33.1±4.6  33.4±4.1  n.s. 

Lean mass1 kg 57.4±11.4  56.7±12.7  n.s. 

Fat mass1 kg 41.1±10.5  42.0±7.5  n.s. 

Fat %1 % 41.8±8.7  42.9±6.4  n.s. 

Visceral fat area2 cm2 190.0±47.8  174.9±42.3  n.s. 

Fasting Glucose mmol/l 5.9±0.8  5.5±0.7  n.s. 

HbA1C % 5.8±0.7  5.5±0.3  n.s. 

Insulin mU/l 14.0±16.3  7.4±7.0  n.s. 

HOMA IR  4.0±5.3  1.8±1.6  n.s. 

Total cholesterol mmol/l 4.9±0.8  5.0±0.9  n.s 

LDL cholesterol mmol/l 3.3±0.7  3.3±0.7  n.s 

HDL cholesterol mmol/l 1.2±0.3  1.3±0.4  n.s 

Triglycerides mmol/l 1.2 ±0.5  1.3±0.9   n.s.  

Baseline values expressed as mean±SD;  
Differences between dietary groups at baseline were assessed with two-sided independent sample t-tests with 
Welch's correction for unequal variances. 
Blood pressure measured in supine position at rest. 
Respiratory values and maximal work load was measured at peak exercise intensity during treadmill test.  
1 Measured by Dual Energy x-ray absorptiometry 
2 Estimated by Bioelectrical impedance measurement 
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