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Abstract     

The benefit of resistance training under hypoxic conditions continues to draw considerable debate.  This research 
explored the optimal degree of hypoxia combined with low-load resistance training which mimics the high-load 
traditional resistance training under normoxic condition. Thirty-seven male team sport athletes were divided into 
3 resistance training groups; 1) normoxic high-load (NRT), 2) hypoxic low-load (HRT13.6, FiO2 = 13.6%), and 
3) hypoxic low-load (HRT15.8, FiO2 = 15.8%). Training included 3 sets of 15 reps at either 80%1RM (high-
load) or 50%1RM (low-load), 3 days per week. Muscle thickness (via ultrasonography) along with strength and 
muscular endurance were measured pre (1-2 days prior) and post (2-3 days post) a 5-week training period. 
Rectus femoris muscle thickness significantly increased in all groups, but was greater in the HRT13.6 group 
(18.3 ± 7.6%, mean ± SD) compared to the NRT group (9.1 ± 7.3%, p = 0.02). Similarly, muscle strength 
increased in all groups, but the HRT13.6 group showed a significantly larger improvement in isometric knee 
extension MVC (33.5 ± 12.7%) compared to the NRT group (19.8 ± 6.5%, p = 0.04). Finally, rectus femoris fat 
layer thickness was significantly reduced after training, particularly in the HRT13.6 group (-55.8 ± 5.5%) 
compared to NRT (-32.8 ± 9.6%, p = 0.01) and HRT15.8 groups (-38.2 ± 12.5%, p = 0.01). Low-load resistance 
training particularly in 13.6% oxygen, produced more muscle thickness, fat loss, and bigger strength gains 
compared to traditional high-load resistance training. This training strategy may be a useful alternative to 
traditional high-load resistance training. 
eywords: Hypertrophy, Growth hormone, Muscle strength, Blood lactate, Fat thickness, Simulated altitude 
 
Introduction 

Muscular strength is an essential component in most team sports and resistance training has generally 
been used for building muscle size and strength (Phillips, 2009; Wernbom et al., 2007). Traditional high 
resistance exercise (>80% 1RM) is ideal for increasing athlete’s muscle strength but has a number of drawbacks 
including increased risk of injury (Powell et al., 1998), and participants requiring a reasonable amount of initial 
strength to lift the weights. Such drawbacks are restrictions for the use of traditional strength training in injured, 
post-operative or rehabilitating participants, the elderly and people with chronic disorders such as chronic bone 
or muscle pain. However, increasing evidence indicates low-load resistance exercise (~ 20-40% 1RM, which 
does not come with such drawbacks) combined with either blood flow restriction or systemic hypoxia can result 
in adaptations that improve strength (Manimmanakorn et al., 2013).  

While hypoxic low-load resistance training may be effective at building muscle mass and strength 
(Manimmanakorn et al., 2013), debate exists as to the degree of hypoxia required during training. Previous work 
on repeated sprint training in hypoxia (Khaosanit et al., 2018; Bowtell et al., 2014) suggests a threshold exists at 
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an FiO2 of 13-14.5%, below which training causes excessive fatigue resulting in less adaptation and little 
performance improvement. When investigating hypoxic low-load resistance training however, strength 
improvement has been found at hypoxic levels between 10-11% (Manimmanakorn et al., 2013) through to 14% 
(Thuwakum et al., 2017). While others have found no significant strength change (compared to normoxia) 
training at an FiO2 = 12% (Friedmann et al., 2003). Differences in physiological stress between the two different 
training protocols (repeated sprint versus resistance training) probably accounts for the differences in the level of 
improvement, but more research is required to find what degree of hypoxia is best for adaptation with low-load 
resistance training.   

Similarly, the intensity of resistance used during hypoxic low-load resistance training varies 
considerably. Mannimanakorn et al. (2013) found significant improvement in isometric MVC strength (15.0%) 
using an intensity as low as 20% 1RM (3 sets of 25-31 reps, 3 days/week for 5 weeks) (Manimmanakorn et al., 
2013), while Thuwakum et al. (2017) found an improvement in MVC of 16.9% and 16.7% at training intensities 
of 30% and 50% 1RM respectively (3 sets of 15 reps, 3 days/week for 5 weeks) (Thuwakum et al., 2017). On the 
other hand, Friedman et al. (2003) also used 30% 1RM (6 sets of 25 reps, 3 days/week for 4 weeks) but found no 
significant difference in isokinetic strength)between the hypoxic and normoxic groups (Friedmann et al., 2003). 
More information is clearly required on the load intensity along with a better understanding of the hypoxic level 
required during hypoxic resistance training.  

Although positive adaptive responses have been demonstrated for hypoxic low-load resistance training 
(Thuwakum et al., 2017; Manimmanakorn et al., 2013), the definitive mechanisms responsible are not fully 
understood. It is thought that type I muscle fibers fatigue earlier with the low oxygen environment in hypoxic 
resistance training, requiring an increased recruitment and thereby increased stress on the type II motor fibers, 
resulting in adaptation and ultimately hypertrophy (Manimmanakorn et al., 2013). This increased recruitment of 
type II fibers may change the recruitment ability of the muscle (Kawada & Ishii, 2005; Melissa et al., 1997) or 
alter humoral factors like growth hormone (Yan et al., 2016; Kurobe et al., 2015) and testosterone (Yan et al., 
2016; Kon et al., 2010) resulting over time, in muscle hypertrophy (Kawada & Ishii, 2005). Knowing the major 
driver of muscle hypertrophy with hypoxic low-load resistance training would be useful for identifying effective 
training loads and adequate recoveries from such training. 

The aim of this study was to explore the effects of two different levels of hypoxia (FiO2 of 13.6%         
~ 3400 m and FiO2 of 15.8% ~ 2200 m) during low-load resistance training compared to a normoxic control 
group to establish which hypoxic level is most beneficial at producing muscular development and strength 
change. For this study we have chosen a resistance load of 50%1RM which has previously been used to elicit 
positive beneficial strength improvement during hypoxic low-load resistance training (Thuwakum et al., 2017). 
A secondary aim was to take measures of humoral responses that may help explain mechanisms involved with 
any performance and hypertrophic change. 
 

Methods 

Participants 

Thirty-seven male university sport team athletes (age 19.5 ± 1.1 years; soccer = 18, futsal = 8, 
volleyball = 7, basketball = 4) volunteered in this study. The participants were chosen to represent their sport at 
the University Games of Thailand and were therefore well-trained. The participants had a history of achievement 
in their chosen sport and had been involved in their age-group national team for at least 3 years. All participants 
met the inclusion criteria as follows: participants reported no exposure to an altitude of > 1,000 m within the last 
3 months, no history of severe acute mountain sickness, no contraindicative health conditions, or medications 
(e.g., anabolic steroids, creatine, sympathoadrenal drugs) and no resistance training program within past 3 
months. Written informed consents were obtained from all the participants after they had been informed about 
the details, purpose and procedures of the study. The study was approved by the local University Human Ethics 
Committee.  
Experimental design 

 A single-blind randomized controlled trial was used to compare the muscle strength and endurance of 
the quadriceps muscles along with changes in muscle thickness (in the rectus femoris muscle and biceps 
femoris), serum growth hormone and blood lactate after five weeks of hypoxic low-load or traditional high-load 
resistance training. The athletes were randomly divided into three experimental groups based on the level of 
oxygen concentration and load of resistance training: high-load resistance exercise (80%1RM) while breathing 
room air (normobaric high-load resistance exercise; NRT, n = 12), low-load resistance exercise (50% 1RM) 
while breathing 13.6% oxygen concentration (hypoxic low-load resistance exercise; HRT13.6, n = 13) and low-
load resistance exercise (50% 1RM) while breathing 15.8% oxygen concentration (hypoxic low-load resistance 
exercise; HRT15.8, n = 12). The hypoxic condition was generated using a hypoxicator machine (ATS-HP-
Hyperoxic; Altitude Technology Solutions Co., Ltd. (ATS), Australia). The athletes were given the same training 
programs and, each participant performed the same series of performance and mechanistic tests pre and after five 
weeks of training (Fig. 1). 
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Figure 1. Outline of training and testing schedule.  
 

Training program 
Resistance training was performed on a knee extension (Nautilus OneTM S6LE, USA) and flexion 

training device (Nautilus EVOTM S9LCP, USA) and was adjusted mid-way through the 5-week training program 
to reflect possible changes in 1RM strength. The resistance training consisted of three training sessions per week 
on non-consecutive days for 5 weeks. Training for the NRT group consisted of 3 sets of 15 reps at 80%1RM 
(FiO2 = 21%) with 1 minute recovery between sets. Training for the hypoxic groups consisted of 3 sets of 15 reps 
at 50%1RM with FiO2 = 13.6% (HRT13.6) or FiO2 = 15.8% (HRT15.8).  Athletes in the hypoxic groups 
breathed from a respiratory mask connected to the hypoxicator device (ATS-HP-Hyperoxic; Altitude 
Technology Solutions Co., Ltd. (ATS), Australia) (a total of 54 min/week or 270 min over 5 weeks) while the 
athletes in the normoxic group breathed room air. All training sessions were preceded by a 10 minutes warm-up 
and stretching routine.  
 

Measures 

Muscle and fat layer thickness measurement   
The thickness of the rectus femoris muscle was measured on the anterior mid-thigh at the midpoint 

between the anterior superior iliac spine to the medial femoral condyle (measured in the supine position with 
straight knees) and exactly at the midpoint of the girth of the muscle. The thickness of biceps femoris muscle 
was measured at midpoint between the ischial tuberosity and the lateral femoral condyles (measured in prone 
position with straight knees) again at the midpoint of the girth of the muscle. All measurements were completed 
twice on the athletes left leg by a doctor specializing in rehabilitation medicine, blinded to the study, and using 
ultrasonography with a 9 MHz linear transducer (LOGIQ e; General Electric, Co., Ltd., USA), with the average 
being recorded. Along with the muscle thickness the subcutaneous fat layer was measured at the same site at the 
same time. The fat layer was identified as the layer between the epidermal surface and the superficial 
aponeurosis (Fig. 2). Muscle and fat layer thickness was taken at 3 days post the last training session to avoid 
any effects of swelling on measurements. 
Muscular strength and endurance measurement  

Training loads were based on estimated isotonic 1RM where knee extension and flexion was assessed 
using a stationary weight machine (leg extension S-105 and leg curl S-106, STRIVE Fit LLC. made in USA) 
under normoxic conditions on the non-dominant leg (as indicated by the participants). After a standardized 
warm-up (on a Monark cycle at 30-50 rpm and subject-selected resistance) and stretch which lasted 
approximately 10 minutes, we estimated 1RM by using the 10RM protocol and the formula proposed by Brzycki 
(1998) (e.g. 1RM = weight lifted/1.0278-(0.0278 × reps) (Brzycki, 1988). The 1RM was estimated before and 
during (after 2.5 weeks or 8 training sessions) the training period. Athletes were familiarized with the testing 
procedure prior to the experiment. Muscle contractile measurements were also conducted on the same non-
dominant limb with the athletes seated in an isokinetic dynamometer (Primus RS, PR30; BTE technology, USA). 
The athletes completed a standardized warm up and stretch for 10 minutes after which they completed a 6-
second maximum isometric voluntary contraction (MVC6 – best of 3 trials interspersed with 1 min recovery). 
Following a 3-5 min rest, maximal isokinetic strength was measured at velocities of 60o sec-1, and 180o

sec-1, at 
a range of motion between 0 and 90 degrees. The peak maximal concentric (CON) and eccentric (ECC) 
isokinetic muscle force was obtained for leg extension/flexion (best of 3 trials interspersed with 1 min recovery 
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between trials). After a further 3-5 minutes rest, dynamic endurance was measured by recording the number of 
leg extension repetitions each subject could complete to failure with a 40% 1RM load. 
Blood Sampling and Analyses  

Blood samples were obtained from participant’s antecubital vein to measure resting serum growth 
hormone. Venous blood samples (10 ml collected in EDTA tube taken after a 10 min seated rest) were taken at 
baseline and post training and were transported in ice within 2 hours to Srinagarind Hospital, Khon Kaen 
University blood laboratory and analyzed using an automatic Hematology analyzer (Cobas e411; Roche 
Diagnostics Co., Ltd., Japan). Athlete’s blood lactate concentrations were measured from fingertip samples using 
an automated blood analyzer (Accutrend Plus system; Roche Diagnostics Co., Ltd., USA) before, immediately 
post, then 15 and 30 minutes after training on the first and last day of training. 
Physical activity and nutrition  

Participants were asked to continue with their normal diet and physical activity practices throughout the 
study period. Participants were asked to refrain from strenuous physical activity 48 hours prior to performance 
testing and requested to consume their normal diet prior to each testing session. In addition to the resistance 
training from this study, participants continued to train for their respective sport teams for approximately 2 
sessions per week ( 1hr each) and play in their competition once a week ( 1h). 
Heart rate and SpO2 monitoring  Measures of resting heart rate and arterial haemoglobin oxygen saturation 
(SpO2) were monitored daily before training and at the end of each set (3 sets of knee extension and 3 sets of 
knee flexion) of resistance exercises by a pulse oximeter (Beurer; PO30 made., USA) in all groups.   
Statistical analysis  

 Statistical calculations were performed using SPSS 19 (SPSS Inc.; Chicago, IL, USA). Data were 
expressed as mean  standard deviation (SD). Data normality was evaluated by using the Shapiro-Wilk test. The 
analysis of covariance (ANCOVA) with a post-hoc Bonferroni adjustment was used to evaluate differences in 
muscle and fat layer thickness, growth hormone, and muscle strength-endurance between groups. For non-
parametric data such as age, and other laboratory parameters, paired (comparisons between time points) and an 
independent t-test (comparisons of differences to baseline between groups) was completed. A one-way repeated 
measure ANOVA was applied for the analysis of time dependence and group differences in blood lactate 
concentrations. Bonferroni post-hoc test was used for intergroup comparisons at individual time points if an 
overall significant group effect was presented. Correlations were tested using the Pearson’s product moment 
correlation coefficient (muscle thickness and MVC6 or number of repetitions, muscle thickness and GH levels). P 
values ≤ 0.05 was considered to be statistically significant. 
 
Table 1. Athletes’ characteristics in the 3 training groups.  
 

NRT = normoxic high-load (80%1RM) resistance training (FiO2 = 21%); HRT13.6 = hypoxic low-load 
(50%1RM) resistance training (FiO2 = 13.6%) group; HRT15.8 = hypoxic low-load (50%1RM) resistance 
training (FiO2 = 15.8%) group; BMI = body mass index; SpO2 = resting arterial oxygen saturation; SBP = 
systolic blood pressure; DBP = diastolic blood pressure. Values are mean ± SD. No significant difference were 
found between 3 groups for any variable. 
 

Results 

The general characteristics and baseline measured in all groups are presented in Table 1. No significant 
differences existed among the groups (NRT, HRT13.6, and HRT15.8) for any variable. Five weeks of traditional 
resistance strength training (NRT) with high load (80%1RM) increased muscle thickness by 9.1 ± 7.3% and 14.8 
± 13.4% in the rectus femoris and biceps femoris respectively (see Fig. 2 and Table 2). However, similar training 
duration with lower load (50%1RM) but under hypoxic conditions provided similar, if not greater improvements. 
For example, athletes in the HRT13.6 group (50%1RM and 13.6% oxygen) increased rectus femoris muscle 
thickness significantly more (18.3 ± 7.6%) compared to athletes in the NRT group (p = 0.02). Training in 
hypoxia, particularly at the lower oxygen concentration of 13.6% also significantly reduced the fat layer around 
the rectus femoris muscle (-55.8 ± 5.5%) compared to the traditional high intensity normoxic resistance training 
(-32.8 ± 9.6%, Table 2). 

Characteristics NRT  
(n=12) 

HRT13.6  
(n=13) 

HRT15.8  
(n=12) 

Age (y)   19.3 ± 1.0   19.2 ± 1.0   19.9 ± 1.2 
Height (cm) 171.3 ± 3.1 174.0 ± 3.6 171.6 ± 4.5 
Weight (kg)     60.9 ± 10.5   65.0 ± 3.6   59.4 ± 3.4 
BMI (kg∙m-2)   21.5 ± 2.9   22.8 ± 3.5   22.0 ± 4.0 
Resting heart rate (bpm)    64.1 ± 8.2   65.8 ± 8.7   63.4 ± 9.1 
SpO2 (%)   98.0 ± 0.7   97.9 ± 0.7   98.2 ± 0.7 
SBP (mm Hg) 121.7 ± 8.2   121.5 ± 11.2   123.3 ± 10.4 
DBP (mm Hg)   71.8 ± 9.3   73.0 ± 9.3   71.8 ± 5.8 
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Figure 2. Ultrasound image of longitudinal sections of the rectus femoris muscle before (a) and after (b) 5-week 
training. Measurement was taken at 50% of femur length from a representative athlete with the muscle thickness 
measurement highlighted. 
Table 2. Mean changes in muscle and fat layer thickness in all 3 training groups after 5-week training. 
 

 

NRT (n=12) HRT13.6 (n=13) HRT15.8 (n=12) 

Pre-test 
Post-
test 

% 
 change Pre-test 

Post-
test 

% 
 change Pre-test 

Post-
test 

% 
 change 

Muscle thickness 
(mm) 

rectus femoris 
biceps femoris 

 
36.8 ± 

3.9 
39.7 ± 

6.7 

 
40.1 ± 

4.2 
45.6 ± 

6.5 

 
       9.1 ± 
7.3† 

    14.8 ± 
13.4†§ 

 
36.5 ± 

4.9 
45.7 ± 

9.2 

 
43.2 ± 

4.3 
54.9 ± 

7.4 

 
18.3 ± 7.6†# 
 20.1 ± 19.9† 

 
37.4 ± 

4.6 
45.8 ± 

7.6 

 
43.2 ± 

4.5 
53.0 ± 

7.4 

 
15.6 ± 6.9† 

  15.7 ± 
13.8† 

Fat layer thickness 
(mm) 

rectus femoris 
biceps femoris 

 

 
  6.2 ± 

1.8 
  9.1 ± 

3.3 
 

 
  4.2 ± 

1.6 
  6.7 ± 

3.1 

 
-32.8 ± 

9.6† 
-26.3 ± 8.8† 

 

 
  6.0 ± 

1.3 
  8.3 ± 

2.0 
 

 
  2.7 ± 

0.5 
  4.8 ± 

1.8 

 
 -  55.8 ± 
5.5†*# § 
 - 41.4 ± 
11.4†# 

 

 
  7.4 ± 

3.1 
  8.9 ± 

3.0 
 

 
 4.6 ± 

2.6 
 5.7 ± 

1.9 

 
 -  38.2 ± 
12.5† 

-35.7 ± 9.6† 

 

†Significant p<0.05 (pre vs post), *Significant p<0.05 (HRT13.6 vs HRT15.8), #Significant p<0.05 (HRT13.6 vs 
NRT), ‡ Significant p<0.05 (HRT15.8 vs NRT), §Significant  

p<0.05 (rectus femoris muscle vs biceps femoris muscle)   

  
  The 5-week training program increased the strength indices in all groups compared to baseline (Table 
3). Similar to changes in skeletal muscle thickness, athletes training under hypoxic conditions of 13.6% oxygen 
produced the highest post-intervention knee extension isometric MVC6 force, which was 33.5 ± 12.7% compared 
to the normoxic resistance training group (19.8 ± 6.5%). Athletes training at the slightly higher oxygen levels of 
15.8% (HRT15.8) improved isometric knee extension MVC6 force to the same extent as NRT and HRT13.6 
groups. In general, athletes in the HRT13.6 group increased strength and endurance indices to a higher level 
post-training compared to athletes in the NRT and HRT15.8 groups (Table 3).  
  
Isokinetic strength improved in all 3 groups as a result of training, however, in general, the players in the 
HRT13.6 group had the greatest improvement in both flexion and extension which was approximately double the 
improvement found in the NRT group. We also found positive associations between changes in muscle thickness 
and muscle strength (MVC6) (r = 0.54) and muscle strength-endurance (number of repetitions) and muscle 
thickness (r = 0 .68). 
 

 

Table 3. Mean changes in muscular strength-endurance in all 3 training groups after 5-week training. 

(a) (b) 
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NRT (n=12) HRT13.6 (n=13) HRT15.8 (n=12) 

Pre -
test 

Post-test 
% 

 change 
Pre -
test 

Post-test 
% 

 change Pre-test Post-test 
% 

 change 

Isometric contraction; 
MVC6 (kg) 

Knee extension  
Knee flexion 

 
46.5 ± 

6.6 
34.8 ± 

5.0 

 
     55.7 ± 
9.6 
     40.6 ± 
4.5 

 
19.8 ± 
6.5† 

  16.7 ± 
10.0† 

 
45.3 ± 

5.5 
33.8 ± 

4.4 

 
60.5 ± 

8.2 
42.5 ± 

3.4 

 
33.5 ± 
12.7†# 

  25.6 ± 
12.3† 

 
48.3 ± 

4.5 
32.2 ± 

4.2 

 
     60.9 ± 
7.7 
     39.1 ± 
3.6 

 
  26.0 ± 
12.8† 
21.4 ± 
9.9† 

Isotonic contraction;  
No. of reps at 40% 1RM 

Knee extension  
Knee flexion  

 
 

47.4 ± 
6.8 

35.9 ± 
7.9 

 
 

78.8 ± 
16.9 

77.1 ± 
13.7 

 
 

  66.3 ± 
24.0† 

114.9 ± 
37.1† 

 
 

41.8 ± 
9.8 

31.5 ± 
5.2 

 
 

84.6 ± 
11.6 

77.6 ± 
20.6 

 
 
102.6 ± 
52.6† 
146.1 ± 
66.9† 

 
 
  46.7 ± 

11.0 
34.7 ± 

5.4 

 
 

84.7 ± 
19.4 

82.2 ± 
19.2 

 
 

  81.4 ± 
48.4† 

136.9 ± 
53.0† 

Isokinetic contraction 
(kg)  

Knee extension  

         

CON 60°sec-1 
CON 180°sec-1 
ECC 60°sec-1 
ECC 180°sec-1 

27.1 ± 
3.3 

23.8 ± 
1.3 

33.3 ± 
4.0 

37.4 ± 
4.8 

31.7 ± 
3.0 

26.7 ± 
1.9 

39.1 ± 
4.9 

44.4 ± 
5.0 

17.2 ± 
7.2† 

12.1 ± 
8.0† 

17.2 ± 
8.7† 

  18.8 ± 
10.7† 

26.6 ± 
2.8 

22.6 ± 
3.2 

33.8 ± 
3.2 

36.3 ± 
3.6 

35.7 ± 
4.9 

28.7 ± 
2.6 

43.2 ± 
4.4 

46.8 ± 
4.0 

  34.4 ± 
11.0†*# 

  26.8 ± 
16.0† 
  27.6 ± 
9.3†# 
  28.7 ± 
14.3† 

27.4 ± 
4.6 

23.8 ± 
3.6 

31.1 ± 
1.9 

36.8 ± 
4.4 

33.0 ± 
6.5 

27.7 ± 
4.9 

38.9 ± 
3.7 

44.3 ± 
4.5 

  20.3 ± 
11.3† 

  16.7 ± 
15.1† 

  24.9 ± 
10.8† 
20.6 ± 
5.7† 

      Knee flexion 
CON 60°sec-1 
CON 180°sec-1 
ECC 60°sec-1 
ECC 180°sec-1 

 
22.0 ± 

1.3 
20.6 ± 

2.0 
20.9 ± 

2.2 
28.8 ± 

2.2 

 
25.4 ± 

1.1 
23.7 ± 

1.9 
24.6 ± 

1.5 
33.1 ± 

3.1 

 
15.4 ± 
4.5† 

14.8 ± 
7.1† 

17.5 ± 
8.3† 

  14.7 ± 
10.1† 

 
21.7 ± 

2.1 
20.7 ± 

1.2 
21.7 ± 

1.7 
28.2 ± 

2.6 

 
27.8 ± 

2.0 
25.8 ± 

1.6 
28.6 ± 

2.1 
33.2 ± 

3.2 

 
  27.8 ± 
11.8†*# 
24.7 ± 
7.9†*# 
31.8 ± 
7.1†*# 

  17.8 ± 
9.8† 

 
21.5 ± 

1.5 
21.4 ± 

2.4 
20.4 ± 

1.8 
29.1 ± 

2.1 

 
25.5 ± 

1.6 
24.9 ± 

1.4 
24.7 ± 

1.9 
33.5 ± 

2.6 

 
18.4 ± 
5.6† 

16.4 ± 
8.1† 

21.2 ± 
5.4† 

15.1 ± 
5.0† 

†Significant p<0.05 (pre vs post), *Significant p<0.05 (HRT13.6 vs HRT15.8), #Significant p<0.05 (HRT13.6 vs 
NRT), ‡ Significant p<0.05 HRT15.8 vs NRT)  

Low load resistance training in the lower oxygen group (HRT13.6) doubled resting serum growth 
hormone levels compared to baseline (0.4 ± 0.5 ngmL-1 and 0.8 ± 0.6 ngmL-1, baseline and post-intervention 
mean ± SD respectively). Despite this increase in the HRT13.6 group, changes in growth hormone as a result of 
training (baseline to post-intervention) were not significantly different between groups (Fig. 3).  

 

 
Figure 3. Change in resting serum growth hormone before and after 5-week training. Values are present as mean 
± SD. #p<0.05 (pre vs post).  

Post-exercise blood lactate showed an approximate 3-fold increase from baseline on the first day of 
training, however there was no significant difference between groups at any of the time periods on the first day 
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of training. As a result of 5 weeks of training, blood lactate concentrations were reduced in the 30 minutes post-
training in all groups (Fig. 4). In particular, athletes training under hypoxic conditions of 13.6% oxygen 
(HRT13.6) demonstrated a significantly lower concentration of blood lactate at 15 and 30 minutes after the last 
training session compared to the normoxic training conditions (3.4 ± 0.9 mmol.L-1 versus 4.0 ± 0.4 mmolL-1 at 
15 minutes and 2.2 ± 0.5 mmolL-1, versus 3.1 ± 0.6 mmolL-1 at 30 minutes after the last training session in 
HRT13.6 and NRT groups respectively). 

Time

Bl
oo

d 
la
ct
at
e 

(

m
m
ol
.L
-1

)

1

2

3

4

5

6

7

Baseline 0 min 15 min 30 min

Bl
oo

d 
la
ct
at
e 

(

m
m
ol
.L
-1

)

1

2

3

4

5

6

7

8

9

NRT 

HRT13.6 

HRT15.8 

*,#

*,#

A

B

 
Figure 4. Change in blood lactate concentration before, immediately post, 15 min and 30 min after the first 
training session (A) and last training session (B). Only shown between group differences. *Significant p<0.05 
(HRT13.6 vs HRT15.8), #Significant p<0.05 (HRT13.6 vs NRT)   

The blood saturation data for the 3 groups is given in Figure 5, indicating that after 6 sets of hypoxic 
resistance exercise even at relatively low load (50%1RM) SPO2 is significantly reduced in the 2 hypoxic groups. 
Except for the last training day athletes training in the lowest oxygen concentration (13.6%) had post-exercise 
SPO2 levels significantly lower than athletes training in the 15.8% oxygen concentration (Fig. 5). 

 

                             
Figure 5. SpO2 (mean ± SD) at baseline and at the end of 6 sets in hypoxic low resistance training 1 (HRT13.6), 
hypoxic low resistance training 2 (HRT15.8) and high resistance training (NRT). *Significant p<0.05 (HRT13.6 
vs HRT15.8), #Significant p<0.05 (HRT13.6 vs NRT), $significant p<0.05 (HLT15.8 vs HRT) 
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Discussion  
This study has clearly demonstrated that low-load resistance training combined with hypoxia, is as good 

as, if not better (depending on the level of hypoxia), than traditional high load resistance training at improving 
muscle thickness, resulting in greater enhancements in muscular strength (MVC6). In addition, an unexpected 
novel finding of a significant decrease in fat layer thickness in the low-load hypoxic resistance group (HRT13.6) 
compared to the high-load normoxic group is noteworthy. Such results may have practical implications for 
subjects suffering from muscle atrophy through to injury or disease, and for others wanting to reduce body fat 
levels. 

Adding hypoxia to strength training results in significant increases in muscle cross-sectional area 
(Manimmanakorn et al., 2013; Nishimura et al., 2010) lean muscle mass (Chycki et al., 2016) or muscle 
thickness (Kurobe et al., 2015) compared to similar training in normoxia. However, not all researchers report 
increased muscular development in hypoxic versus normoxic groups (Kon et al., 2014; Friedmann et al., 2003). 
Indeed a recent review concluded that hypoxic resistance exercise had a similar effect as normoxic resistance 
exercise on muscular development (Ramos-Campo et al., 2018). Differences in results between studies may be 
attributed to a number of factors including hypoxic dose, training volume, training intensity and work-to-rest 
periods used in the various studies. In this study, the 5-week low-load resistance training program (50%1RM 
with FiO2 of 13.6%) increased muscle thickness (rectus femoris) by 18.3 % which was less for the lower hypoxic 
group (FiO2 of 15.8%) suggesting that a light to moderate resistance load ( 50%1RM) in combination with a 
moderate hypoxia (13.6%  3500m) may be the better dosage for increasing muscle development and strength. 

It is well understood that increased skeletal muscle cross sectional area is positively associated with 
increased muscle strength (Kurobe et al., 2015; Manimmanakorn et al., 2013). While the current study did not 
measure cross sectional area of the muscle, we did measure muscle thickness (a useful surrogate for muscle cross 
sectional area (Franchi et al., 2018) and found a moderate to high correlation with isometric MVC (r = 0.54). 
Furthermore, the MVC improvement found in the current study was highest in the HRT13.6 group (33.5%) and 
considerably higher than MVC changes reported in other studies 15.0% (FiO2 10-11%) (Manimmanakorn et al., 
2013) and 16.7% (FiO2 14%) (Thuwakum et al., 2017). We hypothesize the combination of an appropriate 
training load (e.g. 50%1RM) along with an ideal hypoxic load (FiO2 13.6%) may be responsible for greater 
adaptation and subsequently a higher strength gain compared to other studies. 

Although not fully established, a number of factors are thought to be involved in the anabolic signaling 
of skeletal muscle tissue including metabolic stress, time under tension and muscle fiber recruitment (Gonzalez 
et al., 2016). It is thought that hypoxia can have an effect on these factors by altering muscle fiber recruitment 
(shifting from predominantly Type I to Type II) (Scott et al., 2016), and/or exacerbating the metabolic stress 
within the muscle during exercise (Feriche et al., 2017). Training in hypoxia increases the reliance on anaerobic 
energy production, thereby increasing markers of metabolic stress, including increases in blood lactate and 
decreases in pH (Ramos-Campo et al., 2017). Our study found no significant differences in blood lactate 
concentration between the groups after the first training session which may indicate similar anaerobic work 
between groups at this time point. The similar blood lactate concentrations between groups was unexpected and 
may indicate the 1-min recovery period between sets was too long for any build-up of anaerobic metabolites to 
occur. Measuring the blood lactate concentrations at the end of each set and for each training day would be 
required to strengthen the knowledge around the association between blood lactate concentration and training 
under hypoxic conditions. 

It is well known that GH secretion increases in response to a number of factors including exercise 
(Godfrey et al., 2003) hypoxia (Benso et al., 2007), and metabolite build-up (Kon et al., 2010) Our study found 
little difference in metabolite production between training groups at the start of training which has been reported 
previously (Kurobe et al., 2015) and suggests the substantially higher GH secretion in the HRT13.6 group was 
not due to metabolite accumulation. Prior work has shown that hypoxia itself can effect GH levels (Kurobe et al., 
2015; Kon et al., 2012, 2010) but only when above 3000m altitude (or an FiO2 less than  14.4%) (Kon et al., 
2010; Kjaer et al., 1988) . Indeed the athletes in this study that received the lower hypoxic dose (FiO2 of 15.8%) 
did not show a statistically significant increase in GH as a result of training, nor did they show the same 
increases in skeletal muscle layer thickness or strength improvements as the higher dose (FiO2 = 13.6%) 
participants. 

The fact that normoxic trained athletes also showed a significant increase in muscle thickness without a 
concomitant increase in GH concentrations points to factors other than solely GH release being required for 
muscle hypertrophy to occur. Growth hormone secretion results in the production of insulin-like growth factor-1 
(IGF-1) from the liver which plays a major role in skeletal muscle hypertrophy (Borst et al., 2001). However, 
hypertrophy of skeletal muscle can also occur without growth hormone-stimulated IGF-1 levels rising (Devol et 
al., 1990) , probably through other mechanisms of IGF-1 stimulation. 

We found a significant decrease in blood lactate concentration in the HRT13.6 group compared to 
either the HRT15.8 or NRT groups after the last training session. We speculate that an increased adaptation to 
the lower oxygen levels in the HRT13.6 group may be responsible. Reducing the concentration of oxygen during 
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exercise results in compensatory vasodilation (Casey et al., 2010), which may flush out metabolites like blood 
lactate faster in hypoxic compared to normoxic trained muscles. In addition, training under hypoxic conditions 
may cause adaptations that result in increased buffering capacity (Gore et al., 2001), or enhanced oxidative 
capacity (Kon et al., 2014; Terrados et al., 1990). Improvement in oxidative capacity of the muscle would help 
explain the difference in the size of the improved muscular endurance change (repetitions completed at 
40%1RM) in the hypoxic compared to the normoxic trained groups in this study. 
 Previous research has indicated that hypoxemia provokes appetite changes (Bailey, 2015; Wasse et al., 
2012) probably through alterations to appetite regulatory hormones like leptin (Lippl et al., 2010) and others 
(ghrelin, glucagon-like peptide-1) (Morishima & Goto, 2016; Snyder et al., 2008) which may result in reduced 
energy intake and weight loss. The participants that exercised under hypoxic conditions in this study showed a 
significant decrease in the fat layer thickness compared to the participants that trained in normoxia (Table 2) and 
may well have lost fat due to a reduction in energy intake due to appetite changes. However, not all studies that 
have reported weight reduction as a result of hypoxic training have witnessed leptin increases (Lee & Kim, 2017; 
Wiesner, 2010). While changes in protocols between studies are probably associated with some variation in the 
reports on leptin, others researchers believe that weight loss during hypoxic training may involve other 
mechanisms such as hypoxic-related activation of the sympathetic nervous system resulting in elevated 
catecholamine release (Strobel et al., 1996; Kjaer et al., 1988) and subsequently increased fat metabolism. 
Further research is required to elucidate the mechanisms responsible for the reduction in fat levels as a result of 
hypoxic training found in this and other studies. 
 

Conclusions 

 Low-intensity resistance training (50%1RM) under the hypoxic condition of FiO2 = 13.6% increased 
muscle thickness and muscle strength and endurance compared to traditional high-intensity resistance training. 
We found that a hypoxic dose of 13.6% was better than 15.8% at increasing muscle thickness, and subsequent 
isometric and isokinetic strength and endurance. Moreover, we found that such hypoxic training can produce 
substantial reductions in the fat layer around the skeletal muscles. 
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