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Efficacy of Sildenafil on healthy humans in high-altitude
hypoxia at rest and during exercise: A meta-analysis
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Abstract. The current meta-analysis aimed to fully evaluate
the efficacy of Sildenafil in healthy humans at different
altitudes, focusing on echocardiographic and hemody-
namic parameters. Relevant studies were retrieved from
the Cochrane, Embase and PubMed databases. Odds ratios
(OR) were determined for dichotomous data and weighted
mean differences with 95% confidence intervals (Cls) for
continuous data. A total of 16 RCTs were included in the
current meta-analysis. Short-term treatment with Sildenafil
significantly elevated resting heart rate (P<0.01) at altitudes
<4,000 meters. No significant differences in heart rate were
observed between the Sildenafil and placebo groups at rest
and during exercise at an altitude of >4,000 meters (P>0.05).
Sildenafil improved resting cardiac output at an altitude of
>5,000 meters (P<0.01) and exercising arterial oxygen satu-
ration at <4,000 meters (P<0.01). Sildenafil reduced resting
pulmonary artery systolic pressure (PASP) at altitudes
>4,000 meters (P<0.01) and exercising PASP at altitudes
>5,000 meters (P<0.01). Therefore, Sildenafil efficacy in
healthy humans with high-altitude hypoxia is related to
altitude and rest or exercise.
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Introduction

Exposure to high altitude or normobaric hypoxia is a char-
acteristic reason behind pulmonary vasoconstriction and
pulmonary hypertension (1-6). Initially, pulmonary vaso-
constriction is a physiological adaptation to maintain the
ventilation/perfusion ratio as a response to hypoxia. This
leads to a decline in arterial oxygen saturation (Sa0,), causing
pulmonary vasoconstriction and enhanced pulmonary artery
systolic pressure (PASP). This can be observed after exposure
to hypoxia for only 2 h (7), despite being more pronounced for
several days or weeks (5). One of the response mechanisms is
the reduction of nitric oxide (NO) production in pulmonary
artery smooth muscle cells (8). cGMP is a potent vasodilator
synthesized by NO-activated soluble guanylate cyclase.

Sildenafil, a phosphodiesterase type-5 (PDE-5) inhibitor,
induces vasodilation by inhibiting the hydrolytic breakdown
of cGMP (9) with approved indications as pulmonary arterial
hypertension treatment (10). Indeed, a recent meta-analysis
revealed that PDE-5 inhibitors effectively attenuated
high-altitude pulmonary hypertension (11).

Studies have been conducted on the clinical efficacy
of Sildenafil during altitude-induced hypoxemia (2,12,13).
Short-term Sildenafil treatment can attenuate the alti-
tude-induced high pulmonary systolic arterial pressure
without significant beneficial effects on arterial oxygen satura-
tion, heart rate and acute mountain sickness (14). However,
there are conflicting views (2,15,16). Several meta-analyses
have assessed the efficacy of Sildenafil in treating high
altitude-induced hypoxia (11,14). However, the effects of
Sildenafil on hypoxia have been inconsistent during rest and
exercise. Some studies of Sildenafil on endurance performance
in hypoxia show beneficial effects (2,3), while others show no
significant effect (17). The degree and duration of hypoxia
affect associated parameters, such as pulmonary artery pres-
sure (PAP), Sa0O, and arterial oxygen content (CaO,) (18-20).
Whether different altitudes influence the outcomes signifi-
cantly remains to be elucidated. The efficacy of Sildenafil may
be different at varying altitudes for most of the population (16).
Therefore, the present study aimed to review systematically
the efficacy of Sildenafil on hypoxia-related parameters and
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Table I. Study characteristics.

Median Sildenafil
First author, year N M/F Median age weight, kg Altitude or simulated altitude dose,mg  (Ref.)
Ghofrani et al, 2004 14 12/2 36.5 72.3 Mount Everest (altitude: 5,245 m) 50 2)
Ricart et al, 2005 14 14/0 33.1+72 76.3+7.2 Hypobaric chamber: P;=405 mmHg, 100 “)
Py,=85 mmHg, (simulated altitude:
5,000 m)
Richalet et al,2004 12 12/0 29+6 79+11 Observatoire Vallot Altitude (altitude: 40 (®)]
4.350 m)
Hsu et al, 2006 10 10/0 31+4 76.83+9.5 Breathing hypoxic gas (12.8% oxygen 50, 100 3)
simulated altitude: 3,874 m)
Faoro et al, 2007 14 8/6 36 67+10 Mount Chimborazo (altitude: 5,000 m) 50 17
Reichenberger et al, 14 12/12 37 Inspiration of gas containing 10% O, 50 (20)
2007 (simulated altitude: 4,500 m);
Himalaya region (altitude: 3,440 m)
Mount Everest (altitude: 5,245 m)
Snyder et al, 2008 14 13 33+11 85+14 Low-oxygen tent, 12.5% O, (simulated 100 (25)
altitude: 4,300 m)
Lalande ef al,2009 15 7/8 34.8+2.4 73.8+3.7 Low-oxygen tent, 12.5% O, (simulated 40 (26)
altitude: 4,300 m)
Rodway et al,2016 12 8/4 66.5 67.2 Hypobaric chamber (simulated 50 41)
altitude: 2,750 m)
Bates et al, 2011 62 36/26 21 SI: 65.1+7.5  Chacaltaya laboratory (altitude: 50 42)
pla: 69.5+11.8 5,200 m)
Zhao et al, 2001 10 10/0 - - Breathing 11% O, (simulated altitude: 100 (15)
5,350 m)
Cornolo et al,2004 12 12/0 29+6 79+11 Observatoire Vallot Altitude in France 40 30)
(altitude: 4,350 m)
Toro-Salinas et al, 11 6/5 26.8+4.2 66+7.3 Hypobaric chamber (simulated 100 (28)
2016 altitude: 4,000 m)
Olfert et al, 2011 16 8/8 SI: 25+3 175+7 Hypoxic chamber, 11% O, (simulated 50 27
BS: 28+7 altitude: 5,350 m)
Kressler et al,2011 21 11/10 M:25£2F: M:72.1+1.2  Breathed hypoxic gas (12.8% FiO,; 50 (16)
27+2 F: 60.8+2.1 simulated altitude: 3,900 m)
Jacobs et al, 2011 35 M:263+12 M:176.8+1.4 Breathed hypoxic gas (12.8% FiO,; 50 (29)
F:255+14 F:166.8+14 simulated altitude: 3,900 m)

SI, Sildenafil group; BS, Bosentan group; pla, Placebo; M, male.

endurance performance in healthy humans based on the
exercise state and different altitudes using meta-analysis.

Materials and methods

Inclusion Criteria. Eligible articles were independently
identified with the following inclusion criteria: i) The
target population was healthy unacclimatized lowlanders;
ii) studies were randomized controlled trials (RCT) in which
the experimental group was treated with Sildenafil and the
control group was given a placebo or other drugs; iii) hypoxia
was induced in either simulated high altitude or natural high
altitude environments; iv) the principal evaluation indicator
included at least one parameter of echocardiography or
hemodynamics. The exclusion criteria were: i) Subjects with

pre-existing high-altitude cerebral edema and/or high-alti-
tude pulmonary edema; ii) Studies related to Sildenafil usage
combined with the treatment; and iii) incomplete, unavailable
or inaccessible data.

Literature search. A systematic search for clinical trials of
sildenafil was performed using the PubMed (https:/pubmed.
ncbi.nlm.nih.gov/), Embase (https:/www.embase.com) and
Cochrane (https://www.cochrane.org/) to databases. The
following terms: ‘Sildenafil OR Sildenafil citrate OR phos-
phodi-esterase type 5 inhibitor OR PDE-5 inhibitor’ AND
‘high altitude OR hypoxia OR plateau’ with applicable filter
limit to ‘randomized controlled clinical trials (RCTs)’ were
searched. The period of searching the online databases was
between 1998 and Dec 2022.
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2998 Records were identified using search strategies

2961 Irrelevant records excluded by title and abstract

Y

Potentially relevant records identified (n=37)

Pharmacokinetics trials (n=6)

Non-randomized controlled trials (n=14)

Subjects with pulmonary arterial hypertension patients (n=1)

16 Reports included in meta-analysis

Figure 1. Flow diagram for the studies included in the meta-analysis concerning the therapy effect of Sildenafil to counter high altitude hypoxia in healthy

humans.
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Figure 2. Risk of bias graph. Risk of bias for each included RCT, representing low risk of bias (+), high risk of bias (-) and unclear risk of bias (?). RCT,

randomized controlled trial.

Quality assessment. The selected studies were assessed for
quality by estimating the risk of bias, using the Cochrane
risk of bias assessment tool (21), which tests for randomiza-
tion, blinding, reporting of withdrawal, generation of random
numbers and allocation concealment.

Data extraction. The data was extracted from the studies
included in the review by two reviewers independently. The
following information was collected: Year of publication,
number of included participants, demographic characteristics,
the duration of follow-up, the altitude or simulated altitude and
dose of Sildenafil.

Statistical analysis.Data were analyzed using RevMan 5.4 (The
Cochrane Collaboration) and Statal5 software (version 15.0;
Stata Corp LP). Variability between studies in a systematic
review may be termed heterogeneity, commonly evaluated
using a chi-squared test (%?) in which an I? statistic >50% or
P<0.10 are considered indicators (22). A fixed effects model
helped analyze the data where no significant heterogeneity
was observed between studies (P>0.10; ’<50%). Conversely, a
random effects model was used where heterogeneity was iden-
tified. Standard deviation is calculated by the simple formula:
SD:SExw/sample size (23). Means and standard variance from
the median were derived using range and sample size (24).
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For graphical data, the authors were contacted for statistical
values. If the authors did not respond, the data were estimated
from the graphs.

Results

Study characteristics. A total of 2,998 articles were identified
using the pre-defined search strategy. Among these studies,
37 satisfied the primary inclusion criteria after reading titles
and abstracts. After carefully reading the full text, 20 studies
were excluded due to pharmacokinetics trials in healthy
volunteers (n=6), non-randomized controlled studies (n=14)
and pulmonary arterial hypertension (n=1). One randomized
controlled trial (RCT) was reported twice (13,25) and the data
were extracted from a study by Snyder er al (25). Eventually,
16 RCTs were included in the current meta-analysis (Fig. 1).

The key characteristics of the 16 trials are demonstrated in
Table I. A total of 314 healthy volunteers were enrolled in the
16 RCTs, of which 150 were in the Sildenafil treatment group
and 164 in the placebo group. A total of six studies evalu-
ated participants at a naturally high altitude, and 10 studies
investigated hypoxia by the simulation of high altitude in
laboratory conditions. The participants in the study performed
by Lalande er al (26) were randomly receiving Sildenafil and
acetazolamide or a placebo. The data was extracted from
Sildenafil and placebo groups. The participants in the study
performed by Olfert er al (27) randomly received Sildenafil or
bosentan group. Thus, data was extracted from the bosentan
group as the control group.

Data quality. The selected studies were also assessed using
Cochrane's recommended tool to assess the risk of bias.
There was a low risk of bias in >50% of studies in terms of
random sequence generation, blinding of the participants
and trial personnel, incomplete outcome data and selective
reporting. (Fig. 2). All the studies except for Hsu er al (3),
Toro-Salinas et al (28) and Lalande et al (26) described the
randomization process (Fig. 3).

A total of 14 studies reported the mean resting heart rate
while 12 studies reported the exercising heart rate. Only two
of the 14 studies indicated a statistically significant elevation
in resting heart rate (16,29). Meta-analysis of the data indi-
cated that Sildenafil increased heart rate, without significance,
except at altitude <4,000 meters. The mean increase in the
resting heart rate of participants allocated to the Sildenafil
treatment group was 5.24 (95% CI 1.59-8.90; P<0.01; Fig. 4A)
compared with the control group at <4,000 meters, without
significant heterogeneity (I?=0%; P>0.1). There was also no
significant difference in the resting heart rate between both
groups above 4,000 meters, with no heterogeneity evidence
(I’<50%). During exercise, no change in heart rate was
associated with Sildenafil treatment across different altitudes
(P>0.05; Fig. 4B). I? value of heterogeneity was 50% among
studies above 5,000 meters, natural hypoxia and simulated
hypoxia were used for subgroup analysis. A total of three
studies (4,15,27) simulated hypoxia and others simulated
natural hypoxia. Subgroup analysis results show that no
significant difference in heart rate was observed between the
two groups whether at naturally high altitude or simulation of
high altitude (Py;,u1aea=0-77, Pawura=0.12), with no evidence of

2
e}
(o]
g
— £ 3
3 s £
5 8 B § 8
2 5 £ © 2
8 5 8 # § 8
c 5 @ @ £ o
S o Q£ £ 2
g 3 2 g 5 £
T - ®© g o I}
c € » 7 < Q
5 ¢ £ 5 o &
=] c 5 >
E S o o 5 £ 3
BEREEN
= <
E T & © £ & 3
Bates2011 | @D | @ @ | ® | O @ | @
Cormolo2004 | @ |2 |2 |2 |@| 2 |2
Faoro 2007 . 2|2 |2 . . ?
Ghotrani2oos | @ | @ | @ (O (@ | 2 | @
Hsu2006 50mg) | 2 | @ | @ | @ (@] 2 | 2
Jacobs 2011 (men) | @ |2 | @ | O | @ | @ | 2
Jacobs 2011 (women) . ? . . . . ?
Kressler 2011 . ? . ? . . ?
offert2011 | @ |2 (@ |2 | @] 2|2
Reichenberger 2007 (3440m) | @ | @ | @ @ (@ | 2 | 2
Reichenberger 2007 (4500 m) | @ | ® | @ (@ | @ | 2 | 2
Reichenberger 2007 (5000 m) . . . . . ?2 |2
Ricart2005 | @ |2 |2 |2 (@ |2 | 2
Richalet2005 |@ |2 [2 |2 | @ | @ | 2
Rodway2016 | ? | @ | @@ @ (@ | 2
snyder2007 | @ | @ | O (O O | S | @
Sophie Lalande, 2009 [ 2 |2 |2 |2 | @ | @ | 2
Toro-Salinas 2015 | (2 | ' ? . . . . ?
Zhao2004 | @ |2 |2 |2 @ |@®| 2

Figure 3. Risk of bias summary. Bar chart comparing percentage risk of bias
for each included RCT. Green, low risk of bias; Red, high risk of bias; Yellow,
unclear risk of bias; RCT, randomized controlled trial.

heterogeneity (I’=0%). Moreover, the results of performing
a leave-one-out sensitivity analysis remained consistent with
those of the overall analysis (Fig. 5A). Publication bias using
Egger's test showed no publication bias (P>0.05; Fig. 5B)

A total of nine studies reported data on cardiac output
at rest (2,3,5,16,17,25,28-30). Meta-analysis of the data indi-
cated that Sildenafil did not elevate cardiac output below
5,000 meters. However, cardiac output did increase at rest
compared with the placebo group when exposed to altitudes
above 5,000 meters (MD, 1.14; 95% ClI, 0.44, 1.84; P<0.01;
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A Experimental Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% ClI
5.1.1 Altitude<4000
Hsu 2006(50mg) 73 13 5 68 10 5 3.5% 5.00 [-9.38, 19.38) I
Jacobs 2011(men) 80 63 10 74 6.3 10 14.6% 6.00 [0.48, 11.52) ™
Jacobs 2011(women) 86 85 8 81 79 7 86% 5.00 [-3.30, 13.30) I
Kressler 2011 82 99 1 78 95 10 86% 4.00 [-4.30, 12.30) ™
Reichenberger 2007(3440m) 78 10.6 7 73 106 7 5.4% 5.00 [-6.11, 16.11) 1T
Subtotal (95% Cl) 41 39 40.8% 5.24 [1.59, 8.90] ¢
Heterogeneity: Tau? = 0.00; Chi? = 0.16, df = 4 (P = 1.00); I* = 0%

Test for overall effect: Z = 2.81 (P = 0.005)

5.1.2 4000 <Altitude<5000

Cornolo 2004 75.9 12 6 723 76 6 52% 3.60(-7.77, 14.97) T
Reichenberger 2007(4500m) 84 159 7 78 106 7 36% 6.00 [-8.16, 20.16) -
Richalet 2005 765 64 6 813 46 6 125% -4.80(-11.11,1.51) -
Snyder 2007 71 10 7 67 10 7 6.0% 4.00 (-6.48, 14.48) T
Toro-Salinas 2015 918 195 4 916 169 4 1.2%  0.20 [-25.09, 25.49) S
Subtotal (95% Cl) 30 30 285%  -0.54[-5.08, 4.00] *
Heterogeneity: Tau? = 0.00; Chi* = 3.81, df =4 (P = 0.43); I’ = 0%

Test for overall effect: Z = 0.23 (P = 0.82)

5.1.3 Altitude =5000m

Bates 2011 101.7 156 17 101.2 164 37 7.5% 0.50 [-8.61, 9.61] -1
Faoro 2007 89 10.58 7 74 10.58 7 55%  15.00(3.92, 26.08) -
Ghofrani . 2004 848 217 7 835 199 6 1.5% 1.30(-21.33, 23.93) =
Olfert 2011 102 189 10 98 147 6 2.7% 4.00 [-12.60, 20.60) B
Reichenberger 2007( 5000m) 87 79 7 83 132 7 52% 4.00 [-7.40, 15.40) T
Ricart 2005 93.7 14 7 879 137 7  34% 5.80 (-8.71, 20.31) -1
Zhao 2004 82 127 5 95 45 5 4.9% -13.00[-24.81,-1.19) -
Subtotal (95% CI) 60 75 30.7% 2.50 [-4.42,9.41) >
Heterogeneity: Tau? = 41.69; Chi? = 11.99, df = 6 (P = 0.06); I> = 50%

Test for overall effect: Z = 0.71 (P = 0.48)

Total (95% Cl) 131 144 100.0% 2.90 [0.06, 5.74) *
Heterogeneity: Tau? = 6.46; Chi? = 19.78, df = 16 (P = 0.23); I* = 19% . 1’00 _;0 o 5’0 7 0‘0
Test for overall effect: Z = 2.00 (P = 0.05) ;

Test for subgroup differences: Chi? = 3.80, df = 2 (P = 0.15), I? =47.3% Favours (experimental] - Favours [control]

B Experimental Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% ClI 1V, Fixed, 95% ClI
10.1.1 Altitude (m) <4000m
Hsu 2006(50mg) 162 13 5 159 12 5 3.8% 3.00[-12.51, 18.51) -
Jacobs 2011(men) 156 9.5 10 153 95 10 13.1%  3.00[-5.33, 11.33) T
Jacobs 2011(women) 163 113 8 161 79 7 9.5% 2.00([-7.78, 11.78) N
Kressler 2011 153 9 11 148 9 10 15.3%  5.00[-2.71, 12.71) I
Rodway 2016 1642 94 6 1639 938 6 7.7% 0.30(-10.57,11.17) 7
Subtotal (95% Cl) 40 38 49.5% 3.01[-1.28, 7.30] L 4
Heterogeneity: Chi? = 0.54, df =4 (P = 0.97); I’ = 0%

Test for overall effect: Z = 1.37 (P = 0.17)
10.1.2 4000 <Altitude (m) <5000m
Richalet 2005 181 9 6 184 12 6 6.3% -3.00(-15.00, 9.00) =
Snyder 2007 157 21 10 158 17 10 3.2% -1.00 [-17.75, 15.75)
Sophie Lalande,2009 133 13.2 7 128 113 8 58% 5.00(-7.53, 17.53) 1T
Toro-Salinas 2015 1729 189 4 1734 125 4 1.8% -0.50 [-22.71, 21.71) -1
Subtotal (95% Cl) 27 28 17.2%  0.34[-6.93,7.61] S 4
Heterogeneity: Chi? = 0.86, df = 3 (P = 0.84); I = 0%
Test for overall effect: Z = 0.09 (P = 0.93)
10.1.3 Altitude (m) =5000m
Faoro 2007 164 79 7 163 79 7 133% 1.00 [-7.28, 9.28) -
Ghofrani . 2004 1485 143 7 140 93 6 54%  8.50 [-4.45, 21.45) T
Olfert 2011 177 95 10 175 122 6 7.0% 2.00[-9.40, 13.40) -1
Ricart 2005 160.7 96 7 1589 11.2 7 76% 1.80[-9.13,12.73) -1
Subtotal (95% Cl) 31 26 33.3%  2.61[-2.61,7.84) <>
Heterogeneity: Chi? = 0.97, df = 3 (P = 0.81); I’ = 0%
Test for overall effect: Z = 0.98 (P = 0.33)
Total (95% Cl) 98 92 100.0%  2.42[-0.60, 5.43] r
4 2= = = 12 = 09 } + + + {
Heterogeneity: Chi? = 2.76, df = 12 (P = 1.00); I = 0% 100 50 0 50 100

Test for overall effect: Z = 1.57 (P = 0.12)
Test for subgroup differences: Chi? = 0.39, df = 2 (P = 0.82), I’ = 0%

Favours [experimental)

Favours [cont

rol)

Figure 4. Forest plot of heart rate at rest and during exercise after treatment with Sildenafil vs. placebo control at high altitude. (A) Heart rate at rest. (B) Heart
rate during exercise. The mean increase in resting heart rate of participants allocated to the Sildenafil treatment group was 5.24 (P<0.01) vs. the control group
at <4,000 meters, without significant heterogeneity (12=0%; P>0.1). There was no change in heart rate during exercise associated with therapeutic of Sildenafil

at different altitudes (P>0.05). CI, confidence interval.

Fig. 6A). Although there was a trend of increased cardiac
output during exercise at different altitudes, the difference was

not significant (P>0.05; Fig. 6B).

A total of 13 studies reported data at rest and nine during

exercise for Sa0,. Meta-analysis indicated that the administra-
tion of Sildenafil did not increase SaO, at rest after exposure
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Figure 5. Sensitivity analysis of (A) heart rate and (B) Egger's test bias.
CI, confidence interval.

to high altitudes (P>0.05) with no apparent heterogeneity
(I’=0%; P>0.1) detected among studies (Fig. 7A). Sa0, of the
treatment group was significantly higher during exercise than
the control group below 4,000 meters (MD=1.72; 95% CI: 1.16,
2.28; P<0.0001), with no significant heterogeneity observed
(I*’=0%; P>0.1). No significant difference and heterogeneity
were observed between the Sildenafil and placebo groups
(P>0.05) above 4,000 meters (I>’=0%) (Fig. 7B).

A total of seven studies reported PASP at rest and five
studies revealed that Sildenafil significantly attenuated PASP.
According to the meta-analysis, a significant PASP reduction
was observed due to treatment with Sildenafil by a mean of
4.07 mmHg (95% CI: -7.36, -0.78; P=0.02) at an altitude of
4,000-5,000 meters and 5.67 mmHg (95% CI: -7.32, -4.01;
P<0.0001) above 5,000 meters, without significant heteroge-
neity (I’<50%; P>0.1) (Fig. 8A). Two studies reported PASP
during exercise at an altitude of 5,000 meters. Compared with
the placebo group, the mean reduction was 6.10 mmHg (95% CI:
-8.34, -3.86; P<0.0001) in the Sildenafil group (Fig. 8B).

A total of two studies reported minute ventilation (V) at
rest and five during exercise. No differences were identified
for Vy either rest or during exercise (P>0.05) in Sildenafil
group compared with the control group after exposure to high
altitudes (Fig. 9).

Discussion

High altitudes are among the most inhospitable locations on
earth. The atmospheric pressure decreases gradually as alti-
tude increases. Research in a hypobaric hypoxic environment
indicates that altitude differences and the rate of increase
affect humans physiologically (31-34). However, to the best of
our knowledge, almost no hypoxic effects below 2,500 meters
have been reported (31). Humans can be affected by hypoxia
at an altitude of >3,000 meters (31). Individuals unaccustomed
to high altitudes will be affected at >4,000 meters without

environmental adaptation (31). High altitude hypoxia leads to
altitude sickness, due to decreased barometric pressure when
ascending from low to high altitudes, thereby reducing the
pressure of inspired oxygen (35,36). Sildenafil helped to reduce
pulmonary vascularresistance in different forms of precapillary
pulmonary hypertension (37-39) and mimicked the features of
a selective pulmonary vasodilator. However, a threshold alti-
tude may limit the usefulness of Sildenafil at lower altitudes
while providing greater benefits above the threshold (16).
The hypoxic pulmonary vasoconstriction (HPV) response
does not elevate cardiac output sufficiently for Sildenafil to
impart a recognizable improvement below 3,000 meters (16).
Researchers have also considered several other factors modu-
lating the effectiveness of Sildenafil (16,29,40). This includes
the possibility of responders and non-responders, the influence
of central regulation on exercise and sex difference.

Encouraged by the previous research, the present study
considered the effect of sildenafil on healthy humans in
plateau environment according to different altitude and exer-
cise state. Unlike previous meta-analyses involving the impact
of Sildenafil on high altitude hypoxia and its complications,
the present meta-analysis focused on the potential clinical
efficacy of Sildenafil at different high altitudes among healthy
individuals while exercising and resting.

The present study revealed that Sildenafil therapy increases
resting heart rate at <4,000 meters and decreases PASP at
other altitudes. Cardiac output could be significantly elevated
above 5,000 meters. During exercise, Sildenafil increased
Sa0, <4,000 meters and reduced PASP above 5,000 meters.

The meta-analysis data revealed that the resting heart rate
was significantly elevated after Sildenafil treatment below
4,000 meters, inconsistent with previous research. A total of
two studies found an increase in resting heart rate at above
5,000 meters due to Sildenafil (4,27), but it was found to
decrease in the present review (15). There are possible adverse
effects of Sildenafil treatment at altitudes <4,000 meters in
individuals with an elevated response to this drug (28). These
data suggest that treating healthy individuals with Sildenafil
is not likely to be beneficial for every person. An explanation
for this differential response is worthy of further research.
Sildenafil has a moderate effect on increasing SaO, during
exercise (40), but another study provided non-significant
benefits (11). The present meta-analysis showed that Sildenafil
considerably increased SaO, during exercise, but only at alti-
tudes <4,000 meters. The beneficial effect was not apparent
at other altitudes, either during exercise or at rest. Therefore,
the beneficial impact of Sildenafil on SaO, is associated with
altitude, rest, or exercise.

Sildenafil reduces PASP at rest and during exercise and the
effect was observed at any altitude. The effect of Sildenafil
on PAP leads to increased cardiac output, mostly above
5,000 meters. The pooled data analysis revealed that the effect
on PAP moderately increases cardiac output at rest.

The aforementioned results in the present study demonstrated
that the efficacy of Sildenafil in healthy humans with high-
altitude hypoxia was associated with altitude and rest or exercise.

Throughout the current analysis, two studies depicted an
elevated effect of Sildenafil on heart rate without any signifi-
cant methodological heterogeneity (16,29). When the study by
Jacobs et al was removed, the effect on heart rate decreased (29).
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A Experimental Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI 1V, Fixed, 95% CI
6.1.1 Altitude<4000
Hsu 2006(50mg) 7 14 5 6115 5 3.8% 0.90[-0.90,2.70) i
Jacobs 2011(men) 6.8 0.9 10 6.6 09 10 19.9% 0.20[-0.59, 0.99)

Jacobs 2011(women) 56 1.1 8 55 1.1 8 10.6% 0.10(-0.98, 1.18]
Kressler 2011 65 1.2 9 61 15 9 7.9% 0.40[-0.85, 1.65)
Subtotal (95% ClI) 32 32 42.2% 0.28 [-0.27,0.82]

Heterogeneity: Chi? = 0.64, df = 3 (P = 0.89); I’ = 0%
Test for overall effect: Z = 1.00 (P = 0.32)

6.1.2 4000<Altitude (m) <5000m

Cornolo 2004 7 4.2 6 7.7 1.9 6 3.8%
Richalet 2005 6.15 0.77 6 645 1.3 6 85%
Snyder 2007 46 08 7 42 08 7 17.6%
Toro-Salinas 2015 75 11 4 74 2 4 2.5%
Subtotal (95% Cl) 23 23  324%
Heterogeneity: Chi? = 1.66, df = 3 (P = 0.65); I = 0%

Test for overall effect: Z = 0.20 (P = 0.84)

6.1.3 Altitude (m) =5000m

Faoro 2007 66 038 7 5 0.8 7 17.6%
Ghofrani . 2004 56 11 7 55 1.2 6 7.8%
Subtotal (95% Cl) 14 13 25.4%
Heterogeneity: Chi? = 3.78, df = 1 (P = 0.05); I* = 74%

Test for overall effect: Z = 3.20 (P = 0.001)

Total (95% CI) 69 68 100.0%

Heterogeneity: Chi* = 11.71, df = 9 (P = 0.23); I? = 23%
Test for overall effect: Z = 2.38 (P = 0.02)
Test for subgroup differences: Chi? = 5.63, df = 2 (P = 0.06), I* = 64.5%

-0.70 [-2.50, 1.10] 1
-0.30 [-1.51, 0.91)
0.40 [-0.44, 1.24)
0.10 [-2.14, 2.34) T
0.06 [-0.55, 0.68]

1.60 [0.76, 2.44) d
0.10 -1.16, 1.36)
1.14 [0.44, 1.84]

0.43 [0.07, 0.78]

-100 -50 0 50 100
Favours [experimental] Favours [control]

Experimental Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI 1V, Fixed, 95% CI
12.1.1 Altitude (m) <4000m
Hsu 2006(50mg) 22 43 5 203 35 5 26% 1.70[-3.16, 6.56) i il
Jacobs 2011(men) 18 3.2 10 16 3.2 10  7.9% 2.00(-0.80, 4.80) d
Jacobs 2011(women) 149 17 8 14 19 7 18.5% 0.90[-0.94, 2.74) r
Kressler 2011 125 1.2 9 121 1.2 9 50.7% 0.40[-0.71, 1.51] £l
Subtotal (95% Cl) 32 31 79.8% 0.72[-0.17, 1.60]

Heterogeneity: Chi? = 1.31, df =3 (P = 0.73); I’ = 0%
Test for overall effect: Z = 1.59 (P = 0.11)

12.1.2 4000m<Altitude (m) <5000m

Richalet 2005 173 46 6 175 2 6 3.9%
Snyder 2007 131 29 10 144 S 10  4.9%
Toro-Salinas 2015 18 2 4 174 42 4  3.0%
Subtotal (95% Cl) 20 20 11.7%

Heterogeneity: Chi* = 0.43, df = 2 (P = 0.80); I = 0%
Test for overall effect: Z = 0.38 (P = 0.70)

12.1.3 Altitude (m) =5000m

Ghofrani . 2004 151 2.2 7 127 27 6 8.5%
Subtotal (95% Cl) 7 6 8.5%
Heterogeneity: Not applicable

Test for overall effect: Z = 1.74 (P = 0.08)

Total (95% Cl) 59 57 100.0%
Heterogeneity: Chi? = 4.22, df =7 (P = 0.75); I = 0%

Test for overall effect: Z = 1.80 (P = 0.07)

Test for subgroup differences: Chi? = 2.47, df = 2 (P = 0.29), I = 19.1%

-0.20 [-4.21, 3.81) T

-1.30 [-4.88, 2.28) T

0.60 [-3.96, 5.16) T
-0.45 [-2.76, 1.85) {

2.40 (-0.31, 5.11) r

2.40 [-0.31, 5.11] ’

0.72 [-0.07, 1.51]

-100 -50 0 50 100

Favours [experimental] Favours [control]

Figure 6. Forest plot of cardiac output at rest and during exercise after treatment with Sildenafil vs. placebo control at high altitude. (A) Cardiac output at rest;
(B) cardiac output during exercise. Cardiac output at rest did increase vs. the placebo group when exposed to altitudes >5,000 meters (P<0.01); CI, confidence

interval.

This study stratified the effects of Sildenafil in men and women
and is an outlying data point and its effect on the outcome
requires careful consideration. The possible lack of published
negative research will bias the aggregate effect towards the posi-
tive effect of Sildenafil. This will significantly affect the rational
guidance of medication for people rushing into the plateau or

altitude hypoxia, in sports medicine, or altitude acclimatization
and combat ability of officers and men at altitude.

There were several limitations to the present study. In recog-
nition of the differences between hypoxia simulated at high
altitudes in laboratory conditions and natural high altitudes,
subgroup analysis would have enhanced the findings of the
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Experimental Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI IV, Fixed, 95% CI
7.1.1 Altitude<4000
Hsu 2006(50mg) 90 4 5 86 4 5 2.6% 4.00 [-0.96, 8.96) .
Jacobs 2011(men) 83 3.16 10 85 3.16 10 84% -2.00(-4.77,0.77) 7
Jacobs 2011(women) 86 2.82 8 85 264 7 8.4% 1.00 [-1.76, 3.76] "
Kressler 2011 85 23 1 84 3.16 10 11.4% 1.00 [-1.38, 3.38) i
Reichenberger 2007(3440m) 91 53 7 91 53 7 21%  0.00[-5.55, 5.55] T
Subtotal (95% Cl) 41 39 329% 0.41[-0.99,1.81]
Heterogeneity: Chi? = 5.35, df = 4 (P = 0.25); I* = 25%
Test for overall effect: Z = 0.57 (P = 0.57)
7.1.2 4000 <Altitude (m) <5000m
Cornolo 2004 839 44 6 839 44 6 2.6% 0.00 [-4.98, 4.98) T
Reichenberger 2007(4500m) 69 13.2 7 68 13.2 7 0.3% 1.00[-12.83, 14.83) -
Richalet 2005 882 33 6 868 3.2 6 4.8% 1.40 [-2.28, 5.08] T
Snyder 2007 889 35 7 897 25 7 6.4% -0.80[-3.99, 2.39) T
Subtotal (95% Cl) 26 26 14.1%  0.14[-2.00, 2.28] (]
Heterogeneity: Chi? = 0.80, df = 3 (P = 0.85); I = 0%
Test for overall effect: Z = 0.13 (P = 0.90)
7.1.3 Altitude (m) =5000m
Bates 2011 765 24 14 75 11 26 367%  1.50([0.17,2.83) m
Faoro 2007 66 7.9 7 65 7.9 7 0.9% 1.00[-7.28, 9.28) -1
Ghofrani . 2004 83 3.1 7 83 47 6 3.3% 0.00 [-4.41, 4.41) T
Olfert 2011 81 3.16 10 82 244 6 84% -1.00[-3.77,1.77) 7
Reichenberger 2007( 5000m) 81 53 7 80 53 7 21% 1.00 [-4.55, 6.55) T
Ricart 2005 79 72 7 794 69 7 1.2% -0.40[-7.79, 6.99] T
Zhao 2004 65 113 5 65 11.2 5 0.3% 0.00[-13.95, 13.95) -1
Subtotal (95% Cl) 57 64 53.0%  0.93[-0.18,2.03)
Heterogeneity: Chi* = 2.89, df =6 (P = 0.82); I’ = 0%
Test for overall effect: Z = 1.65 (P = 0.10)
Total (95% ClI) 124 129 100.0%  0.65[-0.16, 1.45]
Heterogeneity: Chi* = 9.63, df = 15 (P = 0.84); I = 0% _1’00 _5:0 0 5:0 10=0
Test for overall effect: Z = 1.58 (P = 0.12) <
Test for subgroup differences: Chi* = 0.58, df = 2 (P = 0.75), I = 0% Favows [sspenmenall  Favowes fconirod
Experimental Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% Cl
11.1.1 Altitude (m) <4000m
Hsu 2006(50mg) 78 5 5 74 5 5 0.7% 4.00[-2.20, 10.20)
Jacobs 2011(men) 75 09 10 73 13 10 29.6% 2.00([1.02,2.98]
Jacobs 2011(women) 755 06 8 74 038 7 543% 1.50(0.78,2.22)
Kressler 2011 78 3 1 76 2.1 10 5.9% 2.00[-0.20, 4.20] "
Subtotal (95% CI) 34 32 90.6% 1.72[1.16, 2.28] {
Heterogeneity: Chi? = 1.25, df = 3 (P = 0.74); I = 0%
Test for overall effect: Z = 6.00 (P < 0.00001)
11.1.2 4000 <Altitude (m) <5000m
Snyder 2007 82.2 3 10 81.1 39 10 3.1% 1.10[-1.95,4.15) T
Sophie Lalande,2009 88.7 1.9 7 881 57 8 16% 0.60[-3.59,4.79] T
Toro-Salinas 2015 776 7.2 4 753 96 4  0.2% 2.30([-9.46, 14.06) i
Subtotal (95% CI) 21 22 4.9% 0.98 [-1.43, 3.40] L
Heterogeneity: Chi? = 0.09, df = 2 (P = 0.96); I = 0%
Test for overall effect: Z = 0.80 (P = 0.42)
11.1.3 Altitude (m) >5000m
Ghofrani . 2004 71 441 7 725 29 6 19% -1.50[-5.32,2.32) k|
Olfert 2011 71 3.16 10 71 49 6 15% 0.00[-4.38,4.38] T
Ricart 2005 65 43 7 635 54 7 11% 1.50[-3.61,6.61) T
Subtotal (95% CI) 24 19 4.5% -0.29 [-2.80, 2.22] 4
Heterogeneity: Chi? = 0.87, df = 2 (P = 0.65); I = 0%
Test for overall effect: Z = 0.22 (P = 0.82)
Total (95% CI) 79 73 100.0% 1.59[1.06, 2.12) |
T 2 = - - .12 = O° ; + + {
Heterogeneity: Chi? = 4.79, df = 9 (P = 0.85); I’ = 0% -100 50 0 50 100

Test for overall effect: Z = 5.84 (P < 0.00001)

Test for subgroup differences: Chi? = 2.58, df = 2 (P = 0.27), I? = 22.5%

Favours [experimental] Favours [control]

Figure 7. Forest plot of Sa0, at rest and during exercise after treatment with Sildenafil vs. placebo control at high altitude. (A) SaO, at rest; (B) SaO, during
exercise. At <4,000 meters, SaO, of the treatment group was significantly higher during exercise vs. the control group (P<0.0001). No significant difference
was observed between the Sildenafil and placebo groups (P>0.05) at >4,000 meters. Sa0,, arterial oxygen saturation; CI, confidence interval.

present review. However, the lack of available studies prevented
such an analysis. There were different designs of experiments. A
total of six included studies were cross-over trials, all with small

sample sizes. Although the research was conducted based on
altitude, other outcomes, such as exercise intensity and different

dose, were not classified due to a lack of data.
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A Experimental Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI 1V, Fixed, 95% CI
8.1.1 Altitude<4000
Reichenberger 2007(3440m) 201 26 7 257 74 7 6.5% -5.60 [-11.20, 0.00] ™
Subtotal (95% CI) 7 7 6.5% -5.60 [-11.20, 0.00] L ¢
Heterogeneity: Not applicable
Test for overall effect: Z = 1.96 (P = 0.05)

8.1.2 4000 <Altitude<5000

Reichenberger 2007(4500m) 23 29 7 296 6.9 7 6.6% -6.60[-12.14, -1.06] -

Richalet 2005 325 5 6 352 1 6 123% -2.70[-6.78, 1.38] N

Subtotal (95% Cl) 13 13 18.9% -4.07 [-7.36, -0.78] ¢

Heterogeneity: Chi? = 1.23, df = 1 (P = 0.27); I? = 19%

Test for overall effect: Z = 2.43 (P = 0.02)

8.1.3 Altitude =5000m

Bates 2011 303 63 20 338 105 34 102% -3.50[-7.98,0.98] -

Faoro 2007 30 53 7 36 53 7 6.6% -6.00[-11.55, -0.45] -

Ghofrani . 2004 22 29 7 271 28 6 21.2% -5.10[-8.20, -2.00] -

Reichenberger 2007( 5000m) 22 4 7 291 45 7 10.3% -7.10[-11.56, -2.64] -

Ricart 2005 34.9 3 7 409 26 7 236% -6.00[-8.94,-3.06) -

Zhao 2004 30 4 5 39 89 5 2.8% -9.00[-17.55, -0.45] -/

Subtotal (95% Cl) 53 66 74.6% -5.67 [7.32,-4.01] ]

Heterogeneity: Chi2 = 2.07, df = 5 (P = 0.84); 1> = 0%

Test for overall effect: Z = 6.72 (P < 0.00001)

Total (95% CI) 73 86 100.0% -5.36 [-6.79, -3.93] (]

Heterogeneity: Chi? = 4.03, df = 8 (P = 0.85); I? = 0% _1' £ y 1 N
Test for overall effe_ct: Z=736 (P_< 0.00001) 0o Favours ?e(iperimental] OFavours [con??ol] 00
Test for subgroup differences: Chi? = 0.73, df = 2 (P = 0.69), I = 0%

B Experimental Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
Ghofrani . 2004 275 63 7 336 73 6  8.9% -6.10[-13.58, 1.38]

Ricart 2005 429 18 7 49 26 7 91.1% -6.10[-8.44,-3.76]
Total (95% Cl) 14 13 100.0% -6.10 [-8.34, -3.86] ¢+

100 -50 0 50 100
Favours [experimental] Favours [control]

Heterogeneity: Chi? = 0.00, df = 1 (P = 1.00); I = 0%
Test for overall effect: Z = 5.35 (P < 0.00001)

Figure 8. Forest plot of PASP at rest and during exercise after treatment with Sildenafil vs. placebo control at high altitude. (A) PASP at rest; (B) PASP during
exercise. There was a significant reduction in PASP due to treatment with Sildenafil at >4,000 meters at rest (P<0.05) and during exercise at an altitude of
5,000 meters (P<0.0001). PASP, pulmonary artery systolic pressure; CI, confidence interval.

A Experimental Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
Olfert 2011 16 3.16 10 22 489 6 20.3% -6.00[-10.38,-1.62] -

Toro-Salinas 2015 12.35 2.09 4 1195 0.85 4 79.7% 0.40 [-1.81, 2.61]

Total (95% Cl) 14 10 100.0% -0.90 [-2.88, 1.07]
Heterogeneity: Chi? = 6.55, df = 1 (P = 0.01); I? = 85% y
Test for overall effect: Z = 0.90 (P = 0.37)

s L '
t 1

100 -50 0 50 100
Favours [experimental] Favours [control]

B Experimental Control Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% ClI
18.1.1 Altitude<4000
Rodway 2016 1221 159 6 1252 16.7 6 11.3% -3.10[-21.55, 15.35]
Subtotal (95% CI) 6 6 11.3% -3.10 [-21.55, 15.35]

Heterogeneity: Not applicable
Test for overall effect: Z = 0.33 (P = 0.74)

18.1.2 4000 <Altitude<5000

Sophie Lalande,2009 47.7 8.2 7 49 9.1 8 50.1% -1.30[-10.06, 7.46]
Toro-Salinas 2015 108.27 29.5 4 109.46 25.7 4  26% -1.19[-39.53,37.15]
Subtotal (95% Cl) 11 12 52.7%  -1.29 [-9.83,7.24]

Heterogeneity: Chi? = 0.00, df = 1 (P = 1.00); I> = 0%
Test for overall effect: Z =0.30 (P = 0.77)

18.1.3 Altitude =5000

Faoro 2007 97 10.6 7 94 157 7 19.5% 3.00[-11.03, 17.03] I
Olfert 2011 100 18.9 10 103 12.2 6 16.5% -3.00[-18.25, 12.25] 1
Subtotal (95% Cl) 17 13 36.0% 0.25[-10.08, 10.57] D
Heterogeneity: Chi2 = 0.32, df = 1 (P = 0.57); 2= 0%

Test for overall effect: Z =0.05 (P = 0.96)

Total (95% Cl) 34 31 100.0%  -0.94 [-7.14, 5.25] ?

-100 -50 0 50 100
Favours [experimental] Favours [control]

Heterogeneity: Chi? = 0.43, df =4 (P = 0.98); I? = 0%
Test for overall effect: Z =0.30 (P = 0.77)
Test for subgroup differences: Chi? = 0.11, df = 2 (P = 0.95), I = 0%

Figure 9. Forest plot of minute ventilation (V) at rest and during exercise after treatment with Sildenafil vs. placebo control at high altitude. (A) Vy, at rest;
(B) Vg during exercise. No differences were observed for Vi either rest or during exercise in Sildenafil group vs. the control group after exposure to high
altitudes (P>0.05). Vg, minute ventilation; CI, confidence interval.
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Therefore, the present review provided novel insights
while interpreting the efficacy of Sildenafil on echocardio-
graphic and hemodynamic parameters in healthy humans in
high-altitude hypoxia. The efficacy depended on whether the
subject is exercising or at rest but also on altitude.
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