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Abstract
Erectile dysfunction (ED) is caused by microvascular or macrovascular insufﬁciency in the majority of patients. Recent
studies have shown that hyperbaric oxygen therapy (HBOT) can induce angiogenesis in different body organs. The effect of
HBOT on the non-surgery-related ED has not been investigated yet. The aim of the current study was to evaluate the effects
of HBOT on sexual function and penile vascular bed in non-surgical ED patients. A prospective analysis of patients
suffering from chronic ED treated with 40 daily HBOT sessions. Clinical efﬁcacy was assessed using the International Index
of Erectile Function questionnaire (IIEF) and a global efﬁcacy question (GEQ). The effect on the penile vascular bed was
evaluated by perfusion MRI. Thirty men (mean age of 59.2 ± 1.4) suffering from ED for 4.2 ± 0.6 years completed the
protocol. HBOT signiﬁcantly improved all IIEF domains by 15–88% (p < 0.01). Erectile function improved by 88% (p <
0.0001) and 80% of the patients reported positive outcome according to the GEQ. Angiogenesis was indicated by perfusion
MRI that showed a signiﬁcant increase by 153.3 ± 43.2% of K-trans values in the corpous cavernous (p < 0.0001). HBOT
can induce penile angiogenesis and improve erectile function in men suffering from EcD. HBOT reverses the basic common
pathophysiology, atherosclerosis and decreased penile perfusion, responsible for most cases of ED.

Introduction
The normal erection is a complex event resulting from the
coordinated function of psychological, neurological, hormonal, and vascular systems [1]. Penile blood ﬂow disruption due to inadequate vascular perfusion is present in at
least 60% of the erectile dysfunction (ED) patients [2]. The
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ﬁrst-line therapy used for ED relies on the vasodilatation
effect of phosphodiesterase-5 inhibitors (PDE5Is) [3].
However, since the vasodilatation effect of PDE5Is is
transient and dependent on the presence of adequate blood
vessels within the corpora cavernosa (CC), there is a need
for a treatment modality that intervenes with the baseline
pathology and induces generation of new blood vessels
(angiogenesis). Hyperbaric oxygen therapy (HBOT) has
been shown to induce angiogenesis in different tissues
experiencing compromised blood perfusion such as the
brain and non-healing wounds [4, 5]. The effect of HBOT
on penile angiogenesis has not been investigated yet.
HBOT incorporates the inhalation of 100% oxygen at
pressures exceeding 1 atmosphere absolute (ATA), thus
increasing the amount of oxygen dissolved in the body
tissues [6]. One of the most interesting mechanisms induced
by HBOT is angiogenesis mediated by release of omnipotent stem cells capable of differentiating into endothelial
cells [7–9]. HBOT also boosts the release of vascular
endothelial growth factor (VEGF) and hypoxia-inducible
factor-1alpha (HIF-1alpha), crucial mediators for the
angiogenesis process [9]. In addition, the improved oxygenation by HBOT creates the necessary environment
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needed for stem cells proliferation. Pre-clinical and clinical
studies have demonstrated that HBOT can induce angiogenesis even in tissues with low regenerative potential such
as the brain [10–12].
Two studies, on both humans and animals, suggested a
possible therapeutic effect of HBOT on ED related to surgical injuries [13, 14]. In the clinical study, which included
a cohort of 12 men suffering from ED after posterior urethral reconstruction surgery, HBOT signiﬁcantly improved
erectile function [14].

Aims
The aim of the current study was to evaluate the effects of
HBOT on sexual function and penile microvasculature in
non-surgical ED patients.
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dysfunction. Each item is rated on a ﬁve-point ordinal
scale. Zero is scored when responders did not attempt
intercourse.
Primary outcome was measured by questions 3 and 4.
Question 3 asks ‘Over the past four weeks, when you have
attempted sexual intercourse, how often were you able to
penetrate (enter) your partner?’. Question 4 asks ‘Over the
past four weeks, during sexual intercourse, how often were
you able to maintain your erection after you have penetrated
your partner?’.
Efﬁcacy was also assessed on the basis of the scores for
the ﬁve separate domains of male sexual function of the
IIEF [15]. The domain scores were computed by adding the
scores for the individual questions in each domain. In
addition, efﬁcacy was also assessed using the global efﬁcacy question (GEQ) (“Did the treatment improve your
erections?”), with a yes or no response.

Perfusion MRI protocol

Materials and methods
A prospective analysis of men, age 18 years or older, with a
clinical diagnosis of erectile dysfunction,of more than six
months duration. The study was approved by the institutional review board, and all participants gave written
informed consent prior to their inclusion. The study was
registered in the US National Institute of Health Clinical
Trails registry (NCT02619383).
Exclusion criteria included penile anatomical defects,
any active or history of malignancy including prostate
cancer, spinal cord injury, any major psychiatric disorder
uncontrolled with treatment, claustrophobia, chronic lung
disease, or chronic middle ear or sinus diseases. Participants
were allowed to continue with PDE5I medication if it was
chronically used for more than 6 months prior to their
inclusion.

Perfusion imaging technique called dynamic contrastenhanced MRI (DCE-MRI) was used to evaluate the
change in capillary leakage/ﬂow as indicated by K-trans
parameter values, serving as indicator of angiogenesis [16].
Seven patients underwent two MRI scans, baseline and
after HBOT. Imaging was conducted using a 3 Tesla system
(MAGNETOM Skyra, Siemens, Germany). The MRI protocol included anatomic T1 and T2 sequences and DCE
(detailed in supplementary section S1).
K-trans calculations were performed in four speciﬁc axial
sections located in the CC at the level of the penis base for
better localization and reduced variability (Fig. 1a). Another
control K-trans measurement was performed at the psoas
muscle as it passes through the groin. The relative change in
penile K-trans values (in %) was calculated as (post-pre
HBOT values)/(pre HBOT value)*100.

Hyperbaric oxygen therapy

Statistical analysis

The treatment comprised 40 daily hyperbaric sessions,
5 days a week, in a multiplace hyperbaric chamber (HAUXLife-Support GmbH, Germany). Each session consisted of
90 min of exposure to 100% oxygen at 2 ATA with 5 min
air breaks every 30 min.

The mean frequency of responses to questions 3 and 4 of the
IIEF was calculated. An analysis-of-covariance (ANCOVA)
model was ﬁtted for each question, which included maineffect terms for base-line score, patient age, smoking, diabetes mellitus, hypertension, ischemic heart disease, use of
PDE5Is and duration as covariates. Mean domain scores
from the IIEF were calculated, and the treatment effect was
analyzed by the described ANCOVA model. The answers to
the GEQ question (yes or no) were analyzed with the use of
logistic-regression analysis, accounting for the same covariates as those listed for the ANCOVA models. Using IIEF
and erectile function domain scores means and standard
deviations, pairwise analysis was performed to calculate the
sample size. In order to detect a two-sided change of one

Sexual function assessment
Efﬁcacy of the treatment was assessed at baseline (2 weeks
after signing informed consent) and in 2 weeks post their
last HBOT session, using the International Index of Erectile
Function (IIEF) questionnaire [15]. The IIEF is a validated,
multidimensional, self-administered questionnaire consisting of 15 items used for the clinical assessment of erectile
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Fig. 2 Flowchart of the patients included in the study

using the Kolmogorov-Smirnov test. The alpha level was
set to 0.05. Data were statistically analyzed using SPSS
software (version 22.0).

Results
Patients

Fig. 1 DCE-MRI was performed using injection of contrast media
(Gd-DTPA) and aquring serial images in order to measure blood
perfusion.DCE-MRI Ktrans map is calculated from the serial images
(see S-1 for further details). a Penile MRI coordinates of measurement.
T2 MRI sequence demonstrates the 4 locations in each CC which were
used to extract K-trans values. The base of the penis area was chosen
for better localization in each patient and variability reduction. b
Average MRI dynamic contrast enhancement (DCE) maps pre and
post HBOT. Black to blue and green (in this order) reﬂect low K-trans
values = low perfusion in the corporoa cavernousa. Yellow and red (in
this order) reﬂect high K-trans values = increased perfusion in the
corpora cavernousa. Top row: K-trans values at baseline. Middle row:
K-trans values after HBOT. Bottom row: delta map showing increase
in K-trans after HBOT

Between June 2013 to May 2015, 42 men suffering from
ED were screened. Two did not fulﬁll inclusion criteria and
3 were excluded due to contraindications (2 middle ear
diseases, 1 active malignancy). HBOT was applied for 37
patients. Seven patients did not complete 40 hyperbaric
sessions (6 due to barotrauma, 1 claustrophobia). Accordingly, 30 men completed the study and were included in the
ﬁnal analysis (Fig. 2). The mean age was 59.2 ± 1.4 years
and the mean duration of symptoms prior to inclusion was
4.2 ± 0.6 years. All 30 patients reported having previous
experience with PDE5Is; 46.7% continued using PDE5Is
while in the study. Baseline characteristics are summarized
in Table 1.

Efﬁcacy
standard deviation in Q3, Q4 and erectile function domain,
the calculated sample size was 20-23.
Two-sided paired t-test was performed to compare
K-trans values before and after HBOT.
Continuous data were expressed as means ± standard
errors. The normal distribution for all variables was tested

HBOT improved the mean scores of IIEF questions assessing the frequency of penetration (3.0 ± 0.2 post-HBOT vs.
1.9 ± 0.2 pre-HBOT, p < 0.001) and maintenance of erections after penetration (3.4 ± 0.2 post-HBOT vs. 1.7 ± 0.2
pre-HBOT, p < 0.001). The percent increase from base line
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Table 1 Patients’ baseline characteristics
Age

59.2 ± 1.4

Duration of symptoms (years)

4.2 ± 0.6

Concurrent PDE5I
No

16 (53.3.%)

Yes

14 (46.7%)

Testosterone level (ng/dl)

11.8 ± 1.3

BMI (Kg/m2)

27.8 ± 0.6

History of smoking

No

20 (66.7%)

Yes

10 (33.3%)

No

15 (50%)

Yes

15 (50%)
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did not affect any of the above-mentioned outcome measures (p > 0.1).

Penile perfusion
A signiﬁcant increase in the renal blood ﬂow was indicated
in the seven participants who agreed to undergo penile
perfusion MRI pre and post HBOT. After HBOT, the
relative change in K-trans values increased by 153.3 ± 43.3
in the CC (p < 0.0001). The average K-trans values are
depicted in Fig. 1b.

Comorbidities
Diabetes Mellitus II
HBA1c
(in Diabetics)

7.8 ± 0.3

Hypertension

No

13 (56.7%)

Yes

17 (43.3%)

Dyslipidemia

No

10 (33.3%)

Yes

20 (66.7%)

Ischemic Heart Disease

No

22 (73.3%)

Yes

8 (26.7%)

No

9 (30%)

Yes

21 (70%)

No

26 (86.7%)

Yes

4 (13.3%)

Adverse events
Six from the 37 patients who included in the study discontinued the treatment due to barotrauma (16%) and one
due to claustrophobia. Barotraumas were mild and fully
recovered in all patients after 3 days. Five out of 30 men
who completed the study protocol reported minor pain in
the ear during recompression, recovered completely and
resumed HBOT sessions without any need for additional
treatment.

Medications
Beta blockers
SSRI/SNRI

PDE5I phosphodiesterase-5-inhibtors, BMI body mass index, SSRI
selective serotonin reuptake inhibitor, SNRI serotonin norepinephrine
reuptake inhibitor

was 58% for question 3 and 100% for question 4 (Table 2,
Fig. 3).
Penetration and maintenance of erections improved to a
response level of 4 or 5 (“success most times”) in 50% of
men who were at level 0 or 1 (“no attempts or almost never
successful”) before treatment, and in 50% and 70% of men
who were at level 2 and 3 (“success at half or less than half
the times”), respectively, prior to the treatment.
HBOT increased the mean scores for the erectilefunction domain by 10.4 ± 1.2 (90%) (p < 0.001)
(Table 2). After HBOT, 63% of the men had none to mild
erectile dysfunction (total of questions 1, 2, 3, 4, 5, and 15
was within 19-30) (Fig. 4). The mean scores for the
orgasmic-function, intercourse-satisfaction, and overallsatisfaction domains were signiﬁcantly improved by
29–59% after HBOT (p < 0.001) (Table 2, Fig. 3).
After HBOT, 24 of the 30 men (80%) reported improved
erections (global efﬁcacy question).
Age, duration of symptoms, BMI, the presence of diabetes mellitus, hypertension, dyslipidemia, ischemic heart
disease, history of smoking, and concurrent use of PDE5Is

Discussion
The present study shows for the ﬁrst time that penile
angiogenesis and improved erectile function can be induced
by HBOT in men suffering from chronic non-surgical ED.
The improvement in sexual performance was signiﬁcant in
all IIEF domains and was most noticeable in both erectile
function and the global efﬁcacy question responses. Penile
angiogenesis was demonstrated by perfusion MRI analysis.
Vascular integrity, including appropriate vascular dilatation and increased blood ﬂow to the cavernous sinusoidal
system, is a key component of the physiology of penile
erections [17, 18]. Endothelial dysfunction, atherosclerosis
and microvascular diseases disrupt the penile blood ﬂow
and accordingly vascular etiology is the leading cause of
ED [2]. Because of the small diameter of penile arteries
(1–2 mm), compared with other arteries (such as coronary
arteries), the same level of endothelial dysfunction and
atherosclerosis may lead to a clinically more signiﬁcant
reduction of blood ﬂow to the penis culminating in ED [19].
Consequently, ED can be the earliest symptom of cardiovascular disease.
Angiogenesis is the sprouting of new blood vessels using
vasculogenic stem cells which differentiate into endothelial
cells, as well as other supporting structures. The use of stem
cells and/or angiogenic growth factors for erectile dysfunction has been suggested previously. Several pre-clinical
studies have shown beneﬁcial effects using intracavernosal
injections of bone marrow stem cells, as well as VEGF in
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Table 2 IIEF questionnaire Q3,
Q4, and domains at baseline and
after hyperbaric oxygen therapy
(HBOT)
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Baseline

Post HBOT Mean Change Percent change from baseline Sig

Q3

1.9 ± 0.2

3.0 ± 0.2

1.1 ± 0.2

58 ± 10%

p < 0.0001

Q4

1.7 ± 0.2

3.4 ± 0.2

1.7 ± 0.2

100 ± 11%

p < 0.0001

IIEF Total

35.3 ± 2.5 50.4 ± 2.2

15.1 ± 2.2

43 ± 6%

p < 0.0001

Erectile function

11.4 ± 1.1 21.9 ± 1.2

10.4 ± 1.2

91 ± 10%

p < 0.0001

Orgasmic function

6.6 ± 0.6

8.6 ± 0.4

1.9 ± 0.5

29 ± 7%

p = 0.001

Sexual desire

6.3 ± 0.4

7.2 ± 0.3

0.9 ± 0.3

14 ± 5%

p = 0.009

Intercourse
6.2 ± 0.6

9.2 ± 0.6

3.0 ± 0.6

48 ± 10%

p < 0.0001

Overall satisfaction 4.8 ± 0.4

7.0 ± 0.4

2.2 ± 0.5

46 ± 10%

p < 0.0001

satisfaction

Data are expressed as means ± standard errors
Q3 question 3 item, Q4 question 4 item, IIEF international index of erectile
function, HBOT hyperbaric oxygen therapy

Fig. 3 Erectile dysfunction measures before and after hyperbaric
oxygen therapy (HBOT). a Penetration erections, Erections maintenance, intercourse satisfaction and overall satisfaction scores

signiﬁcantly increased after HBOT. b Erectile function and IIEF total
score improved signiﬁcantly after HBOT. b IIEF total and erectile
function scores signiﬁcantly improved after HBOT

Hyperbaric oxygen can induce angiogenesis and recover erectile function
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Fig. 4 Erectile function severity at baseline and after hyperbaric
oxygen therapy (HBOT). After HBOT, 63% of the men had none to
mild erectile dysfunction. Erectile function is calculated as the total of

questions 1, 2, 3, 4, 5, and 15. Erectile dysfunction severity is graded
as: 0–6 severe dysfunction, 7–12 moderate dysfunction, 13–18 mild to
moderate dysfunction, 19–24 mild dysfunction, 25–30 normal function

Fig. 5 Case #1 DCE-MRI. After HBOT there was a signiﬁcant
increase in K-trans values in both the right and left corpus cavernosum.
K-trans values map was overlaid on the T2 sequence. Black to blue

and green (in this order) reﬂect low K-trans values = low perfusion in
the corporoa cavernousa. Yellow and red (in this order) reﬂect high Ktrans values = increased perfusion in the corpora cavernousa

different rat models [20, 21]. Both mobilization of vasculogenic stem cells and induction of angiogenic factors
release (such as VEGF and HIF-1alpha) can be induced by
repetitive HBOT sessions [5, 9]. Recent studies in patients
suffering chronic neurological impairments stemming from
stroke, traumatic brain injury and anoxic brain injury have
shown that HBOT neuro-therapeutic effects are mediated by
brain angiogenesis [22–24].
One of the known differentiation characteristics of
newly formed blood vessels is their relatively high leakage compared to normal blood vessels [25]. The high
leakage of these newly formed blood vessels has been
exploited to demonstrate angiogenesis using DCE-MRI
[25]. In the present study, by use of DCE-MRI and
demonstration of higher K-trans values after HBOT, it
was clearly demonstrated that angiogenesis was induced
in the penis CC. The demonstrated penile angiogenesis
may be one of the underlying physiological mechanisms
responsible for the beneﬁcial clinical effect of HBOT on
erectile and sexual functions.

When compared to PDE5I or other ED treatments, HBOT
holds the promise of unique new intervention modality with
several advantages and disadvantages. Starting with the
advantages, the induction of angiogenesis by HBOT is
aiming for resolution of the basic vascular pathology instead
of short-term symptomatic relief. PDE5I or other penile
injections/interventions require pre-planning and preparation
prior to sexual intercourse. When compared to PDE5I,
HBOT enables regaining the ability to have spontaneous or
unplanned intercourse. Second, diabetic patients had similar
efﬁcacy with HBOT, unlike the lower efﬁcacy seen with
PDE5I [26]. The third and most important advantage relates
to the high potency of HBOT even in men in whom PDE5Is
have no beneﬁcial effect, compared to at least 30% of
patients who do not regain erectile function using PDE5Is
[27]. In the current study population, ED persisted 4.2 ± 0.6
years prior to inclusion and all men used PDE5Is prior to
inclusion without gaining satisfactory erectile function.
HBOT carries two main disadvantages. First, while PDE5Is
or intracavernosal injections have immediate effect, in
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HBOT, as in other regenerative therapies, the beneﬁcial
effect can be recognized only after a series of sessions.
Second, HBOT sessions require considerable time and dedication (40 daily treatments, 90 min each).
HBOT is considered to be a safe method of treatment in
general [28], in other vascular related pathologies [29, 30] and
was found to be safe also for ED patients. In general, the main
adverse effects include middle ear or sinus barotraumas which
are usually mild and temporary, with complete resolution after
several days [28]. In the current study, the six patients who
stopped HBOT due to barotrauma could have continued the
treatment with no additional risk if they so wanted.
Our study has several limitations. The ﬁrst is related to the
relatively small number of patients. However, the clear statistical signiﬁcant effect (a two-way pairwise method analysis)
has considerable power (100%) even in a small group of
patients. Second, our study lacks an appropriate control/placebo group. Nevertheless, one should not expect any signiﬁcant improvement in IIEF questionnaires within 3 months
in men suffering from ED for several years. In addition, the
improvement in penile perfusion was clearly noticeable in
objective analysis of perfusion MRI. The correlation between
the clinical and the objective penile perfusion MRI ﬁndings
give further strength to study results. Third, HBOT is a rather
costly therapy compared to the accepted medications.
This is the ﬁrst study evaluating the effect of HBOT on
this population suffering from chronic non-surgical ED.
Additional, studies are necessary in order to evaluate which
subgroups of patients can beneﬁt the most from this treatment, and the optimal HBOT protocol needed for those
patients.
HBOT can induce penile angiogenesis and improve
erectile function in men suffering from ED. HBOT reverses
the basic common pathophysiology, atherosclerosis and
decreased penile perfusion, responsible for most of ED
cases. The treatment can be considered even years after the
onset of erectile dysfunction and in men with unsatisfactory
response to PDE5Is. Further studies are needed to evaluate
the subgroups of men who can beneﬁt the most from this
treatment.

Appendix
The following is a case example, including the clinical data
and the MR imaging results.
A 52-year-old male with history of hypertension, dyslipidemia, and ischemic heart disease who suffered from
erectile dysfunction during the last 4 years prior to his
inclusion. During the ﬁrst year experienced partial
improvement using PDE5I, but the effect waned off. After
40 sessions of HBOT, erectile function improved from 9 to
19, penetration erections (Q3) increased from 1 to 3 and
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maintenance of erections (Q4) increased from 1 to 3.
Intercourse satisfaction and overall satisfaction improved
from 8 to 11. K-trans increased by 225% in the right CC and
by 61% in the left CC (Fig. 5).
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