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Endogenous anandamide and self-reported pain
are significantly reduced after a 2-week multimodal treatment
with and without radon therapy in patients with knee
osteoarthritis: a pilot study
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Abstract
Multimodal therapies comprising spa applications are widely used as non-pharmaceutical treatment options for musculoskeletal
diseases. The purpose of this randomized, controlled, open pilot study was to elucidate the involvement of the endocannabinoid
system in a multimodal therapy approach. Twenty-five elderly patients with knee osteoarthritis (OA) received a 2-week spa
therapy with or without combination of low-dose radon therapy in the Bad Gastein radon gallery. A 10-point numerical rating
scale (pain inmotion and at rest),WOMAC questionnaire, and the EuroQol-5D (EQ-5D) questionnaire were recorded at baseline,
and during treatment period at weeks one and two, and at 3-month and 6-month follow-ups. Plasma levels of the
endocannabinoid anandamide (AEA) were determined at baseline and at 2 weeks, and serum levels of several cartilage metab-
olism markers at all five time-points. A significant and sustained reduction of self-reported knee pain was observed in the study
population, but no further significant effect of the additional radon therapy up and above base therapy. This pain reduction was
accompanied by a significant reduction of AEA plasma levels during treatment in both groups. No significant differences were
seen in serum marker concentrations between the groups treated with or without radon, but a small reduction of serum cartilage
degradation markers was observed during treatment in both groups. This is the first study investigating AEA levels in the context
of a non-pharmacological OA treatment. Since the endocannabinoid system represents a potential target for the development of
new therapeutics, further studies will have to elucidate its involvement in OA pain.
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Introduction

Osteoarthritis (OA) is a major public health problem among
the increasing aged and obese population. OA involves the
entire joint and is characterized not only by progressive carti-
lage breakdown but also by inflammation of the synovial
compartment, changes in subchondral bone and osteophyte
formation, bone marrow lesions, and changes in the joint cap-
sule and ligaments (Lambova and Muller-Ladner 2018; Man
and Mologhianu 2014). According to the WHO, OA is one of
the ten most disabling conditions in the developed countries
and affects 9.6% of men and 18% of women aged over 60
years worldwide (World Health Organisation 2020). OA pain,
the main symptom of OA besides stiffness and joint swelling,
severely reduces physical function and health-related quality
of life. Besides the individual impairment by chronic pain and
reduced joint functionality, OA imposes a high socio-
economic burden to public healthcare services, which will
further rise due to increasing life expectancy.

There are no disease-modifying drugs (DMOADs) for the
treatment of OA available at the moment. Therefore, treatment
is restricted to symptoms management like pain reduction, im-
provement of joint mobility and functionality, and delay of dis-
ease progression. Non-steroidal anti-inflammatory drugs
(NSAIDs) are commonly used for symptom relief but are also
known to elicit potentially serious gastrointestinal and renal ad-
verse effects during long-term oral application (Harirforoosh
et al. 2013; Maniar et al. 2018). Often severe and progressive
OA ultimately leads to joint replacement surgery. However,
between 20 and 30% of patients with hip or knee replacement
experience little or no improvement of OA symptoms (Hawker
2019).

Non-pharmacological treatment options for OA include
aquatic exercise, gait aids, self-management programs, man-
ual and physical therapy, and balneotherapy (Bannuru et al.
2019; McAlindon et al. 2014; Fitzgerald et al. 2015). Spa
therapy comprising mud/peloid packs, thermal or mineral
bathes, or natural gases is commonly used in Europe and
Middle Eastern countries as a non-pharmacological comple-
mentary approach for the treatment of OA or rheumatoid ar-
thritis. Some studies report significant reduction in pain and
improvement of health-related quality of life (Antonelli et al.
2018; Fioravanti et al. 2010; Forestier et al. 2010). However,
scientific evidence for the efficacy of the different treatment
modalities is low (Verhagen et al. 2015).

In Austria the prevalence for OA was estimated to be
11.9% in men and 18.6% in women in 2013 (Dorner and
Stein 2013). Thousands of patients mainly from Austria and
Germany suffering from OA symptoms utilize the facilities in
the Gastein health area which comprise treatments in radon
baths and in the radon gallery in addition to individual multi-
modal treatments. Low-dose radon therapy, i.e., the applica-
tion of low doses of the noble gas 222Rn, is used since decades

for the treatment of inflammatory and non-inflammatory de-
generative diseases in the Gastein health area as well as in
medical spas in Germany, Poland, the Czech Republic,
Russia, Japan, France, and many more. Several randomized
controlled clinical trials report significant long-term improve-
ment of pain after radon balneology or radon speleotherapy in
patients with degenerative spinal disease, rheumatoid arthritis,
osteoarthritis, and ankylosing spondylitis (Annegret and
Thomas 2013; Falkenbach et al. 2005; Becker 2003; Cuttler
2020; Franke et al. 2007; Kojima et al. 2018; Kuciel-
Lewandowska et al. 2020; van Tubergen et al. 2001; van
Tubergen and van der Linden 2002). Hormetic effects on
DNA repair, the immune system, the antioxidant, or the endo-
crine system have been proposed; however, the biological
mechanisms underlying the potential Rn effects still remain
elusive (Galvez et al. 2018; Kuciel-Lewandowska et al. 2018;
Lange et al. 2016; Nagy et al. 2009; Shehata et al. 2006;
Yamaoka et al. 2005; Ruhle et al. 2019; Ruhle et al. 2017;
Wunderlich et al. 2019).

We performed this exploratory, controlled, randomized pi-
lot study tomeasure the effects of a multimodal treatment with
or without additional low-dose Rn therapy on pain, quality of
life, and markers of cartilage metabolism. Since the
endocannabinoid (EC) system plays an important role in pain
modulation and has been implicated in the manifestations of
OA pain (La Porta et al. 2015; La Porta et al. 2014), we were
also interested in changes of endocannabinoid levels in con-
text of the cure regimen and measured plasma levels of the
endocannabinoid anandamide (AEA). Various potential ef-
fects of physical therapies including balneotherapy on chronic
pain via modulation of the neuroendocrine system have been
described previously (Bender et al. 2007; Da Silva and
Galdino 2018). Yamaoka et al. reported significantly in-
creased beta-endorphin and ACTH levels in OA patients after
a combined hyperthermia and radon inhalation, suggesting
that a mitigation of pain by radon treatment might be mediated
by β-endorphin (Yamaoka et al. 2004a; Yamaoka et al.
2004b). Interactions and antagonisms of the endogenous opi-
oid system and the EC system have been proposed. They exert
their analgesic actions through different but probably interre-
lated pathways (Bruehl et al. 2019; Crombie et al. 2018;
Desroches and Beaulieu 2010; Parolaro et al. 2010;
Zubrzycki et al. 2019). To our knowledge, changes in EC
levels have not been investigated in the context of OA and
physical therapy or radon therapy so far. Results from this
study (e.g., effect sizes for sample size calculations) are
intended to serve as a basis for future research.

Material and methods

This longitudinal exploratory pilot study was carried out in the
Bad Gastein health area, Austria, and at the Paracelsus
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Medical University, Salzburg, Austria, between September
2016 and Mai 2017. It was approved by the Salzburg ethics
committee (415–E/1965/4–2015). Patients (planned 30) were
recruited by a press release and advertisements in local news-
papers and included for participation by a physician of the
University Hospital for Orthopedics and Traumatology,
Salzburg. Inclusion criteria were radiographically diagnosed
OA of one or both knees, age 60–75 years, pain score before
study onset ≥ 3 on a numeric rating scale (NRS) ranging from
0 (no pain) to 10 (worst possible pain), and suffering for a
minimum of 1 year from OA-related pain. Excluded were
patients with diseases representing a contraindication to radon
therapy in the radon gallery. The recruiting orthopedist also
performed the Kellgren-Lawrence classification on the basis
of the radiographs.

Enrolled patients were randomized in two arms into a radon
and a control group with an online randomization tool (https://
www.evidat.com/rita). All study participants stayed in a Bad
Gastein health resort (1.000 m a.s.l.) for 2 weeks and received
the same number of basic therapies: 4x under water therapies,
4x massage, 2x sensorimotor training, 2x mudpacks, 4x
ergometer training, and 2x knee-specific training. The radon
group undertook 8 additional 1-h treatments in the radon gal-
lery (yearly average 44 kBq/m3). Blood (serum and plasma)
and urine samples were collected at start (T0), after 1 week
(T1), and at the end of the cure regimen (T2). Follow-ups took
place at the Paracelsus Medical University 3 (T3) and 6 (T4)
months after the therapy. At all time-points, Western Ontario
and McMaster Universities Osteoarthritis Index (WOMAC)
questionnaire, the EuroQol-5D (EQ-5D) questionnaire, and a
numeric rating scale (NRS) addressing pain in motion and at
rest were handed out to the patients for the acquisition of
patient-reported outcome. In addition, at the end of the cure
regimen (T2), patients completed a short questionnaire ad-
dressing their estimation of the treatment success.

Collection of samples and quantification of
biomarkers

Forearm venous blood from all patients was collected at all
time-points (T0–T4). Twelve milliliters of blood from each
individual was collected in serum and plasma tubes (BD
Vacutainer®, Heidelberg, Germany) according to manufac-
turer’s guidelines, and plasma and serum aliquots were imme-
diately frozen and stored at −80°C until further processing.
Urine samples of each participant were equally frozen imme-
diately. All samples were collected in a non-fasted state be-
tween 9 and 12 am.

Serum levels of cartilage oligomeric matrix protein (COMP)
and N-propeptide of collagen IIA (PIIANP) were quantified by
enzyme-linked immunosorbent assays (ELISA) according to
the manufacturer’s guidelines (COMP: Biovendor, Brno,
Czech Republic; PIIANP: Merck, Darmstadt, Germany).

Urinary C-terminal cross-linked telopeptide of type II collagen
(uCTXII) was analyzed by ELISA (MyBiosource, San Diego,
USA), and the raw values normalized to urinary creatinine
quantified by diagnostic test strips according to the manufac-
turer’s protocol (Reflotron® Creatinine, Roche Diagnostics
GmbH, Mannheim, Germany)

Anandamide quantification Plasma samples were thawed just
prior to sample preparation. Cannabinoid enrichment was per-
formed by solid phase extraction. Thermo 1mL C18

HyperSep–Retain SPE cartridges (1 mL, 30 mg column bed)
were used to enrich unpolar analytes from plasma samples.
After equilibration with 1 mL acetonitrile (ACN; 0.1% formic
acid (FA)) and washing with 1 mL H2O (0.1% FA) 500μL of
plasma spiked with 1 μL of internal standard d4-AEA (c =
1 ng mL−1) were directly applied onto the column bed, sucked
through, washed with 1 mL of 20% ACN (0.1% FA) and
sucking through air for 30 s to dry the column bed. Elution
of the enriched analytes was done by sucking through 400 μL
of ACN (0.1% FA) and directly collecting the flow through in
0.5 mL Eppendorf vials. HPLC-MS measurements were done
with a Thermo Ultimate 3000 System, equipped with two
different Thermo Hypersil Gold C18 columns, a narrow bore
100 mm × 1 mm i.d. column, and a 100 mm × 2.1 mm i.d.
column. The complete series was measured on the 2.1 mm i.d.
column at a flow rate of 300 μL min−1. Injection volume was
5 μL. Mass spectrometric detection was done by selected
reaction monitoring using the mass of the intact molecule
and the 3 most intensive MS transitions (348.2897 ➔

287.35, 245.23, and 62.06 m/z). In order to compensate for
system performance fluctuations, MS ion suppression effects
and varying losses through sample preparation analyte peak
areas were normalized to the internal standard peak area.

Statistical analysis

Statistical analyses were performed using SPSS software
(SPSS Inc., Chicago, IL, USA, version 24), and graphs were
created using GraphPad Prism 8.1.2 (GraphPad Software, San
Diego, CA, USA). All variables are expressed as mean ± stan-
dard deviation (SD) unless otherwise indicated. A linear mixed
model approach with time, treatment, and time*treatment as
fixed factors was used for statistical analysis. Statistical signif-
icance was set at the level of α ≤ 0.05 for all tests.

Results

Study participants and baseline characteristics

Figure 1 shows the number of patients at each stage of the
study. Of 30 enrolled participants, 28 were randomized into
the two study arms. There were three dropouts during the cure
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regimen, which were excluded from the statistical analysis
and another three dropouts during the follow-ups. Since ques-
tionnaires could be obtained from the latter ones by mail, they
remained in the analysis. Baseline characteristics do not show
any statistically relevant differences between the radon and
the control group at the start of the study (Table 1).

Assessment of OA (WOMAC), pain (NRS), and health-
related quality of life (EQ-5D)

The Western Ontario and McMaster Universities Arthritis
Index (WOMAC) is internationally used for the assessment
of knee and hip OA. Figure 2 shows the course of the
WOMAC total score (a) and the three subscales pain (b),
stiffness (c), and physical function (d) during the cure regimen
(T0-T2) and the follow-ups (T3–T4). Statistical analysis re-
vealed a significant overall reduction of all scores over time
(pain: p < 0.001; stiffness: p < 0.001; physical activity: p =
0.026; total score: p = 0.002). However, between-group
pairwise comparisons did not disclose any significant impact
of the radon treatment over time. The reduction of all scores is
most prominent at T2 at the end of the patient’s sojourn in Bad
Gastein, and then the scores rise until the last measurement but
are still below starting values indicating a sustained improve-
ment of OA symptoms even 6 months after the end of the cure
regimen.

The reduction ofWOMACOA scores is also reflected by a
mitigation of self-assessed pain in a numeric rating scale rang-
ing from 0 (no pain at all) to 10 (worst imaginable pain). Pain
at rest (Fig. 3a) as well as pain in motion (Fig. 3b) is signifi-
cantly ameliorated in the whole study population over time

Table 1 Baseline statistics

Radon Control

Number 13 12

Female 7 8

Male 6 4

Age 67.23 ± 4.75 67.50 ± 3.99

BMI 26.45 ± 4.93 27.99 ± 4.28

Kellgren grade 2.67 ± 0.65 2.58 ± 0.69

WOMAC total score 33.65 ± 17.28 32.33 ± 14.98

WOMAC pain 36.77 ± 14.20 34.83 ± 14.83

WOMAC stiffness 35.00 ± 21.21 43.75 ± 22.48

WOMAC physical 32.58 ± 20.30 30.25 ± 16.66

EQ-5D score 0.77 ± 0.10 0.77 ± 0.10

Pain in potion (NRS) 5.00 ± 1.71 5.25 ± 2.17

Pain at rest (NRS) 3.42 ± 1.40 3.21 ± 1.75

COMP ng/mL 34.14 ± 24.71 27.27 ± 8.33

PIIANP ng/mL 586.69 ± 110.45 705.24 ± 199.75

uCTXII ng/mMol Crt 13.56 ± 6.21 15.05 ± 12.75

Fig. 1 Study flow chart
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(pain at rest: p = 0.005; pain inmotion: p = 0.001), showing up
to 50% improvement of pain at the end of the treatment phase.
However, additional radon therapy again did not cause any
further statistically relevant improvement compared to the
control group. Pain-reducing effects of the whole treatment
are still evident after 3 and 6 months. In contrast, health-
related quality of life assessed by the EQ-5D questionnaire
is slightly but not statistically significant elevated until T2 in
both groups and then drops below baseline values at T4.

Evaluation of clinically relevant changes

To interpret changes in OA scores at the individual level, we
measured the portion of improved patients at the end of the
treatment phase by a short questionnaire addressing the self-
estimated success of the therapy on a 5-point Likert scale (1,
no effect at all; 2, small effect; 3, adequate effect; 4, good
effect; 5, excellent effect). 61.54% of patients in the radon

group assessed a good effect of the treatment at T3, compared
to 25% in the control group (Fig. 4). In the latter, more patients
experienced an adequate improvement than in the radon group
(control: 41.67%; radon: 32%). This putative advantage of the
radon treatment has, of course, to be considered cautiously,
since the treatment in the radon gallery cannot be blinded, and
the perceived improvement might be caused by an additional
placebo effect.

The minimal clinically important improvement (MCII) is de-
fined as the smallest change in measurement that signifies an
important improvement. Among the patients, who considered
the effect of the radon treatment as good, 75% experienced a
decrease in pain > 2 points on a 10-point NRS for pain inmotion.

Anandamide levels

The question, whether the known pain reducing effects of the
Gastein multimodal therapy affect the endocannabinoid

Fig. 2 Time course of changes in
WOMAC scores relative to
baseline values. aWOMAC pain,
bWOMAC stiffness, cWOMAC
physical activity, and dWOMAC
total. Black rectangles, radon
group; circles, control group.
Mean ± SEM

Fig. 3 Time course of changes in pain (NRS) (a and b) and EQ-5D scores (c) relative to baseline values. Black rectangles, radon group; circles, control
group. Mean ± SEM
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system or are mediated by it, prompted us to quantify the
endogenous cannabinoid anandamide (AEA) in the plasma
samples. We were able to determine AEA concentrations in
22 samples, and in 3 samples, AEA levels were beyond the
detection limit. Analysis revealed a significant reduction of
AEA after the 2-week cure regimen in both treatment groups
(Fig. 5).

Quantification of biochemical markers of cartilage
metabolism

Levels of the putative cartilage degradation markers uri-
nary CTXII and serum COMP and serum levels of
PIIANP are shown in Table 2. Serum COMP levels de-
cline in both groups to a minimum at T3 (p = 0.041)
indicating a potential chondroprotective effect of the
whole treatment, but no additional effect of the radon
therapy. This is supported by a slight but not statistically
relevant decline in uCTX levels in both groups during the
cure regimen. Serum PIIANP levels, indicative of type II
collagen synthesis, reveal individual variations, but in
sum remain unaffected by the treatment.

Discussion

In the present explanatory, longitudinal pilot study with 25
OA patients, we investigated the effects of a multimodal treat-
ment and additional radon therapy on pain and biomarkers of
cartilage metabolism. In addition, we quantified levels of en-
dogenous AEA to determine potential effects of the cure reg-
imen on the endocannabinoid system.

Statistical analysis revealed a significant sustained reduc-
tion of the WOMAC total score and the WOMAC subscores
for pain, stiffness, and physical function. A significant reduc-
tion of pain was also evident in pain numeric rating scales
addressing pain in motion and pain at rest. Although symptom
reduction seemed slightly stronger and more sustained in the
radon group (WOMAC pain, physical activity, total; NRS), no
statistically significant impact of the additional radon treat-
ment could be shown in this pilot study. Health-related quality
of life was improved as well in both groups until 3 months
after the end of the cure regimen.

Interestingly, we could also show a significant decline of
AEA plasma levels during the cure regimen in both groups.
The endocannabinoid AEA has been shown to modulate in-
flammation by suppressing the production of pro-inflammatory
cytokines. It also inhibits NO synthesis and TNF-α-mediated
activation of transcription nuclear factor B (Donvito et al.
2018). Clinical studies have demonstrated that CB1 and CB2
receptor mRNA and proteins are expressed in the synovia of
OA and RA patients and that the endocannabinoids 2-AG and
AEA are present in the synovial fluid of these patients, but not
in the synovial fluid of individuals without joint symptoms
(Richardson et al. 2008), suggesting an upregulation of the
EC system to counteract inflammation and cartilage degrada-
tion in OA patients. The downregulation of AEA levels in our
study population in combination with the reduction of pain
symptoms might therefore indicate an important influence of
the cure regimen on the regulation of inflammation and pain
mediating processes. Since the EC system is associated with
inflammatory, neuropathic, and OA pain, it represents a prom-
ising target for the development of new therapeutics. The pres-
ent study is to our knowledge the first examining changes of
AEA levels in OA patients during a cure regimen.

The value of biomarkers in OA research is presently a
focus for intensive discussion (Lotz et al. 2014; van Spil and
Szilagyi 2020). Collagen II degradation marker uCTXII to-
gether with sCOMP, also associated with cartilage degrada-
tion, are the most frequently investigated markers in OA.
Elevated levels of uCTXII have been associated with radio-
graphic progression of OA (Dam et al. 2009). Lower PIIANP
has been shown to be associated with a greater radiographic
disease burden in knee and hip joints (Daghestani et al. 2017).
The measurement of COMP, PIIANP, and UCTXII in blood
and urine was aimed to identify potential biological markers
of cartilage metabolism responding to the intervention and to

Fig. 4 Self-estimated treatment effect at T2

Fig. 5 Plasma levels of AEA in ng/mL (n=22); **p≤0.01; ***p≤0.001
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investigate potential effects of the treatment on cartilage ho-
meostasis. We observed a reduction of COMP and uCTXII
levels during the cure regimen in both groups, whereas
PIIANP levels stayed more or less unaffected over time.

In summary we could show a significant and sustained
reduction of pain and AEA levels in the whole study popula-
tion, but no additional beneficial effect of the Rn treatment.
More study participants in the radon group than in the control
group considered the effect of the cure regimen as good, but as
mentioned above, this might be due to the not blinded design
of the study. Due to high costs arising from accommodation
and meals offered to the participants in addition to therapeutic
interventions, the sample size in our pilot study was quite
small. High individual variability in all outcome variables
led to very high standard deviations and did not provide suf-
ficient statistical power to detect a difference between the
control group and the group receiving additional radon treat-
ments. A posterior sample size calculation revealed that 568
patients would have been required to have a 80% chance of
detecting a significant change at the 5% level in the primary
outcome (WOMAC total score T4) measure.

Many effects of radon therapy have been shown for sys-
temic inflammatory diseases (Falkenbach et al. 2005; Lange
et al. 2016; Shehata et al. 2006; van Tubergen et al. 2001). OA
is primarily considered a non-inflammatory degenerative dis-
ease, although the influence of inflammatory components is
more and more recognized, and radon therapy might simply
be without apparent measurable effect in the observed vari-
ables in OA patients. A further limitation is also represented
by the fact that our study participants received a smaller
amount of Rn applications in a shorter time course (8 treat-
ments in 2 weeks) compared to 12 and more treatments in a
regular cure regimen lasting up to 4 weeks. Potential small
effects of the Rn treatment might be masked by the overall
cure effect of the multimodal treatment, by the change of
climatic or environmental conditions or simply by a holiday
effect.

Balneotherapy or spa therapy is often prescribed as comple-
mentary therapy, but also for patients suffering from severe side
effects by pharmacological treatments or from comorbidities

contraindicating pharmacological treatment. However, scientif-
ic evidence for these treatments is low. Our study was aimed to
provide a basis for further and larger studies about the impact of
complementary therapies for OA.

Author contribution Conceptualization: MG, MW, BH, and MRI.
Methodology: MR, FL, SE, and JF. Formal analysis and investigation:
MW, MG, RR, GG, HD, JF, MR, FL, and SE. Writing-original draft
preparation. MG, MW, FE, BH, and MO. Writing-review and editing:
all authors. Funding acquisition: MO, BH, and SE. Supervision: MRI,
FE, and MG.

Funding Open access funding provided by Paracelsus Medical
University. This work was funded by the internal grant of Paracelsus
Medical University (PMU-FFF): R-16/01/076-DOB. The study was also
supported by in-kind contributions of local accommodation facilities and
the Gasteiner Kur-, Reha- und Heilstollen Betriebsges.m.b.H.

Availability of data and material Not applicable

Code availability Not applicable

Declarations

Ethics approval This study was performed in line with the principles of
the Declaration of Helsinki. Approval was granted by the Ethics
Committee of Salzburg (415–E/1965/4–2015)

Consent to participate All participants signed the informed consent

Consent for publication Not applicable

Conflict of interest Felix Eckstein is CEO/CMO and co-owner of
Chondrometrics GmbH; he has provided consulting services to Merck
KGaA, Samumed, Kolon-Tissuegene, Servier, Galapagos, Roche,
Novartis, and ICM. All other authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's

Table 2 Concentrations of biomarkers

PIIANP uCTXII COMP

Control Radon Control Radon Control Radon

T0 693.00 ± 217.71 599.03 ± 118.65 16.01 ± 12.90 12.10 ± 5.56 26.27 ± 7.21 34.63 ± 28.51

T1 538.79 ± 248.87 565.58 ± 190.85 10.19 ± 12.74 6.58 ± 3.85 27.90 ± 11.22 29.56 ± 14.10

T2 626.57 ± 229.62 594.58 ± 178.48 15.41 ± 27.23 6.12 ± 3.64 26.78 ± 7.93 28.93 ± 17.37

T3 677.35 ± 226.34 669.38 ± 190.57 10.97 ± 10.96 13.88 ± 11.71 21.63 ± 4.24 24.70 ± 7.51

T4 657.25 ± 232.09 613.42 ± 146.50 10.54 ± 9.32 13.71 ± 15.45 22.05 ± 5.39 28.48 ± 18.13

Serum PIIANP ng/mL and serum COMP ng/mL; urinary CTXII ng/mM creatinine. Mean ± SD

1157Int J Biometeorol (2021) 65:1151–1160



Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Annegret F, Thomas F (2013) Long-term benefits of radon spa therapy in
rheumatic diseases: results of the randomised, multi-centre IMuRa
trial. Rheumatol Int 33(11):2839–2850. https://doi.org/10.1007/
s00296-013-2819-8

AntonelliM, Donelli D, Fioravanti A (2018) Effects of balneotherapy and
spa therapy on quality of life of patients with knee osteoarthritis: a
systematic review and meta-analysis. Rheumatol Int 38(10):1807–
1824. https://doi.org/10.1007/s00296-018-4081-6

Bannuru RR, Osani MC, Vaysbrot EE, Arden NK, Bennell K, Bierma-
Zeinstra SMA, Kraus VB, Lohmander LS, Abbott JH, Bhandari M,
Blanco FJ, Espinosa R, Haugen IK, Lin J, Mandl LA, Moilanen E,
Nakamura N, Snyder-Mackler L, Trojian T, Underwood M,
McAlindon TE (2019) OARSI guidelines for the non-surgical man-
agement of knee, hip, and polyarticular osteoarthritis. Osteoarthr
Cartil 27(11):1578–1589. https://doi.org/10.1016/j.joca.2019.06.
011

Becker K (2003) Health effects of high radon environments in Central
Europe: another test for the LNT hypothesis? Nonlinearity Biol
Toxicol Med 1(1):3–35. https://doi.org/10.1080/15401420390844447

Bender T, Nagy G, Barna I, Tefner I, Kadas E, Geher P (2007) The effect
of physical therapy on beta-endorphin levels. Eur J Appl Physiol
100(4):371–382. https://doi.org/10.1007/s00421-007-0469-9

Bruehl S, Burns JW, Morgan A, Koltyn K, Gupta R, Buvanendran A,
Edwards D, Chont M, Kingsley PJ, Marnett L, Stone A, Patel S
(2019) The association between endogenous opioid function and
morphine responsiveness: a moderating role for endocannabinoids.
Pain 160(3) :676–687. ht tps : / /doi .org/10.1097/j .pa in.
0000000000001447

Crombie KM, Brellenthin AG, Hillard CJ, Koltyn KF (2018)
Endocannabinoid and opioid system interactions in exercise-
induced hypoalgesia. Pain Med 19(1):118–123. https://doi.org/10.
1093/pm/pnx058

Cuttler JM (2020) Application of low doses of ionizing radiation in med-
ical therapies. Dose-Response 18(1):1559325819895739. https://
doi.org/10.1177/1559325819895739

Da Silva Santos R, Galdino G (2018) Endogenous systems involved in
exercise-induced analgesia. J Physiol Pharmacol 69(1):3–13. https://
doi.org/10.26402/jpp.2018.1.01

Daghestani HN, Jordan JM, Renner JB, Doherty M, Wilson AG, Kraus
VB (2017) Serum N-propeptide of collagen IIA (PIIANP) as a
marker of radiographic osteoarthritis burden. PLoS One 12(12):
e0190251. https://doi.org/10.1371/journal.pone.0190251

Dam EB, Loog M, Christiansen C, Byrjalsen I, Folkesson J, Nielsen M,
Qazi AA, Pettersen PC, Garnero P, Karsdal MA (2009)
Identification of progressors in osteoarthritis by combining bio-
chemical and MRI-based markers. Arthritis Res Ther 11(4):R115.
https://doi.org/10.1186/ar2774

Desroches J, Beaulieu P (2010) Opioids and cannabinoids interactions:
involvement in pain management. Curr Drug Targets 11(4):462–
473. https://doi.org/10.2174/138945010790980303

Donvito G, Nass SR, Wilkerson JL, Curry ZA, Schurman LD, Kinsey
SG, Lichtman AH (2018) The endogenous cannabinoid system: a
budding source of targets for treating inflammatory and neuropathic
pain. Neuropsychopharmacology 43(1):52–79. https://doi.org/10.
1038/npp.2017.204

Dorner TE, Stein KV (2013) Prevalence and status quo of osteoarthritis in
Austria. Analysis of epidemiological and social determinants of
health in a representative cross-sectional survey. Wien Med
Wochenschr 163:206–211

Falkenbach A, Kovacs J, Franke A, Jorgens K, Ammer K (2005) Radon
therapy for the treatment of rheumatic diseases–review and meta-
analysis of controlled clinical trials. Rheumatol Int 25(3):205–210.
https://doi.org/10.1007/s00296-003-0419-8

Fioravanti A, Iacoponi F, Bellisai B, Cantarini L, Galeazzi M (2010)
Short- and long-term effects of spa therapy in knee osteoarthritis.
Am J Phys Med Rehabil 89(2):125–132. https://doi.org/10.1097/
PHM.0b013e3181c1eb81

Fitzgerald GK, Hinman RS, Zeni J Jr, Risberg MA, Snyder-Mackler L,
Bennell KL (2015) OARSI clinical trials recommendations: design
and conduct of clinical trials of rehabilitation interventions for oste-
oarthritis. Osteoarthr Cartil 23(5):803–814. https://doi.org/10.1016/
j.joca.2015.03.013

Forestier R, Desfour H, Tessier JM, Francon A, Foote AM, Genty C,
Rolland C, Roques CF, Bosson JL (2010) Spa therapy in the treat-
ment of knee osteoarthritis: a large randomised multicentre trial.
Ann Rheum Dis 69(4):660–665. https://doi.org/10.1136/ard.2009.
113209

Franke A, Reiner L, Resch KL (2007) Long-term benefit of radon spa
therapy in the rehabilitation of rheumatoid arthritis: a randomised,
double-blinded trial. Rheumatol Int 27(8):703–713. https://doi.org/
10.1007/s00296-006-0293-2

Galvez I, Torres-Piles S, Ortega-Rincon E (2018) Balneotherapy, im-
mune system, and stress response: a hormetic strategy? Int J Mol
Sci 19(6). https://doi.org/10.3390/ijms19061687

Harirforoosh S, Asghar W, Jamali F (2013) Adverse effects of nonsteroi-
dal antiinflammatory drugs: an update of gastrointestinal, cardiovas-
cular and renal complications. J Pharm Pharm Sci 16(5):821–847.
https://doi.org/10.18433/j3vw2f

Hawker GA (2019) Osteoarthritis is a serious disease. Clin Exp
Rheumatol 37(Suppl 120 (5)):3–6

Kojima S, Thukimoto M, Cuttler JM, Inoguchi K, Ootaki T, Shimura N,
Koga H, Murata A (2018) Recovery from rheumatoid arthritis fol-
lowing 15 months of therapy with low doses of ionizing radiation: a
case report. Dose-Response 16(3):1559325818784719. https://doi.
org/10.1177/1559325818784719

Kuciel-Lewandowska J, Gnus J, Pawlik-Sobecka L, Placzkowska S,
Kokot I, Kasperczak M, Paprocka-Borowicz M (2018) The assess-
ment of the integrated antioxidant system of the body in the course
of radon therapy: a pilot study. Biomed Res Int 2018:6038106–
6038107. https://doi.org/10.1155/2018/6038106

Kuciel-Lewandowska J, Kasperczak M, Pawlik-Sobecka L, Paprocka-
BorowiczM, Gnus J (2020) Assessment of changes in concentration
of total antioxidant status, acute-phase protein, and prolactin in pa-
tients with osteoarthritis subjected to a complex spa treatment with
radon water: preliminary results. PPAR Res 2020:9459418–
9459419. https://doi.org/10.1155/2020/9459418

La Porta C, Bura SA, Llorente-Onaindia J, Pastor A, Navarrete F, Garcia-
Gutierrez MS, De la Torre R, Manzanares J, Monfort J, Maldonado
R (2015) Role of the endocannabinoid system in the emotional
manifestations of osteoarthritis pain. Pain 156(10):2001–2012.
https://doi.org/10.1097/j.pain.0000000000000260

La Porta C, Bura SA, Negrete R,Maldonado R (2014) Involvement of the
endocannabinoid system in osteoarthritis pain. Eur J Neurosci 39(3):
485–500. https://doi.org/10.1111/ejn.12468

Lambova SN, Muller-Ladner U (2018) Osteoarthritis - current insights in
pathogenesis, diagnosis and treatment. Curr Rheumatol Rev 14(2):
91–97. https://doi.org/10.2174/157339711402180706144757

Lange U, Dischereit G, Tarner I, FrommerK, Neumann E,Muller-Ladner
U, Kurten B (2016) The impact of serial radon and hyperthermia
exposure in a therapeutic adit on pivotal cytokines of bone

1158 Int J Biometeorol (2021) 65:1151–1160

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00296-013-2819-8
https://doi.org/10.1007/s00296-013-2819-8
https://doi.org/10.1007/s00296-018-4081-6
https://doi.org/10.1016/j.joca.2019.06.011
https://doi.org/10.1016/j.joca.2019.06.011
https://doi.org/10.1080/15401420390844447
https://doi.org/10.1007/s00421-007-0469-9
https://doi.org/10.1097/j.pain.0000000000001447
https://doi.org/10.1097/j.pain.0000000000001447
https://doi.org/10.1093/pm/pnx058
https://doi.org/10.1093/pm/pnx058
https://doi.org/10.1177/1559325819895739
https://doi.org/10.1177/1559325819895739
https://doi.org/10.26402/jpp.2018.1.01
https://doi.org/10.26402/jpp.2018.1.01
https://doi.org/10.1371/journal.pone.0190251
https://doi.org/10.1186/ar2774
https://doi.org/10.2174/138945010790980303
https://doi.org/10.1038/npp.2017.204
https://doi.org/10.1038/npp.2017.204
https://doi.org/10.1007/s00296-003-0419-8
https://doi.org/10.1097/PHM.0b013e3181c1eb81
https://doi.org/10.1097/PHM.0b013e3181c1eb81
https://doi.org/10.1016/j.joca.2015.03.013
https://doi.org/10.1016/j.joca.2015.03.013
https://doi.org/10.1136/ard.2009.113209
https://doi.org/10.1136/ard.2009.113209
https://doi.org/10.1007/s00296-006-0293-2
https://doi.org/10.1007/s00296-006-0293-2
https://doi.org/10.3390/ijms19061687
https://doi.org/10.18433/j3vw2f
https://doi.org/10.1177/1559325818784719
https://doi.org/10.1177/1559325818784719
https://doi.org/10.1155/2018/6038106
https://doi.org/10.1155/2020/9459418
https://doi.org/10.1097/j.pain.0000000000000260
https://doi.org/10.1111/ejn.12468
https://doi.org/10.2174/157339711402180706144757


metabolism in rheumatoid arthritis and osteoarthritis. Clin
Rheumatol 35(11):2783–2788. https://doi.org/10.1007/s10067-
016-3236-7

Lotz M, Martel-Pelletier J, Christiansen C, Brandi ML, Bruyere O,
Chapurlat R, Collette J, Cooper C, Giacovelli G, Kanis JA,
Karsdal MA, Kraus V, Lems WF, Meulenbelt I, Pelletier JP,
Raynauld JP, Reiter-Niesert S, Rizzoli R, Sandell LJ, Van Spil
WE, Reginster JY (2014) Republished: Value of biomarkers in os-
teoarthritis: current status and perspectives. Postgrad Med J
90(1061):171–178. https://doi.org/10.1136/postgradmedj-2013-
203726rep

Man GS, Mologhianu G (2014) Osteoarthritis pathogenesis - a complex
process that involves the entire joint. J Med Life 7(1):37–41

Maniar KH, Jones IA, Gopalakrishna R, Vangsness CT Jr (2018)
Lowering side effects of NSAID usage in osteoarthritis: recent at-
tempts at minimizing dosage. Expert Opin Pharmacother 19(2):93–
102. https://doi.org/10.1080/14656566.2017.1414802

McAlindon TE, Bannuru RR, Sullivan MC, Arden NK, Berenbaum F,
Bierma-Zeinstra SM, Hawker GA, Henrotin Y, Hunter DJ,
Kawaguchi H, Kwoh K, Lohmander S, Rannou F, Roos EM,
Underwood M (2014) OARSI guidelines for the non-surgical man-
agement of knee osteoarthritis. Osteoarthr Cartil 22(3):363–388.
https://doi.org/10.1016/j.joca.2014.01.003

Nagy K, Berhes I, Kovacs T, Kavasi N, Somlai J, Bender T (2009) Does
balneotherapy with low radon concentration in water influence the
endocrine system? A controlled non-randomized pilot study. Radiat
Environ Biophys 48(3):311–315. https://doi.org/10.1007/s00411-
009-0222-3

Parolaro D, Rubino T, Vigano D, Massi P, Guidali C, Realini N (2010)
Cellular mechanisms underlying the interaction between cannabi-
noid and opioid system. Curr Drug Targets 11(4):393–405. https://
doi.org/10.2174/138945010790980367

Richardson D, Pearson RG, Kurian N, Latif ML, Garle MJ, Barrett DA,
Kendall DA, Scammell BE, Reeve AJ, Chapman V (2008)
Characterisation of the cannabinoid receptor system in synovial tis-
sue and fluid in patients with osteoarthritis and rheumatoid arthritis.
Arthritis Res Ther 10(2):R43. https://doi.org/10.1186/ar2401

Ruhle PF, Klein G, Rung T, Tiep Phan H, Fournier C, Fietkau R, Gaipl
US, Frey B (2019) Impact of radon and combinatory radon/carbon
dioxide spa on pain and hypertension: results from the explorative
RAD-ON01 study. Mod Rheumatol 29(1):165–172. https://doi.org/
10.1080/14397595.2018.1442640

Ruhle PF, Wunderlich R, Deloch L, Fournier C, Maier A, Klein G,
Fietkau R, Gaipl US, Frey B (2017) Modulation of the peripheral
immune system after low-dose radon spa therapy: detailed longitu-
dinal immune monitoring of patients within the RAD-ON01 study.
Autoimmunity 50(2):133–140. https://doi.org/10.1080/08916934.
2017.1284819

Shehata M, Schwarzmeier JD, Hilgarth M, Demirtas D, Richter D,
Hubmann R, Boeck P, Leiner G, Falkenbach A (2006) Effect of
combined spa-exercise therapy on circulating TGF-beta1 levels in
patients with ankylosing spondylitis. Wien KlinWochenschr 118(9-
10):266–272. https://doi.org/10.1007/s00508-006-0560-y

van Spil WE, Szilagyi IA (2020) Osteoarthritis year in review 2019:
biomarkers (biochemical markers). Osteoarthr Cartil 28(3):296–
315. https://doi.org/10.1016/j.joca.2019.11.007

van Tubergen A, Landewe R, van der Heijde D, Hidding A, Wolter N,
Asscher M, Falkenbach A, Genth E, The HG, van der Linden S
(2001) Combined spa-exercise therapy is effective in patients with
ankylosing spondylitis: a randomized controlled trial. Arthritis
Rheum 45(5):430–438. ht tps: / /doi .org/10.1002/1529-
0131(200110)45:5<430::aid-art362>3.0.co;2-f

van Tubergen A, van der Linden S (2002) A brief history of spa therapy.
Ann Rheum Dis 61(3):273–275. https://doi.org/10.1136/ard.61.3.
273

Verhagen AP, Bierma-Zeinstra SM, BoersM, Cardoso JR, Lambeck J, de
Bie R, de Vet HC (2015) Balneotherapy (or spa therapy) for rheu-
matoid arthritis. Cochrane Database Syst Rev 4:CD000518. https://
doi.org/10.1002/14651858.CD000518.pub2

World Health Organisation (2020) Chronic diseases and health promo-
tion. https://www.who.int/chp/topics/rheumatic/en/. Accessed April
27, 2020 2020

Wunderlich R, Ruhle PF, Deloch L, Rodel F, Fietkau R, Gaipl US, Frey
B (2019) Ionizing radiation reduces the capacity of activated mac-
rophages to induce T-cell proliferation, but does not trigger dendritic
cell-mediated non-targeted effects. Int J Radiat Biol 95(1):33–43.
https://doi.org/10.1080/09553002.2018.1490037

Yamaoka K, Mitsunobu F, Hanamoto K, Mori S, Tanizaki Y, Sugita K
(2004a) Study on biologic effects of radon and thermal therapy on
osteoarthritis. J Pain 5(1):20–25. https://doi.org/10.1016/j.jpain.
2003.09.005

Yamaoka K,Mitsunobu F, Hanamoto K, Shibuya K,Mori S, Tanizaki Y,
Sugita K (2004b) Biochemical comparison between radon effects
and thermal effects on humans in radon hot spring therapy. J Radiat
Res 45(1):83–88. https://doi.org/10.1269/jrr.45.83

Yamaoka K, Mitsunobu F, Kojima S, Shibakura M, Kataoka T,
Hanamoto K, Tanizaki Y (2005) The elevation of p53 protein level
and SOD activity in the resident blood of the Misasa radon hot
spring district. J Radiat Res 46(1):21–24. https://doi.org/10.1269/
jrr.46.21

Zubrzycki M, Stasiolek M, Zubrzycka M (2019) Opioid and
endocannabinoid system in orofacial pain. Physiol Res 68(5):705–
715. https://doi.org/10.33549/physiolres.934159

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

1159Int J Biometeorol (2021) 65:1151–1160

https://doi.org/10.1007/s10067-016-3236-7
https://doi.org/10.1007/s10067-016-3236-7
https://doi.org/10.1136/postgradmedj-2013-203726rep
https://doi.org/10.1136/postgradmedj-2013-203726rep
https://doi.org/10.1080/14656566.2017.1414802
https://doi.org/10.1016/j.joca.2014.01.003
https://doi.org/10.1007/s00411-009-0222-3
https://doi.org/10.1007/s00411-009-0222-3
https://doi.org/10.2174/138945010790980367
https://doi.org/10.2174/138945010790980367
https://doi.org/10.1186/ar2401
https://doi.org/10.1080/14397595.2018.1442640
https://doi.org/10.1080/14397595.2018.1442640
https://doi.org/10.1080/08916934.2017.1284819
https://doi.org/10.1080/08916934.2017.1284819
https://doi.org/10.1007/s00508-006-0560-y
https://doi.org/10.1016/j.joca.2019.11.007
https://doi.org/10.1002/1529-0131(200110)45:5<430::aid-art362>3.0.co;2-f
https://doi.org/10.1002/1529-0131(200110)45:5<430::aid-art362>3.0.co;2-f
https://doi.org/10.1136/ard.61.3.273
https://doi.org/10.1136/ard.61.3.273
https://doi.org/10.1002/14651858.CD000518.pub2
https://doi.org/10.1002/14651858.CD000518.pub2
https://www.who.int/chp/topics/rheumatic/en/
https://doi.org/10.1080/09553002.2018.1490037
https://doi.org/10.1016/j.jpain.2003.09.005
https://doi.org/10.1016/j.jpain.2003.09.005
https://doi.org/10.1269/jrr.45.83
https://doi.org/10.1269/jrr.46.21
https://doi.org/10.1269/jrr.46.21
https://doi.org/10.33549/physiolres.934159


Affiliations

M. Gaisberger1,2,3 & J. Fuchs1,2 &M. Riedl4 & S. Edtinger5 & R. Reischl6 & G. Grasmann6
& B. Hölzl7 & F. Landauer4 &

H. Dobias1,2 & F. Eckstein3,8,9
&M. Offenbächer10 &M. Ritter1,2,3 &M. Winklmayr1,3

1 Institute of Physiology and Pathophysiology, Paracelsus Medical

University, Strubergasse 21, A-5020 Salzburg, Austria

2 Gastein Research Institute, Paracelsus Medical University,

Salzburg, Austria

3 Ludwig Boltzmann Institute for Arthritis and Rehabilitation,

Paracelsus Medical University, Salzburg, Austria

4 Dept. of Orthopaedics and Traumatology, Paracelsus Medical

University, Salzburg, Austria

5 Department of Physical Medicine and Rehabilitation, Kardinal

Schwarzenberg Klinikum, Schwarzach im Pongau, Austria

6 Bioanalytical Research Labs, Department of Biosciences, University

of Salzburg, Salzburg, Austria

7 Department of Internal Med., Landesklinik St. Veit im Pongau,

SALK, Paracelsus Med. Univ., Salzburg, Austria

8 Department of Imaging and Functional Musculoskeletal Research,

Institute of Anatomy and Cell Biology, Paracelsus Medical

University Salzburg and Nuremberg, Salzburg, Austria

9 Chondrometrics GmbH, Ainring, Germany

10 Gastein Healing Gallery, Bad Gastein, Austria

1160 Int J Biometeorol (2021) 65:1151–1160

https://orcid.org/0000-0002-0896-3130
https://orcid.org/0000-0002-0896-3130

	Endogenous...
	Abstract
	Introduction
	Material and methods
	Collection of samples and quantification of biomarkers
	Statistical analysis

	Results
	Study participants and baseline characteristics
	Assessment of OA (WOMAC), pain (NRS), and health-related quality of life (EQ-5D)
	Evaluation of clinically relevant changes
	Anandamide levels
	Quantification of biochemical markers of cartilage metabolism

	Discussion
	References


