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Abstract: Low-dose radiation therapy (LDRT) has been successfully established for decades as
an alternative analgesic treatment option for patients suffering from chronic degenerative and
inflammatory diseases. In this study, 483 patients were undergoing LDRT for degenerative joint
disease of the fingers and thumb at the University Hospital Erlangen between 2004 and 2019.
Radiotherapy was applied according to the German guidelines for LDRT. Several impact factors
on therapeutic success, such as the age and gender, the number of affected fingers, the single and
cumulative dose, as well as the number of series, were investigated. In summary, 70% of the patients
showed an improvement of their pain following LDRT. No significant impact was found for the
factors age, gender, the number of series or the cumulative dosage. Patients with an involvement of
the thumb showed a significantly worse outcome compared to patients with an isolated affection
of the fingers. In this cohort, patients receiving a single dose of 0.5 Gy reported a significantly
better outcome than patients receiving 1.0 Gy, strongly suggesting a reduction in the total dose.
In summary, LDRT is a good alternative treatment option for patients suffering from degenerative
and inflammatory joint disease of the fingers.

Keywords: low-dose radiation therapy; LDRT; degenerative joint disease of the fingers; osteoarthritis;
chronic degenerative and inflammatory diseases; subjective pain level

1. Introduction

As the median age of the population in the western world is constantly rising, arthritis as the
leading degenerative joint disease is showing increasing prevalence. Amongst the different forms of
arthritis, osteoarthristis is the most common form, leading to destructive processes in numerous tissues
of the affected joints during progression [1]. Osteoarthritis can affect multiple joints, but osteoarthritis
of the hand is amongst the most common forms with a high clinical burden. As the hand consists of
numerous joints that can be affected, hand osteoarthritis is a complex and heterogeneous disorder.

Int. J. Mol. Sci. 2020, 21, 5854; doi:10.3390/ijms21165854 www.mdpi.com/journal/ijms

http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0002-5021-3739
https://orcid.org/0000-0003-3966-2872
https://orcid.org/0000-0001-6375-5476
https://orcid.org/0000-0001-6743-3351
http://www.mdpi.com/1422-0067/21/16/5854?type=check_update&version=1
http://dx.doi.org/10.3390/ijms21165854
http://www.mdpi.com/journal/ijms


Int. J. Mol. Sci. 2020, 21, 5854 2 of 13

While not being attributed to a specific cause, the development of osteoarthritis and degenerative
joint disease of the fingers in general, seems to be supported by multiple risk factors. Amongst these
risk factors, a high age, female gender, obesity and mechanical forces are the most prominent ones.
Generally, the disease shows a slow but steady progression. During the course of the disease the
whole joint becomes involved, leading to the degradation of cartilage and bone, as well as to synovial
inflammation. In summary, osteoarthritis and degenerative joint disease of the fingers are causing pain
as well as a loss of strength, flexibility and function in the affected joint [2,3].

The course of the disease shows a steady progression, often affecting several joints, following a
characteristic pattern. Finger osteoarthritis can show a symmetric clustering, affecting both hands in the
same manner. Additionally, rather than affecting all fingers, several joints of one digit show symptoms
first. The most frequently affected joints include the joints of the thumb, the first interphalangeal joint,
the first metacarpophalangeal joint and the first carpometacarpal joint. In advanced disease stages,
the osteoarthritis of several fingers leads to an impaired function of the whole hand, resulting in a
diminished quality of life [2,4].

Therapeutic options for osteoarthritis and degenerative joint diseases of the fingers range from
conservative to operative approaches, depending on disease stage and the subjective burden of the
patient, primarily aiming for pain reduction as well as a deceleration of disease progression. There is
a broad range of medical treatment options, ranging from non-pharmacological treatments, such as
physical therapy or orthoses to non-steroidal anti-inflammatory drugs (NSAIDs) and intraarticular
injections [1–3,5]. Nonetheless, many of these drugs have serious side effects. Even though patients
can benefit from numerous therapeutic options, about 25% of all patients do not respond to these
therapies or lose their responsiveness over time, as the disease shows a steady progression [6]. This
is why alternative treatment options with low side effects are urgently needed for the treatment of
chronic degenerative joint diseases of the fingers, such as osteoarthritis.

In Germany, the use of low-dose radiation therapy (LDRT) for enthesiopathies and chronic
degenerative and inflammatory diseases, such as painful arthritis and arthrosis has successfully been
established for decades and is gaining acceptance by orthopedic specialists due to the satisfying results
achieved [7]. Especially patients that are refractory for the classical treatment options may benefit
from LDRT, as the therapy induces long-lasting pain-relieving effects. During therapy, patients are
irradiated with fractionated low doses of X-rays with a single dose between 0.5 Gy and 1.0 Gy [7,8].
This serial radiation leads to a pain reduction in the affected joint and ameliorates inflammatory
processes [9–12]. Those effects last several months, confirming the therapeutic benefits of LDRT in
the therapy of chronic degenerative and inflammatory diseases [13–15]. Even though, LDRT offers
promising analgesic effects, many health professionals do have concerns regarding radiation-induced
side effects, such as the induction of cancer. By now, no increase in the cancer rate after LDRT has
been reported so far [16,17]. In the case of the radiation therapy of the upper extremities, the radiation
exposure to the gonads also plays a minor role, as the dose is in the same range as during a standard
X-ray examination. Especially in older patients that are no longer planning on having children, gonad
exposure only plays a minor role [18]. Therefore, LDRT is a favorable alternative treatment option.
Especially for patients in a burnt-out phase that did not respond to the standard treatment options,
LDRT might induce good pain-relieving effects.

Despite the fact that LDRT is successfully applied in the clinic, the underlying molecular and
immunological effects remain mostly elusive and are still subject to current research. Many cell types
and their osteoimmunological mechanisms are regulated by LDRT, such as the bone resorbing activity
of osteoclasts, the inflammatory phenotype of macrophages or the adhesion of infiltrating immune cells
to endothelial cells. At least in part, these mechanisms may be responsible for the pain-reliving and
anti-inflammatory effects of LDRT. Over the years, numerous preclinical and clinical studies provided
evidence for those pain-relieving and molecular effects [17,19,20]. Despite a vast amount of positive
data on LDRT for arthritis, osteoarthritis and other chronic degenerative and inflammatory diseases in
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different locations are available, recent published data of first placebo-controlled trials raised doubts
towards an anti-inflammatory or pain relieving effect of LDRT [21,22].

In contrast, the presented study further supports the therapeutic benefits of LDRT for the treatment
of chronic degenerative joint diseases of the fingers. Between 2004 and 2019, nearly 500 patients
underwent LDRT for the treatment of chronic degenerative joint disease/osteoarthritis of the fingers at
the Department of Radiation Oncology at the University Hospital Erlangen. Our detailed retrospective
analyses have indicated that LDRT, particularly with a single dose per fraction of 0.5 Gy, improves
pain levels in irradiated fingers, but not in the thumb.

2. Results

The patients scored their subjective pain reduction directly after the last radiotherapy session and,
if available, after three and six months. In order to depict the therapeutic success, the best therapeutic
response independent of the time point of data collection and the cumulative dose is presented in
Figure 1.

Figure 1. Pain improvement following LDRT. Patients scored the subjective improvement of their
pain level in percentage of improvement in regard of their initial pain level before therapy. The pain
levels were determined after the last LDRT session, as well as 12 and 24 weeks after LDRT, if available.
The figure depicts the best therapeutic response of the patients independent of the time point and
the single and cumulative dose. Patients with an improvement up to 20% were considered as those
with a stable disease. The numbers at the bars depict the number of patients of the analysis with the
corresponding percentage of improvement.
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The majority of the patients (about 70%) reported a subjective improvement of their symptoms of
more than 20%. This was considered as a therapeutic success. An improvement between 20% and
40% was achieved in about 11% of all patients. A subjective improvement between 40% and 60% was
observed in 23% percent of the patients, whereas an improvement between 60% and 80% was reported
by 18% of the patients. Notably even 18% of all patients showed an improvement from 80% up to
100% equaling a total remission of their symptoms. Only a very small percentage of 2% of the patients
reported a worsening of disease burden following radiotherapy.

Next, the effects of different confounding factors, such as age, gender, the number of radiation
series, the type and number of fingers affected, as well as the single dose were examined for their
influence on the therapeutic success. Therefore, univariate and multivariate analyses were applied.
For the analysis, therapeutic success was defined as an improvement of at least 20% as a cut-off. Here,
the best response, independent of the time point of data collection (directly after LDRT, as well as 3-
and 6-months post LDRT), was applied for analysis. Regarding the potential impact factor age, no
correlation between the age and the therapeutic response was found. Moreover, the gender also did
not show any correlation to treatment success either. Regarding the number of affected fingers, no
correlation between the number of affected fingers and the outcome could be proven. Additionally, for
the number of radiation series, there was no significant correlation to the treatment success. The results
of the uni- and multivariate analysis are summarized in Table 1.

Table 1. Univariate and multivariate logistic regression analyzing the clinical factors influencing the
treatment success following LDRT.

Univariate Regression Multivariate Regression

Parameter OR 95% CI p-Value OR 95% CI p-Value

Gender (male vs. female) 1.00 0.621–1.645 0.997 0.998 0.614–1.652 0.993
Number of Series 1.473 0.905–2.45 0.126 1.403 0.856–2.354 0.188

Single dose (1 vs. 0.5 Gy) 1.689 0.682–4.010 0.239 1.642 0.650–3.985 0.277
Finger II–V only vs. mixed 1.720 1.070–2.841 0.029 1.208 0.621–2.341 0.576

Thumb only vs. mixed 0.616 0.414–0.912 0.016 0.627 0.340–1.125 0.125
Number of fingers (>9 vs. ≤9) 0.996 0.568–1.806 0.988 0.764 0.374–1.578 0.462

Age (≥67 y vs. <67 y) 1.10 0.742–1.635 0.636 0.996 0.641–1.460 0.871

Nonetheless, there was a positive correlation between the pattern of affection of the fingers with
the therapeutic outcome. These findings were true for the univariate regression, whereas no significant
results were obtained from the multivariate regression, comparing all parameters. The fingers were
separated into thumb and fingers II–V. Here, the affection of solely the thumb versus a mixed affection
pattern of the fingers (thumb and fingers II–V) was analyzed for the therapeutic response. Patients
with an affection of only the thumb showed a significantly worse outcome compared to patients with a
mixed affection of the fingers (p = 0.016). Patients with an affection of fingers II–V (without the thumb)
showed a significantly better outcome than patients with a mixed affection pattern with the thumb
included (p = 0.029).

For that reason, the impact of the pattern of affection of the fingers on the therapeutic response was
analyzed in more detail. Figure 2 summarizes the influence of the affection pattern on the therapeutic
success of LDRT.

Patients with an affection of the thumb solely, rate their percentage of improvement in summary
significantly lower, than patients with an affection of the fingers II–V without the thumb (p = 0.011).
Although not statistically significant (p = 0.052), an affection of the thumb alone also leads to a worse
rating of the pain levels than a mixed affection pattern of the fingers (thumb and fingers II–V). On the
contrary, a mixed affection pattern of the fingers does not lead to a worse therapeutic outcome than an
affection of only the fingers II–V. In summary, LDRT for osteoarthritis and chronic degenerative joint
diseases of the thumb seems to be not as effective as for the other locations of the hand. Nonetheless,
the best response rates still reached a total remission in some cases with an affection of the thumb.
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Figure 2. Therapeutic success in dependence of the pattern of affection of the fingers. The Kruskal–Wallis
Test was applied to compare and the best improvement of patients in dependence of the affection
pattern of the fingers. The patients were grouped according to the affection pattern of the fingers:
thumb only, fingers II–V without the thumb, or a mixed affection pattern. Here, the best percentage of
improvement achieved was applied for the test independent of the time point of data collection.

As many patients demand more than one series of LDRT, the influence of the number of series on
the therapeutic outcome was analyzed in more detail, as a reduction in the series would be desirable in
the context of radiation protection. Therefore, the patients were grouped depending on the LDRT series
received and their therapeutic responses were compared. These results are summarized in Figure 3.

Figure 3. Therapeutic success in dependence of the number of series of LDRT applied.
The Kruskal–Wallis Test was applied to compare the best improvement of patients in dependence of the
number of radiation series (1, 2, 3 or 4) received. Here, the best percentage of improvement achieved
was applied for the test independent of the time point of data collection.

Patients receiving only one series of LDRT report a median improvement of about 52% in
comparison to the pre-therapeutic pain level. Nonetheless, the reported best improvement of the
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patients receiving only one series shows a broader spread (between 0% and 100%) than patients
receiving more series of LDRT. When getting two or three series of LDRT, the patients report a median
best improvement of about 48% and 55%, respectively. An even stronger pain reduction was achieved
in patients receiving four series of LDRT with a median improvement of about 63%. In summary,
these data indicate that more series of LDRT induce stronger pain-relieving effects in the patients.
Nonetheless, the differences in the levels of improvement are weak (p = 0.37).

Despite the fact that LDRT is commonly applied for the therapy of chronic degenerative and
inflammatory diseases, the German guidelines still do not suggest uniform recommendations for the
best single dose, still suggesting doses ranging between 0.5 Gy and 1.0 Gy [23]. Therefore, we analyzed
the effect of the single dose on the therapeutic outcome in more detail (Figure 4).

Figure 4. Therapeutic success in dependence of the applied single dose of LDRT. The Wilcoxon Test
was applied to compare the best improvement of patients in dependence of the single dose per fraction
(0.5 Gy or 1.0 Gy) of LDRT. Here, the best percentage of improvement achieved was applied for the test
independent of the time point of data collection.

Even though a significant difference in the therapeutic outcome between patients treated with
0.5 Gy and 1.0 Gy was not observable in the uni- and multivariate analyses presented before, we
performed an additional direct comparison for the two different single doses. Here, the best therapeutic
response independent of the time point of data collection was applied for the analysis. Patients with a
single dose of 0.5 Gy have a significantly better therapeutic outcome (p = 0.031) (median improvement:
about 50%) than patients irradiated with a single dose of 1.0 Gy (median improvement: about 30%).
This finding strongly indicates that a dose of 0.5 Gy is sufficient for a satisfying therapeutic outcome
and higher single doses are not required.

Finally, we examined the impact of confounding factors for the relationship of the single dose and
the best improvement by logistic regression. These factors include: the gender, the number of radiation
series, the total dose, the age, an affection of the finger II–V or solely the thumb. In addition, we
analyzed if the pain level of the patients was stable, increasing or decreasing over the follow-up time
of six months, if the patients had a therapeutic response better than the cut-off of 20% of improvement
and if the number of affected joints influenced the outcome. Figure 5 summarizes and visualizes
these correlations.
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Figure 5. Correlation plot summarizing the analyzed impact factors. The size of the dots states the
strength of the correlation while the color reveals a positive (blue) or negative (red) correlation between
two factors. The plot visualizes the correlation of all investigated impact factors on treatment success.

There is a weak positive correlation between the gender male and a stable pain level during the
follow-up period (r = 0.1). This means that men tend to have a more stable therapeutic outcome.
The number of the series has a positive correlation to an increased pain level over the time of the
follow-up period (r = 0.14). So, patients with an increasing pain level over the follow-up time demand
more radiation series. Additionally, patients with a response rate better than 20% demand more
radiation series, as there is also a weak positive correlation between the number of the series and
the response rate better than 20% (r = 0.07). Moreover, an age over 67 years correlates negatively to
an affection of the thumb (r = −0.2). This indicates that younger patients are more likely to develop
osteoarthritis, mainly of the thumb. On the other hand, there is a weak positive correlation between
the age and an affection of the fingers II to V (r = 0.09), indicating that older patients have a higher risk
of developing osteoarthritis/chronic degenerative joint disease of the fingers without an affection of
the thumb. This affection pattern of the fingers is also positively correlated to a positive therapeutic
response (response ≥ 20%) (r = 0.1), further supporting our data that an affection of the fingers II
to V leads to a better therapeutic outcome (Figure 2). In addition, an affection of the fingers II to
V is negatively correlated with an affection of more than nine independent locations (location > 9)
(r = −0.14). This negative correlation is even stronger when the locations are correlated to the affection
of the thumb (r = −0.37), suggesting that an affection of the thumb is more likely to be independent
of the rest of the fingers. Moreover, the affection of the thumb correlates negatively to an increasing
pain level over the follow-up time (r = −0.13), as well as to a positive therapeutic response (response ≥
20%) (r = −0.11). Therefore, patients with an affection of the thumb are more likely to not respond to
LDRT, but if they are responding, their pain level seems not to increase over the period of six months
post LDRT. Interestingly, an affection of more than nine locations correlates positively with a stable
response over the follow-up time (p = 0.08). A stable response over the follow-up period also correlates
negatively to a therapeutic response better than 20% of improvement (r = −0.2). An increased pain
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level over the follow-up period on the other hand shows a strong positive correlation to a therapeutic
response over 20% (r = 0.3).

3. Discussion

LDRT is well established for both orthovoltage as well as megavoltage radiotherapy techniques.
To our knowledge, this is the biggest study selectively investigating the effect of low dose radiotherapy
using orthovoltage therapy in chronic degenerative joint disease of the fingers. LDRT has been applied
as an alternative treatment option for patients suffering from painful arthritis for several decades. It is
a reliable tool in the treatment of patients with osteoarthritis and other degenerative joint diseases due
to a vast body of data attesting its efficacy [24–27], even though the first randomized trials show less
promising results [21,22]. However in these trials, clinical data provided on irradiation volumes, at
least with regard to the treatment of arthrosis of the thumb, raise concerns about their suitability [28].
Furthermore, both studies have several limitations, such as the short-term follow-up of only 3 months,
low patient numbers, and a too optimistic prognosis assessment for the success evaluation [29]. On the
other hand, a recently published prospective trial demonstrated that LDRT is leading to a significant
pain relief and gain of functionality in patients suffering from refractory finger osteoarthritis [15].
The data obtained from our presented analysis of 483 patients confirm the positive effect of LDRT on
degenerative joint disease and osteoarthritis of the fingers with the majority of patients showing an
improvement directly after therapy that even lasts several months. Moreover, only 2% of the patients
reported a worsening of the pain and 27% a pain relief less than 20% following RT, indicating a rather
small proportion of non-responders. Regarding the fact that LDRT is commonly applied for patients
that are refractory for classical treatment strategies, this finding is even more impressive. Nonetheless,
in the presented study, the effectiveness of LDRT is only confirmed by the subjective improvement of
the pain levels of the patients, which is due to the retrospective character of this study. Even though
the presented results are promising, future studies should focus on objective and clinically validated
methods, such as functionality tests and questionnaires.

Our results did further show a tendency towards a better treatment result following LDRT for
patients undergoing a higher number of radiation series. Considering the fact that patients were
undergoing radiotherapy for a third or fourth series only on an individual basis and on individual
request, this fact supports our findings, as only patients who profited in the past would demand for
further treatment. One disenchanting factor that needs to be discussed is the fact that the worsening
of therapeutic response can be observed even after the initial promising treatment response. This
possible scenario should be discussed with the patient prior to radiation. In addition, the further
improvement of the pain levels that can be achieved by applying several radiation series is only small,
as the difference in the level of improvement is about 10% when comparing patients receiving one
series with patients receiving four series. Therefore, the benefit of additional LDRT series should be
balanced to the potential radiation risk [30].

Further subgroup analyses showed no significant difference in the response for the number of
affected fingers. Patients suffering from multiple painful locations still can expect a positive treatment
effect. Neither an advanced age, nor the gender showed a significant impact on treatment outcome.
Regarding the age factor, the correlation plot (Figure 3) indicates a positive correlation with an
involvement of fingers II–V and a negative correlation between the age and the involvement of the
thumb. This indicates that the involvement of the thumb is more relevant at a younger age, possibly
rather by destructive than inflammatory processes resulting from an overuse of the thumb. On the
other hand, the positive correlation between the rising age and the involvement of the fingers II–V
indicates that the prevalence for systemic inflammatory processes, such as in arthritis, is rising with
the age [31]. The here presented results show that patients with involvement of the thumb have a
worse therapeutic outcome. Perhaps the rather destructive phenotype in patients with an affection of
the thumb is less accessible for the anti-inflammatory effects of LDRT. Moreover, the thumb is more
excessively strained than the other fingers, possibly resulting in a state less accessible for a therapeutic
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intervention by LDRT. Additionally, the analgesic effects of LDRT could last for a shorter period of time
due to the lack of conscious or unconscious immobilization. A combined usage of orthoses, limited in
time, and LDRT might be an option to increase therapeutic success [32].

In our cohort of patients, receiving a single dose of 1.0 Gy, did show a significantly worse outcomes
when compared to those receiving a single dose per fraction of 0.5 Gy, strengthening the findings
that a LDRT series with a single dose per fraction of 0.5 Gy is at least as effective as with 1.0 Gy [33].
Consistent with this finding, preclinical studies suggest that a single dose of 0.5 Gy induces stronger
anti-inflammatory effects than a single dose of 1.0 Gy [20,34]. These anti-inflammatory effects could, at
least in part, be responsible for the pain relieving effects of LDRT. For this reason, more than 95% of
the patients in this study received LDRT with a single dose of only 0.5 Gy. In summary, our results
strongly indicate the application of lower single doses, according to the ALARA principle of radiation
protection [35].

Even though our study presents promising results, a possible placebo effect of LDRT cannot
be ruled out. Nonetheless, a placebo effect seems to be unlikely, considering the high percentage of
patients who have been proven refractory to multiple preceding treatments and the high number
of patients reporting a pain reduction. In our analysis, we chose to present the best improvement
achieved for each patient during follow up to be capable of showing clear tendencies regarding an
overall treatment success. Data describing individual long-time development can only be acquired
applying prospective studies.

Irrespective of the retrospective setting of the study, a good overall response rate following the
application of LDRT has been reported for patients suffering from osteoarthritis and degenerative joint
disease of the fingers. In summary, this treatment modality delivers satisfying results independent of
patient’s age or the number of localizations. Patients with an affection of the thumb can be expected to
show worse results. Anyhow, satisfying improvement rates were still achieved in these patients. In
addition, one series of LDRT with a single dose of 0.5 Gy resulted in better pain-relieving effects than
higher radiation exposure did.

In the future, randomized trials are urgently needed, fulfilling high standards to increase the
evidence level, such as high patient numbers, follow-up times of up to one year, a defined patient
cohort and an evaluation of patient outcome not only by subjective pain reduction but also by objective
immunological and rheumatological parameters, as well as functionality tests and questionnaires [29].

4. Materials and Methods

4.1. Patient Cohort

Between November 2004 and February 2019, 483 (98 men, 385 women) patients with degenerative
and inflammatory joint disease of the fingers, including the thumb, received LDRT at the Department of
Radiation Oncology of the Universitätsklinikum Erlangen. The patients were referred by their treating
orthopedic specialists. All patients have received several therapeutic options before undergoing
LDRT, as an alternative treatment modality. The majority of the patients did not receive full clinical,
rheumatologic diagnostics before therapy. In general, the patients have been assigned to our clinic
with a chronic degenerative joint diseases of the fingers, displaying primarily symptoms of hand
osteoarthritis. At the time of radiotherapy, the median age of the patients was 67 years with a median age
of 64 years for the women and 67 years for the men. In summary, 461 patients underwent radiotherapy
with a single dose of 0.5 Gy (total dose of 3 Gy), whereas 22 patients underwent radiotherapy with a
single dose of 1.0 Gy (total dose of 6 Gy). As preclinical studies indicate stronger anti-inflammatory
effects with a single dose of 0.5 Gy, most patients underwent RT with 0.5 Gy. Furthermore, 29 patients
received one series of LDRT, 410 patients received two series and 41 patients underwent three series of
LDRT. Only three patients underwent four consecutive series of LDRT. Table 2 provides a summary of
these patient characteristics.
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Table 2. Patient characteristics.

Factor Category
Total (n = 483)

n (%)

Age ≥67 269 55.69
<67 214 44.31

Gender Male 98 20.29
Female 385 79.71

Pattern of involvement Finger II–V 120 24.84
Thumb 236 48.86

Both 127 26.3
Single dose 0.5 Gy 461 95.45

1 Gy 22 4.55
Total dose 3 Gy 461 95.45

6 Gy 22 4.55
Number of Series 1 29 6

2 410 84.89
3 41 8.49
4 3 0.62

Written informed consent was obtained from all patients before LDRT. In addition, patients
provided informed consent for the retrospective analysis of their data, as well as the publication of the
data in a pseudonymized manner.

4.2. Treatment

All patients were undergoing radiotherapy applied with an orthovoltage technique. Radiotherapy
was applied using a Stabilipan machine (180 kv, 20 mA, 0.2 mm Cu filter, focus skin distance 40 cm)
until September 2016. Afterwards an X-strahl machine was used (180 kV, 10 mA, 0.2 mm Cu filter,
focus skin distance 50 cm). No qualitative differences can be expected concerning radiation quality.
The single fields applied for both machines ranged from 6 × 8 cm to 10 × 8 cm and 10 × 15 cm, according
to the field needed for different numbers of treated fingers. The fields were positioned directly on
the affected fingers with a determination of the dosage at the middle of the joint. One radiotherapy
series consisted of six single fractions (single dose: 0.5 Gy or 1.0 Gy) delivered over three weeks with
an interfractional radiation-free interval of at least two days (total dose: 3 Gy or 6 Gy). Patients not
showing an improvement of the pain or not being subjectively satisfied six weeks after the end of the
first series underwent a consecutive second series 12 weeks following the first. The application of
further series occurred only on an individual basis.

4.3. Measurement of Therapeutic Outcome

The data on patient’s therapeutic outcome was collected prospectively exclusively for clinical
routine and afterwards analyzed retrospectively. The retrospective use of the patient’s data is covered by
an allowance by the Ethics Committee of the Friedrich-Alexander-Universitäts Erlangen-Nürnberg (Ref.
238_ 20 Bc, FingerRetroRad trial). The study was performed in accordance with the 1964 Declaration
of Helsinki and its later amendments. The outcome in the present study was measured by quantifying
the subjective pain reduction. Therefore, patients rated their subjective pain reduction in terms of
percentage of improvement with reference to their initial pain status before LDRT. The interrogation
of patients was performed directly after the last radiotherapy session and during the follow-up
appointments 8 to 12 weeks later, as well as six months after LDRT. For all patients, the number of
affected fingers was investigated. Further investigation of separate single joints of one finger were not
considered. Patients were differentiated into separate groups, depending on whether they showed an
affection of only the thumb or an involvement of the fingers II–V or both. Analyses were performed
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with the subjective ratings obtained at the last session of RT, three months post RT and six months post
RT, if available.

4.4. Statistical Analysis

The Kruskal–Wallis (α = 0.05) tests were used to evaluate the difference among groups on the best
improvement during therapy using ggpubr (version 0.2.5) (p < 0.05). Univariate and multivariate logistic
regression was used to evaluate the adjusted association of the single dose and the best improvement
(thumb only, fingers II–V, both) (glm.fit function). A correlation analysis of the factors in each group
was performed by ggcorrplot (version 0.1.3). Data management was performed using the IBM SPSS
software for MS Windows (SPSS Inc. Chicago, IL, USA, version 21). All analyses were carried out
using R version 3.6.1 (R Foundation for Statistical Computing) and related packages. p ≤ 0.05 was
considered to be statistically significant.

Author Contributions: A.-J.D. prepared the original draft and contributed to the design of the publication. J.-G.Z.
performed the data management and analysis and the statistical testing. O.J.O. and R.F. contributed to the design
of the work. B.F. contributed to the design of the work. L.K. and F.P. critically revised the manuscript. U.S.G.
critically revised the manuscript and contributed to the design of the work. T.W. contributed to the writing of the
manuscript, the writing and the design of the work. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was in part funded by the Bundesministerium für Bildung und Forschung (BMBF;
GREWIS-alpha, 02NUK050E).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

LDRT Low-dose radiation therapy
DMARDs Disease-modifying anti-rheumatic drugs
NSAIDs Non-steroidal anti-inflammatory drugs
Gy Gray

References

1. Lane, N.E.; Shidara, K.; Wise, B.L. Osteoarthritis year in review 2016: Clinical. Osteoarthr. Cartil. 2017, 25,
209–215. [CrossRef] [PubMed]

2. Kloppenburg, M.; Kwok, W.Y. Hand osteoarthritis—A heterogeneous disorder. Nat. Rev. Rheumatol. 2011, 8,
22–31. [CrossRef] [PubMed]

3. Kolasinski, S.L.; Neogi, T.; Hochberg, M.C.; Oatis, C.; Guyatt, G.; Block, J.; Callahan, L.; Copenhaver, C.;
Dodge, C.; Felson, D.; et al. 2019 American College of Rheumatology/Arthritis Foundation guideline for the
management of osteoarthritis of the hand, hip, and knee. Arthritis Rheumatol. 2020, 72, 220–233. [CrossRef]
[PubMed]

4. Zhang, W.; Doherty, M.; Leeb, B.F.; Alekseeva, L.; Arden, N.K.; Bijlsma, J.W.; Dincer, F.; Dziedzic, K.;
Hauselmann, H.J.; Kaklamanis, P.; et al. EULAR evidence-based recommendations for the diagnosis of hand
osteoarthritis: Report of a task force of ESCISIT. Ann. Rheum. Dis. 2009, 68, 8–17. [CrossRef]

5. Hermann, W.; Lambova, S.; Muller-Ladner, U. Current treatment options for osteoarthritis.
Curr. Rheumatol. Rev. 2018, 14, 108–116. [CrossRef]

6. Sherrer, Y. Abatacept in biologic-naive patients and TNF inadequate responders: Clinical data in focus.
Curr. Med. Res. Opin. 2008, 24, 2283–2294. [CrossRef]

7. Ott, O.J.; Niewald, M.; Weitmann, H.D.; Jacob, I.; Adamietz, I.A.; Schaefer, U.; Keilholz, L.; Heyd, R.; Muecke, R.
German Cooperative Group on Radiotherapy for Benign, D. DEGRO guidelines for the radiotherapy of
non-malignant disorders. Part II: Painful degenerative skeletal disorders. Strahlenther. Onkol. 2015, 191, 1–6.
[CrossRef]

8. Ott, O.J.; Hertel, S.; Gaipl, U.S.; Frey, B.; Schmidt, M.; Fietkau, R. Benign painful shoulder syndrome: Initial
results of a single-center prospective randomized radiotherapy dose-optimization trial. Strahlenther. Onkol.
2012, 188, 1108–1113. [CrossRef]

http://dx.doi.org/10.1016/j.joca.2016.09.025
http://www.ncbi.nlm.nih.gov/pubmed/28100423
http://dx.doi.org/10.1038/nrrheum.2011.170
http://www.ncbi.nlm.nih.gov/pubmed/22105244
http://dx.doi.org/10.1002/art.41142
http://www.ncbi.nlm.nih.gov/pubmed/31908163
http://dx.doi.org/10.1136/ard.2007.084772
http://dx.doi.org/10.2174/1573397113666170829155149
http://dx.doi.org/10.1185/03007990802223129
http://dx.doi.org/10.1007/s00066-014-0757-3
http://dx.doi.org/10.1007/s00066-012-0237-6


Int. J. Mol. Sci. 2020, 21, 5854 12 of 13

9. Sautter-Bihl, M.L.; Liebermeister, E.; Scheurig, H.; Heinze, H.G. Analgetic irradiation of degenerative-inflammatory
skeletal diseases. Benefits and risks. Dtsch. Med. Wochenschr. 1993, 118, 493–498. [CrossRef]

10. Rodel, F.; Kamprad, F.; Sauer, R.; Hildebrandt, G. Functional and molecular aspects of anti-inflammatory
effects of low-dose radiotherapy. Strahlenther. Onkol. 2002, 178, 1–9. [CrossRef]

11. Rodel, F.; Frey, B.; Manda, K.; Hildebrandt, G.; Hehlgans, S.; Keilholz, L.; Seegenschmiedt, M.H.; Gaipl, U.S.;
Rodel, C. Immunomodulatory properties and molecular effects in inflammatory diseases of low-dose
x-irradiation. Front. Oncol. 2012, 2, 120. [CrossRef] [PubMed]

12. Torres Royo, L.; Antelo Redondo, G.; Arquez Pianetta, M.; Arenas Prat, M. Low-Dose radiation therapy for
benign pathologies. Rep. Pract. Oncol. Radiother. 2020, 25, 250–254. [CrossRef] [PubMed]

13. Ott, O.J.; Jeremias, C.; Gaipl, U.S.; Frey, B.; Schmidt, M.; Fietkau, R. Radiotherapy for benign achillodynia.
Long-term results of the Erlangen Dose Optimization Trial. Strahlenther. Onkol. 2015, 191, 979–984. [CrossRef]
[PubMed]

14. Keller, S.; Muller, K.; Kortmann, R.D.; Wolf, U.; Hildebrandt, G.; Liebmann, A.; Micke, O.; Flemming, G.;
Baaske, D. Efficacy of low-dose radiotherapy in painful gonarthritis: Experiences from a retrospective East
German bicenter study. Radiat. Oncol. 2013, 8, 29. [CrossRef]

15. Rogers, S.; Eberle, B.; Vogt, D.R.; Meier, E.; Moser, L.; Gomez Ordonez, S.; Desborough, S.; Riesterer, O.;
Takacs, I.; Hasler, P.; et al. Prospective evaluation of changes in pain levels, quality of life and functionality
after low dose radiotherapy for epicondylitis, plantar fasciitis, and finger osteoarthritis. Front. Med.
(Lausanne) 2020, 7, 195. [CrossRef] [PubMed]

16. McKeown, S.R.; Hatfield, P.; Prestwich, R.J.; Shaffer, R.E.; Taylor, R.E. Radiotherapy for benign disease;
assessing the risk of radiation-induced cancer following exposure to intermediate dose radiation. Br. J. Radiol.
2015, 88, 20150405. [CrossRef]

17. Arenas, M.; Sabater, S.; Hernandez, V.; Rovirosa, A.; Lara, P.C.; Biete, A.; Panes, J. Anti-inflammatory effects
of low-dose radiotherapy. Indications, dose, and radiobiological mechanisms involved. Strahlenther. Onkol.
2012, 188, 975–981. [CrossRef]

18. Seegenschmiedt, H.; Makoski, H. Strahlentherapie von Schmerzen bei entzündlich degenerativen
Erkrankungen. Rhein. Ärztebl. 1999, 18, 19–21.

19. Roedel, F.; Kley, N.; Beuscher, H.U.; Hildebrandt, G.; Keilholz, L.; Kern, P.; Voll, R.; Herrmann, M.;
Sauer, R. Anti-inflammatory effect of low-dose X-irradiation and the involvement of a TGF-beta1-induced
down-regulation of leukocyte/endothelial cell adhesion. Int. J. Radiat. Biol. 2002, 78, 711–719. [CrossRef]

20. Deloch, L.; Derer, A.; Hueber, A.J.; Herrmann, M.; Schett, G.A.; Wolfelschneider, J.; Hahn, J.; Ruhle, P.F.;
Stillkrieg, W.; Fuchs, J.; et al. Low-Dose radiotherapy ameliorates advanced arthritis in hTNF-alpha tg mice
by particularly positively impacting on bone metabolism. Front. Immunol. 2018, 9, 1834. [CrossRef]

21. Mahler, E.A.M.; Minten, M.J.; Leseman-Hoogenboom, M.M.; Poortmans, P.M.P.; Leer, J.W.H.; Boks, S.S.; van
den Hoogen, F.H.J.; den Broeder, A.A.; van den Ende, C.H.M. Effectiveness of low-dose radiation therapy
on symptoms in patients with knee osteoarthritis: A randomised, double-blinded, sham-controlled trial.
Ann. Rheum. Dis. 2019, 78, 83–90. [CrossRef] [PubMed]

22. Minten, M.J.M.; Leseman-Hoogenboom, M.M.; Kloppenburg, M.; Kortekaas, M.C.; Leer, J.W.;
Poortmans, P.M.P.; van den Hoogen, F.H.J.; den Broeder, A.A.; van den Ende, C.H.M. Lack of beneficial
effects of low-dose radiation therapy on hand osteoarthritis symptoms and inflammation: A randomised,
blinded, sham-controlled trial. Osteoarthr. Cartil. 2018, 26, 1283–1290. [CrossRef] [PubMed]

23. Mücke, R.M.O.; Seegenschmiedt, M.H. Leitlinien in der Strahlentherapie; Strahlentherapie gutartiger
Erkrankungen. In Fachgruppenspezifische evidenzbasierte S2e-Leitlinie der Deutschen Gesellschaft für Radioonkologie
(DEGRO) Version 2.0 vom 02.11.2018 Gültig bis 02.11.2020: DEGRO-AG Radiotherapie gutartiger Erkrankungen;
DEGRO: Berlin, Germany, 2018.

24. Mucke, R.; Seegenschmiedt, M.H.; Heyd, R.; Schafer, U.; Prott, F.J.; Glatzel, M.; Micke, O.; German
Cooperative Group on Radiotherapy for Benign, D. Radiotherapy in painful gonarthrosis. Results of a
national patterns-of-care study. Strahlenther. Onkol. 2010, 186, 7–17. [CrossRef] [PubMed]

25. Hautmann, M.G.; Rechner, P.; Neumaier, U.; Suss, C.; Dietl, B.; Putz, F.J.; Behr, M.; Kolbl, O.; Steger, F.
Radiotherapy for osteoarthritis-an analysis of 295 joints treated with a linear accelerator. Strahlenther. Onkol.
2019, 196, 715–724. [CrossRef] [PubMed]

http://dx.doi.org/10.1055/s-2008-1059354
http://dx.doi.org/10.1007/s00066-002-0901-3
http://dx.doi.org/10.3389/fonc.2012.00120
http://www.ncbi.nlm.nih.gov/pubmed/23057008
http://dx.doi.org/10.1016/j.rpor.2020.02.004
http://www.ncbi.nlm.nih.gov/pubmed/32140081
http://dx.doi.org/10.1007/s00066-015-0893-4
http://www.ncbi.nlm.nih.gov/pubmed/26369640
http://dx.doi.org/10.1186/1748-717X-8-29
http://dx.doi.org/10.3389/fmed.2020.00195
http://www.ncbi.nlm.nih.gov/pubmed/32509794
http://dx.doi.org/10.1259/bjr.20150405
http://dx.doi.org/10.1007/s00066-012-0170-8
http://dx.doi.org/10.1080/09553000210137671
http://dx.doi.org/10.3389/fimmu.2018.01834
http://dx.doi.org/10.1136/annrheumdis-2018-214104
http://www.ncbi.nlm.nih.gov/pubmed/30366945
http://dx.doi.org/10.1016/j.joca.2018.06.010
http://www.ncbi.nlm.nih.gov/pubmed/30231990
http://dx.doi.org/10.1016/j.ijrobp.2008.06.1408
http://www.ncbi.nlm.nih.gov/pubmed/20082182
http://dx.doi.org/10.1007/s00066-019-01563-1
http://www.ncbi.nlm.nih.gov/pubmed/31873780


Int. J. Mol. Sci. 2020, 21, 5854 13 of 13

26. Seegenschmiedt, M.H.; Katalinic, A.; Makoski, H.; Haase, W.; Gademann, G.; Hassenstein, E. Radiation
therapy for benign diseases: Patterns of care study in Germany. Int. J. Radiat. Oncol. Biol. Phys. 2000, 47,
195–202. [CrossRef]

27. Kriz, J.; Seegenschmiedt, H.M.; Bartels, A.; Micke, O.; Muecke, R.; Schaefer, U.; Haverkamp, U.; Eich, H.T.
Updated strategies in the treatment of benign diseases-a patterns of care study of the german cooperative
group on benign diseases. Adv. Radiat. Oncol. 2018, 3, 240–244. [CrossRef]

28. Montero, A.; Sabater, S.; Rodel, F.; Gaipl, U.S.; Ott, O.J.; Seegenschmiedt, M.H.; Arenas, M. Is it time to
redefine the role of low-dose radiotherapy for benign disease? Ann. Rheum. Dis. 2020, 79, e34. [CrossRef]

29. Ott, O.J.; Micke, O.; Mucke, R.; Niewald, M.; Rodel, F.; Schafer, U.; Seegenschmiedt, M.H.; Arenas, M.;
Frey, B.; Gaipl, U.S.; et al. Low-dose radiotherapy: Mayday, mayday. We’ve been hit! Strahlenther. Onkol.
2019, 195, 285–288. [CrossRef]

30. Trott, K.R.; Kamprad, F. Estimation of cancer risks from radiotherapy of benign diseases. Strahlenther. Onkol.
2006, 182, 431–436. [CrossRef]

31. Bauer, M.E. Accelerated immunosenescence in rheumatoid arthritis: Impact on clinical progression.
Immun. Ageing 2020, 17, 6. [CrossRef]

32. Healy, A.; Farmer, S.; Pandyan, A.; Chockalingam, N. A systematic review of randomised controlled trials
assessing effectiveness of prosthetic and orthotic interventions. PLoS ONE 2018, 13, e0192094. [CrossRef]
[PubMed]

33. Ott, O.J.; Jeremias, C.; Gaipl, U.S.; Frey, B.; Schmidt, M.; Fietkau, R. Radiotherapy for benign calcaneodynia:
Long-term results of the Erlangen Dose Optimization (EDO) trial. Strahlenther. Onkol. 2014, 190, 671–675.
[CrossRef] [PubMed]

34. Rodel, F.; Frey, B.; Gaipl, U.; Keilholz, L.; Fournier, C.; Manda, K.; Schollnberger, H.; Hildebrandt, G.; Rodel, C.
Modulation of inflammatory immune reactions by low-dose ionizing radiation: Molecular mechanisms and
clinical application. Curr. Med. Chem. 2012, 19, 1741–1750. [CrossRef] [PubMed]

35. Hendee, W.R.; Edwards, F.M. Alara and an integrated approach to radiation protection. Semin. Nucl. Med.
1986, 16, 142–150. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0360-3016(99)00537-4
http://dx.doi.org/10.1016/j.adro.2018.02.008
http://dx.doi.org/10.1136/annrheumdis-2018-214873
http://dx.doi.org/10.1007/s00066-018-1412-1
http://dx.doi.org/10.1007/s00066-006-1542-8
http://dx.doi.org/10.1186/s12979-020-00178-w
http://dx.doi.org/10.1371/journal.pone.0192094
http://www.ncbi.nlm.nih.gov/pubmed/29538382
http://dx.doi.org/10.1007/s00066-014-0618-0
http://www.ncbi.nlm.nih.gov/pubmed/24668250
http://dx.doi.org/10.2174/092986712800099866
http://www.ncbi.nlm.nih.gov/pubmed/22414082
http://dx.doi.org/10.1016/S0001-2998(86)80027-7
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Patient Cohort 
	Treatment 
	Measurement of Therapeutic Outcome 
	Statistical Analysis 

	References

