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A B S T R A C T   A R T I C L E   I N F O 

Ozone generation in radiation treatment rooms poses a 
health risk due to high-energy photon interactions with air 
molecules. This study quantifies ozone concentration under 
varying conditions and assesses its impact on occupational 
exposure. Using a self-designed phantom, ozone 
measurements were taken under various conditions, 
including different photon energies (i.e., 6 and 15 MV), dose 
rates (i.e., 300 and 600 MU/min), and doses (i.e., 500 and 
1,000 MU), with each condition measured ten times. Results 
showed that ozone concentration increased significantly 
with higher photon energy and dose, while the dose rate had 
a minimal effect, except at 15 MV. The highest ozone level 
(0.161 ± 0.003 ppm) exceeded FDA medical device limits and 
air quality standards. Ozone persisted for six minutes before 
normalizing, posing potential health risks to workers. These 
findings highlight the need for improved ventilation 
strategies in radiation treatment rooms. 
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1. INTRODUCTION 
 

 

Radiation therapy is one of the primary treatment modalities for cancer, alongside 
chemotherapy and surgery [1, 2]. While early radiation therapy utilized low-energy X-rays 
(~100 kV), modern treatments employ high-energy photons (> 6 MV) to improve dose 
distribution and penetration depth. However, high-energy photons can ionize oxygen 
molecules in the air, leading to the production of ozone (O3), which may pose health risks in 
radiation treatment rooms. 

Ozone is primarily generated through ionization by high-energy photons and secondary 
photochemical reactions involving nitrogen oxides (NOx) and volatile organic compounds 
(VOCs) [3, 4]. While ozone has beneficial applications in areas such as water purification and 
air disinfection [5], excessive exposure can have detrimental effects on respiratory health, 
even at low concentrations [6]. Regulatory agencies, including the U.S. Food and Drug 
Administration (FDA) and the Environmental Protection Agency (EPA), have established 
exposure limits for ozone, with medical devices restricted to 0.05 ppm and occupational 
exposure limits set at 0.1 ppm over 8 hours (OSHA) [7-9]. 

Despite the well-documented risks of ozone exposure, previous studies on ozone 
generation in radiation therapy rooms have been limited in scope. Most have focused on 
measuring ambient ozone levels without quantitatively analyzing the effects of different 
radiation parameters such as photon energy, dose, and dose rate. Unlike previous studies that 
only measured ambient ozone levels qualitatively, this research provides a quantitative 
assessment of ozone generation under controlled conditions, systematically analyzing the 
influence of photon energy, dose rate, and dose. Additionally, we introduce a self-designed 
phantom to ensure precise ozone measurements within an ionization volume, which has not 
been explored in prior studies. Our findings also highlight that at 15 MV and high dose 
conditions, ozone concentrations exceed FDA and national air quality standards, raising 
significant occupational safety concerns that have been previously underreported in radiation 
therapy settings. 

Since ozone was first discovered in 1839 by a German chemist [10], followed by the 
development of an ozone generator in 1857 [11] and the first study on ozonide reactions in 
1905 [12], its effects on human health have been widely studied. Research has shown that 
ozone can have fatal effects on cells, particularly in the respiratory system [13]. In recent years, 
to protect humans from ozone exposure, regulatory measures have been implemented, 
including ozone warnings at concentrations exceeding 0.12 ppm, ozone advisories at 0.3 ppm, 
and critical alarms at 0.5 ppm [14]. 

This study employed a systematic approach to quantitatively measure ozone generation in 
a radiation treatment room using a self-designed phantom and a high-precision gas detector 
(GAS TIGER 6000, Wandi, with an error margin of ±3% FS). Measurements were conducted 
under varying photon energy (i.e., 6 and 15 MV), dose rate (i.e., 300 and 600 MU/min), and 
dose (i.e., 500 and 1,000 MU) conditions, with each condition tested 10 times to ensure 
statistical reliability. Ozone concentrations were recorded using a detector positioned within 
a controlled chamber at a fixed source-chamber center distance (SCD) of 100 cm and a field 
size of 40×40 cm². The results were analyzed using IBM SPSS V25 for statistical significance. 
By systematically evaluating these parameters, this research not only quantifies ozone 
production under varying radiation conditions but also provides novel insights into how 
different radiation parameters affect ozone formation, which has been underreported in 
radiation oncology research. These findings offer essential data to improve occupational 
safety and regulatory compliance in radiation treatment environments.  
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2. METHODS 
2.1. Measuring Equipment 

For this experiment, we used a linear accelerator (Clinac IX, USA), a high-performance gas 
detector (GAS TIGER 6000, Wandi) with an ozone measurement error of ≤ ± 3% FS (Full scale), 
and a self-made chamber for quantitative analysis. 

2.2. Measurement Method 

To quantitatively analyze ozone generation by high-energy photons, a device in Figure 1 
was designed by placing a self-made chamber on the table of the linear accelerator and 
installing a high-performance gas detector inside to measure ozone generation within the 
ionization volume. 

 Radiation was irradiated under varying photon energy, dose, and dose rate conditions 
while maintaining a source-chamber center distance (SCD) of 100 cm and a field size of 40×40 
cm². As shown in Figure 1(a), the experimental setup consists of a linear accelerator, a self-
designed phantom, and a gas detector positioned within the chamber. Figure 1(b) provides a 
magnified view of the gas detector inside the chamber, highlighting its placement for precise 
ozone measurement. The measured ozone concentration and its variations were 
continuously monitored using an observation camera installed in the treatment room. 

 

Figure 1. Equipment setting for measuring ozone generation by high-energy photons. 

2.3. Measurement List 

Table 1 presents the structured experimental design established to investigate how 
different radiation parameters—namely, photon energy, dose rate, and dose—affect ozone 
generation in a controlled radiation treatment room setting. A full factorial design was 
employed, incorporating two levels for each of the three variables: photon energy (i.e., 6 and 
15 MV), dose rate (i.e., 300 and 600 MU/min), and dose (i.e., 500 and 1,000 MU). These 
conditions were selected based on their clinical relevance as they represent typical 
operational settings used in modern linear accelerators for both superficial and deep-tissue 
treatments. The field size was fixed at 40×40 cm², and the source-chamber center distance 
(SCD) was consistently maintained at 100 cm to ensure uniformity across all measurements. 
Each of the eight parameter combinations was measured ten times, providing a total of 80 
data points. This repetition was critical to achieving statistical robustness, minimizing random 
errors, and allowing the use of parametric and non-parametric statistical analyses. 
Importantly, the chosen range of doses and energies allowed the study to evaluate not only 
the absolute generation of ozone but also the interaction effects between variables. For 
example, the higher photon energy (15 MV) was hypothesized to produce more ozone due to 
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increased ionization potential, which was confirmed in subsequent results. Similarly, the 
variation in dose rates was included to assess whether the rate of energy deposition, 
independent of total dose, would influence ozone formation. Overall, the experimental 
framework shown in Table 1 served as the foundation for identifying critical thresholds in 
ozone production, which is essential for informing ventilation design and radiation safety 
protocols in clinical environments. 

Table 1. Measurement conditions. 

Field Size Energy (MV) Dose Rate (MU/min) Dose (MU) 
40 × 40 𝑐𝑚2 6 300 500 

1000 
600 500 

1000 
15 300 500 

1000 
600 500 

1000 

 
2.4. Measurement of Ozone Reduction over Time 

The source-chamber center distance (SCD) was 100 cm, the field size was 40 × 40 𝑐𝑚2, 
and the energy was 15 MV, the dose rate was 600mu/min, and the dose was 1,000cGy. And 
time of decreasing from the maximum value of ozone produced under such conditions was 
measured 10 times, respectively. 

2.5. Statistical Processing 

IBM SPSS version 25 program was used, and Mann-Whitney's U test, a nonparametric two-
sample independent test, was conducted to verify the change of ozone generation according 
to dose rate and dose. In addition, independent two-sample and Levene's equal variance tests 
were performed to verify the difference in ozone generation by energy. 

3. RESULTS AND DISCUSSION 
3.1. Results 
3.1.1. Ozone generation by 6MV photons 

Table 2 presents the quantitative measurements of ozone concentration obtained under 
four distinct combinations of dose and dose rate, using a photon energy of 6 MV. The 
experimental setup incorporated two dose rates (i.e., 300 and 600 MU/min) and two total 
doses (i.e., 500 and 1,000 MU), resulting in four unique test conditions. To ensure statistical 
robustness, each condition was measured ten times. The results demonstrate that ozone 
generation is strongly influenced by the total delivered dose. At a dose rate of 300 MU/min, 
the mean ozone concentration increased from 0.039 ± 0.003 ppm at 500 MU to 0.111 ± 0.006 
ppm at 1,000 MU. A similar trend was observed at 600 MU/min, where ozone levels rose from 
0.040 ± 0.005 ppm to 0.143 ± 0.005 ppm as the dose doubled. Although minor differences 
were observed between the two dose rates at equivalent dose levels, the variations were 
relatively small, suggesting that the dose rate has a limited impact on ozone formation at 6 
MV. The low standard deviations across all measurements indicate high consistency and 
repeatability, reinforcing the reliability of the data. These findings imply that at a constant 
beam energy, ozone generation is primarily governed by the total number of ionizing events 
(i.e., the dose), rather than the speed at which they are delivered (i.e., the dose rate). 
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Therefore, this table also provides compelling evidence that at 6 MV, the radiation dose is the 
dominant factor in ozone production. This supports the hypothesis that greater cumulative 
energy deposition results in a higher yield of ionized oxygen molecules, thereby increasing 
ozone formation. These insights are essential for informing the development of dose-
dependent safety guidelines in clinical radiation therapy settings. 

Figure 2 provides a visual representation of the ozone concentration data obtained from 
irradiation with 6 MV photon beams, as summarized in Table 2. The figure demonstrates the 
dose-dependent nature of ozone generation. Both at 300 and 600 MU/min, ozone 
concentrations increase in a near-linear fashion as the dose rises from 500 to 1,000 MU. The 
slope of the increase is steeper for the higher dose rate (600 MU/min), but the overall pattern 
indicates that the primary driver of ozone production is the total delivered dose, not the 
speed of delivery. The visualization enhances the interpretability of the data by making trends 
and comparisons more immediately apparent than tabular data alone. For example, one can 
observe that the increase in ozone concentration from 500 to 1,000 MU is more substantial 
at the higher dose rate, even if the difference in absolute values is not dramatic. This suggests 
a possible secondary effect of dose rate, though less influential than the dose itself. 
Moreover, the graphical format allows for easier identification of linear or nonlinear trends, 
potential thresholds, or saturation effects, which are critical when extrapolating findings to 
real-world clinical settings. In addition, Figure 2 helps confirm the consistency of 
measurement data across repetitions, as the error bars (standard deviations) are small, 
indicating tight clustering of results. This further strengthens confidence in the experimental 
methodology. From a clinical perspective, the figure underscores that significant ozone levels 
may be generated even at standard treatment energies like 6 MV, particularly as treatment 
doses increase. Thus, the figure serves as a compelling visual tool to support the study's 
conclusion that radiation dose is the dominant factor in ozone generation during therapeutic 
photon beam exposure. 

Table 2. Ozone generation irradiated with various parameters. 

Field Size Energy Dose Rate Dose (MU) O3 (ppm) 

40 ∗ 40𝑐𝑚2 6 MV 300 MU/min 500 0.039±0.003 
1000 0.111±0.006 

600 MU/min 500 0.04±0.005 
1000 0.143±0.005 

 

 

Figure 2. Ozone generated by 6 MV photons. 
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3.1.2. Ozone generation by 15MV photons 

Table 3 displays the measured ozone concentrations under four different conditions using 
a photon energy of 15 MV. The dose rates of 300 and 600 MU/min were each combined with 
two dose levels: 500 and 1,000 MU. As with previous measurements, each condition was 
repeated ten times to ensure statistical robustness. The results demonstrate a consistent and 
substantial increase in ozone concentration with increasing dose, reinforcing the dose-
dependent behavior observed in the 6 MV experiments. Specifically, at a dose rate of 300 
MU/min, ozone concentration increased from 0.052±0.004 ppm at 500 MU to 0.142±0.004 
ppm at 1,000 MU. Similarly, at 600 MU/min, values increased from 0.081±0.006 ppm to 
0.161±0.003 ppm. Compared to the 6 MV results in Table 2, Table 3 indicates that 15 MV 
photons consistently produce more ozone under equivalent dose and dose rate conditions. 
For instance, at 1,000 MU and 600 MU/min, ozone concentration was 0.161 ppm at 15 MV 
versus 0.143 ppm at 6 MV. This difference is likely due to the higher ionization efficiency of 
15 MV beams, which generate more secondary electrons and enhance air molecule 
dissociation. The relatively small standard deviations again suggest high measurement 
reliability. These findings confirm that both dose and photon energy significantly influence 
ozone production. Interestingly, the increase in ozone between dose rates is slightly more 
pronounced at 15 MV, suggesting that the dose rate may exert a more meaningful effect at 
higher energies, a trend supported by statistical tests in Table 4. Table 3 thus provides strong 
empirical evidence that ozone production intensifies with both increasing energy and dose, 
highlighting potential safety concerns in high-energy radiation treatment environments. 

Table 3. Ozone generation irradiated with several processing parameters. 

Field Size Energy Dose Rate (MU/min) Dose (MU) O3
 (ppm) 

40 × 40 𝑐𝑚2 15 MV 300 500 0.052±0.004 
1000 0.142±0.004 

600 500 0.081±0.006 
1000 0.161±0.003 

 
Figure 3 offers a graphical representation of the ozone generation data measured with 15 

MV photon beams, as summarized in Table 3. This figure visually reinforces the dose-
dependent increase in ozone concentration observed in the data. Notably, compared to the 
patterns shown in Figure 2 (6 MV), the increase in ozone levels at 15 MV appears both steeper 
and more pronounced across all dose and dose rate combinations. At both 300 and 600 
MU/min, the progression from 500 to 1,000 MU shows a near-linear trend, but the slope of 
the line is higher than in the 6 MV case, reflecting the stronger ionization power of 15 MV 
photons. The graphical format also allows us to observe the dose rate effect more clearly. At 
15 and 1,000 MU, the ozone concentration is 0.142 ppm at 300 MU/min and increases further 
to 0.161 ppm at 600 MU/min. This suggests that, at higher energies, the dose rate begins to 
play a more meaningful role in ozone formation, likely due to the increased rate of energy 
deposition within the same time interval. The figure also shows minimal variation between 
repetitions, as evidenced by the small error bars, indicating high precision and reliability in 
the measurement setup. From a safety and clinical operations standpoint, Figure 3 
underscores the potential for significant ozone accumulation during high-energy photon 
therapy, particularly when high doses and faster delivery rates are used. The figure thus 
serves as a compelling visualization of how energy and dose synergistically contribute to 
ozone production. These visual insights provide a foundation for assessing ventilation 
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requirements and refining occupational safety protocols in treatment facilities using 15 MV 
beams. 

 

Figure 3. Ozone generated by 15 MV photons. 

3.1.3. Ozone reduction over time  

To assess the persistence of ozone after high-energy photon irradiation, an experiment 
was conducted to measure the rate of ozone reduction over time under specific conditions. 
The irradiation was performed using a photon energy of 15 MV, a dose rate of 600 MU/min, 
and a total dose of 1,000 MU, which corresponds to the condition that previously produced 
the highest ozone concentration in this study (0.161±0.003 ppm). Immediately after 
irradiation, ozone levels were continuously monitored to evaluate the decay characteristics 
within the closed chamber environment. As depicted in Figure 4, the decrease in ozone 
concentration followed a relatively consistent and linear trend over time, rather than an 
exponential decay pattern typically associated with gas dispersion in open environments. The 
half-life (defined as the time required for ozone concentration to drop to 50% of its peak 
value) was observed to be approximately 3 minutes. Complete normalization, or return to 
baseline levels, occurred around 6 minutes post-irradiation. This indicates that in the absence 
of ventilation or forced air exchange, residual ozone remains in the environment for a 
significant period after beam delivery has ceased. Given the potential respiratory effects of 
ozone, even at low concentrations, this delay in dissipation poses a risk to radiation workers 
who may enter the treatment room shortly after a high-dose procedure. The linear pattern 
of reduction suggests that ozone decay within this confined volume is primarily influenced by 
natural recombination and wall absorption processes rather than turbulent airflow. These 
findings support the need for implementing time-delayed room access and/or enhanced 
ventilation protocols in clinical settings where high-energy photon beams are routinely used. 

3.1.4. Statistical analysis  

Table 4 presents the results of statistical analyses conducted to verify the effects of photon 
energy, dose, and dose rate on ozone generation. A comparison of ozone concentrations 
between the two photon energies (i.e., 6 and 15 MV) revealed that higher photon energy 
resulted in significantly increased ozone production. The independent two-sample t-test 
confirmed this finding with a p-value of 0.013, indicating a statistically significant difference 
in ozone concentration depending on the photon energy level. Furthermore, the mean ozone 
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concentrations were compared according to delivered dose levels (i.e., 500 and 1,000 MU) at 
both dose rates (i.e., 300 and 600 MU/min). In all conditions, a highly significant difference 
was observed (p < 0.001), confirming that higher dose levels consistently led to elevated 
ozone concentrations, regardless of energy or dose rate. This highlights the dose-dependent 
nature of ozone formation during photon beam irradiation. In contrast, when the influence 
of the dose rate was analyzed independently for each photon energy level, the results were 
mixed. For 6 MV photons, the effect of dose rate on ozone generation was not statistically 
significant (p = 0.142), suggesting that ozone concentration at this energy is relatively 
insensitive to the rate of dose delivery. However, for 15 MV photons, a significant difference 
was found between the two dose rates (p = 0.006), indicating a dose rate effect at higher 
photon energies. To confirm the validity of the t-test results, Levene’s test for equality of 
variances was conducted and satisfied (p = 0.662). The final t-test result (t = -2.531, p = 0.013) 
supported the conclusion that the mean ozone concentrations differ significantly by energy. 
These comprehensive statistical findings confirm that both photon energy and dose are 
primary contributors to ozone generation, while dose rate becomes a meaningful factor only 
at higher energies, providing a nuanced understanding of clinical radiation safety protocols. 

 

Figure 4. Change of ozone reduction over time. 

Table 4. Significance test results according to energy, dose rate, and dose. 

6 MV 15 MV 
 

Energy p value 
300 
MU/
min 

p=0.142 500 
MU 

p<0.001 300 
MU/
min 

P=0.006 500 
MU 

p<0.001 
 

6 MV p<0.013 

1,000 
MU 

1,000 
MU 

 
15 MV 

600 
MU/
min 

500 
MU 

p<0.001 600 
MU/
min 

500 
MU 

p<0.001 
   

1,000 
MU 

1,000 
MU 

   

 
3.2. Discussion  

High-energy photon beams employed in modern radiotherapy can ionize atmospheric 
oxygen, leading to the formation of ozone (O₃)—a secondary pollutant known to pose 
respiratory health risks [6, 7]. This study aimed to quantify ozone production within a 
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controlled radiation environment and to investigate how photon energy, dose, and dose rate 
influence ozone concentration. As shown in Tables 2, 3, and 4 and Figures 2, 3, and 4, both 
photon energy and total dose significantly impact ozone generation, aligning with previous 
findings on radiolytic gas production [15]. Notably, Table 4 reveals a statistically significant 
effect of photon energy on ozone concentration (p = 0.013), while total dose consistently 
exerts a strong influence across all energy levels (p < 0.001). These results corroborate the 
findings of previous studies [3], which highlighted the role of ionizing radiation in enhancing 
oxidative reactions in the air. In contrast, the dose rate was only statistically significant at 15 
MV (p = 0.006), indicating a possible threshold effect, potentially attributable to cumulative 
ionization density. Figures 2 and 3 further illustrate these patterns, with ozone concentrations 
peaking at 0.143 ppm (6 MV) and 0.161 ppm (15 MV) when 1,000 monitor units (MU) were 
delivered. 

Figure 5 presents a schematic of the experimental setup designed to measure ozone 
formation in a high-energy photon field. At the core of this system is a custom-designed 
phantom chamber, constructed to replicate the ionization volume where photon–air 
interactions predominantly occur. The phantom was engineered with a precisely calculated 
internal volume of 0.02 m³ (20,000 cm³), ensuring accuracy and reproducibility in ozone 
measurements. By limiting the sampling area to this defined volume, the setup overcomes a 
key limitation of previous studies that relied on ambient room measurements without spatial 
control [15]. The gas detector (GAS TIGER 6000) was positioned at the center of the 
phantom’s irradiation volume, allowing it to capture ozone generated directly by the beam, 
isolated from external interferences. This configuration minimized confounding factors such 
as airflow variability, heterogeneous volatile organic compound (VOC) distributions, or 
reflective surfaces within the treatment room. The fixed distance from the source to the 
chamber center (100 cm) and a consistent field size of 40×40 cm² provided uniform 
irradiation, closely simulating clinical conditions. This phantom system represents a 
methodological advancement, enabling volumetric rather than point-based ozone 
quantification, thereby enhancing the spatial validity of the results. Such precision is critical 
not only for comparing experimental variables (e.g., dose and energy) but also for 
extrapolating the data to real-world scenarios. For example, this setup facilitates the scaling 
of ozone concentrations to room-sized environments, providing valuable input for ventilation 
design and occupational exposure risk assessments. This figure also reflects a key innovation 
of this study and offers a model for future evaluations of radiological environments. 

Figure 4 illustrates the temporal behavior of ozone following irradiation. A half-life of 
approximately 3 minutes and complete dissipation within 6 minutes suggest that without 
adequate ventilation, residual ozone may linger long enough to pose a risk to healthcare 
personnel. These observations are consistent with the findings of previous studies [6], who 
reported that even brief exposures to concentrations as low as 0.1 ppm can negatively affect 
lung function. Given that the peak ozone concentrations measured in this study reached up 
to 0.161 ppm (surpassing both FDA and EPA thresholds of 0.05 and 0.1 ppm, respectively [8, 
9], there is an urgent need to reassess and enhance ventilation protocols in treatment rooms. 
The results underscore the potential for ozone accumulation in environments utilizing high-
energy photon beams and support the implementation of engineering controls or scheduling 
modifications to limit occupational exposure. Future research should build upon these 
findings by exploring the influence of clinical room geometries, ventilation system designs, 
and cumulative exposure over time. 
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Figure 5. Schematic diagram of equipment setting (Results of ionization volume calculation 
in phantom (size of 0.02 m3 or 20,000 cm3).

4. CONCLUSION 
 

This study quantitatively evaluated ozone generation in a radiation treatment room due to 
high-energy photons by varying energy, dose rate, and dose. Using a self-designed phantom, 
we systematically measured ozone concentration changes and identified key influencing 
factors. Our main results demonstrate the following: First, higher photon energy and dose 
significantly increase ozone concentration (P < 0.001). Second, the dose rate had a minimal 
impact at 6 MV (P = 0.142), but a significant difference was observed at 15 MV (P = 0.006). 
Third, ozone concentrations at 15 MV, 600 MU/min, and 1,000 MU (0.161±0.003 ppm) 
exceeded FDA and national air quality standards. Fourth, the ozone took approximately 6 
minutes to return to normal levels, posing a potential health risk to radiation workers. These 
findings highlight the necessity of improved ventilation systems in radiation treatment rooms 
to mitigate occupational exposure risks. The study provides quantitative data for regulatory 
compliance and safety improvements in clinical settings.  

While this study provides critical insights, it has the following limitations: First, 
measurements were conducted in a controlled environment using a self-designed phantom, 
which may not fully replicate real-world clinical conditions. Second, other factors influencing 
ozone generation, such as room size variations and additional radiation parameters, require 
further investigation. Third, volatile organic compounds (VOCs) produced by high-energy 
photons were identified, but their detailed effects were not analyzed. Future studies should 
expand the scope to larger-scale clinical environments, investigate long-term exposure 
effects, and explore advanced air purification solutions to reduce ozone accumulation in 
treatment rooms. 
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