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The study was aimed to check the radiotherapy treatment accuracy and definition of action
levels during implementation of in vivo dosimetry as a part of quality assurance program.
The calibration and correction factors for ir vivo entrance dose measurements for six n-type
Isorad semiconductor diodes were determined as recommended by the European Society for
Radiotherapy and Oncology Booklet No. 5. The patients for in vivo measurements have been
divided in groups, according to the treatment site/techique, in order to investigate and detect
the groups where the uncertainty was larger or where a systematic error occurred. The toler-
ance/action levels for all groups were also defined and checked. In this study, the entrance
dose measurements were performed for total of 451 treatment fields, and 338 patients over
one year period. The mean value and the standard deviation for different groups were: breast
+1.0% + 2.89%(1 SD), brain, and head and neck - +0.74% + 2.04%(1 SD), and isocentric
pelvis and abdomen - +0.1% + 2.86%(1 SD). All measurements - +0.72% + 2.64%(1 SD).
In our experience, systematic in vivo dosimetry proved to be a very useful tool for quality as-
surance of patient's plan and treatment, both in detecting systematic errors and for estimating
the accuracy of radiotherapy treatment delivery.
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INTRODUCTION

The radiotherapy treatment planning and deliv-
ery is amulti-stage process which consists of many se-
quential, complex steps of patient immobilization, im-
aging, dose prescription, treatment planning and dose
calculation, patient positioning, plan verification and
dose delivery. To ensure that the delivered dose agrees
with the prescribed dose at the end of the entire treat-
ment process, it has been recommended by number of
international organizations that an overall check of the
entire process is carried out [1-6]. One of the recom-
mended methods is in vivo dosimetry.

In vivo dosimetry has proved to be a useful tool
for quality assurance in radiotherapy [7-16]. The pur-
pose of in vivo dosimetry is to verify that the treatment
is carried out as prescribed. It is a suitable method to
both monitor the treatment delivery and to detect vari-
ous errors early in the course of treatment. Patient's in
vivo measurements are subsequently compared to the
values obtained from patient's teletherapy plan com-
ing from the verified treatment planning system and
dose calculation algorithm [17]. If an unacceptable
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difference between the measured entrance dose and
the expected dose is recorded, then an immediate ac-
tion must be undertaken to detect the source and cause
of error and correct it. At our institution the tolerance
and the action level were set at the same initial level of
5% and that tolerance/action level was applied for all
groups of patients. A variety of detectors, including
the thermoluminescent dosimeters (TLD), semicon-
ductor diodes, and new detectors such as metal oxide
silicon field-effect transistors (MOSFET) and opti-
cally stimulated luminescent dosimetry (OSL) are cur-
rently available for in vivo dosimetry. In this work, the
calibration and correction factors determination of the
semiconductor diodes for entrance in vivo dosimetry
are described. Due to appropriate thickness of build up
cap of diode used, the entrance dose represents dose at
depth of maximum for specific energy.

The institutional experience in clinical imple-
mentation of in vivo dosimetry program for patients is
presented, and estimation of accuracy degree is deter-
mined. The tolerance/action levels for different radia-
tion techniques are also investigated. The work pre-
sented is the first clinical implementation of in vivo
dosimetry for patients in Serbia, and according to the
European recommendation.
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MATERIALS AND METHODS
Treatment machine and dosimetry system

All diode calibrations, corrections factors deter-
mination and patient entrance dose measurements
were performed on the department's two linear accel-
erators: a dual energy accelerator Varian Clinac 2100C
with nominal photon energies of 6 MV and 15 MV and
asingle energy accelerator Varian 600DBX with nom-
inal photon energy of 6 MV (Varian Medical Systems,
Palo Alto, Cal., USA). Both linear accelerators were
calibrated to give 1 cGy/ MU at the depth of dose max-
imum for standard irradiation conditions (build up,
SSD 100 cm, field size 10 cm x 10 cm) and all were
equipped with record and verify (RV) system (Varian
Vision/Varis). All patients were planned using CMS
XiO version 4.62 (Elekta CMS Software, St. Louis,
Mo., USA). The number of monitor units and expected
entrance doses were calculated by the treatment plan-
ning system.

The N-type Isorad semiconductor diodes (Sun
Nuclear Melbourne, Fla., USA) for two energy ranges,
the 6-12 MV (yellow) and the 15-25 MV (red), were
used in all measurements. The diode outputs were
measured with IVD Model 1136 system (Sun Nuclear)
consisting of 2 pods connected with a wireless link and
interfaced to a PC computer with appropriate IVD
software. A real water phantom (RW3) was used for
calibration and determination of correction factors
(PTW Dosimetry, Freiburg, Germany).

Calibration procedure and
determination of correction factors

The diodes were calibrated individually on the
equipment on which they were to be used against a
SSDL calibrated Farmer type ionization chamber
FC65-G (IBA Dosimetry, Schwarzenbruck, Ger-
many). The calibration factor F'_,, for entrance dose for
each individual diode was determined as the ratio of
the absorbed dose at d,,, to the reading of the semi-
conductor in reference conditions (on the surface of
the phantom at SSD of 100 cm and with a field size of
10 cm x 10 cm). After determination of the calibration
factor, a set of correction factors for field size CFgq,
SSD CFggp, wedge CF 44, gantry angle CFy and
temperature CF; has to be established to account for
changes in the diode response when measurement and
calibration conditions are different. The overall factor
for conversion diode reading to a measured entrance
dose was obtained as the product of the dose calibra-
tion factor and all the correction factors for a particular
beam. So, measured entrance dose is described by

Dose[Gy] = (diode_reading)- F, - CFyg-CFggp-
“CF | qoe CFg-CF 1

wedge

The determination of calibration and correction
factors was done as recommended by the ESTRO
Booklet No. 5 [18].

Clinical measurement

The entrance dose was measured at one or two
fields during the first or second treatment session. The
patients were divided in categories according to the tu-
mor localization and patient immobilization. Accord-
ingly, the assessment of set up precision was done as
well as the determination of tolerance/action levels for
different tumor localizations. The patients were di-
vided in next categories:

— breast patients,
— brain and head, and neck patients, and
— isocentric pelvis and abdomen patients.

The study sampled 3-D conformal breast pa-
tients with isocentric tangential half-field block tech-
nique with at least two fields. For the purpose of pa-
tient immobilization, commercially available breast
positioning devices Wing-Board or Thorawedge
(CIVCO Medical Solutions) were used. The entrance
dose was measured at off axis distance of 3 cmto 5 cm
from isocenter at medial tangential field, during the
first or second treatment session. All treatment fields
have had enhanced dynamic wedge, for the purpose of
dose modulation. The majority of patients were treated
on single energy linear accelerator Varian 600DBX.

Patients treated for head and neck and brain ma-
lignancies, were immobilized in the thermoplastic
mask. The most often beam arrangement was oblique
wedged field combinations with vertex field. The ma-
jority of patients were treated on single energy linear
accelerator Varian 600DBX.

The majority of patients with abdominal malig-
nancies were treated with either 4 field box technique
or a 5 field combination, with or without enhanced dy-
namic wedges. Patients were in most cases positioned
in a supine position. In most cases abdominal immobi-
lization devices were not used. The majority of pa-
tients were treated on dual energy linear accelerator
Varian 2100C.

RESULTS

Calibration procedure and determination
of correction factors

Each diode was individually calibrated and cor-
rected for the entrance dose measurement. The correc-
tion factors for every diode were in close agreement
with each other and also with correction factors re-
ported in the literature with respect to both magnitude
and trend [19-21]. The results of diodes response,
which vary due to the influence of external condition
of measurement, are summarized in tab. 1.
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The temperature correction factors were experi-
mentally determined for every diode and their values
were between 0.43-0.5%/°C. A typical literature
value, for this particular type of diode, was 0.5%/deg,
so that value was taken for all the diodes. The gantry
angle correction factor for transversal direction was
also determined, but it is not shown here, due to the
factthatitwas notused during the treatment planning.

Patient measurements

The entrance dose measurements were per-
formed for total of 451 treatment fields, on 338 pa-
tients over one year period. During the measurement
period, the tolerance/action level of 5% was applied
for all fields. The results given in tab. 2. summarise the
entrance dose measurements for different treatment
sites/techniques.

The number of measurements (), the number of
deviations greater than or equal to 4% (Ns,.,) and the
number of deviations greater than or equal to 5%
(Nss0,), the mean value (X), and one standard deviation
(SD) are shown in tab. 2. The results were plotted in
histograms in figs. 1-4., and shown as the frequency
distribution of the ratio of the measured dose and the
expected dose (MD/ED), in percentage. A Gaussian
distribution with the same parameters was plotted over
the frequency distribution.

The mean value of the distribution for all mea-
surements with errors was 0.72% and the standard de-
viation was 2.64%. The distribution of the mean value
for all measurements after correction was 0.76%, and
the standard deviation was 2.18%. Over 19 measure-
ments which were repeated due to large errors ob-
tained, 4 (21%) still remained larger than 4%. All of
these were at the breast treatment site. The histogram
plot of frequency distribution of deviations from ex-
pected dose for all measurements fitted with Gaussian

Table 1. The diodes correction factors for field size, SSD, enhanced dynamic wedge and

beam incidence in axial direction

Field size SSD
FS [cm?] Yellow Red SSD [cm] Yellow Red
4x4 0.986-0.992 0.960-0.961 70 0.986-0.992 0.986-0.992
5x5 0.993-0.997 0.976-0.978 80 0.978-0.989 0.978-0.985
6x6 0.994-0.999 0.985-0.986 90 0.986-0.993 0.994-0.996
8x8 0.998-1.001 0.994 100 1.000 1.000
10 x 10 1.000 1.000 110 1.002-1.004 1.011-1.015
12 x 12 1.003-1.006 1.006 120 1.006-1.007 1.020-1.027
14 x 14 1.006-1.008 1.010-1.011 130 1.008-1.010 1.026-1.035
15%x 15 1.006-1.008 1.012-1.013 CF (axial angle)
16 x 16 1.005-1.008 1.013-1.015 Angle [°] Yellow Red
18 x 18 1.006-1.009 1.016-1.017 -60 0.995-1.002 1.003-1.006
20 x 20 1.007-1.011 1.019-1.020 =50 0.999-1.008 1.003-1.006
30 x 30 1.008-1.013 1.022-1.027 —40 1.003-1.010 1.004-1.008
Enhanced dynamic wedge =30 1.005-1.011 1.004-1.007
W. angle [°] Yellow Red -20 1.005-1.011 1.004-1.007
0 1.000 1.000 -10 1.006-1.012 1.005-1.006
10 0.998-1.000 0.998-0.999 0 1.000 1.000
15 0.997-0.998 0.994-0.996 10 1.003-1.007 1.000-1.002
20 0.995-0.996 0.994-0.995 20 1.005-1.008 1.003-1.005
25 0.993-0.995 0.989-0.990 30 1.006-1.011 1.004-1.006
30 0.991-0.993 0.987-0.988 40 1.006-1.010 1.005-1.008
45 0.980-0.986 0.980-0.981 50 1.003-1.010 1.004-1.008
Table 2. Summary of results of entrance dose measurements
Treatment site/technique N X [%] SD [%] N>go, [%] Nsso, [%]
All fields with errors 451 0.72 2.64 104 4.2
All fields after correction 451 0.76 2.18 7.8 0
Breast 205 1.00 2.89 13.6 7.8
Brain and head and neck 156 0.74 2.04 58 0
Isocentric pelvis and abdomen 90 0.1 2.86 11.1 33
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Figure 1. Frequency distribution of deviations from
expected dose for measurements for all treatment sites
without corrections fitted with Gaussian distribution
with the same parameters
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Figure 2. Frequency distribution of deviations from
expected dose for measurements on breast site fitted with
Gaussian distribution with the same parameters
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Figure 3. Frequency distribution of deviations from
expected dose for measurements on head and neck
site fitted with Gaussian distribution with the same
parameters

function was presented in fig. 1. The histogram distri-
bution was normal with some slight asymmetry.

The mean deviation for breast site/technique
was 1.0% and standard deviation was 2.89%. The

Deviation from expected dose [%)]

Figure 4. Frequency distribution of deviations from
expected dose for measurements on isocentric pelvis and
abdomen site fitted with Gaussian distribution with the
same parameters

spread of deviations for this treatment site was the
highest of all treatment sites. The deviations larger
than 5% were detected in 19 cases (4.3%) of all mea-
surements and most of them, 16 cases (84%), were de-
tected for the breast treatment site. After correction in
16 measurements which exceeded 5% tolerance the
mean deviation was 0.94% and standard deviation was
2.27%. The frequency distribution of deviations from
expected dose, for measurements on breast site with-
out correction, fitted with Gaussian distribution with
the same parameters, is shown in fig. 2.

The mean value of the distribution for brain and
head and neck treatment site was 0.74% and the stan-
dard deviation was 2.04%. This standard deviation
was the lowest of all treatment sites and reflects a
smaller number of random errors in treatment set up
for this site. The histogram plot of frequency distribu-
tion of the deviation of expected dose for measure-
ments on head and neck site fitted with Gaussian func-
tion were plotted in fig. 3. It was noticed that the
histogram distribution for measurements on brain and
head and neck site was approximately normal with a
narrow spread.

The smallest group of patients of the four ana-
lysed treatment site categories, was for isocentric pel-
vic and abdominal treatment site. The mean deviation
for isocentric pelvic and abdominal site/technique was
0.1% and standard deviation was 2.86 %. After correc-
tion of three measurements which exceeded 5% toler-
ance the mean deviation was 0.37% and standard devi-
ation was 2.18%. Histogram plot of frequency
distribution of the deviation from expected dose for
measurements on isocentric pelvic and abdominal site
fitted with Gaussian function were presented in fig. 4.

DISCUSSION

The correction factors measured for the existing
diodes were within the range of those reported by the
manufacturer for this type of diode [19-21]. The be-
haviour of correction factors was quite similar for the
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energy of 6 MV and 15 MV. The field size and SSD
correction factors were found to be more pronounced
for the higher energy. The influence of enhanced dy-
namic wedges is very small for lower wedge angles
and it was similar for the both detectors which were
used for given energy range, being directly propor-
tional with the wedge angle. The cylindrical configu-
ration and the build up around the diode were suitable
to provide the uniform angular response around the
detector axis.

The theoretical uncertainty in measuring the en-
trance dose with diodes, taking into consideration the
uncertainties in the calibration factor and the correc-
tion factors determination and the positioning of the
diode, is 1.6%. Other sources of uncertainty, which
should be taken into account when choosing the toler-
ance/action levels, are: possible fluctuations of accel-
erator output, the use of asymmetric fields, the physio-
logical movements due to breathing, possible
movements of the patient during the irradiation, the
use of auxiliary equipment to set-up the patient and the
uncertainty in the entrance dose calculation. So, that is
the reason why the majority of the radiotherapy cen-
tres have a 5% tolerance/action level for most treat-
ments. In this work, the patients have been devided in
groups, according to the treatment site/techique, in or-
der to investigate and detect the groups for which the
uncertainty was larger or for which a systematic error
appeared.

Due to the half-field block technique used for
breast irradiation there was no real field centre to cor-
rectly place the diode so it was decided to place the di-
ode in the position along the beam profile, in position
which is approximately 3 cm to 5 cm off axis inside the
irradiation field (the off-axis correction factor was
used). Due to all these facts, it was difficult to place the
diode in accurate position for in vivo measurements.
Therefore, any misplacement of the diode caused erro-
neous reading of the diode, and a larger spread of the
results. In 16 out of 19 (85%) measurements which ex-
ceeded the 5% tolerance was for breast treatment site.
The source of error identified in the most cases was in-
correct position of the diode, or incorrect SSD (80%).
In one case it was detected that the wrong number of
MU was entered in RV system. The SD of 2.88% for
breast iradiation was the largest of the four treatment
site categories analysed and reflected a larger number
of random errors in both treatment set up and dose
measurement technique. Most publications regarding
in vivo dosimetry in tangential irradiation of breast, re-
ported similar standard deviations between the mea-
sured and the expected doses [11, 22-26]. Shakeshaft
et al. [22] in reporting 2 years worth of measurements
on 278 breast patient found a mean deviation equal to
—2.9% and standard deviation equal to 3.5%. Data
similar to ours for breast patient were found by Cozzi
et al. [23] which found a mean deviation on 421 mea-
surements equal to —1.33% and with standard devia-

tion of 2.7%. Appleyard et al. [24, 25] reported a mean
deviation on 1073 measurements on breast patients
fields equal to 1.15% and standard deviation was
3.04%(1 SD). Fiorino et al. [26] found a mean devia-
tion on 506 measurements equal to 0.1% and standard
deviation was 3.5%. Also, it was found that the rate of
second checks was significantly higher for breast pa-
tients (16/205, 7.8%) against non-breast patients
(3/246, 1.2%).

The SD of 2.01% for brain, and head and neck
site was lesser than the one seen for other categories
and indicates a high level of reproducibility. A number
of papers investigated the treatment accuracy by in
vivo dosimetry for patients treated for brain and head
and neck malignancies and they reported the results
similar to ours [12, 22, 24-26]. Leunens et al. [12] re-
ported the data concerning 364 measurements of 47
patients during the brain and head and neck irradiation
with a mean deviation around 0% with a SD equal to
2.3%. Shakeshaft ef al. [22] found a mean deviation
equal to —0.6 % and standard deviation equal to 2.8%
for in vivo measurements on 246 head and neck pa-
tient. Our data are congruent with the results reported
by Appleyard at al. [24,25], which found a mean devi-
ation equal to 0.35% (2.20% (1 SD)) on 326 measure-
ments for brain and head and neck patient irradiation.
Fiorino et al. [26] found a mean deviation for head and
neck patient irradiation equal to 1.0% and standard de-
viation was 2.8%.The largest deviations were attrib-
uted to a measurement in a highly oblique wedged
fields and difficulty to place the diode into corect posi-
tion for measurement, due to the patient's body con-
tour.

In almost all cases for isocentric pelvic, the
placement of the detector on the anterior field for 4
field box technique was complicated because patient's
body hair has been obstructing the positioning and tap-
ing the diode to the patient's skin and this often re-
sulted in the detector being “sprung” slightly towards
the target resulting in a higher than expected dose
reading. In 2 out of 46 (4.3%) patients, in vivo mea-
surements for isocentric pelvis and abdomen treat-
ment site exceeded the tolerances. In the first of the
above two patients, a closer inspection revealed that a
false treatment plan had been assigned to the patient. A
new therapy plan was immediately created with the
correct plan parameters. In the second of the above
two patients the source of error proved to be wrong
treatment set up. After the corrections, in vivo dosime-
try was repeated and the results were within the toler-
ance levels in both cases. The reported deviations for
isocentric pelvic site were in accordance with the re-
sults reported in similar studies [24-27]. Appleyard et
al.[24,25] reported a mean deviation on 712 measure-
ments on pelvic irradiation patients fields equal to
0.52% and standard deviation was 2.75%. Fiorino et
al. [26] reported a mean deviation for pelvic irradia-
tion patients equal to 0.8% and standard deviation was
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3.0%. Strojnik [27] found a mean deviation between
0.0-1.0% and standard deviation between 2.7-3.0%
for in vivo measurements for radiotherapy patients
treated with four field box technique during the rectal
cancer irradiation.

The overall results for all treatment sites showed
good agreement with the results reported in number of
papers [10, 22-26]. Also, it was noticed that the num-
ber of errors at the beginning of the implementation in
vivo dosimetry decreased when process became rou-
tine practice. In the group of 338 patients and 451
measurements, in vivo dosimetry brought out and pre-
vented 15 minor cases of inaccurate treatment and 3
major cases of inaccurate treatment. In all three major
cases of a potentially inaccurate treatment, the cause
of error was a consequence of human errors and no
equipment malfunction was discovered.

The tolerance/action level of 4% was put in or-
der to check the possibility to change the initial toler-
ance/action level for some treatment sites. The results
for brain and head and neck treatment site showed that
only 5.8% of measurements were over 4% toler-
ance/action level. Due to that fact the tolerance/action
level for brain and head and neck site was changed to
4%.

CONCLUSION

The radiation therapy process involves multiple
complex steps and also many professionals of differ-
ent profile. The overall uncertainty of the whole treat-
ment course involves different uncertainties which are
human, or technology related, such as the dosimetric
uncertainty, patient interfractional and intrafractional
movement, accuracy and conformity of dose deliv-
ered, QA/QC uncertainty, etc. [28]. It is estimated to
be between 4.4 and 6.6% [29]. On the other hand, the
unexpected errors during the treatment, may result in
minor or even major deviation in dose delivered in
comparison to the prescribed and planned [16]. One of
the methods for significant improvement in treatment
accuracy is shown to be in vivo dosimetry, although it
requires significant additional efforts for the physics
staff. Our experience confirmed that systematic in vivo
dosimetry was very useful quality tool for tracing and
correcting random as well as systematic errors in the
dose calculation and patient set up. The entrance in
vivo dose measurements was performed on 331 pa-
tients for 437 treatment fields over a one year period.
In one year since implementation of in vivo dosimetry
19 cases of inaccurate treatment hve been revealed and
prevented. A tolerance/action level of 5% was applied
for all fields during the measurement period. The pa-
tients were divided in separate groups according to the
treatment site/techique in order to check the groups for
which the uncertainty was larger and to check the tol-
erance levels for each treatment site. The tolerance

level for brain and head and neck site was changed to
4%.

The calibration and correction factors for six
semiconductor diodes for different energy ranges
were studied and their behavior was found adequate
for the measurement of the dose delivered in radio-
therapy treatments. The calibration and correction fac-
tors were determined for each diode as recommended
by the ESTRO Booklet No.5.

To summarize, in vivo dosimetry has given the
full confidence that patients are being treated with the
prescribed and planned dose.
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Jaza M. PYTOWCKWU, bopucaasa C. IETPOBUh, Munyrun 1. BAYIIAJ,
Munan [I. TEOJOPOBUR, O3pen H. YYIU'h, bopko B. BACAPUh

KINMHNYKA UMIINIEMEHTAIIMJA IN VIVO JO3UMETPUJE
IIOMORY ISORAD IMOJYIIPOBOOJHNYKUX TUOJA H-TUIIA

OBaj pag uMa 3a IMJb 1a IPOBEPHU TAYHOCT PAJUOTEPAIIUjCKOT TpeTMaHa U OCTaB/beHEe HUBOE
aKiyje mpu UMINIEMEHTALUj1 in Vivo TO3UMETPHje Kao Jielia mporpama ocurypama Kpanurera. Ha ocHOBY
npenopyka u3 I[lpupyunuka 6p. 5. m3gator of crpane EBponckor ApymTsa 3a pafuoTepanu;jy 1 OHKOJIOTHjY
onpebhenn cy KanmnbpanmoHu 1 KOPeKIMOHN (DAaKTOPH 32 MEPEH-E yiIa3He 1o3e moMohy in vivo Jo3uMeTpuje
3a wecT Isorad monynpoBopgHMYKMX uofa H-Tuna. [lanujeHTH Ha KojuMa Cy BpLIEHA in vivo Mepema
MOJIeJbEHH CY Y TPYIle, HA OCHOBY JIOKaIM3alyje U TeXHUKE 3pavdetha, y [UbY JaKIIer ogpebuBama rpyna
KOJ] KOjuX je HecurypHocT Beha Wim rjie ce mojaBibyje cucTeMaTcka rpemka. Takobe, 3a cBe rpyme cy
neduHuCaHN 1 TPOBEPEHN HUBOM TOJIEPaHIMje U aknuje. Y TOKY jeflHe TOANHE ypaheHo je Mepeme yna3He
po3e Ha 451 TpeTMaHCKOM N0JbY, OTHOCHO Ha 338 nmauujenata. Cpefmba BpeJHOCT U CTaHjap/iHa IeBUjayja
3a nojky je +1.0% +2.89% (1 SD), a 3a mo3ak, rnay u BpaT +0.74% + 2.64% (1 SD). Ha ocHoBy Hamer
HCKYCTBA IMOKA3aJIo Ce ia in vivo RO3UMETpHja MpefcTaBiba BPJIO KOPUCTAH allaT 3a OCUTYpamke KBAJIUTETa
IIJIaHa [alyjeHaTa ¥ TpeTMaHa, UICTOBPEMEHO Bpliehu IeTeKIMjy CUCTEMATCKUX Ipellaka U mpouemwyjyhu
TAaYHOCT PaUOTEPANNjCKOT TPETMAaHa.

Kmwyune peuu: paouoitiepatiuja, in vivo 0o3umettipuja, OetlieKiiop, OCUZyparbe Keaauileiia




