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Abstract

Both the measurement of the dose and the measurefiés distribution, like any other measurememt® subject to
measurement uncertainties. These uncertaintiestaifedose calculations and dose distributions ipatient’s body
during treatment planning in radiotherapy. Measumethuncertainty is not a medical physicist's erbait, an inevitable
element of their work. Planning the dose distribotin a patient’s body, we often try to reducenittihe volume of
critical organs (OaR - Organ at Risk) or incredserminimum dose in the PTV region by a few perckris believed
that the measurement uncertainty should be takenaiccount in these calculations at the stageeatitient planning.
The paper presents the method of calculating thasorement uncertainty for different physical qu#eti in
radiotherapy as percentage depth dose, profiletitmand output factor, due to the fact that thgsantities have a
particular impact on the calculated dose distrimgiin a patient’'s body. The uncertainties that tnfngs taken into
account in planning treatment the planned doséraetion and real in PTV, maybe different up to 4%.

Key words: measurement uncertainty; standard dose; dep#y 8eam profile; output factor.

Introduction

Clinical dosimetry is an extremely important paftttoe work
of a medical physicist in radiotherapy. It can beidid into
four stages. The first one is related to the acoem
measurements of therapeutic devices (linear aatels).
Measurement of the physical parameters requiredthzy
treatment planning system is the second step. finé bne
involves verification of the accelerator operatipgrameters
performed after each service inspection. And thetfostage is
the daily (or weekly) measurements of linac working
conditions. Each of these steps affects the cakdilaose
distribution although their influence on the finasult (dose
distribution) is different.

The acceptance tests performed after the ingtallaif the
therapeutic accelerator are undoubtedly the mogtoitant
dosimetry measurements. It is because they are befsrence
values for latter measurements.

The preparation of a set of measurements thanamsuced
into the treatment planning system in order to icumé it and
to model therapeutic beams is a crucial stage ofical
dosimetry* Imprecise measurements have an impact on all
prepared treatment plans, which means that altetiepatients
may receive medical support inconsistent with therdpeutic
goals.

Checking the accelerator operating parameters thfteservice
inspection is in fact the adjustment of these patars in such
a way that all dosimetric conditions are exactly fame as on
the day the linac was approved for clinical operati

Daily (or weekly) tests are performed to check tlike the
accelerator works according to the values introduicgéo the
planning system. Possible discrepancies will afféhe
difference between the measured dose and the asddudose.

Each of these steps includes a measurement untertiaat
affects the calculated dose distribution. There @alag happen
a random error that can be eliminated by repeating
measurements. However, it is a rare case that the
measurements for example of percent depth dosespeated
several times because they are very time-consuming.
Therefore, it is worth comparing the obtained valudth other
measurement data reported for other accelerafonge Ho not
have such data, we can use manufacturer settingeropare
them with data measured in other centers. This miflimize
the likelihood of a random error. However, it does change
the fact that the accuracy of the obtained measamewalues
is related to the amount of measurement uncertainty

The paper presents the method of calculating
measurement uncertainty for different physical ditias in
radiotherapy as depth dose, profile function angbwatufactor,
due to the fact that these quantities have a pdatigmpact on
the calculated dose distributions in a patientdybo

the
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Measurement uncertainty

It is well known that each measurement is subjext t
measurement uncertainty. The literature in thisaaie
extensive (for example international recommendati@nd
report$™ but do not always reflect the intuitive meaninig o
these terms: error - uncertainty.

Each physical quantity has its real value "X". STkalue is
unknown to us and we have to measure it using @piate
instruments. Performing the measurement of thimtyawe
receive the value "X". It is obvious thatXx and we can make
out the difference:

AX = X-x Eqg. 1

The main problem is that we do not know the valfié)Xd
(real quantity) and we also do not know how muclk th
measured value "x" differs from the real quantitgr example,
looking at different angles on the thermometer escahe can
read different values. We want to know the realigadf "X" as
accurately as possible because it is the main gbabur
measurements. Performing only one measurement,owaot]
know how big an "error" we are making. To minimite
probability of making a big measurement error, ¢gtly we
repeat the measurements several times. Takingwtigpendent
measurements of the quantity "X", we are able tmike the
well-known arithmetic mean value:

1yn

X=-FLx Eq. 2

x — arithmetic mean

n — number of measurements

x; - “I” measurement

Typically, we assume that such obtained vatu@rithmetic
mean of all measurements) is the real value of 8KXit is the
closest to it. We use this value for further meaments or
calculations. However, we have to remember that goiantity
is subject to measurement uncertainty. As a passibl
consequence of repeated measurements, we eliminasede
errors. The values obtained in each independensunement
will be slightly different. Let us consider an exalm of a
temperature measurement that we have to includehén
calculation of the dose or dose rate value measoregference
conditions. For example, we performed the measunéeren

times (Table 1) with a thermometer which has a scale of 0.5°C.

We obtained a set of values that are "slightly"fedént.
Outliers may be rejected if they deviate signifitarfrom the
other data.

To calculate the radiation do$® the knowledge of the
atmospheric pressure is also required. To simgtié/problem,
we assume that we “know the exact” value of thesgree. We
use both of these values to calculate the koefficient
according to the following formula:

273,15+T _ P,
—_— x —_—

krp = ky X kp =
TP T P ™ 2731541, " P

Eq. 3

where:

ky - temperature coefficient,

kp - pressure coefficient,

T, To — the temperature at the time of the measuremehtte
reference value of temperature (20°C),

p, p — pressure at the time of the measurement and the
reference value of pressure 1013 hPa).

The crucial question is: what is the influencelef temperature
measurement uncertainty on the value of this ociefit?

The average of the measured temperature valuas fro
Table1 is 21.9°C. We want to know what is the smallest an
largest measured temperature value. For this parpo&
calculate the measurement uncertainty.

And thus the "A" type measurement uncertdifityis
calculated using the formula for the standard dmnaof the
mean valuess:

1
nn-1)

AT(A) = J n(T —T) Eq. 4

where:
S%2 — temperature variance,

T — mean temperature,

T; - “i” temperature measurement,

n — number of measurements.

and it equals 0.1247°C for the measured values Trabhe 1.
The type "B" measurement uncertainty connectedhto

thermometer resolution uncertainty, which equall bf its

scale [\t = 0.25C), is calculated using the following formula:

_|ae?

AT(B) = j—; =

3

Eq. 5

For "our" thermometer, the measurement uncertairfityB"
type equals 0.1443°C. The uncertainty of the meabsur
temperature is the root of the sum of squares efatbsolute
values of the uncertainties of "A" and "B" typedafows:

AT = /AT (A)? + AT(B)?

Putting the values int&quation 6, we get the measurement
uncertainty equal taT = 0.1908°C.

Eq. 6

Table 1. Examples of temperature values that have been used in
the uncertainty calculations.

M easur ement Ti[°C]
215
22
22.5
215
22
21.5
22.5
215
22
22
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We can add and subtract this value from the average , _

temperature (21.9°C) and we obtain the possiblgeaf its
variability, i.e. 22.09076°C — 21.70924°C. The tnmdue of
temperature can be found within this range. Insgrthese cut-
off points intoEquation 3 we get the following possible range
of the k- coefficient: k = 1.0071 - 1.0058. In the same way, we
should calculate the value range of thes""lcoefficient.
Because we take these factors into account indtrauia for
calculating the standard dose rate at referencelitbmm
According to the law of propagation of uncertainty.

Similarly to the above, we can determine the Bmof the
variability of other parameters necessary to dedtenthe
radiation dose rate, i.e. the coefficients: calibra Np,,
recombination ¥ polarization k., chamber position and beam
quality kgoo A detailed description is in the IAEA-TECDOC-
1585 report. Estimated on the basis of these factocertainty
of the dose measurement is equal to approximat8ihi

However, it should be remembered that by measwsing
values as depth dose (DD), profile function (PFRdge factor
(WF) or output factor (OF), we measure the dosetwno
"places". For example, to determine DD we perform
measurement at "g" depth and at the reference dieptRF we
measure doses at the "x" distance from the beasnazxi in the
beam axisAppendix 1). Thus, the measurement uncertainty of
these quantities (DD, PF, OF) will be higher.

Uncertainty in the dose per fraction
determining

Let's just suppose that we do not have a compweriz
treatment planning system (TPS), but we only hake t
measured values of the depth dose (DD), profiletian (PF),
output factor (OF) and we know the dose in refegenc
conditions. In our example we are going to caleulthe
irradiation time (t) - Monitor Units (MU) for the ade per
fraction - 2 Gy at a depth of 5 cm for referenceapzeters:
beam size (10x10) &nSSD = 100 cm for the beam X6MV.
For such estimation, we use the following formula:

1%l

Depth Dose
Dose [%)]

i}

kil
Depth [cm]

dr[Gy]
Dst[%]*nn* PF+OF

[MU] Eq. 7

where:

d; - is a fractional dose= 2 Gy

D, - standard dose rate = 1Gy/100MU

DD —depth dose: for depth of 5 cm equals 0.864,

PF — profile function, in this case, we calculate tlzese on the
beam axis, therefore = 1,

OF- output factor for field size (10 x 10) ém 1.

Inserting these values intequation 7 we get the final value
for irradiation time t = 231.5 [MU].

Now, let's assume that a critical organ (OaRpcated at the
depth of 20 cm and 1 cm outside the field of thdiation
beam. In this case we have: Bp= 0.382; P, = 0.14 and
OF = 1. So, we are able to calculate the dose Gl will
receive during one fraction of irradiation accoglito the
following formula:

dsoar[Gy] = Dyt[s=] * DD * PF % OF * t[MU] Eq. 8

In our example, the dose of OaR equals 0.1238 Gl ian
accepted by the doctor. For the sake of -calculation
simplification, in our estimations, we haven’t takento
account the beam divergence and all the relatesecprences.

At this point, every medical physicist should askat is the
uncertainty of the calculated value? Which is doe the
uncertainty of dose measurement.

Figure 1l shows the dose drop in water along the beam axis
as a function of depth dose (DD) and as a functibrihe
distance from the beam axis (PF) together with exhrk
measurement uncertainties.

We have to calculate the dose range in PTV and OaR
regions. In this situation, we are talking only abpoint doses.

The "A" type measurement uncertainty for the fawl
dose is calculated according to the well-known figlam
ads

|ads| = X | py | |Aal Eqg. 9

ady| . o .
where:|%| is the absolute value of the derivativeEafuation
8 calculated for factorddsy; DD ; FP; OF.

a 2 4 & 8
Distance from axis[cm]

Figure 1. Dose decrease in the beam axis as a function of depth (A) and as a function of the distance from the beam axis (B) together with

mar ked measur ement uncertainties (Appendix 1)
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Finally, we receive:

(ddf ADST)2 + (%ADD)Z + (%APF)Z

dDgT

Ad; = i 2 aa 5 Eg. 10
2% 2%
+(Gorb0F) + (G amU)
Taking into account estimated measurement uncéytain

according to the above formula, the fractional dosdTV
region is within the range of 2 Gy 0.0845 Gy, which gives
the relative uncertainty of 4.1% (we adoptadU as zero for
simplification) @Appendix 2). This is a lot, but we have to
remember that the measurement uncertainty of thedatd
dose (at reference conditions) has been definetl 5%, and
the fractional dose is calculated on the basishefrheasured
factors such as: depth dose, beam profile, outpetbfs and
others, which increase the overall error. Howeifethe dose
per fraction that we plan to deliver in PTV regigrcalculated
with ~4% uncertainty, then we can and should agkestion:
what will be the uncertainty of the dose adminisbrain the
critical organ? Similarly to the above, we can aklte the
uncertainty of the dose administration in the caitiorgan and
the final dose is in the range 0.1238 Gy0.0145 Gy.
Therefore, at this point, the relative uncertairtyequal to
11.7%. In this case, the dose is very small, soréiative
uncertainty has increased significantly. Howevérmay be
relevant if the value of the maximum dose in OaR haen
adopted as the maximum acceptable value. In swsituation,
exceeding the total dose may be problematic.
uncertainties should be taken into account whenapgrove
the treatment plan.

Discussion

The presented calculations of measurement uncertéinthe
dose per fraction in PTV and OaR regions may bicdlf to
accept because in treatment plans we require mueatay
accuracy. This is the truth. However, we have thpréssion
that medical physicists have deviated from the qipies of
measuring physical quantities. We are fascinateddmputer
algorithms, Monte Carlo computational methods, akur
networks, artificial intelligence etc. but we fotgabout the
principles of measurements. We don't mean to sawib don't
make them. Yes, we perform various types of measeints
but the statistics of these measurements are at gréuence
on the final result. We set the measurement phanésm
accurately as possible and take the measuremenisoaly
once (they are time-consuming). Then we exporinteasured
data in the required format (ASCII, txt, TPS mamidaer) to
the treatment planning system. During the beam fimayle
procedure, depending on the version of the treatmlamning
system, we can demonstrate greater or lesser \Gtgato
minimize the difference between the calculated awasured
absolute doses and their distributions.

However, when making measurements of, for exantpke,
profile function, when we see that some pointsdudig stand
out from the rest, shouldn't the measurements jxeated?

Figure 2 shows example profile functions for different el
dimensions. These are measured data that can luk tase

These prepare calculation models.

Measured Profile Dose, Depth = 10 cm

Relative dose [%]

-30 -20 -10

Field size {cm x cm)

A2
| B-3x3
| C-4x4
D—-6 x6
E-8x8

F-10x10

G-12x12

H—15x 15

\ - 20%20

| 1-25x%25

| K=30x30

L=-35%35

M- 40 x 40

Offaxis distance [cm] 10 20 30

Figure 2. Examples of profile functions for different dimensions (from 2x2 cm? up to 40x40 cm? at the same depth (10 cm). They can be

exported to the treatment planning system in the appropriate format.
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Field siz

151

asured Profile Duse, Depth =10 6m

Relative dose

AR C D B F

20 Offaxis distance (mm]

30 40 50

Figure 3. Enlarged ranges of the dose values of the profile function. It can be seen that the measurement values show differences in certain
intervals, which may cause " disturbances' in the dose distribution calculated by the treatment planning system.

At first glance, it seems that the measuremente baen made
correctly. They are symmetric and there are ndlédspoints
that significantly "stand out" from the others. Hower, let us
enlarge the range between 95-105% of the dose aaldethe
distance from the beam axis up to 10 cm {Sgere 3).

Perhaps these results are within the measuremesttainty
that fluctuates around a few percent. It seemsoredse to
assume that re-measuring could change this graph.ttue,
that these are very small "fluctuations”, but tlesealcalculated
by us may (but does not have to) be burdened Wwiéhstim of
"small" uncertainties.

The performed calculations of the measurement reaiogy
show that they increase with the depth and distdimra the
beam axis and with the field siz€&ble 2 and Table 3). The
46% of uncertainty valuer@ble 2) for the dose at a distance of
10 cm from the beam axis, i.e. 5 cm beyond the bedge,
requires explanation. The dose at this point iy wenall. The
relative measurement uncertainty increases withredsing
measurement value. If we assume that the average atcthis
point is equal to 0.01 Gy, then in fact it may hehe range of
about 0.005 - 0.015 Gy.

What could be the practical consequences of eifiegs
between the current dose deliver to a patient hadteasured
dose? Depending on the location and size of tregetdetumor
volumes, we use different dimensions of the radimtieams.
In radiosurgery treatment we use small fields (maemment
uncertainty of OFTable 3, for a small field is greater than for
a large field), critical organs are in close proitynio the PTV
region (measurement uncertainty outside the fi¢ld ayreat
depth,Table 2), and dose per fraction is large. Each shift ef th

patient relative to the position planned may engerbig
difference between the calculated dose and dosecdelto a
patient. Therefore, in radiosurgery, special aitenshould be
paid to the precision of treatment because the satiom of
uncertainties may lead to clinically significantffdiences in
the dose distribution.

Table 2. M easurement uncertainties calculated for DD and PF for
different depths and distances from the beam axis. In a special
case, at a depth of 30 cm and 10 cm from the beam axis, the
uncertainty may exceed 40%.

) Distance [cm PF
Depth [cm] DD un[(o:/cjgtamty from beam[ axi]s; Uncertainty
(field dimension 5¢cm) [%]
0 4.01 0 212
15 212 4 2.24
5 2.29 5 242
15 3.33 6 10.85
30 6.98 10 46.62

Table 3. Uncertainty for the measurement of the OF coefficient
for square beam field. It fluctuates around the value of 2%.

Side of the beam [cm] OF Relative uncertainty [%]
3 0.88 245
4 0.91 2.36
5 0.93 2.30
7 0.96 221
10 1 212
15 1.04 2.04
20 1.07 2.00
30 1.10 1.94
40 1.12 1.92
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Position:
Tank Vertical
Tank Lateral
Tank Longitudinal
Orientation:
Tank Rotation
Tank Pitch

Tank Roll

20x20,6MV
'sSD=100cm

®
3

Percent Depth Dose (%)
s o @ N
5 8 3 &

@
3

125 150 175 200 225 250 275
Depth [mm]
]

D:50,0:0,20x20,15MV

Dose: 103.67 %
I At 50 mm

®
3

Percent Depth Dose (%)
2 a2 N
5 8 8 3

@
S

-200 -150 aaa = - = aa 150 200
Distance from bem axes [mm]

B Series2 M Series3 M Series4 M Series 5

20%20,6MV
| $sD=100,5cm

®
3

Percent Depth Dose (%)
A o o N
5§ & 8 3

@
S

125 150 175 200 225
Depth [mm]
] (] n

D:50,0:0,20x20,15MV

| Dose: 99.60 %

@

Percent Depth Dose (%)
2 N
3 3

-50 0 50 100 200 25

Distance from bem axes [mm]
v M Series2 M Series3 M Series4 M Series 5

Figure4. Virtual measurements performed with the use of VERT software (A) and module for setting the measurement phantom (B).
M oving the phantom, changing the SSD from 100 cm (C) to 100.5 cm (D) changes the PDG, in this case, for X6MV beam and 20x20 cm?
radiation area from 41.25% to 41.86%. Theimpr ecise positioning of the phantom causes the slope of the beam profile (E and F).

It is obvious that not every radiation dose will gigen with a
difference of several percent but, if the measurdgndata
introduced into the treatment planning system idejudue to
the coincidence of unfavorable events, values witke

maximum measurement uncertainty then each patient f

whom the dose was calculated will receive a dos$kerdnt
from the planned one.

And yet the measurements we make are influencedmyp
by the measurement uncertainty associated witl{sta@mdard)
dose measurement. We can imagine that the watécsuof
the measurement phantom is not perpendicular tob#sam
axis or the phantom distance is different from deéned one

(Figure 4). Thus, the data introduced into the treatment

planning system will have a significant impact ba tesults of

the dose distribution calculations. It is worth &ugdd that
simulating this type of error during actual measweats
requires access to a therapeutic device. The tinteking the
measurements is also important. Meanwhile, by ugimg
VERT software (installed at the Institute of Phgsiof Jan
Kochanowski University in Kielce), we can simulatarious
situations that affect the results of dose measentsn An
example of simulating the effect of a 0.5% SSD atise
change and imprecise phantom setting on the DDasidedose
profile is shown irFigur e 4 which illustrates the seriousness of
the measurement accuracy issue. Visualization isftyipe of
issue is extremely important, especially for youmgdical
physicists starting work in the field of radiothpya
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Summary

Dose measurements are subject to measurementaintes.
There are two types of measurement uncertainties' -and

"B" type that one can speak about. The former can
minimized through statistics, i.e. increasing thember of
measurements. The "B" uncertainty can be reduced
increasing the accuracy of measurements, althcuglelass of
used measuring equipment has a large influencéisrvalue.
What is important, in our considerations we limitearselves
to determining only the doses and their distrimgioWe do
not evaluate the effect of dose adjustment oniketihood of
local cure (TCP tumor control probability) or corcplions
(NTCP normal tissue complication probability). Feach
neoplastic lesion and critical organs, a changthénphysical
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Appendix 1

The "A" type measurement uncertainty for the "X" value is calculated
according to the well-known formula:

oX
1. AX] = Z|%| lAal
For (DDy) - at depth (g) :

2. |ADD,| = ||AD |+

b
For (PFy) - at distance (x) from axis :

3. |APFE,| = ||AD |+

5
For (OF;) - for beam size (s):

4. |AOF, | = | AD,| + |2

b
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Appendix 2
dose per fraction (PTV) 2 Gy
PTV at depth 5 cm DDpry = 0.86
OaR at depth 20 cm DDo.r= 0.38
dose per fraction in OaR, _
1 cm outside of field the beam S CY PFoar = 0.14
Number of fractions 30 frakcji
the sides of beam 10 [cm]
Standard dose rate (Dst) 1 Gy/100MU  ---------- > 0.01 [Gy/MU]
t (irradiation time) = 231 MU
PTV
(DpTv)IADD 0.0021 ADDPTV = 0.0198
(DpTv)IADST 0.0009 ADST = 0.0002
(Dprv)'APF 0.0018 APF = 0.0212
(Dprv)' AOF 0.0018 AOF = 0.0212
(ADpmy)* = [(MU*Dst*PF*OF)*ADD]?
+
[(MU*DD*PF*OF)*ADg1]
+
[(MU*Dg *DD*OF)*APF]*
+
[(MU*Dst *DD*PF*OF)*AOF]?
uncertainty (ADpry) = 0.0815 Gy [type "A"]
the dose in PTV will be in the range: 2.0815 Gy
1.9185 Gy
uncertainty 4.1%
OaR
(Doar)'ADD 0.00002 ADDogr = 0.0161
(Doar)'ADst 0.00000 ADst = 0.0002
(Doar)'APF 0.00018 APF = 0.0151
(Doar)' AOF 0.00001 AOF = 0.0212
uncertainty (ADogr) = 0.0145 Gy
the dose in OaR will be in the range: 0.1383 Gy
0.1093 Gy

uncertainty 11.7%




