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Abstract
Purpose: The objective of this work is to (1) present a mechanism for calculating inflection points on profiles at various depths
and field sizes, and (2) study the doses at the inflection points for various field sizes at depth of maximum dose (Dmax) for flattening
filter free (FFF) photon beam profiles. Methods: Graphical representation was done on percentage of dose versus inflection
points. Also, using the polynomial function, the author formulated equations for calculating spot-on inflection point on the
profiles for both the 6MV and 10 MV energies for different field sizes at various depths. Results: In a 10 MV FFF radiation beam,
the dose at inflection point of the profile decreases as the field size increases. However, in 6MV FFF radiation beam, the dose at
the inflection point initially increases with an increase in the field size up to 10 ×10 cm2 and decreases after 10 ×10 cm2. The
polynomial function was fitted for both the 6 MV and 10 MV FFF beams for all field sizes and depths. Conclusion: Polynomial
function is one of the easiest ways of identifying the inflection point in FFF beam for various field sizes and depths. Graphical
representation of dose versus inflection point for both FFF energies was derived.
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Introduction
In conventional linear accelerators, a flat photon beam is
produced with a flattening filter to simplify treatment plan-
ning in radiotherapy by delivering homogeneous dose dis-
tribution. In latest radiotherapy technologies such as inten-
sity-modulated radiosurgery (IMRS), stereotactic body radi-
otherapy (SBRT) and gated treatments, treatment time is
prolonged. By removing the flattening filter, treatment time
can be reduced due to increment in dose rate.1 A number of
studies have analysed and reported the flattening filter free
(FFF) beam characteristics.

Standard parameters to define symmetry, flatness, and pe-
numbra for a flattened beam (FB) are different from a FFF
beam since FB is a forward peaked beam with reduced scat-
tering. Many cancer centers use the parameters from the
American Association of Physicists in Medicine (AAPM)
Task Group 142 for the quality assurance of flat photon
beams.2 Parameters such as beam flatness, symmetry, and
penumbra may not be directly useful for the new FFF beams.
Therefore, there is a need to find new parameters, which can
be used for both the standard FF and FFF radiation beams.
This can be explained with the concept of an “inflection
point” (IP).

An inflection point is defined as the mid-point on either side
of the high gradient region (sharply descending part) of the
FFF beam profile. From the inflection point, it is possible to
evaluate penumbra and the field size. A challenge in FFF
beam profile is the assessment of location of inflection point.
It is complicated by general beam characteristics 3-7, FFF
mode, forward peaked beam, the large variations of flatness
and central axis positions, beam energy and depth doses 8-11,
back scatter12, and electron contamination.13 The ultimate
goal of inflection point evaluation is location of inflection
point for FFF beam with various field sizes at different
depths for 6 MV (hereafter referred as 6X) and 10 MV (here-
after referred as 10X). To date, an accurate and computation-
ally efficient solution is far from reach, and simplified evalu-
ation is frequently performed in a clinical environment.

Hence, it is very important and necessary to find the accu-
rate value of inflection point, because

 It is located in the region of highest gradient.
 In this region, the variation of dose is in the order

of 10% / mm.
 To date, there is no fine measurement stepping and

detector size for the accurate measurement of this
point.
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 Dose can be affected by 10%. It can also influence
the central axis dose by up to 40% in FFF beam due
to normalization at the inflection point.14 Litera-
ture for a mathematical model or formula to find
the inflection point is limited.

The main purpose of this study is to develop a formula to
identify an inflection point on any FFF beam profile curve
for 6X and 10X photon beams for field sizes ranging from 1 ×
1 cm2 to 40 × 40 cm2 at any depth, and this will take into
account percentage of doses at inflection point versus field
size. At the heart of the framework is a mechanism for cal-
culating inflection point on FFF beam profile in both in-line
and cross-line. Furthermore, detailed analysis of doses at
inflection points versus field sizes for 6X and 10X FFF pho-
ton beams is presented in this paper.

Methods and Materials
Relation between Percentage depth dose versus Field
size in FFF beams
6X FFF and 10X FFF photon beams were selected for this
study. The relationship between the FFF beam percentages
of dose values at Dose Maximum (Dmax) versus field size was
analysed. Beam data were taken with the help of Blue phan-
tom 2 Radiation Field Analyser (RFA) (IBA Dosimetry
GmbH, Germany) with CC13 and CC01 ionization chambers
(IBA Dosimetry GmbH, Germany). Profiles were taken from
field sizes 1 × 1 cm2 to 40 × 40 cm2 at depths from Dmax to 30
cm. All profiles were normalized at Dmax for analysis with the
help of Omnipro -Accept software (version 7.1) (IBA Dosim-
etry GmbH, Germany). In-line and cross-line profiles were
analysed individually for both the energies. Graphs compar-
ing percentage of doses at inflection point versus field sizes
were plotted for both the energies in in-line and cross-line
directions. Figures 1 to 4 show the relationship between the
percentages of doses at inflection point versus field size for
6X FFF in-line, 6X FFF cross-line, 10X FFF in-line, and 10X
FFF cross-line profiles at Dmax.

Inflection point calculation on 6X FFF and 10X FFF
profiles in both inline and cross-line
The field size in FFF is defined using inflection points, which
is defined as the mid-point on either side of the high gradi-
ent region (sharply descending part) of the beam profile.
Alternatively, as suggested by Pönisch et al.5 the distance
between the left and right inflection points could be used to
define field size. For the start point (S) and end point (E) in
high gradient region of the beam profile, the separation be-
tween S and E is the height (h) of the high gradient region of
the beam profile. IP is located at h/2 from either location (S
or E).5

FIG. 1: Percentage of doses at inflection point in 6X FFF in-line
profiles for field sizes up to 40 × 40 cm2.

FIG. 2: Percentage of doses at inflection point in 6X FFF cross-line
profiles for field sizes up to 40 × 40 cm2.

FIG. 3: Percentage of doses at inflection point in 10X FFF in-line
profiles for field sizes up to 40 × 40 cm2.

FIG. 4: Percentage of doses at inflection point in 10X FFF cross-line
profiles for field sizes up to 40 × 40 cm2.
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In the present study, using the dose at the inflection point
(IP) verses field size at Dmax, we formulated equations for
computing location of the inflection point on any field size
and depth in 6X and 10X FFF beam profiles. First, the graphs
comparing doses at inflection point versus field size for both
energies at various depths were plotted. These inflection
points were derived for each profile from the method which
was explained in the above paragraph. Based on the principle
of polynomial equation, the inflection point on FFF curve is
computed using the trend line option for curves. All fields
were normalized at Dmax to 100%. Second, readings were
then analysed at various depths. Based on the percentage of
doses at off axis, depth dependent factors were derived. Pol-
ynomial functions are a class of functions having many im-
portant properties. They are all continuous, smooth, entire,
and computable.

For 6X FFF inline and cross-line, 10X FFF Inline and
cross-line, polynomial equation derived was

y = [-0.0141x2 + 0.451x + 44.299] * DDF---------------- Eq. 1
with R² = 0.9926

y = [0.0007x3 - 0.0557x2 + 0.978x + 53.697] * DDF ------ Eq. 2
with R² = 0.9921

y = [0.0058x2 - 0.9062x + 45.944]* DDF ----------------- Eq. 3
with R² = 0.9928

y = [0.0039x2 - 1.0824x + 56.499]*DDF------------------ Eq. 4
with R² = 0.9939

where, y =percentage depth dose at inflection point, x = field
size, R² = R-Squared value, and DDF = depth dependent fac-
tor [see Table 1].

The DDF is derived from the 6X FFF, 10X FFF inline and
cross line profiles. All data was normalized at Dmax. Hence,
there is no change in dose up to 5 cm depth. From 5 cm to 10
cm depth, 1% increase in dose was observed for both in-line
and cross-line for 6X FFF, whereas for 10X FFF, 1% decrease
in dose was observed. Similarly, data were evaluated for
depths from 10 to 15 cm, 15 to 20 cm, and above 20 cm
depth in Table 1. These factors are suitable for all field sizes
at any depth for both the energies.

Procedure to obtain the depth dependent factors
1. FFF profiles were obtained using blue phantom 2

RFA with 0.13CC ionization chamber.
2. All PDDS and profiles were analysed using Om-

nipro software V7.1
3. Off axis dose was measured for all field sizes at

various depths and presented in Table 1 (a) to Table
1(d). These values were normalized at Dmax and
shown as Table 1 (depth dependent factors).

4. Polynomial equations were derived from the graph
between dose at inflection point verses field size
was already shown in section B.

5. Combination of (multiplication) these two (3 and
4) gives us the factor “y”, which is percentage
depth dose at inflection point.

TABLE 1: Depth dependent factors to derive inflection points at
various depths for 6X FFF and 10X FFF photon beams.

Profile
DDF

Depth (cm)
< 5cm 5 to 10 10 to 15 15 to 20 >20

6X-In-line 1 1.01 1.05 1.09 1.12
6X-Cross-line 1 1.01 1.03 1.04 1.05
10X-In-line 1 0.9 0.9 0.9 0.9

10X-Cross-line 1 0.9 0.9 0.9 0.9
Abbreviations: FFF= Flattening Filter Free; DDF= Depth dependent
factors

TABLE 1(a): Dose measured at off axis in FFF beam profiles at vari-
ous depths at field size distance from central axis for 6X Cross-line
profile

Depth (cm)
FS Dmax 5 10 20 30

4×4 52.73% 53.3% 54.04% 54.86% 55.57%

10×10 51.27% 51.41% 51.91% 53.22% 54.22%

15×15 48.38% 48.79% 48.7% 49.93% 51.3%

20×20 44.76% 44.96% 44.98% 46.07% 47.52%

30×30 38.42% 37.94% 38.37% 39.11% 39.85%
Abbreviation: FS = Field Size (cm × cm); Dmax = Depth of maximum
dose

TABLE 1(b): Dose measured at off axis in FFF beam profiles at vari-
ous depths at field size distance from central axis for 6X in-line pro-
file

Depth (cm)
FS Dmax 5 10 20 30

4×4 52.73% 53.35% 54.04% 54.87% 55.61%
10×10 39.88% 40.34% 41.77% 43.63% 44.7%
15×15 38.54% 39.08% 39.47% 41.33% 42.62%
20×20 35.24% 36.12% 37.16% 38.67% 40.1%
30×30 31.47% 31.48% 33.36% 34.5% 35.33%

Abbreviation: FS = Field Size (cm × cm); Dmax = Depth of maximum
dose

Results and Discussion
Relation between percentage of dose versus field size in
FFF beam
The Figures 1-4 shows that the dose at inflection point for
6X FFF beam increases as the field size increase from 1 × 1
cm2 to 15 × 15 cm2 in in-line and up to 12 × 12 cm2 in
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cross-line. Beginning from the field sizes (15 × 15 cm2 in
in-line and 12 × 12 cm2 in cross-line) to the maximum field
size (40 × 40 cm2), continuous decrement in dose at inflec-
tion point was observed. However, in 10X, the dose at in-
flection point decreases continuously as the field size in-
creases.

TABLE 1(c): Dose measured at off axis in FFF beam profiles at vari-
ous depths at field size distance from central axis for 10X in-line
profile

Depth (cm)
FS Dmax 5 10 20 30

4×4 44.35% 43.01% 43.5% 44.02% 44.3%
10×10 40.96% 36.72% 37.69% 38.95% 39.56%
15×15 38.76% 33.51% 33.57% 34.54% 35.55%
20×20 35.37% 29.78% 30.35% 31.33% 32.51%
30×30 32.57% 24.25% 25.91% 27.12% 26.95%

Abbreviation: FS = Field Size (cm × cm); Dmax = Depth of maximum
dose

TABLE 1(d): Dose measured at off axis in FFF beam profiles at vari-
ous depths at field size distance from central axis for 10X cross-line
profile

Depth (cm)
FS Dmax 5 10 20 30
4×4 53.72% 51.7% 52.35% 52.62% 52.92%
10×10 50.25% 45.7% 46.2% 47.05% 47.59%
15×15 46.39% 40.87% 41.09% 41.88% 42.69%
20×20 42.43% 35.88% 36.13% 37.02% 37.76%
30×30 36.45% 28.63% 28.47% 29.31% 30.03%

Abbreviation: FS = Field Size (cm × cm); Dmax = Depth of maximum
dose

For both the energies, the shapes of the curves are different.
In fact, the shape of the curves in 6 MV is different between
in-line and cross-line as well. The reason behind the differ-
ences of these curves are energy spectrum, scatter dose, lat-
eral photon fluence fall off. As each energy having its own
energy spectrum and all other said characters which influ-
enced the shape of the curves. Reduction in head scatter and
electron contamination is also contributing to the difference
in the shape of these curves.

The in-line direction is more sensitive to the presence or
absence of the scattered photons originating from y-jaws,
because the y-jaws are closest to the filter location. In 6X,
the presence of scatter is more in-line compared with 10X
due to its properties and energy spectrum.

Irrespective of field size, in 6XFFF, the maximum values of
% depth dose at inflection point were 48.05% and 59.12%
in-inline and cross-line, respectively. In 10X FFF, these val-
ues were 51.37% and 57.17% in-inline and cross-line, re-
spectively. This is very interesting new relationship, which is
presented in Figures 1 to 4. The minimum values were 39.73

% in (in-line) and 49.61 % in (cross-line) for 6X FFF and
18.56% in (in-line) and 28.8% in (cross-line) for 10X FFF.
Inflection point calculation on 6X FFF and 10X FFF
profiles in both in-line and cross-line
From Figure 1, the reference dose of inflection point at a
given location inside profile is
y = [-0.0141x2 + 0.451x + 44.299] × DDF

Example 1: To find the inflection point for 18 × 18 cm2 field
at depth 10 cm for 6X FFF in-line profile:
Y = [-0.0141 *18*18+0.451*18+44.299] * 1.01
Y= [-4.568+8.118+44.299]*1.01
Y= 48.32%.

Example 2: To find the inflection point for 22 × 22 cm2 field
at Dmax for 10XFFF cross-line profile:
y = [0.0039x2 - 1.0824x + 56.499]*DDF
y = [0.0039 *22*22-1.084*22+56.499]*1
y = [1.8876-23.848+56.499]
y = 33.53%.

The result for the inflection point in above two examples
(48.32% and 33.53%) is essentially same as that derived by
Ponisch et al.5 (about 48.5% and 33.5%). The author of this
paper presented formula derived values are easy and accurate
compared to the results obtained by expecting start and end
of dose decrement and increment points. Also, this is a con-
venient procedure which can be implemented easily in clinic
to find the inflection point in FFF. For small field sizes less
than 5 × 5 cm2, the inflection point and Full width at Half
Maximum (FWHM) are almost the same, and hence analysis
for FFF beams can be done just like in FB beams. In FFF, a
change in 10% of dose at inflection point can impact the
field width by 1mm 5 and the central axis dose level could
vary up to 40% due to the normalization to the inflection
point.14

In this study, we revealed a connection between the per-
centage of the dose at the inflection point to the field size
and depth. We extended the applications of Y to calculate
the inflection point for any field size and depth for both
energies. In statistics, the coefficient of determination is de-
noted by R2 and the pronounced R squared indicates how
well data points fit a line or curve. It is a statistic used in the
context of statistical models whose main purpose is either
the prediction of future outcomes or the testing of hypothe-
ses, on the basis of other related information. It provides a
measure of how well observed outcomes are replicated by
the model, as the proportion of total variation of outcomes
explained by the model.15 The shape of the curve was ob-
served different between in-line and cross-line. This may be
due to in-plane direction is more sensitive to the presence or
absence of the scattered photons originating from the Y jaws,
which are closest to the filter location.
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This analysis was done with polynomial equation and found
the solution to derive the inflection point in FFF beams.
Pönisch et al.3 suggested the use of the inflection point at the
field edge by renormalizing a FFF beam to the same dose
level of a FF beam. It may be the easiest way to identify the
position of inflection point by plotting dose difference of two
adjacent measuring points but it can cause error in dose up to
10%. This is because the off-axis position of the minimum or
maximum % of dose at the field edge represents the inflec-
tion point. Due to its presence in the highest gradient region
and is of the order of 10%/mm, it can cause 10% error in
dose. Hence, we need more precise and accurate procedures
to analyse the field width and inflection points in FFF
beams. A tool to identify the accurate location of the inflec-
tion point is must instead of predicting something on an
average of two dose points.

In this study, the limitation was found to be less than 1%
error in dose or 0.1 mm difference in field width in contrast
to 10% shown in other authors, and the formula presented in
this study proved to be more suitable for all depths, field
sizes in both energies. Single machine data is another limita-
tion of this study. In the near future, we expect to collect
more data from different machines, and this will help in
reaching the final conclusion for the formula. The main aim
of this paper was to show the procedure to derive the inflec-
tion point more accurately. Future studies need to include
more data obtained with different types of detectors and
chambers.

Conclusion
The derivative of equations based on the polynomial equa-
tion to define inflection point concept can be used to derive
the inflection point dose on a FFF beam profile at a given
depth with less than 1% error in dose. The preliminary re-
sults presented in this study must be validated using data
from multiple machines. Corrections can be done in future
studies based on the multiple number of machine data.
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