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Pulmonary function tests — an easy selection method for respiratory-
gated radiotherapy in patients with left-sided breast cancer
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ABSTRACT B

Purpose. The purpose of this study was to establish a feasible and convenient method for selection of the subset of
patients with left-sided breast cancer for whom respiratory-gated radiotherapy (RT) would be necessary to meet the
national recommendation regarding radiation dose to the heart.

Material and methods. The volume of heart receiving a dose equal to or higher than 25 Gy (V25Gy), the mean heart
dose (D,,,.,,) and total lung volume (TLV-CT) were obtained from treatment plans based on computer tomography (CT)
series recorded during free breathing (FB), and the correlation between dose to the heart and TLV-CT was studied.
Second, the correlation between TLV-CT and TLV defined from three pulmonary function tests (PFTs); spirometry, gas
diffusion and plethysmograhy, was evaluated.

Results. Dose to the heart (V25Gy and D, ) decreased with increasing TLV-CT. Pearson’s correlation coefficient (r)
for TLV-CT versus V25Gy and D__, = was equal (r= —0.809, p<0.01) for patients planned for tangential breast RT
only, and r = —0.853 and —0.861 (p <0.01) for patients planned for loco-regional RT. Regression analysis showed good
correlation between TLV-CT and TLV calculated from pulmonary function tests (R>=0.717, p<0.01).

Conclusion. TLV defined by routine pulmonary function tests can be used to identify the subset of left-sided breast

cancer patients who require respiratory-gated RT.

Respiratory-gated radiotherapy (RT) during deep
inspiration breath-hold (DIBH) significantly dec-
reases the radiation dose to the heart in left-sided
breast cancer patients [1-8], without compromising
the target dose. Although respiratory-gated RT is
beneficial for all patients [3,4], the method is not
always required to meet national guidelines regard-
ing dose constraints to the heart. The guidelines
vary from country to country and are changed over
time according to new knowledge. The 50% isodose
with cut-off at 5% heart volume inside this was used
in Norway and many other countries until recently.
However, after the publication of the Darby over-
view [9], the mean heart dose has been the evalua-
tion criterion.

Several institutions do not have the equipment to
perform respiratory-gated RT and have to refer the

patients to other clinics, and others cannot offer
the method to all left-sided breast cancer patients
due to limited resources. Therefore, there is great
demand for methods that can identify the patients
who would otherwise not fulfil the dose constraints
for the heart.

In two earlier treatment planning studies we were
able to show that respiratory-gated RT with DIBH
enables achievement of national guidelines for heart
dose in patients who would not meet the dose con-
straints in free breathing (FB) [3,4]. In this work we
present new results based on data from these studies
showing fairly good correlation between total lung
volume (TLV) in FB and radiation dose to the heart,
implying TLV as a selection parameter for respirato-
ry-gated RT. The main subject of this study was to
find a method that could easily estimate TLV in FB.
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The method should be as early as possible in the
planning process, preferably before the computed
tomography (CT) scan for treatment planning, to
save time and staff resources by avoiding duplication,
and in the view of the ALARP (as-low-as-reasonably-
practicable) principle, save the patient from unneces-
sary radiation from a second CT scan. Such a method
will also prevent delay in start-up of treatment due
to repeated CT scanning and re-planning.

To our knowledge this is the first study that
describes a simple and quick pulmonary function
test (PFT) for estimation of TLV, which can be uti-
lized for the selection of patients for respiratory-
gated RT.

Patients and methods

This study consists of two parts; in the first part
we reanalyzed data from a previous treatment plan-
ning study to identify a parameter that correlated
with dose to the heart, and in the second part we
describe a method, other than CT, to measure this
parameter.

Total lung volume and dose to the heart

TLV-CT and dose to the heart (V25Gy and D__, )
were obtained from treatment plans based on CT
series in FB from a previous study. Patients and meth-
ods are described in detail elsewhere [3,4]. Briefly, 16
patients with early breast cancer, referred for adjuvant
RT after breast conserving surgery, were included in
the study. The patients’ characteristics, referred to as
group I, are summarized in Table I. Delineation of
clinical target volumes (CTV) and the heart was per-
formed by the same oncologist for all patients, whereas
the TLV was automatically generated using the auto-
contouring segmentation tool of the treatment plan-
ning system (Eclipse™, Varian Medical Systems, Palo
Alto, CA, USA). For study purposes two CTVs,
CTV1 and CTV2, were delineated for each patient.

CTV1 consisted of left mammary gland only, whereas
CTV2 in addition included the following left-sided
regional lymph node areas: axillary level 1-3, internal
mammary glands in the intercostal spaces 1-3 and
the periclavicular region. Planning target volumes,
PTV1 and PTV2, were generated by adding a margin
of 5 mm to the CTV’s; in superficial areas the CTV
and PTV were cropped when closer than 5 mm to
the skin.

Treatment plans were made for both PTVs focus-
ing on good PTV coverage (V95% >98%). The
Eclipse pencil beam (PB) algorithm was used for dose
calculation. The prescribed dose to PTV was 50 Gy
in fractions of 2 Gy. TLV-CT and dose to the heart
(D,,c., and V25Gy) were obtained from the dose-
volume histogram (DVH) statistics and graphs.

Lung volume estimated from CT series and pulmonary
function tests

Twenty consecutive patients with left-sided breast
cancer referred for respiratory-gated RT between
April and June 2012 were included in this study. Of
these, two were excluded from the study due to unsat-
isfactory performance of the PFTs, leading to wrong
output data from the tests. However, the two patients
were treated with respiratory-gated RT, as we offer
this type of treatment to all patients with left-sided
breast cancer who manage to perform the DIBH
technique. Unsatisfactory performance of the PFTs
is not an exclusion criterion for respiratory-gated RT.
Of the remaining 18 patients, 16 had undergone a
breast conserving surgery (BCS) and two had a mas-
tectomy. The characteristics of the patients, referred
to as group II, are shown in Table I. The study was
approved by the regional ethics committee, and
informed consent was obtained before the CT scan-
ning and PFT's were performed.

Two CT series were acquired for each patient,
one during FB and the other during DIBH. The CT
series acquired during DIBH were used for clinical

Table I. Patient characteristics for the two groups, group I (n=16) and group II (n=18). Mean * SD

and range (in brackets) are shown.

Group I Group II p-Value
Laterality Left Left N.A.
BCS! 16 16 N.A.
Mastectomy 0 2 N.A.
Age (years) 56.7+9.5 [29.0-70.0] 55.6 = 8.4 [44.0-70.0] 0.50
TLV-CT FB? (dm?) 2.5+0.6 [1.5-3.3] 2.5+0.5 [2.1-3.6] 0.83
CTV13? (cm?) 615.8+264.7 [315.5-1193.0] 619.2+300.9 [226.1-1500.4] 0.97
Heart volume (cm?) 608.0 = 69.3 [460.7-725.1] 628.3+106.8 [449.7-812.2] 0.51

IBreast conservative surgery (BCS); 2The total lunge volume (TLV-CT) was automatically delineated
in CTtseries recorded during free breathing (FB); 2CTV1 includes left mammary gland only, and was
delineated for patients with breast conservative surgery (group I: 16 of 16 patients, group II: 16 of 18

patients).
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treatment planning; the others were used for study
purposes to compare TLV delineated in CT series
with TLV defined from PFTs parameters. The CT
scanning was carried out in the same manner as
described in our previous work [3,4]. The median
interval between CT and PFTs was 28.5 hours (SD
132.1 hours, range 0.5-528 hours). The lungs were
automatically contoured as described above and the
TLV-CT was obtained by measuring the volume of
the total lung delineated.

In this study we used three standard, routine
PFTs: spirometry, diffusion capacity for carbon
monoxide (DLCO) and whole body plethysmogra-
phy. The tests were performed with the patient in a
sitting position under guidance of an experienced
technician, according to routine protocols. All mea-
surements were carried out in accordance with
American Thoracic Society (ATS) and European
Respiratory Society (ERS) guidelines [10-12]. The
tests were carried out at the Section for Pulmonary
Medicine and each test took about 10 minutes. The
volumes and capacities we chose to extract from the
PFTs and the relation between them are shown in
Supplementary Figure 1 (available online at http://
informahealthcare.com/doi/abs/10.3109/0284186X.
2014.990107).

CT acquired during an end-expiration pause
enables highly accurate estimations of the functional
residual capacity, FRC [13]. In our study the CT series
were recorded during FB, thus including parts of the
tidal volume (TV) in addition to FRC. TV is the vol-
ume of air moved into or out of the lungs during FB.
To estimate the volume of TV depicted in the CT
series we assume that the relative changes in the dor-
soventral chest wall position during breathing as
detected by the gating system, reflect the relative
changes in TV. Upon reviewing the patients’ breathing
curve, i.e. the dorsoventral chest wall movement
recorded during CT scanning, we found that approxi-
mately 40% of the TV was depicted. This seems
reasonable, as most people have a longer expiration
than inspiration phase. This leads to the following
relation for estimation of TLV from PFT parameters
(TLV-PFT):

TLV-PFT=0.4 X TV+ FRC 1

TLV-PFT can thus be estimated from a combination
of spirometry and DLCO parameters

TLV-PFT, , ,=0.4 X (IC,—IRV))

+VC,~IC, + RV, )

1+2

where IC is the inspiratory capacity, IRV is the
inspiratory residual volume, VC is the vital capacity
and RV is the residual volume; or by plethysmogra-
phy parameters

TLV-PFT, =0.4 X TV, + FRC, 3)

The subscripts at the end of the PFT parameters
refer to the test type; 1: spirometry, 2: DLLCO and 3:
plethysmography.

Statistical analysis

The correlation between TLV-CT and dose to the
heart (V25Gy and D, ) was tested using Pear-
son’s correlation coefficient; r. p-Values less than
0.05 were considered statistically significant.

Receiver operating characteristic (ROC) curve
analysis, which is a plot of the fraction of true pos-
itives out of the total actual positives [true positive
rate (TPR)] versus the fraction of false positives out
of the total actual negatives [false positive rate
(FPR)], was used to determine cut-off values for
TLV with the wanted sensitivity (equivalent to TPR)
and specificity (equivalent to 1-FPR) to meet rec-
ommendations for dose to the heart (V25Gy <5%),
given different institutional limitations in staff or
equipment.

Concordance between the two techniques, CT
and PFTs (Equations 1-3), to estimate TLV was
evaluated by linear regression analysis and Bland-
Altman plots [14].

The data were processed and analyzed using
the statistical programs SPSS v.20 and SigmaPlot
v.12.3.

Results

Patient characteristics (Table I) are equal in the
two groups (p>0.51 using independent Student’s
t-test).

Figure 1 shows V25Gy versus TLV-CT for each
patient, for both PTV1 (panel A) and PTV2 (panel
B), respectively, whereas the curves in panel C and
D show D, versus TLV-CT for the same patients.
All figures show decreasing dose to the heart with
increasing TLV. Dose to the heart, V25Gy and
D, ..» correlates fairly good with TLV-CT. Pear-
son’s correlation coefficient, r, for TLV-CT versus
V25and D_, , respectively, was —0.809 (p <0.01)
in both cases for PTV1, and —0.853 (p <0.01) and
—0.861 (p<0.01) for PTV2.

Figure 2 shows ROC curves for PTV1 and PTV2,
with TLV-CT selected as a predictor for a heart dose
exceeding the recommendations in the previous
national guidelines, V25Gy >5%.The TLV-CT value
with the highest summarized value of sensitivity and
specificity is 2.2 and 2.7 dm? for PTV1 and PTV2,
respectively. The sensitivity and specificity at this
TLV-CT value were both equal to 1.0 for PTV1, and
0.88 for PTV2.
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Figure 1. Relative heart volume receiving 25 Gy or more (V25Gy) and mean heart dose (D, ) for PTV1 (A and C) and PTV2 (B and
D) plotted against total lung volume (TLV-CT), measured in CT series acquired during FB for patients in group I (n=16). Presented is
the estimated regression line (solid line) with 95% confidence interval (dotted lines) and Pearson’s correlation coefficient, r. The dotted
line in A and B represent V25Gy = 5%, and the dotted line in C and D represent D =2 Gy.

Figure 3A and B show scatterplots of TLV-CT and 0.753 for CT versus PFT;, respectively. Con-
versus TLV-PFT,  , (Equation 2) and TLV-PFT, cordance between the techniques is displayed in
(Equation 3), respectively. Regression analysis standard Bland-Altman plots (Figure 3C and D).
shows good correlation between CT and PFTs to The mean difference (bias) between TLV-CT and
estimate TLV, R% was 0.717 for CT versus PFT, ,, TLV-PFT, _,is 0.30 dm?3, whereas TLV-CT versus
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Figure 2. ROC curves for patients from group I (n=16) with PTV1 (A) and PTV2 (B) as target volume, in a setting where the total lung
volume (TLV-CT) during free breathing (FB) was selected as predictor for getting a heart dose higher than recommended in the national
guidelines (V25Gy>5%) at the time when the study was conducted. The TLV-CT cut-off values with the highest summarized value of
sensitivity and specificity were determined to be 2.2 and 2.7 dm? for patients with PTV1 and PTV2, respectively.
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Figure 3. Scatterplots of TLV-CT versus TLV-PFT, ,, (A) and TLV-PFT; (B), respectively. Presented is the estimated regression line
(solid line) with 95% confidence interval (dotted lines). The estimated R? is 0.717(p <0.01) and 0.753 (p <0.01) for the plot in Figures
A and B, respectively. Corresponding Bland-Altman plots are shown in the lower part of the figure.

TLV-PFT, has a bias of 0.55 dm?. The precision
(standard deviation of the difference) of TLV-CT
versus TLV-PFT, , , and TLV-PFT; was 0.3 dm? in
both cases.

Discussion

In this study we were able to demonstrate good cor-
relation between radiation dose to the heart (V25Gy
and D__ ) and TLV, as measured in CT series
acquired during FB. We were also able to demon-
strate that the TLV estimated from the CT series
corresponded well with the same volume calculated
from parameters obtained by PFTs. The results
strongly indicate that PFTs can be used for selection
of patients for respiratory-gated RT, prior to the
start of the treatment planning process. The PFTs
are quick and easy to perform, and one single
plethysmography test is enough to make a decision
(Equation 3). TLV can also be calculated from
parameters obtained by spirometry and DLCO
(Equation 2) with nearly the same correlation.
Spirometry and DLCO might be preferable in daily
practice, since the equipment is far cheaper than a
body plethysmograph.

As the PFTs can be done prior to the planning
process, the workload on the CT scanner as well as
the contouring and treatment planning task is not
increased, when using the right cut-off value. The
radiation dose to the patient is not increased, and the
start-up of treatment is not delayed. In addition, the
PFTs may also be of great value in the surveillance
of patients at risk of developing radiation-induced
lung injuries.

On the basis of the ROC curve analysis we would,
if we were to limit the number of patients for respi-
ratory-gated RT, choose a TLV-CT of 2.2 (breast
only) and 2.7 dm? (loco-regional treatment) as cut-
off values for respiratory-gated RT, as they give the
highest summarized sensitivity and specificity, thus
minimizing the number of false negatives and false
positives. These cut-off values may, however, be cho-
sen differently at other institutions according to
needs or limitations regarding machine- and staff
resources. Setting a lower value would initially select
fewer patients for respiratory-gated RT which
increases the possibility of having to perform an
additional CT scan in DIBH in order to meet the
criteria for dose to the heart and PTV coverage. This
may be the choice if the institution does not offer
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gated RT or the number of machines that can per-
form gated RT is limited and the number of false
positives must be kept to a minimum. With higher
cut-off values more patients would be selected for
respiratory-gated RT, some of whom would also have
acceptable heart doses with conventional treatment,
this being an option if staff resources for CT scan-
ning and target contouring are critical or the access
to a CT scanner is limited.

A weakness of this study is the two separate
patient cohorts included, which means that we are
not able to show a direct correlation between the
TLV-PFT and heart dose. However, similar patient
characteristics within the two patient cohorts, com-
bined with a fairly good correlation between TLV
and heart dose on the one hand, and between TLV
as measured with CT and the same volume mea-
sured with PFT on the other hand, strongly indicate
a correlation between TLV-PFT and heart dose. Fur-
ther studies, including more patients with treatment
plans and PFTs for all, are necessary to quantify the
correlation between TLV-PFT and heart dose, and
to determine whether the results can be generalized
to the whole population of patients with left-sided
breast cancer. Institutions planning to use TLV as a
selection criterion are recommended to establish
their own data sets for heart dose versus TLV, due to
institutional variations in delineation and treatment
planning.

The median interval between CT and PFTs in
this study was 28.5 hours. For technical reasons, two
patients had a gap of 14 and 22 days, respectively,
and did not complete the PFT before start of RT.
However, we do not expect any changes in the TLV
after only a few fractions of radiations, as such
changes would occur much later (months). In addi-
tion, the difference in TLV estimated from CT and
PFTs for these two patients did not differ from
patients with a smaller gap.

The dose to the heart should be kept as low as
possible. New guidelines in Norway take into account
the work of Darby et al. [9], and recommend the
mean dose to the heart to be kept lower than 2 Gy
[15]. At the time when this study was conducted the
national guidelines recommended to keep the rela-
tive volume of the heart within the 50% isodose
lower than 5% (V25Gy<<5%). In this study we have
shown that D, - and V25Gy both have a good linear
correlation to TLV, and V25Gy can thus easily be
replaced by D_ . without changing the conclusion.

The Eclipse PB algorithm used for dose calcula-
tion is not a commonly used algorithm nowadays.
From the literature and several years of experience
with the Varian Anisotropic Analytical Algorithm
(AAA) in our own institution, we know that the posi-
tion of the 50% isodose is nearly independent of

algorithm used, whereas D_ . to the heart decreases
using AAA as compared to the PB algorithm [16].
We find an average decrease in D__, = to the heart of
0.41 =0.12 Gy, when recalculating the treatment
plans for group I with CTV1 as target, using AAA
with fixed monitor units. This compares well with
the results of Thorsen et al. [17], who found a
decrease in average mean heart dose of 0.36 +0.14
Gy when using AAA. However, the decrease is linear
and the conclusion of this study is not affected by
the use of AAA.

Other approaches for selection of patients for
respiratory-gated RT have been reported. Qi et al.
utilize 4DCT images for selection of patients for
gated treatment in FB [18]. This method seems both
time and staff consuming, as maximum heart depth
and the distance from the left ascending coronary
artery to a fixed line connecting middle point of ster-
num and body (D; ) have to be manually drawn
and measured in three transverse CT slices for three
different phases (0%, 20% and 50%) for the recon-
structed 4DCT recorded during FB. The radiation
dose to the patient from the 4DCT is also increased
10-fold compared to an ordinary 3DCT scan [19],
as opposed to the method presented in this study,
where the selection of patients for respiratory-gated
RT can be done prior to the planning process with-
out additional radiation dose to the patient or extra
workload for the RT staff.

In the approach described by Wang et al. [20],
the patient also has to be scanned twice if selected
for respiratory-gated RT. The first CT scanning in
FB is used to decide if the patient needs respiratory-
gated RT by running a nine-minute automated plan-
ning and evaluation script. If more than 10 cm?® of
the heart volume would receive more than 50% of
the prescribed dose, the patient was referred for
respiratory-gated RT. Subsequently, selected patients
underwent repeat CT scanning with a moderate
deep inspiration breath-hold (mDIBH) technique,
using an Active Breathing Coordinator™ (ABC)
device (Elekta).

In conclusion, TLV defined by routine PFT's can
be used to identify the subset of left-sided breast can-
cer patients who require respiratory-gated RT.
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