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Abstract

Introduction: The TEDDI trial tested the feasibility and reproducibility of deep-inspiration breath-hold (DIBH) in pediatric
patients referred for radiotherapy. This report presents final results, including patient-reported outcomes (PRO) and dosimetric
comparison of DIBH and free-breathing (FB).

Patients and Methods: Pediatric patients able to perform three sequential breath-holds and potentially requiring thoracic
or upper abdominal radiotherapy were recruited. DIBH training was during staging or planning computed tomography (CT)
scanning, using external gating with an external marker and visual coaching. Each patient underwent planning CT in both DIBH
and FB, generating two radiotherapy plans. DIBH was selected if it resulted in a lower overall dose to organs at risk. At two
centers, patients evaluated their DIBH experience during training. Those treated in DIBH also completed three daily questions
and extended questionnaires at the start, midpoint, and end of treatment, using yes/no and five-point Likert scales.

Results: Twenty-five patients (12 females/13 males, median age 15 years, range: 9-17 years) were enrolled across three centers.
Eight received photon radiotherapy, five in DIBH. Of 13 eligible patients, 11 rated DIBH training, with 10 selecting “Really good”
or “Good.” Patients treated in DIBH reported feeling safe and comfortable. Dosimetric analysis showed clear heart and lung dose
reductions with DIBH. FB patients had similar doses across both plans.

Abbreviations: CBCT, cone beam computed tomography; CTV, clinical target volume; DIBH, deep-inspirational breath-hold; FB, free breathing; F, fractions; Gy, Gray; HL, Hodgkin lymphoma; kV,
kilovoltage; MHD, mean heart dose; MLD, mean lung dose; OAR, organs at risk; PET/CT, positron emission tomography/computed tomography; PRO, patient-reported outcomes; TEDDI, radiotherapy
delivery in deep inspiration for pediatric patients.
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Conclusion: The TEDDI trial demonstrated the feasibility and safety of DIBH in pediatric radiotherapy. High compliance with
the procedure and favorable dosimetric outcomes support the use of DIBH to reduce long-term toxicity risks in this population.

1 | Introduction

Pediatric cancer patients are a growing population of long-term
survivors at risk. Multiple studies with long-term follow-up have
shown an increased mortality and morbidity in survivors of
childhood cancer [1]. Second cancers and cardiac late effects after
radiotherapy have been examined thoroughly, and minimizing
this risk is of great importance [2-4]. Hence, the focus of modern
pediatric cancer treatment is to reduce toxicity while maintaining
cure rates [5-8]. In adults, deep-inspiration breath-hold (DIBH)
has been proven to reduce the radiation dose to organs at risk
(OAR) and, in some tumors, DIBH has also been used to reduce
the applied margin in radiotherapy planning [9-11]. DIBH with
external gating is a simple technique, widely used, and is easily
implemented in new patient groups [11-16]. Even though DIBH
is used as a standard in adult cancer patients, there has been
a reluctance to implement DIBH in paediatric patients [17]. We
hypothesized that pediatric patients referred for radiotherapy
would benefit from DIBH and, consequently, we initiated the
TEDDI (radiotherapy delivery in deep inspiration for pediatric
patients) trial (NTC03315546) [18]. The trial protocol [18], the fea-
sibility of pediatric DIBH training [19], as well as the changes seen
on PET/CT (positron emission tomography/computed tomogra-
phy) performed in DIBH [20] have been published previously.
In short, the trial aimed to estimate the dosimetric benefit of
radiotherapy using DIBH compared to free breathing (FB), to
establish patient experience and the compliance of DIBH, and
to determine if DIBH is an accurate and reproducible strategy in
pediatric patients. Here, we report the final results of the TEDDI
trial.

2 | Materials and Methods
2.1 | Patients

We planned to accrue 25 pediatric patients, aged 5-17 years,
with the ability to perform three sequential breath-holds of 20 s
each, who might be referred for radiotherapy of the thorax/upper
abdomen, irrespective of cancer type. Patients were recruited
within the Nordic Society of Pediatric Hematology and Oncology
network.

2.2 | DIBH Training

Patients were trained for DIBH at the time of staging (if there was
a potential later radiotherapy indication) or planning computed
tomography (CT) scanning as previously detailed [19]. Briefly,
the DIBH was voluntary and monitored with the Real-Time
Position Management System from Varian Medical Systems, a
noninvasive system with a box placed on the xiphoid process of
the sternum. A visual feedback system on a screen was used to

aid the reproducibility of the DIBH level. The width of the gating
window was set to 2.5-3.5 mm.

2.3 | Patient-Reported Outcomes

Patient-reported outcomes (PRO) were collected at two centers
following DIBH training and during radiotherapy treatment.

Patients who underwent DIBH training were asked to eval-
uate their experience and the training instructions immedi-
ately after their training session (= DIBH training cohort).
The evaluation consisted of a brief questionnaire of eight
questions.

Patients selected for radiotherapy in DIBH (= radiotherapy
cohort) were asked to evaluate their experience with DIBH during
treatment. This included three daily questions, and an extended
questionnaire (eight questions) administered at start-, mid-, and
end-of-treatment.

Responses were captured using either yes/no options or a
five-point Likert scale (e.g., Agree/Somewhat agree/Neither
agree nor disagree/Somewhat disagree/Disagree; Really
good/Good/Neither bad nor good/Bad/Really bad). Complete
questionnaires are provided in the Supporting Information
(Supplementary Tables S1-S6).

2.4 | Treatment Planning and Dose to Organs at
Risk

All patients who were referred for radiotherapy had planning
CT scans done in both DIBH and FB for comparative dose
planning. Lymphoma patients also had their pre-chemotherapy
positron emission tomography (PET)/CT in both DIBH and FB.
Coverage of the clinical target volume (CTV) had the highest
priority, followed by the dose to OAR (heart, lungs, female
breasts, esophagus, and thyroid) [18]. Treatment delivered in
DIBH was only chosen if it was superior to the FB treatment
plan. Treatment position was supine with arms raised above
the head, with relevant immobilization devices on a chest-
board (this is standard and matches the setup for PET/CT).
Setup verification was done with a daily cone beam CT (CBCT).
If the treatment was delivered in DIBH, position verification
was also performed in DIBH to verify the level of inspiration.
Choice of treatment delivery was made at the discretion of
the treating physician. Dose in gray (Gy) and fractionation (F)
were determined by the treatment protocol of the individual
patient, as per international guidelines. Here, we report the dose
metrics: mean dose to the heart (MHD) and lungs (MLD), the
heart and lung volume receiving 20 and 5 Gy (V20 and V5),
respectively, and mean dose to the thyroid, esophagus, and female
breasts.
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2.5 | Ethical Considerations

The TEDDI trial was approved by the Danish Ethical Committee
(H-16035870) and by the Danish Data Protection Agency (2012-58-
0004), as well as the Finnish Ethical Committee (HUS/60/2018)
and Finnish Data Protection Agency (T06/010/18).

3 | Results
3.1 | Patients

The TEDDI trial was open nationwide in Denmark and at
one center in Finland. A total of 25 patients were enrolled,
with an even gender distribution (12 females/13 males). The
median age at accrual was 15 years (range: 9-17 years). Most
patients were diagnosed with lymphoma; however, two patients
had sarcoma. Eight out of 25 accrued patients were referred
for photon radiotherapy; see Table 1 for patient characteristics
and details of radiotherapy (a consort diagram available in
Figure SI).

3.2 | Patient-Reported Outcomes
3.2.1 | The DIBH Training Cohort

All patients in the DIBH training cohort could perform a stable
and reproducible DIBH after training. Evaluation of the DIBH
training was done by 11 (of 13 possible) patients at one center. In
general, the training was rated as either “Really good” or “Good”;
none found it “Bad” or “Really bad.” Only one out of 11 patients
found it “Somewhat hard” to lie still (age 15 years), and one
found the instructions “Somewhat difficult” to understand (not
the same patient). Most patients found the visual screen helpful;
although two patients did not find the feedback screen to be of
any help, and one patient only found it “Somewhat helpful.” Two
patients suggested that the feedback system should have a timer.
Overall, the training was positively evaluated by all patients, cf.
Figure 1.

3.3 | The Radiotherapy Cohort

PRO collection during radiotherapy was done for all five patients
treated in DIBH. The short daily questionnaire demonstrated
that the children overall felt safe during treatment. DIBH was
not difficult to perform, and the patients did not tire from
performing DIBH, although many were tired on a single day
during treatment. One patient, however, was tired every day
except two. The results of the extended questionnaire supported
this and showed that the children felt comfortable with DIBH,
had no trouble performing DIBH, and felt safe and confident
with the staff. Also, three out of five felt that DIBH distracted
them from feeling anxious during treatments (details shown in
Figure 2).

3.4 | Dosimetric Analysis

The differences in dose estimates for the heart and lung with
DIBH and FB, respectively, are illustrated in Figure 3. Among

TABLE 1 | Patient characteristics.

DIBH
training Radiotherapy
cohort cohort
(N =25) (N=38)
Age in years (range) 15 (9-17) 15 (14-16)
Gender
Female 12 (48%) 5(63%)
Male 13 (52%) 3 (37%)
Diagnosis
Hodgkin lymphoma 22 (88%) 6 (75%)
Non-Hodgkin lymphoma 1(4%) -
Ewing sarcoma 1(4%) 1(13%)
Synovial sarcoma 1(4%) 1(13%)
No. of patients irradiated® 8 (32%)
No. of patients irradiated with DIBH
Yes/No 5(63%)/3
(38%)
No. of days from chemo to first day of 23 (9-33)
radiotherapy
Type of treatment plan (all were treated with photon)
3DCRT 2 (26%)
IMRT 3 (38%)
VMAT 3(38%)
IGRT modality
Daily CBCT 7 (88%)
Daily kV pair 1(13%)

Abbreviations: 3DCRT, three-dimensional conventional radiotherapy; CBCT,
cone beam computed tomography; DIBH, deep-inspirational breath-hold;
IGRT, image-guided radiotherapy; IMRT, intensity-modulated radiotherapy;
kV, kilovoltage; No., number; VMAT, volumetric modulated arc therapy.
20One extra patient (male) was referred for proton therapy in free breathing
(FB). The patient was excluded from further comparison analysis and is not
included in the radiotherapy cohort.

patients treated with DIBH, there was a clear dosimetric benefit
regarding both the mean dose and low-dose exposure (V5) to the
heart and lungs, respectively. Interestingly, for patients treated in
FB, adopting a DIBH plan would not have been detrimental, as
heart and lung doses overall were comparable between the two
plans. It is important to note that an FB plan was chosen for these
patients because DIBH was considered experimental at the time.

Doses to the thyroid, esophagus, and female breasts were also
evaluated. The differences in dose estimates for these structures
between the two dose plans are shown in Figure 4. A clear dosi-
metric benefit was observed for the esophagus among patients
treated with DIBH, and a similar pattern was noted for the
thyroid, except in the case of one patient. Of note, these patients
also experienced a dosimetric benefit from DIBH in terms of
MHD and MLD.
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Evaluation of DIBH training
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FIGURE 1 | The histogram shows the distribution of answers from the evaluation of deep-inspiration breath-hold (DIBH) training in percentage

(total number of replies = 11 patients). Answers “No” to questions are visualized as green, “Yes” as blue, and “Somewhat” as yellow. Most found DIBH

and the instructions easy and the screen understandable, as well as helpful.
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Patient Responses Over Days

DIBH was hard today

| was focused on DIBH and it helped me not being scared
Scared during RT

Scared while waiting

It was hard to talk with RT staff

I am sad or in a bad mood today

I have a lot pain today

| feel tired today

First day Halfway Last day

Mean Value of 1-5 Likert scale, 1 = agree, 5 = disagreew45

FIGURE 2 | (A) Boxplot of the total distribution over the whole radiotherapy course for the daily questionnaire (three questions) given to the
patients irradiated with deep-inspiration breath-hold (DIBH) (number = 5). Patients are plotted with individual icons. (B) Heatmap of the extended
questionnaire answered and the first day, halfway, and the last day during the radiotherapy course. Both questionnaires were answered with a five-point

Likert scale from 1 to 5, where 1 = Agree a lot, and 5 = Disagree a lot.

4 | Discussion

The TEDDI trial is the first study to systematically evaluate the
feasibility of DIBH in a pediatric setting. We used question-
naires and asked the children about their experience of DIBH.
Importantly, introducing DIBH both at planning and during
treatment did not add further anxiety or uncertainty to the
patients, and some even found DIBH to help them focus dur-
ing their radiotherapy sessions. Furthermore, our comparative
dose planning demonstrated that in two-thirds of the patients,
radiotherapy in DIBH provided a clear dosimetric benefit. Inter-

estingly, for the patients who were treated in FB, the DIBH
plan would not have been detrimental with respect to heart and
lung doses.

In our TEDDI pilot study, we reported on the feasibility of DIBH
training in both healthy volunteers as well as hospitalized chil-
dren receiving chemotherapy, focusing on a younger age group
(mean age 8.9 years; range: 5-15 years) [19]. We demonstrated that
children as young as 5 years old were able to understand the DIBH
procedure, and, as in our clinical trial, the children were happy
with the training and performing DIBH. Consequently, we argue
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treated in FB are shown in blue, and DIBH are green, and one line represents one patient. Numbers are patient IDs. (A) Mean heart dose in percentage;
(B) mean lung dose in percentage; (C) percentage volume of the heart receiving 5 Gy; (D) percentage volume of the lung receiving 5 Gy; (E) percentage
volume of the heart receiving 20 Gy; (F) percentage volume of the lung receiving 20 Gy.
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that the feasibility and safety of radiotherapy delivery in DIBH
may be extrapolated to younger patients with some degree of cer-
tainty. Similarly, setup uncertainties during radiotherapy showed
no difference in systematic or random errors between DIBH and
FB when using CBCT for patient setup [21]. Consequently, there
is no need for increased safety margins in DIBH compared to FB
in pediatric patients.

During the TEDDI trial, we faced some challenges in accrual
and logistics. While the trial was not diagnosis-specific, as
anticipated, most of the enrolled patients were diagnosed with
Hodgkin lymphoma (HL). At the time of planning the trial,
pediatric patients with HL were treated according to the EuroNet-
PHL-C1 protocol [22]. However, with the introduction of the
subsequent EuroNet-PHL-C2 trial [23], the use of consolidating
radiotherapy diminished considerably [24]. Also, pretreatment
PET/CT scans for HL patients were made in both DIBH and FB
in TEDDI. This additional step introduced complexity to patient
accrual, as the need for consolidating radiotherapy could not be
determined until after the patients’ post-chemotherapy response
assessment [16]. These factors help explain why more patients
were trained for DIBH than actually referred for radiotherapy
[25, 26]. Detailed analyses on the implications of staging PET/CT
in DIBH for radiotherapy planning in pediatric lymphomas have
been published previously [20].

Prior to clinical implementation of DIBH in the pediatric setting,
we considered a systematic and prospective evaluation prudent
due to the fear of a potential added anxiety and treatment time
when using DIBH. To the best of our knowledge, there are
no other prospective studies investigating the benefit of DIBH
in pediatric patients. However, in a retrospective cohort of 12
pediatric patients treated with Active Breathing Control, no
significant discomfort, anxiety, or issues were reported during
treatment [27], which is in line with our results.

DIBH has been proven to be dose-sparing in several indications
in the adult setting [11, 13-15, 28-31]. Minimizing radiation dose
to the adjacent OARs is critical to reducing the risk of late
effects [1, 32]. In TEDDI, priority was given to heart dose over
other OARs, consistent with literature that reports cardiovascular
disease as one of the most frequent late effects [1, 33, 34]. Despite
the dosimetric benefits, DIBH is not widely implemented for
pediatric patients. In a survey amongst pediatric facilities, only
4% (of 50 responders) reported using DIBH, and 36% had no
motion management strategies at all [35]. The median age of the
cohort was 15 years (range: 14-16 years), representing the typical
clinical population eligible for this treatment. Adolescents can
follow instructions comparably to young adult cancer patients,
who routinely undergo radiotherapy using DIBH, such as those
with lymphoma or breast cancer. Given their potential for long-
term survival, it is essential to address existing gaps to qualify for
radiotherapy.

Proton therapy also offers the possibility of dose sparing to OAR,
which has been found in simulation studies comparing DIBH
with either photon or proton treatment [36-41]. However, the
precision of DIBH depends on gated 3D-based IGRT, such as
respiratory-gated CBCT [42-44], which currently is not avail-
able for most proton vendors. This means that while motion
uncertainty is minimized with DIBH, position uncertainties

are increased due to the lack of gated 3D-IGRT solutions for
protons.

In conclusion, the TEDDI trial is the first study to prospectively
demonstrate the feasibility and safety of both training and radio-
therapy delivery in DIBH in pediatric radiotherapy. Importantly,
patients did not report any extra anxiety or stress due to the
DIBH procedure. Also, in two-thirds of the patients, there was a
dosimetric benefit from using DIBH. Consequently, DIBH should
be considered in pediatric radiotherapy to reduce the risk of late
effects.
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