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ABSTRACT 
 
This document is the report of a task group of the Radiation Therapy Committee of the AAPM and has 
been prepared primarily to advise medical physicists involved in the external-beam radiation therapy of 
patients with thoracic, abdominal and pelvic tumors that move due to respiratory motion.  The purpose 
of this report is to describe the magnitude of respiratory motion, discuss radiotherapy-specific problems 
caused by respiratory motion, explain techniques that explicitly manage respiratory motion during 
radiotherapy and give recommendations in the application of these techniques for patient care, 
including quality assurance (QA) guidelines for these devices.  The major recommendations of this 
report are that tumor motion should be measured (when possible) for each patient for whom respiratory 
motion is a concern.  If motion is greater than 5 mm, and a method of respiratory motion management 
is available, and the patient can tolerate the procedure, respiratory motion management technology 
should be used.  Knowledge in the field of respiratory motion in radiation oncology is continually 
growing.  This report is intended to reflect the current state of the scientific understanding and technical 
methodology in imaging, treatment planning and radiation delivery for radiation oncology patients with 
tumors affected by respiratory motion.   
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I. INTRODUCTION AND SCOPE 
Intrafraction motion is an issue that is becoming increasingly important in the era of image-guided 
radiotherapy.  Intrafraction motion can be caused by the respiratory, skeletal muscular, cardiac and 
gastrointestinal systems.  Of these four systems, much research and development to date has been 
directed towards accounting for respiratory motion.  The management of respiratory motion in 
radiation oncology is the subject of this task group.   
 
Respiratory motion affects all tumor sites in the thorax and abdomen (even the pelvis1-3), though the 
disease of most prevalence and relevance for radiotherapy is lung cancer.  Lung cancer accounts for 
28% of all cancer deaths in the U.S.*  An estimated 173,770 new cases were diagnosed in 2004, with an 
estimated 160,440 deaths.*  The five-year survival rate for all stages combined is 15%.*  However, 
there is clinical evidence of a radiation dose response for lung tumors.4  Several studies have shown a 
survival advantage for higher dose levels.5-10  Martel et al.7 estimate from their data that to achieve a 
50% local progression-free survival at 30 months, 85 Gy is required; this dose level is considerably 
higher than that used routinely in clinics due to the risk of lung complications.  These lung 
complications have been shown to correlate with mean lung dose (or similar surrogate, such as V20).11-

16  The need for normal tissue sparing is of increasing importance due to the growing use of 
concomitant chemotherapy.  Thus, there is clinical evidence that technologies that allow an increased 
dose to the tumor whilst sparing healthy tissue will improve the balance between complications and 
cure.  Methods that explicitly account for respiratory motion in radiation oncology comprise one such 
technology class.   
 
It is important to note upfront that respiratory motion is just one potential source of error in 
radiotherapy.  Other important errors, particularly for lung tumors, are gross tumor volume (GTV) and 
clinical target volume (CTV) definition variations and set-up errors.  Large inter-physician GTV 
variations for lung cancer17-20 and CTV variations for breast cancer21,22 have been published.  The 
dosimetric consequences of these variations are almost an order of magnitude larger than those caused 
by respiration-induced motion.  Also, set-up errors for lung19,23-29 and breast30-37 cancer are of the same 
or of a higher order than those of respiratory motion.  Respiration motion varies from day to day, and 
tumor and normal tissues can shrink, grow and shift in response to radiation and potentially other 
concomitant therapies.   
 
Specific issues addressed by this report are:  

•  The magnitude of respiratory motion. 
•  The problems that respiratory motion causes during the imaging, planning, and delivery of 

three-dimensional conformal radiotherapy (3DCRT) and intensity modulated radiation therapy 
(IMRT). 

•  A description of the methods that have been used to explicitly account for this motion. 
•  Recommendations for clinical implementation of methods that explicitly account for respiratory 

motion. 
•  Recommendations for radiotherapy to sites affected by respiratory motion, both in the presence 

and absence of methods that account for this motion. 
•  Recommendations for the types and frequency of QA procedures for methods that account for 

respiratory motion. 
•  Recommendations for research studies that address currently unresolved or disputed issues. 

                                                 
* American Cancer Society Cancer Facts and Figures 2004.   
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Methods used in the management of respiration motion in radiation oncology that are covered by this 
report include: 

•  Respiratory gated techniques. 
•  Breath-hold techniques.  
•  Forced shallow-breathing methods. 
•  Respiration-synchronized techniques. 

The emphasis of this task group is on techniques that have been clinically implemented and used to 
treat patients.  Less emphasis is placed on techniques that have been published and are under 
development, but have yet to be implemented in patient treatments.  While there has been work on jet 
ventilation techniques38-41 to reduce the magnitude of respiratory motion, this method will not be 
discussed further here.   
 
It is also recognized that most facilities currently do not have access to methods that explicitly account 
for respiratory motion, and, thus, guidelines for treatments at these facilities are also included.  Note 
that respiratory management methods are not required for all patients.   
 
Some of the imaging methods involved in the management of respiratory motion involve the 
application of additional ionizing radiation.  The benefit of the additional imaging information should 
be weighed against the potential risks associated with the extra patient dose.   
 
Though only respiratory motion is within the scope of this task group, some of the methods, procedures 
and recommendations resulting from this task group may be applicable in the management of 
intrafraction motion caused by the cardiac42-45 (also a periodic motion) and gastrointestinal systems.   
 

II. SUMMARY AND RECOMMENDATIONS 
This section summarizes the Task Group report and gives recommendations for both the clinical and, 
particularly, the technical management of patients for whom respiratory motion may be a concern and 
also for areas requiring further study.  It is important to restate here that respiratory motion is just one 
of the many geometric errors in thoracic and abdominal radiotherapy and that respiratory patterns 
change from cycle to cycle and day to day.   
 
Unless imaging the entire treatment volume continuously, respiratory surrogates are used to infer tumor 
motion.  Internal markers implanted in the tumor offer the most accurate information regarding target 
position during treatment, however, the benefits of accuracy need to be weighed against the cost and 
invasive procedure of implanting markers in lung tumors as well as against possible marker migration.  
If external markers are used as the respiratory surrogate, the relationship with the internal target should 
be established, for example, by sampling the target position fluoroscopically for brief periods of time at 
a number of intervals.   
 

A. Clinical process recommendations 
The Task Group recommends that for patients in whom respiratory motion may be a concern that the 
flowchart in Figure 1 be followed.  Box 1 of Figure 1 asks if a method of measuring motion is 
available.  EORTC guidelines46 recommend that ‘An assessment of 3D tumor mobility is essential for 
treatment planning and delivery in lung cancer.’  When measuring tumor motion, the motion should be 
observed over several breathing cycles.  It is important to note that respiratory patterns change over 
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time.  If no method exists for measuring motion, for example, with a standard respiratory gated CT 
procedure, the prudent approach is to assume that motion is significant and treat with respiratory 
management (box 6).  If a method of measuring motion, such as fluoroscopy, is readily available (box 
1), it can be worthwhile measuring the motion for three reasons.   

1. If the magnitude of the motion is significantly small (<5 mm of peak-to-peak motion in any 
direction), relative to other errors in radiotherapy, the extra effort of using respiratory 
management techniques is unwarranted (box 2), unless normal tissue sparing can be improved 
with the respiration-management technique.  Second,  

2. If a patient-specific tumor-motion measurement is made, this information can and should be 
used in the CTV–to-PTV margin used for treatment planning.  If a respiratory management 
device is not used, the entire range of motion should be considered when establishing the 
internal margin.47  If respiratory management devices are used, then only the motion expected 
during the radiation treatment delivery should be considered when establishing the respiratory 
motion component of the internal margin.   

3. If the motion measurement and respiratory signal to be used for treatment are acquired 
simultaneously, then phase shifts or time lags between the internal and external motion can be 
calculated and corrected for.   

 
The Task Group recommends that respiratory management techniques be considered if peak-to-peak 
motion larger than 5 mm is observed in any direction or if normal tissue sparing can be improved 
through the use of a respiration management technique (box 2 of Figure 1). This recommended motion 
limit criterion-mm value may be reduced for special procedures, such as body stereotactic radiotherapy.  
This value may be reduced in the future as other errors in radiotherapy, such as target delineation and 
setup error, are reduced, with respiratory motion thereby becoming the accuracy limiting factor.   
 
If a method of respiratory management is available, the next question to be answered (box 4 of Figure 
1) is whether the clinical goals can be achieved without explicit respiratory management.  This question 
is very complex and difficult to assess a priori.  An example could include palliative cases in which the 
treatment-related toxicity is expected to be low.  Another example is the irradiation of very small 
metastases where even with a substantial margin the irradiated volumes may still be small enough that 
no significant risk of treatment-related toxicity exists.  A confounding factor is that the patient’s future 
need for radiation therapy are unknown, and patients with metastases are often treated multiple times, 
which may cause the extra dose to become an issue.   
 
Another obviously important question to be answered is whether an individual patient can tolerate the 
respiratory management technique (box 5).  As outlined previously in the report, there are many factors 
that may cause patients to be unsuitable for a particular respiratory management technique, and, in 
most cases, there are few predictive factors to determine who will or will not be able to tolerate the 
procedure.  The prudent approach is to try respiratory management and, if unsuccessful, to treat without 
explicit respiratory management.   
 
At the time of printing, there are no software interlocks from the record-and-verify systems that prevent 
treatment of the wrong patient with respiration management devices (or vice versa) or the use of the 
wrong patient parameters.  Thus, the Task Group recommends that manufacturers of the respiratory 
management devices collaborate with record-and-verify system companies to ensure that the relevant 
parameters for a patient’s treatment are included in the patient’s electronic file.   
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B. Treatment-planning recommendations 
When deriving CTV–PTV margins for treatment planning, the following factors specific to respiratory 
motion should be taken into account: 

•  The distortion of the planning CT due to respiratory motion-induced artifacts is an important 
source of systematic error.   

•  If a surrogate structure, such as the chest wall or diaphragm, is used as a surrogate for tumor 
motion for the purpose of breath hold, beam gating or tracking, without observing the tumor 
directly during treatment, there will be uncertainties in the displacement and phase relationship 
between the surrogate and the tumor.48-50   

•  There are variations within and between respiratory cycles and also residual motion during both 
respiratory gating and breath-hold procedures.   

•  If a patient-specific tumor-motion measurement is made, the information should be used in the 
CTV-to-PTV margin used for treatment planning.  If a respiratory management device is not 
used, the entire range of motion should be considered when establishing the internal margin.47   

Other factors such as setup error and tumor changes during the course of radiotherapy are common to 
all sites.47  An obvious problem is that the errors listed above have yet to be adequately quantified, and, 
thus, informed guesses as to the magnitude of these errors need to be made.  In areas where knowledge 
is lacking, the next section details a list of recommendations for further investigations to fill in the 
knowledge gaps.   
 
Due to the complex nature of radiation transport in low-density regions such as the lung, the Task 
Group recommends that the most accurate dose calculation available be used.   

C. Personnel Recommendations 
The Task Group recommends that, due to the complexity of the management of the respiratory motion 
problem and the technology used, a qualified medical physicist be present at all treatment-simulation 
(virtual or otherwise) imaging sessions in which respiratory management devices are used and also for 
at least the first treatment for each patient.  A physicist should also be available for consultation during 
the treatment-planning process and for all treatment sessions.  The physicists involved with the 
procedures should have appropriate understanding of the equipment and have attended, when possible, 
training on the specific device(s) used.  In certain cases, a well-trained radiation oncology professional 
may perform the tasks of a qualified medical physicist, provided that a qualified medical physicist is 
available for consultation.  Additional dosimetry or therapy staff may also be needed during imaging 
and treatment to operate or assist on the operation of the respiratory management devices.   
 

D. Quality assurance recommendations 
Strict QA procedures for the imaging, planning and delivery of radiotherapy using respiratory 
management devices are required to ensure the safe and effective use of these devices.  The procedures 
should be written, and the results from each test recorded and stored.  The Task Group recommends 
that these procedures be followed and that the results of the procedures be appropriately documented 
and stored.   
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E. Recommendations for further investigations  
The management of respiratory motion in radiation oncology is an evolving field with many current 
and, no doubt, future issues still to be adequately addressed.  The Task Group recommends research in 
the following areas for which the current scientific knowledge is absent or sparse: 

•  Quantification of the changes in respiratory patterns between treatment simulation and 
treatment 

•  Quantification of the relationship between respiration signals and tumor motion and of the 
changes in this relationship throughout a course of radiotherapy. 

•  Quantification of tumor deformation from cycle to cycle and day to day.   
•  Investigation of new imaging methods at treatment to verify the relationship between 

respiration signals and tumor motion. 
•  Study of methods, such as audiovisual feedback, that can improve respiration reproducibility 

throughout the course of radiotherapy.   
•  Study of the effects of cardiac and gastrointestinal motion on thoracic radiotherapy.   
•  Study of the relationships between normal tissue and tumor motion, particularly for normal 

tissue that is dose limiting and/or from which a useful motion signal (for imaging and 
treatment) can be obtained.   

•  More accurate determination of the magnitude of respiratory motion that should be explicitly 
managed using the respiratory management techniques given other errors in radiotherapy. 

•  Determination of the optimal respiration-motion management strategy stratified for disease site, 
patient characteristics and treatment regimen. 

•  Study of the respiratory motion patterns and treatment implications in children and young adults 
treated with radiotherapy for lymphoma and other pediatric diseases involving thoracic 
radiotherapy. 

•  Development of robust deformable image-registration algorithms to facilitate dose 
accumulation due to anatomy deformation.   

•  Development of treatment planning solutions that can be integrated into commercial treatment 
planning systems.   

•  Development of appropriate margin formalisms including respiratory motion for the various 
respiration-motion management strategies.   

•  Development of deformable phantoms to which anatomically accurate respiratory motion can 
be applied.   

•  Analysis of clinical outcome data in the presence of respiratory motion and other errors.    
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Table 1.  Measurement techniques. 

Technique Site 
CT MRI Fluoroscopy Ultrasound Nuclear imaging EPID 

Pancreas    Suramo51 
Bryan52 

  

Liver  Korin53  Suramo51 
Davies54 

Weiss55 
Harauz56 

 

Kidney    Suramo51 
Davies54 

  

Diaphragm Giraud57 Korin53 Wade58 
Ford59 

Minohara60 

Davies54   

Prostate   Malone2    
Lung Ross44 

Hanley61 
Shimizu62 
Essapen63 
Stevens64 

Sixel65 
Grills66 

 

Plathow67 Kubo33 
Ekberg23 
Shirato68 
Murphy43 

Chen69 
Engelsman25 

Barnes70 
Shimizu71 
Murphy72 

Seppenwoolde45 
Ozhasoglu73 

  Erridge74 

Breast      Van Tienhoven32 
CT: computed tomography; EPID: electronic portal-imaging device; MR: magnetic resonance imaging. 
 
Table 2.  Lung tumor-motion data.  The mean range of motion and the (minimum - maximum) ranges in millimeters 
for each cohort of subjects.  The motion is in three dimensions (SI, AP, LR). 

Direction Observer 
SI AP LR 

Barnes70: Lower lobe 
Middle, upper lobe 

18.5 (9 - 32) 
7.5 (2 - 11) 

- 
- 

- 
- 

Chen69 (0 - 50)  - - 
Ekberg23 3.9 (0 - 12) 2.4 (0 - 5) 2.4 (0 - 5) 

Engelsman25: Middle, upper 
Lower lobe 

(2 - 6) 
(2 - 9) 

- 
- 

- 
- 

Erridge74 12.5 (6 – 34) 9.4 (5 – 22) 7.3 (3 – 12) 
Ross44: Upper lobe 

Middle lobe 
Lower lobe 

- 
- 
- 

1 (0 - 5) 
0 

1 (0 - 4) 

1 (0 - 3) 
9 (0 - 16) 

10.5  (0 - 13) 
Grills66 (2 – 30) (0 – 10) (0 – 6) 

Hanley61 12 (1 - 20) 5 (0 - 13) 1 (0 - 1) 
Murphy72 7 (2 - 15) - - 

Plathow67: Lower lobe 
Middle lobe 
Upper lobe 

9.5 (4.5 – 16.4) 
7.2 (4.3 – 10.2) 
4.3 (2.6 – 7.1) 

6.1 (2.5 – 9.8) 
4.3 (1.9 – 7.5) 
2.8 (1.2 – 5.1) 

6.0 (2.9 – 9.8) 
4.3 (1.5 – 7.1) 
3.4 (1.3 – 5.3) 

Seppenwoolde45 5.8 (0 - 25) 2.5 (0 - 8) 1.5 (0 - 3) 
Shimizu71 - 6.4 (2 - 24) - 

Sixel65 (0 – 13) (0 – 5) (0 – 4) 
Stevens64 4.5 (0 – 22) - - 

AP: anterior–posterior; LR: left–right ; SI: superior–inferior. 
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Table 3  Abdominal motion data.  The mean range of motion and the (minimum - maximum) ranges in millimeters 
for each site and each cohort of subjects.  The motion is in the superior–inferior (SI) direction. 

Breathing mode Site Observer 
Shallow Deep 

Pancreas Suramo51 
Bryan52 

20 (10 - 30) 
20 (0 - 35) 

43 (20 - 80) 
- 

Liver Weiss55 
Harauz56 
Suramo51 
Davies54 

13 +/- 5 
14 

25 (10 - 40) 
10 (5 - 17) 

- 
- 

55 (30 - 80) 
37 (21 - 57) 

Kidney Suramo51 
Davies54 

19 (10 - 40) 
11 ( 5 - 16) 

40 (20 - 70) 
- 

Diaphragm Wade58 
Korin53 
Davies54 
Weiss55 
Giraud57 
Ford59 

17 
13 

12 (7 - 28) 
13 +/- 5 

- 
20 (13 - 31) 

101 
39 

43 (25 - 57) 
- 

35 (3 - 95) 
- 

 
 
 
Table 4.  Correlation of tumor/organ motion with the respiratory signal. 

Organ/source Respiratory 
signal 

N patients 
(measurements) 

Correlation 
range Phase shift Source 

Diaphragm SI 
fluoroscopy 

Abdominal 
displacement 5 (60) 0.82-0.95 Not observed Vedam et 

al.75 
Tumor and 
diaphragm, 
fluoroscopy 

Abdominal 
displacement 43 0.41-0.94 Short delays 

observed Ahn et al.48 

Tumor, SI 
fluoroscopy 

Spirometry & 
abdominal 

displacement 
11 (23) 0.39-0.99 -0.65 – 0.5 s Hoisak et 

al.49 

Tumor, 3D 
biplane 

radiography 

Abdominal 
displacement 26 

Respiratory 
waveform cycle 
agreed with SI 
and AP tumor 

motion 

Principally 
within 0-0.3 s 
existence of > 

1.0 s 

Tsunashima 
et al.50 

Lung vessels, 
cine MRI 

Abdominal 
displacement 4 SI 0.87 ± 0.23, 

AP 0.44 ± 0.27 - Koch et al.76 

Lung tumor, 
respiration 

correlated CT 

Abdominal 
displacement 

9 where tumor SI 
motion > 5 mm 0.74-0.98 <1 s 4 pts 

<0.5 s 5 pts 
Mageras et 

al.77 

Lung tumor, SI 
respiration 

correlated CT 

Diaphragm 
position 12 0.73-0.96 <1 s 4 pts 

<0.5 s 5 pts 
Mageras et 

al.77 

3D: three-dimensional; AP: anterior–posterior; CT: computed tomography; MRI: magnetic resonance 
imaging; s: second(s); SI: superior–inferior. 
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Figure 1.  Recommended clinical process for patients with whom respiratory motion during the 
radiotherapy process is a concern.   
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