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Introduction
According to the American Cancer Society,cancer is the
second-leading cause of death in the United States after
heart disease, accounting for 1 out of every 4 deaths.1

Twenty-nine percent of these deaths are caused by lung
cancer,making it the biggest single cancer killer of both
men and women.1 These tumors are generally in an
advanced stage at diagnosis, thus diminishing the pos-
sibility for cure. Treatment options typically include
surgery, chemotherapy, and radiotherapy, whether
singly or in combination. Radiotherapy is utilized in up
to half of lung cancer patients at some point after their
cancer diagnosis.
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Currently, the most common approach in thoracic
radiotherapy is to generate treatment plans from com-
puted tomography (CT) images. Other complementary
imaging modalities are frequently employed as well.
Positron-emission tomography (PET) has shown higher
sensitivity than CT scans in detecting and staging medi-
astinal metastases and therefore is often used together
with CT to more accurately delineate lung lesions.2,3

Visible tumor on the CT images (in conjunction with
PET) is contoured as the gross tumor volume, which is
defined to represent macroscopic disease. To include
microscopic tumor extension, radiation oncologists
expand the gross tumor volume by a certain margin,
which can vary in different clinical situations. This
expanded volume is called clinical target volume. To
account for daily treatment setup errors and tumor
motion, the clinical target volume is expanded by an
additional margin to form the planning target volume.

Thoracic tumors frequently move with respiration.
To account for this motion, many radiation oncologists
perform a 4-D CT scan. To perform such a scan requires
a specially designed multislice CT scanner. The scanner
employs some methodology to assess the patient’s res-
piratory cycle during the acquisition of the CT image

sets. The specific implementation varies with manufac-
turer, but most commonly, the patient wears an elastic
belt across the upper abdomen,and the belt is attached
to a pressure sensor. As the respiratory cycle progress-
es, tension on the sensor changes. The end result is that
each CT slice is assigned to a particular point in the res-
piratory cycle. The included software utilizes a binning
algorithm to then reconstruct a series of CT scans,
equally spaced across the entire respiratory cycle. The
software includes tools to generate a “CT movie” that
dynamically shows tumor motion in all three planes
across the respiratory cycle. When used in treatment
planning, the tumor motion can be ascertained and
accounted for. The volume that the clinical target vol-
ume occupies throughout the respiratory cycle is
called the internal target volume (ITV). Fig 1 demon-
strates a lung tumor motion assessment over a 4-D CT
image set. Since the ITV already accounts for tumor
motion, a margin for setup uncertainty is added to the

Fig 1. — The internal target volume (ITV) is determined by the maximum
intensity projection (MIP) technique over the multiphase 4-D CT image set.
For each voxel in the CT image frame, the maximum intensity from all
phases is kept in the MIP image set.  Since the intensity of a lung tumor in
a CT image is higher than that of normal lung tissues, the tumor volume in
the MIP image set represents the ITV.  Panel A shows a superimposed view
of the maximum expiration and inspiration phases.  The tumor locations are
indicated by the arrows.  Diaphragmatic motion can also be clearly seen.
Panel B shows the same view incorporating all 10 phases of the 4-D CT
image set.
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Fig 2A-B. — (A) A typical beam arrangement in an intensity-modulated
radiotherapy (IMRT) plan for a lung cancer patient.  In this case, 7 beams
from various angles are used to cover the tumor volume.  Note how the
beams must pass through normal lung to reach the target.  (B) The dose
volume histogram (DVH) is calculated from the treatment plan.  From the
DVH, important parameters can be derived.  For example, in this case, 95%
of internal target volume (ITV) is covered by the prescribed dose of 66 Gy
while 25% of the left lung receives 20 Gy.  These statistics have implica-
tions in terms of tumor control as well as toxicity to normal tissues. PTV =
planning target volume.
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ITV to form the planning target volume. The primary
goal in the treatment plan is to cover the planning tar-
get volume with a specified dose of radiation.

Studies evaluating the risks of pulmonary toxicity
reported that the two best predictors were the volume
of lung receiving 20 Gy or more4,5 and alternatively the
mean radiation dose to normal lung tissues.6 Radiation
traverses normal tissues to reach the tumor. This creates
a necessary compromise made in treatment planning
between killing tumor cells while simultaneously limit-
ing the dose to healthy tissues to minimize pulmonary
toxicity. Chronic obstructive pulmonary disease (COPD)
is common in lung cancer patients. Because they typi-
cally have diminished pulmonary reserve, radiation
sequelae such as pneumonitis or fibrosis can be highly
morbid or even fatal.

Analogously to the lung, radiation dose constraints
are placed on other critical structures such as the
spinal cord, heart, and esophagus. Fig 2A demonstrates
a typical radiation beam arrangement for a lung cancer
intensity-modulated radiotherapy (IMRT) plan, and Fig
2B shows the dose volume histogram (DVH) for the
treatment plan. The DVH is one of the tools radiation
oncologists use to evaluate the treatment plan. It con-
veys not only the range of dose delivered to a given
structure but also the volume of the structure that
receives any given dose. This information can be used
to estimate the toxicity of the radiation treatment plan.

When generating a DVH during the treatment plan-
ning process, the normal lung is assumed to be uniform
in terms of function and particularly in terms of the
ability to exchange carbon dioxide with oxygen.
Anatomic variability in ventilation (V̇), defined as frac-
tional volume change in respiration, and perfusion (Q̇),
a measure of regional blood flow,are not currently con-
sidered. However, V̇/Q̇ have substantial spatial hetero-
geneity. They also vary if body positioning is different7

and if pulmonary diseases or malignancies are involved.8

Fig 3 shows a ventilation image in supine position. Ven-
tilation dysfunction can be seen peripheral to the tumor
(purple/black regions).

Research is ongoing to incorporate V̇/Q̇ imaging into
the radiotherapy treatment planning process. At pres-
ent, it is not used clinically for this purpose. However,
investigations are ongoing,with the following goals: (1)
to optimize radiation beam geometry to preferentially
pass through dysfunctional regions of lung and maxi-
mally spare regions of normal lung function and (2) to
meaningfully quantify the radiation toxicity risks by
separating normal and dysfunctional regions of the
lung in the dose volume histogram.

This paper reviews some commonly used clinical
pulmonary functional imaging techniques. Because CT
is the standard imaging modality for radiotherapy treat-
ment planning, ongoing research into V̇/Q̇ functional
imaging using CT is most attractive to radiation oncolo-

gists; it would obviate the need to obtain additional imag-
ing studies. Lung motion assessment is also a goal of lung
functional imaging. In radiotherapy treatment planning,
however, this assessment is commonly done by generat-
ing the ITV from the 4-D CT images. Thus, our review of
functional imaging is focused on V̇/Q̇. Motion assessment
using other imaging modalities is not described.

Ventilation and Perfusion
The major functions of the lungs are to absorb oxygen
and discharge carbon dioxide. As the diaphragm depress-
es, the thoracic volume increases and pressure in the
lungs correspondingly decreases. Air flows into lungs
through the airways because of this pressure gradient.
Gas exchange takes place across the extracellular
matrix of a network of fine capillaries. Oxygen from the
air diffuses into the bloodstream, and carbon dioxide
simultaneously diffuses from the blood into the alveoli.
As the diaphragm relaxes, lung volume decreases and
intrathoracic pressure increases. Carbon dioxide is re-
leased from the body in the resultant expelled air.

In the gas exchange process, air flow and blood
flow are the fundamental participants. Without suffi-
cient ventilation, there is not enough oxygen for meta-
bolic needs. Furthermore, a lack of sufficient local
ventilation within the lung leads to downregulation of

Fig 3. — Axial view of a 3-D ventilation image (lower) derived from a 4-D
CT scan (upper) of a lung cancer patient.  Only end expiration and inspiration
phases were used in the volume change calculation.  An end expiration CT
image is shown.  Red represents regions of high fractional volume change
(high ventilation, dv/v ≥0.2), while black indicates no volume change (dv/v =
0).  Low ventilation regions (purple/black) can be seen peripheral to the
tumor, which is expected physiologically.
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perfusion in that area, triggered by hypoxic vasocon-
striction. Regional ventilation can be impaired in lung
cancer patients for various reasons; they frequently
have underlying COPD. Advanced-stage lung tumors
can also obstruct the bronchus or bronchioles, causing
atelectasis distal to the obstruction. In these situations,
there is a concomitant downregulation of perfusion,
leading to “matched” V̇/Q̇ defects. In contrast, reduction
of perfusion (due to a pulmonary embolus, for exam-
ple) does not induce regional reduction in ventilation,
leading to “ V̇/ Q̇ mismatch.” Radiation oncologists can
exploit this difference, as noted below.

A functional assessment of lung ventilation is essen-
tially a 2-D or 3-D map of the fractional volume change in
the lungs through the respiratory cycle. A pulmonary
perfusion image is a 2-D or 3-D map of blood flow. A
number of different imaging modalities can be employed
to analyze V̇/Q̇, including nuclear scintigraphy,9 single
photon emission computed tomography (SPECT),10-12

PET,13,14 magnetic resonance imaging (MRI),15 and CT.16,17

These are described briefly below.

Lung Functional Imaging
Nuclear Medicine Imaging
Nuclear medicine imaging measures the distribution
and intensity of radionuclides in patients. In the course
of normal body metabolic processing, specially chosen
radiopharmaceuticals are preferentially absorbed by
the tissue of interest and preferentially retained there.
Different radiopharmaceuticals are used for different
indications because of their favorable biochemical,
physiologic, or metabolic properties. The most com-

mon radionuclide used in nuclear scintigraphy is 99mTc,
which emits 140 keV gamma rays with a half-life of 6
hours. Other radioactive gases, such as 133Xe, 127Xe,
81mKr, 13N, are also commonly used in pulmonary venti-
lation studies. Furthermore, 99mTc-diethylenetriamine-
penta-acetic acid (99mTc-DTPA) is used for lung ventila-
tion and 99mTc-macroaggregated albumin (99mTc-MAA)
for lung perfusion imaging. PET is another nuclear
medicine imaging modality. It uses specially chosen
positron emitters. The most commonly used radionu-
clide in PET is 18F.

Scintigraphy and SPECT: Traditionally, scintigra-
phy has been used for lung V̇/Q̇ scans to assess for pul-
monary embolism. A radioaerosol (99mTc-DTPA) or
radioactive gas (133Xe) is customarily employed. The
scan technique determines compound utilized. For
ventilation studies using the radioaerosol technique,
patients breathe the 99mTc-DTPA for a few minutes
while 6 to 8 static lung images are taken. The regions
with low gamma ray emissions indicate low regional
ventilation. When the radioactive gas technique is
used, a dynamic ventilation study can be performed to
assess ventilation defects over time. An initial scan is
taken during or right after inhalation of the 133Xe
radioactive gas. Washout images are taken while the
patient breathes room air. Regions of 133Xe retention in
the washout images indicate regional ventilation
defects. Regional clearance rates can also be calculated
from the scintigraphic data.

To perform a lung perfusion study, 4 to 5 mCi of
99mTc-MAA is injected. Within a few seconds after intra-
venous administration, over 90% of the injected dosage
is trapped in the capillary and precapillary bed of the
lungs. The number of particles that are trapped in a
lung region is proportional to the pulmonary arterial
blood flow to that region.18 Conventionally, 6 to 8
images are taken. The imaging time is about 60 seconds
per perfusion view. The regions of lung with low
amounts of gamma radiation indicate regions of the
lung with poor perfusion. Fig 4 shows an example of
V̇/Q̇ mismatch scintigraphy.

In contrast to the planar images from nuclear
scintigraphy, SPECT generates 3-D images. The SPECT
unit is a rotating gamma camera. Some modern SPECT
models have two or even three gamma camera heads.
Projection images are acquired at evenly spaced angles
around the patient or continuously while rotating. In
recent years, commercial manufacturers have begun to
integrate CT scanners.

Fig 5 shows a Precedence SPECT/CT scanner
(Philips Medical Systems,Bothell,Washington) that inte-
grates a two-headed SPECT scanner with a 16-slice CT
scanner. The CT data provide a means to calculate the
attenuation of the SPECT photons by body tissues. By
employing the CT data to correct the images for this
attenuation, the relative intensities seen on the images

Fig 4. — Pulmonary V̇/ Q̇ mismatch as an example of  V̇/ Q̇ scintigraphy.  For
the ventilation scan, 99mTc-DTPA was used, while 99mTc-MAA was injected
for the perfusion scan.  Published with permission from Barry E. Chatter-
ton, MBBS, FRACP, DDV, of the Royal Adelaide Hospital, Australia.
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will more accurately reflect the actual distribution of
radionuclides. To further improve the spatial resolution
of pulmonary SPECT scans,one can gate the ventilation
scan to the respiratory cycle to acquire 4-D SPECT
images. Local ventilation defects are more clearly iden-
tified when acquired at a single phase of the respiratory
cycle.12 Respiratory gated pulmonary perfusion images
can also be obtained using SPECT.19

Dynamic pulmonary ventilation scans can also be
performed with SPECT. After the radioactive gas is
breath-inhaled,equilibrium and washout scans are taken
in a continuous manner. Time-tagged SPECT images are
reconstructed.With a dynamic SPECT study, a matrix of
the half clearance time,T1/2,of the radioactive gas can be
calculated yielding relative ventilation maps.12

As with nuclear scintigraphy, 99mTc-MAA is the main
radiopharmaceutical used in perfusion studies with
SPECT. SPECT perfusion scans are performed in a man-
ner analogous to the ventilation scans, except that the
radioactive contrast agent is injected and not inhaled.

Positron-Emission Tomography: PET is a
nuclear medicine medical imaging technique that uses
a short-lived positron emitter. The radioactive isotope
is bound to a metabolically active molecule. The
positron (an antimatter electron) annihilates when it
interacts with an electron. This typically happens with-
in 1 to 2 mm from its point of emission. This annihila-
tion process yields a pair of 511 keV photons that are
ejected in opposite directions. Special high-energy
gamma detectors are distributed in rings around the
patient. The detectors can identify coincident photon
pairs by means of special coincidence circuits. Com-
puterized algorithms are used to reconstruct the regis-
tered events into a 3-D image. When the PET scanner is
integrated with a CT scanner, the reconstruction algo-
rithms can utilize the CT data to account for attenua-
tion of the photons along their paths as they traverse

bodily tissues, thereby further increasing the accuracy
of the scan. There are many positron-emitting radio-
pharmaceuticals. The most common agent in clinical
use is 18F-fluorodeoxyglucose (FDG), which incorpo-
rates the positron emitter into a glucose analog. The
sugar is preferentially taken up by metabolically active
tissues, where the positrons are emitted. While malig-
nant tumors show preferential uptake of the com-
pound, some benign tumors and regions of infection or
inflammation can demonstrate increased FDG activity.
However, because the PET scan quantifies the radio-
tracer concentration,malignant neoplasms can often be
distinguished from nonmalignant processes. Respirato-
ry gating is sometimes used in modern FDG-PET imag-
ing to reduce the motion artifact in the lung and to
improve detection of small malignant lesions.20,21

Other commonly used positron-emitting radionuclides
include 11C, 15O and 82Rb.

V̇/Q̇ studies can be performed simultaneously with
intravenous infusion of 13N2.13,22 The patient holds his
or her breath for a short period of time while receiving
the compound. The alveolar concentration of the trac-
er increases until a plateau is reached. When the sub-
ject resumes breathing, the washout phase starts and
the concentration decreases as the tracer is removed
by ventilation. Since 13N2 absorption to pulmonary
venous blood during the apnea is negligible, the region-
al tracer content during apnea is proportional to
regional perfusion. Since 13N2 is eliminated from the
lung almost exclusively by ventilation when the sub-
ject resumes breathing, ventilation can be assessed
using the washout data.

Magnetic Resonance Imaging
MRI is a widely used imaging modality in radiotherapy
treatment planning. It is particularly advantageous for
imaging soft tissues such as muscle or brain. The images
can be fused with those from the radiation treatment
planning CT scan to assist the radiation oncologist in
defining appropriate tumor volumes. For the principle
and technical details of MRI, many textbooks and scien-
tific journals are good resources.23,24 MRI provides two
main advantages in pulmonary functional imaging: (1)
it does not rely on ionizing radiation, and (2) it provides
higher spatial resolution than nuclear medicine imag-
ing. High temporal resolution can be reached if images
of a single slice or small volume are acquired.25

A common approach of MRI-based pulmonary V̇/Q̇
assessment uses gadolinium-based contrast agents.
Since the 1980s, MRI studies have investigated the use
of aerosolized gadolinium chelates (Gd-DTPA) in lung
ventilation imaging.26-28 In lung perfusion imaging,
gadopentetate dimeglumine (Magnevist, Berlex Labora-
tories,Wayne,New Jersey) is given as a bolus injection.25

Gd-DTPA aerosol and electrocardiogram (ECG)-gated
MRIs are also used in pulmonary perfusion studies.15

Fig 5. — The Philips Precedence SPECT/CT system, which has dual-head-
ed gamma camera and a 6- or 16-slice CT scanner.  Courtesy of Philips
Healthcare.  http://www.medical.philips.com
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Oxygen enhancement is another MRI-based ap-
proach. There is a substantial difference in oxygen par-
tial pressure when breathing room air, 20% oxygen,
and pure oxygen. Because of the enormous surface
area of the lattice of alveoli, the effect of molecular
oxygen on MRIs is significant despite the fact that it is
only weakly paramagnetic. The signal intensity increases
by about 15% when subtracting room air breathing 
images from pure oxygen breathing images.29 V̇/Q̇ stud-
ies can be performed with this technique, though this
modality cannot capture dynamic changes. Other MRI-
based pulmonary V̇/Q̇ research uses hyperpolarized noble
gases.30,31

Computed Tomography
Usually CT pulmonary functional imaging incorpo-
rates iodine-based radiocontrast agents.17,32,33 The
radiocontrast is bright on CT images, permitting
assessment of vascular structures. As the spatial reso-
lution of CT and the x-ray tube technology improves,
a newer pulmonary perfusion assessment technique
using dual-source/dual-energy CT holds increasing
promise.17 In a Somatom Definition dual-source CT
scanner (Siemens Medical Systems, Forchheim, Ger-
many), two x-ray tubes are offset from one another by
90° (Fig 6). Two CT image sets of different x-ray ener-
gies are acquired simultaneously. The grey levels in CT
images depend on the magnitude of the x-ray attenua-
tion that is determined both by the composition of the
tissue (its electron density) and the x-ray energy. The
differences in attenuation between the two CT image
sets of different x-ray energies give a much better dif-
ferentiation of tissue composition. The iodine radio-

contrast material, which is of high atomic number, is
thus clearly differentiated from other tissues in the
dual-source CT images. Johnson et al17 used 80 and
140 kilovolt peak (kVp) for the dual sources, and the
current of the 80 kVp tube was 3 times that of the 140
kVp tube to compensate for the low x-ray output due
to low tube voltage.

Guerrero et al16 suggested a pulmonary ventilation
imaging algorithm using a 4-D CT and deformable
image registration. A 4-D CT scan is a series of com-
plete CT image sets, each taken at a particular point 
in the respiratory cycle. Deformable image registration
provides a voxel-to-voxel deformation matrix among
CT images from different phases of the respiratory
cycle. The deformable image registration can be used
to quantify the density change within a particular voxel
over the time course of the respiratory cycle. The cor-
responding density changes (Hounsfield unit changes)
represent a quantification of pulmonary ventilation. It
is well known that ventilation of the lungs is not uni-
form.7,34 By generating a colorwash from the matrix of
CT number differences, a 2-D image of lung ventilation
is generated (Fig 3).

Four-dimensional CT-based lung functional imaging
is not employed clinically. Whole-lung dynamic V̇/Q̇
imaging using the radiocontrast technique is not rou-
tinely utilized due to the long image acquisition time.
Ongoing research into ventilation studies using 4-D CT
images may lead to a breakthrough in CT-based lung
functional imaging. The technique is attractive because
4-D CT is already commercially available from at least
two vendors. Therefore, since 4-D CT is increasingly
employed by radiation oncologists, no additional imag-
ing studies are required to assess pulmonary function,
thus reducing both cost and time for the patient. The
dynamic ventilation information is inherent within the
multiphase images with temporal resolution of less than
a half second. High spatial resolution can be achieved,
which is a major advantage over SPECT.

Research is ongoing to overcome some technical
challenges. For example, the 4-D CT imaging artifact,
ie, the residual motion in each respiratory phase, is 
the major source of errors in the deformable image 
registration. Any mismatched registration, especially
around regions of high density such as blood vessels in
the lungs can cause errors in the resultant ventilation
image. More robust computational algorithms are nec-
essary to reduce such errors. These are currently under
investigation.

Imaging for Thoracic Radiation Oncology
CT is the standard imaging modality in radiotherapy
treatment planning. It provides both detailed anatom-
ical visualization and the means to perform accurate
radiation dose distribution calculations. The physics
principles underlying CT scans involve the concept of

Fig 6. — Two x-ray tubes of different energies are offset by 90° in a dual-
source CT scanner.  Courtesy of Siemens Zrt.  http://www.siemens.hu/
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electron density, which likewise determines the distri-
bution of therapeutic radiation dose in tissue. The
details are beyond the scope of this article but are
available elsewhere.23,35,36 Within the treatment plan-
ning software, using the CT images, radiation oncolo-
gists can place shaped radiation beams onto tumors
and accurately determine the resultant dose distribu-
tion within the patient. During the treatment planning
process, the dosimetrist contours normal anatomic
structures of interest (lung, esophagus, heart, spinal
cord). When treatment beams are placed onto the
patient in the treatment planning software, the dose to
normal tissues can be calculated and a dose volume
histogram can be generated.

Researchers have proposed using pulmonary V̇/ Q̇
images in radiotherapy treatment planning.37,38 Clinically,
the V̇/Q̇ images are currently performed using SPECT.
The functional SPECT images are then fused with the
treatment planning CT images. The normal functional
lung volumes are then contoured onto the planning CT
images. Radiation dose objectives are placed on the nor-
mal lung volumes during the treatment planning
process. The resultant plan not only provides appropri-
ate radiation dose coverage to the tumor but also maxi-
mally spares normal functional lung.

Most cancer patients receiving radiotherapy undergo
CT imaging for treatment planning. To include function-
al lung sparing, patients require SPECT or dual-source/
dual-energy CT images in addition to the radiation treat-
ment planning CT scan, adding both extra cost and
inconvenience. Since almost all lung cancer patients
have matched V̇/Q̇ defects, either functional ventilation
or perfusion imaging alone should be sufficient to
assess lung function. Since many radiation oncologists
routinely use 4-D CT scans to assess tumor motion
throughout the respiratory cycle,ongoing research into
ventilation imaging using 4-D CT image sets has gar-
nered the most attention from radiation oncologists.
It is hoped that this will soon be commonplace to
quantify regional variability in lung ventilation with
deformable image registration. If it were possible to dif-
ferentiate regions of functional lung, radiation oncolo-
gists could preferentially spare the functioning lung.39

It might then be possible to safely escalate radiation
dose in patients and improve disease control.

Conclusions
Like the case of tumor motion assessment, pulmonary
V̇/Q̇ imaging shows promise in generating better radio-
therapy treatment plans for lung cancer patients, spar-
ing functional lung while simultaneously delivering
sufficient radiation dose to the tumors. Many pulmonary
functional imaging techniques have potential applica-
tion in radiation oncology. The use of 4-D CT is most
promising, for both its convenience and its advantage
in spatial resolution.
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