
Introduction
Avoidance of radiation-induced lung

toxicity is a central planning concern in
thoracic radiation therapy. Mean lung
dose and V20 (the percentage of normal

lung tissue receiving 20 Gy or more) are
indispensable in that regard because they
are easy to interpret, are widely used
in protocol design, and have a durable
relationship with the risk of sympto-
matic pneumonitis.1 Their limitation

is conceptual rather than procedural:
conventional dose-volume metrics do
not distinguish between poorly func-
tioning and well-functioning lung. In
a population in which baseline lung
function is often regionally abnormal,
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Abstract
Radiation pneumonitis and post-treatment pulmonary function decline remain clinically important toxicities after curative-intent
thoracic radiation therapy. Conventional whole-lung dose constraints such as mean lung dose and V20 remain fundamental
because they are practical, validated, and embedded in standard thoracic planning, but they implicitly treat lung parenchyma as
functionally uniform. In many patients with lung cancer, comorbidities such as emphysema, airway obstruction, atelectasis,
prior infection, and tumor-related dysfunction produce marked regional heterogeneity in baseline pulmonary function.
Functional avoidance attempts to preferentially spare better-functioning lung while preserving target coverage and established
organ-at-risk constraints. Four-dimensional CT (4DCT) adds respiratory-phase information to conventional treatment-planning
CT, allowing tumor and lung motion to be incorporated into thoracic radiation therapy planning. This review focuses on
4DCT ventilation-based functional avoidance because it uses the planning 4DCT acquired for motion assessment, integrating
naturally into modern thoracic simulation workflows. This convenience should not be overstated. 4DCT ventilation is a
deformable-registration-derived surrogate rather than a direct physiologic measurement, and its clinical value depends on
respiratory image quality, registration quality assurance, and disciplined plan review. Current prospective clinical evidence
supports 4DCT ventilation functional avoidance as a promising and implementable strategy in experienced thoracic programs,
particularly for conventionally fractionated curative-intent treatment of locally advanced or stage 3 non-small cell lung cancer.
However, available data do not yet support its routine use in all thoracic radiation therapy patients or establish the technique as
a universal standard of care.
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that simplification may obscure clinically
meaningful differences in what tissue is
actually being irradiated.2-4

Functional lung avoidance emerged
from this observation. Its goal is not
to replace standard thoracic constraints,
but to refine them by preferentially
avoiding better-functioning lung when a
safe and practical opportunity to do so
is available.2,5,6 Several functional imaging
platforms can support that concept,
including SPECT, hyperpolarized-gas
MRI, and V/Q PET/CT.3,7-9 This review

focuses on four-dimensional CT (4DCT)-
derived ventilation imaging because,
among currently available functional
avoidance approaches, it is one of the
most practical to integrate into routine
thoracic radiation therapy workflows
when high-quality planning 4DCT
datasets are already acquired.4,10-12 The
key question is not whether the concept
is attractive in principle, but whether
the current evidence justifies selective
clinical use and what conditions must
be met before implementation should

be attempted. The proposed clinical
workflow is summarized in Figure 1 and
discussed in detail in the implementation
and quality assurance (QA) sections.

Rationale for Functional Lung
Avoidance

The rationale for functional avoidance
is strongest in the same patients in
whom conventional thoracic radiation
therapy is most challenging: those
with bulky or centrally located tumors,

Figure 1. Clinical decision algorithm and end-to-end workflow for four-dimensional CT (4DCT) ventilation functional avoidance. Suggested clinical
workflow for 4DCT ventilation-based functional avoidance, beginning with patient selection and planning 4DCT acquisition, followed by image-quality
review, lung segmentation, deformable image registration (DIR), ventilation-map generation, physician-physicist map plausibility review, standard
plan generation, functional plan generation, dual-plan comparison, and final plan approval. Functional planning should be layered onto standard
thoracic planning rather than substituted for it; the functional plan should be selected only when it improves functional lung sparing without
compromising target coverage or conventional organ-at-risk (OAR) constraints. The central decision points are whether the patient has actionable
functional heterogeneity, whether the 4DCT and DIR pass quality assurance review, whether the functional plan produces meaningful functional lung
sparing, and whether standard target and OAR planning requirements remain acceptable.
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nodal disease, prior smoking-related
lung injury, and baseline heterogeneity
in regional pulmonary function. In
such patients, a conventional plan may
meet standard anatomic lung constraints
while still depositing substantial dose
in the best-preserved lung regions.1,2,5,6

Functional planning asks whether that
distribution can be improved without
compromising planning target volume
(PTV) coverage or other organ-at-risk
(OAR) goals.

That rationale is clinically sensible, but
it is not universally actionable. Functional
avoidance requires 2 conditions: First, the
patient must have meaningful baseline
functional heterogeneity; if the map
is essentially homogeneous, there is
very little information to exploit.2,4,6

Second, the geometry must permit
redistribution; if the PTV is already
encasing the best-functioning lung or if
sparing that region worsens esophageal,
heart, cord, or target metrics, the
functional plan may add complexity
without real gain.2,5,6 These findings
support patient selection as a central
requirement, rather than a secondary
consideration. Accordingly, Figure 1
should be read as a clinical decision
algorithm rather than only a software
workflow: functional avoidance is most
actionable when baseline functional
heterogeneity is present, the geometry
permits dose redistribution, source
4DCT and deformable image registration
(DIR) quality are acceptable, and the
functional plan improves functional
lung sparing without compromising
PTV coverage or conventional OAR
constraints.2,4,6,13

The literature now supports a
fairly specific clinical use case. The
clearest prospective signal has emerged
in conventionally fractionated curative-
intent therapy, most commonly for
locally advanced or stage 3 non-small
cell lung cancer (NSCLC) treated
with concurrent chemotherapy.2,6,13-16

By contrast, current data do not
justify routine use for all early stage
lung cancer stereotactic body radiation
therapy (SBRT) cases, where treated lung

volumes are smaller and the opportunity
for meaningful dose redistribution
may be limited.3,4,13 Severe baseline
pulmonary impairment is not, by itself,
a contraindication, but it increases the
importance of rigorous map review
because poor image quality, irregular
breathing, and anatomic distortion can
all degrade the reliability of a 4DCT-
derived functional surrogate.4,12,17-19

Generation of 4DCT Ventilation
Maps

Operationally, most 4DCT ventilation
workflows include respiratory-phase
selection, lung segmentation, DIR
between selected respiratory phases
or to a reference phase, voxelwise
calculation of regional expansion and/or
density change, and conversion of
the resulting ventilation surrogate into
either a reviewed functional region
or a graded planning objective. This
stepwise structure is clinically important,
as uncertainty can enter at each
stage: source 4DCT quality, phase
selection, lung contouring, DIR accuracy,
ventilation algorithm choice, and final
map thresholding or weighting all
influence the map that is eventually
used for planning.4,10,11,17,19 A planning
4DCT acquired for motion management
contains phase-resolved information
about the lung across the respiratory
cycle. If inhale and exhale phases can
be accurately registered, voxel-wise or
region-wise changes in volume and
density can be used to estimate regional
ventilation.10,11 Early methods relied
primarily on density change or Jacobian-
based formulations.10,11 At a practical
level, commonly reported CT ventilation
approaches can be grouped as density
change, Jacobian or volume change,
and mass conservation methods; these
workflows share the same dependence on
4DCT image quality and DIR but differ
in how respiratory-related anatomic
change is converted into a ventilation
surrogate.10,11,17,18 More recent work has
emphasized more numerically robust
mass conservation approaches intended

to reduce instability and improve
reproducibility.18

For day-to-day clinical use, however,
the “mathematics” matter less than
the implementation implications. 4DCT
ventilation is not a direct ventilation
measurement. It is an image-derived
biomarker that depends on segmentation,
phase selection, deformable registration,
and the algorithm used to convert
deformation and density information into
a ventilation surrogate.4,11,12,17,18 Different
software applications and processing
methods can therefore produce different
ventilation maps from the same source
4DCT. The practical consequence is
that a center should commission one
workflow, understand its failure modes,
and avoid assuming that maps generated
by different vendors or algorithms are
interchangeable.4,17,19

This dependence on input data
quality supports a concise presentation
of technical details while clearly
defining the prerequisites for reliable
implementation. A clinically credible
4DCT ventilation program begins with a
clinically credible 4DCT. If the planning
scan shows irregular breathing, incorrect
respiratory-phase sorting, major image
artifacts, or incomplete visualization of
tumor or lung motion, the derived
functional map becomes difficult to
defend regardless of the sophistication of
the downstream algorithm.4,12,19

Validation of 4DCT Ventilation
Imaging

Validation studies have established
biologic plausibility but have
also clarified the method’s limits.
Vinogradskiy et al compared 4DCT
ventilation with nuclear medicine V/Q
imaging and found clinically meaningful
correlation, supporting the idea that
CT-derived ventilation maps capture
relevant regional physiology.20 Yamamoto
et al compared 4DCT-derived ventilation
with pulmonary function tests and SPECT
ventilation imaging, again supporting
biologic relevance but not perfect
equivalence.21 Brennan et al extended this
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validation against pulmonary function
test data, showing associations between
4DCT ventilation metrics and global
pulmonary function across a patient
cohort; however, they did not establish
4DCT ventilation as a definitive patient-
specific or voxel-level physiologic truth
standard.22

The field matured further when
validation moved beyond single-
institution comparisons. The Ventilation
And Medical Pulmonary Image
Registration Evaluation challenge was
important because it demonstrated, in
a multi-institutional setting, that CT
ventilation results are meaningfully
influenced by algorithmic choice and
implementation details.17 That message
remains essential. Validation does not
mean interchangeability. A method can
be biologically plausible and clinically
useful while still being sensitive to
registration error, segmentation choices,
noise, or the specific transformation
model used.4,17,18

Accordingly, the available evidence
supports a cautious interpretation of the
validation literature: 4DCT ventilation has
enough biologic and technical validity
to justify prospective clinical testing and
selective implementation, but it should
still be treated as a surrogate functional
biomarker rather than a definitive
physiologic measurement.4,17,18,20-23

Functional Avoidance Planning
and Dose-Function Metrics

The practical planning question is
how to incorporate a functional map
without destabilizing an otherwise sound
thoracic workflow. Based on the current
evidence, a dual-plan strategy remains
the most defensible approach. A standard
anatomic plan should be created first
using established target and OAR
objectives. A functional plan should
then be generated using the same
clinical intent, with additional objectives
designed to reduce dose to higher-
functioning lung. The functional plan
should be adopted only if it preserves
target coverage and conventional OAR

constraints while producing a meaningful
improvement in functional lung
sparing.2,4,6 A representative comparison
of a standard clinical plan and a 4DCT
ventilation-guided functional avoidance
plan is shown in Figure 2, illustrating that
functional sparing should be evaluated in
the context of preserved PTV coverage
and conventional OAR acceptability.

Several approaches to optimization
have been reported, including binary
contouring of “functional lung” above a
chosen threshold and more graded or
voxel-informed weighting strategies.2,4-6

A key practical consideration is that
no single thresholding approach has
yet emerged as broadly generalizable
across patients, imaging workflows,
and institutions. Published studies
have used different definitions of
functional lung, different optimization
priorities, and different levels of
automation.2,4-6 Given this variability, the
literature does not currently support a
universal contour-generation threshold
or planning rule. Unlike PET standardized
uptake value (SUV)-based workflows,
4DCT ventilation functional avoidance
does not have a validated universal
cutoff that reliably separates clinically
actionable from nonactionable functional
lung across scanners, algorithms, and
patient populations. Therefore, binary
high-function contours, percentile-based
thresholds, and graded or voxel-weighted
objectives should be prespecified within
a commissioned institutional workflow
rather than selected ad hoc for
an individual plan.2,4,5,17,19 Instead,
institutions implementing functional
avoidance should prospectively define the
functional lung segmentation method,
thresholding criteria, and optimization
approach, and then apply these
parameters consistently across patients.

The same caution applies to dose-
function metrics. Additional work
evaluating dose to highly ventilated lung
has further supported the association
between functional dose metrics and
symptomatic radiation pneumonitis, but
it also reinforces that optimal functional
lung constraints remain investigational

rather than standardized.3,5,25 Faught et
al evaluated candidate dose-function
metrics and showed that not every
functional dose endpoint performs
equally, particularly when functional
heterogeneity is spatially complex.5

For a clinically oriented review, the
minimal reporting set should remain
focused: mean lung dose and V20 for
the standard anatomic plan; functional
mean lung dose and functional V20 for
the functional assessment; and, when
low-dose bath is a relevant planning
tradeoff, functional V5 or V10, defined
as the functional lung volume receiving
5 Gy or 10 Gy or more, particularly
for intensity-modulated radiation therapy
or volumetric-modulated arc therapy.2,4-6

Changes in PTV coverage should also
be reported, along with any clinically
relevant dose tradeoffs involving the
heart, esophagus, spinal cord, or brachial
plexus when these arise. A minimum
reporting set for functional avoidance
plans is provided in Table 1.

A further point that deserves emphasis
is that functional dose reduction should
not be described in isolation. A plan that
lowers functional V20 by a few percentage
points but worsens target conformity,
elevates esophageal dose, or materially
complicates treatment delivery may not
be the right choice for an individual
patient.2,6 Functional avoidance should
therefore be presented as an incremental
planning strategy layered onto standard
thoracic planning and not as a new
competing paradigm.

Clinical Evidence
The clinical evidence is best

interpreted in tiers rather than as a
single uniform body of proof. Early
method development, planning, and
validation studies established feasibility
and biologic plausibility, but they did
not establish clinical benefit.10,11,17,20-24 The
strongest prospective 4DCT ventilation
evidence comes from conventionally
fractionated curative-intent treatment of
locally advanced or stage 3 NSCLC, where
functional avoidance has been associated
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with measurable reductions in functional
lung dose and encouraging, although
not definitive, toxicity and pulmonary
function signals.6,13,14,26 By contrast, the
evidence is weaker for routine use
in all early stage SBRT patients, for
patients without meaningful baseline
functional heterogeneity, and for centers
without a commissioned 4DCT ventilation
and DIR QA workflow.3,12,13,15,17,19

Therefore, the current literature
supports selective consideration in
appropriately chosen patients rather

than universal adoption.3,6,13-15 Table 2 is
therefore intended to separate method
development and validation evidence
from prospective clinical evidence,
companion analyses, randomized data,
and related non-4DCT functional imaging
trials.

Early patient-level feasibility work
demonstrated that CT ventilation-guided
treatment could be delivered in practice.23

The more persuasive evidence began
with the prospective 2-institution study
reported by Vinogradskiy et al in 2018.

In that interim analysis, functional
avoidance was feasible, reduced dose
to functional lung, and showed
sufficiently favorable early toxicity
results to justify continued study.6

Importantly, the trial population reflected
what remains the strongest current
use case: conventionally fractionated
curative-intent thoracic radiation therapy
rather than SBRT or palliative treatment.6

The multicenter phase 2 study was
notable because it tested whether this
approach could be exported across

Figure 2. Representative comparison of a standard clinical plan and a four-dimensional CT (4DCT) ventilation-guided functional avoidance plan. The
figure shows the planning CT, 4DCT ventilation overlay, isodose distributions, planning target volume, and dose-volume comparison for the functional
lung contour and target. The functional plan demonstrates selective reduction of dose to better-ventilated lung while maintaining target coverage and
standard planning constraints, with dose redistributed preferentially toward lower-functioning lung when clinically acceptable. Adapted/reproduced
from Waxweiler et al.24
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institutions rather than confined to
a single expert center. That study
reported 67 evaluable patients, an
average reduction in functional lung
V20 of 3.5 percentage points, and a
grade 2 or higher pneumonitis rate of
14.9% compared with the 25% historical
benchmark used in the trial design.2

A balanced interpretation is that the
study supports multicenter feasibility
and provides encouraging outcome-level
evidence but does not independently
establish randomized superiority over
standard planning.

The companion reports are useful,
but should be interpreted with caution.
Importantly, the Miller, Ghassemi,

Lombardo, and Poiset analyses should be
interpreted as companion or secondary
analyses of the same prospective
4DCT ventilation functional avoidance
program, or closely related trial cohort,
rather than as fully independent
validation cohorts.2,14-16,26 Miller et al
reported modest average declines in
diffusing capacity of the lung for
carbon monoxide, forced expiratory
volume in 1 second (FEV1), and forced
vital capacity (FVC) at 3 months,
findings that the authors interpreted
as qualitatively encouraging relative to
historical expectations.14 In a secondary
analysis of the same prospective
4DCT ventilation functional avoidance

cohort, Ghassemi et al found that
dose-function metrics were associated
with post-treatment PFT changes,
particularly FEV1 decline, supporting
their use as clinically relevant planning
and reporting endpoints.26 Lombardo
et al later reported the quality-of-
life results from the prospective
functional avoidance program and
showed that patient-reported decline
still occurred, although the dosimetric
associations were modest and the
overall signal remained encouraging
rather than definitive.15 Poiset et
al then compared patient-reported
outcomes (PROs) from the functional
avoidance cohort with historical thoracic
radiation therapy benchmarks, including
outcomes from RTOG 0617 and a
PACIFIC-era comparator framework
intended to reflect more contemporary
chemoradiation and immunotherapy-
era practice. They reported fewer
clinically meaningful declines in selected
patient-reported endpoints, although
this comparison remained historical
rather than randomized.16 These studies
strengthen the clinical plausibility of the
strategy, but they remain single-arm or
historical comparison data rather than
level 1 proof.

The randomized phase 2 study
reported by Baschnagel et al is important
because it tested 4DCT ventilation
functional avoidance against standard
planning in a randomized setting. In
the overall cohort, functional avoidance
did not improve the primary endpoint,
which was based on 3-month change in
4DCT-derived ventilation.13 However, in
the conventionally fractionated subgroup,
functional avoidance was associated
with lower grade ≥ 2 pneumonitis,
8.2% vs 32.3%, and smaller 3-month
declines in FEV1 and FVC.13 This
finding should be interpreted cautiously,
but it supports the view that the
most promising current population may
be conventionally fractionated locally
advanced or stage 3 NSCLC rather than all
thoracic radiation therapy patients.

Other prospective studies provide
broader context without directly elevating

Table 1. Minimum Reporting Set for Functional Avoidance Plans

METRIC WHY IT MATTERS HOW TO REPORT IT
SUPPORTING
EVIDENCE

Mean lung dose
Standard benchmark for
thoracic toxicity risk

Report standard
anatomic mean lung
dose for both plans 1,2,6

Lung V20

Standard benchmark with
strong clinical familiarity

Report standard
anatomic V20 for both
plans 1,2,6

Functional mean lung
dose

Captures dose to better-
functioning lung

Report absolute value
and absolute/relative
change vs standard plan 2,5,6

Functional V20

Most practical functional
high-dose-volume endpoint

Report absolute value
and change vs standard
plan 2,5,6

Functional V5 or V10

Helps interpret low-dose bath
with IMRT/VMAT

Report if low-dose
tradeoff is relevant 4,5

Functional lung
definition

Needed because thresholds
are not standardized

State exact thresholding/
weighting rule
prospectively 2,4-6

PTV coverage

Functional gains are
uninterpretable if coverage
worsens

Report coverage metrics
side by side 2,6

Nonlung OAR
tradeoffs

Functional sparing may shift
dose elsewhere

Report relevant changes
in heart, esophagus,
cord, and other priority
OARs 2,4,6

Clinical endpoints Dosimetry alone is insufficient

Report grade ≥ 2
pneumonitis, pulmonary
function, and PROs when
available 2,3,13-16

IMRT, intensity-modulated radiation therapy; OAR, organ-at-risk; PRO, patient-reported outcome; PTV, planning
target volume; VMAT, volumetric-modulated arc therapy.
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4DCT ventilation to universal standard-of-
care status. These non-4DCT studies are
included as contextual comparator
evidence because they use functional
imaging modalities that are more directly
physiologic or combined functional
anatomic approaches, rather than the
deformable registration-derived 4DCT
ventilation surrogate emphasized in this
review.3,7,9 This broader evidence base is
important because it shows that
functional avoidance is being investigated
across multiple institutions, imaging
platforms, and trial designs, even though
the strongest 4DCT ventilation data
remain concentrated in a limited number
of prospective cohorts.3,7-9,13 The
Functional Lung Avoidance for
Individualized Radiation Therapy trial
used hyperpolarized helium-3 MRI rather
than 4DCT ventilation and was under
accrued, with similar quality-of-life
results between arms in the published
report.7 Yamamoto et al later reported a
single-arm prospective pilot of CT
ventilation-guided functional avoidance,
supporting feasibility and safety but still
in an early phase framework.8 In that
prospective pilot experience, the reported
grade ≥ 2 pneumonitis rate was 17%
compared with a 25% historical
reference, supporting feasibility and a
favorable safety signal but not
establishing randomized superiority.8

Bucknell et al showed that functional
avoidance guided by 68Ga-4D-V/Q PET/CT
is feasible in locally advanced NSCLC,
further supporting the broader concept
that function-guided thoracic planning is
clinically workable.9 Collectively, these
studies support the paradigm of
functional imaging-informed planning,
but they do not yet resolve whether
ventilation-guided, perfusion-guided, or
combined V/Q-guided planning is
optimal, nor do they justify describing
4DCT ventilation as universally
“proven.”3,4,9 Taken together, the
prospective clinical data suggest a
consistent but still evolving signal: 4DCT
ventilation functional avoidance can
reduce dose to better-ventilated lung and
may reduce clinically meaningful

pulmonary toxicity in selected
conventionally fractionated patients.2,6,8,13

The most useful quantitative signals are
the multicenter phase 2 functional V20
reduction of 3.5 percentage points with
14.9% grade ≥ 2 pneumonitis, the
Yamamoto prospective pilot pneumonitis
rate of 17% against a 25% historical
reference, and the Baschnagel
conventionally fractionated subgroup
result of 8.2% vs 32.3% grade ≥ 2
pneumonitis.2,8,13 However, these data
should be interpreted cautiously because
available studies include single-arm
designs, historical comparisons,
overlapping datasets, subgroup findings,
heterogeneous ventilation algorithms,
and limited randomized outcome
evidence.2-4,13-17,19

Practical Implementation
Workflow

As summarized in Figure 1,
clinical implementation should begin
at simulation rather than optimization.
The planning 4DCT must first satisfy
the same quality standards required for
a robust thoracic motion-management
workflow. That includes appropriate
respiratory coaching, stable phase
sorting, and explicit review for artifact,
mis-binning, patchy motion capture, and
severe streak or truncation artifact.4,12

If the 4DCT is not good enough
for confident thoracic planning, it is
not sufficient for ventilation mapping.
Practical implementation steps and QA
decision points are summarized in
Table 3.

The next step is segmentation, phase
selection, and deformable registration.
Here, the principles of the American
Association of Physicists in Medicine
Task Group 132 report on image
registration and data fusion in radiation
therapy are directly applicable: the
institution should use a commissioned
registration workflow, perform patient-
specific review rather than relying on
the software output alone, and document
how failed or suspicious registrations
are handled.19 In practical terms, this

requires assessment of whether fissures,
vessels, bronchi, tumor-lung interfaces,
and pleural boundaries deform plausibly;
whether ventilation hot and cold regions
are anatomically credible; and whether
apparent extreme values may instead
reflect noise or artifact.4,17,19

Only after the map is approved should
optimization proceed. A conventional
plan should first be generated, followed
by a functional avoidance plan, with
the 2 plans compared side by side.
The functional plan should be selected
only if it achieves the prespecified
functional sparing objective while
maintaining coverage and conventional
OAR acceptability.2,4,6 This dual-plan
benchmark may appear conservative, but
it is the most practical way to ensure
that “functional avoidance” represents a
real patient-specific gain rather than a
theoretical exercise.

Quality Assurance and Sources of
Uncertainty

The first QA gate is respiratory imaging
quality. The AAPM Task Group 76 report
on respiratory motion management
remains relevant because the entire
4DCT ventilation chain depends on
respiratory resolved source images.12

Irregular breathing, poor respiratory-
phase sorting, inadequate phase
definition, motion truncation, and severe
artifact can all distort the source data and
propagate into the ventilation estimate.
Representative examples of patient
selection and QA challenges are shown
in Figure 3; they include heterogeneous
vs homogeneous ventilation patterns,
source 4DCT artifacts, and DIR- or
algorithm-dependent ventilation results.
The purpose of Figure 3 is to emphasize
that map review should be a clinical
QA decision point: heterogeneous maps
may be actionable only when the
underlying image quality and registration
are credible, whereas homogeneous
maps, artifact-dominated scans, or
algorithm-dependent extremes may be
nonactionable even if a ventilation
map can technically be generated. In
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practice, this means the functional map
should not be used for planning when
the source 4DCT is not acceptable for
standard thoracic planning, respiratory-
phase sorting is clearly unreliable,
deformable registration is anatomically
implausible, or the ventilation map
is dominated by artifacts rather than
credible regional lung function patterns.

The second major source of
uncertainty is deformable registration.

TG-132 provides the most useful
radiation therapy-specific framework for
acceptance testing, end-to-end validation,
and patient-level review.19 For clinical
use, that should translate into a short list
of operational rules: use one validated
institutional workflow; track software
version changes; perform patient-specific
visual review of the deformation field
and propagated anatomy; and reject
maps that are anatomically implausible

or obviously artifact dominated.4,17,19 The
literature does not support any single
algorithm.

The third source of uncertainty
is how the map is converted
into a planning objective.
Functional thresholding, binary-vs-
weighted optimization, segmentation
boundaries, and even whether ventilation
alone is the optimal biologic target
remain unsettled.3-5 This uncertainty

Table 3. Practical Implementation and Quality Assurance Checklist

WORKFLOW STEP KEY ACTION PRIMARY TEAM
MEMBER

QA CONCERN WHEN TO PROCEED STOP/REPEAT CRITERION

Patient selection Confirm curative-intent
case, functional
heterogeneity likely,
and plausible
dosimetric opportunity

Radiation oncologist No expected gain from
functional guidance

Clear potential benefit and
acceptable complexity

Homogeneous function
expected or no
plausible dosimetric
advantage

Simulation Acquire high-quality
planning 4DCT with
respiratory coaching

Therapist and
simulation team

Irregular breathing,
motion truncation,
severe artifact

Stable respiratory trace
and interpretable phases

Major artifact,
mis-binning, or
incomplete motion
capture

Image review Review raw 4DCT
before map generation

Radiation oncologist
and physicist

Poor phase sorting or
anatomy distortion

Source scan acceptable
for thoracic planning

4DCT not acceptable
for standard clinical
use

Segmentation Confirm lung contours
and exclude gross
errors

Dosimetrist/
physicist with
physician review

Segmentation leak,
missing lung,
tumor-lung boundary
issues

Contours anatomically
credible

Gross contour failure or
unresolved ambiguity

DIR Run commissioned
deformable registration
workflow

Physicist Nonphysiologic
deformation, edge
failures

Deformation anatomically
plausible on review

Registration clearly
implausible

Ventilation map review Inspect hot/cold
regions for plausibility

Physicist and
physician

Artifact-driven
extremes, map-
anatomy mismatch

Map pattern clinically
plausible

Map dominated by
artifact or unexplained
extremes

Standard plan Build conventional plan
first

Dosimetrist Baseline plan not
optimized

Standard plan meets
clinical goals

Baseline plan not
clinically acceptable

Functional plan Add functional
objectives using same
clinical intent

Dosimetrist and
physicist

Functional sparing
worsens coverage or
OARs

Measurable functional-
sparing gain with
preserved clinical
acceptability

Functional gain
only achieved by
unacceptable tradeoff

Dual-plan comparison Compare standard vs
functional plan using
prespecified metrics

Physician,
dosimetrist,
physicist

Cherry-picking metrics Functional plan shows
meaningful net benefit

No meaningful gain or
conflicting priorities

Documentation Record map definition,
QA outcome, metrics,
and rationale for plan
choice

Entire team Unclear reproducibility
and audit trail

Workflow and rationale
fully documented

Incomplete QA or
missing decision
record

4DCT, four-dimensional CT; DIR, deformable image registration; OAR, organ-at-risk; QA, quality assurance.
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Figure 3. Acceptable vs nonactionable or unreliable imaging scenarios for four-dimensional CT (4DCT) ventilation functional avoidance. Representative
published examples showing key patient selection and quality assurance considerations. (A) Homogeneous and heterogeneous 4DCT ventilation
patterns overlaid on standard CT. Heterogeneous ventilation may provide a stronger basis for functional avoidance than a homogeneous map.
(B) Examples of 4DCT artifacts: (a) misalignment/truncation, (b) truncation, (c) duplication, and (d) interpolation artifact. (C) Algorithm-dependent
4DCT-derived ventilation results: (a) and (b) ventilation images generated using different ventilation algorithms, and (c) and (d) corresponding
upper-20% thresholded ventilation volumes. These examples support patient-specific review of 4DCT quality, deformable registration, ventilation map
plausibility, and functional heterogeneity before using a map for planning. Adapted from Waxweiler et al, Carrizales et al, and Latifi et al.24,27,28
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does not argue against the method, but
it does require transparent reporting.
Overstating technical certainty in an area
that still lacks standardization may make
the clinical argument less convincing.

Current Limitations and Future
Directions

The current literature supports
selective implementation, not universal
adoption. Key unresolved issues include
the absence of phase 3 outcome data,
heterogeneity of ventilation algorithms
and thresholding rules, uncertain
reproducibility across newly adopting
centers, and unclear incremental benefit
in modern chemoimmunotherapy-era
practice.3,4,13,17 The evidence remains
strongest in experienced thoracic
programs with robust 4DCT acquisition,
physics support, and prospective QA
discipline.2,4,13 That raises an external
validity question: how well will
the reported outcomes generalize to
low-volume or newly adopting centers?
The answer remains uncertain. In
addition, much of the prospective
evidence was generated before all
contemporary combined modality
practice patterns became routine, so the
size of incremental benefit in current
practice may differ from what earlier
cohorts suggested.2,4,13-16

The maturity of adjacent areas
of functional avoidance research also
should not be overstated. Proton-based
functional avoidance remains attractive
but is still supported mainly by
planning and early feasibility literature
rather than robust comparative outcome
data.3,4 Adaptive functional radiation
therapy is conceptually appealing
because ventilation may change during
treatment as tumors regress or airways
reopen, but prospective evidence linking
adaptive reventilation strategies to better
clinical outcomes remains limited.3,4

AI-generated ventilation surrogates may
improve automation and workflow
efficiency, yet current evidence is still
predominantly technical or dosimetric

rather than prospective clinical-outcome
based.4,29 Pulmonary perfusion imaging
deserves separate consideration because
ventilation and perfusion provide related
but nonidentical information about
regional lung function. Perfusion can
be assessed using nuclear medicine
approaches such as SPECT or V/Q
PET/CT, and investigational CT-based
approaches including dynamic contrast
CT or CT-derived vascular/perfusion
biomarkers. Available data support
continued evaluation of perfusion-guided
and combined V/Q-guided planning,
but they do not yet establish whether
ventilation-guided, perfusion-guided,
or combined ventilation/perfusion
avoidance is optimal for routine clinical
implementation.3,4,9,30,31 Accordingly,
AI-based automation, adaptive functional
replanning, and proton-based functional
avoidance should be framed as priorities
for prospective testing and workflow
maturation rather than as evidence of
routine clinical readiness.3,4,29

The next generation of trials should
therefore be more selective and
better targeted rather than simply
broader in scope. Priority should be
given to conventionally fractionated
locally advanced or stage 3 NSCLC,
with prospectively specified 4DCT and
DIR credentialing, a compact and
interpretable set of functional dose
metrics, and clinically meaningful
endpoints, including grade 2 or higher
pneumonitis, longitudinal pulmonary
function, and validated PROs, rather
than imaging endpoints alone.2-4,13-16

Comparative work between ventilation-
guided and perfusion-guided strategies
is still needed, and combined V/Q
approaches may ultimately prove more
clinically informative than ventilation
alone.3,4,9

Conclusion
4DCT ventilation map-based functional

avoidance is technically feasible,
biologically plausible, and supported by
a growing prospective literature.2,6,13-18,20-23

In experienced thoracic programs that
can deliver high-quality 4DCT simulation,
vetted deformable registration, patient-
specific map QA, and disciplined
dual-plan review, the technique
may be a reasonable but selective
option for conventionally fractionated
curative-intent lung radiation therapy,
especially in locally advanced or
stage 3 NSCLC with clear baseline
functional heterogeneity.2,4,13 Clinically,
the technique should be viewed as an
add-on to conventional thoracic planning
and QA, not as a replacement for
validated whole-lung, target-coverage, or
nonlung OAR constraints.1,2,4 What the
literature does not yet justify is routine
use in every thoracic patient or the
claim that 4DCT ventilation functional
avoidance is already a universal standard
of care.
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