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Introduction

Precise tumor localization is of utmost importance in the new
era of high-precision radiotherapy (RT) delivered using photons
or particles, and possibly even more so when adapting treatment
during the course of irradiation. The creation of the target volume
to be irradiated is a multi-step process. First, the radiation oncolo-
gist delineates the gross tumor volume (GTV; primary tumor and
metastatic lymph nodes) visible on imaging (computed tomogra-
phy, CT; magnetic resonance imaging, MRI; positron emission
tomography, PET). It is known that most solid tumors exhibit
microscopic tumor extension (ME) not manifest in clinical imaging.
Thus the GTV is expanded by an empirically defined margin to the
so-called clinical target volume (CTV), encompassing both macro-
and microscopic tumor. Most treatment schedules are delivered
throughout the course of several weeks. Therefore, another margin
is added compensating for random and systematic setup errors
occurring during treatment delivery, leading to the planning target
volume that is to be irradiated (PTV).

In past years, RT-based research has focused on exact demarca-
tion of the GTV with modern imaging techniques and on
measurement-driven PTV definitions precisely compensating the
setup uncertainties encountered [e.g. 1,2]. With these advances
GTV and PTV can be tailored to individual patients. Incongruously,
the CTV is still defined using non-individualized population-based
empirical margins for all tumors of a given type in a given anatom-
ical location. Moreover these margins are based on a few, mostly
outdated studies, not utilizing modern pathological analysis tech-
niques and unable to align and correlate findings with current
medical imaging. This lack of knowledge may lead to excessive tox-
icity via overly generous margins, or to underestimation of the true
extent of disease and likely recurrence. Modern RT delivery options
stand to add another layer of complexity to this matter. Particle
therapy, characterized by its steep dose fall-off distal to the Bragg
peak, will offer less tolerance to underestimation of the target
extent, while adaptive highly conformal strategies will need to
consider the possibility of sub-clinical and gross disease evolving
differently.

This review focuses on solid tumor types in which (adaptive)
radio(chemo)therapy (using photons or particles) frequently is
the only or the neoadjuvant treatment modality, and in which ret-
rospective data on CTV have been published and can also be
prospectively gathered. It covers series assessing the ME on a
histopathological basis and publications on recurrence patterns.
These two fields of study attempt to refine the CTV from opposing
yet complementary viewpoints. The former directly probes the
underlying pathology necessitating a CTV and is the best source
of information for its design. The latter, more inclusive, approach
can test the adequacy of CTV definition in clinical practice and also
serves to evaluate its importance relative to other current con-
cerns. The review concludes with a discussion including recom-
mendations for future research.

Pathological measurement of microscopic tumor extension

This section describes the available literature covering mea-
surements of ME in various solid tumors. Given its inherent invis-
ibility in clinical imaging, ME can only be directly assessed in
resection specimen. Aided by pathologists, researchers from the
disciplines of surgery and radiooncology have hence performed
investigations of this type in order to determine margin widths
around the GTV, which encapsulate ME in a certain percentage of
patients.

The general procedure of these investigations is fairly universal.
Resection specimen undergo the standard histological processing

yielding stained microscopic slides. Gross tumor is delineated
either on these slides or on co-registered photographs of macro-
scopic thick slices taken after fixation. In either case delineation
is usually performed without magnification. Conversely, ME is
delineated under the microscope and identified as small tumor
islets.

In order to be useful for RT planning, measurements on resec-
tion specimen must be translated to the in-situ tissue geometry.
Depending on the tumor site this can represent an immense chal-
lenge, since deformations occur both upon removal of the tissue, as
well as during the subsequent histological processing. A particular
focus of this section will thus be to examine the way in which var-
ious groups have tried to ensure a geometric correspondence
between the two states.

The following subsections discuss ME measurements around
primary tumors originating in the lung, head-and-neck region, or
esophagus. A summary of the spatial information contained in
the reviewed literature is provided in Fig. 1. An overview of ME
of nodal targets as well as other tumor entities can be found in a
comprehensive review by Moghaddasi et al. [3].

Non-small cell lung cancer

There is a comparative wealth of histopathological studies con-
cerned with non-small cell lung cancer (NSCLC) and its ME. Con-
centrating on the most modern research, a total of six analyses
were available for this review. Most of them focus on the distribu-
tion of maximal ME, i.e., the distance from the gross tumor edge to
the farthest instance of ME detected in the whole specimen. Many
studies investigate the influence of some property of the lesion on
the extent of ME. Two of those were considered in more than one
publication, namely the histological type and grade.

Kara et al. [4] analyzed 70 specimen obtained through various
lung resection techniques. Their focus lay in examining tumor infil-
tration along the bronchial wall, in particular in the proximal direc-
tion. Fresh specimen were sectioned at predetermined distances
from the gross tumor to yield transverse slices of the bronchus
concerned. This allowed for quantification of the ME distance
unencumbered by deformations suffered as a consequence of his-
tological processing, albeit at a rather coarse resolution of 5 mm
in most cases. Thirty-four specimen exhibited ME, with half of
the observed instances directly abutting the gross tumor. Squa-
mous cell carcinoma (SCC) had a higher likelihood than adenocar-
cinoma (ADC) of any ME being present, while in specimen positive
for ME its extent was higher in ADC than SCC. The 86th and 93rd
percentile of the inclusive ME distribution were located at
10 mm and 15 mm, respectively.

Giraud et al. [5] studied ME in 42 pneumonectomy and lobec-
tomy specimen representing various stages of ADC and SCC. Tissue
deformation was controlled by first gently inflating the specimen
with the fixation agent and then selecting only those slides for
analysis, which appeared well-insufflated (i.e. not exhibiting col-
lapse of alveolar structures). The analysis revealed a significant dif-
ference in the extension distances for SCC and ADC, the respective
mean measurements being 1.5+2.4 mm and 2.7 £+ 2.8 mm. The
authors further report that the necessary margins required to
encompass 95% of ME are 6 mm and 8 mm, respectively. These fig-
ures should be interpreted with caution, however, since this is one
of the few studies reporting the ME measurements for each indi-
vidual slide, not just the maximum value per patient. The quoted
widths therefore apply to margins suitable to capture ME in a frac-
tion of all histological slides. Without knowledge of how these
slides are distributed among patients one cannot necessarily con-
clude that the suggested margins would cover all ME for said per-
centage of patients.
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Fig. 1. Graphical overview of microscopic extension summary statistics meant to encourage a broad assessment of compatibility between the various studies. Values for each
sample are marked as colored lines (yellow: mean and standard deviation; green: named percentile) on a 50 mm scale with 5 mm sub-divisions. Green numbers above lines
indicate the percentile whose value is reported. Values were taken directly from the source texts if available (solid lines). Otherwise values were estimated from tables and
graphs (dotted lines). If extension data was grouped into bins, their upper edges were used for calculation in the latter case, e.g. if five instances of infiltration were observed
at distances of 10-15 mm, an extension distance of 15 mm was assigned to all five cases. Tumor sites are demarcated by colored panels and labeled at the top of each panel.
More lightly tinted panels of the same primary color indicate stratification by attributes listed on the sides, while the stratum each sample belongs to is given directly above
its scale. Darker shades of the primary color signify results for un-stratified samples. Individual studies are identified by tabs on the upper (first author) and lower (reference
number) edge of a lighter shape surrounding the scales and linking them across different stratifications. Measurements are generally reported for the entire cohort (i.e.
including extension-negative samples) and the sample size is given underneath each scale. Abbreviations: ADC, adenocarcinoma; SCC, squamous cell carcinoma; NSCLC, non-
small cell lung cancer; HNSCC, head-and-neck SCC; SUP, superior; INF, inferior; MED, medial; LAT, lateral; G, histological grade. Notes: *Results are plotted for extension
positive samples only and the positive ratio is given underneath; §Excludes measurements from one outlying patient. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

Li et al. [6] reported on the analysis of ME in 43 resection spec-
imen. Despite its full-text only being available in Chinese, this
investigation has received many citations in the English literature.
The abstract lists significantly different mean values of ME distance
for ADC (2.2 mm) and SCC (1.3 mm), confirming the observation
made by Giraud et al. [5]. The authors recommend respective mar-
gins of 7 mm and 5 mm to cover ME in 95% of cases.

Grills et al. [7] performed a study of 35 pTINOMO ADC specimen
obtained either by wedge resection or by completion lobectomy.
No deformation correction was performed, with the authors argu-
ing that the peripheral lesion sites meant that there was little lung
parenchyma, which could have been re-expanded, and, moreover,
little deformations due to fixation were expected as a result of
the sparsity of myofibroblastic cells and smooth muscle in the
specimen. The average maximal extension distance measured for
the whole sample was 7.2 £ 3.1 mm. Special attention was paid
to recording the amount of tissue along the tumor radius exhibit-
ing a so-called lepidic growth pattern. This histomorphological
trait entails infiltration purely along pre-existing alveolar struc-
tures, devoid of desmoplasia and causing very little inflammation
[8]. It is characteristic of a range of ADC precursor lesions, which
until 2011 were subsumed under the term bronchiolo-alveolar car-
cinoma (BAC), but have since been re-classified into five different
entities [9]. Grills et al. [7] found a relationship of the percentage
of BAC involvement with ME, greater involvement being associated
with farther extension. Quantitatively this relationship is reported
in terms of histologic grade. More highly differentiated specimen

showed significantly higher percentages of BAC involvement and
hence also larger mean maximal extension distances. The mea-
surements for grades 1, 2, and 3 were 10.1+2.1 mm,
7.0 £2.2 mm, and 3.5 £ 0.8 mm, respectively.

Meng et al. [10] examined specimen from 39 patients with the
ultimate aim of finding correlations between the ME distance and
quantitative ['®F]fluorodeoxyglucose (FDG)-PET imaging features.
All but one specimen exhibited ME, and the overall mean maximal
extension distance was 3.4 + 2.8 mm. They analyzed both ADC and
SCC, but found no significant difference in the spread of ME
between the two samples, their respective mean maximal ME mea-
surements being 3.8 + 3.0 mm and 2.9 + 2.6 mm. No attempt was
made to correct for tissue deformations, while the authors do
acknowledge that they observed shrinkage due to fixation by
around 18% in a similar study [11]. A significant difference was
revealed when the influence of histologic grade was examined,
with more highly differentiated tumors showing smaller maxi-
mum extension distances on average for either histological type.
The  corresponding  measurements were 0.90.7 mm,
2.6 £ 0.7 mm, and 6.3 + 2.9 mm, for grades 1, 2, and 3, respectively,
including both histologic types. This stands in stark contrast to the
findings of Grills et al. [7] who reported an inverse relationship for
their sample of peripheral low-stage ADC. Finally the authors dis-
cuss the predictive power of two FDG-PET features, namely maxi-
mum standardized uptake value (SUVmax) and metabolic tumor
volume (delineated using an SUV threshold of 2.5), which were
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both shown to be positively and significantly correlated with ME
distance.

Van Loon et al. [12] reported an analysis of 34 lobectomy spec-
imen of varying histologic type and location, ultimately trying to
develop a prediction model for the presence of ME based on quan-
titative imaging parameters. The investigation utilizes a careful
procedure for re-establishing the in vivo configuration of the spec-
imen developed by Stroom et al. [13] and combines it with a two-
step registration sequence to establish correspondence between
pre-treatment imaging and macroscopic photographs of the sliced
specimen. This procedure was reported upon separately by Sied-
schlag et al. [14] who also quantified the magnitude of lung tissue
deformations. The somewhat disturbing conclusion was that
uncorrected measurements of this type might underestimate the
true extent of ME by a factor of 1.6. Van Loon et al. [12] observed
ME in half of the specimen studied, distributed such that a margin
of 26 mm would be required to cover ME in 90% of the entire
cohort (including ME negative specimen). As for the prediction
model, they identified two parameters, which were significantly
associated with the presence of ME in a multivariate logistic
regression: the GTV on CT and the mean Hounsfield unit measured
across the GTV.

The above studies agree encouragingly well in some regards,
especially as far as the influence of histologic type is concerned,
while no clear picture emerges as to the effect of histologic grade.
Worryingly, the study employing the most elaborate geometric
corrections reports the largest extension distances.

Head-and-neck cancer

While there are a fair number of studies concerned with map-
ping the likelihood of regional lymphatic infiltration, literature
on the subclinical extent of primary head-and-neck squamous cell
carcinoma (HNSCC) is relatively sparse. This site tends to suffer less
from tissue deformations due to the rigidity of the cartilage struc-
tures. A very detailed procedure for controlling and correcting such
deformations has been presented by Caldas-Magalhaes et al. [15],
but so far not used to quantify ME.

Hiroto et al. [16] analyzed 29 pharyngolaryngoesophagectomy
specimen. The collective longitudinal spread of all lesions ranged
from the epiglottis to the sixth tracheal cartilage, while tumor
was present at the height of the cricoid in all specimen. Circumfer-
ential involvement of the mucosal layer, as well as infiltration into
the innermost muscle layer was observed in more than 70% of
cases. At farther radii longitudinal spread was the dominant exten-
sion pattern, possibly along the various lymphatic networks in the
mucosal layers. In the 25 cases exhibiting this pattern, proximal
extension was more expansive than distal spread, with respective
mean infiltration distances of 11 mm and 5 mm.

Ho et al. [17] measured the incidence and extent of submucosal
tumor spread in 57 hypopharyngeal SCC specimen. In order to limit
tissue deformations, fresh specimen were pinned onto boards prior
to fixation. ME was identified under a microscope and its distance
measured both laterally and longitudinally from the ulcer edge.
While the lateral measurements were performed directly on the
slide, the longitudinal distance was inferred from the number of
slides separating the tumor edge from the ME and thus limited
in resolution by the section thickness of 3-5 mm. ME was identi-
fied in 33 specimen (58%) with directional incidences of 16% and
28% for the superior and inferior directions, and 37% and 26% for
the medial and lateral directions, respectively. Excluding measure-
ments for one outlying specimen which showed extended lym-
phatic spread, the maximal extents in each direction were
10 mm (superior), 20 mm (inferior), 25 mm (medial), and 20 mm
(lateral).

Campbell et al. [18] performed a study of 10 pT1-T3 SCC speci-
men of the tongue. Tissue deformations were measured and cor-
rected by encasing the specimen in agarose prior to fixation.
Since shrinkage due to fixation is mostly confined to the specimen
itself, the resulting deviation of the specimen contour from that of
the agarose can be used to derive a suitable deformable registra-
tion to establish correspondence between the two geometries.
ME was observed in half of the analyzed histologic slides, with
most instances directly abutting the GTV and only around a quarter
being separated from it. The 50th, 95th, and 99th percentiles of the
distribution of extension distances were 1.0 mm, 4.0 mm, and
4.8 mm, respectively.

While limited in number, the above results hint at quite differ-
ent distributions of ME for different sites within the field of HNSCC.

Esophageal cancer

Numerous studies have assessed ME of esophageal tumors,
mostly in order to define safe longitudinal resection margins. The
four publications reviewed below provide more detail of the spatial
distribution of ME around the primary tumor, with two specifically
setting out to determine adequate CTV margins. Three of these
studies solely assessed SCC, whereas the fourth analysis also
included ADC of the gastro-esophageal junction. Esophageal spec-
imen exhibit pronounced shrinkage from their in-situ size. In an
analysis of 55 specimen Siu et al. [19] found a shortening of the dis-
tal and proximal resection margins to around a third, while tumors
retained 90% of their original length. Attempts at mitigation range
from stretching the specimen to its in-situ length and pinning it to
a board to simply correcting measurements by a shrinkage factor
determined for the specimen as a whole.

Tsutsui et al. [20] reported on the analysis of 303 patients with
pT1-4 SCC located in all three sections of the esophagus. The
authors observed ME proximal and distal to the tumor in 187
and 175 cases, respectively, and found 94% and 83% of those lesions
to lie within 30 mm of the tumor edge. Concerning intra-epithelial
ME, the investigators differentiated between contiguous and iso-
lated cases and found their maximal extent to be 30 mm and
120 mm, respectively. The maximal distance for subepithelial
extension was 106 mm, and that for spread along lymphatic or vas-
cular pathways 79 mm. Noteworthily, this is the only study per-
mitting neoadjuvant radio(chemo)therapy. In most neoadjuvantly
treated patients, however, a complete tumor response or reepithe-
lization was found such that an adequate evaluation of the ME was
not possible.

Lam et al. [21] analyzed 96 patients with pT1-4 SCC destroying
the basement membrane or primarily growing subepithelially with
known accessory lesions. They identified ME in 25 specimen and
measured extension distances of 34 +22 mm (range: 5-77 mm)
proximally and 40+ 34 mm (range: 5-95 mm) distally for this
group.

Gao et al. [22] published the first prospective study explicitly
seeking to define CTV margins. Sixty-six patients with pT1-4 eso-
phageal SCC or ADC of the gastro-esophageal junction were
included. SCC showed respective mean ME distances of
10.5+13.5mm and 10.6 £8.1 mm, for the proximal and distal
directions, with 94.1% and 97% of all lesions located within the first
30 mm. For ADC these measurements are stated as 10.3 + 7.2 mm
proximally and 18.3 £ 16.3 mm distally. Remarkably, all instances
of proximal ME were found within 3 cm of the primary tumor
while a 5 cm margin around it would only have covered 93.8% of
distal extensions. The authors conclude that the CTV margin
should be 3 cm in both directions for SCC, and 3 cm proximally
and 5 cm distally for ADC.

Song et al. [23] analyzed 64 pT2-3 SCC specimen. Subepithelial,
intraepithelial and dysplastic lesions were considered ME and their
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incidence recorded in successive 1cm bands around the main
lesion. A significant reduction of incidence with increasing distance
was revealed. Within the first centimeter, 53.1% (proximal) and
32.8% (distal) of all cases exhibited ME, while only 3.6% (either
direction) did so at distances of 3-4 cm. The authors conclude by
recommending CTV margins extending 3 cm proximally and 4 cm
distally from the GTV to cover 95% of all lesions.

The limited number of high-quality publications have thus far
only investigated the effect of histological subtype and location.
No correlations with other tumor characteristics have been
published.

Recurrence analysis after definite radio(chemo)therapy

Tumor recurrence is affected by the entire spectrum of treat-
ment decisions, such that its investigation offers the most thor-
ough and realistic test of geometric and dosimetric treatment
adequacy. This also makes it difficult to assess the influence of
any particular aspect in isolation. As far as the CTV is concerned

the most that can usually be ascertained is if the CTV definition
within a particular treatment regimen is sufficient or not, unless
studies were specifically designed to be sensitive to this aspect.
One must also be very cautious when drawing general conclusions
from these results, since they cannot easily be transferred to other
treatment strategies (e.g. irradiation technique, chemotherapy).
Most of the reviewed studies retrospectively analyze the imag-
ing data acquired at the time when recurrence was identified and
try to relate its location back to the original planning volumes or
dose distribution. In order to do so, some form of deformable image
registration has to be applied. Recurrences can then be classified as
in-field (IF), marginal (MA), or out-of-field (OF) with reference to
either the target volumes or dose distribution. Two varieties of
the geometric approach are employed in the literature. Classifica-
tion is either based on the fraction of the recurrence volume over-
lapping with the target volumes, or the distance between the likely
point of origin (nidus, center of mass) of the recurrence and the
target volume boundary. The former approach has a tendency to
assign recurrences to more peripheral locations as they grow,

Table 1
Summary of recurrence analyses after definite radio(chemo)therapy for head-and-neck squamous cell carcinoma and lung cancer.
Reference  Site Target volume construction Dose [Gy] Cohort Recurrences
Technique Follow-up* Methodology Type IF MA OF
Dandekar ~ HNSCC CTV-HD (GTVp + 5-10mm) + GTVn 70 114 total dosimetric local 12 0 0
et al. CTV-ID  some LNL 59 18  recurred regional 10 0
[28] CTV-LD  some uninvolved LNL 54 median  29* months
PTV CTV + 3-5mm IMRT (HT)
Due HNSCC CTV-HD GTV + 10mm 66 or 68 520 total center of mass 47 0 1
et al. CTV-ID CTV-HD 4 2mm + HR LNL 60 304 responsive
[29] CTV-LD CTV-ID + 2mm + LR LNL 50 100  recurred
IMRT 39 analyzed
median 17 months
Bayman HNSCC CTV-HD (GTVp + 10mm + compartment) 70 136 total dosimetric local 4 1
et al. non-naso- + involved LNL 120  responsive regional 1 0
[31] pharyngeal CTV-ID  some uninvolved LNL 63 7 recurred
CTV-LD some uninvolved LNL 57 median 31 months
PTV CTV + 4mm IMRT
Ferreira HNSCC CTV-HD GTVp + large adenopathies 59-70 367 total target volume  local 1 12 8
et al. CTV-ID EORTC consensus guidelines 50-59 22 recurred regional 1 6
[33] 3D-CRT mean 17 months  center of mass local 11 1 of
IMRT regional 3 4
dosimetric local 10 3 8
regional 2 5
De Felice HNSCC CTV-HD (GTVp + 10 mm + compartment) 65 653 total dosimetric local 33 0o 2
et al. + (GTVn + 10mm) 56 analyzed regional 32 0 1
[34] CTV-LD EORTC consensus guidelines 54 median 14 months
PTV CTV + 4mm IMRT
Liang NSCLC CTV = GTV + 6 or 8mm 50 total, 16 rec. location rela- local 15 1 0
two arms: 54-63 _—
et al. CTV = GTV without expansion 55 total, 18 rec. tive to PTV local 17 1 0
[25] PTV ITV(3-15mm) + 5mm IMRT margin
Kilburn NSCLC CTV  GTV without expansion 45-74 110 total location rela- local 12 0 2
et al. SCLC PTV ITV + 5mm 3D-CRT 20  recurred tive to PTV regional 2 2
[27] IMRT margin

Abbreviations: HNSCC, head-and-neck squamous cell carcinoma; (N)SCLC, (non-)small cell lung cancer; GTV(p/n), (primary/nodal) Gross Tumor Volume; (C/I/P)TV,
(Clinical/Internal /Planning) Target Volume; (H/1/L)D, (high/intermediate/low)-dose; (H/L)R, (high/low)-risk; LN(L), lymph node (level); RT, radiotherapy; 3D-CRT, three-
dimensional conformal RT; IMRT, intensity-modulated RT; HT, helical tomotherapy; IF, in-field; MA, marginal; OF, out-of-field.

Notes: *Follow-up times are stated for the entire cohort, apart from the marked instance, where the period for survivors is quoted instead; 'Eight recurrences were consistently
classified as OF, while the center of mass method assigned an additional local recurrence to this category.
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while the latter assumes an isotropic growth of the recurrence,
which is unrealistic in some scenarios [24]. Classification by the
dosimetric route is based on the overlap of the recurrence volume
with some planned isodose (typically at 95% of the prescribed
dose).

This section covers recurrence analyses on NSCLC and HNSCC
only, since the preferred treatment modality for esophageal cancer
is neoadjuvant radiochemotherapy followed by surgery, such that
their respective influences cannot be disentangled. A summary of
study parameters and results is provided in Table 1.

Non-small cell lung cancer

Liang et al. [25] studied 105 patients with stage III NSCLC, who
underwent radio(chemo)therapy either with (50) or without (55) a
CTV margin as suggested by Giraud et al. [5]. Roughly a third of
either group suffered local relapse, which was mostly confined
within the PTV. MA recurrences were observed for one patient in
each group. Most comparisons of treatment outcome in the two
groups did not reveal any significant differences, the only excep-
tion being the incidence and grade of radiation-induced pneumoni-
tis, which was higher in the with-CTV arm. An earlier study [26]
had already revealed similarly low rates of MA recurrence in small
cell lung cancer. Ultimately the authors suggest foregoing the CTV
altogether either to allow for isotoxic dose escalation, or to reduce
the incidence of pneumonitis.

Kilburn et al. [27] reviewed 110 cases of various cancers of the
lung treated with either three-dimensional conformal RT (3D-CRT)
or intensity-modulated RT (IMRT). Common to both irradiation
techniques was the omission of a CTV during planning. The 4D-
PET/CT-based GTVs were first transformed into an internal target
volume (ITV) and then expanded by 5mm to form the PTV.
Twenty-two recurrence volumes were identified in 20 patients.
Recurrences were classified by their location (whose exact deter-
mination is not specified) to either have occurred inside the PTV
(IF), away from it (OF), or within a 10 mm margin around it
(MA). This latter assignment represents recurrences, which might
have been encompassed by a CTV margin of 10 mm. Only two such
recurrences were identified, both adjacent to a nodal target, while
the predominant mode of failure was IF. The relative lack of MA
recurrences is attributed to the use of FDG-PET in the majority of
cases and daily cone beam imaging for setup verification. The
authors conclude by arguing that the omission of larger margins
seems feasible and abandoning the CTV as a whole might be justi-
fied in order to improve the therapeutic ratio.

Head-and-neck cancer

The treatments analyzed by the following studies employed a
two- or three-tiered dose painting strategy. CTV delineation prac-
tices differed in the method of expanding the GTV (volumetric or
anatomic) and the assignment of lymphatic regions to high-,
intermediate- or low-dose target volumes (Table 1). A particular
interest of many studies is to determine whether the advent of
IMRT with dose gradients steeper than those achieved with 3D-
CRT has caused an increase in MA failures, which would indicate
that clinical margins are too narrow.

Dandekar et al. [28] studied recurrences in 114 HNSCC patients
treated with helical tomotherapy. Twenty-two recurrences were
observed in 18 patients, twelve of them local and ten regional.
All were classified as IF using the requirement that at least half
of the recurrence volume was contained within the planned 95%
isodose. In light of these and similar findings, the authors suggest
that “only a minimal (if any) CTV margin is required beyond a care-
fully contoured GTV”.

Due et al. [29] analyzed recurrences after 520 IMRT treatments
of HNSCC. Out of the 304 patients who initially achieved complete
response, 69 suffered loco-regional recurrences. Thirty-nine cases
comprising 48 recurrence volumes were available for analysis.
Using a center of mass method all but one recurrence were identi-
fied as IF, the other OF. Additionally the investigators calculated
the spatial density of recurrences for the entire cohort and differ-
ent volumes. Using FDG-PET-based regions of interest, constructed
as iso-SUV contours relative to SUVmax, they found that the cho-
sen SUV percentage was significantly and positively correlated
with recurrence density, suggesting that such a feature could be
used for dose-redistribution [30].

Bayman et al. [31] analyzed treatment outcomes in a cohort of
136 patients who underwent IMRT for various non-
nasopharyngeal HNSCC. Among the 120 patients who initially
experienced complete response, seven recurrences were diagnosed
and - based on the fraction of the recurrence volume (deformably
registered to the planning CT) covered by the 95% isodose - classi-
fied as IF (5), MA (1), and OF (1). The authors compared their
results to an earlier study performed at their institute with 3D-
CRT, which gave comparable rates of MA and OF recurrences
[32], and conclude that IMRT has not lead to significant under-
treatment in the margins and IF recurrences remain the major
cause of failure.

Ferreira et al. [33] investigated recurrences in various HNSCC.
The investigation utilized data from 367 patients, treated both def-
initely and adjuvantly, and with both 3D-CRT and various types of
IMRT, including adaptive therapy in 22 patients. A special focus of
the analysis was to determine the level of agreement between the
three common methods of classifying recurrences. Overall the
authors observed 13 local, 7 regional and 8 distant recurrences,
the latter of which were rated OF by all three classification meth-
ods. There was a disparity between the classifications of IF and MA
recurrences, with the center of mass and dosimetric methods lar-
gely agreeing. The method based on the overlap between the
recurrence volume and the CTV had a tendency to identify recur-
rences as MA, the trend being more marked for local recurrences.
The 13 recurrences of this type were classified as 11 IF, 1 MA,
and 1 OF by the center of mass method. While this is broadly com-
patible with the dosimetric assignment of 10 IF and 3 MA, it differs
extensively from the classification relative to the CTV, which
yielded 1 IF and 12 MA.

De Felice et al. [34] reviewed a large cohort of 653 HNSCC trea-
ted with RT. Among the patients who underwent primary IMRT, 56
suffered recurrences, which were predominantly classified as IF by
a dosimetric method. Out of 68 recurrence volumes (35 local, 33
regional) none were classified MA and three as OF (2 local, 1 regio-
nal). The treatments reviewed used both a volumetric, as well as an
anatomic expansion to derive the primary CTV. Given the results,
the authors tentatively argue that the high percentage of IF recur-
rences indicate that anatomic expansion could be foregone pro-
vided a sufficient volumetric margin (10 mm) is used to define
the CTV.

Discussion and outlook

This review summarizes relevant and well-documented find-
ings on microscopic tumor extension measured in resection speci-
men and recurrence patterns after RT with variously defined CTVs,
including deliberate omission of the CTV margin.

Regarding the first, some important limitations became appar-
ent, with geometric concerns most widely acknowledged. The con-
fidence with which ME measurements can be translated into CTV
margin recommendations is limited by tissue deformations, as well
as the incongruence of the GTV in vivo and in imaging.
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A second limitation arises from the nature of the specimen
available for study. Since they are mostly obtained through pri-
mary resection, they might not be representative of the spectrum
of disease primarily treated with RT. This also precludes assess-
ments of the influence of neoadjuvant radio(chemo)therapy on
the distribution of ME, which are vital for CTV design in the adap-
tive setting. Tumors, for which a tri-modality approach is state-of-
the-art, e.g., esophagus or rectum, are the most appealing candi-
dates for study in this regard.

An issue rarely commented upon is sensitivity. Sparse sampling
of the specimen and a lack of sensitivity to single cell migration
both restrict the efficiency with which ME can be detected. These
investigations are a very laborious endeavor and complete histo-
logic sampling is unfeasible, but an estimate of the detection effi-
ciency should be obtained and propagated to the results.
Histologic tumor markers might improve the sensitivity to smaller
clusters of infiltrating cells.

Lastly, only the influence of rather basic tumor characteristics
on ME has been analyzed. With the emergence of biomarkers for
individualized radiotherapy, several other characteristics, e.g., can-
cer stem cell density, immune infiltrate, or tumor cell hypoxia [e.g.
35-37] should be thoroughly investigated. While current imaging
techniques lack the sensitivity or spatial resolution to register
ME, quantitative image features [e.g. 38| of the primary tumor
could be valuable prognosticators for it. Some such features were
indeed identified [10,12], while others failed to reach significance.
This problem can mostly be overcome with larger cohorts, but it
would also be desirable to try and alleviate it with pooled analyses
of the existing data, since such efforts would oblige investigators to
tackle the issues noted above in a harmonized fashion.

Multi-centric analyses might also serve to explain the few dis-
crepant results reported, which diminish the confidence with
which margin suggestions derived from these data can be adopted
in clinical practice. At present a tentative agreement can only be
seen among some studies investigating ME in NSCLC, especially
when contrasting its two major histological types, but this agree-
ment must not be overstated in light of the aforementioned
geometric uncertainties. The contradictory results reported in
sub-analyses of different histological grades of NSCLC hint at as
yet poorly understood influences on ME, which require urgent
clarification.

A more detailed understanding of the spatial distribution of
clonogenic cells could aid treatment planning beyond the provision
of adequate margin widths. Since cell density decreases towards
the target edge, the dose delivered to these regions can also be
reduced without relinquishing tumor control. This can, in turn,
facilitate normal tissue sparing or central isotoxic dose escalation.
A number of modeling studies have shown the feasibility of this
[e.g. 39,40], but efforts are hampered by the lack of data on which
to optimize dose distributions.

Existing data has been used to show that control of sub-clinical
disease is partly accomplished by generous setup margins and the
comparatively large volumes receiving low doses with current
intensity-modulated techniques [e.g. 7,41,42]. The reduction in
PTV margins afforded by image guidance and the steeper dose
fall-off inherent to particle therapy might respectively limit these
beneficial aspects.

The reported studies on recurrence patterns have consistently
identified the GTV as the dominant site of failure, some suggesting
the omission of a CTV expansion in favor of isotoxic dose escala-
tion. By the argument above such proposals should be regarded
with caution when transitioning to more advanced techniques,
and recurrence patterns need to be continually monitored.

The difficulty in locating the origin of recurrence represents a
major source of uncertainty. Coupled with the fact that all studies
required complete radiographic response, it does, however,
demonstrate that there is some distribution of sub-clinical disease
during and after treatment. Only recently, a study on treatment
failure after adaptive IMRT in advanced stage NSCLC patients has
been published [43]. The particular adaptation strategy did not
react to shrinkage of the GTV and the criterion for margin failures
was rather broad, such that several questions are left open: e.g,, 1)
whether the initial uniform CTV margin is still appropriate when
treatment is adapted to reduced GTV size, 2) whether this holds
true for different primary tumors, and 3) whether daily online
patient setup is a pre-requisite for treatment adaptation. It is
therefore crucial to treat patients undergoing adaptive protocols
in the context of a prospective registration trial.

These remarks also, and in particular, hold true for particle
beam irradiation. In order to thoroughly assess treatment outcome,
therapy-related toxicity, and the reason for potential tumor recur-
rence, all patients undergoing proton or ion radio(chemo)therapy
should be included in clinical studies which, among other assess-
ments, produce thorough imaging-based follow-up.

After immense improvements in GTV definition and the deriva-
tion of institution-dependent PTV margins, the CTV is now the
least well-understood piece of the target volume concept. This
should give pause to those hastening to reduce CTV margins and
serve as motivation to improve the way in which the CTV is defined
and treated.
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