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Purpose: Primary lung tumors can be visualized mostly with cone beam computed tomography (CT), whereas
visualization is much more difficult for mediastinal lymph nodes (LN). If the volumetric and positional changes
of the primary tumor could be used as a surrogate for the LN, this would facilitate image-guided radiotherapy.
The purpose of this study was to investigate the relationship between the positional and volumetric changes in pri-
mary tumors and the involved LN during (chemo)radiotherapy treatment of non-small-cell lung cancer patients.
Methods and Materials: [18F]fluorodeoxyglucose positron emission tomography/computed tomography imaging
was performed before radiotherapy and in the second week of treatment in 35 patients. Gross tumor volumes
(GTV) of the primary tumor (GTVprim) and of the involved LN (GTVlymph) were delineated. Changes in position
and volume of GTVprim with respect to GTVlymph and the bony anatomy were compared.
Results: In individual cases, large displacements up to 1.6 cm and volume changes of 50% of the primary tumor
may occur that are not correlated to the changes in involved LN. The volume of GTVprim reduced, on average, by
5.7% ± 19.0% and was not correlated with the small increase of 1.4% ± 18.2% in involved LN volume. Compared
to bony anatomy, displacement of the primary tumor was statistically correlated to the involved LN displacement.
Conclusions: Volume and position changes of the primary tumor are not always predictive for LN changes. This
suggests that for characterization of involved LN, repeated state-of-the-art mediastinal imaging during radiother-
apy may be necessary. � 2011 Elsevier Inc.

Non-small-cell lung cancer, Mediastinal lymph nodes, Volume quantification, Tumor position, Repeated imaging.
INTRODUCTION

Treatment for inoperable non-small-cell lung cancer

(NSCLC) is radiotherapy, performed mostly with either

sequential or concurrent chemotherapy. Both radiotherapy

and chemotherapy may influence the tumor volume during

the therapy (1–6). Moreover, baseline positional changes of

the primary tumor have also been described (7–9). As a con-

sequence, the radiotherapy treatment plan derived at a certain

point prior to treatment might not be optimal for these

changes in anatomy during therapy. In such a treatment

plan typically both the primary tumor and the involved lymph

nodes are irradiated (10). A shift of location between the pri-

mary tumor and the lymph nodes might affect the accuracy of

the treatment delivery and hence treatment outcome.
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The recent use of in-room volumetric imaging techniques

such as kV and MV cone-beam computed tomography (CT)

or the MV CT at the tomotherapy machine has given a vast

amount of information for the primary tumor (1–6). Volumet-

ric changes of the primary tumor of NSCLC patients are fre-

quently described. For example, Fox et al. (2) showed by

using repeated CT imaging that for NSCLC, the gross tumor

volume (GTV) reduced up to 24% and 44% after 30 and 50

Gy, respectively. Others described similar numbers for GTV

reduction during treatment (1, 3, 5, 11).

Information about the evolution of volumes and positional

changes for the lymph nodes is less well described. Pantar-

otto et al. (12) investigated the intrafraction motion of the

lymph nodes and compared the motion to that of the primary

tumor and showed that phase differences may occur.
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Bosmans et al. (4, 5) described the time trend of both volume

changes in the primary tumor and the motion of the medias-

tinal lymph nodes and showed a large heterogeneity in vol-

ume changes during the course of radiotherapy for both

primary tumor and nodal volume. However, they did not in-

vestigate the relationship between the displacement of the

primary tumor and the lymph nodes.

Most of the studies describing changes in primary tumor

volume use currently available in-room volumetric imaging

techniques at the treatment machine such as cone beam CT

imaging. These techniques, however, are less suitable for

visualization of the involved lymph nodes. Lymph node

structures are poorly visible on current in-room imaging

modalities, and assessment of volumetric or functional

changes in these structures is thus not straightforward using

these in-room imaging technologies. Therefore, we have cho-

sen to use the best diagnostic imaging method, also consid-

ered the current state of practice for performing treatment

preparation and planning: four-dimensional (4D) CT imag-

ing, preferably including [18F]fluorodeoxyglucose positron

emission tomography (FDG PET) imaging, using a PET/

CT scanner. This is the only method currently available to

accurately analyze both volume and position variations dur-

ing treatment of both the primary tumor and the lymph nodes.

During a fixed period of time, we prospectively imaged all

our lung cancer patients in the second week of treatment,

using the same diagnostic imaging procedure as used for

treatment planning: FDG-PET for functional information

combined with contrast-enhanced CT imaging. On these

scans, the tumor volumes are delineated and compared to

the planning PET/CT scan. In this report, we investigated

the relationship between volumetric and positional changes

of the primary tumor and the involved mediastinal lymph

nodes induced by (chemo-)radiotherapy during the first

week of treatment.

METHODS AND MATERIALS

Patient characteristics
We prospectively acquired 4D respiratory-correlated (RC) CT

images with a 3D FDG PET image and a 3D CT scan, using an in-

travenous contrast medium of NSCLC patients treated between Sep-

tember 2008 and December 2008 according to our clinical protocol.

Image acquisition and treatment protocol
4D CT images were acquired for all patients, using our standard

4D RC CT imaging protocol. From this 4D CT scan, the 50% exhale

phase, closely corresponding to the average position of the tumor,

was chosen for delineation and treatment planning. The other phases

of the 4D scan are currently not used in treatment planning. A 3D

FDG PET scan of the thorax as well as a 3D CT with iodine-based

IV contrast (XENETIX 300; Guerbet, Aulnay-sous-Bois, France)

was acquired after making the 4D RC CT scan. The 50% exhale

CT scan and 3D FDG-PET scan are used in the delineation process

of the tumor volume and normal tissues. Afterward, a 3D conformal

treatment plan was designed according to the clinically used dose-

escalation protocol for the specific patient. For the group receiving

no chemotherapy or induction chemotherapy, followed by radio-

therapy, a dose escalation protocol was used based on normal tissue
constraints up to 79.2 Gy with twice daily fraction sizes of 1.8 Gy

(13, 14). For patients receiving concurrent chemoradiotherapy,

a twice daily dose escalation protocol of 1.5 Gy per fraction was

used for the first 30 fractions, and afterwards, a dose escalation up

to 69 Gy, based on normal tissue toxicity, was performed in a daily

fraction size of 2.0 Gy.

In the second week of radiotherapy treatment, around the 8th day

after the start of radiotherapy, a second 18F-FDG PET/CT scan was

acquired using the same protocol as for the planning CT scan. The

patient was positioned at the CT couch using the same set-up as

that used during the planning CT scan and during treatment, using

patient immobilization devices, skin markers, and the laser lines

as reference.

The GTVs of the primary tumor and involved lymph nodes were

copied from the planning CT scan to the repeated CT scan. After-

ward, these structures were edited to represent the volumes of the re-

peated data set. Also, the lungs were delineated on the repeated data

set.
Image registration procedure
The datasets of the planning CT scan were manually registered

with those of the CT scan during treatment by using a rigid registra-

tion. Of the rigid registration, only translations were allowed to

mimic the situation on the treatment machine, where only couch

translations are possible. This visual registration was based on the

bony anatomy of the entire anatomy around the primary tumor

and the involved mediastinal lymph nodes. This registration was

performed by at least 2 persons, and the mean value of these regis-

tration values was used.
Gross tumor and lymph node volume analysis
For both the primary tumor and the involved mediastinal lymph

nodes, the volume was calculated on the planning CT scan and on

the repeated CT scan during treatment. Differences were also clas-

sified according to the chemotherapy scheme, i.e., induction chemo-

therapy followed by radiotherapy, concurrent chemoradiotherapy,

or no chemotherapy.
Gross tumor and lymph node displacements
After the registration of the planning CT scan with the CT scan

during treatment, the displacement between the GTV during plan-

ning and treatment was calculated using the coregistration matrix us-

ing the mid-points of both GTVs. The evaluation of the

displacement for the involved lymph nodes, if present, was also per-

formed.

The distance between the GTV of the primary tumor and the in-

volved lymph nodes was also calculated and compared to the dis-

tance at the repeated CT scan during treatment.

Although deformations of the primary tumor are not expected due

to breathing (15), we wanted to exclude the fact that baseline dis-

placements are influenced by a different phase in the breathing

cycle. The total lung volume of the 50% exhalation of the 4D CT

scan was compared in both CT scans as an easily used substitute

to check whether both CT scans were made during the same breath-

ing phase.
Statistical evaluation
Statistical significance for paired results was evaluated using

a Wilcoxon signed-rank test; for nonpaired results, the Mann-Whit-

ney U test was performed. Correlation between parameters was as-

sessed using linear regression, and 95% confidence intervals (CI) are
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given. Analysis was performed using SPSS software (version 15.0;

Chicago, IL). Fractional volume differences are defined as (V2 �
V1)/V1 � 100%, where V1 and V2 are the GTV volumes of the

planning and of the repeated dataset, respectively. Results are pre-

sented as mean values � 1 standard deviation. Differences are as-

sumed to be statistically significant for p values smaller than 0.05.
RESULTS

Patient characteristics
A total of 35 patients were imaged before radiotherapy and

during the second week of radiotherapy. One patient had two

primary tumors inside the lung; this patient was counted

twice in the analysis of the primary tumor statistics and

once for the lymph node involvement. In one patient, the

GTV could not be accurately delineated on the repeated

PET/CT scan and was excluded from further analysis. An

overview of patient characteristics is shown in Table 1.

The average time between the planning PET/CT scan and

the repeated PET/CT scan was 17.1 � 3.0 days (range, 11

to 24 days), the average time between first radiotherapy frac-

tion and repeated scan was 8.6 � 1.8 days (range, 6 to 13

days). The average number of fractions delivered was 13.1

� 2.7 (range, 8 to 19 fractions), with a delivered dose up to

the repeated scan of an average 20.7 � 4.8 Gy (range, 12.0

to 34.2 Gy).
Table 1. Patient characteristics

Characteristic Parameter Value

Gender Male 24
Female 10

Age (years) Mean (SD) 64.2 (9.3)
Range 45 – 81

Stage I-II 3*
IIIa 14
IIIb 16
IV 2

Chemotherapy Induction
chemotherapy

18y

Concurrent
chemotherapy

14

No chemotherapy 2
Location of

primary tumor
RUL* 15

RML 2
RLL 8

LUL* 7
LLL 2

Mediastinal
node 4

1

Lymph nodes
involved

No 9

Yes 25

Abbreviations: RUL = right upper lobe; RML = right middle lobe;
RLL = right lower lobe; LUL = left upper lobe; LLL = left lower
lobe.

* This includes the patient with two primary tumors classified as
stage Ia and IIb.
y Two patients had only 1 cycle of induction chemotherapy.
Fourteen patients had received concurrent chemoradio-

therapy, 19 patients had at least 1 cycle of induction chemo-

therapy (2 patients had only a single cycle, the other patients

had 3 cycles), and 2 patients did not have chemotherapy.

Volume primary tumor
For all analyzed primary tumors (n = 35), a statistically sig-

nificant decrease in tumor volume, from 59.8 � 56.7 cm3 to

54.9� 49.3 cm3, a reduction of 4.8� 13.4 cm3 (range,�43.0

to +17.4 cm3, p = 0.015) was observed for the planning CT

scan and the repeated CT scan, respectively. The average

fractional volume reduction was 5.7% � 19.0% (range,

�66% to +47%) over all primary tumors. For 25 patients,

a volume reduction was observed, and 9 patients showed

an increase in volume (Fig. 1.).

For the concurrent chemoradiotherapy patients (n = 15),

the volume of the primary tumor decreased, on average, by

6.2 � 17.2 cm3 (p = 0.281) from 80.0 � 69.7 cm3 to 73.8

� 60.7 cm3, the average fractional volume reduction this

group was 1.1% � 20.2% (range, �29% to 47%). For the

group of patients receiving induction chemotherapy followed

by radiotherapy (n = 18), these values were 46.0 � 42.0 cm3

to 42.4 � 35.3 cm3, (3.4 � 10.4 cm3; range, �41.0 to +11.1

cm3, p = 0.025), with an average fractional volume reduction

of 7.8% � 18.3%, ranging from �66 to +24%. Two patients

(n = 2) received no chemotherapy and showed a volume re-

duction from the planning CT scan of 30.8 and 32.9 cm3 to

the repeated CT scan of 23.6 (23%) and 26.9 (�18%) cm3,

respectively. The induction chemotherapy group showed

a larger but nonsignificant decrease in volume compared to

the concurrent chemotherapy group (p = 0.828).

Volume mediastinal lymph nodes
Over the entire patient population with involved mediasti-

nal lymph nodes (n = 25), no significant difference in lymph

node volume was observed (p = 0.670), 28.1 � 32.8 cm3 to

29.2 � 36.0 cm3 for the planning CT scan and the repeated

CT scan, respectively (Fig. 1). Sixteen patients showed a de-

crease: an increase in volume in 7 patients, and for 1 patient

the volume remained stable. Fractional volume differences

showed no significant decrease in lymph node volume

(p = 0.378; �1.4% � 18.2%, ranging from 61% to +35%).

The changes in volume from the planning to the repeated

CT scans of the primary tumor did not correlate with changes

in lymph node volume, as shown in Fig. 2. Linear regression

did not show a statistically significant difference (p = 0.581)

for the relative changes (Fig. 2) or (p = 0.154) for the absolute

changes in volume (data not shown).

Deformation primary tumor and distance to mediastinal
lymph nodes

Analysis of the total lung volume on the CT scan measured

prior to and during treatment showed no statistically signifi-

cant difference (p = 0.145), implying that the breathing

phases are approximately equal between the time points

and that no additional deformation or baseline shifts due to

breathing are expected.



Fig. 1. Frequency of the relative changes in volume of the primary tumor (GTVprim) (left panel) and the relative changes
in volume of the involved lymph nodes (GTVlymph) (right panel). Bars represent an interval of 20%, e.g., 0% represents
changes from �10% to +10%.
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The distance between the center of the primary tumor on

the planning CT scan was compared with the center on the

repeated CT scan during treatment. A mean displacement

of 5.6 � 4.0 mm was observed in a range of 0.8 mm up to

a maximum displacement of 15.8 mm. Eleven (31%) patients

showed displacements larger than 5 mm, and for 25 (74%)

patients, the displacement was greater than 3 mm. No statis-

tical difference in primary tumor displacement between the

concurrent and the induction chemotherapy group was ob-

served (p = 0.532).

No correlation of the primary tumor displacement and rel-

ative (p = 0.458) or absolute (p = 0.815) volume change of the

primary tumor was found (Fig. 3). Also, for the relative

(p = 0.358) and absolute (p = 0.461) involved lymph node,

volume changes, and lymph node displacement, no statisti-

cally significant differences were observed.
Fig. 2. Relative changes in volume of the primary tumor
(GTVprim) and the relative change in volume of the lymph nodes
(GTVlymph). The changes in GTVprim and GTVlymph were not
correlated (p = 0.581).
The position of the lymph nodes on the planning CT scan

was compared to the position of the nodes on the repeated CT

scan during treatment. For the lymph nodes grouped per pa-

tient (on average, 2.5 �1.6; range, 1 to 6 lymph nodes were

involved), a mean displacement of 4.2 � 2.5 mm (range, 1–

11 mm) was observed. For more than half (60%) of these

patients (15 out of 25), the displacement between the bony

anatomy and the involved lymph nodes was larger than 3

mm, and in 24% (6 out of 25) patients, a displacement of

more than 5 mm was observed.

The distance between the primary tumor and the average

center of the involved mediastinal lymph nodes

(GTVlymph) did not change significantly (p = 0.797) be-

tween the planning and the repeated CT scan during treat-

ment, 0.4 � 2.6 mm (range, �3.5 to +8.6 mm). Although,

again, for a single patient, a displacement of the center of

the primary tumor compared to the center of the lymph no-

des was 9 mm, caused predominantly by a large shrinkage

of the primary tumor, of which the midpoint shifted 16

mm. This large shift was partly compensated due to a dis-

placement of the center of the lymph nodes toward the cen-

ter of the primary tumor.

The displacement of the primary tumor could be related to

the displacement of the lymph nodes, although the correla-

tion was weak (Fig. 4). Linear regression showed a significant

slope parameter for the left-right direction, 0.36 mm (95% CI,

0.08 – 0.65; r2 = 0.235; p = 0.014); anteroposterior direction,

0.68 mm (95% CI, 0.47 – 0.89; r2 = 0.664; p < 0.001); and

cranial-caudal direction, 0.27 mm (95% CI = 0.02 – 0.52;

r2 = 0.182; p = 0.034). The intercept parameter was not sig-

nificant for these directions. The total displacement (length of

the 3D vector) showed a significant relationship: a slope of

0.40 (95% CI = 0.17 – 0.62; r2 = 0.365; p = 0.001) with an

intercept of 2.1 mm (CI = 0.7 – 3.6 mm, p = 0.007).

If the registration of both datasets was performed based on

the center of the primary tumor (a primary tumor matching

instead of bony anatomy), the mean displacement of the cen-

ter of the involved lymph nodes was reduced slightly. For



Fig. 3. The maximum displacement of the primary tumor GTVprim (left panel) and the lymph nodes GTVlymph (right
panel) versus the relative change in volume.
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48% (12 of 25) of the patients, the displacement of the lymph

nodes was larger than 3 mm and was more than 5 mm for

20% (5 of 25) of patients, compared to 60% (15 of 24) and

24% (6 of 24), respectively, for the bony anatomy registra-

tion. In 8 patients (32%), the distance in lymph node position
Fig. 4. Displacement of the primary tumor and involved lymph n
(upper right panel), and cranial-caudal (lower left panel) directi
shown. Linear regression has been performed, and the 95% CI
increased more than 1 mm between if the registration was

performed on the primary tumor instead of the bony anatomy,

8 patients (32%) showed a decrease in displacement of more

than 1 mm, and in 9 (36%) patients the displacement was

within 1 mm.
odes for the left-right (upper left panel), anterior-posterior
ons. In the lower right panel, the absolute displacement is
of the mean and individual predictions are also shown.
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DISCUSSION

Looking at individual patients, large displacements up to

1.6 cm for the center of the primary tumor compared to the

bony anatomy were observed. For this patient, the volume in-

creased by 24% compared to the planning CT scan, which ex-

plains that it was a tumor volume change causing this large

displacement. The displacement of the lymph nodes at the

two time points was smaller compared to that of the primary

tumor, probably due to the fact that the registration is per-

formed on the bony anatomy, which is closer to the anatom-

ical site of the lymph nodes than to the primary tumor.

Patients receiving chemotherapy prior to radiotherapy

showed a larger volume reduction than the concurrent radio-

therapy group. Although the total number of patients (n = 35)

is too small to divide the patients into subgroups for a thor-

ough statistical analysis, an estimate is shown for the magni-

tude and frequency of the expected changes.

We could not detect any significant correlations between

volume changes observed in the primary tumor and volume

changes in the lymph nodes. This implies that if one wants

to characterize changes in lymph node volume, the primary

tumor cannot be used as a surrogate. We believe that repeated

imaging using PET/CT equipment is a more accurate way of

performing volumetric image analysis for our lung cancer pa-

tient group than cone beam CT or standard noncontrast-en-

hanced CT imaging. The availability of PET imaging for

the functional imaging part of defining the tumor in case of

mediastinal involvement in the GTV and the use of intrave-

nous contrast for accurate delineation are necessary to quan-

tify the volumetric and anatomical (and with 18F-FDG or

hypoxia PET imaging even functional) changes in the patient

during (chemo)radiotherapy. For accurate quantification of

volume and shape changes, the use of repeated PET/CT im-

aging also excludes possible errors and interpretation differ-

ences introduced by cross-modality comparative studies,

such as cone-beam vs. diagnostic CT imaging. We focused

in this study on repeated imaging already performed early

on during treatment, i.e., after �20 Gy. The main reason

for this is that if changes and displacements can be quantified

in the beginning of the treatment where there is still room for

adaptation of the treatment plan. However, performing this

study with repeated PET/CT imaging later during treatment,

correlations might become statistically significant but at the

cost that adaptation or changes to the treatment plan only af-

fect the last fractions of treatment, and therefore no large ther-

apeutic gain can be achieved in the remaining fractions. If the

normal tissues allow some extra dose escalation, an addi-

tional boost of the residual tumor mass or residual high

FDG-uptake pattern could be considered as an option for im-

proving local control (3).

Displacement of the primary tumor and the involved

lymph nodes related to the bony anatomy showed a statisti-

cally significant correlation, although this correlation was

weak, as indicated by the small correlation coefficient, r2,

values that range between 0.18 to 0.66. The higher correla-

tion of a subset of cranial-caudal data points in Fig. 4 are
due to course spacing of 3 mm of the CT slices in cranial-cau-

dal direction, because the delineated structures are copied

from the planning CT scan and adapted to the anatomy in

the repeated CT scan generally resulting in the same number

of delineated slices and hence the same center of mass of the

delineated lymph nodes in the cranial-caudal direction. On

average, the lymph nodes moved less than the primary tumor

as indicated by a slope of linear regression ranging from 0.3

to 0.7.

However, if we look at the scattering of the data points,

also described by the low correlation coefficient r2, and cal-

culate the width of the 95% CI around the slope parameter

for the individual prediction, this typically ranges between

6 and 11 mm. This makes accurate prediction for the individ-

ual patient of the lymph node displacement based on the pri-

mary tumor displacement difficult. Hence, one cannot make

any reliable assumptions on the lymph nodes for the individ-

ual patient that are derived from characteristics of the primary

tumor. An approach aiming at reduction of the planning tu-

mor volume margins of the lymph nodes is not possible using

information about the primary tumor.

Whereas we have shown one has to be cautious in using

the primary tumor as a surrogate for the lymph node changes,

other adaptation strategies are available by using repeated

PET/CT imaging during treatment. In case of large volume

reduction of the primary tumor, shrinking field techniques

have been suggested to escalated dose values to the primary

tumor. (3, 16, 17). Another possibility is to boost the persis-

tently high 18F-FDG-uptake regions, as these are hypothe-

sized to be the more radio-resistant regions(18) or are even

described as the region where local recurrences occur

(19, 20). Boosting these regions might improve local control

and hence overall survival.

The current trend in image-guided radiotherapy is to im-

prove the patient setup by using a soft tissue registration ap-

proach of the primary tumor instead of the bony anatomy.

This procedure might be beneficial for the patient in whom

only the primary lung tumor is irradiated because margin re-

duction strategies can then be applied (7, 21, 22). However, if

the treatment plan also irradiates the involved mediastinal

lymph nodes, one has to be very cautious because the dis-

placement of the primary tumor might not be a surrogate

for the displacement of the lymph nodes. A situation where

the displacement of the primary tumor is opposite to the

lymph node displacement deteriorates the dose coverage of

the lymph nodes, including a higher probability of geometric

miss. Current in-room (cone beam) CT imaging might not be

suitable for characterizing the involved lymph nodes, and re-

peated state-of-the-art mediastinal PET/CT imaging during

radiotherapy is necessary.

CONCLUSIONS

Repeated PET/CT imaging is necessary to assess the vol-

ume changes in the primary tumor and the lymph nodes.

Even early during treatment, volume changes and positional

variation may occur that may be large for an individual
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patient. On a population level, no large differences are ob-

served, either in the displacement of the primary tumor or

the lymph nodes. In specific individual cases, large changes,

either in volume, up to 50%, or in position, displacement up

to 1.6 cm, of the primary tumor are observed that are not a sur-

rogate for the changes in the lymph nodes. Hence, predicting
the volumetric or positional changes of the involved lymph

nodes is not possible based on primary tumor characteristics.

This study shows that the use of image guidance procedures

based solely on the primary tumor may lead to correction

strategies that might impair the accuracy of the overall treat-

ment that includes the irradiated lymph nodes.
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