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Abstract
Purpose. To monitor the contrast enhancement in spontaneous canine tumors during fractionated radiotherapy by Dynamic
Contrast Enhanced Magnetic Resonance Imaging (DCEMRI). Methods and material. Six dogs with tumors in the oral or
nasal cavity received fractionated conformal radiotherapy with 54 Gy given in 18 fractions. T1 weighted DCE imaging was
performed prior to each treatment fraction. The tumor was manually delineated in the MR images following every imaging
session, and the time dependence of the Relative Signal Intensity (RSI) in the tumor was extracted voxel by voxel. RSI
images at the time of maximum enhancement were generated, in addition to images of the initial slope of the RSI curves.
The dependence of the median RSI and median slope in the tumor on the accumulated radiation dose was investigated, and
images obtained at different treatment fraction were compared by correlation analysis. Results. Five of the six tumors
regressed during treatment. The dose dependence of the RSI varied between the tumors, with some showing an increase and
others a decrease in RSI with dose. This was also the case for the initial slope of the RSI curves. The correlation between
images acquired before the first treatment fraction and subsequent fractions was in general low, and decreased significantly
with accumulated radiation dose for five of six tumors. Conclusions. Large individual variations in the dose response of tumor
contrast enhancement were found. Decreasing image correlation resulted both from tumor regression and intratumoral
changes in the RSI distribution during treatment. These findings may have consequences for treatment design in biological
image-guided radiotherapy.

With the advent of non-invasive molecular and

functional tumor imaging, there has been increasing

interest in how to exploit this information for the

benefit of individual cancer patients. Molecular

and functional imaging may be used both to improve

diagnosis and to guide the choice of therapy [1,2].

Furthermore, the response to therapy may be

monitored. Treatment may be adapted based on

this response, and candidates for salvage procedures

may be identified among the non-responders [2].

In dynamic contrast-enhanced magnetic reso-

nance imaging (DCEMRI), the tissue signal inten-

sity is studied as a function of time after injection of a

paramagnetic contrast agent. The time-intensity

curves may be analyzed descriptively, providing

parameters such as maximum signal enhancement

and the initial enhancement rate. The values of these

parameters will depend on tumor physiological

factors such as perfusion, vascular density, perme-

ability and the composition of the extracellular

extravascular space [3]. Intratumoral heterogeneity

in these factors may indicate spatial variations in

radiosensitivity. Hence, DCEMRI could potentially

be used to identify subpopulations of cells that could

be responsible for treatment failure [1].

Several studies have investigated the relationship

between DCEMRI parameters and tumor physiol-

ogy and histopathology (see Zahra et al. [3] for a
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review). In cervical carcinomas, significant positive

correlations have been found between the signal

enhancement and microvessel density [4] and med-

ian oxygen pressure (pO2) [5,6], while a negative

correlation has been found between the signal

enhancement and the proportion of readings with

pO2B5 mmHg (that is, the hypoxic fraction) [5].

Furthermore, a negative correlation has been found

between the initial enhancement rate and the hy-

poxic fraction [5]. In breast cancers, the signal

enhancement has been shown to correlate positively

with microvessel density and tumor grade [7], while

the initial enhancement rate correlated positively

with microvessel density [8].

The role of DCEMRI in predicting the outcome

of radiation therapy has also been investigated (see

Zahra et al. [3] for a review). Pretreatment signal

enhancement and initial enhancement rate have

been found to correlate positively with local control

for cervical carcinomas [9,10]. Also, signal enhance-

ment and mean change in enhancement after

two weeks of radiotherapy correlated positively

with local control and tumor regression [9,11].

Thus, following pre- or early treatment DCEMRI

of cervical carcinomas, a low enhancement could

reflect suboptimal vascularization, leading to hy-

poxia and radioresistance. For other treatment sites,

emphasis has often been on post treatment DCEMR

imaging. In head and neck cancers, the enhance-

ment post treatment correlated positively with

treatment failure, residual tumor cells and tumor

recurrence [12�14], while signal enhancement and

initial enhancement rate post treatment correlated

positively with treatment failure in lung cancer [15].

In biological image-guided dose escalation, images

of tumor radiosensitivity are used to guide focal

dose escalation within the tumor [16]. Novel methods

for dose delivery, together with advances in

non-invasive biological imaging are expected to im-

prove the outcome of radiation therapy for individual

patients [17]. Treatment response monitoring using

non-invasive imaging is important for assessing the

clinical value of biological image parameters, and may

have an impact on treatment design.

In the present work, we have investigated tumor

contrast agent kinetics, as described by the max-

imum signal enhancement and the initial enhance-

ment rate of the time-intensity curve obtained by

DCEMRI, in response to fractionated radiotherapy.

The implications of these results for biological

image-guided radiotherapy are discussed.

Materials and methods

Patients and treatment

Six dogs with spontaneous head and neck tumors

were enrolled in a prospective study investigating

tumor response to fractionated radiation therapy.

Patient and tumor characteristics are summarized

in Table I. All patients received fractionated radio-

therapy to a total dose of 54 Gy delivered in 18

fractions. Patients A�E were treated with 3D con-

formal radiation therapy using 5 MV photons, while

patient F was treated with 12 MeV electrons. None

of the dogs showed evidence of distant metastases

at the time of diagnosis, and treatment was given

with a curative intent. Follow-up examinations

for local recurrences were conducted at three and

six months after the completion of therapy. At the

time of euthanasia, either due to tumor relapse or

for unrelated reasons, necropsy was performed. The

study was approved by the local research committee,

and informed consent was obtained from the dogs’

owners.

Tumor imaging

DCEMRI was performed prior to start of radio-

therapy and before most treatment fractions. The

images were acquired on a 1.5 T scanner (Genesis

Signa, GE Medical Systems) using a spoiled-gradi-

ent recalled T1-weighted sequence with TR�200

ms, TE�2.9 ms, and a�808. The resulting spatial

resolution in the image plane was (0.7�0.7) mm2

Table I. Patient and tumor characteristics for the six dogs in the study. Patient age was at the start of treatment. Initial tumor size was

estimated from the MR images.

Patient ID

Patient age

(years)

Patient

breed

Patient

weight (kg)

Patient

gender

Initial tumor

size (cm3)

Tumor

histology

A 13 Golden retriever 27 F 159.5 Osteosarcoma

B 11 Belgian shepherd 25 M 77.8 Adenocarcinoma

C 7 Swedish elkhound 37 M 25.2 Squamous cell carcinoma

D 9 Mixed breed 35 M 9.7 Osteosarcoma

E 6 Shetland sheepdog 17 M 7.6 Chondrosarcoma

F 5 English springer spaniel 25 F 3.1 Acanthomatous epulis*

M�intact male, F�intact female.

*Benign, locally invasive tumor.
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for all dogs, while the slice thickness varied from

3 mm to 6 mm. The acquisition interval was 35 s.

The contrast agent was Gd-DTPA (Magnevist 469

mg/ml, Schering AG), injected as a bolus dose of

0.4 ml kg�1 body weight. The dogs were under

general anesthesia during image acquisition and

radiotherapy. Anesthesia was induced with xylazin

0.3 mg kg�1 (Narcoxyl vet 20 mg ml�1, Intervet)

and propofol 2 mg kg�1 (Recofol 10 mg ml�1,

Leiras Oy) iv and maintained with propofol 8�12 mg

kg�1 hour�1 iv.

Image analysis

For each imaging session, the tumor volume was

delineated manually in the DCEMR images and the

time dependence of the Relative Signal Intensity

(RSI) was calculated voxel by voxel. The RSI is

defined as:

RSI(t)�
SI(t) � SI(0)

SI(0)
(1)

where SI(0) and SI(t) are the signal intensities before

and at time t after contrast injection, respectively.

The initial slope of the RSI was determined by linear

regression of the first three points of the time-signal

intensity curve. The maximum RSI of the time-

intensity curve was also extracted. Consequently,

two sets of parametrical images, initial slope and

maximum RSI, were created of each tumor and

for each treatment fraction. Furthermore, using

anatomical landmarks, the images were rigidly

coregistered. The estimated accuracy of the image

registration was approximately 2 mm on average

(data not shown). The region corresponding to

the initial tumor volume could thus be identified

in subsequent images for each patient. The initial

slope and maximum RSI values were calculated

voxel by voxel in this region as well. The correlation

between the DCEMR parameters at the first treat-

ment fraction and on the subsequent treatment

fractions was calculated through the linear Pearson

correlation coefficient. All image analysis and calcu-

lations were performed in IDL v.6.2 (Research

Systems, Inc.). Statistical significance was taken

at the 0.05 level.

Results

Coronal post-contrast MR images of the tumor

location for the six patients are shown in Figure 1.

Figure 2 shows tumor size, estimated by post

contrast MRI, as a function of radiotherapy treat-

ment fraction. Significant tumor regression, ranging

from �1.4%90.5% to �3.6%90.3% per treat-

ment fraction (p50.02) occurred during treatment

for five of the six dogs (patients B�F), while a small,

significant increase in tumor volume took place

Figure 1. Coronal, post contrast T1 weighted MR images in the central plane of the tumor (arrow) for the six dogs (A�F) included in

the study.
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in patient A (p�0.04). Responses to treatment at

three months after completion of therapy and

survival times are shown in Table II. At follow-up

after three months, a substantial decrease in tumor

volume had occurred for patients B, C and E, while

a modest reduction in tumor volume had taken place

in patient D. No reduction in tumor volume had

occurred in patient F, which had a benign disease.

Four of six dogs were euthanized due to local relapse

and/or distant metastasis, with survival times ranging

from 1.5 to 14.5 months. Complete regression

occurred in one patient (C), and this patient had

no tumor regrowth at necropsy 62.5 months after

the completion of radiotherapy.

Figure 3 shows the median RSI in the tumor as

a function of time for the different treatment

fractions. After contrast injection, the RSI is in

most cases seen to increase to a plateau level, at

RSI values typically between 0.6 and 1.2. This

plateau level was generally reached within 4 minutes

after the injection of contrast agent. For patients C

and F, a noticeable contrast wash-out could be

observed after maximum enhancement. RSI was

found to increase with increasing radiation dose for

patient B, while for patients C and D, RSI decreased

with increasing dose. No consistent changes in

RSI with dose were observed for patients A, E or

F. These findings are also reflected in Figure 4,

which shows histograms of the RSI distribution in

the tumors at the time of maximum enhancement for

the different treatment fractions. A shift in the

histogram towards higher RSI values was observed

for patient B, while shifts towards lower values were

seen for patients C and D. Similar trends were seen

in corresponding histograms of the initial slope of

the time intensity curve (data not shown).

Figure 5 shows the maximum RSI and the initial

slope of the median time-intensity curve as a

function of treatment fraction for each of the

patients. First order linear regression lines are also

shown. The bars represent the range from the 20th

to the 80th percentiles and reflect the heterogeneity

in the tumor at any given treatment fraction. Both

the maximum RSI and the initial slope increased

significantly by 6.3%90.5% (pB0.001) and 4%9

1% (p�0.001) per treatment fraction, respectively,

during treatment for patient B, while these two

parameters decreased significantly by �0.5%9

0.2% (p�0.03) and �1.9%90.6 (p�0.004) per

treatment fraction, respectively, with dose for patient

C. For patient D, maximum RSI decreased signifi-

cantly by �0.6%90.2% with dose (p�0.002). No

significant changes in maximum RSI or initial slope

were observed for the other patients.

In Figure 6, the correlation between parameter

images obtained pre treatment and corresponding

images during treatment is shown. Decreasing corre-

lations, ranging from �1%90.5% to �5%91% per

treatment fraction, were seen for both parameters for

patients A, B, D, E, and F (pB0.05). No significant

change in correlation was found for patient C, but the

correlation coefficient was in general low for this

patient. This was also the case for patient F. Correla-

tions between images from one fraction and the next

one were in general higher than between the first

fraction and subsequent fractions, but correlations

remained moderate, with average correlations ran-

ging from 0.2 to 0.4 (data not shown).

Discussion

In the present study we have shown that substantial

inter- and intratumoral variations in contrast en-

hancement kinetics did occur during radiation

Figure 2. The dependence of the tumor volume on the treatment

fraction for the six dogs (A�F). First order linear regression lines

are shown.

Table II. Response to treatment. ��/(�)/�: substantial/slight/no reduction in tumor volume compared to pretreatment, respectively.

Patient ID

Tumor regression at 3 months

post therapy Survival (months) Reason for euthanasia

A NA 1.5 Local relapse and distant metastasis

B �� 14.5 Local relapse and distant metastasis

C �� 62.5 Age-related cause

D (�) 12 Local relapse

E �� 6 Local relapse

F � 41 Unrelated cause
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therapy of spontaneous canine nasal and oral

tumors. At any given treatment fraction, consider-

able variations in both maximum enhancement and

slope of the enhancement occurred within and

between tumors. Furthermore, both increased and

decreased overall signal enhancement, as well as no

changes in overall enhancement, took place during

radiotherapy.

In the present work, the confounding effect of the

interaction between a graft and a host on tumor

vascularity seen in murine models is avoided.

Furthermore, a fractionation scheme comparable

to those seen in human radiation oncology was

employed, and tumors were of a sufficient size

that biological image-guided dose escalation with

IMRT would be feasible. However, access to suitable

patients was limited, and for ethical reasons, un-

treated controls could not be included in the study.

In addition, tumor size and histology varied con-

siderably among the patients. Thus, the statistical

strength of the current study was low, and no

comprehensive conclusion can be made on the basis

of the current findings. In general, changes in

contrast enhancement characteristics may be due

to alterations in vascular supply, in capillary perme-

ability, or in cell density [3]. An absence of change in

mean contrast enhancement in the tumor (Figure 5)

does not imply that local physiological alterations

were absent. For instance, radiation induced cell loss

(increasing the leakage space, thus increasing the

enhancement) and vascular damage (reducing the

enhancement) may occur simultaneously. A detailed

study of local alterations in contrast enhancement

with accumulated radiation dose was not possible in

the current work, as tumor shrinkage was observed

in most cases (Figure 1). The image correlation

analysis (Figure 6) could potentially have revealed

local changes, but includes other contributions as

well (see below).

Previous studies investigating radiotherapy related

changes in contrast enhancement have also found

varying patterns in tumors responding to treatment.

Increased tumor enhancement during early therapy

has been found to correlate with tumor regression

[11] and to be a favorable prognostic factor for local

control [9]. However, at the completion of therapy,

patients who achieved local control had significantly

lower tumor signal enhancement than patients with

local failure [13,15]. It has been suggested that the

different correlations between signal enhancement

and treatment outcome represent different phases of

the tumor physiological response to radiotherapy

[13]. Consequently, an increase in signal intensity

during early therapy could reflect improved blood

and oxygen supply leading to increased tumor cell

radiosensitivity [9], while increased signal intensity

upon completion of therapy could indicate residual

viable areas [13]. In the present study, tumor

regression was seen to occur in tumors showing

Figure 3. The time dependence of the relative signal increase for

each of the six dogs (A�F) at different treatment fractions.

Figure 4. Histograms of the relative signal increase (at maximum

enhancement) in the tumor for each of the six dogs (A�F), for

each treatment fraction.
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both increasing and decreasing RSI and slope of

enhancement during treatment. Furthermore, for

patient B, a persistent increase in the maximum RSI

and the slope of enhancement was found throughout

treatment. However, in the present study, tumors

were of diverse histological origins, which may

explain some of the intertumoral heterogeneity in

radiation response.

In the present study, interfraction heterogeneity in

signal enhancement characteristics was quantified

using the linear correlation coefficient between

parameter images obtained at the first and subse-

quent treatment fractions. Such voxel-based correla-

tions depend on tumor shrinkage, changes in the

contrast enhancement pattern and inaccuracies in

the image matching. The correlation coefficient

was modestly increased when the images were

smoothed by a 2�2 mm median filter (roughly

corresponding to the match accuracy) prior to the

computation of the coefficient (data not shown). It is

interesting to note that for five of six tumors, the

correlation coefficient decreased with accumulated

dose (Figure 6), while less consistent changes could

be observed for the maximum RSI and the initial

slope (Figure 5). In general, the correlation coeffi-

cient between two parameter sets is not dependent

on mean parameter levels, and it is thus not

dependent on (unintended) interfraction variations

in contrast bolus size and duration of injection.

Therefore, the correlation coefficient may be more

sensitive to intratumoral changes and could, hence,

potentially be a useful predictor for treatment

response.

Ideally, if biological image-guided dose escalation

(‘‘dose painting’’) is contemplated based on DCEMR

images, the dose modifying effect of the DCEMR

parameter used to create the dose prescription map

should be known. This would require a voxel- or

regionbased correlation of the DCEMR parameter

with treatment response for a wide range of doses and

would hence not be feasible in clinical practice.

However, an empirical approach, in which the signal

enhancement pattern is correlated with treatment

outcome, could be considered. Hence, dose would be

escalated to regions showing an enhancement pattern

negatively correlated with response to treatment.

However, as this may be dependent on tumor type,

the relevant pattern should first be identified for the

tumor type in question.

Treatment planning studies on biological image-

guided dose escalation have estimated the theoretical

improvement in treatment outcome based on a

single set of pretreatment images [18�20]. Pre-

viously, we have demonstrated the potential benefits

Figure 5. The dependence of the relative signal increase (left ordinate, closed circles, at maximum enhancement) and the initial slope (right

ordinate, open triangles) on the treatment fraction for each of the six dogs (A�F).
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of repeated imaging and replanning during biologi-

cally adapted treatment [21], even when there is

no tumor regression. In the present study, we

have shown that substantial inter- and intratumoral

variations in signal enhancement patterns occurred

during radiotherapy. Furthermore, low and/or de-

creasing voxel-based correlations between pretreat-

ment images and images acquired at subsequent

treatment sessions were found (Figure 6). Here,

both radiation induced changes in contrast enhance-

ment within the tumor volume as well as tumor

shrinkage contribute to the observed changes in RSI.

Hence, if biological image-guided radiotherapy is to

be based on DCEMR images, treatment response

should be monitored during therapy and adjust-

ments made to the dose plan so as to maintain the

pre-determined treatment objectives.

In biological image-guided dose escalation, treat-

ment monitoring will be particularly important if

voxel-based dose prescriptions are employed. In this

case, the prescribed dose to each voxel is determined

by the voxel intensity in the biological image. In

contrast, compartmentalized dose prescriptions,

where regions comprised by biological voxel inten-

sity intervals are prescribed the same dose, may

prove less sensitive to inter-fractional variations in

enhancement pattern. The compartmentalized ap-

proach is also expected to be less prone to imaging

errors, but the biological conformality of the treat-

ment is reduced [22]. Consequently, the need for

frequent treatment monitoring and the wish to

obtain maximum biological conformality must be

balanced against each other.
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