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Abstract

Purpose: To evaluate the clinical value of diffusion-weighted magnetic resonance imaging (DW-MRI) to monitor response of

primary carcinoma of the rectum to preoperative chemoradiation by measuring tumor apparent diffusion coefficient (ADC).

Materials and methods: Diffusion data of nine patients undergoing preoperative combined chemoradiation for clinical staged T3,

N0�2, M0 carcinoma of the rectum were analyzed. Diffusion-weighted echo-planar MR images were obtained prior to and at

specified intervals during chemoradiation and ADCs calculated from acquired tumor images. Results: Comparison of mean ADC

and cumulative radiation dose showed a significant decrease of mean ADC at the 2nd (P�/0.028), 3rd (P�/0.012), and 4th (P�/

0.008) weeks of treatment. Cytotoxic edema and fibrosis were considered as reasons for ADC decrease. Conclusion: This study

demonstrated tumor ADC changes via detection of therapy-induced alterations in tumor water mobility. Our results indicate that

diffusion-weighted imaging may be a valuable clinical tool to diagnose the early stage of radiation-induced fibrosis.
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Keywords: Diffusion-weighted magnetic resonance imaging; Chemoradiation; Carcinoma of the rectum; Apparent diffusion coefficient

1. Introduction

MR scanning in cancer therapy is commonly used to

determine the involvement of macroscopic structures for

tumor diagnosis and staging. Functional MRI studies

are increasingly applied to add information about

changes in tumor pathophysiology, e.g. tumor micro-

circulation before and during radiotherapy [1,2]. Mon-

itoring microscopic tumor behavior during a course of

therapy, on the other hand, is mainly dependent on

invasive methods and hence not part of clinical routine.

A non-invasive method to supply this desirable informa-

tion through the measurement of water proton mobility

in tumor tissue is diffusion-weighted magnetic resonance

imaging (DW-MRI).

By applying a pair of strong magnetic field gradient

pulses within the imaging sequence [3] imaging is

sensitized to random spin displacements of diffusing

free water molecules [4]. The apparent diffusion coeffi-

cient (ADC) can be calculated from DWI measure-
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ments. ADCs depend on the impediment to free diffu-

sion of water molecules in a single voxel [5] due to

restricting barriers such as membranes, macromolecules

and fibers inside different tissue compartments. There-

fore, diffusion-weighted MRI has been suggested as a

tool to distinguish different tissue compartments [6] and

to detect changes in cellular tissue structure, which could

be used to monitor effects of radiation in tumor tissue.

Tissue ADC is thought to be composed by mainly

independent contributions of the extracellular (ECV,

extracellular volume) and intracellular (ICV, intracellu-

lar volume) tissue compartments [7]. Due to the higher

content of relatively impermeable impeding barriers like

cell and nuclear membranes, organelles, cytoskeleton

and matrix fibers, lower ADCs were reported in the

intracellular compartment [8]. Thus, ADC changes are

thought to reflect changes of the ECV/ICV ratio,

whereby increased ICV leads ultimately to a lower

ADC.

DWI has evolved as a highly sensitive imaging

modality in the early detection of cerebral infarction.

It is based on the observation of decreased ADCs caused

by the reduced ECV/ICV ratio due to cytotoxic intra-

cellular edema [9�/11]. A reduction of intracellular

proton movement due to energy loss during ischemia

was considered as alternate explanation. Increased

capillary permeability led to an increased ECV/ICV

ratio with increased ADCs as observed in interstitial

edema [12]. The loss of membrane integrity in necrotic

tissue [13,14] changes the ratio in a similar manner.

Apoptotic cell death as therapy effect has been reported

to increase the ADC in an experimental study [15]. High

amounts of fibers are capable to reduce apparent

diffusion established by studies in muscle and white

matter of the brain [16,17]. To our knowledge, data

about the response of solid malignant tumors to

fractionated radiotherapy are still missing. At present,

studies demonstrating alterations of tumor ADCs

[15,18,19] after therapy are based on experimental

tumor models and obtained solely by pre- and post-

therapeutic DWI measurements.

The fact that the above-described mechanisms influ-

encing tissue ADC could determine tumor ADC during

therapy encouraged us to employ this technique in a

standardized, clinical, radiooncological setting. We

hypothesized that if tumor diffusion coefficients ob-

tained during therapy could be related to well-known,

radiobiological, dose-dependent radiation effects

[20,21], it might provide non-invasively obtained infor-

mation about immediate therapy-induced changes in

microscopic tissue structure. The aim of this study was

to investigate the clinical value of measuring intratu-

moral ADCs by DWI during the entire course of

combined preoperative chemoradiation in patients

with primary rectal carcinoma.

2. Materials and methods

2.1. Patient population

Between January 1999 and October 2000, nine
patients with carcinoma of the rectum participated in

this prospective study. Included in this study were all 19-

to 75-year-old patients at our institution diagnosed with

primary, histopathologically proven adenocarcinoma of

the rectum who underwent preoperative chemoradia-

tion. Only patients with cT3 and histological grade G2

were eligible (see Table 1). The selected staging/grading

combination led to the largest achievable homogeneous
patient population . Patients with other T-stages or

grades, metastatic spread, tumor invasion of the sphinc-

ter or current or prior second malignancies were

excluded. Also excluded were patients who had pre-

viously undergone chemotherapy, abdominal surgery,

or irradiation. The tumor spread (T-stage) was assessed

by intrarectal ultrasonography (US) and/or computed

tomography. Infiltration of perirectal fat was present in
all patients. The clinical and histopathologic classifica-

tion and stage grouping were in accordance with TNM

classification [22].

Each patient received combined hyperfractionated

chemoradiation preoperatively with total radiation

doses ranging between 38.3 and 44 Gy; doses of 1.1

Gy per fraction were administered twice daily. 5-

Fluorouracil (350 mg/m2) was continuously adminis-
tered via an implanted Port-A-Cath Deltec CADD-1

system (SIMS Deltec, Inc., St. Paul, MN) on each

treatment day. Radiation fields in a 3-field technique

(PA and two lateral fields [23]) included the rectal canal

and adjacent lymph nodes. Each combined chemoradia-

tion regimen started on Monday, and was interrupted

on weekends. Following 4 weeks of treatment, the

patients had a recovery interval of 2 weeks and under-
went surgery thereafter.

For each tumor, therapy outcome was censored as

‘‘response’’, if treatment resulted in down-staging from

clinical stage T3 to pathological stage pT0�/2, i.e. if the

postsurgical pathological observation revealed no inva-

sion into the perirectal fat (pT0�/2). ‘‘Non-response’’

implied persistence of perirectal invasion (pT3). Detailed

patient data are summarized in Table 1.
The study was approved by the Institutional Review

Board (University of Innsbruck). Written informed

consent was obtained from all patients.

2.2. Diffusion-weighted magnetic resonance imaging

DWI was performed using a 1.5 T whole-body

scanner (Magnetom Vision Plus; Siemens, Erlangen,
Germany) equipped with a phased-array body coil.

For this study, a single shot spin-echo type of echo-

planar sequence that provided diffusion weighting in the
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direction of slice selection was used. The corresponding
b -values to the diffusion sensitizing gradients were b�/

30, 300, 1100 s/mm2. By using sequential k -space

sampling, the effective echo time amounted to 123 ms

and the bandwidth to 1250 Hz/pixel. Images were

acquired with a matrix of 128�/128 interpolated to

256�/256 during image calculation. The measurement

contained 20 consecutive slices at slice thickness of 5

mm, a slice gap of 1 mm and a field of view of 300 mm
to cover the entire tumor extension. The acquisition time

for each individual b -value and a stack of 20 slices was 4

s.

To calculate ADC maps from the three differently

diffusion-weighted measurements, a linear regression

model was used based on the logarithm of signal

intensities as follows:

S(b)�S(0) exp(�b ADC);

where S (b) represents the signal intensity with diffusion

gradient, S (0) the signal intensity without diffusion

gradient and b the gradient factor (in s/mm2) of the

used pulse sequence, as a measure of strength of the

diffusion gradient [6]. ADC maps were calculated and

transferred to a remote PC workstation.

2.3. Imaging protocol and analysis

The initial MR imaging was performed prior to the

start of radiation therapy and was repeated at constant

intervals once weekly during the course of treatment.
Prior to mapping, patients received an intravenous

injection of 20 mg Buscopan† (Boehringer Ingelheim

KG, Ingelheim, Germany) to minimize peristaltic move-

ment.

The weekly imaging protocol included diffusion-

weighted sequences and multiplanar T1-weighted se-

quences with and without Gadolinium-DTPA

(Magnevist†, Schering, Berlin, Germany) enhancement
using a standard turbo spin-echo sequence (repetition

time/echo time, 800 ms/12 ms; turbo factor, 3; acquisi-

tion matrix, 256; field of view, 300�/350 mm; slice

thickness, 5 mm; slice gap, 1.5 mm; number of slices,
15). The total time for each study, including the

acquisition of T1-weighted images was approximately

20 min. The ADC map of the largest tumor extension

was included in further analyses. Regions of interest

(ROI) were drawn manually in the ADC maps, using the

corresponding, enhanced T1-weighted images in trans-

verse orientation to identify the tumor regions by one of

the authors (P.A.H.) who was not involved in direct
patient care and unaware of therapeutic outcome. EPI

sequences as used for DWI are prone to inherent

geometric distortions. Therefore, ROIs were not directly

copied from the T1-weighted image to the ADC map.

2.4. Statistical analysis

Statistical analysis was performed using SPSS 10.0

(SPSS, Cary, NC). Due to some deviations from a

normal distribution, nonparametric procedures were

applied. Paired comparisons were performed by using

the Wilcoxon test. Since this study aimed at identifying

trends and substantial changes, no P -value adjustments

for multiple testing were performed. The correlation
between succeeding values was evaluated by using the

Spearman’s rank correlation coefficient at a significance

level of P B/0.05.

3. Results

Diffusion data from nine patients were obtained at

five weekly measurement points. Representative T1-

weighted and diffusion-weighted images are shown in

Fig. 1; representative ADC maps during treatment are

shown in Fig. 2. Data from two (4%) measurement

points (n�/45) were excluded due to technical measure-

ment errors. No treatment had to be interrupted for

therapeutic reasons or incidence of side-effects �/Grade
2 according to the Radiation Therapy Oncology Group

and the European Organization for Research and

Treatment of Cancer [24]. Image quality of the acquired

Table 1

Patients and treatment characteristics

Patient No./age (years) Preoperative stagea Total dose at preoperative chemoradiationb (Gy) Surgical treatment Postoperative stagea

1/40 CT3N1M0 39.4 Abdominoperineal resection ypT2N1M0

2/67 CT3N0M0 39.4 Abdominoperineal resection ypT2N2M0

3/65 CT3N2M0 39.9 Abdominoperineal resection ypT2N2M0

4/47 CT3N0M0 38.3 Low anterior resection ypT0N0M0

5/59 CT3N0M0 43.6 Abdominoperineal resection ypT3N1M0

6/55 CT3N0M0 44 Abdominoperineal resection ypT3N0M0

7/55 CT3N1M0 39.4 Abdominoperineal resection ypT3N0M0

8/38 CT3N2M0 43.8 Abdominoperineal resection ypT3N0M0

9/57 CT3N0M0 39.6 Low anterior resection ypT3N0M0

a Staging according to TNM classification [14].
b Doses of 1.1 Gy were administered twice a day.
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ADC maps was sufficient to identify the tumor region in

all patients.

Mean ADC slightly increased from 0.7559/0.155�/

10�3 mm2/s (95% CI: (0.636�/0.874)�/10�3 mm2/s) to

0.7589/0.135�/10�3 mm2/s (95% CI: (0.645�/0.871)�/

10�3 mm2/s) in the 1st week. During further treatment

mean ADC decreased continuously to 0.6439/0.155�/

10�3 mm2/s (95% CI: (0.554�/0.732)�/10�3 mm2/s) in

the 2nd week, 0.5839/0.099�/10�3 mm2/s (95% CI:

(0.500�/0.665)�/10�3 mm2/s) in the 3rd week and

0.5549/0.084�/10�3 mm2/s (95% CI: (0.490�/0.618)�/

10�3 mm2/s) in the 4th week (Figs. 3 and 4). The

weekly observed ADCs of the nine patients are shown in

Table 2.

At measurement points in the 1st and 3rd week in

each case, one data point was missing due to technical

errors. Thus, 100% of patients refer to total of nine

patients (n�/9) at the pre-therapeutical measurement,

the 2nd week, 4th week and to total of eight patients

(n�/8) at the 1st and 3rd weeks. During the 1st week, six

(75%) patients had a decrease in ADC compared with

pretreatment values; eight (89%) patients had lower

values in the 2nd week, eight (100%) patients had lower

values in the 3rd week, and all nine patients (100%)

demonstrated lower values in the 4th week (Fig. 3).

Comparison of mean ADC showed a significant

decrease during the 2nd (�/0.1129/0.125�/10�3 mm2/

s; 95% CI: (�/0.209 to 0.016)�/10�3 mm2/s; P�/0.028),

3rd (�/0.1409/0.072�/10�3 mm2/s; 95% CI: (�/0.200 to

0.080)�/10�3 mm2/s; P�/0.012) and 4th (�/0.2019/

0.088�/10�3 mm2/s; 95% CI: (�/0.268 to 0.134)�/

10�3 mm2/s; P�/0.008) weeks of treatment compared

with pre-treatment levels. Changes measured in the 1st

week (�/0.0099/0.114�/10�3 mm2/s; 95% CI: (�/0.104

to 0.087)�/10�3 mm2/s; P�/0.624) did not reach

significance (Table 3).

Subsequent tumor resection permitted correlation of

our findings with postsurgical, histopathologic staging.

Down-staging of the T-stage occurred in four of nine

patients (44%; Table 1). ADCs were decreased in 4/4

patients with pathologically observed down-staging of

T-stage. ADCs were also decreased in 5/5 patients

without down-staging of T-stage. Two patients (Nos. 3

and 9) demonstrated increased ADCs in the 1st week.

Fig. 1. (1�/3) Axial diffusion-weighted MR images with b factors 30, 300, and 1100 s/mm2, respectively (effective echo time, 123 ms; field of view, 300

mm; matrix, 128/256) of the measurement plane obtained in patient No. 6. (4) Resulting axial ADC map calculated from different diffusion-weighted

images. White outlines indicate tumor region. Bright areas indicate high ADC values.
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This increase was accompanied by down-staging in T-

stage of one patient, and no change in the other patient

(Tables 1 and 2).

The correlation of weekly measured mean ADC and

improvement in T-stage was not significant. Further

statistical evaluation regarding therapy outcome was

not performed due to the small patient number.

The pathohistological observation of hematoxylin�/

eosin stained slices showed an increased amount of

fibrous tissue and a dense lymphocytic infiltrate in the

tumor region following chemoradiation (Fig. 4).

4. Discussion

The goal of non-invasive radiological studies is to

improve the management of malignant tumors by

optimum characterization of a tumor and its response
to therapy. Knowledge about immediate time- and dose-

dependent associated changes in microscopic tumor

tissue structures during combined hyperfractionated

chemoradiation by using DWI can complement the

information provided by traditional techniques. Spatial

resolution of the ADC maps in this study calculated

from echo-planar diffusion-weighted images with three

different b -values was sufficient to identify the tumor
region on ADC maps. The patient population in the

present study was homogenous with regard to tumor

entity (primary rectal carcinoma), tumor staging and

grading (cT3, G2), and treatment regimen (standar-

dized, preoperative, combined chemoradiation).

DWI is sensitive to microscopic translational motion

of water molecules which occur in each voxel whereby

signal attenuation is influenced not only by diffusion
processes but also by perfusion and other kinds of

motion, summarized as intravoxel incoherent motion

(IVIM). If gross patient movement and various organ

Fig. 2. (a�/d) Representative axial ADC maps of the pelvis (patient No. 6) obtained during the course of treatment (weeks 1�/4). Bright areas indicate

high ADC values.

Fig. 3. Box-and-whiskers plots (median, the whiskers indicate the 5 or

95% quantal) of ADCs during chemoradiation.
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motions are excluded, high ADCs of a tumor region

might be due to the influence of tumor perfusion [25,26].

Perfusion leads to water molecule motion during data

acquisition and often shifts signal attenuation of DWI

to higher values [27]. The results of perfusion imaging

using the same patient population (diffusion-imaging

started after four patients of the perfusion study; one

patient added) at our institution were analyzed and

published recently [1]. Dynamic T1 maps of the perfu-

sion study revealed significantly increased PI (perfusion

index) values in the first 2 weeks of treatment whereas

changes in the 3rd and 4th weeks were not significant.

There is no apparent connection with ADC changes in

this present study and perfusion data obtained on the

same patients. ADCs seem to represent mainly changes

in water molecule mobility.

Fig. 4. Hematoxylin and eosin-stained slides, original magnification �/200. (A) Prior to chemoradiation: the tumor is characterized by glands with

irregular lumina, lined by an atypical epithelium with hyper- and polychromatic nuclei showing stratification. The number of mitosis is increased. (B)

Two weeks after chemoradiation: an ulcerated mucosa delineates the prior tumor area. The muscularis propria still contains muscle bundles (1) which

are displaced by an increased amount of fibrous tissue (2). Note residual tumor nests and the dense lymphocytic infiltrate (3).
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At the beginning of radiation therapy, a change of

vessel permeability for water occurs [28], leading to

interstitial edema and thus an increase of the ECV.

However, the interstitial edema was observed only in

two patients substantiated by elevated ADCs. How far

diffusion data obtained in the early phase of therapy

might be influenced by the presence of high interstitial

fluid pressure [29] or oncotic pressure [30] within the

tumor could not be answered at this time. Apoptosis can

occur immediately following onset of therapy. Chinnai-

yan et al. [15] monitored the effect of tumor-necrosis-

factor-related apoptosis-inducing ligand and ionizing

radiation in breast cancer cell lines with DWI and

correlated the observed ADC increase with histologi-

cally proven apoptotic cell death. Their experimental

study design used 15 Gy total radiation dose in three

fractions, at 5 Gy per fraction. DWI measurements were

obtained 1 week after treatment. In contrast, we

employed conventional doses per fraction. Thus but

less likely, another explanation for the observed two

elevated ADC levels in our study might be ADC

increase due to apoptotic cell death.

During the 2nd week, mean ADC decreased signifi-

cantly. At that time 20 Gy was administered. Any ADC

changes therefore can be explained by cell damage. The

pathway of necrotic cell death shows cell swelling due to

failure of the Na��/K��/ATPase pump. Cytotoxic

edema arises from a shift of water from the ECV to

the ICV [31]. Cell swelling as X-ray effect to intestinal

cells has been described in various radiobiological

studies [20,21,32]. The significant decrease of mean

ADC starting at week 2 of therapy observed in our

patient population appears to be consistent with cell

injury.

Chemoradiation led to increased interstitial fibrosis as

documented by postsurgical, pathohistological examina-

tion (Fig. 4). The limiting effect of fibers reduces free

diffusion in the ECV. It can be hypothesized that at the

end of therapy increasing development of fibrous

connective tissue will decrease ADCs. Tissue anisotropy

can be measured by DWI in muscle or white matter of

the brain [15,16]. In normal anatomy, plane of orienta-

tion of the sensitizing gradient appears to be of

importance. Measurements with sensitizing gradients

parallel to the relative orientation of fiber bundles lead

to higher ADCs. However, tumor tissue represents a

mainly chaotic cellular structure and therefore intratu-

moral ADCs are not influenced by tissue anisotropy as

recently shown by Lang et al. [13]. This study represents

only measurements with diffusion weighting in slice

selection.

Increased interstitial fluid pressure [29] and oncotic

pressure [30] contribute to the suboptimal delivery of

therapeutic agents in the tumor center. The ROIs of this

study were similar between weeks 3 and 4. Since ADC

levels continue to decrease during the same interval, it

Table 2

Observed ADCs (�10�3 mm2/s) at weekly measurement points

Patient No. Week 0 Week 1 Week 2 Week 3 Week 4

1 0.568 0.509 0.689 0.532 0.437

2 1.016 0.921 0.783 TMEa 0.687

3 0.710 0.850 0.474 0.484 0.525

4 0.953 0.813 0.793 0.787 0.615

5 0.734 0.716 0.489 0.550 0.502

6 0.626 0.624 0.601 0.574 0.547

7 0.867 0.788 0.715 0.662 0.662

8 0.660 TMEa 0.589 0.499 0.482

9 0.661 0.844 0.653 0.573 0.529

a Technical measurement error; data of patient No. 8 at 1st week and data of patient No. 2 at 3rd week missing due to technical error.

Table 3

Results of Wilcoxon and Spearman tests

Results of Wilcoxon test by week Results of Spearman r -test by week

0 1 2 3 4

0 �/ 0.643 0.467 0.500 0.750a

1 0.624 �/ 0.143 �0.036 0.524

2 0.028a 0.069 �/ 0.786a 0.617

3 0.012a 0.028a 0.123 �/ 0.810a

4 0.008a 0.012a 0.021a 0.063 �/

a P valueB0.05.
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can be cautiously postulated that this reflects the

delayed response of the hypometabolic tumor center to

combined chemoradiation.

Our observation of decreasing ADC levels with
increasing radiation doses likely reflects the methodol-

ogy used for this study. We defined the ROI as the

volume likely containing viable tumor tissue throughout

the course of treatment. Necrotic appearing areas were

purposely excluded. Although some microscopically

necrotic regions might have still been included in the

ROI, their influence on ADC levels was likely small.

This study appears to have several limitations. (1) The
sample size is limited to nine patients only. (2) The

sample-slice with the largest tumor extension was

selected for further analysis. The assumption has been

made that the evaluation of a single slice is representa-

tive for the entire tumor. Other measurement techni-

ques, e.g. tumor biopsies, are limited by a similar

sampling problem. Additional studies are currently in

progress in which we will compare a more extensive
coverage of tumor through increase in sample rate to

pre-existing values. (3) In our study design, we defined

the intratumoral ROI as the region in which with

highest certainty tumor tissue could be found at each

measuring point. Manual drawing introduces some

subjectivity. However, its advantage compared with a

study using a stable geometric figure as ROI is the

possibility of adjustment of the ROI to alterations in
tumor diameter or cystic formation of tumor tissue

during therapy.

In conclusion, this study demonstrated significant

radiobiological changes in primary rectal carcinomas

during therapy by the detection of changes in water

mobility. Decreased ADC levels at completion of

preoperative therapy were correlated with the develop-

ment of intratumoral fibrosis. In addition to its routine
neurological application, diffusion-weighted imaging

has the potential as method to detect and quantify the

early stage of this treatment effect.
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