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Diffusion-weighted magnetic resonance imaging in the early
detection of tumour response to therapy

Nick J.F. Dodd?, S. Zhao? and J.V. Moorel
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Christie Hospital (NHS) Trust, Manchester, United Kingdom

Early detection of the effects of therapy offers distinct clinical advantages for the management of the
patient, since the response of a tumour to a particular therapy may vary considerably from patient to
patient. A pre-clinical tumour model was used to study the effects of two novel therapies, photodynamic
therapy and electrotherapy, in addition to a well established modality, radiotherapy. In each case, diffu-
sion-weighted magnetic resonance imaging was found to be of value in determining the therapeutic
response, within two days of treatment. Following photodynamic therapy, the apparent diffusion coeffi-
cient (ADC) of water in those regions of the tumour that became necrotic showed a marked increase
within one day of treatment, while no significant increase was detectable in those regions that remained
viable. A similar increase in ADC was observed following electrotherapy, whether anodic or cathodic,
the increase being detected within minutes of treatment in the regions of primary damage and within
about one day in the regions of secondary ischaemic necrosis. The changes produced by radiotherapy
were less marked than those produced by the other therapies, but, following doses that produce a high
proportion of killing, there was a statistically significant increase in ADC within one or two days of
treatment.
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Introduction

The ability to monitor non-invasively and at
early times, the cytotoxic effects of cancer
treatment in an individual subject is poten-
tially of great clinical value. This is particular-
ly true of new forms of therapy, where the
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response of a specific tumour type to a stan-
dard treatment regime may not have been
extensively studied. Photodynamic therapy
(PDT) involves injection of a non-toxic photo-
sensitizing drug, followed by exposure to vis-
ible light at non-thermal levels. The extent of
tumour destruction produced by a given dose
of photosensitizer and incident light is
strongly influenced by the biodistribution of
the drug and absorption of light within the
tumour and in surrounding tissue.l In the
case of electrotherapy, our preliminary stud-
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ies®* suggest that the efficacy of the treat-
ment may be strongly influenced by precise
placement of the electrodes and the vascular
architecture of the tumour. Consequently
considerable inter-patient variability in tu-
mour response to therapy may occur. This is
observed even in a well established treatment
such as radiotherapy, where the outcome is
influenced by intrinsic radiosensitivity of the
tumour cells and the hypoxic fraction.

Proton MRI offers a potential method for
non-invasive monitoring of the efficacy of
cancer treatment. Our previous studies®
using an experimental mammary (T50/80)
tumour have shown that, within 24 h of PDT,
regions of high signal intensity in a T,-
weighted image correlated well with histolog-
ical necrosis. Moreover, using MRI to assess
the proportion by volume of the tumour tis-
sue destroyed by treatment, this correlated
with the subsequent delay in tumour
regrowth. Further studies,® using the AT6/22
prostate tumour, showed that T,-weighted
images taken 24 h after PDT similarly
demonstrated the presence of treatment-
induced necrosis as areas of hyperintensity.
However, the contrast between viable and
necrotic regions was less marked than previ-
ously observed in the mammary tumour mo-
del. In both tumour models, differences
between T, (and T,) of viable tumour tissue
and treatment-induced necrosis were of the
same order as variations between individual
tumours and could not be used as a reliable
marker of tissue state. We show here that MR
measurement of the apparent diffusion coef-
ficient (ADC) of tumour water provides a
quantitative marker of PDT-induced necrosis
both for the mammary tumour’ and also for
the prostate tumour® although the untreated
tumours show markedly different absolute
values of ADC.

The effects of electrotherapy on the mouse
mammary tumour? and on normal rat liver®
have been detected by T,-weighted MR
images, but the effects of radiotherapy are

reported to produce little or no significant
changes in the T,- or T,-weighted images of
animal tumours®!® or human brain tumo-
urs.!! The effects of radiotherapy are normal-
ly only detected by MRI at a late stage, when
changes in tumour volume can be readily
observed. We have now applied the diffusion
method to monitoring the early effects of
PDT, electrotherapy and radiotherapy in our
experimental systems.

Materials and methods

The tumours were a T50/80 mouse mammary
tumour'? and a Dunning rat AT6/22 prostate
tumour, both implanted subcutaneously in
nude, immune-suppressed mice. The tumo-
urs were treated with photodynamic therapy,
electrotherapy or radiotherapy when they
reached a volume >600 mm3. PDT involved
i.p. injection of 40 mg kg’ of haematopor-
phyrin esters in saline, followed 24 h later by
illumination with 630 nm light at 100 mW
cm? from a laser, to a dose of 80-150 J cm™.
Electrotherapy involved insertion of a gold
needle electrode into the tumour while the
animal lay on a copper plate counter-elec-
trode, covered with a conducting gel (Drac-
ard, Maidstone, UK) and a current of 5 mA
was passed for 15-30 min. For radiotherapy,
tumours were exposed to 300 kV X-rays at a
dose rate of 4 Gy min’, to a dose of 30 Gy,
while the bulk of the animal was protected by
a lead shield.

Magnetic resonance imaging was per-
formed with a 4.7 T Biospec system. Proton
images were acquired with a 2.5 cm diameter
surface coil. For diffusion measurements, a
pair of gradients of maximum amplitude 20
mT m? and duration 20 ms, separated by 12
ms were used. This gave a maximum gradient
factor, b, of 0.68 x 10° s m™2. The apparent dif-
fusion coefficient of the tumour water in each
region (D,) was calculated by the method of
Le Bihan et al.13, using the formula:
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D, = In[Sy/S,)/[by-b(]

where S; and S, are the signal intensities
measured with gradient factors b, and b,
respectively.

Results

Photodynamic therapy

The ADC of water in the untreated mammary
tumour was approximately half that in the
prostate tumour (T50/80: D=0.23 +0.02 x 10
m?2sl; AT6/22: D=0.61+0.03 x107 m?sD).
However, following PDT of either tumour
type, the ADC in those regions of the tumour
that become necrotic showed a marked
increase (p<0.0001), within 1 day of treat-
ment (T50/80: D=1.0420.03 x10° m?Zs;
AT6/22: D=1.23+0.06 x107 mZS‘l), while
showing no significant increase in those
regions that remained viable (Figure 1). Sub-
sequent histological examination of the
tumours confirmed the assignments based
on ADC increase.

Electrotherapy

The magnitude of the changes in ADC
observed following electrotherapy, either
anodic or cathodic (Table 1), were found to be
similar to those induced by PDT. In contrast,
the timescale of development of damage was
different. Primary damage, occurring sym-
metrically around the implanted electrode,
was detectable by MRI or by histology within
minutes of treatment. In some tumours treat-
ed by electrotherapy, secondary ischaemic
damage appeared approximately 1 day after
treatment (Figure 2). This latter type of dam-
age was similar in nature to the PDT-induced
damage. Both types of electrotherapy-
induced damage were clearly delineated by
the increased ADC and were distinguished
from one another by their different rates of
development.

Radiotherapy

The changes produced by radiotherapy were
less marked than those produced by PDT or
electrotherapy, but, following doses that pro-
duce a high proportion of cell killing (e.g. 30
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Figure 1. Changes in tumour water ADC with time after
photodynamic therapy, in T50/80 mammary tumours (O,
®) (n=16) and AT6/22 prostate tumours (O, ¢) (n=22),
showing mean and standard error. The open symbols
denote viable tumour tissue and the closed symbols
denote necrotic tissue.

Figure 2. Proton magnetic resonance image of a T50/80
tumour, one day after electrotherapy with a gold needle
anode in the tumour and a current of 5 mA passed for 30
minutes. The image shows a hyperintense ring of dermal
oedema around the tumour (particularly thickened at the
upper right hand edge), a diffuse circular area within the
tumour (slightly left of centre) representing the primary
necrotic damage and an approximately oval hyperin-
tense region of secondary ischaemic necrosis (from the
left hand edge to top right) that was not observable
immediately after electrotherapy.
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Table 1. ADC of tumour water in different regions of T50/80 mammary and AT6/22 prostate tumours after electrotherapy

Tumour Viable tissue 1° damage 2° damage

D x 10° (m2s1) D x10° %msz) D x10° %mzs'l)
T50/80 0.33+0.02 (n=30) 1.00+0.06 (n=13) 1.25+0.06 (n=4)
AT6/22 0.58+0.04 (n=9) 1.04+0.10 (n=6)

Gy), there was a small, but statistically signif-
icant, increase in ADC within 1 or 2 days of
treatment. Comparing the two tumour types
(Figure 3), it can be seen that the ADC of the
irradiated mammary tumour increased to
approximately the value observed in the unir-
radiated prostate tumour. Experiments cur-
rently in progress suggest that the increase in
ADC may be proportional to the extent of cell
killing, as measured by tumour growth delay.
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Figure 3. Changes in tumour water ADC with time after
radiotherapy (30 Gy) in T50/80 (@) (n=12) and AT6/22
tumours (¢) (n=10), showing mean and standard error.

Discussion

It has previously been reported!415 that when
cells are degraded, as in the necrotic regions
of a tumour, this region shows a greater ADC
than the viable tissue. In vivo, the principal
mode of action of PDT is believed to be acute
injury to the vasculature, with vascular col-
lapse leading to prompt and massive sec-
ondary ischaemic necrosis, detectable histo-
logically at about 24 h after treatment. Con-

sistent with this effect, we have observed an
increase in tumour water ADC in the regions
of PDT-induced necrosis, within about 24 h
of treatment, irrespective of the initial value
of the ADC in the untreated tumour. We have
previously shown?® that secondary ischaemic
necrosis is also induced by electrotherapy in
normal rat liver and have now shown that it
also occurs in some of our experimental
tumours. However, the irregular nature of the
tumour vasculature and the possibility of col-
lateral blood flow results in less predictable
secondary damage than in highly organized
liver tissue. The primary necrosis induced by
electrotherapy is detectable immediately
after treatment and, like the secondary ne-
crosis, causes a significant increase in ADC.
Consequently, diffusion-weighted MRI and
measurement of ADC provide qualitative and
quantitative delineation of the extent of
necrosis induced by PDT or by electrothera-
py. This non-invasive technique may be
invaluable in the management of patients by
these new forms of therapy and assist in their
clinical acceptance. Towards this aim, we
have demonstrated that PDT-induced necro-
sis can be detected in our experimental
tumour models using a mid-field whole-
body clinical MR scanner®.

The effects of ionizing radiation are more
diffuse than those of PDT and electrotherapy.
Consequently they are more difficult to
detect. Although radiotherapy is a well estab-
lished and widely used mode of therapy, the
earliest indication that a tumour has respond-
ed to treatment is normally a reduction in
volume or slowing of the growth rate. This
can be detected by conventional imaging
techniques. However, diffusion-weighted
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MRI may provide a much earlier indication of
treatment efficacy, thereby allowing the radi-
ation dose to be optimized at an early stage
during a course of treatment. Although the
results presented above are for a single high
dose of radiation, we have demonstrated sim-
ilar changes in ADC during more clinically
relevant fractionated doses,!” to these experi-
mental tumours. Experiments are currently
in progress to seek a correlation between
change in ADC and biological endpoint, e.g.
tumour growth delay.

Increases in ADC have recently been re-
ported in experimental tumours treated with
gene therapy!® and also with cyclophospha-
mide,’? 5-fluorouracil?®?! or 1,3-bis(2-chlo-
roethyl)-1-nitrosourea,?? in which cases the
maximum relative increase in tumour water
ADC appeared to be related to therapeutic
response. Diffusion-weighted magnetic reso-
nance imaging appears highly promising in
the early detection of tumour response to a
wide range of treatment modalities.
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