
Magnetic resonance imaging: A potential tool in assessing the
addition of hyperthermia to neoadjuvant therapy in patients with
locally advanced breast cancer

OANA I. CRACIUNESCU1, DONALD E. THRALL2, ZELJKO VUJASKOVIC1, and MARK W.
DEWHIRST1
1 Department of Radiation Oncology, Duke University Medical Center, Durham, North Carolina
2 Department of Molecular Biomedical Sciences, College of Veterinary Medicine, North Carolina
State University, Raleigh, North Carolina

Abstract
The poor overall survival for patients with locally advanced breast cancers has led over the past
decade to the introduction of numerous neoadjuvant combined therapy regimens to down-stage the
disease before surgery. At the same time, more evidence suggests the need for treatment
individualisation with a wide variety of new targets for cancer therapeutics and also multi
modality therapies. In this context, early determination of whether the patient will fail to respond
can enable the use of alternative therapies that can be more beneficial. The purpose of this review
is to examine the potential role of magnetic resonance imaging (MRI) in early prediction of
treatment response and prognosis of overall survival in locally advanced breast cancer patients
enrolled on multi modality therapy trials that include hyperthermia. The material is organised with
a review of dynamic contrast (DCE)-MRI and diffusion weighted (DW)-MRI for characterisation
of phenomenological parameters of tumour physiology and their potential role in estimating
therapy response. Most of the work published in this field has focused on responses to
neoadjuvant chemotherapy regimens alone, so the emphasis will be there, however the available
data that involves the addition of hyperthermia to the regimen will be discussed The review will
also include future directions that include the potential use of MRI imaging techniques in
establishing the role of hyperthermia alone in modifying breast tumour microenvironment,
together with specific challenges related to performing such studies.
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Introduction
Before the neoadjuvant therapy era, the prognosis for patients with locally advanced breast
cancer (LABC) was poor, with a five-year overall survival of 55% [1–3]. The five-year
survival of patients with inflammatory disease was even lower, at 15% [4]. To improve
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outcome, a multidisciplinary, neoadjuvant approach has been employed. Despite relatively
high clinical response rates (70–98%), and pathological complete response in a subgroup of
patients (3–34%) [5–8], this approach did not lead to improved overall or disease-free
survival. Patients receiving neoadjuvant chemotherapy had better local control and a higher
breast conservation rate [9,10]. Importantly, patients with a pathological complete response
(pCR) appeared to have improved overall survival. The rate of pCR in patients with T1–3
breast cancer receiving anthracycline-based chemotherapy is about 13% [10]. In more
advanced breast cancers (i.e. T4), the response rates are likely to be even lower Although the
addition of taxanes increased the pCR to about 26% in patients with T1–3 breast cancer,
there is obviously considerable room for improvement [11].

Hyperthermia has a number of potentially beneficial antitumour effects when combined with
chemotherapy that can result in improved response. At temperatures >41°C, there is
increased tumour blood flow [12,13], which can result in increased drug delivery [14]. To
further enhance drug activity at elevated temperature, the combination of HT and liposome
encapsulated drugs has been investigated extensively [15]. HT increases liposome
extravasation into tumours, leading to increased intratumoural drug concentration [15,16].

An additional advantage of combining HT with chemotherapeutic agents (including
doxorubicin) is that they exhibit enhanced cell killing at elevated temperature [17,18]. The
therapeutic benefits from liposomes and hyperthermia individually, coupled with the
potential advantages seen by their combination, make the use of the two modalities together
an attractive method for drug delivery to tumours. Thus, a phase I/II study to describe safety/
tolerability and determine the response of a novel combination treatment of paclitaxel,
liposomal doxorubicin (Evacet™) and local hyperthermia in patients with locally advanced
breast cancer in the preoperative setting was proposed and completed [11]. A total of 47
patients were enrolled onto this study (21 and 26 patients in phase 1 and 2, respectively),
with 43 evaluable patients. Four patients, 9%, 95% confidence interval (CI), 0.6% to 18%,
achieved a pathologic complete response following neoadjuvant treatment. Combined
(partial + complete) clinical response rate was 72% (95% CI, 58.6% to 85.4%), and
combined pathologic response rate was 60% (95% CI, 45.4% to 74.6%). Eight patients
elected to have breast-conserving surgery out of 16 patients that were eligible for this more
conservative option following neoadjuvant treatment. These results are encouraging,
particularly given that the patient population had mostly T3 or T4 tumours, with 32% of the
enrolled patients having inflammatory cancer (T4d) [11]. The reported 26% pCR rates with
taxane-based chemotherapy in past studies were in more favourable patients with T1-3
tumours. Furthermore, despite the more advanced disease in these patients, the five-year
disease-free survival rates were similar to the 89% reported for stage II breast cancer [19].

Even more dramatic results are expected as a low temperature sensitive liposome (LTSL)
has been developed, which releases its content in a matter of seconds in the vasculature of
the heated volume, at clinically achievable temperatures [20,21]. The intratumoural
doxorubicin (DOX) concentration resulting from a LTSL + HT is 20–30 times higher than
with systemic administration of free doxorubicin [22]. This opened up an entirely new field
where HT could be used to target the release of drug into the tumour vasculature, and
simultaneously enhance its effect [23].

With any technically complex cancer treatment modality, identification of patients likely to
respond is important. Refractory patients should not be treated. Currently, it is impossible to
distinguish between HT-refractory versus HT-responsive tumours, either in chemotherapy or
radiation therapy settings. Individualisation of patient therapy could be based on genomic
properties [24], but tumour physiological parameters and tumour imaging can also be used
as predictors, and such parameters may provide information distinct from the genomic
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phenotype [25,26]. Functional imaging techniques that have shown potential in early
assessment to respond to neoadjuvant therapies, in breast and other cancers, include
magnetic resonance-based imaging techniques such as dynamic contrast enhanced (DCE)-
MRI, diffusion weighted (DW)-MRI and magnetic resonance spectroscopy (MRS), nuclear
medicine sestamibi imaging using 99m Tc, and positron emission tomography (PET)
techniques [27].

The purpose of this review is to examine the potential role of magnetic resonance imaging
(MRI) in early prediction of treatment response and prognosis of overall survival in locally
advanced breast cancer patients enrolled on multi modality therapy trials that include
hyperthermia. The material is organised with a review of dynamic contrast (DCE)-MRI and
diffusion weighted (DW)-MRI for tumour physiology characterisation and therapy response
purposes. The review will also include future directions that include the potential use of
MRI imaging techniques in establishing the role of hyperthermia alone in modifying breast
tumour microenvironment, together with specific challenges related to performing such
studies.

DCE-MRI
Dynamic contrast-enhanced (DCE)-MRI is a non-invasive technique to study tumour
vascularity and allows quantification of the model parameters. It is a useful technique for a
wide range of clinical applications such as screening for malignant disease, tumour staging
and has also the ability to measure treatment induced changes in tumour physiology which
occur early in the course of treatment, prior to any observable anatomical changes [28,29]. It
therefore has the potential to detect response and/or non-response to therapy which could
permit the treatment to be adapted.

DCE-MRI, used commonly to quantify tumour perfusion/permeability related parameters,
involves intravenous bolus injection of a low-molecular weight contrast agent followed by
rapid image acquisition to measure signal enhancement over time as the contrast agent
travels into and through the tumour vasculature. The only class of approved paramagnetic
contrast agents in clinical use are low-molecular-mass Gd-based agents such as Gadopentate
dimeglumine, Gd-DTPA (Magnevist®), Gadodiamide (Omniscan®), Gadobenic acid
(Multihance®), Gadoteridol Gd-HP-DO3A (Prohance®), Gadofosveset (Ablavar®),
Gadoversetamide (OptiMARK®), Gadoxetic acid (Eovist®, Primovist®) [30]. The contrast
agent preferentially accumulates in tumour due to increased perfusion and increased vessel
permeability. Early accumulation of contrast agent likely reflects increased or altered
vascularity [31]. Based on human trials, the increase in signal after contrast agent arrival
relates to vascular density and the rate of enhancement characterises vascular fenestration
and functional permeability [32]. The interstitial environment influences the diffusivity and
temporary retention (wash-out) of the contrast agent, i.e. tumours with high cellularity/
packing don’t have a large extracellular space for the contrast agent to distribute, hence it
returns rapidly to the blood stream [33–35].

There exists an inherent trade off in dynamic sequences between spatial resolution, temporal
resolution and anatomical coverage. In DCE-MRI high spatial resolution images which
cover the whole tumour extent are needed for detailed analysis of the lesion structure. At the
same time, high temporal resolution is required to allow accurate assessment of kinetic
features. A second reason for the high temporal resolution requirement is that analysis of
subtle morphological features is only feasible following soon after contrast injection as this
is when the lesion-to-parenchyma contrast is optimal [36]. However, improved spatial
resolution is achieved at the cost of poorer temporal resolution. Because of this trade off,
fast T1-weighted spoiled gradient echo sequences are often the preferred method because
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they allow good contrast medium sensitivity, high signal-to-noise ratio, adequate anatomical
coverage and rapid data acquisition and are also easy to evaluate as compared to saturation
or inversion prepared gradient echo sequences [37]. In terms of new acquisition methods
there has been considerable effort in introducing more effective fat suppression for dynamic
MRI and faster acquisition sequences that balance the need for both high spatial and
temporal resolution. The interested reader is referred to a recent review by Sinha and
Sinhaon advances in breast MRI and MRS [28].

Signal enhancement in DCE-MRI
After the contrast agent is administered, it quickly diffuses into and out of the interstitial
space. The signal enhancement reflects flow and volume of blood and typically occurs in
three stages in all tissues. There is an initial increase in enhancement due to contrast leakage
from the blood vessels to interstitial space (wash-in). This is followed by an equilibrium
state where net passage of contrast between the two compartments is stable (plateau).
Finally, there is a net increase in the reverse flow of contrast into the blood vessels from the
interstitial space (wash-out). As mentioned, greater signal enhancement is observed in the
tumour as compared with normal tissue because of the high perfusion and increased vessel
density and also due to the highly permeable, leaky nature of the tumour microvasculature.
However, DCE-MRI reveals functional diversity of the vasculature in both malignant and
benign lesions, making it ideal for screening for malignant disease. Care has to be taken as
benign lesions can display higher (breast fibroadenomas [38]) or similar (benign prostatic
hyperplasia [39]) enhancement rates than malignant lesions.

The extent of signal enhancement depends on tissue perfusion, arterial input function (AIF –
the concentration-time course of contrast agent in the artery that supplies the vascular bed),
capillary surface area, capillary permeability and the volume of the extracellular
extravascular interstitial space (EES) [40–45]. T1-weighted DCE-MRI analysis is able to
generate parameters that represent one of, or combinations of these processes, and can be
used to measure abnormalities in tumour vessel flow, blood volume and permeability [40].

MRI-extracted physiological parameters
Signal enhancement assessment methods are either semi-quantitative (or model-free
quantifications) which analyse signal intensity changes, or quantitative (or model-based).
Three major quantitative models have been reported by Larson et al. [46], Brix et al. [47]
that models signal intensity with the assumption that signal intensity changes are
proportional to contrast agent concentration changes, and by Tofts et al. [48] that models
directly the change in concentration of the contrast agent. These methods have been
reconciled by Tofts in 1997 [49] and standardised terminology and guidelines were set by
Tofts et al. in 1999 [50]. These pharmacokinetic models are based on the concept of tissue
compartmentalisation. Tissue can be described as comprising of three compartments:
vascular plasma space, extracellular extravascular space (EES), and intra-cellular space [48].

The most popular PK model is the Tofts model which uses just such a compartment model
to determine the change in tissue concentration of the contrast agent with time, and relates it
to the signal enhancement seen in the MR images [48,51]. It was initially developed to
measure blood–brain barrier permeability and leakage space, and later was modified for
analysis of breast lesions [48] and other tissues [52–54], and is one of the current standards
for DCE-MRI analysis [50]. This model describes the contrast agent exchange between the
main blood compartment, whole body extracellular space, lesion leakage space and the
contrast agent leakage through kidneys. Three contrast agent kinetic parameters, the vascular
transfer function (Ktrans), extracellular extravascular volume fraction (ve), and the rate
constant (kep) have potential to quantify treatment induced changes. The parameter of
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greatest interest is Ktrans, since it is the parameter associated with microvascular physiology
[55], perfusion as reflects contrast delivery and permeability as reflects transport across the
vascular endothelium [29].

The longitudinal relaxation time before contrast administration, T10, is a very important
parameter in the Tofts-based pharmacokinetic analysis. The accuracy with which parameters
such as Ktrans and ve follow vascular properties is dependent on the use of imaging methods
that allow T10 calculation, and when such techniques are used, the parameters closely relate
to tissue properties [56]. Consensus recommendations for DCE-MRI [57]underlined the
necessity of acquisition of raw data for the purpose of calculating special maps of
precontrast longitudinal relaxation times. Dale et al. [55] summarise the two most
commonly used methods for measuring longitudinal relaxation: a dual spin echo technique
with variable TR, and the variable flip angle technique.

Due to the assumptions made [49], any of the compartmental models provide only a
phenomenological description of the contrast media transport and volume fractions. The true
values might substantially differ from the value determined by using DCE-MRI.

In order to avoid some challenges related with PK modeling including computational time,
post-processing inaccuracies, and fit failures, non-model-based parameters are often used in
addition to or in place of model-based methods. One of the simplest model-free
quantification models is an integration of the concentration of the contrast agent observed
over time, the initial area under the concentration-time curve iAUC [mmol] [58]. The value
of iAUC is dependent on the period over which integration is performed, typically between
the contrast agent administration and a time t after the start time. As summarised by Walker-
Samuel et al. [59], changes in iAUC and other non-model-based parameters (peak
enhancement, wash-in/wash-out gradients) have been shown to correlate with tumour
regression rates. Semi-quantitative methods are easier to calculate, but they suffer numerous
limitations including the fact that they do not accurately reflect the vascular endpoints of
interest namely tissue perfusion, blood volume and vascular permeability [60]. Other
important limitation of semi-quantitative (or model-free quantification) models is their
dependence on parameters such as the rate of injection, field strength, pulse sequence, gain
and scaling factors that usually vary from scanner to scanner, making it hard to compare
between studies [29].

The review by Parker and Buckley [37] describes in detail, from basics to more challenging
modeling the approaches used in tracer kinetic modeling for T1-weighted DCE-MRI.
Another important resource for use of DCE-MRI extracted parameters to assess changes in
tumour physiology and assessment of response is the workshop review by Leach et al. [29],
and for readers of this journal the review by Ludemann, Wust and Gellerman [61].

Clinical applications: Breast imaging
Potential clinical applications of DCE-MRI include screening for malignant disease, lesion
characterisation, determining tumour physiology (tumour perfusion, microvascular vessel
wall permeability and extracellular volume fraction), monitoring treatment response, and
assessing for residual disease [28,56].

Newer applications include disease prognosis, assessing efficacy of antivascular anticancer
drugs, and predicting treatment response [28]. For example, owing to the role of
angiogenesis in tumour growth, anti-angiogenic and vascular disrupting drugs have been
developed over the last 10–15 years to target the cluster of tiny new blood vessels created
during angiogenesis [62]. Specifically, many anti-angiogenic drugs target the angiogenic
cytokine VEGF, a principal mediator of vascular permeability, which can be measured by
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DCE-MRI [63]. With the development of anti-angiogenic agents, many of which are now
undergoing clinical trials, there is an increased need to monitor tumour microvasculature,
and by so doing, evaluate the effectiveness of these therapies [29]. Unlike chemotherapy and
radiotherapy, where the goal is to destroy cancer cells, anti-angiogenic agents prevent the
formation of new vessels and disrupt any networks of abnormal capillaries that feed the
tumour [64]. By limiting tumour blood supply in this way, these agents shrink tumours and
prevent their growth.

The potential of DCE-MRI to evaluate response of LABC patients to neoadjuvant
chemotherapy has been examined [65–70]. Results indicate that changes in contrast agent
kinetics can be used to evaluate chemotherapy regimens and predict final clinicopathologic
response. For example, in invasive breast cancer the presence of a rim enhancement pattern,
early maximal enhancement and washout phenomena were independently associated with
the poor prognostic indicators of higher histological grade, more rapid cellular proliferation
measured using Ki-67 (an immunohistochemically detected biomarker of proliferation), and
negative estrogen receptor status [71]. In another study, the internal composition of
responding tumours changed from heterogeneous to homogeneous and there was a decrease
in peak enhancement [72]. Also, in inflammatory breast cancer treated with bevacizumab,
contrast medium inflow transfer rate constant and extracellular volume fraction decreased
after bevacizumab alone [35]. Similarly, as reported by Baar et al. [73], the anti-vascular
endothelial growth factor (VEGF) antibody, bevacizumab, has resulted in a greater reduction
in tumour perfusion when added to docetaxel, then docetaxel alone. Semi-quantitative
parameters like the relative signal intensity and initial area under the curve were used to
predict survival and early clinical response to primary chemotherapy in patients with LABC
[74]. They concluded that DCE-MRI in LABC has the potential to predict 5-year survival
and also assess changes in tumour vascularisation after just one cycle.

Applications to hyperthermia
Several studies have looked at the potential use of DCE-MRI to estimate the success of
high-intensity focused ultrasound (HIFU) ablation of breast tumours. Knowing the increased
sensitivity of DCE-MRI to detect residual disease, the studies investigated several imaging
features like signal intensity change and enhancement pattern in breast cancer patients
undergoing HIFU [75–77]. Hence, these studies used the diagnostic capabilities and
advantages of DCE-MRI to establish the efficacy of a novel treatment.

The only study to date that demonstrated the potential role for DCE-MRI extracted
parameters to estimate response to neoadjuvant therapies in LABC patients that included
hyperthermia was that of Craciunescu et al. [78]. The authors combined pre treatment MR
derived parameters into a Morpho-Physiological Tumour Score (MPTS) that allowed
prediction of outcome in LABC patients treated with neoadjuvant chemotherapy and HT.
Combining information about the tumour enhancement pattern (morphology information)
with information extracted from a semi-quantitative analysis of time/intensity curves of the
contrast agent, wash-in and wash-out parameters related to physiological information, the
MPTS predicted response with a sensitivity of 91%, and a specificity of 78%. This system of
tumour characterisation can also be expanded for treatment outcome scoring. The
assumption is that with responders, the enhancement velocity gets smaller, i.e., the wash-in
parameter gets smaller. The concept was tested for correlation with treatment response on
two case studies [79]. Figure 1 shows two examples of this approach. The first is in stage IV
disease, which responded completely. First row in Figure 1a) shows raw DCE-MR images
taken pre-cycle I, pre-cycle II and pre-surgery, and the second row shows generated wash-in
maps. The MPTS score pre-cycle I was a maximum of 6. The MPTS score remained 6
throughout the treatment. The morphology score was not determined in the pre-surgery
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images, as no residual tumour was found by imaging means. The second is in stage III
disease with axillary involvement, which did not respond. First row in Figure 1b) shows raw
DCE-MR images taken pre-cycle I, pre-cycle II and pre-surgery, and the second row shows
generated wash-in maps. The MPTS score pre-cycle I was 1. The MPTS score remained at 1
for the pre-cycle II data, as the wash-in parameter increased only slightly, not changing the
score. The association between MPTS score and outcome in this study, illustrated by Figure
1, paved the way for another LABC trial (see Future Directions).

Although not applied directly to breast imaging, an excellent review on DCE-MRI and its
implications in hyperthermia by Ludeman, Wust and Gellerman was published in this
journal [61]. The authors describe and recognised the main challenges in using DCE-MRI
for tissue perfusion characterisation: ‘To assess perfusion changes due to hyperthermia using
DCE-MRI one has to take into account the systematic variation of the arterial input function
required for perfusion quantification. Hyperthermia modifies the contrast agent bolus in that
a shorter and more highly concentrated bolus appears earlier in the tissue.’ Thus, for
quantitative extraction of PK parameters and their use to estimate changes due to
hyperthermia, it is mandatory ‘to normalise perfusion estimation to an individual AIF’ [61]

DW-MRI
Diffusion-weighted magnetic resonance imaging (DW-MRI) is a specialised technique that
measures the degree of diffusion of water molecules within extracellular space and between
intracellular and extracellular space [80]. In DW-MRI, the MR signal is attenuated due to
the thermally driven motion of water molecules affording an insight into tissue
microstructure [81]. The diffusion of water in tissue is strongly affected by fluid viscosity
and membrane permeability between intracellular and extracellular components, active
transport and flow, and directionality of structures that impede or enhance mobility [28].

Each diffusion-weighted series is comprised of at least two diffusion-weighted images that
are differently sensitised to diffusion, say signal intensity So recorded for b0 = 0 s/mm2, and
signal intensity S recorded at a high b. The b-value is determined solely by diffusion
gradient strengths and timings [82]. The apparent diffusion coefficient (ADC) is calculated
as:

(1)

ADC provides a quantifiable measure of the signal attenuation and, therefore, the molecular
motion of water. The ADC is high in tissues with few obstacles to the motion of water,
whereas ADC is low in tissues with many obstacles. Quantifying the apparent diffusion
coefficient (ADC) of water is a rapid, routine imaging sequence making it clinically
attractive. The low b-values typically used (<1000 s/mm2) assess diffusions in the interstitial
space. A decreased diffusion is typically found at infarcted areas at the brain where the cells
are swollen and the interstitial space reduced. An increased diffusion is found in necrotic
tumour areas with increased interstitial space due to cell degeneration. Therefore an
increased interstitial volume can be assessed by using diffusion MRI showing increase
diffusibility as well as by DCE-MRI showing an increase leakage space [83].

Under conditions of high b-values or short diffusion time it is possible to demonstrate
marked deviations from the mono-exponantial equation that allows for ADC calculation
using Equation 1. A significant decrease in ADC was demonstrated for human brain tissue
using diffusion times between 40 and 800 ms, and b-values up to about 2200 s/m [84].
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Alternatively, the data can be fitted by a bi-exponential curve with an intracellular and an
extracellular compartment model [85].

Diffusion MRI is sensitive to structure at cellular level, thus has the potential to detect and
quantify cellular changes that occur in response to successful therapies [86]. Intracellular
water is tightly bound and high density cellular packing in cancers has low diffusivity.
During an effective treatment, cancerous cells are killed, increasing the ADC in those areas.
ADC has been demonstrated to be inversely correlated to cellular density [86–89].

Originally implemented to characterise acute cerebral infarction, diffusion-weighted MRI
has also found application to assess response and as a predictor of outcome following or
during cancer therapy of brain tumours [81,90,91], rectal carcinomas [92–95] hepatic
metastasis [96], and cervical cancer [97].

Increases in the ADC early in treatment have been associated with more favourable
outcome, with increased ADC thought to signify greater cell killing leading to less restricted
water diffusion [98,99]. Diffusion-weighted imaging in concert with standard spin-echo
sequences can also be used to characterise the physical makeup of a tumour, such as tightly
packed cellularity versus fibrous tissue, versus liquefactive necrosis [100].

In breast imaging, a comprehensive review of the use of DW-MRI for both screening and
treatment monitoring was published by Sinha and Sinha [28]. Theilmann et al. [101] showed
in a study involving thirteen subjects with metastatic breast cancer, that changes in ADC
values can predict response to treatment as early as 4 to 11 days after the start of treatment.
Pickles et al. [102] determined that DW-MRI may provide a suitable biomarker capable of
providing an indication of response to treatment prior to tumour size measurements. The
first integration of quantitative DCE-MRI and ADC mapping to monitor treatment response
in LABC treated with neoadjuvant therapy was reported by Yankeelov et al. [102]. They
showed that their analysis is sensitive to longitudinal changes in breast tumour status, with
Ktrans and ADC being the most sensitive to these changes. Although limited by several
factors related to the imaging parameters and the small number of patients employed in their
study, the relationships between parameters still provide information on water distribution
and geometry in the tumour environment. Figure 2 shows pre-treatment and post-treatment
parametric maps of T1, Ktrans, νe, τi and ADC of the central slice of the tumour from a
representative patient, with τi representing the average intracellular water lifetime of a water
molecule.

More recently, a voxel-by-voxel functional diffusion mapping for early evaluation of breast
cancer treatments was reported by [103]. The DWI scans were acquired at three different
time points: pre-, early post- and late post- treatment. Even with limited data sets they
observed, after non-rigid registration of the three sets, that a correlation between changes of
ADC values and treatment response exists.

Application to hyperthermia
The morphologic characterisation offered by ADC mapping could be valuable with
reference to HT where the physical properties of the tissue may be altered directly by
treatment. However, interpretation of ADC changes may not be as straightforward as in
tumours treated with radiation or chemotherapy. Little is known about changes in the ADC
following HT, other than in thermal ablation where the ADC decreased after treatment in
prostate [104], but increased after treatment in transplanted carcinoma [105], and lung [98].
These data regarding the ADC and thermal ablation suggest that accepted paradigms of
changes in ADC following therapy may depend on treatment modality and site. The absolute
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temperature, which is relatively high in thermal ablation and in some regions of a tumour
during non-ablative therapy, may also have an effect.

Image evaluation
Currently, the most frequently applied methods for DCE-MRI and ADC analysis include
tracking changes during the course of treatment in the MR-extracted parameters obtained
over a region or volume of interest (ROI/VOI), or by using histograms describing their
distribution. Histogram-based methods are less user dependent, less arbitrary and provide a
more reproducible tool for tumour assessment.

When averaging over ROI/VOI, their optimal depiction is not yet established and it is
definitely site dependent, as some anatomical sites are more prone to motion than others.
The diagnostic breast MR literature overwhelmingly reports the use of the most enhancing
part of the ROI (‘hot spot’), as it is thought that for diagnostic purposes the most aggressive
component of the tumour, i.e. the highest enhancement, should be investigated [106–109].
For therapy response Hayes et al. [110] looked at differences in pharmacokinetic parameters
in 15 LABC patients when the analysis was performed pixel-by-pixel, over the whole
tumour and over a ‘hot spot’ showing that the whole ROI PK values are identical to the
median values determined from histogram analysis of all pixels within the ROI. A greater
range of changes was observed in the upper extremes of the histogram (‘hot spots’)
compared to median values. More recently, Pickles et al. [65] have determined that analysis
based on highly enhancing ROIs (so-called ‘hot-spots’) provided more statistically
significant differences between responders and non-responders then the analysis based on
ROI encompassing the whole tumour. For use of MR imaging for treatment response, the
most comprehensive guidelines for ROI/VOI delineation come from the workshop review of
Leach et al. [29] who give detailed recommendation.

However, both ROI/VOI analysis and histogram analysis are limited. ROI/VOI methods
don’t capture the tissue heterogeneity as observed in the MR-derived parameter values. Both
methods discard information on spatial localisation. For this reason, voxel-to-voxel
comparison methods are used that retain spatial information [111]. Such methods can
provide unique insights into tumour structure, function and response [29] These methods
require special software for results analysis and cannot be accurately used unless the images
acquired at different stages throughout the treatment are correctly registered.

Image registration
Image registration is recommended [29] for any study that proposes to look at changes in
imaging parameters with treatment response. Breast is a particularly challenging site from
this point of view, as it consists of soft, deformable tissue that moves due to respiratory and
cardiac cycles. First, registration is recommended to address any intrasessional movement
caused by respiratory and cardiac motion and also any involuntary patient motion or muscle
relaxation during the image acquisition, affecting any image analysis performed on such
perturbed images. Automatic motion correction is an important pre-processing task for the
analysis of MR images. Considerable research has been devoted to pre-processing image
data to correct for misalignment due to motion artefacts. Reduction of such artefacts is thus
fundamental for valid morphological or dynamic image analysis [28]. Motion correction is
performed by the application of registration techniques to the dynamic image series. For
breast DCE-MRI data, images are typically registered to the first post-contrast image, in
order to avoid lesion degeneration. Tanner et al. [112] quantitatively evaluated several
registration algorithms (rigid, affine, B-spline based non-rigid, single-resolution, multi-
resolution, and volume-preserving) for the alignment of 3D DCE-MR images of the breast.
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They evaluated that images were most accurately aligned with volume-preserving single-
resolution non-rigid deformable registration using 40 or 20 mm control point spacing.

In addition, when images are acquired at different time points for evaluation of treatment
response, there is large intersession motion due to patient repositioning and large
deformations of the breast relative to previous imaging sessions. The latter are harder to deal
with using rigid registration, and non-rigid (deformable) registration algorithms have been
proposed. Li et al. [113] described a method where DCE-MRI data sets obtained in separate
imaging sessions can be co-registered to a common image space, maintaining spatial
information for voxel-by-voxel comparison. Non-rigid deformable registration using mutual
information and warping was used for a voxel-by-voxel analysis of diffusion mapping for
early evaluation of breast cancer treatment [103].

For hyperthermia applications, especially for studies that propose to look at the influences of
heat treatments alone in the changes of tumour microenvironment, the need for registration
is even more acute, as the pre- and post-HT treatment image sets have to be registered with
the non-invasive MR temperature maps obtained during treatment. Similar patient
positioning and immobilisation is crucial in attempting such a task.

Future directions
As described in the previous paragraphs, MRI-based parameters like ktrans and ADC have
the potential to characterise the tumour microenvironment as surrogates for perfusion/
permeability and cellularity. When these MR parameters are monitored before and after a
hyperthermia treatment, without any other therapeutic intervention, i.e. chemotherapy or
radiation, the effects of HT alone can be quantified and correlated with volumetric
temperature distribution maps generated from non-invasive thermometry and consequently
related to treatment outcome. This will allow, for the first time, a volumetric assessment of
the effects of perfusion/permeability through Ktrans changes and cell death through the
apparent diffusion coefficient (ADC) on the resulting thermal distribution, and then a
volumetric assessment of the effects of the temperature distribution on Ktrans and ADC.
Simple tracer kinetics models do not allow perfusion and permeability to be quantified
separately. More advanced imaging and imaging analysis techniques have been proposed
that can simultaneously quantify perfusion and permeability [114]. Also, novel imaging
techniques have been proposed that simultaneously image tumour oxygenation and
microvascular permeability [115]. Such technique has increased potential to select tumours
that reflect treatment resistance. This new information will provide an opportunity to tailor
the temperature distribution based on pretreatment physiological parameters, and to predict
outcome based on changes in MR-extracted parameters following tumour heating. One
important aspect that will have to be elucidated is the variability of the contrast longitudinal
relaxation time (T10) between the pre-HT DCE-MRI session, and the post-HT session and
how these changes, if any, will affect the changes in the PK parameters.

These approaches are likely to lead to a new level of understanding of the effects of
hyperthermia and a robust method for patient selection.

In breast therapy, such an analysis has several major challenges that relate to image
acquisition and processing. For a more comprehensive voxel-to-voxel analysis, DCE/DW-
MRI images will have to be registered between the time points (before and after HT) and
with the MR temperature maps. The complexity of image registration for breast was
described earlier. If an ROI technique is used, the choice of the ROI/VOI is also debated and
several strategies in defining such regions for analysis might be necessary to establish the
methodology that gives more statistically significant differences between responders and
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non-responders, or separate the most the physiological parameters pre- versus post-HT
treatment.

Conclusion
Breast imaging using MRI techniques is an area of wide interest and active research as
treatment choices for breast cancer patients in general, and LABC patients in particular have
become more and more individualised. It has been proven in the last decade that non-
invasive MRI methods can have wide-ranging pre-clinical and clinical applications that are
capable of providing spatial and temporal information about the tumour vasculature,
metabolism and physiology. MR imaging has been proven to have great potential for lesion
characterisation, from morphology with high dimensional structural imaging, perfusion/
permeability with DCE-MRI, to cellularity with DWI, aiding in the development of novel
targeted therapies, and also with great potential for early determination of response to
treatment [28].

When hyperthermia is added to a neoadjuvant regimen, MR imaging offers the same
potential in describing changes in the tumour microenvironment and in assessing early the
response to treatment. It is likely that tumour physiological parameters such as tumour
hypoxia, perfusion and cellularity, as assessed non-invasively using MRI and other imaging
techniques, are related to the volumetric temperature distribution, as assessed with non-
invasive MR temperatures, and are all linked to outcome. The ability to co-register these
parameters volumetrically will offer a new paradigm for understanding the underlying
mechanisms of hyperthermia. An exquisite model of the effects of temperature on the
tumour, and the influence of pre-treatment and post-treatment variables on outcome, can be
developed, with the net effect of optimising and maximising the use of hyperthermia in the
fight against cancer.
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Figure 1.
DCE-MRI images (first row) of one sagittal image through the centre of the tumour for a
patient that responded (A) and did not respond to treatment (B), respectively, pre cycle I, pre
cycle II and before surgery. On each image, the size of the lesion based on MR is given. The
wash-in parametric maps are shown in the second row. The scales refer to wash-in
parameter values, no units.
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Figure 2.
Pre-treatment and post-treatment parametric mappings of the central slice of the tumour
from a representative patient. The top row displays the pre-treatment T1, Ktrans, νe, τi and
ADC parametric maps, respectively, while the bottom row shows the corresponding post-
treatment maps. In addition to the reduction in tumour size seen in all mappings, relative
changes in the distribution of each parameter are visible. Most noticeable is the large drop in
the fraction of red pixels on the Ktrans map, indicating a decrease in tumour vessel perfusion
and/or permeability; the increase in the ADC map indicates a more geometrically favourable
water diffusion environment (reproduced with permission from Yankeelov et al. [102]).
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