Eur Radiol (2012) 22:1871-1880
DOI 10.1007/s00330-012-2433-2

BREAST

Predicting response to neoadjuvant chemotherapy in primary
breast cancer using volumetric helical perfusion
computed tomography: a preliminary study

Sonia P. Li - Andreas Makris - Andrew Gogbashian -
Ian C. Simcock - J. James Stirling - Vicky Goh

Received: 26 November 2011 /Revised: 24 January 2012 / Accepted: 22 February 2012 /Published online: 17 April 2012

© European Society of Radiology 2012

Abstract

Objectives To investigate whether CT-derived vascular param-
eters in primary breast cancer predict complete pathological
response (pCR) to neoadjuvant chemotherapy (NAC).
Methods Twenty prospective patients with primary breast
cancer due for NAC underwent volumetric helical perfusion
CT to derive whole tumour regional blood flow (BF), blood
volume (BV) and flow extraction product (FE) by deconvo-
lution analysis. A pCR was achieved if no residual invasive
cancer was detectable on pathological examination. Relation-
ships between baseline BF, BV, FE, tumour size and volume,
and pCR were examined using the Mann—Whitney U test.
Receiver operating characteristic (ROC) curve analysis was
performed to assess the parameter best able to predict re-
sponse. Intra- and inter-observer variability was assessed us-
ing Bland—Altman statistics.

Results Seventeen out of 20 patients completed NAC with
four achieving a pCR. Baseline BF and FE were higher in
patients who achieved a pCR compared with those who did
not (P=0.032); tumour size and volume were not significantly
different (P>0.05). ROC analysis revealed that BF and FE
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were able to identify responders effectively (AUC=0.87; P=

0.03). There was good intra- and inter-observer agreement.

Conclusions Primary breast cancers which exhibited higher

levels of perfusion before treatment were more likely to

achieve a pCR to NAC.

Key Points

» CT-derived vascular parameters may be useful in breast
cancer treatment.

* Perfusion CT can help predict response to neoadjuvant
chemotherapy in breast cancer.

* Baseline blood flow and flow extraction product are
higher in complete pathological responders.

Keywords Volumetric perfusion CT - Breast cancer -
Angiogenesis - Neoadjuvant chemotherapy - Oncology

Introduction

Neoadjuvant chemotherapy (NAC) is well established in the
treatment of primary breast cancer with the ability to down-
stage large tumours for breast-conserving surgery, and with
the potential to eradicate occult micrometastatic disease.
Patients who achieve a complete pathological response
(pCR) to NAC have better long-term outcomes [1] and
pCR is therefore commonly regarded as a surrogate param-
eter for treatment efficacy. The neoadjuvant setting also
offers the opportunity to study tumour perfusion and vascu-
lar permeability in vivo; in breast cancer, the latter is of
particular importance given the overexpression of vascular
endothelial growth factor (VEGF), a potent mediator of
angiogenesis [2].

Dynamic contrast-enhanced computed tomography (per-
fusion CT) is an attractive technique which captures ana-
tomical and pathophysiological information in vivo and is
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becoming increasingly important in lesion characterization
and detection, and in therapeutic monitoring. Quantitative
vascular parameters such as regional blood flow (BF), blood
volume (BV) and flow extraction product (FE) can be esti-
mated in addition to qualitative data, such as curve-pattern
and peak enhancement [3, 4]. Typically, regional BF pro-
vides an indication of the delivery rate of oxygen. Regional
BV and FE reflect the functional volume and permeability,
respectively, and may be surrogates for neoangiogenesis
which in turn may be an indication of the vascular adaptation
to tumour hypoxia [5]. US Food and Drug Administration
(FDA)-approved software platforms available in standard CT
reporting workstations and technical advances have enabled
whole-tumour assessment, and facilitated the post-processing
and analysis of data [6].

Studies have demonstrated correlations between contrast
enhancement parameters and measurements of microvessel
density and/or VEGF in various cancers including lung, renal,
colorectal, pancreatic and breast tumours, validating perfusion
CT as a biomarker of angiogenesis [6—13]. Thus the advantage
of perfusion CT is its ability to provide insight into whole
tumour angiogenesis without the need for invasive tissue
biopsies, as well as its potential to provide prognostic informa-
tion by way of biomarkers of response to treatment in breast
cancer. The ability to predict those patients who might benefit
most from NAC may enable individualization of therapy and a
more efficacious use of therapies.

The objective of this study was to investigate whether
volumetric helical perfusion CT derived vascular parameters
in patients with primary breast cancer before NAC may predict
pCR, as defined by pathological evaluation of the specimen.

Materials and methods

Patients

Institutional review board approval was obtained for this pro-
spective study and informed consent obtained from all

IV contrast
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Fig. 1 Schematic diagram
showing the dynamic
contrast-enhanced 4D adaptive
spiral acquisition l

participating patients. Women with histologically proven pri-
mary breast cancer suitable for NAC were recruited consecu-
tively from January 2009 to August 2010. Inclusion criteria for
this study were (1) female patients 18—70 years, (2) adequate
bone marrow function for chemotherapy and (3) adequate
renal function. Exclusion criteria were (1) pregnant women
and (2) any contraindications to CT imaging. Patients were
required to undergo a baseline perfusion CT before the com-
mencement of chemotherapy. Twenty patients (median age
45 years; range 35-58) were examined. The neoadjuvant reg-
imen consisted of three cycles of FEC (5-fluorouracil 500
mg/m?, epirubicin 100 mg/m?, cyclophosphamide 500
mg/m? intravenously every 21 days) followed by three cycles
of docetaxel (100 mg/m? intravenously every 21 days). Nine
patients also received a single cycle of the anti-angiogenic
agent bevacizumab (15 mg/kg intravenously) before chemo-
therapy as part of another trial. Patients then went on to receive
surgery which was either mastectomy or breast-conserving

surgery.
Response assessment

Pathological response was evaluated by a consultant pathol-
ogist from the histological comparison of the diagnostic core
biopsy with the surgical specimen obtained after the com-
pletion of NAC. A pCR was defined as no residual invasive
disease remaining in the breast and axillary nodes at sur-
gery; residual in situ carcinoma was allowed which is a
commonly accepted definition [14]. pCR was chosen as
the primary endpoint in this study as it is associated with a
better long-term prognosis and therefore is often used as a
surrogate marker of efficacy. Patients who achieved a re-
sponse other than a pCR were deemed non-responders in
this study.

Perfusion CT acquisition and analysis
Patients underwent CT consisting of consecutive helical

acquisitions using a ‘4D-adaptive spiral mode’ (Dual Source
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Dynamic contrast enhanced helical acquisition: 4D Adaptive Spiral sequence
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CT, Somatom Definition, Siemens Healthcare, Forchheim,
Germany). A breath-held low dose planning acquisition to
locate the breast tumour was performed initially (80 kV,
effective mAs 70, rotation time 0.5 s, detectors 24 x
1.2 mm, pitch 1.2, slice collimation 5 mm, SFOV 300-
450 mm, matrix 512 mm). Then 50 ml of iodinated contrast
agent (ioversol 350 mg/ml iodine; Optiray, Covidien, Mans-
field, MA, USA) at 6 ml/s was administered intravenously
using a dual-headed pump injector, followed by a 50-ml
saline flush.

After a delay of 4 s from the start of injection, a volumetric
perfusion CT acquisition consisting of successive craniocau-
dal and caudocranial acquisitions was obtained (80 kV, 100
orl120 mA, rotation time 0.33 s, 4D adaptive spiral with a
variable pitch (consisting of a pitch of 1 at the central point of
table travel and less than 1 in the accelerating and decelerating
portions, thereby guaranteeing a full rotation was always
available for reconstruction), cycle time of 1.5 s for the first
30 s, decreased to a cycle time of 3.0 s between helical
acquisitions after 30 s for the remaining 15 s; z-axis coverage
11.4 cm; reconstructed slice thickness 3 mm, increment 2 mm;
total acquisition time 45 s; effective dose 8.5-10.2 mSv;
Fig. 1).

The volumetric perfusion CT acquisition was a breath-
held acquisition: the patient was asked to hyperventilate
before the acquisition, then instructed to breath-hold in
expiration for the first 30 s, then instructed to take a single
breath in and out (<3 s) before a second breath-hold for the
remainder of the dynamic acquisition (Fig. 1). Image anal-
ysis was performed using validated commercially available
software (Deconvolution algorithm, vPCT; Siemens Health-
care, Forchheim, Germany) [15]. Initial post-processing
steps within the software platform included (1) motion cor-
rection and (2) application of the noise reduction filter.
Motion correction was based on a non-rigid deformable
registration technique [16], previously validated for lung
and kidney data [17, 18]. The arterial time—attenuation curve
was defined by placing a region of interest (ROI) within the
thoracic aorta. Parametric maps of regional BF (ml/min/
100 ml), BV (ml/100 ml) and FE (ml/min/100 ml) were
then generated in axial, coronal and sagittal planes. Region-
al tumour BF represents the delivery rate of contrast agent to
the tumour (blood flow per unit volume or mass of tissue);
regional tumour BV represents the proportion of tissue that
is comprised of flowing blood; FE reflects the rate of trans-
fer of contrast agent from the intravascular to extravascular
space.

Volumetric regions of interest (VOI) were defined by a
single radiologist with over 10 years of experience of perfu-
sion CT techniques (observer 1), by manually outlining the
margin of the tumour in axial, sagittal and coronal planes
simultaneously thus generating parameter mean values for
the entire tumour volume of interest (Fig. 2). Analysis was

BF{A) [l /00mifmin)

A) [l 1100mi)

PMB({A) [l /100mifmin)

Fig. 2 Parametric maps of regional i BF, ii BV and iii FE with volume of
interest outlined in coronal and sagittal planes, and iv the corresponding
time—attenuation curve for a 47-year-old patient with a right grade 3,
T>NoM,, oestrogen and progesterone receptor positive breast carcinoma

repeated in the same manner at least 4 weeks after the initial
analysis, and the mathematical average of the two separate
readings was used. VOIs were also outlined by an oncology
fellow (observer 2) for the purposes of measurement of intra-
and inter-observer variability. Maximum tumour dimension
and volume were also recorded for each patient.

Statistical analysis
Statistical analysis was performed using the StatsDirect

software package (Sale, Cheshire, UK). Median values for
perfusion CT derived vascular parameters and tumour size
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Table 1 Patient and disease

characteristics of study Patient/disease characteristics

Non-responders (n=13)

Responders (n=4)  Test of significance

population according

to response Age (years)

<50 7

> 50 6
Menopausal

Pre 9

Post 3

Unevaluable 1
Grade

1 0

2 5

3 8

Unevaluable 0
Tumour size (cm)

<5 3

>5 10
Clinical nodal status

Positive 6

Negative 7
ER

Positive 8

Negative 5
PR

Positive 6

Negative 7
HER2

Positive 6

Negative 7
Bevacizumab before chemotherapy

Yes 6

No 7

4 $=2.69, df=1, P=0.10
0
4 ¥=1.15, df=1, P=0.28
0
0
0 v*=0.03, df=1, P=0.87
1
2
1
3 ¥*=3.40, df=1, P=0.07
1
4 y*=3.45, df=1, P=0.06
0
3 $*=0.23, df=1, P=0.63
1
0 ¥=2.69, df=1, P=0.10
4
1 *=0.53, df=1, P=0.47
3

=102, df=1, P=0.31

and volume were compared between patients who achieved
a complete response at surgery (pCR) versus those that did
not, using the Mann—Whitney U test. Statistical significance
was set at a two-sided P value of less than 0.05. Relation-
ships between vascular parameters were evaluated using
Spearman’s rank coefficient (p). Receiver operating charac-
teristic (ROC) curve analysis was used to compare test
performance for predicting final response at surgery.

For the measurement of intra- and inter-observer agree-
ment, the mean differences, standard deviation and the 95 %
limits of agreement for each of the perfusion parameters for
each observer were calculated using Bland—Altman analysis
[19]. The within-subject coefficient of variation and intra-
class correlation were also determined.

Results

Seventeen of 20 patients successfully underwent NAC and
were available for the purposes of response assessment. Of the
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three who were excluded, one received only two cycles of
NAC after experiencing significant toxicity, another was still
undergoing NAC at the time this was written and the third
patient was not suitable for NAC after recruitment and instead
received neoadjuvant hormonal therapy. The median total
number of cycles of NAC received was 6 (range 4-6). Four
patients achieved a pCR at surgery (23.5 %), whereas the
remaining 13 achieved either a partial or no response. Of these
13 patients who were deemed to have a non-complete re-
sponse, two did not have surgery at the completion of their
NAC owing to a diagnosis of metastatic disease shortly after
recruitment: their final clinical response was such that com-
plete response at surgery was unlikely. Patient and disease
characteristics are summarised in Table 1. These character-
istics were not significantly different between responders and
non-responders.

Values for BF and FE were significantly higher in patients
who attained a complete response compared with those who
did not (median BF 74.4 vs 46.4, P=0.03; median FE 24.9 vs
16.9, P=0.03). Representative images of a responder and non-
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Fig. 3 Representative parametric maps of blood flow in a responder
(top row) compared with a non-responder (bottom row) in the i axial, ii
sagittal and iii coronal planes with the tumour volume of interest (VOI)
outlined and the iv corresponding time—density curves for artery (red)

responder are shown in Fig. 3. BV was also higher in res-
ponders but this did not reach statistical significance (median
7.7 vs 5.7, P=0.08). There was a positive correlation between
blood flow and volume (p=0.79; P=0.0002) across the group
overall. Neither measurements of pretreatment tumour size nor
volume were significantly different between the two groups
(P=0.16 and P=0.08, respectively; Table 2).

ROC analysis revealed that both BF and FE were capable of
identifying patients more likely to have a complete response
following completion of chemotherapy (AUC: BF 0.87, P=
0.03; FE 0.87, P=0.03) in comparison with BV and initial
tumour size and volume (Table 2, Fig. 4).

The mean (and standard deviation) of tumour size, BF, BV
and FE for observers 1 and 2 are summarized in Table 3.
Measurements for intra- and inter-observer agreement are

and tumour (white) for whole tumour VOI. Both patients had a grade 3,
T>NoM, oestrogen receptor negative, progesterone receptor negative
breast adenocarcinoma

demonstrated in Table 4, with within-subject coefficients
of variation ranging from 5.5 to 16.8 % and the intra-class
correlation coefficient from 0.92 to 0.99, for all perfusion
parameters.

Discussion

Recent technological advances including wide detector arrays
(e.g. 320 MDCT) and volumetric helical perfusion CT techni-
ques (e.g. 4D adaptive spiral; helical shuttle mode) have facil-
itated the clinical application of perfusion CT by allowing the
whole tumour or more than one target lesion to be assessed.
Clinical application in oncologic practice has primarily been in
head and neck [20-25], lung [26-30], colorectal [31-36], upper

Table 2 Comparison of perfusion CT parameters between responders and non-responders

Perfusion CT parameters Responders (n=4)  Non-responders (n=13)  Median difference (95 % CI) P value ROC

AUC P value
BF (ml/min/100 ml) 74.45 46.37 —31.89 (—53.47 to —3.96) 0.032 0.87 0.032
BV (ml/100 ml) 7.66 5.68 —2.17 (=6.19 to 0.47) 0.079 0.81 0.070
FE (ml/min/100 ml) 24.87 16.92 —9.32 (—17.96 to —0.94) 0.032 0.87 0.032
Baseline tumour size (mm) 23 41 9 (-3 to 31) 0.163 0.75 0.141
Baseline tumour volume (cm®) 9 14 7 (=3 to 39) 0.163 0.75 0.141

AUC area under the ROC curve
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Fig. 4 ROC curves of a BF and b FE in predicting the likelihood of
patients achieving a pCR to NAC with AUCs of 0.87 (P=0.03) for
both parameters

gastrointestinal tract [ 12, 37, 38] and renal cancers [39-41] with
only a few studies in breast cancer [7, 42]. Perfusion CT has
been used in not only the assessment of response to various
chemotherapeutic agents but also in proof of mechanistic stud-
ies of novel targeted agents such as the anti-VEGF inhibitor
bevacizumab [34, 43] and the multikinase inhibitor sorafenib
[29, 44].

To our knowledge, this is the first study to demonstrate the
potential of CT perfusion in the prediction of response to NAC
in human breast cancer. In this study, higher values of regional
BF and FE were observed in patients who achieved a pCR to
chemotherapy in comparison with those who did not. There-
fore patients with breast tumours that are better perfused (in-
creased blood flow) and which exhibit elevated levels of
neoangiogenesis (increased FE) before treatment may derive
the greatest benefit from NAC. Other studies have also reported
favourable responses from tumours with higher baseline BVs
[25, 35]; however, this was not statistically significant in our
study despite there being a positive correlation between BV and
BF. Measurements of BV reflect both mature and immature,
newly formed leaky blood vessels and therefore may not be as
sensitive as BF as a predictive marker. Our findings suggest
that patients with less well perfused breast tumours may expe-
rience worse outcomes and early monitoring of response may
be important for these patients. pCT parameters may be used
for the stratification of non-responding patients into alternative
treatment strategies. The addition of novel targeted therapies to
conventional chemotherapy in this group of patients may help
to improve their chances of achieving a pCR.

Table 3 Mean (SD) of tumour volume, tumour size, blood flow, BV and
FE for each observer

Observer 1 Observer 2
Tumour size (cm) 4.03 (2.06) 4.09 (2.27)
BF (ml/min/100 ml) 54.03 (22.17) 58.39 (22.31)
BV (ml/100 ml) 6.04 (2.12) 6.50 (2.35)
FE (ml/min/100 ml) 17.95 (7.23) 19.63 (7.06)

@ Springer

Our findings may be due to a combination of factors.
Evidence in vitro indicates that the endothelial cells of
newly forming blood vessels are highly and selectively
sensitive to even very low doses of chemotherapeutic drugs
compared with genetically more stable mature vessels and
therefore tumours which display higher levels of neoangio-
genesis before treatment may benefit the most from NAC
[45]. As such, the more aggressive and highly proliferative
nature of these highly vascular tumours makes them more
susceptible to the anti-proliferative effects of cytotoxic
agents. In clinical practice, women with large, high grade,
hormone receptor negative breast cancers, i.e. more aggres-
sive tumours, are the most likely to respond to preoperative
chemotherapy [46, 47]. Furthermore, tumours which are less
well perfused may have a higher degree of hypoxia resulting
in the clonal selection of more aggressive tumour cells that are
more chemo- and radioresistant [24, 26]. Hypoxia is an im-
portant upregulator of the angiogenic pathway via the stimu-
lation of hypoxia inducible factor (HIF-1x)-induced VEGF
expression leading to enhanced vascular proliferation [36].
Lastly, higher regional perfusion and permeability allows for
more efficient chemotherapy delivery and distribution into the
tumour creating higher intratumoural drug concentrations and
potentially a better response [38, 48].

Similarly other perfusion CT studies, albeit using non-
table moving techniques, have shown in several tumour
sites that highly perfused tumours may in fact have better
responses. In a study by Makari et al. [38] of 55 patients
with advanced oesophageal cancers undergoing NAC, high
blood flow before treatment was associated with a good
response, whereas BV was not. Similarly, Wang et al. [26]
demonstrated in 35 patients with non-small cell lung cancer
that baseline blood flow in responders to either chemother-
apy, radiotherapy or chemoradiotherapy was significantly
higher than those of non-responders (P=0.023). Bellomi
et al. [35] found that baseline BF and BV in seven patients
with rectal carcinoma who did not respond to neoadjuvant
chemoradiation to be significantly lower than those of the 17
who did. Furthermore, patients with renal cell carcinoma
treated with anti-angiogenic therapy experienced more than
a twofold likelihood of response if they exhibited higher
baseline tumour BF and BV [40]. Details of these and other
studies are shown in Table 5.

Other functional imaging techniques including ['*F]-fluo-
rodeoxy-D-glucose positron emission tomography (FDG-
PET) and diffusion-weighted MRI (DW-MRI) have been
applied in breast cancer and demonstrated similar results
[49, 50]. In a study of 30 patients with locally advanced breast
cancer, Smith et al. [49] found that pretreatment values of
semi-quantitative dose uptake on FDG-PET were higher in the
eight primary breast lesions that achieved a pCR than those
from less responsive lesions (P=0.037). Mankoff et al. [51]
evaluated tumour blood flow and glucose metabolism
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Table 4 Intra-observer

agreement for BF, BV

and FE utilizing a

deconvolution algorithm

Intra-observer agreement

Inter-observer

agreement
Observer 1 Observer 2

BF
Mean difference +1.35 +0.43 -3.00
95 % limits of agreement —8.22 to +10.93 —6.66 to +7.52 —14.86 to +8.85
Intra-class correlation coefficient 0.97 0.99 0.95
Within-subject coefficient of variation (%) 7.1 5.5 8.2

BV
Mean difference +0.28 +0.067 —0.18
95 % limits of agreement —0.86 to +1.43 —1.08 to +1.20 —1.44 to +1.09
Intra-class correlation coefficient 0.96 0.97 0.96
Within-subject coefficient of variation (%) 7.2 8.2 7.2

FE
Mean difference +0.25 —1.00 -1.43
95 % limits of agreement —4.35 to +4.84 —3.38 to +5.39 —6.31 to +3.46
Intra-class correlation coefficient 0.95 0.94 0.92
Within-subject coefficient of variation (%) 8.7 16.8 10.5

simultaneously in 37 patients, demonstrating that a low ratio
of FDG metabolic rate to blood flow (MRFDG/BF) was the
best predictor of complete response to NAC. They suggested
that an elevated ratio was indicative of high glucose extraction
by tumour in the setting of a hypoxic, poorly perfused envi-
ronment, which confers resistance to treatment.

On diffusion-weighted MRI, Park et al. [50] demonstrat-
ed significantly lower pretreatment ADC values in respond-
ers to NAC compared with non-responders indicating that
tumours that are more cellular, i.e. are of higher grade, have
a higher chance of response. On the other hand, conflicting
results have been seen with DCE-MRI in breast cancer. Ah-
See et al. [52] demonstrated that although significant reduc-
tions in K™ were seen in pathological responders to NAC,
they failed to find a correlation between baseline K™ and

response. K™, a transfer constant, is a parameter which
describes the rate of transendothelial flow of contrast medi-
um from plasma into the interstitium and has been used to
characterise microvascular permeability quantitatively [3].
Similar results were reported in a study of 30 patients by
Martincich et al. [53] who did not find any correlation
between baseline contrast enhancement patterns on DCE-
MRI and histopathological response. However it should be
noted that these DCE-MRI studies were limited in their
tumour volume coverage. In contrast the entire tumour
volume was assessed on perfusion CT, which may provide
a more reproducible and accurate measure of perfusion
parameters, in particular within heterogeneous tumours
when compared to two-dimensional ROI analysis on MRI
[54].

Table 5 Studies using non-table moving perfusion CT techniques and various kinetic models in response prediction for various tumour types

Number of
patients

Site of
tumour

Authors Year

Treatment

Baseline parameter and
relationship with response
to treatment

Hermans et al. [24] 2003
Zima et al. [25] 2007

Head & neck 105
Head & neck 17 NAC

Radical radiotherapy

T1BF —response
1BF, BV —response

Bisdas et al. [23] 2010 Head & neck 84 Chemoradiotherapy T1BF1PS & BF/BV
mismatch — response
Makari et al. [38] 2007  Oesophagus 55 NAC and radical surgery or chemoradiotherapy 1BF —response
Bellomi et al. [35] 2007  Rectal 25 Neoadjuvant chemoradiotherapy TBF1BV —response
Sahani et al. [33] 2005  Rectal 15 Chemoradiotherapy |BF|MTT —response
Park et al. [37] 2009  Pancreas 30 Chemoradiotherapy 1K™ — response
Wang et al. [26] 2009  Lung 35 Chemotherapy, radiotherapy or chemoradiotherapy ~ 1BF —response
Fournier et al. [40] 2010  Renal 51 Anti-angiogenic agents 1BF1BV —response

MTT mean transit time
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In current practice patients are imaged with conventional
MRI before NAC for the purposes of defining the extent of
disease in the breast such that the presence of multifocal
disease would negate the option of breast-conserving sur-
gery. Patients may then be imaged again at the completion
of NAC to evaluate morphologic response and to aid surgi-
cal excision. Whilst we recognise that anatomical MRI
remains the gold standard for breast evaluation, functional
imaging techniques that assess tumour biology in vivo such
as those mentioned above are rapidly gaining clinical ac-
ceptance for monitoring tumour response to both chemo-
therapeutic and anti-angiogenic agents. CT, however,
remains a widely performed technique for staging (as-
sessment of distant metastases) and therapeutic response
assessment.

Perfusion CT can be readily incorporated into existing
CT protocols with good reproducibility and relative ease of
parameter quantification compared with DCE-MRI. Advan-
tages for the patient include the shorter duration of data
acquisition and less chance of claustrophobia that is typical-
ly associated with MRI. Perfusion CT can also be readily
integrated with PET with current integrated PET/CT sys-
tems, to provide a flow-metabolic evaluation. With regards
to radiation dose, the radiation exposure associated with the
diagnostic perfusion CT examination is relatively small
compared with the radiotherapy dose that patients undergo-
ing NAC will eventually receive as part of their breast
cancer management. Patients who are suitable for NAC
typically have tumours which are larger, of higher grade
with many also having lymph node metastases and would
therefore benefit from radical, post-operative radiotherapy
after their surgery (either radical mastectomy or a wide local
excision). Nevertheless, we appreciate that there remains a
need to limit the radiation burden to the patient, in line with
the ALARA (as low as reasonably achievable) principle.
With the recent development of novel dedicated breast CT
technology leading to doses equivalent to or lower than that of
conventional mammography as demonstrated by Kalender et
al. [55], perfusion CT may become even more attractive,
although further work is needed to confirm these results.

Good intra- and inter-observer agreement was also ob-
served in this study. Mean values varied by less than 10 %
between both observers suggesting that VOI analysis was
reproducible irrespective of the level of observer experience.
In terms of intra-observer agreement, the mean difference and
95 % limits of agreement were also small for both observers.
The within-subject coefficient of variation, a measure of the
error relative to parameter size, ranged from 5.5 to 7.1 % for
BF, 7.2 to 8.2 % for BV and 8.7 to 16.8 % for FE. Although
observer 2 demonstrated a higher coefficient of variation
(16.8 %) for FE, this was found to be due to a single outlier
who had a small infiltrative tumour. Moreover, this figure
remains acceptable within the range quoted by current
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literature (15-30 %) for perfusion CT [56, 57]. Furthermore,
the intra-class correlation coefficients for both observers were
largely comparable.

There were limitations in this study. Patient numbers were
small and therefore, the results from this study should be
interpreted with caution, warranting future confirmation in
larger studies. For the same reason, it was not possible to
perform a multivariate analysis. Not all patients underwent
surgery. Two patients did not undergo surgery at the comple-
tion of their NAC and were subsequently deemed to not have
had achieved a pCR. However, it was felt that this was
acceptable as their final clinical response was incompatible
with a pCR. Although some patients received anti-angiogenic
therapy with bevacizumab, only one single dose was given
and proportionally this was not significant between respond-
ers and non-responders. Notwithstanding, this study was ex-
ploratory in nature and hypothesis generating. Future studies
investigating the relationship between changes in perfusion
and permeability with treatment on repeat CT imaging and
response would be worthwhile.

In summary, perfusion CT has the potential to identify
patients with primary breast cancer who may achieve a pCR
to NAC, with those exhibiting elevated levels of vascular
permeability and perfusion before treatment most likely to
do so. However larger studies are required to confirm these
findings.
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