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Background: [18F]fluorothymidine (FLT) has been proposed as a positron emission tomography (PET)-imaging biomarker of
proliferation for breast cancer. The aim of this prospective study was to assess the feasibility of FLT-PET-CT as a technique for
predicting the response to neoadjuvant chemotherapy (NAC) in primary breast cancer and to compare baseline FLT with Ki-67.

Methods: Twenty women with primary breast cancer had a baseline FLT-PET-CT scan that was repeated before the second cycle
of chemotherapy. Expression of Ki-67 in the diagnostic biopsy was quantified. From the FLT-PET-CT scans lesion maximum and
mean standardised uptake values (SUVmax, SUVmean) were calculated.

Results: Mean baseline SUVmax was 7.3, and 4.62 post one cycle of NAC, representing a drop of 2.68 (36.3%). There was no
significant association between baseline, post chemotherapy, or change in SUVmax and pathological response to NAC. There was
a significant correlation between pre-chemotherapy Ki-67 and SUVmax of 0.604 (P¼ 0.006).

Conclusions: Baseline SUVmax measurements of FLT-PET-CT were significantly related to Ki-67 suggesting that it is a proliferation
biomarker. However, in this series neither the baseline value nor the change in SUVmax after one cycle of NAC were able to predict
response as most patients had a sizeable SUVmax reduction.

Over recent decades the routine addition of chemotherapy to the
treatment paradigm for early breast cancer has improved mortality.
Most chemotherapy is given in the adjuvant setting with the
intention of treating occult micro-metastases and thereby improv-
ing survival. The use of chemotherapy in the neoadjuvant setting
has the additional advantage of reducing the size of the primary
tumour in order to facilitate breast-conserving surgery. Further-
more, it allows the study of the effects of chemotherapy on a
primary breast carcinoma, using a combination of newer imaging
techniques, as well as more conventional immunohistochemical
and pathological measures, and to allow more accurate prognos-
tication with the potential to individualise future patient therapies
depending on initial response to treatment.

[18F]fluorothymidine (FLT) has been proposed as a suitable
radiotracer for an imaging biomarker of proliferation with positron
emission tomography (PET) (Shields et al, 1998). It is a fluorine-
modified thymidine analogue that is related to cellular proliferation
owing to its phosphorylation during the cell cycle S-phase by
thymidine kinase-1, a pathway detailed by Buck et al (2009).
A recently conducted systematic review and meta-analysis
(Chalkidou et al, 2012) addressed the issue of the correlation
between Ki-67 expression and FLT-PET, and concluded that
there was significant correlation overall and in particular in brain,
lung and breast cancer. Three studies, with a maximum of 15
patients, have looked specifically at the correlation between
baseline FLT-PET and Ki-67 in patients with breast cancer with

*Correspondence: Dr A Makris; E-mail: amakris@nhs.net

Received 20 December 2013; revised 18 March 2014; accepted 24 March 2014; published online 15 May 2014

& 2014 Cancer Research UK. All rights reserved 0007 – 0920/14

FULL PAPER

Keywords: neoadjuvant chemotherapy; breast cancer; Ki-67; FLT-PET; proliferation

British Journal of Cancer (2014) 110, 2847–2854 | doi: 10.1038/bjc.2014.207

www.bjcancer.com |DOI:10.1038/bjc.2014.207 2847

mailto:amakris@nhs.net
http://www.bjcancer.com


variable results (Smyczek-Gargya et al, 2004; Kenny, 2005;
Contractor et al, 2011).

Pio et al (2006) investigated the predictive value of changes in
FLT and FDG standardised uptake value (SUV) parameters before
the initiation and after the first cycle of chemotherapy in patients
with predominantly newly diagnosed metastatic breast cancer.
Although changes in FLT SUV between the first two scans proved
predictive of response, the study was not conducted in the
neoadjuvant setting and did not address correlations with Ki-67,
but rather the tumour marker CA27.29. Lubberink et al (2012)
assessed the validity of simplified FLT uptake measures (standar-
dised uptake values, tumour-to-blood ratios (TBRs)) in monitoring
chemotherapy response (before and after the first cycle of
chemotherapy) in patients with locally advanced breast cancer by
comparing these against indices derived from pharmacokinetic
modelling, which is the gold standard method for PET data
analysis. Nevertheless, as the focus of the paper was primarily
methodological, no correlations between pre- and post-therapy
changes in FLT parameters with Ki-67 and/or pathological
response were derived, and hence no inferences on the predictive
potential of changes in pre-/post-therapy FLT SUV measures were
made. Therefore no study to our knowledge has addressed the vital
issue of the change in FLT-PET parameters in response to
chemotherapy and their baseline correlation to Ki-67.

Ki-67 has been consistently shown to be a prognostic marker in
early breast cancer with 17 out of 18 studies with larger patient
numbers showing statistical significance between Ki-67 levels and
prognosis (Urruticoechea, 2005). A recent large study with 3658
evaluable patients has found Ki-67 to be an independent predictor
of both disease-free and overall survival (Inwald et al, 2013). It is
also felt to have particular value as a measure of proliferation
within clinical trials (Dowsett et al, 2011) and is considered by
some to be a gold standard against which imaging results can be
compared. Imaging biomarkers have advantages over traditional
biomarkers such as Ki-67, in particular their non-invasive nature
and ability to provide spatial data through both a primary tumour
and local regional or metastatic disease. However, they require
validation against a gold standard such as Ki-67.

The aim of this prospective study was to assess the feasibility of
FLT-PET as a technique for predicting response to neoadjuvant
chemotherapy (NAC) in operable breast cancer and to relate early
changes in FLT uptake to final clinical and pathological response as
well as obtain correlations with the proliferation marker Ki-67.

MATERIALS AND METHODS

Patients. Twenty women with newly diagnosed primary breast
cancer were recruited into the study. All patients had biopsy-
proven breast cancer and had signed informed consent. The
primary breast cancers were of clinical and/or radiological size
42 cm, and patients were WHO performance status 0, or 1, had
adequate renal function, liver function and bone marrow function.

Study design. All patients were treated with a combination of
5-fluorouracil (500mgm� 2), epirubicin (75mgm� 2) and cyclo-
phosphamide (500mgm� 2) (FEC) or 5-fluorouracil (500mgm� 2),
epirubicin (100mgm� 2) and cyclophosphamide (500mgm� 2)
followed by docetaxel (100mgm� 2) (FEC-T) chemotherapy by
intravenous infusion on day 1 of a 21-day cycle. Neoadjuvant
trastuzumab was not used, as it was not standard at the time of the
study. Patients were planned to receive 6–8 cycles of FEC or FEC-T.

Patients had FLT-PET scans before commencing chemotherapy
and at a median of 12 days (range 7–14) after the first dose (that is,
before receiving the second cycle of treatment). In addition, 10
patients had a second ultrasound-guided biopsy performed 2 days
after the second FLT-PET scan for evaluation of Ki-67.

All patients gave written consent to participate in this study,
which had approval from East and North Hertfordshire Local
Research and Ethics Committee (04/Q0203/70) and the Admin-
istration of Radioactive Substances Advisory Committee (ARSAC),
UK.

PET scanning protocol. FLT was synthesised by Hammersmith
Imanet (GE Healthcare, Hammersmith Hospital, London, UK) and
by Nottingham PETNET (Nottingham City Hospital, Nottingham,
UK) by radiofluorination of the 2,30-anhydro-50-O-(4,40-dimethox-
ytrityl)-thymidine precursor using previously described methods
(Cleij et al, 2012). Patients were weighed before each scan and were
given an intravenous injection of 3.5MBq kg� 1 of FLT (maximum
dose 350MBq).

Clinical FLT-PET-CT scanning was performed with a GE
Medical Systems (Hatfield, UK) Discovery ST machine. Scanning
was initiated 90min post injection allowing unbound (unpho-
sphorylated) FLT to clear from normal tissue and equilibrium from
blood to tissue and vice versa to take place, increasing the
specificity of our measurements (Muzi et al, 2005). The CT scan
started with a low-dose scout view to determine the axial range of
measurement of the patient followed by a 140kVp, 80mA helical
scan. This scan was acquired before the PET acquisition for
attenuation correction and to provide anatomic localisation. FLT
uptake was calculated and recorded as SUV. Two-dimensional PET
scanning (i.e., with septa in place) commenced immediately
following the CT scan. For each subject the baseline scan involved
a whole-body PET/CT scan covering the base of the brain (external
auditory meatus) to pelvis, typically five bed positions acquired at
5min per bed that is, typically a total of 25min. The second PET/
CT scan required only two bed positions to encompass the breasts
lasting a total of 10min, allowing a reduction in radiation dose in
comparison with whole-body scanning. PET data were recon-
structed into a 128� 128 matrix with a voxel size of 4.68�
4.68� 3.27mm, using the OSEM reconstruction algorithm
(Hudson and Larkin, 1994) with two iterations and 30 subsets
plus a 5-mm post-reconstruction Gaussian smoothing filter also
applied. Corrections were applied for attenuation, scatter, random
coincidences, isotope decay and dead time. Fused PET and CT
images were subsequently generated. The average transverse and
axial spatial resolution at 1 cm off-axis was B6.28 and 6.88mm,
respectively. No dietary restrictions were applied to the patients
before imaging; patients were all scanned in the supine position
and patients were informed of the importance of remaining static
and having consistent shallow breathing throughout scanning.

Analysis of images. Two observers experienced in PET investiga-
tions and blinded to patient outcomes recorded the results
individually. Standardised uptake values were derived from the
radioactivity concentration in the tissue, the dose of radioactivity
administered and the patient’s weight. Both lesion maximum and
mean SUV values (SUVmax and SUVmean, respectively) were
obtained, along with tumour volume using vendor software that
enabled positioning a three-dimensional volume of interest (VOI)
to encompass the entire lesion. Standardised uptake value
maximum within the tumour volume was determined from the
VOI initially. Then the edge of the lesion for its entire volume was
defined using isocontour thresholds of 30%, 40%, 50% and 60%
SUVmax, respectively, and the mean value of the pixels within each
derived volume was taken as SUVmean. This threshold method of
determining the entire lesion mean SUV minimises observer bias
in outlining regions of interest (ROI). In cases where the tumour
was close to other high-uptake regions such as the liver or ribs,
these areas could be edited out by hand to ensure they did not
influence SUV readings. However, partial volume effects from
nearby structures may still be evident. Standardised uptake value
maximum and mean values were compared for pre-treatment and
post-treatment scans and changes expressed as a percentage
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increase or decrease. These figures were then compared with
clinical and pathological response measurements.

Tissue sampling and immunohistochemistry. The initial core
biopsy performed at the time of diagnosis was analysed for Ki-67 as
were the repeat biopsies after the first cycle of NAC where
available. Four-micron-thick sections were cut onto glass slides
(Thermo Scientific Superfrost Plus, Braunschweig, Germany).
After drying at 37 1C overnight, the sections were dewaxed in
xylene and then rehydrated by immersing in decreasing concen-
trations of industrial-methylated spirits (IMS). The sections were
then washed in tap water. Antigen retrieval was performed by
microwaving the sections at 800W for 10min in preheated Dako
low-pH Target Retrieval solution pH 6. Staining was conducted in
a Dako Autostainer (Dako, Glostrup, Denmark) using the Dako
REAL Detection System. Staining was performed using the MIB 1
primary antibody (Dako) at a dilution of 1 in 50. At the end of the
autostainer run, the sections were removed from the instrument
and counterstained with Mayer’s Haematoxylin, dehydrated in
increasing concentrations of IMS, cleared in xylene and mounted
in DPX. A known positive Ki-67 control tissue was stained at the
same time as the test sections, and in addition was run without
primary antibody as the negative control. However the poor quality
of the repeat biopsies performed after the first cycle of NAC did
not allow further evaluation of this material.

Ki-67 visual scoring. The Ki-67 counting process was blinded to
the results of the PET scan to avoid bias. Stained sections were
examined visually using a Bright Field Microscope (Nikon UK,
Kingston Upon Thames, UK) at � 400 magnification using a
10� 10-eyepiece graticule. The percentage of positive nuclei as a
proportion of total number of invasive tumour cells was recorded
in at least five random high-power fields (HPFs) representative of
the proportions of stained and unstained tumour cells across the
whole of the tumour. If 500 cells were not reached within the five
HPFs, then more fields were counted until 500 cells achieved. The
median Ki-67 score for the 10 fields was then calculated.

Measuring response. Clinical response was assessed before each
cycle of chemotherapy. In addition, routine imaging was conducted
during NAC at the clinicians discretion. Pathological response was
assessed at definitive surgery on completion of NAC. A pathological
complete response (pCR) was noted when there was no evidence of
residual tumour on histological examination of the surgical speci-
men in the breast or lymph nodes. Patients with residual ductal
carcinoma in-situ and no evidence of residual invasive disease were
included in this category. Near pCR was defined as490% reduction
in tumour cells, similar to the definition of Smith et al (2002).
Patients were dicotomised into pathological responders (those who
exhibited pCR or near pCR) and non-responders (all others).

Statistical analysis. Mean baseline and post-chemotherapy
SUVmax were correlated with pathological response using Pearson’s
correlation coefficient after tests for normality of the data were
performed. Standardised uptake value mean data for isocontours
30, 40, 50 and 60% were correlated to each other. The 40%
isocontour (vendor software default) was used for further statistical
analysis for consistency throughout this manuscript and has been
shown to be of utility in other settings (Burri et al, 2008), although
there is no agreed standard. Median Ki-67 values were compared
with the mean and maximum SUV readings from the baseline
FLT-PET and post-NAC scan in each patient. Simple linear
regression was performed to obtain correlation coefficients for the
two methods of measuring proliferation. Further exploratory
analysis to evaluate the use of the total proliferative volume
(TPV), total lesion proliferation (TLP) and TBRs were also
performed. All statistical analyses were performed using SPSS
statistical software (IBM Corp. Released 2012. IBM SPSS
Statistics for Windows, Version 21.0. Armonk, NY, USA) and

additional figures were produced with StatsDirect (StatsDirect Ltd.,
Altrincham, UK).

RESULTS

Twenty patients were successfully recruited to the study and
completed the baseline FLT-PET-CT with 17 completing the
second follow-up scan. Two patients declined to have the second
FLT-PET-CT and one did not have NAC as detailed below. All 17
patients had a repeat FLT-PET-CT after a first cycle of FEC
chemotherapy. Patients were recruited to the study from
September 2005 to February 2006 and from December 2011 to
December 2012; the pause in recruitment was due to a supply
issue with the FLT tracer. Patient demographics and tumour
characteristics are displayed in Table 1. The median age of the
cohort was 52 (range 32–67), the median clinical tumour size was
6 cm (range 3–12 cm) with the vast majority of tumours being
invasive ductal carcinomas (95%).

Twelve patients (60%) received a combination of FEC and
docetaxel, with one patient (5%) additionally receiving cisplatin
and gemcitabine owing to progressive disease in response to first-
line treatment; other patients received FEC alone (n¼ 6, 30%).
One patient (5%) received epirubicin and cyclophosphamideþ
accelerated paclitaxel. One patient (5%) did not receive NAC
owing to complications relating to cardiac hypoperfusion. The
median number of cycles delivered was six (range 4–8).

Ten patients underwent mastectomy and 10 patients had a wide
local excision. Fifteen patients had an axillary clearance with the
remainder having upfront negative sentinel node biopsy. Of the 19

Table 1. Patient demographics and tumour characteristics

Age (years) n¼20

Median 51.8

Range 31.6–67.0

Inflammatory carcinoma 2 (10%)

IDC 19 (95%)

ILC 1 (5%)

Grade 1 0 (0%)

Grade 2 10 (50%)

Grade 3 10 (50%)

T 1 0 (0%)

T 2 6 (30%)

T 3 12 (60%)

T 4 2 (10%)

N 0 8 (40%)

N 1 12 (60%)

N 2/3 0 (0%)

Triple negative 6 (30%)

ER positive 11 (55%)

PR positive 10 (50%)

HER2 þ ve 6 (30%)

FEC 6 (30%)

FEC-T 13 (65%)

No chemotherapy 1 (5%)

Abbreviations: ER¼ estrogen receptor; FEC¼ 5-fluorouracil, epirubicin and cyclophospha-
mide chemotherapy; FEC-T¼ 5-fluorouracil, epirubicin and cyclophosphamide followed by
docetaxel chemotherapy; IDC¼ invasive ductal carcinoma; ILC¼ invasive lobular carcinoma;
PR¼progesterone receptor.
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patients who underwent NAC, two (10.5%) showed a pCR while
five patients (26%) demonstrated a near pCR. Six patients (32%)
demonstrated evidence of an effect from chemotherapy (partial
pathological response—PR) and six patients (32%) had no
response to chemotherapy (NR). Seven out of the 15 patients
(47%) having an axillary dissection had pathologically involved
lymph nodes with the remaining eight (53%) having a patho-
logically negative axilla. Pathological response in the axilla was in
the same category in all patients as pathological response in the
primary tumour.

The median follow-up time was 22 months (range 5–90
months). Four patients (20%) experienced a relapse, all with
metastatic disease. There were four deaths, three (15%) of which
were related to metastatic breast cancer; however, one patient died
due to complications relating to her breast cancer surgery.

Mean baseline SUVmax was 7.3 (range 2.92–13.87). After one
cycle of NAC mean SUVmax was 4.86 (range 1.98–14.15) with a
mean change of � 32.29% (range 11.29–62.51%, 95% CI � 42.6 to
� 20%, P¼ 0.001) (Figure 1). Fourteen patients (82%) had a
reduction in SUVmax with NAC, with the remaining three patients
having an increase (range 2–11%). Mean baseline SUVmean 40%
was also calculated with a value of 4.105 (range 1.6–8.3). After one
cycle of NAC, SUVmean was 2.72 (range 1–8.4) and a mean change
in SUVmean was � 33.40% (range � 60% to 8.82%, 95% CI � 43.9
to � 22.1%, P¼ 0.002) (Table 2). Representative FLT-PET images
are shown in Figure 2.

The mean change in SUVmax of those having a pCR was � 31.47%
(range � 28.01 to� 34.92), those having a near pCR was � 38.49%
(range � 0.49 to � 62.51), PR was � 7.36% (range 11.29 to � 50.95)
and NR was � 44% (range � 32.19 to � 57.62). There was no
significant association between pathological responders to NAC and
SUVmax at baseline (r¼ 0.103, P¼ 0.674), post-NAC (r¼ � 0.098,
P¼ 0.71) or with change in SUVmax (r¼ � 0.151, P¼ 0.563). The
association between all responder categories and SUVmax are shown
in Supplementary Table S1.

Ki-67 data were available for 19 patients at baseline; there was
insufficient histological material to score one baseline sample.
Mean baseline Ki-67 was 32.2% (range 2.3–68.4%). Pearson’s
correlation showed a significant correlation between pre-chemo-
therapy Ki-67 and SUVmax of 0.604 (P¼ 0.006) (See Figure 3) and
SUVmean 40% (r¼ 0.64, P¼ 0.003). There was also a non-
significant association between pCR and higher baseline Ki-67
(r¼ 0.426, P¼ 0.078).

SUVmean data for 30, 40, 50 and 60% isocontours are presented
in Figure 4 for both baseline and post one cycle of NAC. Pearson’s
correlation between all measures of SUV were high, ranging
between 0.949 and 0.99 (Po0.001) and showing good concordance
between the measures (Table 3). The SUVmean data did not show a

correlation with pathological response except for the association
between partial response to chemotherapy and the change in
SUVmean 40% (r¼ 0.59, P¼ 0.013) (Supplementary Table S1).

Other PET parameters that were calculated and then tested for
association against pathological response were TPV, TLP and TBR.
The TPV is defined (Hatt et al, 2010) as the product of the tumour
volume and the SUVmean, which we used at the 50% isocontour.
The only significant association between TPV and pathological
response was the change in TPV with a near pCR (r¼ 0.525
P¼ 0.021), although when the responders were grouped together
this significant association was lost (r¼ 0.306, P¼ 0.203)
(Supplementary Table S2). We also calculated the TLP as the
product of the functional tumour volume (SUVmean 50% tumour
volume) and 50% of SUVmax (Kahraman et al, 2012). This also
showed a significant association between near pCR and change in
TLP (r¼ 0.496, P¼ 0.031) but again not when grouped into
all responders (r¼ 0.283, P¼ 0.241) (Supplementary Table S3).
In order to calculate the TBR, we normalised tumour SUVmax to
arterial whole-blood SUV. Mean whole-blood SUVs were obtained
by placing circular ROI in the middle of the aorta, calculating the
SUVmean in each individual slice and then averaging over 10 slices
(Lubberink et al, 2012). No associations between TBR and
pathological response were seen (Supplementary Table S4).

DISCUSSION

We have demonstrated that the majority of patients have a sizeable
reduction in SUVmax from a single cycle of NAC with a mean
change of � 32.3%. This study, however, failed to show any
predictive markers of response after one cycle of chemotherapy. In
terms of the histological proliferation biomarker Ki-67, we have
shown a good correlation with FLT-PET pre-chemotherapy. The
best predictive marker of response in terms of pCR was baseline
Ki-67. These data therefore suggest that the main utility of
FLT-PET as an imaging biomarker in early breast cancer is pre-
chemotherapy, as a marker of proliferation, rather than in
predicting pathological response after chemotherapy.

PET imaging is widely used in oncology and in breast cancer to
image both primary and metastatic disease. It has many advantages
including its reproducibility and non-invasive nature. It is also able
to detect tumour heterogeneity, avoiding some of the sampling
issues that are associated with histological analyses. Disadvantages
include radiation dose, expense of the test, the need for expertise to
perform and interpret the images, and the limited availability of
some tracers including FLT (Murphy and Bergström, 2009), which
is an issue we encountered on performing this study.
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Figure 1. Ladder plots of (A) change in SUVmax with NAC (B) change in SUVmean 40% isocontour with NAC. Those achieving either a pCR or near
pCR are classified as responders and all others as non-responders.
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Table 2. Ki-67, SUVmax and SUVmean 40% isodose values

SUVmax SUVmean 40% isodose

Patient no. Path response
Ki-67

Baseline Baseline Post 1 cycle NAC % change Baseline Post 1 cycle NAC % change

1 NR 44.7 6.05 2.66 �56.03 3.2 1.3 �59.38

2 PR 60.7 13.87 14.15 2.02 8.3 8.4 1.20

3 Near pCR 21.1 11.47 4.3 �62.51 5.5 2.2 �60.00

4 NR 2.3 2.92 1.98 �32.19 1.6 1 �37.50

5 NR 9.2 6.59 3.98 �39.61 3.4 2.2 �35.29

6 Near pCR 16.5 4.07 4.05 �0.49 2.2 2.2 0

7 PR a 3.19 3.55 11.29 1.7 1.8 5.88

8 pCR 40.8 7.39 5.32 �28.01 4 2.6 �35.00

9 Near pCR 23.8 4.96 3.13 �36.90 2.8 1.6 �42.86

10 NR 28.8 7.91 5.2 �34.26 4.5 3 �33.33

11 PR 13.7 5.83 6.3 8.06 3.4 3.7 8.82

12 PR 32.4 6.116 3 �50.95 3.2 1.5 �53.13

13 PR 16 3.53 a a 1.9 a a

14 NR 29.8 12.86 5.45 �57.62 7.9 3.4 �56.96

15 Near pCR 42.6 6.36 4.16 �34.59 3.5 2.2 �37.14

16 PR 22.1 4.8 a a 2.5 a a

17 Near pCR 54.1 5.45 2.3 �57.80 2.8 1.2 �57.14

18 a 68.4 11.44 a a 7.2 a a

19 pCR 59.5 13 8.46 �34.92 8.2 5.4 �34.15

20 NR 25.8 8.21 4.57 �44.34 4.3 2.5 �41.86

Abbreviations: NAC¼ neoadjuvant chemotherapy; NR¼no response; pCR¼pathological complete response; PR¼pathological response; SUV¼ standardised uptake value.
aData not available.

A B

Figure 2. FLT-PET images representing SUVmax (300dpi CT, PET, colour-fused and MIP images) for a 55-year-old female presenting with a 7-cm
ER þ ve, PR � ve, Her 2þ ve breast cancer (A) pre-chemotherapy SUVmax of 13 and Ki-67 of 59.5 (B) post 1 cycle of FEC with a SUVmax of 8.5
(� 35%). She went on to have a pathological CR and is alive and disease free at a follow-up of 16 months.
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In terms of prediction of response to therapy our study failed to
demonstrate any utility to FLT-PET. Only four patients (24%)
failed to have an imaging response as defined by a reduction in
SUVmax or SUVmean (40% isocontour), of which three had a slight
increase in SUV, with 11 patients (65%) having a reduction of
between 30 and 60% in SUVmax. This homogeneity of SUV change
in response to NAC demonstrates the difficulty in the differentia-
tion of responding and non-responding patients. This is evidenced
by our data showing that the mean change in SUVmax for those
with a pCR was � 31.47%, which was less than the mean change of
those experiencing a near pCR at � 38.49%. Previous studies have
shown utility to the FLT-PET parameters TPV (Hatt et al, 2010),
TLP (Larson et al, 1999; Gulec et al, 2011; Kahraman et al, 2011)
and TBR (Lubberink et al, 2012). Our further analysis of these
parameters did show significance for the first two of these against
near pCR, but there was no durable pattern to this finding and it
could be owing to multiplicity of statistical analysis.

Our data are consistent with the literature where, to our
knowledge, only two other reports have successfully demonstrated
any form of clinical benefit associated with change in FLT values
with treatment. Zander et al (2011) and Kahraman et al (2011), in
a phase II clinical trial in 34 patients with advanced non-small cell
lung cancer treated with the tyrosine kinase inhibitor erlotinib,
showed that an early (1 week post treatment) FLT response
predicted for prolonged progression-free survival. However, both

reports failed to show any difference in overall survival, or any
predictive factor after 6 weeks of treatment. The same study also
evaluated FDG PET, which performed better with successful
prediction of non-progression, progression-free survival and
overall survival in the same patients.

Prior breast cancer data have also shown a correlation between
FLT-PET parameters and Ki-67 in studies of 12 and 8 patients
(Kenny, 2005; Contractor et al, 2011), but there is also conflicting
data in a study of 12 patients that failed to show a correlation
(Smyczek-Gargya et al, 2004). Some of these studies included data
on lymph nodes as well as distant metastasis. A meta-analysis of 27
studies in a variety of tumour types has shown a strong correlation
between Ki-67 and FLT uptake (r¼ 0.7, Po0.001) (Chalkidou
et al, 2012) in keeping with the findings of our study. A large
review of the predictive role of Ki-67 in NAC has concluded that
that Ki-67 is a predictive marker for both clinical and pathological
response (Yerushalmi et al, 2010). A high level of Ki-67 pre-NAC
was considered to be a predictor for response to chemotherapy as
we have also shown in our data, but is also associated with poorer
long-term outcomes. This is a well-described paradox (Weigel and
Dowsett, 2010), where those who have a high Ki-67 have a better
chance of achieving a pCR and therefore better long-term
outcomes, but if they do not achieve a pCR they have a particularly
poor outcome (Jones et al, 2008). Our data have suggested a
correlation between a high Ki-67 level at baseline and pCR,
although this failed to meet statistical significance (P¼ 0.078),
perhaps partly owing to the small numbers in the pCR group in
this study (10.5%). FLT-PET data from other non-breast cancer
studies have also demonstrated a correlation between FLT uptake
and Ki-67 index (Tehrani and Shields, 2013), displaying that this is
not a phenomena exclusive to breast carcinomas.
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Figure 3. Correlation of baseline Ki-67 and SUVmax with line of best fit
(r¼ 0.604, P¼ 0.006).
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Table 3. Pearsons correlation of differing measures of SUV

Correlation
of change in
SUVs SUVmax

SUVmean

30%
SUVmean

40%
SUVmean

50%
SUVmean

60%

SUVmax NA 0.982a 0.99a 0.992a 0.979a

SUVmean 30% 0.982a NA 0.99a 0.976a 0.949a

SUVmean 40% 0.99a 0.99a NA 0.993a 0.971a

SUVmean 50% 0.992a 0.976a 0.993a NA 0.983a

SUVmean 60% 0.979a 0.949a 0.971a 0.983a NA

Abbreviations: NA¼ not available; SUV¼ standardised uptake value.
aAll correlations are significant to o0.01 level (two tailed).
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In addition to assessing the lesion SUVmax, which is the most
widely reported measure for FLT-PET, we also reported the results
of lesion SUVmean. We found an excellent correlation between
these measures, but other data suggest that the choice of SUV
measure used strongly affects the ability to correctly classify
patients into treatment responder categories (i.e., responder and
non-responder) (Vanderhoek et al, 2013). In this study, SUVmean

were derived from the entire lesion volume for different isocontour
thresholds, thereby reducing potential bias of higher SUVmean

values arising when only a single slice in the lesion incorporating
SUVmax is used for analysis. In order for FLT-PET to become more
widely used, it is important to successfully establish the optimal
threshold and/or additional parameters for its measurement. In
fact, when compared with FDG PET, FLT is likely to have a lower
SUV reading as well as a lower range (Buck et al, 2003; Yap et al,
2006; Kasper et al, 2007). This reduced quantitative parameter will
have an impact on the ability to establish useful cutoff data for
responders and non-responders.

The mechanism underpinning the decrease in FLT uptake in
response to therapy is thought to be thymidylate synthase
inhibition, which is a vital enzyme involved in the de novo
synthesis of DNA (Perumal, 2006). The use of different therapeutic
agents may affect FLT uptake regardless of the direct effect on
proliferation depending on whether the agent affects nucleoside
transport or metabolism (Tehrani and Shields, 2013) and the phase
of the cell cycle in which it operates (Vallabhajosula, 2007), and
this has been shown in human breast cancer cells (Direcks et al,
2008). 5-FU has been shown to decrease FLT uptake, doxorubicin
increases FLT uptake and paclitaxel has minimal effect. All of the
patients in our study were exposed to the same chemotherapy
agents before the second FLT-PET-CT scan being performed, so
this issue is unlikely to be a confounding factor within our patients,
but may have implications if one was to generalise our results to
other combinations of chemotherapy agents. The same study
(Direcks et al, 2008) also showed a change in FLT uptake over
time, and as our patients were not all imaged at exactly the same
interval post chemotherapy this may have an implication on our
results.

Our study did not involve any use of reproducibility imaging,
although this has been addressed by previous FLT studies in the
settings of non-small cell lung cancer, head and neck cancer, as
well as breast cancer. These overall have shown good reproduci-
bility with Shields et al (2008) showing the SUVmean to be highly
correlated between the first and the second scan (r2¼ 0.99,
Po0.0001), Cheebsumon et al (2011) showing the test-retest
variability for metabolic volume to range between 7.4 and 29%
(similar to that of FDG PET from the same study), Langen et al
(2008) showing reproducibility of over 0.9 on most parameters and
Kenny et al (2007) showing a test-retest correlation coefficient of
X0.97. All of these studies suggest that sequential FLT-PET-CT
scans are reproducible in patients before the receipt of chemo-
therapy, adding weight to our findings of a consistent reduction in
SUVs in response to treatment.

There are some cautions to the interpretation of our results. The
numbers in this study were small, but consistent with other similar
studies. Poor-quality repeat biopsies did not allow us to correlate
changes in FLT SUVmax with change in Ki-67. There are also no
fixed guidelines on how to define response in FLT-PET, although
the PERCIST criteria may become established in the future (Wahl
et al, 2009), so we were unable to define and classify imaging
responders.

Our study has shown that baseline Ki-67 and FLT SUVmax is
well correlated in keeping with FLT-PETs status as a proliferation
biomarker, although Ki-67 had a better predictive ability in terms
of pathological outcome. The situation post NAC is more complex
where our study failed to show any predictive ability of either
absolute or change in FLT SUVmax or other PET parameters.
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