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Abstract: Molecular imaging, such as positron emission tomography (PET), is increasingly
used as biomarker to predict and assess treatment response in breast cancer. The number

of biomarkers is expanding with specific tracers for tumour characteristics throughout

the body and this information can be used to aid the decision-making process. These
measurements include metabolic activity using ['8F]fluorodeoxyglucose PET (['F]FDG-PET),
oestrogen receptor (ER) expression using 16a.-['8F]Fluoro-17B-oestradiol (['8F]IFES]-PET and
human epidermal growth factor receptor 2 (HER2) expression using PET with radiolabelled
trastuzumab (HER2-PET). In early breast cancer, baseline ['"8FIFDG-PET is frequently used for
staging, but limited subtype-specific data reduce its usefulness as biomarker for treatment
response or outcome. Early metabolic change on serial ['8FIFDG-PET is increasingly used in
the neo-adjuvant setting as dynamic biomarker to predict pathological complete response

to systemic therapy, potentially allowing de-intensification or step-up intensification of
treatment. In the metastatic setting, baseline ['8FIFDG-PET and ['8F]FES-PET can be used

as biomarker to predict treatment response, in triple-negative and ER-positive breast

cancer, respectively. Metabolic progression on repeated ['8FIFDG-PET appears to precede
progressive disease on standard evaluation imaging; however, subtype-specific studies are
limited and more prospective data are needed before implementation in clinical practice. Even
though (repeated) ['8F]FDG-PET, ['8FIFES-PET and HER2-PEt all show promising results as
biomarkers to predict therapy response and outcome, for eventual integration into clinical
practice, future studies will have to clarify at what timepoint this integration has to optimally

take place.
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Introduction

The prediction and assessment of treatment
response is an essential part of the clinical care of
patients with breast cancer. Expression of the oes-
trogen receptor (ER) and human epidermal
growth factor receptor 2 (HER2), often measured
by immunohistochemistry (IHC), is used as a ref-
erence standard to predict response to endocrine-
and HER2-targeted treatment, facilitating the
selection of patients for these treatments.
However, predicting response to systemic therapy

based on IHC results is not ideal, because lack of
endocrine-responsiveness can occur despite ER
positivity,! whereas responsiveness to HER2-
targeting antibody—drug conjugates (ADCs) has
been observed in patients considered to have a
HER2-negative tumour.? To select patients for
and predict response to local therapy, it is essen-
tial to know the characteristics and the extent of
the disease. The latter is normally done using
standard imaging techniques, including ultra-
sound, computed tomography (CT), magnetic
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Table 1a. Overview of PET imaging as biomarker for response prediction and assessment of molecular imaging in breast cancer.

Setting Early breast cancer Metastatic breast cancer
Baseline Repeated Baseline Repeated
Molecular imaging  ['8F]FDG-PET ['®F]FDG-PET ['®F]IFDG-PET ['8F]IFDG-PET

method

Role of molecular
imaging

Area for future
studies

[1FIFES-PET

Measure disease
characteristics:
predict prognosis/
long-term outcome

Guide neoadjuvant
strategies
using baseline

Measure metabolic
change: early
prediction of pCR
primary tumour and
axilla

De-intensification of
systemic therapy

['8FIFES-PET
HER2-PET*

Measure disease characteristics:

predict prognosis/long-term
outcome (progression-free
survival, skeletal related events
and overall survival)

Guide palliative systemic
strategies using baseline
characteristics

['8F]FES-PET

Measure metabolic
change: prediction of
CT response.

Measure response:
criteria for (early)
detection of
progression

Adapt palliative
treatment

characteristics

Guide local therapy

*PET imaging with radiolabelled trastuzumab.
FDG, fluorodeoxyglucose; FES, fluoroestradiol; HER2, human epidermal growth factor receptor 2; pCR, pathological complete response; PET,
positron emission tomography.

resonance imaging (MRI) and/or [!8F]fluorode-
oxyglucose positron emission tomography ([18F]
FDG-PET). These standard imaging techniques,
with the exception of ultrasound, are also used for
response assessment.3>

Usually, response is assessed using the Response
Evaluation Criteria for Solid Tumours (RECIST),
but they are not universally applicable.® In fact,
RECIST response cannot be assessed in bone
metastases, which is the most prevalent site of
metastasis, especially in ER-positive breast can-
cer.” The use of other response criteria (e.g. iRE-
CIST, PERCIST and RANO) is mainly limited
to clinical trials.8-10

It would therefore be valuable to have additional
biomarkers that can improve treatment response
prediction and assessment and provide a rationale
for informed de-intensification of surgical and sys-
temic treatment in early- and metastatic breast can-
cer. This would be especially valuable for new
treatment options, such as ADCs, cyclin-dependent
kinase 4/6 inhibitors or immunotherapy, that are
often accompanied by higher costs and toxicity.

PET imaging is increasingly used to non-inva-
sively measure tumour characteristics throughout
the body with an expanding array of tracers. These
measurements include tumour metabolism using
['8F]FDG-PET, ER expression using 160-[18F]
Fluoro-17p-oestradiol  (['®F]FES)-PET and
HER?2 expression using PET with radiolabelled
trastuzumab (HER2-PET).!! In addition to the
standardized uptake value (SUV) of these tracers,
which is used as a proxy for the measured tumour
characteristic, for [18F]JFDG-PET volumetric
metrics are often reported either alone as meta-
bolic tumour volume or combined with metabolic
activity as total lesion glycolysis (TLG). Baseline
scans can provide information on disease extent
and presence of tumour characteristics. Repeat
imaging can monitor changes in these characteris-
tics induced by treatment.!2-17 In this way, molec-
ular imaging can potentially serve as biomarker to
predict treatment response and long-term out-
come, in addition to response assessment (Table
la—c). In this review, we provide an overview of
the evidence for using ['®F]FDG-, ['8F]FES- and
radiolabelled trastuzumab, as biomarker in early-
and metastatic breast cancer.
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Table 1b. Overview of level of evidence application of molecular imaging as biomarker in early breast cancer.

Setting Early breast cancer (neoadjuvant)

PCR primary tumour LoE* Axillary lymph node response LoE* Survival LoE*
['®F]FDG-PET High baseline uptake and no IIb™8 High baseline uptake and no IVe19-21 High baseline uptake and no or low [Ip15.22.23
General or low metabolic change (at or low metabolic change (at metabolic change (at 2-8weeks

2-8weeks of treatment): related 2-8weeks of treatment): related treatment): related to shorter disease-

to lower pCR rate. to lower axillary pCR rate. free survival and overall survival.
Per breast Predictive value good in TN and Illb'819.24  Predictive value good in TN, IVc19-21 No evidence for differences between [Ip15.22.23
cancer subtype ER-positive/HER2-negative, uncertain in HER2 positive subtypes.

but uncertain in HER2-positive and poor in ER positive/HER2

disease. negative.
['®FIFES-PET Baseline scan be used to predict V2526 NA NA NA

pathological response after

neoadjuvant (endocrine) therapy.
HER2-PET** NA NA NA NA NA NA
Results

*According to levels of evidence and grades of recommendation (as adapted from the Infectious Diseases Society of America-United States Public Health Service
Grading System by European Society for Medical Oncology).
“PET imaging with radiolabelled trastuzumab.

FDG, fluorodeoxyglucose; FES, fluoroestradiol; HER2, human epidermal growth factor receptor 2; LoE, level of evidence; NA, not applicable; pCR, pathological

complete response; PET, positron emission tomography; TN, triple negative.

Table 1c. Overview of level of evidence application of molecular imaging as biomarker in metastatic breast cancer.
Setting Metastatic breast cancer
RECIST response LoE* HER2 positive LoE* ER positive LoE* RECIST response/survival LoE*
TN Al
[18F] High baseline 11Ib?”  Low or no metabolic 128 Metabolic increase after 111h29.:30 High baseline uptake corresponds with 111b31.32
FDG- uptake: related change after 2weeks oestradiol challenge: shorter overall survival
PET to shorter PFS trastuzumab related to response to
General  according to emtansine: related endocrine therapy.
RECIST. to worse outcome
according to RECIST.
Metabolic change [llc3®  Metabolic change Ilc33 Metabolic change 133 PET assessment related to CT 111p34-37
after one course after one course after one course of assessment according to RECIST, may || c38-40
of chemotherapy: of chemotherapy: chemotherapy: related improve disease management because
related to related to response to response according to of early detection.
response according to RECIST. RECIST. PET assessment in bone-only and bone-
according to dominant disease related to skeletal
RECIST. events and response according to
RECIST, may also be related to overall
survival.
[18F] NA NA NA NA Low uptake at baseline: [lIb1241-45  NA NA
FES- related to worse outcome
PET according to RECIST.
Decrease in uptake after  [llc46-48
ER targeting: related to
response according to
RECIST.
HER2- NA NA Low uptake at Ilb%e4 NA NA NA NA
PET** baseline: related

to worse outcome
according to RECIST.

*According to levels of evidence and grades of recommendation (as adapted from the Infectious Diseases Society of America-United States Public Health Service
Grading System by European Society for Medical Oncology).
“PET imaging with radiolabelled trastuzumab.

FDG, fluorodeoxyglucose; FES, fluoroestradiol; HER2, human epidermal growth factor receptor 2; LoE, level of evidence; NA, not applicable; PET, positron emission
tomography; RECIST, Response Evaluation Criteria for Solid Tumours; TN, triple negative.
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Search strategy and selection criteria N 2 §
A search was performed on PubMed up and until o & 2 & *§
August 2022, using the following search terms or 3 = 2 é S}
combination(s) of these search terms ‘breast can- § 8 S 5 =
cer’, ‘breast tumo(ur)’, ‘breast neoplasm(s)’, . & <§§ = 53
‘biomarker’, ‘molecular imaging’, ‘positron emis- a8 % _ §E$ DE: E 5
sion tomography’, ‘PET’, ‘prediction’, ‘progno- 8 25 92 2 EE
sis’, ‘response’, ‘progression(-)free survival’ and S = §§ g % b
‘(disease) progression’. Studies that were not 2 3a 5 g ? %
available in English were excluded. The resulting g 28 = E 8 &
publications were screened by title and abstract " ;.: X :é £ N5 gﬁ
for relevance to this study’s research question. 2 g = a_% R £ gg
The selected articles were checked for relevant £ = e of S $ g
references that had not been included vyet. £ @ S5 5 E 5S =
Clinicaltrials.gov and abstracts from annual = & 55 8% 55 £38
oncology meetings were also checked for ongoing -
studies relevant to this review. § 2
gA 5

g g2 g
['®FIFDG-PET in early breast cancer g |« T

o 2 £e 2 25
Biomarker for pathological complete response
in the neoadjuvant setting 2
The last decade there has been an increasing shift &Y
from adjuvant therapy towards neoadjuvant strat- %
egies. This offers several advantages such as o g . 5 2
higher chance on breast conserving surgery, de- é o § gg - %
intensification of axillary lymph node dissection ; 2 < @ % £
using marking of axillary nodes by sentinel node @ | E > s = &%
procedures and evaluation of treatment response & | @ | £ 8 8 ZZ
to adjust adjuvant strategies. These strategy r‘;
adjustments can be based on the presence of a t o
pathological complete response (pCR), which ¢ e
acts as a surrogate for long-term outcome, par- % §‘§
ticularly in triple-negative (TN) and HER2- T | ¢ g =
positive breast cancer.’® Therefore, reaching a o | £ e
pCR has become an important aim in the neoad- 5 % o o o 5" E
juvant setting. Various studies have evaluated 2| E s = s $<£
baseline ['8F]FDG-PET as biomarker to predict f o
pCR on neoadjuvant chemotherapy (NAC). & | . @ ® =
Increasingly, early metabolic change on repeated ¢ | £ é m 3‘?, 3‘% g
[8F]FDG-PET is investigated as a dynamic bio- E £ 8| E s s g
marker for pCR to allow (de-)intensification dur- % | g8 | =8 i & £Z
ing NAC (Table 2a). The diagnostic performance Ev 22| c2 = S &
of metabolic change measured by repeated ['8F] =
FDG-PET to predict pCR was evaluated in a =2 i
meta-analysis of 22 studies including 1119 & = g N 2 2 2
patients. A moderate accuracy for metabolic - g, Ezd g g g
change during NAC to predict pCR was found E | % gE8 8 & &
with a sensitivity of 82% (76-87%) and specific- TL_E e NED - -
ity of 79% (72-85%).18 Due to the unequal distri- .S
bution of subtypes among the included studiesin < | B 2 g - %
the aforementioned review, differences between & | % ;‘j 2 = s
subtypes could not be analysed. This might limit % E c % = § < é
the value of these findings in clinical practice & | © E Sl - = 62
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Table 2b. Clinical trials evaluating prognostic value of ['8F]FDG-PET for long-term outcome in early breast cancer.

Clinical trial Design No of patients, Intervention PET measure Outcome Main findings
characteristic
Han and Systematic 1630 from 21 NAC Baseline SUV, ., DFS, 0S HR for DFS interim 0.12
Choi? review, meta-  studies and change (0.14-0.32), post 0.31
analyses during and after (0.21-0.46) and for 0S 0.20
treatment (0.09-0.44)
Han et al.%? Prospective 129, ER positive; Adjuvant CT  Baseline SUV,,, DFS HR for DFS 2.49 (95% Cl:

Chae et al.22

Canetal.®®

HER2 negative

Retrospective 466, ER positive, NAC followed
HER2 negative by adjuvant
ET
Retrospective 180 NAC

Baseline SUV ., DFS, 0S

Baseline SUV
and change after
treatment

1.06-5.84)

HR for DFS 2.93 (95% Cl:
1.62-5.30; p<0.001) and 0S
4.87 (1.94-12.26; p<0.001)

DFS, 0S Multiple cox regression
analyses identified that
change in uptake was an
independent prognostic
factor for relapse and
mortality (p=0.013 and

p=0.010, respectively].

max

Cl, confidence interval; CT, chemotherapy; DFS, disease-free survival; ET, endocrine therapy; FDG, fluorodeoxyglucose; HR, hazard ratio; NAC,
neoadjuvant chemotherapy; 0S, overall survival; ratio PET, positron emission tomography; SUV, standardized uptake value.

since the diagnostic performance is likely to be
different per subtype.

Biomarker for pCR per breast cancer subtype.
Breast cancer subtype is expected to play a role in
response prediction with ['8SF]FDG-PET, because
of differences between subtypes in baseline [!8F]
FDG uptake and different treatment strategies
which may induce varying changes in ['SF][FDG
uptake. The exact role of breast cancer subtypes
in this setting is complicated and conflicting
reports are available.

Several studies evaluated whether baseline [!8F]
FDG-PET or early metabolic change during NAC
in the primary tumour on repeated [8F]FDG-
PET correlated with the final pathology report,
that is, pCR (Table 2a). The most robust evidence
is available for TN breast cancer, with the reported
area under the curve (AUC) for metabolic change
to predict pCR ranging between 0.82 and
0.90.19525460  For ER-positive/HER2-negative
breast cancer, multiple studies have also observed
a correlation between ['8F]FDG-PET and patho-
logical response.2451:5259 Although the value of
pCR in this subtype is itself low due to its limited
relation to survival,® a prospective study in 109
patients with ER-positive breast cancer found an
adequate AUROC curve of 0.703 for baseline
['8F]FDG uptake as defined as maximal SUV

(SUV,,,) to predict pCR.>! A smaller study includ-
ing 46 patients with ER-positive/HER2-negative
breast cancer found that metabolic change could
predict pCR with an AUROC of 0.90 as well.>?
Ultimately, we can conclude that early metabolic
change on repeated ['8F]FDG-PET is correlated
with pathological response in HER2-negative
breast cancer. However, in HER2-positive breast
cancer, the role of ['8F]FDG-PET is uncertain,
since contradictory reports are available. The larg-
est prospective study in 115 patients found that
metabolic change (defined as 75% decrease in
SUV,,.. during NAC after the first course) pre-
dicted pCR in HER2-positive tumours with an
accuracy of 76% (p<<0.03).55 These findings were
confirmed by other studies.*!56-58:61 However, in
three large prospective trials, the metabolic change
during NAC did not correlate with pCR in HER2-
positive tumours.!95233 In the largest of these pro-
spective studies including 105 patients with either
TN or HER2-positive breast cancer, the best cor-
relation with pCR was found with the absolute
['8F]FDG uptake at 2-3 weeks after treatment ini-
tiation for patients with HER2-positive tumours
with a c-index of 0.62 (p=0.11).1° Despite an ade-
quate correlation between ['SF]FDG-PET results
and response, especially in HER2-negative breast
cancer, heterogeneity among study protocols (dif-
ferent thresholds used for metabolic change or dif-
ferent methods of scan acquisition and
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quantification) complicates establishing optimal
timing and interpretation of baseline [18F]JFDG-
PET and early metabolic change on repeated [!8F]
FDG-PET for response prediction. Therefore, at
this moment, there is not enough evidence to sup-
port routine use of (repeated) [®)F]FDG-PET to
predict treatment response for the different breast
cancer subtypes. A large prospective multicentre
study with fully standardized protocols would have
to be performed to determine the exact accuracy of
early assessment of response to neoadjuvant ther-
apy per breast cancer subtype using [!F]FDG-
PET. One of these trials is the ongoing DIRECT
trial (INCT05710328) which will prospectively
evaluate the negative predictive value (NPV) of
early metabolic change after 15days to predict
pCR in 235 patients with HER2-positive breast
cancer treated with neoadjuvant HER2-targeted
therapy. The results of this study will further clar-
ify the role of early metabolic change for pCR pre-
diction in HER2-positive breast cancer.

Biomarker for axillary lymph node response in the
neoadjuvant setting. Whether (metabolic change
on) [BF]FDG-PET can also predict axillary
lymph node response has been evaluated in vari-
ous trials. In a prospective trial in 105 patients
with TN- or HER2-positive breast cancer, the
early metabolic change on repeated ['8F]FDG-
PET after a single course of NAC in axillary
lymph nodes and primary HER2-positive tumours
combined was more strongly correlated to pCR
than metabolic change in the primary tumour
alone. Yet, this correlation was still weaker in
HER2-positive than in TN breast cancer.!® A ret-
rospective study in 66 patients evaluated whether
axillary uptake at baseline would predict response
to neoadjuvant therapy. This study found no sig-
nificant differences in baseline ['8F]FDG uptake
at the axillary nodes between responders and non-
responders in the ER-positive/HER2-negative
group. However, in patients with ER-negative dis-
ease (irrespective of HER2 status), axillary resid-
ual disease based on the final pathology report
could be predicted with a sensitivity, specificity,
positive predictive value (PPV), NPV of 90%,
69%, 53% and 95%.2° Recently, metabolic change
after one cycle of NAC to predict axillary pCR
was evaluated in 188 patients and resulted in an
AUC of 0.73, a sensitivity of 51% and a specificity
of 83% among all subtypes. However, only in the
HER2 positive and TN subtypes, the axillary
response could be predicted with sufficient accu-
racy.2 These results show that subtype is relevant
in axillary response prediction using baseline or

repeated [18F]FDG-PET. Furthermore, it shows
an adequate predictive value in the TN and HER-
positive subgroup but limited predictive value in
the ER-positive/HER2-negative group.

Biomarker for survival in the neoadjuvant

setting

While pCR can be used as a surrogate marker for
long-term outcome and is approved as such by the
Food and Drug Administration (FDA) and
European Medicines Agency (EMA)%3:64, there are
some limitations.%> The relationship between pCR
and long-term outcome is strong in TN and
HER2-positive breast cancer, but weaker in
ER-positive breast cancer.!® For this reason, it is of
interest to directly evaluate the relationship
between [8F]FDG-PET and long-term outcome
(Table 2b). Baseline ['8F]FDG-PET before NAC
and adjuvant endocrine therapy has been found to
have prognostic value for long-term outcome in a
study including 466 patients with ER-positive/
HER2-negative breast cancer. A multivariable
analysis showed that high baseline [F]FDG
uptake was correlated with distant relapse-free sur-
vival [2.93,95% CI: 1.62-5.30; p<<0.001] and OS
(4.87, 1.94-12.26; p<<0.001).22 This association
has also been prospectively observed in 129
patients with ER-positive/HER2-negative breast
cancer that underwent adjuvant chemotherapy
with an independent association between baseline
['8F]JFDG-PET and disease-free survival (DFS)
[hazard ratio (HR)=2.49, 1.06-5.84]. In addition
to [®F]JFDG-PET at baseline, early metabolic
change on repeated [!®*F]FDG-PET during NAC
might also correlate with long-term outcome meas-
ures. A meta-analysis of 21 studies in 1630 patients
with all breast cancer subtypes evaluated the value
of baseline [®)F]FDG-PET and early metabolic
change on repeated [)F]FDG-PET during NAC,
to predict survival. A pooled HR of metabolic
change for DFS from 17 studies was 0.21 (95%
CI: 0.14-0.32) for interim imaging and 0.31
(0.21-0.46) for post-treatment imaging. For OS,
the HRs were 0.20 (0.09-0.44) and 0.26 (0.14—
0.51) for interim and post-treatment imaging,
respectively. A meta-regression analysis did not
find significant influence of pCR or subtype on the
HRs, despite overrepresentation of TN and HER2-
positive subtypes among the studies.??> In the
TBCRCO026 trial, decreased metabolic activity
after 2 weeks of treatment was associated with DFS
(HR=0.36; 95% CI: 0.11-1.05; p=0.06) and OS
(HR=0.14;0.01-1.24; p=0.01), although this did
not reach statistical significance.®® In conclusion,

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

THERAPEUTIC ADVANCES in

Volume 15

Table 3a. Clinical trials evaluating ['"8FIFDG-PET for response prediction and assessment in metastatic breast cancer.

Clinical trial

Design No of patients,

characteristic

PET measure

Outcome

Main findings

Gebhart et al.28

Zhang et al.%

Dehdasthi et al.??

Ellis et al.30

Kurland et al.¢7

Lietal.?”

Goulon et al.¢8

Vogsen et al.%7

Riedl et al.3°

Prospective

Prospective 24

Prospective 59, ER positive

Prospective,
randomized

66, ER positive

Prospective 42, ER positive

Retrospective 177
Retrospective 36
Prospective, 87

comparative

Prospective, 65
comparative

56, HER? positive

Baseline uptake and
before cycle 2

Baseline and change
in SUV,., after one
course

Change in SUV after
oestradiol challenge

Change in SUV.,
after oestradiol
challenge

Change in SUV after
aromatase inhibitors
or trastuzumab after
2weeks

Baseline MTV, TLG,
SUV,.., and SUV

max mean

Baseline SUV
SUVear SUV
MTV, TLG

max’

mean’

PERCIST or visual
assessment

PERCIST

TTF according to RECIST

Response according to

RECIST, 0S

Response according to
RECIST, 0S

PFS according to RECIST

More than 20% decline
in PET uptake and Ki-67
response below 5%

PFS according to RECIST

Response according to
RECIST

PFS

PFS, survival compared
to CT

No uptake reduction of <15% in
>50% of tumour load resulted
in NPV 83% PPV 96%

Patients with response
according to RECIST 1.1 had
higher decrease in ['8FIFDG
uptake than non-responder
(p<0.001). The change in
uptake was also associated with
0S (r2=0.266, p<0.01)

Higher mean percent change in
responder 20.9 versus -4.3

With a prospectively defined
threshold of 12% increase in
uptake the PPV for response
was 80% (95% Cl: 61-92) and
NPV was 87% (76-94). PFS
was longer for patients with
metabolic flare (p=0.02)

11 out of 14 patients treated
with aromatase inhibitor
showed response, 100%
concordance with Ki-67
response.

In the trastuzumab group 6 out
of 12 showed response.

High baseline SUV, .., SUV, cans
MTV and TLG correlated with
lower PFS.

Best performance with SUV, .,

SUV,eay and UV,

SUV,, sensitivity 91%,
specificity 93%, NPV 90%

SUV e, sensitivity 88%,
specificity 95%, NPV 88%

SUV,ean S€NSItivity 83%,
specificity 97%, NPV 83%

Progression was first seen

on ['8F]FDG-PET in 78% of all
cases (p<0.0001) and there
was a median delay of 6 months
for detection with CT.

Concordance index for PFS
according to PERCIST versus
RECIST: 0.70 versus 0.60

Concordance index for DSS
according to PERCIST versus
RECIST 0.65 versus 0.55

(Continued)]
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Table 3a. (Continued)

Clinical trial Design No of patients, PET measure Outcome Main findings
characteristic

Naghavi-Behzad Retrospective, 300 Visual assessment 0S compared to CT HR for ['8F]FDG-PET group

etal.3¢ comparative was 0.44 (95% Cl: 0.29-0.69,
p=0.001) with the CE-CT as a
reference.

Detection of first progression
was detected 4.7 months earlier
when ['8F]FDG-PET was used.

Naghavi-Behzad Retrospective, 65 Visual assessment Response categories Significant difference between
et al.3 comparative compared to CT response categories of PET and
CT (p<0.001).

PET indicated regression of
disease more often.

No difference between PPV and
progressive disease.

AUC, area under the curve; CE-CT, contrast-enhanced CT; CMR, complete metabolic response; CT, computed tomography; FDG,
fluorodeoxyglucose; HR, hazard ratio; MTV, metabolic tumour volume; NPV, negative predictive value; OS, overall survival; PET, positron emission
tomography; PFS, progression-free survival; PPV, positive predictive value; SUL, SUV corrected for lean body mass; SUV, standardized uptake
value; TLG, total lesions glycolysis; TTF, time-to-treatment failure.

Table 3b. Clinical trials evaluating prognostic value of ['8F]FDG-PET for long-term outcome in metastatic breast cancer.

Clinical trial Design No of patients, PET measure Outcome Main findings
characteristic

Zhang 2013 Prospective 244 Baseline SUV,., PFS, 0S Baseline SUV,., is an independent prognostic factor
for PFS (HR=1.049) and 0S (HR 1.124]
Ulaner et al.% Retrospective 253 Baseline SUV,,,,, 0S SUV,,..« highest versus lowest tertile in bone HR=3.1,
MTV, TLG p<0.01
TLG correlated with shorter survival in LN (HR=2.4;
p<0.01) and liver (HR=3.0, p=0.02)
Taghipour et al.®?  Retrospective 78, recurrent Baseline SUV 0S SUV,.,, and MTV groups can predict survival outcome
MTV, TLG (HR 2.48 [95% Cl: 1.38-4.46]; p=0.005 by log-rank test)
Satoh et al.7 Retrospective 54 Baseline SUV,,,,, 0S Multivariate analysis TLG associated with 0S (p=0.015)
TLG
Naghavi-Behzad Prospective 22 Baseline SUV,,,,, 0S Higher MTV and TLG correlated with shorter survival
etal.” SUV oy MTV, TLG time in multivariable analyses (HR=1.003-1.004;

p=0.007 to p=0.026)

AUC, area under the curve; CMR, complete metabolic response; FDG, fluorodeoxyglucose; HR, hazard ratio; LN, lymph node; MTV, metabolic
tumour volume; NPV, negative predictive value; OS, overall survival; PET, positron emission tomography; PFS, progression-free survival; PPV,
positive predictive value; SUL, SUV corrected for lean body mass; SUV, standardized uptake value; TLG, total lesions glycolysis.

these results show that both baseline [18F]JFDG prognostic value to pCR. As such, they can poten-
uptake as well as metabolic change on repeated tially serve as biomarker to predict long-term out-
['®F]FDG during neoadjuvant therapy are corre- come. However, the added value of (metabolic
lated with long-term outcome measures after neo- change on) [®F]FDG-PET to pCR to predict
adjuvant therapy and may be of additional long-term outcome, and how this could be used to
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guide treatment decision-making, should be fur-
ther elucidated in prospective comparative trials,
in all subtypes.

Guiding systemic and local therapy in the
neoadjuvant setting

['8F]FDG-PET is increasingly incorporated in
studies to support de-intensification strategies in
the neoadjuvant setting. These de-intensification
strategies are of clear interest when new, expen-
sive, invasive and toxic therapies are considered.
In a multicentre trial, patients were randomized
to receive trastuzumab and pertuzumab with or
without chemotherapy. Patients not receiving
chemotherapy were stratified based on metabolic
change after two treatment cycles. Patients with
40% or more reduction in SUV,_ ., continued
without chemotherapy, while patients with less
metabolic change switched to chemotherapy. Out
of 285 patients that received trastuzumab and
pertuzumab alone, 227 (80%) showed a meta-
bolic change, and 86 patients obtained a pCR
(37.9%, 95% CI: 31.6-44.6; p<<0.0001 com-
pared with the historical rate). In the group that
received chemotherapy based on lack of meta-
bolic change pCR was observed in 15 out of 58
patients (25.9%, 15.3-39.0). Ultimately, in the
arm receiving chemotherapy from the start 41 out
of 71 patients obtained pCR (57.7%; 47.4-69.4)
versus 101 out of 287 patients in the experimental
arm (35.4%; 29.9—41.3). Patients that did not
receive NAC and did not obtain pCR received
adjuvant chemotherapy. The usefulness of this
interesting de-intensification strategy will have to
be become clear after the 3-year DFS becomes
available.16 The value of [®F]FDG-PET to alter
surgical management has been explored in one
study using baseline ['®F][FDG-PET and meta-
bolic change after two cycles of NAC to select
patients eligible for targeted axillary dissection. In
this study of 133 patients, the axillary pCR was
evaluated per subtype. The overall AUC for
decreased metabolic activity to predict pCR was
0.75 (95% CI: 0.65-0.84), while the AUC per
subtype decreased from 0.85 in ER positive/
HER2 positive, to 0.77, 0.66 and 0.55 in TN,
ER-positive/ HER2-negative and ER-negative/
HER2-positive breast cancer, respectively.
Identifying non-responders with low [18F]FDG
uptake at baseline or limited metabolic changer
after NAC could have spared 19 patients an axil-
lary lymph node dissection.?! Other applications,
such as selecting patients for breast conserving
surgery, might also be possible. In 77 patients

with luminal/HER2-negative breast cancer that
underwent ['8F]FDG-PET at baseline and after
one cycle of NAC, the probability of breast con-
serving surgery could be predicted using three
subgroups with different odds for breast conserv-
ing surgery based on volumetric measures
(»p=0.001).72 Even though currently these find-
ings are insufficient to recommend routine imple-
mentation in clinical practice, future studies
could evaluate selection of patients for surgical
intervention with (metabolic change on) [!8F]
FDG-PET as biomarker to predict local response,
based on these results. Another cornerstone of
early breast cancer treatment is radiation therapy,
which can be given post-operatively after breast-
conserving surgery to the breast and lymph nodes
to reduce risk of in-breast or in lymph node
relapse, respectively.* ['"8F][FDG-PET is currently
increasingly integrated in standard of care for
planning in radiation therapy, since it improves
delineation of target volumes and reduces uncer-
tainty around delineation of tumour sites.”® This
improvement is also illustrated by a retrospective
analysis in 31 patients that underwent ['8F]FDG-
PET. In this study, 32 out of 142 lymph nodes
(23%) were only partially within the radiation
field and 9 (6%) were totally uncovered with
standard contouring according to the radiation
therapy oncology group atlas with CT compared
to [8F]FDG-PET.™® One study evaluating the
clinical impact of ['8F]FDG-PET and multipara-
metric MRI in 18 centres in the Netherlands
found that the highest impact and observer agree-
ment for disease management was found using
these imaging techniques for breast cancer com-
pared to other cancer types, influencing disease
management in 96% of all cases.” However, it is
uncertain how (long-term) outcome such as
recurrence- and complication rate is exactly
affected by the addition of ['8F]FDG-PET, as no
prospective comparative studies are available.

Conclusions: ['8F]FDG-PET as biomarker for
early breast cancer in the clinic

There is insufficient evidence to support the use
of baseline ['8F]FDG-PET as biomarker for pCR
to guide neoadjuvant treatment strategy (Table
1b). However, early metabolic change on ['8F]
FDG-PET is promising as it correlates well with
pCR in early breast cancer, in particular in TN
breast cancer. Furthermore, for all subtypes, high
baseline [!8F]FDG uptake plus low or no meta-
bolic change after 2-8 weeks could potentially be
used as a biomarker for a low pCR rate. As such,
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ER-positive/HER2-negative

HER2-positive

Triple-negative

Figure 1. Early metabolic change on repeated ['"8F]FDG-PET as biomarker for response on CT according to

RECIST.

Transversal fused ['®FIFDG-PET images of three patients with metastatic breast cancer showing metabolic change after
2weeks of treatment. Metastases were visualized on baseline ['®F]FDG-PET (first column) and metabolic change was
observed (second column]) in all patients. Upper row: Patient with a with an ER-positive lobular metastasis in the left

ilium with metabolic change after 2weeks of endocrine therapy. Middle row: Patient with HER2-positive metastases in

the sternum and thoracic wall with metabolic change after 2weeks of HER2-targeted therapy. Lower row: Patient with TN
metastases in the mediastinal lymph nodes with metabolic change after 2weeks of chemotherapy. For all patients response

was confirmed with CT according to RECIST after 8 weeks.

CT, computed tomography; HER2, human epidermal growth factor receptor 2; RECIST, Response Evaluation Criteria for
Solid Tumours; TN, triple negative; ['®FIFDG-PET, ['8F]fluorodeoxyglucose positron emission tomography.

future de-intensification studies should incorpo-
rate early metabolic change on ['®F]FDG-PET
using an adaptive design. Furthermore, baseline
['F]FDG-PET and early metabolic change have
prognostic value in predicting long-term outcome
measures such as survival, in all breast cancer
subtypes.

['8F]IFDG-PET in metastatic breast cancer

Biomarker for treatment response

Baseline and early metabolic change on repeated
['F]FDG-PET up to 8 weeks after treatment ini-
tiation has been evaluated in several studies as

biomarker for treatment response (on reference
standard CT measured according to RECIST)
(Figure 1; Table 1c). In the metastatic setting,
breast cancer subtype plays an essential role due
to differences in prognosis and treatment strate-
gies between subtypes.” The ability of [18F]FDG-
PET to predict RECIST response on first-line
subtype-based standard treatment was evaluated
in a retrospective analysis in 177 patients. In this
study, a higher baseline [!®F]FDG uptake was
correlated with lower progression-free survival
(PFS) after first-line chemotherapy for patients
with TN breast cancer (HR=1.862, p=0.030).
The standard PET parameters at baseline were
not predictive for response, neither in patients
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with ER-positive/HER2-negative breast cancer
receiving endocrine therapy or chemotherapy nor
in patients with HER2-positive breast cancer
receiving HER2-targeted treatment.?’” In 56
patients with advanced HER2-positive disease,
early metabolic change after one cycle of trastu-
zumab emtansine (T-DMI1) could predict
RECIST response after three cycles, with a NPV/
PPV of 83%/96.28 In exceptional cases, also a
metabolic increase on repeated ['®F][FDG-PET
could be of benefit. In 51 patients with ER-positive
metastatic breast cancer, who underwent [!8F]
FDG-PET before and after 30mg oestradiol
exposure, increase in [ F]FDG uptake was
shown in 20.9% of patients with an ultimate
RECIST response on endocrine treatment, com-
pared to —4.3% in non-responders. A signifi-
cantly longer OS was observed in the group with
at least a 12% increase in uptake (p=0.0062).2°
This method was also found to be useful to pre-
dict response to oestradiol.30 Regardless of breast
cancer subtypes, early metabolic change after one
course of chemotherapy was related to RECIST
assessment in a prospective study with 24 patients
with metastatic breast cancer. Responders had a
larger decrease in [!8F]FDG uptake than non-
responders (p<<0.001). The metabolic change
was also associated with OS in this study (2 =0.27,
$<0.01).33

Concluding, these studies show that high baseline
['8F]FDG uptake and low or no metabolic change
after 2-8 weeks of treatment could potentially be
used as a biomarker to predict response according
to RECIST.

In addition to predicting RECIST response, [!8F]
FDG-PET may itself also plays a role in treat-
ment response assessment.!7-3¢ While RECIST
does incorporate [18F]JFDG-PET, its role is sup-
portive to CE-CT.6 Several retrospective studies
have found [!®F]FDG-PET to be of additional
value in response assessment.34+3% The largest of
these trials was conducted in 300 patients with
metastatic breast cancer and found significantly
higher 5-year survival rates in patients who
received standard response evaluation after
9-12weeks based on ['®)F]FDG-PET (42%) or
combined imaging (43%), compared to CE-CT
(16%). Detection of first progression was detected
4.7months earlier when [8F]FDG-PET was
used.3¢ The increase in survival can probably be
explained by the fact that progressive disease is
detected earlier, which could have a beneficial
effect on the efficacy and tolerability of

subsequent treatment lines. Recently, the earlier
detection of progression with ['18F][FDG-PET has
been confirmed in a prospective study in 87
patients. In this study, progression was first
observed with [!8F]FDG-PET in 43 out of 87
patients (49.4%) compared to 1 out of (1.15%)
CE-CT (p<0.0001). Furthermore, there was a
median delay of 6 months for detection of pro-
gression with CE-CT compared to ['8F]FDG-
PET.3” For novel treatment strategies, [!8F]
FDG-PET may also be of value for response
assessment as a preliminary analysis of 28 patients
that were treated with CDK 4/6 inhibitors in the
retrospective PUCCINI study, found that the
first response assessment using PERCIST after
90days was associated with longer PFS
(HR=0.16; 95% CI: 0.05-0.55).7¢

The performance of [ F]JFDG-PET to assess
bone metastases might be superior to that of con-
ventional imaging, using CT and bone scan.”’
This is of relevance since bone is the most com-
mon site for breast cancer metastases.’
Furthermore, this facilitates response prediction
and assessment in patients with bone-only or
bone-dominant disease, who are often excluded
from clinical trials when response is assessed
according to RECIST, since metastases confined
to bone cannot be considered as a target lesion
according to RECIST 1.1.9 Several studies have
evaluated the value of [8F]JFDG-PET for
response assessment in this setting. A prospective
study in 24 patients with bone-dominant meta-
static breast cancer found that metabolic change
measured with repeated [8F]FDG-PET after
4months was correlated with skeletal events
(»p<0.001) and treatment response (p=0.044),
but not with OS.38 However, a retrospective study
in 32 patients did find that baseline ['8F]FDG-
PET results were associated with PFS and OS in
patients with bone metastases.?®* Another pro-
spective study in 23 patients with ER-positive
bone-only or bone-dominant metastatic breast
cancer found a strong association between [!8F]
FDG-PET results at 4 and 12weeks (r=0.81).
Patients in which metabolic change was observed
after 4weeks had a longer PFS (14.2 months ver-
sus 6.3; p=0.53) and OS (44.0months versus
29.7months; p=0.47) in this study.? There
seems to be a role for ['8F]FDG-PET in response
prediction and assessment in bone-only and
bone-dominant disease; however, the currently
available evidence is limited. Prospective studies
evaluating the role of ['8F]FDG-PET in this spe-
cific setting will have to be conducted to clarify its
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exact value. One such study is the ongoing single
arm FEATURE study (NCT04316117) which
will prospectively evaluate if ['8F]FDG-PET can
be used to assess response and predict PFS in 134
patients with bone-dominant disease.

Concluding, the addition of [8F]FDG-PET to
CE-CT for response assessment might improve
the quality of current treatment assessment
because of earlier detection of progressive meta-
static breast cancer, especially in patients with
bone-only or bone-dominant disease. However,
this needs to be further evaluated in a prospective
setting.

Biomarker for survival

In the metastatic setting, response outcome meas-
ures, such as RECIST, are approved by the FDA
and EMA as endpoints for clinical trials.”®
However, surrogate measures such as response,
disease control, PFS and time to progression are
poorly correlated with survival.” This is further
complicated by breast cancer subtypes: for
instance, PFS is strongly correlated with OS in
TN, but not in ER-positive/HER2-negative breast
cancer.8%:81 For long-term outcome prediction,
direct correlation of [®F]FDG-PET findings
with survival in the context of breast cancer sub-
types is preferable (Table 3b). Also it should be
considered that previous (neo)adjuvant treat-
ment, location of metastases and tumour subtype
can affect the prognostic value of [18SF]JFDG-PET
in the metastatic setting. The relationship between
subtype, timing of first diagnosis, survival and
baseline [!®)F]FDG uptake was evaluated in a
large prospective study in 244 patients. This
study found that breast cancer subtype indepen-
dently influences baseline [!8F]FDG uptake in
previously  untreated  disease (B=0.290,
p»=0.016). Furthermore, only in patients that did
not receive (neo)adjuvant treatment [ F]FDG
uptake at baseline was prognostic for PFS
(HR=1.049) and OS (HR=1.124).82 Similar
findings were reported by a retrospective study.”®
It is conceivable that tumour characteristics
change due to treatment, resulting in other [18F]
FDG-PET results. Furthermore, the anatomical
location of where the uptake is measured could
also be of influence, as illustrated by one study in
253 patients that found worse OS with increased
uptake (SUV_,) in bone metastases (HR=3.1,
p»<0.01; HR=2.2, p=0.02), but not in lymph
node, liver or lung. On the other hand, TLG was
only associated with worse survival in lymph node

and liver metastases.?! All these studies show that
the value of baseline ['®F]FDG-PET to predict
long-term outcome, dependents on previously
received therapy and the method and location of
uptake measurement (Table 3b).

Concluding, baseline ['®8F]FDG-PET and early
metabolic change are promising biomarkers to
predict treatment response and survival in both
early and metastatic breast cancer (Table 1). In
early- and metastatic breast cancer, high baseline
uptake and low or no metabolic change is related
with adverse clinical outcome. Studies taking
subtype into account are limited and more pro-
spective data on the additional value of [18F]
FDG-PET in this setting is needed before imple-
mentation in clinical practice. Also, trials incor-
porating ['"8F][FDG-PET as biomarker should be
harmonized regarding timing and measurements.
To show clinical utility, future studies would ran-
domize patients to undergo [18F]FDG-PET after
which stratification takes place based on the result
of this scan. The long-term results of such a study
will have to clarify how to optimally implement
['8F]IFDG-PET as biomarker in breast cancer
management.

['8FIFES-PET in breast cancer

The ER status of tumours throughout the body
can be non-invasively assessed with [!8F]FES-
PET.8%84 Several studies have evaluated the role
of [18F]FES-PET as biomarker (Supplemental
Table 1). ['8F]FES-PET recently became the
first FDA-approved PET imaging agent specifi-
cally indicated for breast cancer.8>

Biomarker for therapy response in

early breast cancer

The diagnostic performance of ['8F]FES-PET in
breast lesions is good with a sensitivity and speci-
ficity of 86%/76%, respectively.’4 In a pilot study
including 18 patients undergoing NAC, the [18F]
FES uptake and the [!8F]FES/[!8F]FDG ratio
were lower in responders (1.75 wersus 4.42,
$»=0.002 and 0.16 wversus 0.54, p=0.002, respec-
tively).8¢ However, in early breast cancer predict-
ing response to NAC using [!8F]FES-PET is
likely to be of limited value since the pCR rate in
ER-positive breast cancer is relatively low3° and
long-term response to NAC does not correlate
with ER status.8” Nevertheless, ['8F]FES-PET
could be of added value in early breast cancer
when neoadjuvant endocrine therapy (NET) is
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considered. In the NEOCENT trial, a prospec-
tive feasibility study in ER-positive early breast
cancer, the value of baseline ['®F]FES-PET to
predict response after NAC or NET was evalu-
ated. In this study, 12 patients had low [!®F]FES
uptake (below SUV_ . 7.3) in the primary tumour
at baseline. Of these patients, none of five patients
that received NET responded, whereas five out of
seven patients that received NAC did.?® In the
Neo-ALL-IN study, low ['8F]FES uptake (below
SUV,,.. 5.5) was associated with low RECIST
response in 24 patients with ER-positive/HER2-
positive breast cancer, treated for 18-12weeks
with neoadjuvant letrozole and lapatinib
(p=0.007).%! These findings suggest that patients
with an ER-positive, but [!8F]FES-negative
tumour might benefit from NAC instead of NET,
but the data should be regarded as exploratory
due to low patient numbers and unconventionally
high SUV thresholds used.

Biomarker for therapy response in metastatic
breast cancer

['8F]FES uptake at baseline is related to endo-
crine therapy response in metastatic breast can-
cer. Using a threshold of SUV=1.5 to define
['8F]FES-positive disease on [ F]FES-PET, in a
heavily pre-treated group of ER-positive meta-
static breast cancer patients, none of 15 patients
with [!8F]FES-negative disease responded to
endocrine therapy, while 11 of 32 (34%) with
[*8F]FES-positive disease did respond (»p<<0.01).
When only patients without HER2-positive dis-
ease were considered 11 out of 24 patients (46%)
with [!8F]FES-positive disease responded to
endocrine therapy.!? Endocrine sensitivity based
on ['8F]FES-PET has also recently been investi-
gated in the ET-FES study. In this international
multicentre study, 146 patients with ER-positive
metastatic breast cancer were randomized to
receive either endocrine therapy or chemotherapy
based on [8F]FES-PET results (mean SUV
threshold of 2.0). In patients receiving endocrine
therapy, median PFS was 7.3 months in patients
with a high [!8F]FES uptake, versus, 5.2 months
in patients with a low [!8F]FES uptake. Patients
with low uptake who received chemotherapy had
a PFS of 7.7months.8 Unfortunately, this study
was prematurely halted due to the COVID-19
pandemic. However, these results show great
promise to identify patients using ['8F]FES-PET
that benefit more from chemotherapy instead of
endocrine therapy, irrespective of a positive ER
assay.

['8F]JFES-PET combinations and repeated scans

as biomarker for therapy response

Combining ['8F]FES-PET, with ['®F]FDG-PET
or other imaging modalities might improve the
ability of [18F]FES-PET to predict response.
Response is dependent on several tumour charac-
teristics, which can be measured throughout the
whole body in the metastatic setting. Several
studies have combined [8F]FES-PET and ['8F]
FDG-PET to predict and assess treatment
response. In 90 patients with metastatic breast
cancer planned to receive endocrine therapy, the
combined ['®F]FES and ['8F]FDG uptake was
evaluated.#? Patients with high ['8F]FDG uptake
and high [!®F]FES tumour uptake had a better
response to endocrine therapy compared to those
with high [!8F]FDG uptake and low ['8F]FES
tumour uptake.?? In a pilot study in 30 patients,
the value of the concordance rate between [!8F]
FES positivity and the entire tumour load, as
determined on [!8F]FDG-PET and CT, was
evaluated in patients that received letrozole and
palbociclib.1* Two retrospective studies have also
evaluated the percentage of [!8F]FES-positive
lesions, rather than the absolute ['®F]FES uptake
in patients receiving endocrine therapy with or
without CDK 4/6 inhibition.8%%> A consistent
finding between these studies is that patients with
100% ['8F]FES-positive disease have a longer
PFES than patients with lower percentages.!489:43
However, the optimal method to determine the
[*8F]FES/['8F]FDG ratio and how this relates to
clinical outcome remains unclear.4>-4* Recently,
one study performed in 54 patients with [!8F]
FES-positive lesions below 100% found that
these patients might benefit chemotherapy instead
of endocrine therapy.?® These studies show that
the percentage of [!8F]FES-positive lesions might
ultimately be used to optimize treatment selection
the metastatic setting. Combining [!8F]FES-PET
and [18F]FDG-PET could also be beneficial in
specific instances where the performance of [18F]
FDG-PET is suboptimal. In invasive lobular
breast cancer, the detection rate of [!!F]FDG-
PET appears to be lower than that in invasive
breast cancer of no special type.®!»*2 In compara-
tive studies, ['8F]FES-PET detected locoregional
and distant metastases of lobular breast cancer
that were not detected with ['8F][FDG-PET.93-%
At present, no data are available on how this
affects the prediction and assessment of outcome.
The IMPACT-MBC trial NCT01957332) and
future lobular cancer-specific initiatives are
expected to clarify whether [ F]FES-PET has
additional value in this setting. Using repeated
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['8F]FES-PET changes in ER expression can be
assessed over time, which can be used to assess
ER occupancy and potentially predict long-term
outcome. In light of this, pharmacodynamics of
the different types of endocrine therapy have been
evaluated in 30 metastatic breast cancer using
repeated [!®F]FES-PET.% These data show that
['8F]FES-PET can visualize changes in ER occu-
pancy throughout the body after endocrine ther-
apy. Multiple studies have evaluated this principle
in ER-targeting strategies (Supplemental Table
1). However, it is still unclear how the presence of
ER occupancy as measured by [8F]FES-PET
exactly correlates with clinical outcome and
therefore how it can be used to assess treatment
response.

In conclusion, [!8F]FES-PET provides informa-
tion that might be used as biomarker for endo-
crine response. A high [ F]FES uptake at
baseline, a decrease in ['8F]FES uptake after
treatment initiation and a high percentage of [!8F]
FES-positive lesions could act as biomarker for a
higher endocrine response rate. Further studies
will have to clarify if an how this information
either alone or combined with [18F]JFDG-PET
can be used to predict treatment outcome and
select patients accordingly.

HER2-PET in breast cancer

HER?2 expression can be non-invasively measured
using PET imaging. Different tracers are available
to image HER?2 internalization. The most com-
monly used tracers to visualize whole-body HER2
turnover in breast cancer patients are trastuzumab
labelled with 89Zr and %*Cu.®”-° Compared to
[ F]IFDG-PET and ["®F]FES-PET, a limited
numbers of studies are available that evaluate
HER2-PET results as biomarker for treatment
response and outcome. HER2-PET can be used
to support treatment decision-making in meta-
static breast cancer, in clinical practice.!00-101
Some studies have evaluated the ability of HER2-
PET to predict and assess response to HER2-
targeted treatment. In a study, 10 patients with
HER2-positive metastatic breast cancer under-
went follow-up [8°Zr]Zr-DFO-trastuzumab-PET
and received an inhibitor of HSP90, which plays a
critical role in protein folding. Change in size on
CT after 8weeks was correlated with local [8Zr]
Zr-DFO-trastuzumab uptake after 3 weeks in this
study (2=0.69; P=0.006).192 Furthermore, two

studies have evaluated the influence of TDM-1 on
tracer uptake and how this correlates with
response. One of these studies was conducted in
56 patients with HER2-positive metastatic breast
cancer that underwent a baseline [!®)F][FDG-PET
and [%9Zr]Zr-DFO-trastuzumab-PET prior to
receiving T-DMI1. Dichotomization of groups
into either a positive or negative result based on
50% or more [8°Zr]ZR-DFO-trastuzumab-
positive lesions compared to the entire tumour
load as visualized by ['®F]FDG-PET was per-
formed prior to the analyses. This resulted in two
groups of 16 (29%) patients with a negative and
40 (71%) with a positive [8°Zr]Zr-DFO-
trastuzumab-PET. The time-to-treatment failure
(TTF) was 11.2months (95% CI: 8-15 months)
in patients with a positive [8°Zr]Zr-DFO-
trastuzumab-PET scan and 3.5 months (95% CI:
1.4-7.6) when the scan was considered negative.28
The other study was performed in 10 patients
with HER2-positive metastatic breast cancer that
underwent a [4Cu] Cu-DOTA-trastuzumab-PET
prior to treatment initiation with TDM-1. A
higher minimum [¢4Cu] Cu-DOTA-trastuzumab
uptake (SUV_, ) onday 1 (5.6 versus 2.8, p<<0.02)
and day 2 (8.1 wersus 3.2, p<0.01) was observed
in responders according to PERCIST than in
non-responders. Using an optimal threshold of
SUV,,.. 5.5 for [64Cu]Cu-DOTA-trastuzumab
uptake on day 2, responders could be distin-
guished relatively well from non-responders with a
TTF of 2 versus 28 months (HR=0.1, p=0.02).4°
These studies show that there is potential for
HER2-PET to predict and assess response to
TDM-1 in patients with HER2-positive disease.
In light of response to next-generation anti-HER2
targeting agents such as trastuzumab deruxtecan
seen in patients with previously considered HER2-
negative disease it will be of great interest to see if
HER2-PET is able to predict and assess response
in patients with HER2-negative diseased based on
pathology results. However, all studies that evalu-
ate treatment response so far have been conducted
in HER2-positive breast cancer and no data
addressing this is available so far.

Concluding, HER2-PET may potentially be used
for a biomarker to predict and assess response to
HER2-targeted treatment in patients with HER2-
positive disease. Studies like the IMPACT-MBC
trial INCT01957332), will have to provide addi-
tional insight into the clinical utility of HER2-
PET, also in HER2-negative disease.
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Future perspectives

Even though [!8F]FDG-PET, [!F]FES-PET
and HER2-PEt all show promising results for
eventual integration into clinical practice, still
important issues need to be addressed. To opti-
mize ['8F]FDG-PET as biomarker for prediction
of therapy response and survival, studies should
be subtype specific. Also optimal timing for early
metabolic change measurement is likely subtype
dependent. In the metastatic setting, the superi-
ority of [18F]FDG-PET to CT to predict survival
will have to be confirmed in a prospective setting.
In ER-positive metastatic breast cancer, hetero-
geneity on [8F]FES-PET (combinations) is
emerging as an important biomarker for endo-
crine sensitivity. Whether this can lead to
improved patient outcome needs to be further
explored.

Until now, HER2-PET has mostly been investi-
gated in the metastatic breast cancer setting and
almost exclusively in HER2-positive disease. It
will be of interest to investigate whether HER2-
PET can help to clarify why response to HER2-
targeting therapies is observed in patients
HER2-negative breast cancer. Expansion of the
evaluation of HER2-PET into the early breast
cancer setting could also be of interest in light of
increasing HER2-targeted neoadjuvant therapy
possibilities and the disappointing [!*F]FDG-
PET results in this setting.

While HER2 and ER remain indispensable for
treatment decision-making, other therapeutic tar-
gets have become increasingly important in breast
cancer care. In addition to ['®8F]FDG, ['®F]FES
and HER?2 visualizing tracers, other tracers visual-
izing other characteristics of breast cancer have been
investigated to some extent in clinical trials.!1-103

Proper incorporation of PET imaging in clinical
trials and practice is dependent on advancements
in validation and qualification of these biomark-
ers. Recommendations regarding these advance-
ments have recently been detailed in a imaging
biomarker roadmap for cancer studies.!%4
Currently, the technical validity of ['8F]FDG-
PET and ['8F]FES-PET is established, with suf-
ficient repeatability and reproducibility.!! To
advance clinical implementation of imaging bio-
markers, guidance documents are needed to sup-
port technical and clinical validation processes,
such as auditing and quality control. Essential
guidance documents that are suitable for this are

the currently available appropriate use crite-
rial0%106 and European Association of Nuclear
Medicine (EANM) procedure guideline for [18F]
FDG-PET!97 as well as the upcoming Society of
Nuclear Medicine and Molecular Imaging and
EANM [8F]FES-PET guideline.!® At present,
the clinical utility of PET imaging still remains to
be established further, since most studies so far
have focused on technical and clinical validity.
Future studies will have to clarify which tracers
have sufficient clinical utility to be considered for
implementation into routine care and how this
needs to be done.!! Ideally, implementation of
PET imaging into clinical practice will be studied
further by stratifying patients based on PET
results and assign treatment accordingly as has
been done with follow-up [!8F]FDG-PET in
early breast cancer.!® In addition, future studies
will have to focus on cost-effectiveness of these
biomarkers.

Conclusion

Evidence supporting the additional value of PET
imaging as a biomarker to predict treatment
response in patients with early or metastatic
breast cancer is increasing. While ['8F][FDG-PET
is already widely incorporated in current clinical
practice, PET imaging with other tracers outside
of clinical trials is still uncommon. In this review,
we have identified the evidence for ['®F]FDG,
['8F]FES and HER2 PET results as biomarkers
for treatment response and survival, and described
for which issues additional data are needed. Even
though (repeated) [!|F]FDG-PET, [!8F]FES-
PET and HER2-PEt all show promising results as
biomarkers to predict therapy response and out-
come, still generally low-level evidence is availa-
ble. For eventual integration into clinical practice,
optimal scan timing and thresholds for differences
need to be established. Subtype-specific trial
designs may support PET-based de-intensifica-
tion to prevent over- and undertreatment. This
can ultimately contribute to improved outcome in
breast cancer patients.
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