
ORIGINAL ARTICLE

https://doi.org/10.1007/s00066-020-01606-y
Strahlenther Onkol (2020) 196:542–551

PET/MRI and genetic intrapatient heterogeneity in head and neck
cancers

Kerstin Clasen1 · Sara Leibfarth2 · Franz J. Hilke3 · Jakob Admard3 · René M. Winter2 · Stefan Welz1,4 ·
Sergios Gatidis4,5 · Dominik Nann6 · Stephan Ossowski3,7,10 · Thomas Breuer8 · Christian la Fougère4,9 ·
Konstantin Nikolaou4,5 · Olaf Riess3,10 · Daniel Zips1,4 · Christopher Schroeder3 · Daniela Thorwarth2,4

Received: 16 January 2020 / Accepted: 9 March 2020 / Published online: 24 March 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
Purpose The relation between functional imaging and intrapatient genetic heterogeneity remains poorly understood. The
aim of our study was to investigate spatial sampling and functional imaging by FDG-PET/MRI to describe intrapatient
tumour heterogeneity.
Methods Six patients with oropharyngeal cancer were included in this pilot study. Two tumour samples per patient were
taken and sequenced by next-generation sequencing covering 327 genes relevant in head and neck cancer. Corresponding
regions were delineated on pretherapeutic FDG-PET/MRI images to extract apparent diffusion coefficients and standardized
uptake values.
Results Samples were collected within the primary tumour (n= 3), within the primary tumour and the involved lymph
node (n= 2) as well as within two independent primary tumours (n= 1). Genetic heterogeneity of the primary tumours
was limited and most driver gene mutations were found ubiquitously. Slightly increasing heterogeneity was found between
primary tumours and lymph node metastases. One private predicted driver mutation within a primary tumour and one in
a lymph node were found. However, the two independent primary tumours did not show any shared mutations in spite
of a clinically suspected field cancerosis. No conclusive correlation between genetic heterogeneity and heterogeneity of
PET/MRI-derived parameters was observed.
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Conclusion Our limited data suggest that single sampling might be sufficient in some patients with oropharyngeal cancer.
However, few driver mutations might be missed and, if feasible, spatial sampling should be considered. In two independent
primary tumours, both lesions should be sequenced. Our data with a limited number of patients do not support the concept
that multiparametric PET/MRI features are useful to guide biopsies for genetic tumour characterization.

Keywords Spatial sampling · Quantitative functional imaging · Next-generation sequencing · Radiogenomics ·
Oropharyngeal cancer

Introduction

Aiming for precision medicine, the understanding of in-
ter- and intrapatient diversity of tumours might support
successfully personalized therapeutic approaches. In radia-
tion oncology, spatial dose distribution (“dose painting”) to
subvolumes of the tumours can be applied [1, 2]. For this
purpose, intrapatient tumour heterogeneity can be investi-
gated by imaging features or by next-generation sequencing
(NGS).

The relevant interpatient heterogeneity of somatic
mutations in head and neck squamous cell carcinomas
(HNSCCs) has been shown before [3–5]. Furthermore, the
extent of intrapatient diversity of solid tumours has been
intensely investigated recently, as intratumour genetic het-
erogeneity (ITH) might substantially contribute to therapy
failure and dismal outcome in cancer patients [6–8]. Single
biopsies are discussed in order to underestimate genetic
diversity [9]. McGranahan and Swanton (2017) reviewed
several studies of different cancer types and described
distinct patterns of evolutionary trees with regard to ITH
according to diverse tumour types [7]. Tumours related to
exogenous mutagens such as nicotine abuse or ultraviolet
light (lung adenocarcinomas of smokers and melanomas)
showed increased clonal mutational burden compared to
other entities, but comparably reduced ITH proportion. The
majority of alterations of these tumours might have been
acquired prior to invasiveness and therefore contribute to
the large clonal “trunk” while the tree’s “branches” are
formed by relatively fewer subclonal mutations [7]. In
contrast, gliomas, for example, showed a short “trunk” but
a proportionally high subclonal variability (likely acquired
during tumour progression) [7]. To investigate tumour di-
versity, spatial sampling of different biopsies can be applied
[10, 11].

Imaging features can be used as an additional evaluation
of intratumour diversity [12]. Besides genetic diversity, im-
age-based heterogeneity was also found to correlate with
worse outcome [13] and correlations of genetic data and
imaging features are gaining increased interest [14]. Imag-
ing features might potentially guide biopsy sampling for
NGS. However, studies investigating the spatial relation-
ship of these two approaches remain rare [12].

Functional images can be obtained by magnetic res-
onance imaging (MRI), positron-emission tomography
(PET) or by hybrid imaging combining both technologies
(PET/MRI). Diffusion-weighted MRI (DWI) allows for
quantification of water diffusion which depends on dif-
ferent tissue characteristics such as cell size, cell density
and membrane architecture [15]. Lower apparent diffusion
coefficients (ADCs) usually indicate restricted diffusion
capability. Besides DWI [16], PET imaging with [18F]-
fluorodeoxyglucose (FDG) is an emerging technique for
tumour characterization [17] and treatment guidance [18]
in HNSCC. Standardized uptake values (SUV) can be used
to measure glucose consumption and energy metabolism
of the tumour. Therefore, functional imaging techniques
are promising to elucidate regional diversity of cancerous
lesions.

Studies regarding spatial sampling for NGS in HNSCC
are rare [19–23]. Furthermore, the translation between
genetic heterogeneity and functional implications remains
poorly understood. Therefore, our study addressed intrap-
atient heterogeneity of somatic mutations in HNSCC and
correlated this data with spatially corresponding functional
PET/MRI information.

Materials andmethods

Ten patients with locally advanced oro- or hyphopharyn-
geal HNSCC were recruited prospectively for this pilot
study (NCT-02666885). However, due to small tumour vol-
umes, spatial sampling of two lesions per patient could be
achieved only in six patients who were included in this
planned interim investigation. The study was approved by
the local ethics committee (reference number 025/2015) and
all patients declared their written informed consent.

All patients received tumour resection with intended
adjuvant radio(chemo)therapy at primary diagnosis and
did not undergo any previous treatment. Ahead of surgery,
simultaneous FDG-PET/MRI (Biograph mMR, Siemens
Healthineers, Erlangen, Germany, 3T) was performed
for anatomical and functional characterization of the tu-
mours. The imaging protocol included a morphological T2-
weighted transverse short tau inversion recovery sequence
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Fig. 1 The T2-weighted short tau inversion recovery sequence (STIR) image and exemplary regions of interest (ROIs) corresponding to the
sampling areas in patient 3

(STIR, in-plane voxel size 0.7× 0.7mm2, slice thickness
4mm) for tumour delineation as well as an echo-pla-
nar imaging-based DWI sequence (b-values of 150 and
800s/mm2, in-plane voxel size 1.8× 1.8mm2, slice thick-
ness 5mm) and FDG-PET data (84–90min post injection,
voxel size 2.8× 2.8× 2mm3) were acquired. The patients
were scanned in a dedicated radiotherapy-planning setup
including a thermoplastic mask to ensure maximal re-
duction of motion artefacts. The exact hardware solution,
PET attenuation and DWI distortion correction methods
and detailed imaging information were reported previously
[24–26]. After distortion correction, ADC maps were cal-
culated. FDG-PET activity concentrations were converted
to SUVs by normalizing with respect to injected dose and
patient weight. For each region of interest (ROI, corre-
sponding to the biopsy sites), mean ADC as well as mean
SUV were calculated to investigate correlations with the
genetic information.

During surgery biopsies for NGS were collected from
the surgical specimen in cooperation with the institute of
pathology, to ensure sufficient tumour content. The biopsy
sites were delineated manually as ROIs in the correspond-
ing STIR images as shown in Fig. 1. Specimen sampling
as well as the delineation of corresponding tumour sub-
volumes in MR imaging was done by the same observer
to ensure maximal conformity. Two samples of each pa-
tient were collected. If clinically feasible, both specimens
were sampled from the same primary tumour. Otherwise,
the second sample was collected from an involved lymph
node. In one patient, the two samples were taken from two
spatially separated primary tumours (tonsil and contralat-
eral piriform sinus). The tumour samples were fresh frozen
and 4μm thick sections were stained with hematoxylin and
eosin (H&E). The tumour cell content was estimated by
experienced pathologists.

For genetic analyses, we applied a comprehensive panel
approach (327 genes) that was designed for HNSCC tu-
mours by the German Cancer Consortium (DKTK) partner
site in Berlin [27]. Besides, the dedicated gene list can be
found on the Charité homepage (experimental radiation on-
cology). Ethylenediaminetetraacetic acid blood samples of
the patients were used for normal tissue controls.

For library preparation and exonic region in-solution
capture, the Agilent HaloplexHS technology (Agilent, Santa
Clara, CA, USA) was used. Paired-end sequencing was per-
formed on the HiSeq2500 instrument (Illumina, San Diego,
CA, USA). “megSAP” (version 0.1-755-g54185f9, https://
github.com/imgag/megSAP), an in-house pipeline, was
applied to analyse the data. Using the Burrows–Wheeler
Alignment tool (BWA, version 0.7.17) [28], the reads were
aligned to the human genome reference (GRCh37). Vari-
ant-calling and annotation were conducted using Strelka2
(version 2.8.4) [29] and SnpEff/SnpSift (version 4.37) [30].
Nonsynonymous, coding mutations or splice region and
splice donor variants with an allele frequency (AF) >5%
were reported and compared to identify ubiquitous versus
heterogeneous nonsilent mutations.

All reported ubiquitous mutations were found in both
samples at the same chromosome position with the iden-
tical nucleotide changes. Variants that were only found in
one specimen were considered heterogeneous. All reported
variants were visually validated in the raw data and cross-
checked with the normal tissue as well as the corresponding
other tumour sample.

To identify predicted driver mutations, all somatic vari-
ants were uploaded to the Cancer Genome Interpreter
(CGI) [31]. The genetic variability within the same pa-
tient was reported by the percentage of divergent genetic
variants: (number of heterogenous variants / (shared vari-
ants+ heterogenous variants))× 100 (%).
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Table 1 Patient characteristics

Patient Age
(years)

Gender Tumour location TNM classification
(8th edition)
inclusion criteria: cM0

HPV status Nicotine
abuse

1 66 M Oropharynx pT3 pN0 R0 p16 negative Yes, 30 pack
years

2 55 M Oropharynx pT3 pN2b (ECE) R0 p16 negative Yes, 40 pack
years

3 60 M Oropharynx pT2 pN2c R0 n. a. Yes, 45 pack
years

4 52 M Oropharynx pT2 pN2a (ECE) R2 n. a. Yes, 30 pack
years

5 61 M A) oropharynx
B) uvula

A) pT1 pN3b (ECE) R0
B) pT1 pN0 R0

A)+ B) HPV PCR
and p16 negative

Yes, 40 pack
years

6 52 M A) tonsil
B) piriform sinus
C) vallecula

A) pT1 pN0 R0
B) pT2 pN1 R1
C) pT1 pN1 R1

A) n. a.
B) p16 negative

Yes, 70 pack
years

M male, ECE extracapsular extension, HPV human papillomavirus, PCR polymerase chain reaction, n. a. not available

Results

Six male patients (52–66 years) were included in this
prospective biomarker study. All patients were active
smokers at the time of primary diagnosis and had pri-
mary tumours located in the oropharynx. One patient had
a second primary tumour of the uvula and another patient
presented with three invasive lesions (tonsil, piriform sinus
and vallecula). The patient and tumour characteristics are
summarized in Table 1.

The panel sequencing results including heterogeneous
and ubiquitous somatic mutations as well as annotated pre-
dicted or known driver mutations according to the CGI are
shown in Fig. 2. TP53 mutations were found in all pa-
tients. Furthermore, NOTCH1 variants (drivers and passen-
gers) could be detected in several patients. Apart from these
variants, a distinct interpatient variability was found.

Considering intrapatient heterogeneity, in three patients
(Patients 1, 2 and 3), both sequenced samples were col-
lected within the same primary tumour. In these patients, the
majority of variants were ubiquitous. Little diversity could
be observed, but one predicted driver mutation in ATRX
was found to be heterogeneous. In a further patient (Pa-
tient 4), the primary tumour and the corresponding lymph
node metastasis were investigated and also showed predom-
inant concordance.

In two patients, more than one primary tumour was
found. Patient 5 had two primary tumours, namely a squa-
mous cell carcinoma of the uvula (partially keratinizing,
4.5mm) and of the base of tongue (basaloid, 10mm).
A lymph node metastasis showed extracapsular extension
and was morphologically associated with the base of the
tongue carcinoma. Due to the limited tissue of the uvula
specimen, sequencing was only conducted for the base of
the tongue carcinoma and the involved lymph node. Three

shared mutations in TP53, LRP1B and SYNE1 were found.
However, several additional private mutations as well as
one predicted driver mutation in PDGFRA in the lymph
node biopsy were detected.

Patient 6 had three separate primary tumours. Samples
were collected from the tonsil cancer and the contralat-
eral tumour of the piriform sinus. A field cancerosis was
clinically suspected in this patient. However, no common
mutations were found in the two samples. A potentially
druggable, private mutation was found in the sample of the
piriform sinus (BRCA2).

No distinct associations between the genetic heterogene-
ity and corresponding variation in mean ADC or SUV val-
ues were found (Figs. 3 and 4; Table 2). Table 2 shows
the ADC and SUV values according to the spatial sampling
sides and the relative differences between the two biopsy
areas per patient as well as the respective genetic variabil-
ity of the samples. FDG uptake and DWI measurements
showed some remarkable heterogeneity within the same
primary tumour in spite of predominant concordance of the
genetic profiles. In contrast, comparably similar imaging
features were found in the patient with two separate pri-
mary tumours (Patient 6) and missing ubiquitous somatic
variants. Of note, the lymph node metastasis of Patient 4
showed extensive necrosis, wherefore ADC as well as SUV
values should be interpreted with caution for this patient.
The other lesions investigated did not show major necrotic
areas. Fig. 5 shows exemplary imaging of patient 5 includ-
ing the oropharyngeal tumour (base of the tongue) and the
respective involved lymph node.
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Fig. 2 Nonsilent, coding muta-
tions of the tumours according
to spatial sampling. Shared and
private mutations are shown in
the Venn diagrams and known
or predicted driver mutations
according to the Cancer Genome
Interpreter (CGI) database are
printed in bold. Copy number
variations are not included

Fig. 3 Correlation of mean
apparent diffusion coefficients
(ADCs) and the genetic hetero-
geneity between the two samples
per patient (given by the fraction
of divergent genetic variants to
the total number of genetic vari-
ants). The numbers correspond
to the individual patients. In
Patient 4, the high ADC value
corresponds to a region of inter-
est in a mainly necrotic lymph
node and should be interpreted
with caution

Discussion

The model of clonal evolution of tumours and associated
variant sublines was previously described by P.C. Nowell in
1976 [32]. However, recent sequencing technologies allow
further insight into intrapatient heterogeneity as ubiquitous
and private mutations can be determined [10, 33].

For the estimation of genetic intrapatient heterogeneity
and correlations between somatic mutations and imaging
information, we focussed on coding (and splice site), non-
synonymous single-nucleotide variants or small insertions/

deletions with an AF >5%. An AF of 5% is a common
threshold and reflects the limitation of the method used
to safely detect variants. Regarding these variants, as pre-
viously stated by Reiter et al. [34], predicted functional
changes can be estimated and are of targetable interest,
while functional implications of intronic regions, copy num-
ber variations (CNVs) or noncoding variants are currently
not well understood. We reported heterogeneous versus
ubiquitous mutations based on a panel approach and did
not calculate phylogenetic trees as we focussed on func-
tional impact rather than on tumour evolution.
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Fig. 4 Correlation of mean
[18F]-fluorodeoxyglucose (FDG)
standardized uptake values
(SUV) and the genetic het-
erogeneity between the two
samples per patient in percent

Our investigation of inter- and intrapatient variability of
somatic mutations in patients with oropharyngeal cancer
confirms relevant heterogeneity between different patients.
Furthermore, no shared mutations were found in a patient
with two distant primary tumours (i.e. tonsil and contralat-
eral piriform sinus), in spite of a clinically suspected field
cancerosis.

However, disregarding this particular setting of two sep-
arate primary tumours, limited diversity between different
tumour samples within a single patient was found. This is
clinically important focussing on precision medicine, target
therapies and potential dose painting as our results suggest
minor diversity if samples were taken from the same pri-
mary tumour and some increasing heterogeneity if the pri-
mary tumour and the lymph node metastasis were aligned.
Especially predicted or known driver gene mutations were
predominantly found ubiquitously which indicates common
functional changes. Heterogeneous mutations were mainly
classified as predicted passenger mutations according to the
CGI database. However, in one patient, a predicted driver
mutation in ATRX was found only in one of the two sam-

Table 2 Apparent diffusion coefficient (ADC) and [18F]-fluorodeoxyglucose (FDG) standardized uptake values (SUVs) of the spatial sampling
sides. The relative difference was calculated as follows: ((bigger value– smaller value) / smaller value)× 100 (%). In addition, the genetic
variability of the respective tumour samples is shown (%)

Patient ADC mean
(10–6mm2/s)
biopsy 1

ADC mean
(10–6mm2/s)
biopsy 2

Relative differ-
ence (ADC)
(%)

SUV mean
biopsy 1

SUV mean
biopsy 2

Relative differ-
ence (SUV)
(%)

Genetic vari-
ability
(%)

1 945 1226 30 12.3 5.8 112 7

2 1402 1579 13 18.4 9.4 96 17

3 810 875 8 23.0 5.8 297 25

4 751 1538 105 2.6 2.3 13 31

5 1478 1589 8 7.5 5.2 44 70

6 1044 1203 15 3.2 5.4 69 100

ADC apparent diffusion coefficient, SUV standardized uptake values

ples originating from the same primary tumour. In another
patient, a private predicted driver mutation in PDGFRA was
found in the lymph node. Thus, in some patients, relevant
variants might be missed by single sampling but the major-
ity of driver mutations could be detected by a single biopsy
in our cohort.

Our findings of rather limited intrapatient genetic di-
versity are in line with a recent publication about metas-
tases in solid tumours that showed only minor “functional
driver gene heterogeneity” between the different metastatic
sites [34]. The vast majority of functionally relevant muta-
tions within individual patients was commonly found in all
metastatic lesions.

The majority of ubiquitous mutations compared to rel-
atively less heterogeneous variants within the primary tu-
mours may be explained by the long-time exposition to
exogenous mutagens as all patients were active smokers
for years at time of diagnosis. These findings are well in
line with the review of McGranahan and Swanton (2017),
indicating comparably small ITH proportion in exogenous
mutagen-driven cancers [7].
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Fig. 5 Imaging of patient 5
showing the oropharyngeal tu-
mour at the base of the tongue
and the involved lymph node
(arrows): a,b positron-emis-
sion tomography, c turbo in-
version recovery magnitude
(TIRM) imaging and d,e diffu-
sion-weighted imaging with the
apparent diffusion coefficient
(ADC) map

Due to the complex approach, studies about spatial sam-
pling in patients with primary carcinomas of the oropharynx
are rare and of very limited patient numbers. Ledgerwood
et al. reported seven patients with carcinomas of the tongue,
the floor of the mouth and the larynx and suggested the het-
erogeneity may vary with respect to the tumour localization
[19]. However, our results are in line with a report concern-
ing five patients with oral squamous cell carcinomas show-
ing high interpatient but low intrapatient tumour hetero-
geneity [21]. Similar results were recently shown in spatial
sampling of 13 tumours of the oral cavity, whereas patterns
of oropharyngeal (n= 6), pharyngeal (n= 3) and laryngeal
cancers (n= 1) that were matched to paired relapse tumour
samples (recurrence after chemoradiation) showed greater
heterogeneity [23]. The study of Hedberg et al. (2016) re-
ported six oral, three pharyngeal and four laryngeal carcino-
mas with relevant mutational similarity between the primary
tumours and their corresponding synchronous lymph node
metastases [22]. Thus, our results are widely consistent with
the published literature about HNSCC tumour heterogene-
ity. Furthermore, to the best of our knowledge, this is one
of the largest cohorts of spatial sampling in patients with
oropharyngeal carcinomas reported to date despite of our
limited patient number.

Therefore, with full acknowledgement of the caveat due
to our limited sample size, we suggest that intrapatient het-
erogeneity in oropharyngeal cancer might increase from
rather similar mutation patterns within single primary tu-
mours to slightly ascending diversity between the primary
tumour and lymph node metastases. In both constellations,
little functional driver gene heterogeneity was observed,
but two driver variants (ATRX, PDGFRA) could have been
missed by single sampling. For daily practice this is a rel-

evant contribution to the unresolved question of how many
tumour samples are required in which patient, e.g. for tar-
get therapy approaches. In some patients, single sampling
might be sufficient to identify the functionally relevant, po-
tentially druggable driver mutations, but if clinically and
financially feasible, spatial sampling should be considered.
In contrast, two anatomically different primary tumours
within one single patient (oro- and hypopharynx) showed
entire heterogeneity and several private driver gene muta-
tions were found. Therefore, in clinical practice, in multi-
locular, potentially independent tumours, spatial sequenc-
ing should be intended. Otherwise, relevant information for
precision medicine or targeted therapies might be missed.

There are few data about correlations of functional imag-
ing and genetic tumour heterogeneity. Moon et al. investi-
gated a genetic heterogeneity index and according PET fea-
tures in lung cancer in single biopsies [35]. Only in one sub-
group of patients with small cell lung cancer (SCLC) was
a correlation between the surface SUV entropy and genetic
heterogeneity found in involved lymph nodes. In lung tissue
of SCLC, in adenocarcinomas and squamous cell carcino-
mas as well as for all other investigated PET features, no
distinct correlation between genetic heterogeneity and PET
parameters was found. Another group investigated glioblas-
toma heterogeneity by MRI and correlated CNVs of spatial
tissue sampling [36]. Intratumour CNV heterogeneity was
found in 7 of 13 investigated patients. Several correlations
between selected driver genes and diverse MRI parameters
were reported.

In our cohort of HNSCC patients, we did not find
conclusive accordance between genetic heterogeneity and
heterogeneity in the image-derived parameters ADC and
SUV. Thus, tumour microstructure and glucose consump-
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tion might not be completely determined by somatic mu-
tations. This could be explained by multiple epigenetic
and microenvironmental influences affecting cell density
and energy metabolism. Even though biological validation
of imaging biomarkers is desirable, not all imaging fea-
tures might directly correlate with an equivalent pathologic
tissue [37] or genetic profile. In this way, image-guided
spatial sampling based on ADC/SUV variations to prede-
fine and anticipate genetic heterogeneity does not seem to
be promising. If our preliminary findings of independent
biomarkers can be confirmed in larger biomarker trials,
mutation patterns, DW and PET imaging could be used
complementary for tumour characterization.

Besides the small cohort and limited sample size, the lim-
itations of this study include the use of a dedicated HNSCC
cancer panel instead of whole-exome or whole-genome se-
quencing. Therefore, some variants might be missed. On
the contrary, this panel approach focused on previously
described, functionally relevant HNSCC genes in which
a deeper sequencing and detection of low-level mosaicism
was feasible improving the reliability of results. Further-
more, for feasibility reasons, no image-guided, stereotactic
biopsies were applied. Thus, some minor inconsistencies
with regard to the exact anatomic correlation between ge-
nomics and image-derived features cannot be ruled out.

Conclusion

Inter- and intrapatient heterogeneity are major challenges
for successful tumour treatment. In our HNSCC patients,
spatial genetic heterogeneity within primary tumours was
limited. Slightly increased heterogeneity could be observed
between primary tumours and involved lymph nodes. Most
functional driver mutations were ubiquitously found and
a single biopsy might be sufficient to identify druggable
targets in some HNSCC patients. However, if feasible, spa-
tial sampling should be considered, as few driver mutations
might be missed. In multilocular, potentially independent
primary tumours, multiple sampling should be intended for
a comprehensive genetic characterization. Mean ADC and
FDG-SUV did not translate directly into genetic variabil-
ity in our cohort and might therefore provide complemen-
tary information about tumour biology. ADC/SUV-based
image-guided sampling to anticipate genetic heterogeneity
does not seem to be promising.
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