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Objectives: To assess the predictive value of multiparametric MRI for treatment response
evaluation of induction chemo-immunotherapy in locally advanced head and neck
squamous cell carcinoma.

Methods: Twenty-two patients with locally advanced, histologically confirmed head and
neck squamous cell carcinoma who were enrolled in the prospective multicenter phase II
CheckRad-CD8 trial were included in the current analysis. In this unplanned secondary
single-center analysis, all patients who received contrast-enhanced MRI at baseline and in
week 4 after single-cycle induction therapy with cisplatin/docetaxel combined with the
immune checkpoint inhibitors tremelimumab and durvalumab were included. In week 4,
endoscopy with representative re-biopsy was performed to assess tumor response. All
lesions were segmented in the baseline and restaging multiparametric MRI, including the
primary tumor and lymph node metastases. The volume of interest of the respective
lesions was volumetrically measured, and time-resolved mean intensities of the golden-
angle radial sparse parallel-volume-interpolated gradient-echo perfusion (GRASP-VIBE)
sequence were extracted. Additional quantitative parameters including the T1 ratio, short-
TI inversion recovery ratio, apparent diffusion coefficient, and dynamic contrast-enhanced
(DCE) values were measured. A model based on parallel random forests incorporating the
MRI parameters from the baseline MRI was used to predict tumor response to therapy.
Receiver operating characteristic (ROC) curves were used to evaluate the
prognostic performance.
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Results: Fifteen patients (68.2%) showed pathologic complete response in the re-biopsy,
while seven patients had a residual tumor (31.8%). In all patients, the MRI-based primary
tumor volume was significantly lower after treatment. The baseline DCE parameters of
time to peak and wash-out were significantly different between the pathologic complete
response group and the residual tumor group (p < 0.05). The developed model, based on
parallel random forests and DCE parameters, was able to predict therapy response with a
sensitivity of 78.7% (95% CI 71.24–84.93) and a specificity of 78.6% (95% CI 67.13–
87.48). The model had an area under the ROC curve of 0.866 (95% CI 0.819–0.914).

Conclusions: DCE parameters indicated treatment response at follow-up, and a random
forest machine learning algorithm based on DCE parameters was able to predict
treatment response to induction chemo-immunotherapy.
Keywords: magnetic resonance imaging, dynamic contrast-enhanced imaging, DCE-MRI, head and neck cancer,
immunotherapy, multiparametric MRI
INTRODUCTION

Cancer immunotherapy is an emerging and highly promising
therapeutic approach in oncology. Immune checkpoint
inhibitors (ICIs), such as inhibitors targeting PD-1, PD-L1, and
CTLA-4, are approved for the treatment of different cancer types
such as melanoma, lung cancer, and head and neck squamous
cell carcinoma (1–8). Although effective, the overall response
rates for ICIs are approximately 15 to 20% for advanced
melanoma and non-small-cell lung cancer, while in other
tumor types the clinical response varies even more—from
approximately 10% to greater than 50% of patients (9–11).
Therefore, patient selection is crucial. An accurate prediction
of response prior to potential ICI treatment is desirable, but this
is still not established. Predictive biomarkers such as tumor PD-
L1 expression, microsatellite instability status, and tumor
mutational burden show an association with clinical response
among different cancer types (12–17). These predictive markers
require invasive tumor biopsy and the results may not be
representative because of tumor heterogeneity (18). Attempts
to correlate genetic heterogeneity in biopsy samples with FDG-
SUV or ADC values in PET/MRI were not successful in a small
cohort of patients with head and neck cancer (19). More recent
approaches focus on the predictive value of peripheral blood
immune cells (20).

Another challenge with ICIs is therapeutic evaluation and follow-
up. Immunotherapy can cause hyperprogression, an acceleration of
tumor growth after treatment, and pseudoprogression, an initial
increase in tumor size followed by morphological regression;
furthermore, a mixed response with shrinkage and growth of
lesions has been reported (21–23). Initial morphological imaging
alone may be misleading; therefore, revised Response Evaluation
Criteria in Solid Tumors (RECIST) such as iRECIST and
imRECIST have been established (23, 24). These criteria facilitate
and standardize follow-up, but in many cases uncertainty remains.
Functional imaging, e.g. 18F-fluorodeoxyglucose (18F-FDG) PET/
CT, is commonly used to evaluate the tumor response after therapy
using the standardized uptake value (SUV) and total lesion
2

glycolysis (TLG). Response evaluation is performed by measuring
the SUV normalized by lean body mass (SUL); an increase in SUL
peak > 30% or the appearance of a new lesions is considered
progressive disease (25). Although 18F-FDG PET/CT can provide
additional information after treatment with chemotherapeutics,
18F-FDG accumulates in inflamed tissue and can lead to false-
positive results due to pseudoprogression (26).

Dynamic contrast-enhanced (DCE) MRI is an important
diagnostic tool for several tumor types, e.g. prostate and breast
cancer. DCE MRI in breast cancer helps to screen high-risk
patients and is used to monitor the response to therapy and
detect carcinoma in situ (27, 28). In multiparametric MRI, the
apparent diffusion coefficient (ADC), tumor volume and the
difference of the DCE parameter Ktrans before and after
chemoradiation are correlated with the pathologic response
post chemotherapy for rectal cancer (29, 30). For head and
neck cancer, DCE MRI facilitates the diagnosis of cervical lymph
node metastases (31). Given the cost of treatment with ICIs, the
fact that only a subset of patients responds to this therapy, and
the difficulties in response evaluation, a noninvasive predictor
of therapy response is essential for personalized cancer
immunotherapy. Most of the studies evaluating radiomic
biomarkers in head and neck squamous cell carcinoma
(HNSCC) focus on CT; few used MRI or PET/CT, and a
validation cohort was only used in slightly more than half of
the studies (32).

This study aimed to create a predictive model for the response
assessment of induction chemo-immunotherapy using
multiparametric MRI in advanced HNSCC with biological
validation through biopsy.
MATERIALS AND METHODS

Study Design, Data Source, and
Image Acquisition
In this unplanned secondary single-center analysis of the
CheckRad-CD8 trial, the predictive value of multiparametric
October 2021 | Volume 11 | Article 734872
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MRI was studied. Patients with locally advanced, histologically
confirmed HNSCC stage III–IVb (according to TNM
classification of malignant tumors 8th edition) of the oral
cavity, oropharynx, hypopharynx, or supraglottic larynx
received contrast-enhanced MRI at baseline and in week 4
after induction therapy with cisplatin [30 mg/m² body surface
area (BSA)] on days 1–3 and docetaxel (75 mg/m² BSA) on day 1.
The anti-CTLA4 ICI tremelimumab (75 mg fixed dose) and the
anti-PDL1 durvalumab (1500 mg fixed dose) were administered
on day 5. In week 4, endoscopy with representative re-biopsy was
performed to assess pathologic response and the density of
intratumoral CD8+ cells. In case no residual tumor was
clinically detected, biopsies were taken from the primary tumor
region. Patients with biopsies with no remaining tumor in a
sufficiently covered tumor bed in the re-biopsy were scored as
pathologic complete response (pCR). The results from the first
interim analysis of the induction period of the CheckRad-CD8
trial on safety and efficacy were recently reported by Hecht
et al. (33).

All MRI examinations were performed on a 3 Tesla MRI
following the institutional reference protocol (Magnetom Vida;
Siemens Healthineers, Erlangen, Germany).

• pre-contrast short-tau inversion recovery (STIR) T2-weighted
(T2w) slice thickness = 4 mm, coronal

• pre-contrast T2w STIR, slice thickness = 3 mm, transversal
• pre-contrast T1-weighted (T1w) turbo spin echo (TSE), slice

thickness = 3 mm, transversal
• diffusion-weighted imaging with apparent diffusion

coefficient (ADC) map, slice thickness = 5 mm, transversal
• gadobutrol (Gadovist, Bayer HealthCare Pharmaceuticals)

was administered to the patients (0.1 mmol/kg), followed
by a 30-mL saline flush via a power injector at a rate of
1 mL/s

• Golden-angle radial sparse parallel (GRASP) technique
(Siemens Healthineers) was applied to a transversal T1-
weighted volume-interpolated gradient-echo perfusion
sequence (VIBE), started 8 seconds before contrast
injection, obtained for each patient with the minimum
temporal offset available (2.5 s) over 338 s of total
acquisition time (34).

• post-contrast T1w TSE with fat saturation (fs), slice thickness =
3 mm, transversal

• post-contrast T1w TSE fs-dixon, slice thickness = 3mm, coronal

A total of 22 patients from October 2019 to October 2020
were included. In one case, DCE imaging could not be acquired
at follow-up. All patients were male, and the median age was 61
years (interquartile range (IQR) 54–67.5 years).
Trial Oversight
The CheckRad-CD8 trial is registered at ClinicalTrials.gov
(identifier: NCT03426657). The leading institutional review
board at the Friedrich-Alexander-Universität Erlangen-
Nürnberg (number: 131_18 Az) and all local ethic committees
approved the CheckRad-CD8 trial. All patients gave written
Frontiers in Oncology | www.frontiersin.org 3
informed consent to all trial procedures, data protection
measures, and the scientific use of imaging data.
Definition of Pathological
Complete Response
The results were correlated with either residual tumor or
pathological complete response (pCR) after induction therapy
before the initiation of radiation. pCR was defined as the
complete absence of vital tumor cells in restaging biopsies.
Biopsies were considered to represent the former tumor bed if
significant regressive changes, i.e., fibrosis, bleedings, prominent
chronic and active inflammation, were present.
Image Analysis and Evaluation of
Prognostic Relevance
In both baseline and follow-up multiparametric MRI, all lesions
were manually segmented including the primary tumor (tumor
volume) and lymph node metastases (lymph node volume) by a
radiologist (KH, who was blinded to the clinical outcome) using
Annotation Client (Chimaera GmbH, Erlangen, Germany)
supervised by another radiologist with more than 15 years of
experience in oncologic imaging (TB). The sequence used for
delineation was the T1 weighted GRASP-VIBE sequence. The
whole tumor volume was defined as the combined volume of the
primary tumor and the lymph node metastases. The volume of
the respective lesions was measured, and time-resolved mean
intensities of the GRASP-VIBE sequence were extracted.

The GRASP-VIBE DCE values were analyzed with a custom-
built R script. Using this script, the raw signal intensities of the
first five DCE measurements were averaged and defined as a
baseline with a relative enhancement set to 0. Bolus arrival was
defined as the first measurement exceeding the raw signal
intensity of the baseline by 5% and was set to 0 seconds. All
measurements prior to the bolus arrival were omitted, and all
subsequent measurements were normalized in terms of time
(seconds since bolus arrival) and enhancement (relative to
baseline enhancement).

The resulting data points were then fitted to a modified Brix
equation (35):

Enhancementrel = A ∗ kep ∗
e(−kep ∗ x) − e(−ke1 ∗ x)

k e1f g − k epf g
,

where the relative enhancement and x (as the time in seconds)
are known, while A, kep, and kel are to be determined. For this
purpose, A, kep, and kel were iteratively approximated using the
Levenberg–Marquardt least-squares minimization method until
the algorithm converged at an optimal fit (36).

From the fitted curve, peak enhancement (PE) was
determined as the maximum relative enhancement, with time
to peak (TTP) defined as the corresponding x value in seconds.
The maximum and minimum of the fitted curve’s first derivative
were respectively defined as the wash-in and wash-out.
October 2021 | Volume 11 | Article 734872
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Further, the imaging features of T1 ratio (signal intensity of
the lesion as compared to autochthonous back muscle
intensity), STIR ratio (signal intensity of the lesion as
compared to autochthonous back muscle intensity), and
the ADC value were assessed using syngo.via (Siemens
Healthineers) in a representative region of interest without
cystic changes or cavitation. The response was evaluated using
the pathohistological results of the week 4 biopsy samples. No
residual tumor in the biopsy was considered as a complete
response. DCE maps were created using the MR Tissue4D
Analysis tool in syngo.via.
Statistical Analysis
Statistical analyses were performed with IBM SPSS Statistics for
Windows, version 24 (IBM Corp., Armonk, NY, USA).
Nonparametric testing was performed with Kruskal-Wallis test
and the Mann Whitney U test adjusted for multiple testing, if
needed, for independent samples. Intrarater/retest reliability was
measured using intraclass correlation coefficients (ICCs) for
continuous measures. Five cases were randomly selected for
reassessment by the rater. The interpretation of reliability
results was based on the recommendations of Koo and Mae
(37). Receiver operating characteristics (ROC), with respect to
their area-under-the-curve (AUCROC), were compared using
DeLong’s test. For all statistical tests, the level of significance was
defined as p < 0.05. Confidence intervals were calculated at a
confidence level of 95%.
Predictive Modeling
The prediction of treatment response was regarded as a classification
problem to be solved by a random forest algorithm, calculated in
RStudio 3.4.1 (RStudio, Inc., Boston, MA, USA), using caret 6.0-81
(38). We chose a parallelized random forest as a classifier, as this
algorithm is known to give stable and good results in different
scenarios (39).

There were 15 parameters available as potential predictors for
treatment response: A, kep, and kel from the Brix model; TTP, PE,
area under the curve (AUC), wash-in, and wash-out (as parameters
derived from the Brix equation); the T1 signal intensity (the raw
measurement and the measurement normalized to muscle); the
STIR signal intensity (raw measurement and normalized to
muscle); ADC; p16-HPV-status; and patient age.

Feature selection was performed using a wrapper approach
with a sequential backward selection based on parallel random
forests (parRF). To account for class imbalances, the synthetic
minority over-sampling technique was applied. The feature
selection and training process was focused on maximizing
AUCROC. The model was validated using a 10-fold cross-
validation approach with 10 repeats.

The algorithm’s output is twofold, providing on the one hand
probability values for the class assignment (range, 0-1), and on
the other hand a dichotomous classification result (response vs.
Frontiers in Oncology | www.frontiersin.org 4
non-response). Hereby, the raw probability values were used to
calculate the ROC curves, whereas the dichotomous classification
resulted from applying a cutoff of 0.5 on the raw probability
values. Sensitivity and specificity were then calculated based on
the dichotomous classification results using a cutoff of 0.5. In
principle, this cutoff could, however, be further adapted, e.g., to
maximize the Youden-Index or to favor either sensitivity or
specificity, depending on the clinical setting.
RESULTS

Patients had histologically confirmed HNSCC stage III–IVb of
the oropharynx (n = 14), hypopharynx (n = 3), or supraglottic
larynx (n = 3). Multilevel disease was present in two cases.
Fifteen patients (68.2%) showed pCR in the re-biopsy. Of the
seven patients with residual tumor (ReTu; 31.8%), six showed
an inflamed immune phenotype and one biopsy showed an
immune-excluded phenotype. Ten patients had human
papillomavirus (HPV)-16-positive tumor tissue samples, there
was no significant difference for HPV-16 positivity (p = 0.37).
Lymph node metastases were present in 12 patients (54.5%).
The median initial whole tumor volume (primary tumor plus
lymph node metastases) before treatment was 23.7 cm3 (IQR
14.7–40.0). There was no significant difference among patients
with pCR and patients with ReTu in whole tumor volume at
baseline. The median whole tumor volume after therapy was
15.2 cm3 (IQR 6.4–28.2). The initial median volume of the
primary tumor was 13.9 cm3 (IQR 7.2–23.5), and after treatment
it was 6.0 cm3 (IQR 2.7–21.0). The initial whole tumor volume
did not differ among pCR (median 23.4 cm³) and ReTu (median
24.0 cm³) patients at baseline (see Table 1). The median volume
of the lymph node metastases at baseline and at follow-up, if
present did not differ among groups (see Table 1). Primary
tumor volume, whole tumor volume and lymph node metastases
volume did not differ among groups at baseline and at follow-up
(see Figures 1–3). Representative images of a patient with
pCR and a patient of the ReTu group with lymph node
metastasis show DCE MRI, morphological and diffusion
weighted imaging illustrating the difficulty to determine
responders by morphological criteria only (Figures 4, 5).

The correlation analysis of conventional MR imaging features
at baseline (T1 ratio, STIR ratio, and ADC value) did not reveal
any significant correlation with tumor response (see Table 2).
Among pCR and ReTu patients, there was a significant difference
in the STIR ratio measured in the primary tumor volume at
follow-up (p = 0.007, see supplementary 1, raw values
supplementary 2). For the pCR and ReTu group, there was no
significant difference in the ADC value measured in the primary
tumor volume and lymph node metastases at baseline or at
follow-up (see supplementary 2). Intrareader agreement for
volumetric measurements showed an ICC of 0.91 (95% CI
0.64–0.98), reflecting moderate to excellent agreement
according to Koo et al. (37).
October 2021 | Volume 11 | Article 734872
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DCE parameters at baseline using the Brix model featured
significant differences between the pCR and ReTu groups for
TTP and wash-out (see Table 2). TTP and wash-out reached an
AUCROC of 0.771 (95% CI 0.589–0.974) and 0.790 (95% CI
0.595–0.986), respectively.

Our model based on parRF, incorporating kel and TTP from
the Brix model, was able to predict therapy response with a
sensitivity of 78.7% (95% CI 71.24–84.93) and a specificity of
78.6% (95% CI 67.13–87.48). The model had an AUCROC of
0.866 (95% CI 0.819–0.914) (see Figure 6). Although our model
showed a higher AUCROC, it failed to significantly outperform
its constituent parameters kel and TTP.
DISCUSSION

In the current study, the primary tumor volume, whole
tumor volume and volume of lymph node metastases did not
FIGURE 3 | Whole tumor volume of both primary tumor and lymph node
metastases in mm3, outliers are marked with dots, no significant differences
among groups at baseline or follow-up were present using the Kruskal-Wallis
test (pCR BL, pathologic complete response at baseline; ReTu BL, residual
tumor at baseline, pCR FU, pathologic complete response at follow up; ReTu
FU, residual tumor at follow up).
FIGURE 1 | Tumor volume of the primary tumor in mm3, outliers are marked
with dots, no significant differences among groups at baseline or follow-up
were present using the Kruskal-Wallis test (pCR BL, pathologic complete
response at baseline; ReTu BL, residual tumor at baseline; pCR FU,
pathologic complete response at follow up; ReTu FU, residual tumor at
follow up).
FIGURE 2 | Tumor volume of the lymph node metastases in mm3, outliers
are marked with dots, no significant differences among groups at baseline or
follow-up were present using the Kruskal-Wallis_test (pCR BL, pathologic
complete response at baseline; ReTu BL, residual tumor at baseline; pCR FU,
pathologic complete response at follow up; ReTu FU, residual tumor at follow
up). In the pCR group 9 patients showed lymph node metastases, in the
ReTu group in 3 patient lymph node metastases were present.
TABLE 1 | Response rate and tumor volume at baseline and follow up for all patients, pathologic complete response (pCR) group and residual tumor (ReTu) group.

All patients pCR ReTu

Histological complete response 22 15 7
Median initial whole tumor volume (cm3, IQR 25 – 75) 23.7 (14.7 – 40.0) 23.4 (14.1 – 39.0) 24.0 (15.9 – 62.1)
Median whole tumor volume after therapy (cm3, IQR 25 – 75) 15.2 (6.4 – 28.2) 14.5 (6.1 – 26.9) 15.8 (9.5 40.4)
Lymph node metastases 12 9 3
Median initial lymph node metastases volume (cm3, IQR 25 – 75) 18.0 (9.5 – 25.4) 16.4 (5.7 – 23.0) 22.9 (12.5 – 79.0)
Median lymph node metastases volume after therapy (cm3, IQR 25 – 75) 11.5 (4.6 – 22.2) 11.1 (3.4 – 17.7) 19.5 (11.6 – 91.7)
Median initial primary tumor volume (cm3, IQR 25 – 75) 13.9 (7.2 – 23.5) 13.1 (7.2 – 22.3) 15.9 (5.2 – 27.2)
Median primary tumor volume after therapy (cm3, IQR 25 – 75) 6.0 (2.7 – 21.0) b 5.8 (2.8 – 21.3) 9.5 (2.4 – 20.9)
October 2021 | Volume 1
No significant difference among patients with pathologic complete response (pCR) and patients with residual tumor (ReTu) at each timepoint (baseline or follow-up) was present,
significance was defined as p < 0,05 with Kruskal-Wallis-Test corrected for multiple testing.
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differ between pCR and ReTu patients. Morphological criteria
using the T1 and STIR ratios did not show a consistent
association with therapy response, either, suggesting that
conventional imaging parameters are not capable of evaluating
immunotherapy treatment success after one follow-up.
Additionally, the ADC value could not be used to assess
response in our dataset. Therefore, the morphological and
functional ADC parameters were not reliable response
prediction criteria in our dataset.

Multiparametric MRI was used to create a predictive model of
tumor response in HNSCC to ICI therapy at baseline using a
random forest machine learning algorithm based on DCE
parameters of the primary tumor in the baseline examination.
The histopathological analysis four weeks after immunotherapy
served as a standard of reference for therapy response. Due to
tumor heterogeneity, VOIs instead of ROIs were employed. To
our knowledge, this is the first study to employ the prognostic
value of DCE MRI in head and neck tumors treated with
induction chemo-immunotherapy. TTP and wash-out at
baseline were significantly different between the pCR and ReTu
group and could therefore be used to predict which patients
Frontiers in Oncology | www.frontiersin.org 6
would have a good response to ICI and chemotherapy treatment.
The model based on parRF featured an even higher AUC (0.866)
than the parameters alone, with a sensitivity of 78.7% and a
specificity of 78.6%.

The introduction of immunotherapy has made the evaluation
of tumor response increasingly difficult. In particular,
pseudoprogression and mixed responses with both shrinkage
and growth of primary tumors or metastases at follow-up are
frequently observed, hampering the differentiation between
remission and progression. The observation of 15 pCR in 22
treated patients reflects the possibility that induction chemo-
immunotherapy may be more efficacious than classical induction
chemotherapy (40).

In contrast to our results, the recent study of Borggreve et al.
showed that ADC values and the SUVmean in

18F-FDG PET/CT
can help identify pathologic complete response to neoadjuvant
chemotherapy in esophageal cancer (41). These different findings
might be attributed to the different tumor entities and therapy
regimens under investigation.

Possible solutions for assessing tumor response could be the
use of invasive techniques, such as tumor biopsy, or
FIGURE 4 | Morphological and functional MRI images for two patients with pharyngeal carcinoma (primary tumor is marked with an arrow, lymph node metastasis
with an arrow head), contrast enhanced T1 weighted GRASP-VIBE sequence (A, C, E, G) and ADC map (B, D, F, H) for both a patient with pathologic complete
response (upper row) and a patient with residual tumor (lower row) at baseline [(A, B) and respectively (E, F)] and at follow-up [(C, D) and respectively (G, H)].
October 2021 | Volume 11 | Article 734872
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incorporating more than one follow-up imaging study according
to iRECIST criteria. Although a noninvasive method for
immunotherapy response evaluation remains a challenge, it is
crucial to develop cost-effective and personalized estimations of
tumor response to ICI treatment. Several models using radiomics
have been developed to evaluate tumor response; for example, a
CD8 score using contrast-enhanced CT images was associated
with tumor response in patients treated with ICIs and
radiotherapy (42–44). Hao et al. applied multiparametric MRI
in osteosarcoma patients at baseline and follow-up after
neoadjuvant chemotherapy and surgery and was able to
predict event-free survival and overall response using the DCE
MRI parameter Ktrans (45). Our predictive model performed
slightly better than those in other studies using radiomics in CT
to predict response to ICIs. For example, Ligero et al. showed a
sensitivity of 75% and a specificity of 53% in tumor types of
various origins, such as breast, cervix, bladder, lung, and head
and neck (46). Despite of the better performance our algorithm,
the results did not differ significantly from the single DCE
parameters used for the model.

Overall, our findings indicate that DCE parameters are
promising for predicting immunotherapy treatment responses.
Our results were histopathologically validated for every patient;
nevertheless, further studies in larger populations should be
performed. In a clinical context, the predictive value based on
DCE MRI could facilitate the optimized selection of individual
Frontiers in Oncology | www.frontiersin.org 7
treatment options for each HNSCC patient using a
noninvasive approach.

There are some limitations to this study: This was a single-
center study with a limited number of patients enrolled. Because
of this small sample size, the algorithm’s results should also be
interpreted with caution. Ideally, one would have initially
excluded a part of the data set as an independent test set, and
trained the algorithm with the remaining data in order to
validate its performance on the test set. However, with such a
small number of samples, this approach was not an option. We
thus decided to implement a particular cross-validation, which
bears the risk of falsely estimating the algorithm’s performance
too optimistically.

With these limitations in mind, the predictive model
performed slightly better than the sole DCE parameters,
however missing the significance threshold. For these reasons,
a clinical application is limited at the moment. Performance
measures with a higher degree of reliability will result from a
larger sample size and the inclusion of an independent test set,
both planned for follow-up studies.

Further limitations include the fact that the results are related
to a fixed therapy regiment consisting of ICI and chemotherapy
in HNSCC. The definition of pCR was based on a biopsy sample
rather than the resected tumor. However, the samples were taken
from regions that were metabolically active on FDG PET/CT
before and after induction therapy.
TABLE 2 | Median and interquartile ranges (IQR) for DCE parameters at baseline, conventional MRI imaging features, ADC values in whole tumor volume and age with
respective p-values using Wilcoxon signed rank-test and area under the curve of the Receiver Operating Characteristic (AUCROC).

pCR ReTu p-value AUCROC

A 1.967
(IQR 1.725–2.043)

2.126
(IQR 1.968–2.208)

0.2101 0.676

kep 0.046
(IQR 0.042–0.053)

0.048
(IQR 0.044–0.057)

0.7309 0.552

kel -1.52×10-4
(IQR -2.8–3.9×10-4)

4.48×10-4
(IQR 1.8–4.9×10-4)

0.0659 0.752

TTP 276
(IQR 118–280)

102
(IQR 93–112)

0.04809 0.771

PE 2.02
(IQR 1.81–2.18)

2.04
(IQR 1.83–2.16)

0.8907 0.524

AUC 80.7
(IQR 68.8–85.1)

84.3
(IQR 80.6–89.0)

0.3322 0.638

WIN 0.087
(IQR 0.075–0.101)

0.096
(IQR 0.091–0.112)

0.2372 0.667

WOUT 3.06×10-4
(IQR -3.78–6.07×10-4)

-8.990×10-4
(IQR -9.42 – -3.68×10-4)

0.03194 0.79

T1 434
(IQR 396–512)

482
(IQR 461–490)

0.6298 0.571

T1 Ratio 1.11
(IQR 0.98–1.33)

1.04
(IQR 0.91–1.15)

0.4069 0.619

STIR 323
(IQR 273–377)

377
(IQR 277–437)

0.6216 0.571

STIR Ratio 4.90
(IQR 4.45–5.50)

4.21
(IQR 2.97–4.71)

0.1624 0.695

ADC 1029
(IQR 803–1372)

850
(IQR 822–1228)

0.7309 0.552

Age 60
(IQR 54–67)

61
(IQR 58–66)

0.6715 0.562
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In conclusion, we found that tumor volume, single
morphological parameters, and the ADC values are of limited
use for the evaluation of treatment response to chemo-
immunotherapy in locally advanced HNSCC. However, a
machine learning algorithm using parallel random forests
based on DCE MRI parameters was able to predict treatment
response following induction chemo-immunotherapy in
HNSCC patients, but did not perform better than the DCE
parameters alone.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by leading institutional review board at the Friedrich-
Alexander-Universität Erlangen-Nürnberg. The patients/
FIGURE 5 | Corresponding positive enhancement integral maps of DCE MRI for the same patients as shown in , pathologic complete response (upper row) and residual
tumor (lower row) at baseline (A, C) and at follow-up (B, D). The area of the primary tumor is marked with an arrowhead, lymph node metastasis is marked with an arrow.
FIGURE 6 | Area under the Receiver Operating Characteristic curve (AUC)
and statistical data, in parentheses 95% confidence interval for the random
forest model based on kel und TTP.
October 2021 | Volume 11 | Article 734872

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Hellwig et al. Predictive Value of Multiparametric MRI
participants provided their written informed consent to participate in
this study.
AUTHOR CONTRIBUTIONS

KH, SE, MH, and TB designed the study. SR, SS, AG, BF, UG,
and MH investigated the patients, had trial oversight and
col lected the samples. ME and AH conducted the
histopathological examination. KH, SE, MW, and TB
performed the image analysis and carried out the statistical
analysis. HI, RF, AH, and MU supervised and substantially
supported the acquisition of data based on their vast
experience. KH, MH, and TB drafted the manuscript. All
authors reviewed the manuscript critically and provided
constructive comments to improve the quality of the
manuscript. All authors read and approved the final manuscript.
FUNDING

This work was supported and funded by AstraZeneca (ESR-16-
12356). The trial was conducted as an investigator sponsored trial.
The funding source did not influence the design, data collection,
Frontiers in Oncology | www.frontiersin.org 9
analysis, or interpretation. The manuscript was reviewed by the
funding company. The corresponding author had full access to all
the data and the responsibility for the decision to submit for
publication. TB is supported by the German Research Foundation
(Deutsche Forschungsgemeinschaft) within the Priority
Programme μBone (BA 4027/10-1); by the Collaborative
Research Centers 1181 Checkpoints for Resolution of
Inflammation (CRC 1181, Project Z02); and by Transregio 305:
Striking a moving target: From mechanisms of metastatic
colonization to novel systemic therapies (CRC/TR 305,
Project Z01).
ACKNOWLEDGMENTS

We gratefully thank Laura Schwarzfaerber and Andrea
Brinkmann for excellent patient management.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
734872/full#supplementary-material
REFERENCES
1. Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M, Ready NE, et al.

Nivolumab Versus Docetaxel in Advanced Nonsquamous Non-Small-Cell
Lung Cancer. N Engl J Med (2015) 373(17):1627–39. doi: 10.1056/
NEJMoa1507643

2. Brahmer J, Reckamp KL, Baas P, Crino L, Eberhardt WE, Poddubskaya E,
et al. Nivolumab Versus Docetaxel in Advanced Squamous-Cell Non-Small-
Cell Lung Cancer. N Engl J Med (2015) 373(2):123–35. doi: 10.1056/
NEJMoa1504627

3. Herbst RS, Baas P, Kim DW, Felip E, Perez-Gracia JL, Han JY, et al.
Pembrolizumab Versus Docetaxel for Previously Treated, PD-L1-Positive,
Advanced Non-Small-Cell Lung Cancer (KEYNOTE-010): A Randomised
Controlled Trial. Lancet (2016) 387(10027):1540–50. doi: 10.1016/S0140-
6736(15)01281-7

4. Long GV, Weber JS, Larkin J, Atkinson V, Grob JJ, Schadendorf D, et al.
Nivolumab for Patients With Advanced Melanoma Treated Beyond
Progression: Analysis of 2 Phase 3 Clinical Trials. JAMA Oncol (2017) 3
(11):1511–9. doi: 10.1001/jamaoncol.2017.1588

5. Postow MA, Chesney J, Pavlick AC, Robert C, Grossmann K, McDermott D,
et al. Nivolumab and Ipilimumab Versus Ipilimumab in Untreated Melanoma.
N Engl J Med (2015) 372(21):2006–17. doi: 10.1056/NEJMoa1414428

6. Ribas A, Puzanov I, Dummer R, Schadendorf D, Hamid O, Robert C, et al.
Pembrolizumab Versus Investigator-Choice Chemotherapy for Ipilimumab-
Refractory Melanoma (KEYNOTE-002): A Randomised, Controlled, Phase 2
Trial. Lancet Oncol (2015) 16(8):908–18. doi: 10.1016/S1470-2045(15)00083-2

7. Burtness B, Harrington KJ, Greil R, Soulieres D, Tahara M, de Castro GJr., et al.
Pembrolizumab Alone or With Chemotherapy Versus Cetuximab With
Chemotherapy for Recurrent or Metastatic Squamous Cell Carcinoma of the
Head and Neck (KEYNOTE-048): A Randomised, Open-Label, Phase 3 Study.
Lancet (2019) 394(10212):1915–28. doi: 10.1016/S0140-6736(19)32591-7

8. Ferris RL, Blumenschein GJr., Fayette J, Guigay J, Colevas AD, Licitra L, et al.
Nivolumab for Recurrent Squamous-Cell Carcinoma of the Head and Neck.
N Engl J Med (2016) 375(19):1856–67. doi: 10.1056/NEJMoa1602252

9. Schadendorf D, Hodi FS, Robert C, Weber JS, Margolin K, Hamid O, et al.
Pooled Analysis of Long-Term Survival Data From Phase II and Phase III
Trials of Ipilimumab in Unresectable or Metastatic Melanoma. J Clin Oncol
(2015) 33(17):1889–94. doi: 10.1200/JCO.2014.56.2736

10. Gettinger S, Horn L, Jackman D, Spigel D, Antonia S, Hellmann M, et al. Five-
Year Follow-Up of Nivolumab in Previously Treated Advanced Non-Small-
Cell Lung Cancer: Results From the CA209-003 Study. J Clin Oncol (2018) 36
(17):1675–84. doi: 10.1200/JCO.2017.77.0412

11. ZouW,Wolchok JD, Chen L. PD-L1 (B7-H1) and PD-1 Pathway Blockade for
Cancer Therapy: Mechanisms, Response Biomarkers, and Combinations. Sci
Transl Med (2016) 8(328):328rv4. doi: 10.1126/scitranslmed.aad7118

12. Gibney GT, Weiner LM, Atkins MB. Predictive Biomarkers for Checkpoint
Inhibitor-Based Immunotherapy. Lancet Oncol (2016) 17(12):e542–e51. doi:
10.1016/S1470-2045(16)30406-5

13. Buder-Bakhaya K, Hassel JC. Biomarkers for Clinical Benefit of Immune
Checkpoint Inhibitor Treatment-A Review From the Melanoma Perspective
and Beyond. Front Immunol (2018) 9:1474. doi: 10.3389/fimmu.2018.01474

14. Daud AI, Wolchok JD, Robert C, Hwu WJ, Weber JS, Ribas A, et al.
Programmed Death-Ligand 1 Expression and Response to the Anti-
Programmed Death 1 Antibody Pembrolizumab in Melanoma. J Clin Oncol
(2016) 34(34):4102–9. doi: 10.1200/JCO.2016.67.2477

15. Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, et al.
PD-1 Blockade Induces Responses by Inhibiting Adaptive Immune
Resistance. Nature (2014) 515(7528):568–71. doi: 10.1038/nature13954

16. Le DT, Uram JN, Wang H, Bartlett BR, Kemberling H, Eyring AD, et al. PD-1
Blockade in Tumors With Mismatch-Repair Deficiency. N Engl J Med (2015)
372(26):2509–20. doi: 10.1056/NEJMoa1500596

17. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al.
Cancer Immunology. Mutational Landscape Determines Sensitivity to PD-1
Blockade in Non-Small Cell Lung Cancer. Science (2015) 348(6230):124–8.
doi: 10.1126/science.aaa1348

18. Rasmussen JH, Lelkaitis G, Hakansson K, Vogelius IR, Johannesen HH,
Fischer BM, et al. Intratumor Heterogeneity of PD-L1 Expression in Head
and Neck Squamous Cell Carcinoma. Br J Cancer (2019) 120(10):1003–6. doi:
10.1038/s41416-019-0449-y

19. Clasen K, Leibfarth S, Hilke FJ, Admard J, Winter RM, Welz S, et al. PET/MRI
and Genetic Intrapatient Heterogeneity in Head and Neck Cancers.
Strahlenther Onkol (2020) 196(6):542–51. doi: 10.1007/s00066-020-01606-y
October 2021 | Volume 11 | Article 734872

https://www.frontiersin.org/articles/10.3389/fonc.2021.734872/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.734872/full#supplementary-material
https://doi.org/10.1056/NEJMoa1507643
https://doi.org/10.1056/NEJMoa1507643
https://doi.org/10.1056/NEJMoa1504627
https://doi.org/10.1056/NEJMoa1504627
https://doi.org/10.1016/S0140-6736(15)01281-7
https://doi.org/10.1016/S0140-6736(15)01281-7
https://doi.org/10.1001/jamaoncol.2017.1588
https://doi.org/10.1056/NEJMoa1414428
https://doi.org/10.1016/S1470-2045(15)00083-2
https://doi.org/10.1016/S0140-6736(19)32591-7
https://doi.org/10.1056/NEJMoa1602252
https://doi.org/10.1200/JCO.2014.56.2736
https://doi.org/10.1200/JCO.2017.77.0412
https://doi.org/10.1126/scitranslmed.aad7118
https://doi.org/10.1016/S1470-2045(16)30406-5
https://doi.org/10.3389/fimmu.2018.01474
https://doi.org/10.1200/JCO.2016.67.2477
https://doi.org/10.1038/nature13954
https://doi.org/10.1056/NEJMoa1500596
https://doi.org/10.1126/science.aaa1348
https://doi.org/10.1038/s41416-019-0449-y
https://doi.org/10.1007/s00066-020-01606-y
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Hellwig et al. Predictive Value of Multiparametric MRI
20. Zhou JG, Donaubauer AJ, Frey B, Becker I, Rutzner S, Eckstein M, et al.
Prospective Development and Validation of a Liquid Immune Profile-Based
Signature (LIPS) to Predict Response of Patients With Recurrent/Metastatic
Cancer to Immune Checkpoint Inhibitors. J Immunother Cancer (2021) 9(2):
e001845. doi: 10.1136/jitc-2020-001845

21. Kanjanapan Y, Day D, Wang L, Al-Sawaihey H, Abbas E, Namini A, et al.
Hyperprogressive Disease in Early-Phase Immunotherapy Trials: Clinical
Predictors and Association With Immune-Related Toxicities. Cancer (2019)
125(8):1341–9. doi: 10.1002/cncr.31999

22. Borcoman E, Kanjanapan Y, Champiat S, Kato S, Servois V, Kurzrock R, et al.
Novel Patterns of Response Under Immunotherapy. Ann Oncol (2019) 30
(3):385–96. doi: 10.1093/annonc/mdz003

23. Seymour L, Bogaerts J, Perrone A, Ford R, Schwartz LH, Mandrekar S, et al.
iRECIST: Guidelines for Response Criteria for Use in Trials Testing
Immunotherapeutics. Lancet Oncol (2017) 18(3):e143–52. doi: 10.1016/
S1470-2045(17)30074-8

24. Hodi FS, Ballinger M, Lyons B, Soria JC, Nishino M, Tabernero J, et al.
Immune-Modified Response Evaluation Criteria In Solid Tumors
(imRECIST): Refining Guidelines to Assess the Clinical Benefit of Cancer
Immunotherapy. J Clin Oncol (2018) 36(9):850–8. doi: 10.1200/
JCO.2017.75.1644

25. Wahl RL, Jacene H, Kasamon Y, Lodge MA. From RECIST to PERCIST:
Evolving Considerations for PET Response Criteria in Solid Tumors. J Nucl
Med (2009) 50 Suppl 1:122S–50S. doi: 10.2967/jnumed.108.057307

26. Decazes P, Bohn P. Immunotherapy by Immune Checkpoint Inhibitors and
Nuclear Medicine Imaging: Current and Future Applications. Cancers (Basel)
(2020) 12(2):371. doi: 10.3390/cancers12020371

27. Turnbull LW. Dynamic Contrast-Enhanced MRI in the Diagnosis and
Management of Breast Cancer. NMR BioMed (2009) 22(1):28–39. doi:
10.1002/nbm.1273

28. Musall BC, Abdelhafez AH, Adrada BE, Candelaria RP, Mohamed RMM,
Boge M, et al. Functional Tumor Volume by Fast Dynamic Contrast-
Enhanced MRI for Predicting Neoadjuvant Systemic Therapy Response in
Triple-Negative Breast Cancer. J Magn Reson Imaging (2021) 54(1):251-260.
doi: 10.1002/jmri.27557

29. Kim SH, Lee JY, Lee JM, Han JK, Choi BI. Apparent Diffusion Coefficient for
Evaluating Tumour Response to Neoadjuvant Chemoradiation Therapy for
Locally Advanced Rectal Cancer. Eur Radiol (2011) 21(5):987–95. doi:
10.1007/s00330-010-1989-y

30. Intven M, Reerink O, Philippens ME. Dynamic Contrast Enhanced MR
Imaging for Rectal Cancer Response Assessment After Neo-Adjuvant
Chemoradiation. J Magn Reson Imaging (2015) 41(6):1646–53. doi: 10.1002/
jmri.24718

31. Treutlein C, Stollberg A, Scherl C, Agaimy A, Ellmann S, Iro H, et al.
Diagnostic Value of 3D Dynamic Contrast-Enhanced Magnetic Resonance
Imaging in Lymph Node Metastases of Head and Neck Tumors: A Correlation
Study With Histology. Acta Radiol Open (2020) 9(8):2058460120951966. doi:
10.1177/2058460120951966

32. Tanadini-Lang S, Balermpas P, Guckenberger M, Pavic M, Riesterer O, Vuong
D, et al. Radiomic Biomarkers for Head and Neck Squamous Cell Carcinoma.
Strahlenther Onkol (2020) 196(10):868–78. doi: 10.1007/s00066-020-01638-4

33. Hecht M, Gostian AO, Eckstein M, Rutzner S, von der Grun J, Illmer T, et al.
Safety and Efficacy of Single Cycle Induction Treatment With Cisplatin/
Docetaxel/ Durvalumab/Tremelimumab in Locally Advanced HNSCC: First
Results of CheckRad-Cd8. J Immunother Cancer (2020) 8(2):e001378. doi:
10.1136/jitc-2020-001378

34. Tomppert A, Wuest W, Wiesmueller M, Heiss R, Kopp M, Nagel AM, et al.
Achieving High Spatial and Temporal Resolution With Perfusion MRI in the
Head and Neck Region Using Golden-Angle Radial Sampling. Eur Radiol
(2020) 31(4):2263–71. doi: 10.1007/s00330-020-07263-0

35. Brix G, Semmler W, Port R, Schad LR, Layer G, Lorenz WJ. Pharmacokinetic
Parameters in CNS Gd-DTPA Enhanced MR Imaging. J Comput Assist
Tomogr (1991) 15(4):621–8. doi: 10.1097/00004728-199107000-00018

36. Daniel Padfield GM. Non-Linear Least Squares Regressions With the
Levenberg-Marquardt Algorithm Using Multiple Starting Values for
Increasing the Chance That the Minimum Found is the Global Minimum.
1.2.0 Ed (2020). Available at: https://cran.r-project.org/web/packages/nls.
multstart/index.html.
Frontiers in Oncology | www.frontiersin.org 10
37. Koo TK, Li MY. A Guideline of Selecting and Reporting Intraclass Correlation
Coefficients for Reliability Research. J Chiropr Med (2016) 15(2):155–63. doi:
10.1016/j.jcm.2016.02.012

38. Kuhn M. Building Predictive Models in R Using the Caret Package. 2008, Vol.
28. (2008). p. 26. doi: 10.18637/jss.v028.i05

39. Fernandez-Delgado M, Cernadas E, Barro S. Do We Need Hundreds of
Classifiers to Solve Real World Classification Problems? J Mach Learn Res
(2014) 15:3133–81.

40. Semrau S, Gostian AO, Traxdorf M, Eckstein M, Rutzner S, von der Grun J,
et al. Implementation of Double Immune Checkpoint Blockade Increases
Response Rate to Induction Chemotherapy in Head and Neck Cancer.
Cancers (Basel) (2021) 13(8):1959. doi: 10.3390/cancers13081959

41. Borggreve AS, Goense L, van Rossum PSN, Heethuis SE, van Hillegersberg R,
Lagendijk JJW, et al. Preoperative Prediction of Pathologic Response to
Neoadjuvant Chemoradiotherapy in Patients With Esophageal Cancer
Using (18)F-FDG PET/CT and DW-MRI: A Prospective Multicenter Study.
Int J Radiat Oncol Biol Phys (2020) 106(5):998–1009. doi: 10.1016/
j.ijrobp.2019.12.038

42. Sun KY, Hu HT, Chen SL, Ye JN, Li GH, Chen LD, et al. CT-Based Radiomics
Scores Predict Response to Neoadjuvant Chemotherapy and Survival in
Patients With Gastric Cancer. BMC Cancer (2020) 20(1):468. doi: 10.1186/
s12885-020-06970-7

43. Sun R, Limkin EJ, Vakalopoulou M, Dercle L, Champiat S, Han SR, et al. A
Radiomics Approach to Assess Tumour-Infiltrating CD8 Cells and Response
to Anti-PD-1 or Anti-PD-L1 Immunotherapy: An Imaging Biomarker,
Retrospective Multicohort Study. Lancet Oncol (2018) 19(9):1180–91. doi:
10.1016/S1470-2045(18)30413-3

44. Sun R, Sundahl N, Hecht M, Putz F, Lancia A, Rouyar A, et al. Radiomics to
Predict Outcomes and Abscopal Response of Patients With Cancer Treated
With Immunotherapy Combined With Radiotherapy Using a Validated
Signature of CD8 Cells. J Immunother Cancer (2020) 8(2):e001429. doi:
10.1136/jitc-2020-001429

45. Hao Y, An R, Xue Y, Li F, Wang H, Zheng J, et al. Prognostic Value of
Tumoral and Peritumoral Magnetic Resonance Parameters in Osteosarcoma
Patients for Monitoring Chemotherapy Response. Eur Radiol (2020) 31
(5):3518–29. doi: 10.1007/s00330-020-07338-y

46. Ligero M, Garcia-Ruiz A, Viaplana C, Villacampa G, Raciti MV, Landa J, et al.
A CT-Based Radiomics Signature Is Associated With Response to Immune
Checkpoint Inhibitors in Advanced Solid Tumors. Radiology (2021) 299
(1):109–19. doi: 10.1148/radiol.2021200928

Conflict of Interest:MH reports the following conflicts of interest: Merck Serono
(advisory role, speakers’ bureau, honoraria, travel expenses, research funding);
MSD (advisory role, speakers’ bureau, travel expenses, research funding);
AstraZeneca (research funding); Novartis (research funding); BMS (advisory
role, honoraria, speakers’ bureau); and Teva (travel expenses). ME reports the
following conflicts of interest: Diaceutics (employment, honoraria, advisory role,
speakers’ bureau, travel expenses); Cepheid (research funding, advisory role);
AstraZeneca (honoraria, advisory role, speakers’ bureau, travel expenses); Roche
(honoraria, travel expenses); MSD (honoraria, speakers’ bureau); GenomicHealth
(honoraria, advisory role, speakers bureau, travel expenses); Astellas (honoraria,
speakers’ bureau); Janssen-Cilag (honoraria, advisory role, research funding, travel
expenses); and Stratifyer (research funding, patents).). UG received support for
presentation activities for Dr Sennewald Medizintechnik GmbH, has received
support for investigator initiated clinical studies (IITs) from MSD and
AstraZeneca and contributed at Advisory Boards Meetings of AstraZeneca and
Bristol-Myers Squibb. SS reports the following conflicts of interest: stockholder of
Siemens Healthineers.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
October 2021 | Volume 11 | Article 734872

https://doi.org/10.1136/jitc-2020-001845
https://doi.org/10.1002/cncr.31999
https://doi.org/10.1093/annonc/mdz003
https://doi.org/10.1016/S1470-2045(17)30074-8
https://doi.org/10.1016/S1470-2045(17)30074-8
https://doi.org/10.1200/JCO.2017.75.1644
https://doi.org/10.1200/JCO.2017.75.1644
https://doi.org/10.2967/jnumed.108.057307
https://doi.org/10.3390/cancers12020371
https://doi.org/10.1002/nbm.1273
https://doi.org/10.1002/jmri.27557
https://doi.org/10.1007/s00330-010-1989-y
https://doi.org/10.1002/jmri.24718
https://doi.org/10.1002/jmri.24718
https://doi.org/10.1177/2058460120951966
https://doi.org/10.1007/s00066-020-01638-4
https://doi.org/10.1136/jitc-2020-001378
https://doi.org/10.1007/s00330-020-07263-0
https://doi.org/10.1097/00004728-199107000-00018
https://cran.r-project.org/web/packages/nls.multstart/index.html
https://cran.r-project.org/web/packages/nls.multstart/index.html
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.18637/jss.v028.i05
https://doi.org/10.3390/cancers13081959
https://doi.org/10.1016/j.ijrobp.2019.12.038
https://doi.org/10.1016/j.ijrobp.2019.12.038
https://doi.org/10.1186/s12885-020-06970-7
https://doi.org/10.1186/s12885-020-06970-7
https://doi.org/10.1016/S1470-2045(18)30413-3
https://doi.org/10.1136/jitc-2020-001429
https://doi.org/10.1007/s00330-020-07338-y
https://doi.org/10.1148/radiol.2021200928
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Hellwig et al. Predictive Value of Multiparametric MRI
Copyright © 2021 Hellwig, Ellmann, Eckstein, Wiesmueller, Rutzner, Semrau, Frey,
Gaipl, Gostian, Hartmann, Iro, Fietkau, Uder, Hecht and Bäuerle. This is an
open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
Frontiers in Oncology | www.frontiersin.org 11
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
October 2021 | Volume 11 | Article 734872

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Predictive Value of Multiparametric MRI for Response to Single-Cycle Induction Chemo-Immunotherapy in Locally Advanced Head and Neck Squamous Cell Carcinoma
	Introduction
	Materials and Methods
	Study Design, Data Source, and Image Acquisition
	Trial Oversight
	Definition of Pathological Complete Response
	Image Analysis and Evaluation of Prognostic Relevance
	Statistical Analysis
	Predictive Modeling

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


