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Abstract

Purpose—!8F-deoxyglucose (FDG) PET, dynamic contrast enhanced (DCE) and diffusion
weighted (DW) MRI each identify unique risk factors for treatment outcomes in head-and-neck
cancer (HNC). Clinical trials in HNC largely rely on a single imaging modality to define targets
for boosting. This study aimed to investigate spatial correspondence of FDG uptake, perfusion and
apparent diffusion coefficient (ADC) in HNC and their response to chemoradiation therapy (CRT),
and to determine implication of this overlap or lack thereof for adaptive boosting.

Materials and methods—Forty patients with HNC enrolled in a clinical trial had FDG-
PET/CT pre-CRT, and DCE and DW MRI scans pre and during CRT. Gross tumor volume (GTV)
of primary tumor was contoured on post-Gd T1-weighted images. Tumor subvolumes with high
FDG uptake, low blood volume (BV), and low ADC were created by using previously established
thresholds. Spatial correspondences between subvolumes were analyzed using Dice coefficient
and between each pair of image parameters at voxel-level were analyzed by Spearman’s rank
correlation coefficient.

Results—Prior to CRT, median subvolumes of high FDG, low BV and low ADC relative to
primary GTV were 20%, 21% and 45%, respectively. Spearman’s correlation coefficients between
BV and ADC varied from —0.47 to 0.22, between BV and FDG from —0.08 to 0.59, and between
ADC and FDG from -0.68 to 0.25. Dice coefficients between subvolumes of FDG and BV, FDG
and ADC, and BV and ADC were 10%, 46%, and 15%, respectively. The union of the three
parameters was 64% of GTV. The union of the subvolumes of BV and ADC was 56% of GTV pre-
CRT, but reduced significantly by 57% after 10 fractions of RT.
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Conclusion—High FDG uptake, low BV and low ADC as imaging risk biomarkers of HNC
identify largely distinct tumor characteristics. A single imaging modality may not define the
boosting target adequately.

Introduction

Loco-regional failure remains a significant problem in advanced head and neck squamous
cell cancer (HNSCC) despite aggressive therapy including concomitant chemoradiation
therapy and accelerated radiotherapy.(1-3) Boosting the tumor subvolumes at high risk for
treatment failure with high radiation doses has been demonstrated to be feasible and has the
potential to improve loco-regional control (LRC).(4-9)

Several physiological and metabolic imaging modalities, most in isolation, have been
investigated for prediction of treatment failure in HNSCC.(3, 10-13) Fludeoxyglucose
(FDG) positron emission tomography (PET), a marker for glucose metabolism, has shown
high FDG uptake associated with poorer prognosis,(7, 11, 12, 14-16) and has been used for
boosting target definition in clinical trials.(17) Also, hypoxic PET, and perfusion CT/MRI
and diffusion MRI have shown to be biomarkers for outcomes in HNSCC.(3, 18-20) High
hypoxic and poorly perfused tumors all have been associated with worse outcomes.(3, 18)
Persisting poorly perfused tumors during the early course of RT is associated with high risk
for local and regional failure.(18) Diffusion imaging, a measure of water mobility in tissue
and sensitive to cellularity, has shown that an increase in apparent diffusion coefficient
(ADC) of the HNSCC during RT is associated with positive therapy response.(19-21)
Currently, several dose escalation clinical trials are underway.(22) However, most of these
clinical trials use a single imaging modality to guide radiation boost volumes, and single
imaging modalities are limited to image only one aspect of tumor biology, The spatial
relationship between imaging risk-factor parameters in HNSCC are largely unknown.

This study aimed to investigate whether high FDG uptake, low blood volume, and low
diffusion coefficient in advanced head and neck tumors have any spatial correspondence and
their early responses to RT to determine the implication of this overlap or lack thereof for
adaptive boosting strategy.

Materials and Methods

Patients

Forty-four patients with advanced HNSCC were enrolled in an IRB-approved randomized
phase Il clinical trial between March 2014 and October 2016.(Table 1) This clinical trial
aims to improve LRC of poor prognosis advanced HNSCC patients by escalating radiation
doses to radioresistant subvolumes of the tumor. The patients underwent pretreatment FDG-
PET/CT scans as a part of the standard care. Dynamic contrast enhanced (DCE) T1-
weighted and diffusion-weighted (DW) MRI were acquired at pretreatment and after 10
fractions of 2 Gy as a part of the research protocol.
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MRI and PET Acquisition

All MRI scans were acquired on a 3T scanner (Skyra, Siemens Healthineers), including
anatomic series, post-contrast T1-weighted images, DCE T1-weighted images and DW
images. The patients were scanned in the treatment position using individual patient
immobilization face mask and bite bar. Post-contrast T1-weighted images were acquired in
the axial plane by a 2D fast spin echo sequence with fat saturation, TE/TR=8.4/658 ms, in-
plane resolution of 0.875%0.875 mm, slice thickness/gap of 3 mm/10%, and parallel imaging
factor of 2. Sixty DCE T1-weighted image volumes were acquired using a 3D gradient echo
pulse sequence (TE/TR =0.97/2.73ms, flip angle 10°, voxel size ~1.5x1.5x2.5, Field of view
30x30%18 cm in a sagittal orientation) during an injection of gadolinium-
diethylenetriaminepentaacetic acid (Gd-DTPA) of 0.1 mL/kg with a rate of 2 mL/s, followed
by 15 mL of saline flush. DW images were acquired by a 2D spin-echo single shot echo-
planar pulse sequence (sSEPI) with TE/TR = 58/ 9420ms, spatial resolution ~1.2 x 1.2 x 4.8
mm, b values of 50, 400 and 800 s/mm? and parallel imaging factor of 2 in all patients. In
the last 16 patients, a readout segmentation of long variable echo-trains (RESOLVE) pulse
sequence that reduced geometric distortion (23) was used to acquired additional DW images
with b-values of 50 and 800 s/mm2. Pre-treatment clinical FDG-PET/CT scans were
performed by following the standard clinical protocol.(24)

Image Analysis and Registration

The blood volumes (BV) maps were quantified from DCE-MRI by using the modified Tofts
model implemented in an in-house XXX Analysis Tool, XXX.(18, 25) The ADC maps were
calculated by in-house software from DW images with b-values of 50 and 800 to mitigate
the perfusion effect. FDG-PET/CT was co-registered to post-Gd T1-weighted images for
each patient using rigid body transformation. Since all MR images were acquired using
immobilization masks and bite bars, BV and ADC maps were reformatted by using image
coordinates to match voxel-by-voxel to post-Gd T1-weighted images. Target displacement
errors between image series were assessed and described below.

Tumor Volumes and Subvolumes

Gross tumor volumes (GTVs) of primary diseases were contoured based on post-Gd T1-
weighted images by radiation oncologists. A metabolic subvolume of the primary tumor was
defined as FDG SUV greater than 50% of the maximum value, MTVsgqg,. To analyze the
influence of threshold, MTV3q9, Was also created based up 30% of the maximum SUV. A
subvolume of the GTV with low BV (LBV) were created using a threshold of BV<7.636 ml/
1009 reported previously based upon a histogram analysis.(18) In the patients who had large
cystic regions, cystic regions were excluded from LBV. The low ADC volume (LADCV) of
the GTV was defined as ADC <1200x10~% mm?/s but >0.1x107% mm?/s based on the
analysis of ADC histogram distributions within the tumors, which is also coincidence with
the mean ADC reported by others.(26)

Data and Statistic Analysis

The voxel-by-voxel correlations between FDG uptake, BV and ADC values in each tumor
were analyzed by Spearman’s rank correlation coefficient (r). The Dice coefficients between
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the subvolumes were calculated to evaluate the spatial overlap between a pair of the
subvolumes, which describe the percentage overlap between the two compared volumes.
Response of the image-phenotype subvolumes to therapy was analyzed by paired t test.

Quantitative Geometric Distortion Assessment

We assessed target displacement errors between ADC maps and post-Gd T1 weighted
images acquired by a spin echo sequence. Anatomic landmarks were placed adjacent to or
within primary GTVs, and distributed to cover the anterior, posterior, left, right, superior and
inferior aspects of the GTV. The numbers of the landmarks varied from 6 to 13 with a
median of 9 among all patients.

Results

Gross Tumor Volume and Image-Phenotype Subvolumes of Primary tumor

For the 44 patients enrolled in the trial, all patients had high quality DCE MRI for BV
quantification but 4 patients did not have FDG PET images in our system for analysis and 7
patients did not have high quality ADC maps (with median values of target displacement
errors greater than 6 mm) due to the susceptibility-effect. Therefore, 40 patients were used
for the FDG related analysis but the 33 patients for the ADC related analysis. The clinical
information of the 40 patients is summarized in Table 1.

The GTVs and image-phenotype subvolumes (absolute and percentage volume relative to
GTV) of the 40 patients pre-CRT and after 2 weeks of CRT are shown in Table 2. The
median volumes of GTV, MTV5qy, LBV, and LADCV pre-CRT were 66.6, 15.5, 12.1 and
24.3 cc, respectively. Also, 90% of the patients had more than 94% of MTVs5qe, Within the
GTV, and 95% of the patients had more than 81% of MTVsqe, within the GTV, indicating
that only a relatively small portion of tumor volumes with high uptake of FDG in very few
patients was not within the post-Gd T1WI-based GTVs, suggesting the MRI-based GTV
includes the FDG abnormality. LBV and LADCV were 100% within GTV. There were no
statistically significant differences in GTV, MTV, LBV, and LADCYV of primary tumors
between p16- and p16+.

Spatial Overlap between Image-phenotype Subvolumes of Primary Tumor

Next, we evaluated spatial overlapping between each pair of image-phenotype subvolumes.
We found that the median Dice Coefficients were 10.3% (0.0-34.3%) between MTVsgqq, and
LBV, 46.1% (range: 7.2%-73.5%) between MTVs5qe, and LADCYV, and 15.4% (range:
0.0%-68.8%) between LBV and LADCYV, suggesting approximately 50% of patients who
had 46% or greater spatial overlap between MTV5q9, and LADCYV but largely distinct
image-phenotype subvolumes among other pairs. Representative images are shown in Figure
1.

To further understand spatial relationships between each pair of image parameters, we
investigated voxel-level correlations between each pair within individual GTVs of primary
tumor without using any threshold values. We found that the Spearman’s correlation
coefficients (r) between BV and ADC varied from —0.47 to 0.22 with a median of 0.-0.08,
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between BV and FDG varied from —0.08 to 0.59 with a median of 0.19, between ADC and
FDG varied from -0.68 to 0.25 with a median of —0.37, confirming the low spatial
correspondence between the image risk-factor parameters, see scatter plots and water fall
plots in Figures 2 and 3, respectively.

To investigate whether tumor growth between PET and MRI scans affect the results, we
excluded the patients for whom time intervals between the two scans were greater than three
weeks from the analysis, resulting 24 patients who had a median of 4.5 days (range: 0 and
19 days) difference between the two scans. The results were found similarly to the whole
patient group (Supplementary table 1), suggesting the time interval between the two scans is
unlikely the major factor causing lack of spatial correspondence between the two imaging
parameters.

Union of Image-phenotype Subvolumes of Primary Tumor

Next, we investigated the union of each pair and the union of all three of image-phenotype
subvlumes as well as their fractional volumes within the GTV. We found that the median
unions of MTVs5qe, and LBV, of MTV5q, and LADCYV, of LBV and LADCYV, of the three
parameters were 24.3, 27.4, 32.1, and 41.3 cc, respectively. The medians and ranges of
percentage subvolumes relative to GTV are given in Table 2.

Changes in GTV and Image-Phenotype Subvolumes after 2 weeks of CRT

Finally, we investigated how 2 weeks of CRT changed the GTV and subvolumes of BV and
ADC. The GTV, LBV and LADCYV of primary tumor were reduced significantly (respective
p values of 0.01, 0.01 and 0.0002) by 19.6%, 32.1% and 66.0% (median), respectively, after
2 weeks of CRT compared to pre-RT. The reduction rates in LBV and LADCV were
significantly greater than in GTV (p=0.05 and p<0.0001, respectively), suggesting
physiological response occurred earlier than volumetric response as reported before.(13)
However, the reduction rate in LADCV was significantly greater than in LBV (p=0.02,
paired t-test). The changes in the union and overlap of the LBV and LADCV were also
significant (p=0.0002 and p=0.04, respectively), the extents of which are similar to the MTV
decrease (~40%) observed over a similar time interval by others.(17) All details are listed in
Table 2. Using an average reduction of 50% in all three image-phenotype subvolumes, we
had an estimated union of the three of 20.7 cc after 2 weeks of CRT, which was 41.3% of the
GTV of primary tumor. Again, we did not observe any significant difference of the changes
between p16+ and p16-.

Geometric Distortion in ADC Maps

We quantitatively assessed target displacement errors of ADC maps. Among patients,
median displacements of landmarks varied from 5.4 mm to 0.94 mm, and the maximum
displacements from 8.6 to 1.8 mm. A histogram of displacements of all landmark points is
shown in Figure 4. For the patients included in this analysis, there were no significant
differences of target displacement errors between the pulse sequences used (p>0.5).
Furthermore, we evaluated whether spatial correspondences between image pairs were
correlated to the median target displacement errors, and did not find any significance (p
values from 0.2 to 0.6) (see supplementary Figure 1).
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Discussion

In this study, we investigated whether FDG-PET, DCE-MRI and DW-MRI identified the
same or different image-phenotype risk subvolumes in HNSCC since each of the three
imaging modalities in isolation has identified unique risk subvolumes for loco-regional
failure or outcomes, which formed the basis for the single-modality based clinical trials. We
found that the spatial correspondences among FDG SUV, fractional blood volume, and ADC
were low in the whole group, and but varied greatly from patient to patient, suggesting
largely spatial distinct tumor subvolumes defined by the three imaging modality. Our data
suggest that boosting a target based upon a single image-risk factor may not be sufficient.
However, boosting the union of the three pre-RT volumes could increase toxicity due to the
volume size of the union. While investigating the changes in the GTV and subvolumes after
2 weeks of CRT, we found that the low BV and ADC subvolumes decreased approximately
50-60%, and were significantly greater than the GTVs, which is similar to the reduction rate
of the FDG metabolic tumor subvolume observed during the similar time interval.(17) One
proposed strategy is to adaptively boost the union of the three at week-2 during CRT,
representing the persisting high-risk for failure and reduced by ~50% compared to pre-RT.
Further test of the hypothesis will be carried out by the analysis of patterns of failure.

Several previous studies have identified that high FDG uptake, high glycolysis, low
perfusion, and high hypoxia in HNC pre-treatment are risk factors for local and regional
control, progression free survival or overall survival. (18, 19) (21, 27-41) However, whether
these imaging risk factors are independent and have any spatial correlation is largely
unanswered. Our study finds the low spatial correlation between FDG uptake and fractional
blood volume, which supports the notion of the two imaging risk factors most independent
and largely spatial distinct. The next question is how the two imaging risk factors respond to
chemoradiation therapy. In a phase | clinical trial,(17) patients received FDG-PET scans at
pretreatment and after 8 fractions of RT. Compared to pre-RT, the MTV5q9, Was significantly
reduced by 41% after 8 fractions of treatment, which is approximately ~20% greater than the
gross tumor volume reduction in the similar time interval reported by others.(42, 43) The
reduction in LBV after 10 fraction of 2 Gy treatment estimated in our clinical trial showed a
similar extent to one in the MTV5q9,. All these suggest metabolic and physiological changes
occur earlier than the volumetric change of tumor.

Whether low or high ADC is an imaging risk prognostic factor for HNSCC seems to be
controversial.(44-48) However, reporting on the association of an increase in ADC during
RT with positive therapy response or better outcome is relatively consistent. Despite that, we
observed a modest negative correlation between FDG SUV and ADC (that means low ADC
is largely corresponding to high FDG SUV) in approximately 50% of the patients,
supporting the notion that high tumor cell density could be associated with high glucose
metabolism. However, lack of the correspondence between the two in the other 50% of the
patients suggests inter-patient heterogeneity. What we observed the overall correlation
between FDG SUV and ADC is similar to but slightly greater than one reported previously.
(26) There are other factors affecting FDG uptake and diffusion. FDG uptake could be
elevated by inflammation. Micro-necrosis in tumor can alter FDG SUV and ADC value.
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ADC is not only influenced by cell density or cellularity. Further investigations are needed
to understand FDG uptake and ADC in HNSCC.

Our observation that FDG SUV, fractional blood volume, and apparent diffusion coefficient
have low spatial correspondence is consistent with tumor heterogeneity in advanced, poor
prognostic (smoker or p16-) head-and-neck cancers. However, the question becomes how
we should define the target for dose boosting or painting. Currently, in the most of clinical
trials, the target for boosting or adaptive boosting is based upon a single imaging modality.
Our analysis indicates that these trials are largely boosting different targets. Also, the non-
randomized, single-center trials are unlikely to be able to answer the question — which image
modality should be used for boosting. Comparison of patterns of failure with the imaging
risk factor maps could shed light on this question.

Our study suggests several strategies for defining the target for dose boosting or painting.
One possibility is to boost the overlapped subvolume identified by the three imaging risk
factors such as high FDG uptake, poor perfusion and low ADC. Due to lack of spatial
correspondence, this subvolume would be very small. Another possibility is to boost the
union of the subvolumes identified by the three imaging risk factors. However, the union
could make up the majority of GTV, e.g., up to 62% of GTV in our case, resulting in a
possible increase in toxicity. The third possible approach is to adaptively boost the persisting
union of the subvolumes after first two weeks of radiation treatment. Our and other data
suggest that there would be approximately 40-50% of reduction in the subvolumes
determined by the metabolic and physiological imaging risk factors, which could minimize
toxicity.

In this study, we chose SUV5gomax as the threshold to define high FDG uptake subvolumes.
Currently, there is no standard on how to define the target edge on FDG PET. Several
segmentation methods were used widely, including thresholding with a fixed SUV (2.5),
maximum tumor signal intensity (40% or 50%) and adaptive signal to background ratio.(49)
We chose SUV5q0,max s the threshold to bring in accordance with ongoing clinical trials.(7,
26, 50) To investigate the influence of different threshold methods, we also generated
subvolumes by using SUV3gesmax, Which did not alter our findings. Similarly, thresholds
were used for determining the subvolumes of low BV and low ADC, for which we used the
threshold values reported in literature and compared to our own data. Nevertheless, we
performed voxel-level correlations that are independent of thresholds used, and led to the
similar results.

There are some limitations in our study, particularly for separating effects of biology and
target displacement errors on the poorer spatial correspondence of the image parameters.
The ssEPI is sensitive to susceptibility effects, resulting in exclusion of seven patients who
had median values of target displacement errors > 6 mm and severe artifacts from analysis.
The RESOLVE sequence used to scan the last 16 patients permits the use of extremely short
echo spacing to significantly improve image quality and geometric accuracy compared to the
SSEPI.(23) As a result, there were no patients who had median target displacement errors
greater than 4 mm. The analysis of whether the extent of image-parameter spatial
correspondence was correlated with the extent of target displacement errors suggests that the
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poorer spatial correspondence between image parameters cannot solely attribute to the target
displacement error. Also, overlap volumes between image parameters are potentially
influenced by segmentation methods. However, results from voxel-level analysis that is not
affected by segmentation suggest the same poor spatial correspondence between image
modalities.

Conclusion

FDG-PET, DCE-MRI and DWI as imaging risk factors in head-and neck cancer provide
largely distinct spatial information and single imaging modality may be insufficient to define
the target for dose boosting/painting in HNSCC. Analysis of the associations of failure
patterns with pretreatment risk-factor images could info us how to define the target in the
next clinical trials.
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Summary

Several imaging risk biomarkers for treatment failure in head and neck cancer have been
identified, largely in isolation. Understanding the spatial association between these
imaging risk biomarkers is lacking, which could impact on decision making in clinical
trials. This study found that high FDG uptake, low blood volume and low diffusion
coefficient in head-and neck cancer identifies large distinct tumor subvolumes. Boosting
target defined on a single imaging modality may not be adequate to achieve sufficient
clinical benefits.
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Patient 1*

Patient 2*

Figure 1.
Post-Gd T1-weighted (left), FDG-PET (second left), blood volume (second right), and ADC

images (right) of two patients. MTV50% (white contour) and MTV30% (green contour) are
metabolic tumor volumes thresholded above 50% and 30% of the maximum uptake,
respectively (second left). LBV (white contour) is low blood volume of tumor (second
right). LADCV (white contour) is low ADC volume of tumor (right). Red contours represent
gross tumor volume.
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Figure 2.

Scatter plots of ADC vs BV (left column), FDG vs BV (middle column), and FDG vs ADC
(right column row) in the GTVs for the patients who had the large positive (top), median

(center), and largest negative (bottom) correlations.
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Figure 3.
Waterfall plots of Spearman’s rank correlation coefficients between BV and ADC (left),

between BV and FDG uptake (middle), and between ADC and FDG uptake (right).
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A histogram of target displacement errors of all landmark points.
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Table 1

Patient Characteristics

Characteristics

Number of Patients

Age: median (range) (years) 61(31-85)

Sex: male/female

35/5

Primary tumor site

Oropharynx
Oral cavity
Nasopharynx
Hypopharynx
Larynx
Other

TN stage
T4N3
T4N2
T4N1
T4NO
T3N3
T3N2
T2N3
T2N1
TIN3
Recurrent

Viral status (p16)
Positive
Negative

Not known

~ N PP B~G

N
ol

e e L S = T T B =

23
14
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