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Purpose: To assess quantitative signal intensity (SI) kinetics obtained from serial MRI of swallowing mus-
cles as a potential imaging biomarker of radiation-induced dysphagia in oropharyngeal cancer (OPC)
patients receiving radiotherapy (RT).
Methods: Patients were enrolled under an IRB approved Phase II/III randomized trial. Patients underwent
serial MRIs at pre-, mid-, and post-RT. Normalized T1, T1+ contrast (T1 + C), and T2 SI for swallowing
muscle volumes-of-interest (VOIs) were collected and delta SI changes (D) were calculated. Mid- and
post-RT SI relative to baseline were assessed and correlations between radiation dose and percent change
in SI were calculated. Independent samples’ t-tests were used to compare the percent change of SI
between patients divided into two groups based on dysphagia status post-RT.
Results: Forty-six patients with stage III/IV HPV+ OPC were included in this study. Relative to baseline,
mean T2 and T1 + C SIs for middle pharyngeal constrictor were both significantly higher at mid- and
post-RT (p < 0.004 for all). Superior pharyngeal constrictor also showed a significant increase in T1 + C
SI at mid-RT (p = 0.0004). Additional muscle VOIs showed significant changes post-RT, but not earlier
at mid-RT. Both mid- and post-RT doses were significantly correlated with the percent change of normal-
ized T2 and T1 + C SI for examined muscle VOIs (p < 0.002). Mean percent changes of normalized T2 SI at
mid-RT relative to baseline for all muscle VOIs were significantly higher in patients who developed grade
�2 dysphagia relative to patients with no/mild dysphasia (mean D%: 8.2% vs 1.9%; respectively,
p = 0.002). However, at post-RT, these changes were only significant in T1 SI (11.2% vs �1.3%; p < 0.0001).
Conclusion: Signal intensity kinetics of radiation injury can be broadly correlated with the functional
muscular defect. Serial MRI during the course of RT may provide an opportunity to quantitatively track
muscular pathology for subclinical detection of patients at high risk to develop dysphagia.
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In the modern era, favorable oncologic and survival outcomes
are achieved for many patients with head and neck squamous cell
carcinoma (HNSCC) treated with curative-intent radiotherapy (RT)
[1–3], particularly for those with human papilloma virus (HPV)
associated disease [4,5]. Consequently, there is now substantial
emphasis on reduction of late radiation toxicities for the ever
increasing numbers of long-term survivors [5]. As burden of xeros-
tomia is partially mitigated by the use of more conformal treat-
ment techniques such as intensity modulated radiotherapy
(IMRT) and proton therapy [6–8], dysphagia has overtaken as a pri-
mary driver of quality of life in HNSCC survivorship [9]. Up to 30%
of survivors develop chronic aspiration even with modern RT tech-
niques [10,11] and this is typically not diagnostically appreciated
until months or years after the completion of RT when symptoms
manifest, making early identification and prediction of treatment-
related dysphagia a major unmet need [12].

In recent years, the role of imaging in radiation oncology
evolved beyond clinical staging and anatomical precision for RT
planning as imaging parameters began to be integrated in dose–
response models for the prediction of toxicity outcomes [13–16].
Owing to versatility to provide soft tissue detail together with
quantitative functional data, magnetic resonance imaging (MRI)
is used to investigate changes induced by RT in the non-target nor-
mal tissue of the head and neck [16,17]. Our group previously pub-
lished [15] the feasibility of MRI to detect RT dose-dependent
changes in signal intensity (SI) of pharyngeal wall muscles in a ret-
rospective series of nasopharyngeal cancer patients treated with
definitive RT, but the functional relevance of this SI parameter
was not clear as the retrospective dataset did not have available
relevant functional outcomes data. Thus, prospective data in a
homogenous dataset of HNSCC patients with standardized MRI
acquisition parameters is required to validate and expand our pre-
vious findings. To this end, we sought to explore whether SI kinet-
ics obtained from serial MRI in non-target swallowing muscles
could serve as a potential imaging biomarker of radiation-
associated dysphagia through the following objectives to (1) char-
acterize MRI signal intensity (SI) kinetics in the acute RT period in a
prospective dataset of HPV+ OPC patients receiving curative intent
RT, (2) determine the feasibility of using MRI as a tool to monitor
dose-dependent radiation-induced changes in the muscles of deg-
lutition, and (3) correlate alteration in muscle-specific SI changes
from baseline over the course of therapy (mid- and post-RT) with
dysphagia status as assessed by a validated videofluoroscopy-
derived pharyngeal dysphagia grading system [18].
Methods and materials

Patients

The parent randomized clinical trial (2012-0825) and correla-
tive analyses (RCR03-0800 and PA11-0809) were approved by
the Institutional Review Board of the University of Texas, MD
Anderson Cancer Center. The Data Safety Monitoring Board
approved the release of the data for this analysis. Data were col-
lected from the electronic medical records for the enrolled patients
with OPC who had been treated with curative intensity-modulated
RT (IMRT) or intensity modulated proton therapy (IMPT) concur-
rent with chemotherapy between February 2013 and November
2015 as part of an ongoing randomized clinical trial [19]. Trial par-
ticipants who met the following criteria were eligible to participate
in optional imaging studies: (1) pathologically proven OPC SCC, (2)
above 18 years of age (3) P16 positivity by immunohistochemical
assessment, (4) no prior head and neck RT, (5) ECOG performance
status of 0–2, (6) no claustrophobia nor contraindications to MRI
contrast agent, and (7) no previous primary cancer except well
treated localized epithelial skin cancer.
MRI protocol

MRI examinations were performed on a 3.0-T GE Discovery 750
MRI scanner (GE Healthcare, Waukesha, WI, USA) with customized
immobilization devices (Klarity Medical Products, Newark, OH,
USA) in the same position used for the daily delivery of RT at three
different time points; before the beginning of treatment as well as
mid- (3–4 weeks after first RT fraction) and post-treatment
(6–8 weeks after last RT fraction). Patient images at mid- and
post-RT were indexed to those obtained pretreatment using the
same immobilization devices utilized for daily image-guided ther-
apy as detailed in Ding et al. [20]. Geometrical scan parameters
were prescribed for a standardized spatial region encompassing
the palatine process region cranially to the cricoid cartilage
caudally. Field of view (FOV) was 256 mm, number of slice = 30,
spatial resolution = 1 � 1 � 2.5 mm3, and space between slices
was 4 mm. T2 weighted (T2w) and T1 weighted (T1w) pre- and
post-contrast (Gadopentetate dimeglumine, Bayer Healthcare
Pharmaceuticals) images were acquired using a fast spin-echo
sequence (T2w: TR/TE = 3.7 s/103 ms, echo train length (ETL) =
16, NEX = 2, pixel bandwidth = 195 Hz; T1w: TR/TE = 630/7ms;
ETL = 2, NEX = 2, pixel bandwidth = 195 Hz; post-contrast T1w
with fat saturation: TR/TE = 705/10 ms, ETL = 2, NEX = 2, pixel
bandwidth = 98 Hz).
Radiation therapy

All patients underwent non-contrast-enhanced computed
tomography simulation in the immobilization devices as described
previously [21]. At least 2 experienced radiation oncologists exam-
ined all patients and reviewed all the contours for quality assur-
ance [21,22]. In patients receiving IMRT, the Gross tumor volume
plus margins received 70 Gy in 33 fractions. A relative biological
effectiveness value of 1.1 was prescribed for IMPT patients. IMPT
cases were planned with an Eclipse proton therapy treatment plan-
ning system (version 8.9, Varian Medical Systems, Palo Alto, Cali-
fornia). IMRT planning was performed with a Pinnacle planning
system (Philips Medical Systems, Andover, MA).
Chemotherapy

Patients received induction and/or concurrent chemotherapy as
part of a standard of care regimen as detailed in Table 1.
Image segmentation and registration

For 10 patients, we performed manual segmentation using pre-
treatment T1 sequences for the following non-target swallowing
muscles at risk; superior pharyngeal constrictor (SPC), middle pha-
ryngeal constrictor (MPC), intrinsic tongue (IT), geniohyoid (GH),
genioglossus (GG), mylohyoid (MH), masseters (MM), medial
pterygoids (MP), lateral pterygoids (LP), anterior digastric (AD),
posterior digastric (PD), and buccinators (BUC) muscles. Auto-
segmentation atlas was then developed using the manually seg-
mented volumes of interest (VOIs) library in a commercial auto-
segmentation software; (ADMIRE version 1.13.5, 2016). The mus-
cle VOIs’ library was then used to auto-segment the remaining
patient’s pretreatment T1 images.

Deformable image registration (DIR) was performed between
the different MRI time points using the benchmarked commer-
cially available image registration software (Velocity AI, version
3.0.1, Atlanta, GA). All the VOIs were then propagated from pre-
treatment T1 sequences to the different MRI sequences (i.e. T1
+ C and T2w) as well as the two other time points (mid- and
post-RT). This was followed by QA review and manual editing
whenever needed of all the contours by three expert radiation



Table 1
Patient demographics (age, sex, and ethnicity). Tumor characteristics, radiotherapy
and chemotherapy.

Characteristic Result

Number of patients 46
Median age at time of RT 59 (39–78)
Sex, n (%)
Male 42 (91%)
Female 4 (9%)

Ethnicity, n (%)
Caucasian 41 (89%)
Black 3 (7%)
Hispanic 1 (2%)
Asian 1 (2%)

Tumor site, n (%)
Base of tongue 26 (57%)
Tonsils 20 (43%)

TNM
T1 3 (22%)
T2 17 (37%)
T3 10 (22%)
T4 16 (35%)
N1 5 (11%)
N2A 3 (7%)
N2B 17 (37%)
N2C 20 (43%)
N3 1 (2%)

Dose prescribed 70 Gy
Number of fractions 33
Type of RT n, (%)
IMRT 24 (52%)
IMPT 22 (48%)

Induction Chemotherapy, n (%)
Yes 10 (22%)
No 36 (78%)

Type of induction chemotherapy, n (%)
PCC 3 (7%)
TPF 4 (9%)
Platinum/Taxanes 2 (4%)
Platinum single agent 1 (2%)

Concurrent chemotherapy, n (%)
Yes 45 (98%)
No 1 (2%)

Type of concurrent chemotherapy, n (%)
Platinum single agent 39 (87%)
Taxanes 1 (2%)
Platinum/Taxanes 1 (2%)
Cetuximab 4 (9%)

TPF: docetaxel, cisplatin and fluorouracil.
PCC: Paclitaxel, Carboplatin and Cetuximab.
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oncologists (CDF, ASRM, MAMM). Fig. 1 shows an example of VOIs’
muscle library.

The MRI mean signal intensities (SIs) of the VOIs were collected
and normalized, in the manner of Popovtzer et al. [23], to an area in
the cerebellum receiving a negligible dose of RT (i.e. <15 Gy cumu-
lative dose) to account for MRI variability at different time points.
This was achievable for all patients except for three subjects who
had 15–20 Gy in the reference normalization region. Percent
change of each VOI SI from baseline was calculated using the fol-
lowing formula [((mid or post-RT normalized SI – pre RT normal-
ized SI) � (pre RT normalized SI)) �100]. The IMRT and IMPT
plans were restored. Serial T1, T1 + C and T2-weighted MRIs were
co-registered with the treatment planning computed tomography
images and the radiation dose grid to determine the dose–SI
kinetics relationship for all VOIs.
Dysphagia classification

Dysphagia severity was graded according to the published
Dynamic Imaging Grade for Swallowing Toxicity (DIGEST) criteria
[18]. DIGEST is a validated, MBS-based severity staging tool for
pharyngeal phase dysphagia. The summary DIGEST grade is based
on the interaction of two domains: 1) swallow safety and 2) effi-
ciency. To derive the safety profile, the rater assigns the maximum
Penetration–Aspiration Scale (PAS) [24] observed across a series of
standard bolus trials with a modifier applied to account for the fre-
quency and amount of penetration/aspiration events. To derive the
efficiency profile, the rater assigns an estimation of the maximum
percentage of pharyngeal residue on an ordinal scale (<10%,
10–49%, 50–90%, and >90%) with modifiers to assign a pattern of
residue across bolus types. The summary DIGEST rating aligns with
NCI’s Common Terminology Criteria for Adverse Events’
framework[25] for toxicity reporting in oncology trials and assigns
a global rating of pharyngeal swallow safety and efficiency accord-
ing to the interaction of the safety and efficiency profile scores
(grade 0 = no pharyngeal dysphagia, 1 = mild, 2 = moderate,
3 = severe, 4 = life threatening).
Statistical analysis

The time-interval-dependent T1, T1 + C and T2-muscle signal
alterations were measured to characterize MRI signal intensity
(SI) kinetics in muscles of swallowing. Normalized SI changes were
computed over the three time points, and changes relative to base-
line were assessed using a paired t-test with a Bonferroni-
corrected significance level of 0.004 (0.05/12) as a pre-
specification for multiple comparisons across 12 different muscle
VOIs. Of specific interest for hypothesis generation were the T1,
T1 + C, and T2 SI alteration from baseline to the two follow-up
imaging time points (i.e. mid- and post-RT), normalized to pre-
therapy baseline images. Because of the variable RT dose received
by different muscle VOIs, we first measured longitudinal changes
within each muscle group separately to characterize the patterns
of SI changes specific to the muscle of interest. Subsequently, the
aggregate muscles VOIs’ SI changes were also calculated.

Correlations were computed to examine the strength of the lin-
ear association between RT dose received by the muscle VOIs
grouped together and the percent change of SI at the two different
time points (relative to baseline). The strength of correlation can be
assessed by the general guidelines; 0.1–0.3 small/weak correlation,
0.3–0.5 medium/moderate correlation and 0.5–1 large/strong cor-
relation [26]. For this assessment, we used grouped rather than
separate muscle VOIs to represent the whole range of dose–muscle
SI relationship, as dose variability within individual muscles was
lower.

To explore the association between DIGEST groups and the per-
cent change of SI relative to baseline at mid- and post-RT, indepen-
dent sample t-test was used to compare the percent change of SI in
patient group who developed videofluoroscopy DIGEST score �2
moderate/severe dysphagia versus 0–1 no/mild dysphagia at med-
ian 8-month post-RT. All statistical analyses were performed using
JMP 11.2 Pro (SAS Institute, Cary, NC).
Results

Patients

Forty six patients were included in the study, all with AJCC
stage III/IV HPV+ OPC. The demographic, disease, and treatment
criteria are outlined in Table 1. Patients’ median age at time of
RT was 59 years (range 39–78), and the majority were male (42
patients, 91%). Almost all patients received concurrent chemother-
apy (98%). The gross tumor volume received 70 Gy over 33 frac-
tions, with 24 patients (52%) treated by IMRT and 22 (48%)
treated by IMPT concurrent with chemotherapy. All patients per-
formed pre-RT MRI in the same position using the same fixation
method of the treatment session. Three (7%) patients missed the
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Fig. 1. Example of segmented muscle volumes of interest. Abbreviations: MR: right masseter, ML: left masseter, LPR: right lateral pterygoid, LPL: left lateral pterygoid, MPL:
left medial pterygoid, MPR: right medial pterygoid, GG: genioglossus, GH: geniohyoid, MHL: left mylohyoid, MHR: right mylohyoid, ADR: right anterior digastric, ADL: left
anterior digastric, SPC: superior pharyngeal constrictor, MPC: middle pharyngeal constrictor.
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mid-RT MRI and 9 (20%) did not return back for the post-RT MRI.
Each patient completed MRIs at two different time points. All of
the patients performed swallowing studies before the start of
treatment, and 41 (89%) patients returned for swallowing studies.
The median follow-up time was 7.8 months (range: 4–10 months)
after RT, with 6-months being the desired follow-up target.
Longitudinal swallowing muscle MRI signal intensity kinetics

Fig. 2 shows the difference in normalized SI changes across the
three time points of MPC as well as all muscle VOIs in T1 + C and T2
MRI parameters. Using paired t-tests, significant increases in the
mean normalized T1 + C and T2 signal intensity were noted in
MPC at mid-RT relative to baseline (0.9 � 103 vs 1.2 � 103 and
0.6 � 103 vs 0.8 � 103), respectively (p < 0.0006 for both). SPC also
showed a significant increase in T1 + C signal intensity at mid-RT
(p = 0.0004). Furthermore, at post-RT, there was a significant
increase from baseline in the normalized mean T1 + C signal inten-
sity with respect to the majority of VOIs: MPC, SPC, MP, MM, MH,
GG, ITM, ADC and PDM (p < 0.004 for all), while a significant
increase in T2 mean SI was identified only for MPC muscle
(p = 0.001). The remaining muscles did not show any significant
changes in SI over time. Furthermore, there were no significant
changes in the mean normalized T1 SI identified in any of the VOIs.
The comparison of all muscle VOIs grouped together showed a sta-
tistically significant increase in both T2 and T1 + C at both time
points (mid- and post-RT) (p < 0.001). However, there were no sta-
tistically significant changes in T1 SI in grouped VOIs at either time
point (p > 0.05 for both).
Relationship between RT dose and MRI signal intensity kinetics

The dose received at mid-RT was significantly correlated,
although weak magnitude, with the percent change of normalized
T1 + C and T2 SI for the muscle VOIs (r = 0.14, R-square 0.02,
p = 0.002 and r = 0.2, R-square 0.04, p < 0.0001) respectively. Simi-
larly, at post-RT, the dose was significantly correlated with the per-
cent change of T1 + C (r = 0.14, R-square 0.02, P = 0.0004) and T2 SI



Fig. 2. Box plots depicting the distribution of normalized signal intensity over time. There is an overall significant increase in normalized SI over time of MPC muscle in T1 + C
(a) and T2 (b) sequences at both mid- and post-RT relative to baseline values (p < 0.001 for both), as well as in all the muscles grouped together in T1 + C (c) and T2 (d)
sequences (p < 0.001 for both). The solid lines depict the trajectory at the individual patient level.

50 MRI correlates of radiation-associated dysphagia
(r = 0.24, R-square 0.06; p < 0.0001) as illustrated in Fig. 3. How-
ever, both mid- and post-RT doses were not correlated with T1 SI
changes in the examined muscle VOIs.

Fig. 4 illustrates two examples of MRI subtraction images
intended to provide a visualization of the SI changes over time.
The subtraction of the pre-RT images from the mid- and post-RT
sequences demonstrates the visible (and quantifiable) increase in
the SI of the MPC in T2 sequence and SPC in T1 + C sequence.
Relationship between dysphagia (per DIGEST) and MRI signal intensity
kinetics

At Pre-RT, all patients performed the swallowing studies con-
tributing the following DIGEST distribution: 25 patients (54%)
grade 0, 18 (39%) grade 1 ‘‘mild”, and 3 (7%) grade 2 ‘‘moderate”.
None of the patients had tumor-associated severe dysphagia on
baseline videofluoroscopy (DIGEST grade �3) pre-RT. Forty one
patients returned for follow-up after RT and presented with the
following DIGEST distribution: (17%) grade 0, 18 (44%) grade 1
‘‘mild”, 11 (27%) grade 2 ‘‘moderate”, and 5 (12%) grade 3 ‘‘severe”
fluoroscopy detected dysphagia after RT at median 7.8 months
(4–10 months). Two patients, with grade 2 before RT, remained
as grade 2 after RT. These two patients were excluded from the
analysis of the DIGEST due to the uncertainty of the attribution
of moderate dysphagia post-RT to RT injury (versus tumor/comor-
bidity). The remaining 39 patients were classified into two groups:
1) patients converted to moderate or severe post-RT (new DIGEST
grade �2 post-RT, n = 14/39, 36%), and 2) no or mild post-RT dys-
phagia (DIGEST grade 0–1 post-RT, n = 25/39, 64%). The percent
change of normalized SI at mid-RT for all of the muscles grouped
together was significantly higher in the group of patients who
developed radiation-induced moderate/severe dysphagia com-
pared to the other patients, and this finding was observed in T2
(8.2% vs 1.9% p = 0.002) but not in the other tested parameters.
However at post-RT, these changes were only significant in T1
(11.2% vs �1.3% p < 0.0001). Fig. 5 shows the significant difference
between the percent changes of SI at different time points and
DIGEST score.
Discussion

Treatment-related sequelae such as mucositis and dysphagia
have been claimed as the ‘‘barrier to win the battle” against HN
cancer [27,28]. The current study is a successful extension of our
developing effort to integrate MRI biomarkers [18,29–31] to char-
acterize and reduce radiation-induced normal tissue toxicities such
as dysphagia. This continuous effort aims to adapt the RT dose and



Fig. 3. Linear regression analyses identified positive correlations between the dose received at Mid- (left column) and Post-RT (right column) by the grouped muscle VOIs and
the normalized SI of T1 + C (upper row) and T2 (lower row) images. The dose received at mid-RT was significantly correlated, with the percent change of normalized T1 + C
and T2 SI for the muscle VOIs (r = 0.14, R-square 0.02, p = 0.002 and r = 0.2, R-square 0.04, p < 0.0001) respectively. Full dose was also significantly correlated with the percent
change of T1 + C (r = 0.14, R-square 0.02, P = 0.0004) and T2 SI (r = 0.24, R-square 0.06; p < 0.0001).
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volume, particularly in patients with low-intermediate risk HPV+
OPC [32–35] and also to establish methods to identify high-risk
patients for earlier, intensive interventions before often irre-
versible symptoms manifest [18,36,37]. To the best of our knowl-
edge, the present analysis is the first comparative study
investigating the association between dysphagia severity accord-
ing to DIGEST grade, dose to dysphagia-related structures, and
MRI SI changes of deglutitive muscles in HPV+ OPC patients. Our
results demonstrated proof of principle and feasibility of serial
MRI acquisition to track SI kinetics of the pathological changes in
non-target dysphagia-related muscles before, during and after RT,
and suggest the potential for these parameters to serve as early
imaging biomarkers of functionally relevant normal tissue injury
before late effects manifest.

Previous work supports the premise that physiological mecha-
nisms underlying soft tissue changes, such as edema, fibrosis,
and fatty degeneration [38–40] can be quantified by MRI SI
changes [41]. T2 signal alteration has long been associated with
muscle injury in a variety of disease states [42], and has been held
forth by Damon et al. as an established biomarker of muscle injury
and inflammation; to wit, ‘‘Collectively, . . . data strongly support
the use of T2 as a biomarker for assaying longitudinal changes in
muscle health‘‘, as ”T2 values are elevated in inflammation‘‘ [43].
Consequently, the finding of T2 SI alteration observed in our data-
set is consistent broadly with inflammatory injury and acute
edema of muscle secondary to radiotherapy [44]; however, to
our knowledge, this is the first prospective characterization of
the temporal course of this acute effect with spatial mapping to
radiotherapy dose. Likewise, the kinetics of T2W alteration
matched closely with the clinical timelines for acute
radiotherapy-attributable inflammation to decline in follow-up,
and thus is consistent with the self-limiting acute phase of radia-
tion injury for normal tissue (e.g. acute radiotherapy-related
mucositis or acute xerostomia).

Moreover, late post-therapy T1W intensity changes, which have
been associated with late muscle injury generally [23,45], as well
as in the head and neck muscles and swallowing specifically
[46]. Furthermore, data have shown that masticator muscle T1W
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Fig. 4. Subtraction image of the pre-RT T1 + C (4a) frommid-RT (4b) and post-RT (4c) showing the increase in SI of SPC demonstrating the edema that developed from RT at mid-RT
(4d, red arrow) and more at post-RT (4e, red arrow) with the dose grid propagated from CT to T1 + C sequence (4f). Another subtraction of the pre-RT T2 (4g) from both the mid-RT
(4h) as well as the post-RT (4i) showing the RT-induced increase in SI of the MPC at mid-RT (4J, green arrow) and post-RT (4k, green arrow), with the dose grid over T2 showing the
MPC located in the high dose region (4l). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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Fig. 5. The difference between the mean percent changes of SI at Mid-treatment T2 MRI parameter (8.2% vs 1.9%; p = 0.002) (5a), and at post-treatment T1 (11.2% vs �1.3%;
p < 0.0001) (5b) between the two different groups of patients based on DIGEST score (converted post-RT grade �2, moderate-severe dysphagia).
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signal abnormality after radiotherapy can be used as a predictor of
trismus post-radiotherapy. Consequently, our work affirms inflam-
mation and fibrotic degeneration involving dysphagia-related
muscles [47] can be linked to RT-induced MRI SI changes for better
assessment of inter-fraction soft tissue changes that could conceiv-
ably be detected during or early after RT before clinically detect-
able pharyngeal dysfunction manifests [48].

Our data demonstrated that specific MRI sequences are a
promising tool to quantify dose–response MRI parameter kinetics,
which aligns with published data [23]. Our group and others previ-
ously focused on post-RT SI changes in a later post-RT time when
injury may already have become clinically detectable without the
MRI data [23,49]. Specifically, Popovtzer et al. [23] demonstrated
that higher doses to the pharyngeal constrictors were associated
with increases in T2-weighted MRI SI in a cohort of twelve HNC
patients imaged three months after RT. The late SI changes align
with results of our current study in which we observed that higher
dose to swallowing muscles was associated with higher percent of
normalized T1 + C and T2 SI changes in those VOI on mid-RT and
early post-RT scans. Previous retrospective work in nasopharyn-
geal cancer by our group [15] demonstrated a significant decrease
in the T1 SI for SPC on late post-RT scans only in patients who
received a mean dose >62.25 Gy but non-significant changes of
T1 SI at early post-RT follow up regardless of dose. This earlier
work seemed to suggest a significant role for T1 SI modifications
as a biomarker for intermediate to late phenomena (e.g. fibrotic
degeneration, the degree of functional impairment) rather than
for acute phase modifications whereas T2 SI changes seemed the
more likely parameter to be related to edema from acute RT injury.
This trend in earlier T2 SI differential was consistent both in our
present and previous work [15]. To the best of our knowledge,
our results are the first to show the possibility of tracking normal
tissue damage as early as the midpoint of the RT course. These pre-
liminary observations support our long-term research effort to
establish adaptive strategies for early HPV+ OPC responders [35].

Other than demonstrating the ability to detect dose-dependent
quantitative morphological and radiological changes, our findings
suggest functional relevance of tracking MRI SI changes in the deg-
lutition muscles. Grouped as a whole VOI, degree of SI changes was
significantly higher in patients who developed videofluoroscopy
detected moderate-severe dysphagia per DIGEST (grade�2), which
is a validated in-house assessment tool aligned to CTCAE frame-
work for MBS-graded swallowing dysfunction. Whole VOI mid-
treatment SI changes proved to be associated with moderate to
severe dysphagia in T2 as early as mid-RT but not the other tested
sequences (T1 or T1-C). Consistent with the above-discussed
findings [15], whole VOI SI kinetics on post-RT scans (6 weeks) sig-
nificantly associated with later dysphagia status (median
7.8 months) only for the T1 parameter (not T2 or T1-C). This sug-
gests that, seeking the earliest detectable imaging biomarker,
mid-RT T2 SI kinetic might be the best, earliest candidate parame-
ter to predict risk of late radiation-induced dysphagia. Longitudinal
differences further highlight the importance of studying serial MRI
scans during RT, and for extended periods of follow up after RT, to
better understand the trajectories of the SI kinetics and when
parameters have most relevance.

Our data suggest that the kinetics of RT injury can be quantified
using serial MRI and broadly correlated with functional muscular
injury as early as the midpoint of RT delivery. One of the study lim-
itations is the short duration of follow-up at this point of the study
and we are planning to acquire more long-term follow-up MRIs as
part of a recently activated clinical study at our institution
(NCT03145077). An additional limitation is the fact that 9 patients
have missed the post-RT MRI thereby had only two time points of
assessment. Likewise, the overall sample size is relatively small (46
patients) and needs future expansion for validation purposes.
Despite the statistically significant correlation between dose and
MRI SI changes, the correlation remains weak with wide spread
of the data points as in Figs. 3 and 5, indicating that other factors
beside the dose may be implicated in these muscle changes and
ultimately dysphagia. We and others have previously identified
some of these factors (e.g. age, clinical stage, disease subsite, and
weight loss) that, in addition to dose parameters, were indepen-
dently associated with the development of late dysphagia
[32,50]. Therefore, future efforts are needed to enroll more patients
in these imaging studies to be able to build a robust multivariate
model that considers the effect of all these variables.

Another limitation is that the relative biological effectiveness
(RBE) may be variable for the proton treated patients and may sug-
gest further changes in SI. Furthermore, the exact timing of imag-
ing acquisition that represents the most indicative SI changes
associated with dysphagia remains to be determined. Our institu-
tion has recently activated an imaging study (NCT03224000) with
weekly MRI acquisition to further interrogate the timing that has
the most predictive value for such toxicity. Nonetheless, these pre-
liminary results support further investigations to define clinically
meaningful utilization of serial imaging with MRI during the
course of curative-intent RT for HNSCC for toxicity reduction
efforts. Further confirmatory studies are warranted to test the
applicability of our approach in the management of RT-induced
toxicities. Ideally, this may contribute to identify subgroups of
high-risk patients who may be candidates to more aggressive
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supportive care paths and/or earlier, intensified swallowing ther-
apy programs, although for the latter consensus is still lacking
[51]. Moreover, the capability of predicting toxicity from in-
treatment, dose-related MRI SI modifications may open doors to
a clinically driven adaptive RT for non-target swallowing muscle
preservation and improvement of the therapeutic ratio for RT in
the setting of HPV+ OPC.
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