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Abstract

This study aims to identify the temporal kinetics of intravoxel incoherent motion (IVIM) magnetic 

resonance imaging (MRI) in patients with human papillomavirus-associated (HPV+) 

oropharyngeal squamous cell carcinoma. Patients were enrolled under an IRB-approved protocol 

as part of ongoing prospective clinical trial. All patients underwent two MRI studies, a baseline 

scan before chemoradiotherapy and a midtreatment scan 3–4 weeks of treatment initiation. 

Parametric maps representing pure diffusion coefficient (D), pseudo-diffusion coefficient (D*), 

perfusion fraction (f), and apparent diffusion coefficient (ADC) were generated. The Mann-

Whitney U test was used to assess temporal variation of IVIM metrics. Bayesian quadratic 

discriminant analysis (QDA) was used to evaluate the extent to which midtreatment changes in 

IVIM metrics could be combined to predict sites that would achieve complete response (CR) in 

multivariate analysis. A total of 31 patients were included in the final analysis with 59 lesions. 

Pretreatment ADC and D values of the complete response (CR) lesions (n=19) were significantly 

lower than non-CR lesions (n=33). Midtreatment ADC, D, and f values were significantly higher 

(P < .0001) than pretreatment values for all lesions. Each increase in normalized ΔADC of size 0.1 

yielded a 1.45-fold increase in the odds of CR (P<.0003), each increase in normalized ΔD of size 

0.1 yielded a 1.53-fold increase in the odds of CR (P<.0002), and each unit increase in Δf yielded 

a 2.29-fold increase in the odds of CR (P < .02). Combined ΔD and ΔADC were integrated into a 

multivariate prediction model and attained an AUC=0.87 (95% CI: 0.79, 0.96) as well as 

sensitivity=0.63, specificity=0.85, and accuracy=0.78 under leave-one-out cross-validation. In 

conclusion, IVIM is feasible and potentially useful in prediction and assessment of early response 

of HPV+ oropharyngeal squamous cell carcinoma to chemoradiotherapy.

Graphical abstract

Our data showed that a low pretreatment apparent diffusion coefficient (ADC) and pure diffusion 

coefficient (D) values were associated with early radiologic CR during chemoradiotherapy. 

Midtreatment ADC, D, and f values were significantly higher (P < .0001) than pretreatment values 

for all lesions. A model combining ΔADC and ΔD is highly predictive of early CR. Noninvasive 

IVIM MRI is feasible and potentially useful for predicting and assessing early responses of HPV+ 

oropharyngeal SCC to chemoradiotherapy.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) has an estimated incidence of 

approximately 50,000 annual cases in the United States, with an annual mortality estimated 

at 11,400 persons. Even with the use of chemotherapy concurrently with radiation, local 

failures predominate as a failure pattern (1,2). Opportunities for radiation dose escalation 

and therapeutic intensification are limited because of the risk of damage to adjacent normal 

tissues in the beam path. Ideally, personalized adaptive therapy would allow dose 

escalation/de-escalation at the individual, rather than population, level, based on imaging 

biomarkers which portend therapeutic response (3,4). If a probable outcome can be 

predicted before or at an early stage of treatment, a patient could be spared ineffective and 

unnecessary toxicity through treatment deintensification or dose modification. Magnetic 

resonance imaging (MRI) techniques, including proton spectroscopy, diffusion-weighted 

imaging (DWI), and dynamic contrast-enhanced imaging, have been proposed as such 

noninvasive imaging biomarkers for prediction and early detection of response to cancer 

therapy (5,6).

DW-MRI reflects the cell density of tissue and thus may indicate regions with a high tumor 

load(7). The apparent diffusion coefficient (ADC), the most common quantitative parameter 

in DW-MRI, reflects the microscopic diffusion of water molecules and is determined using a 

monoexponential approach. Recently, ADC has been used for prediction or early detection 

of treatment response in HNSCC (8–10). However, ADC values are influenced by both 
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tissue diffusivity and microvascular perfusion. In the mid-1980s, Le Bihan et al proposed the 

intravoxel incoherent motion (IVIM) model to separate the perfusion-related parameters 

(pseudo-diffusion coefficient D* and perfusion fraction f) and the diffusion-related 

parameter (pure diffusion coefficient D) by employing biexponential fitting analysis (11,12). 

Thus, IVIM MRI reflects not only cell density but also tissue microcapillary blood 

perfusion, which is correlated to tumor oxygenation(13). These properties affect radiation 

sensitivity.

The IVIM technique has been widely applied in studies of cancer in the brain (14,15), 

abdomen (liver, kidney, and pancreas) (16–18), and pelvis (prostate) (19). IVIM has also 

been used in the head and neck for predicting malignancy, cancer staging, detecting nodal 

metastases, and monitoring treatment response (20–24).

Recently, it has become apparent that human papillomavirus-associated (HPV+) 

oropharyngeal tumors exhibit a more radiosensitive phenotype than non-HPV head and neck 

cancers (25,26). While IVIM has been demonstrated to correlate with nodal response to 

therapy (27), no data on pre- and midtreatment parameter kinetics or the potential utility of 

IVIM for predicting response to chemoradiotherapy in a prospective uniform cohort of HPV

+ cancers have been presented. Furthermore, data suggest that midtreatment response (as 

measured by anatomic imaging (28,29) or DWI (10,30)) may serve as a reasonable surrogate 

for locoregional control in HNSCC.

In this study, we sought to (i) determine the feasibility of serial, standardized IVIM data 

acquisition as part of an ongoing prospective study of chemoradiotherapy for HPV+ 

oropharyngeal cancers, (ii) characterize tumor and nodal pre- and mid-chemoradiotherapy 

temporal kinetics of IVIM, and (iii) determine whether temporal changes in IVIM 

parameters during chemoradiotherapy are associated with early treatment response as 

measured by RECIST (Response Evaluation Criteria in Solid Tumors) assessment (31) of 

midtreatment imaging.

Materials and Methods

Patients

Patients diagnosed with HPV+ oropharyngeal SCC were included in this study under an 

Institutional Review Board (IRB)-approved protocol with study-specific informed consent 

as part of an ongoing prospective clinical trial (32). All patients were scanned between 

October 2013 and May 2015. The criteria for inclusion were age older than 18 years; 

histologically documented stage III or IV HPV+ SCC of the oropharynx, according to the 

American Joint Committee on Cancer (AJCC) staging criteria; eligibility for definitive 

chemoradiotherapy; and an Eastern Cooperative Oncology Group (ECOG) performance 

status of 0 to 2. Patients were excluded for any of the following reasons: definitive resection 

of primary tumor or administration of induction chemotherapy before radiotherapy; a prior 

cancer diagnosis, except appropriately treated localized epithelial skin cancer or cervical 

cancer; prior radiotherapy to the head and neck; contraindications to gadolinium-based 

contrast agents; or claustrophobia.

Ding et al. Page 4

NMR Biomed. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



All patients underwent two MRI studies, a baseline scan within 1 week before starting 

chemoradiotherapy treatment and a midtreatment scan 3–4 weeks after treatment initiation. 

RECIST criteria (31) were utilized for categorical midtherapy tumor/node assessment. 

Midtreatment results were categorized as stable disease, partial response (PR), or complete 

response (CR) based on radiological (T1-weighted (T1w)-Gd MRI) assessments by an 

experienced head and neck radiologist (RRC) and two experienced radiation oncologists 

(ASRM, CDF). Additionally, all patients had complete physical exanimation, fibroptic 

endoscopy, MRI, and contrast-enhanced diagnostic CT or FDG PET-CT done 2–3 months 

after treatment completion to assess the final treatment response.

MRI Protocol

MRI examinations were performed using a previously published custom immobilization 

method (33) and a 3.0T Discovery 750 MRI scanner (GE Healthcare, Waukesha, WI) with 

laterally placed 6-element flex coils centered on the base of the tongue with immobilization 

devices (Klarity Medical Products, Newark, OH) (Fig. 1). Patient data were indexed to those 

obtained from pretreatment MRI done with the patient set up on a flat insert table (GE 

Healthcare) using the same immobilization devices as those used for daily image-guided 

therapy, including an individualized thermoplastic head and shoulder mask, a customized 

foam mold head support, and an intraoral tongue-immobilizing/swallow-suppressing dental 

stent. This standardized immobilization approach, demonstrated to improve image 

coregistration in longitudinal scans and reduce interval physiologic motion (e.g. swallowing) 

(33), was used for all patients.

Geometrical scan parameters (e.g. field of view) were prescribed for a standardized spatial 

region encompassing the palatine process region cranially to the cricoid cartilage caudally 

for all scans. T2w and T1w axial images with and without contrast were acquired using a 

fast spin-echo sequence (T2w: repetition time/echo time (TR/TE) = 3.6 s/100 ms, echo train 

length = 16; T1w: TR/TE = 600/7 ms, echo train length = 2). Thirty axial slices with a field 

of view of 25.6 cm and slab thickness of 12 cm were selected to cover the parotid glands, 

primary tumor, and metastasis-bearing cervical lymph nodes for ADC and IVIM parameter 

measurements. Acquisition parameters for IVIM-MRI were single-shot, spin-echo echo-

planar imaging sequence, axial acquisition, TR = 3.6 s, TE = 80 ms, pixel size = 2 × 2 mm2 

in-plane, bandwidth = 1,950 Hz/pixel, slice thickness = 3.5 mm with a 0.5-mm gap, 30 

contiguous slices, number of signal averages = 2~6 (2 averages for b-value < 200 s/mm2; 4 

averages for b-value ≥ 200 s/mm2; 6 averages for b-value = 800 s/mm2), and 128 × 128 

matrix with parallel imaging factor 2 and chemical-shift-based fat suppression applied. A 

total of 12 b-values were acquired (0, 20, 40, 60, 80, 100, 120, 150, 200, 400, 600, and 800 

s/mm2) for each orthogonal diffusion direction.

Image Analysis

Regions of interest for the primary tumor and metastatic nodal mass were identified and 

drawn by two radiation oncologists (ASRM and CDF) and an MRI physicist (YD), based on 

T2w, T1w-Gd, and high-b-value (b = 800 s/mm2) diffusion images. The IVIM parameters 

obtained for each lesion were calculated on a pixel-by-pixel basis and expressed as means 

for all voxels within the lesion volume of interest, using a method previously described by 
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Sumi et al (20,34) . IVIM parameters can be obtained by biexponential fitting of the 

diffusion-attenuated MRI signal intensity from multiple b-values as Sb/S0 = (1 − f) · 

exp(−bD) + f · exp[−b(D* + D)], where Sb is the signal intensity in the pixel with diffusion 

gradient b, S0 is the signal intensity in the pixel without a diffusion gradient, D is the true 

diffusion as reflected by pure molecular diffusion, f is the fractional perfusion related to 

microcirculation, and D* is the pseudodiffusion coefficient related to perfusion. D was 

obtained by the simplified linear fit equation Sb = S0 × exp(−b · D) using b-values ≥ 200 

s/mm2, whereas f and D* were calculated by a non-linear least squares (NLLS) regression 

algorithm with 12 b-values ranging from 0 to 800 s/mm2. In addition, ADC was calculated 

by a monoexponential fit of signal intensity (b = 0, 400, and 800 s/mm2): Sb = S0 × exp(−b · 

ADC). All regression algorithms were implemented with ImageJ software (NIH, Bethesda, 

MD, USA) (34), allowing us to extract parametric maps representing D, D*, f, and ADC, 

fitted on a pixel-by-pixel basis. When the fits did not converge, the corresponding voxels 

were excluded from quantitative analysis.

Statistical Analysis

A mean and a standard deviation were calculated for each parameter at each interval scan. 

The nonparametric Mann-Whitney U test was used to assess differences in ADC and IVIM 

parameters between the CR group and the non CR group. Univariate logistic regression was 

used to evaluate the extent to which midtreatment changes in each imaging feature can be 

used to predict sites that would achieve CR. Partial effects were evaluated for significance 

using two-sided Wald tests. Bonferroni correction was used to control the familywise type I 

error rate at the 0.05 significance level, inducing the significance threshold of 0.025. 

Bayesian quadratic discriminant analysis (QDA) (35) was used to evaluate the extent to 

which midtreatment changes in these correlated imaging features predict sites that would 

achieve CR in multivariate analysis. Results for multivariate prediction model are reported 

for the best subset of predictors (ΔADC and ΔD), which were identified using stepwise 

backward model selection based on Akaike information criterion.(36) Parameters for each 

level of response assumed independent priors. The mean vectors assumed flat priors, while 

the covariance for each response level assumed an inverse Wishart prior with shape=2 and 

scale matrix estimated from the data as the maximizer of the marginal density (empirical 

Bayesian method). The prior probability of each response level was fixed at 0.5. Specificity, 

sensitivity, and accuracy were determined using a leave-one-site out cross-validation 

(LOOCV) strategy whereby each lesion’s treatment response was predicted after training the 

Bayesian model using data from the other 59 lesions. Each site was assigned to the response 

level resulting in higher predicted probability. Receiver operating characteristic (ROC) 

curves were computed using the predicted response probabilities. The method of Delong et 

al(37) was used to calculate the 95% confidence interval for the area under the curve (AUC). 

The sample size of 59 lesions provides 80% power to detect an AUC of at least 0.69 at 

α=0.05 assuming that 19 lesions achieve CR. All analyses were executed with JMP Pro 

version 11 software (SAS Institute, Cary, NC) or statistical software R version 3.1.2. (R 

Development Core Team, http://www.r-project.org).
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Results

Patients and Lesions

A total of 40 patients were eligible for study inclusion and provided study-specific informed 

consent. Six patients were excluded from final analysis because they withdrew from the 

imaging part of the study before midtreatment imaging, and three patients were excluded 

because of dental artifacts precluding signal assessment. MRI data were analyzed for the 

remaining 31 patients. Median age was 57 years (range, 44–78), with 29 men and 2 women. 

16 patients (52%) were treated by intensity modulated radiotherapy and 15 (48%) were 

treated by intensity modulated proton therapy (IMPT). The majority of patients (78%) 

received Cisplatin chemotherapy concurrently with radiotherapy. Patient, disease, and 

treatment characteristics are summarized in Table 1. A total of 61 lesions (primary tumors 

and nodal metastases) were segmented. Two lesions were excluded: one primary tumor, due 

to echo-planar imaging-related severe geometric distortion, and one nodal lesion, due to 

poor signal-to-noise ratio out of rather posterior coil coverage leaving 59 lesions for 

analysis.

Midtreatment Response

Of the 29 primary tumors, 15 had a CR and 14 had a PR on midtreatment scans according to 

RECIST criteria. Of the 30 lymph node metastases, 4 had a CR, 22 had a PR, and 4 had 

stable disease on midtreatment scans. The median number of RT fractions received before 

the midtreatment scan was 17 (range, 15–26). Pretreatment ADC and D values for lesions 

that had a midtreatment CR (19 lesions) were significantly lower than those that did not 

have a CR ((0.82 ± 0.17) × 10−3 mm2/s vs. (0.94 ± 0.19) × 10−3 mm2/s, P = .03 for ADC, 

and (0.69 ± 0.12) × 10−3 mm2/s vs. (0.82 ± 0.16) × 10−3 mm2/s, P = .003 for D). 

Pretreatment D*, and f values for the CR lesions were not statistically different from those 

that did not have a CR as shown in Table 2.

Midtreatment ADC, D, and f values were significantly (P < .0001) increased compared to 

the pretreatment values for all lesions (Table 2). Midtreatment D* values, however, were not 

statistically different from pretreatment D* values. Lesions that had a CR were associated 

with significantly higher normalized ΔADC, ΔD, and Δf values than non-CR lesions (P < .

0001 for both ΔADC and ΔD and P = .003 for Δf), while the study failed to yield evidence 

of a significant difference in ΔD* values between CR and non-CR lesions (P= .6). Fig. 2 

shows boxplots of normalized delta values for all tested parameters in both CR and non-CR 

lesions. After stratification of lesions by primary tumor and nodal sites; primary tumors that 

achieved CR were associated with significantly higher normalized ΔADC, ΔD, and Δf 

values than non-CR (P < .0005 for ΔADC, and P = .01 for both ΔD and Δf), while ΔD* was 

insignificant (P= .7). While, nodes that achieved CR were associated with significantly 

higher normalized ΔADC and ΔD values than non-CR (P < .0001 for both), and 

insignificant ΔD* and Δf (P> .05).

Additional, post hoc analysis of ΔADC, ΔD, ΔD* and Δf changes as a function of 

radiotherapy technique (IMRT vs. IMPT), and as a function of various chemotherapy agents 

Ding et al. Page 7

NMR Biomed. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Cisplatin vs. others) revealed no statistically significant difference in parameters’ Δ changes 

among the studied groups (all P > .05).

Fig. 3A provides a scatterplot of the imaging features. Significant associations were evident 

from logistic regression analysis. Each increase in normalized ΔADC of size 0.1 yielded a 

1.65-fold increase in the odds of CR (P < .00027), each increase in normalized ΔD of size 

0.1 yielded a 1.45-fold increase in the odds of CR (P < .00024), and each unit increase in Δf 

yielded a 2.29-fold increase in the odds of CR (P < .024). Combined ΔD and ΔADC 

parameters yielded sensitivity=0.63, specificity=0.85, and accuracy=0.78 using Bayesian 

QDA for predicting CR under LOOCV. Fig. 3B presents the resulting posterior probability 

of CR as a function of normalized ΔADC and normalized ΔD. In addition, the Bayesian 

model yielded an AUC=0.87 (95% CI: 0.79, 0.96) for predicting the CR under LOOCV. The 

ROC curve is provided in Fig. 3C. Supplementary Fig. S1 shows a scatterplot depicting 

midtreatment changes in ΔD and Δf for patients experiencing presence/absence of CR.

Fig. 4 shows representative pretreatment and midtreatment images of a primary base-of-

tongue tumor that had a PR. The primary tumor had high signal intensity in T2w and T1w-

Gd images and hyperintense signal intensity in the DW image (b = 800 s/mm2). 

Pretreatment and midtreatment values in the primary tumor were, respectively, as follows: 

ADC, (0.78 ± 0.18) × 10−3 and (1.65 ± 0.14) × 10−3 mm2/s; D, (0.53 ± 0.15) × 10−3 and 

(1.43 ± 0.13) × 10−3 mm2/s; D*, (2.6 ± 3.1) × 10−2 and (2.3 ± 0.3) × 10−2 mm2/s; f, 0.13 ± 

0.17 and 0.12 ± 0.12 mm2/s. Midtreatment signal decay in the primary tumor was faster than 

pretreatment signal decay.

Fig. 5 shows representative images from a patient (patient 5) with a midtreatment CR in the 

primary tumor (right tonsil) and a midtreatment PR in a lymph node metastasis. Both the 

residual tumor and the node showed significant midtreatment changes in contrast in the 

region of interest. Pretreatment and midtreatment values for the primary tumor were, 

respectively, as follows: ADC, (0.91 ± 0.09) × 10−3 and (1.71 ± 0.14) × 10−3 mm2/s; D, 

(0.63 ± 0.17) × 10−3 and (1.57 ± 0.09) × 10−3 mm2/s; D*, (1.4 ± 2.2) × 10−2 and (4.2 ± 3.3) 

× 10−2 mm2/s; f, 0.21 ± 0.09 and 0.26 ± 0.13 mm2/s. For the nodal lesion, pretreatment and 

midtreatment values were, respectively, as follows: metastatic node, ADC, (0.98 ± 0.22) × 

10−3 and 2.04 ± 0.21 × 10−3 mm2/s; D, (0.88 ± 0.26) × 10−3 and (1.71 ± 0.26) × 10−3 

mm2/s; D*, (2.2 ± 2.3) × and (2.0 ± 1.7) × 10−2 mm2/s; f, 0.11 ± 0.10, and 0.28 ± 0.14 

mm2/s. Midtreatment signal decay in the primary tumor was significantly faster than 

pretreatment signal decay, but the difference in the rate of signal decay for the node between 

the two time points was relatively small.

Post-treatment Response

At post-treatment assessment 100 % of non-CR primary tumor lesions eventually achieved 

CR while 26 (87%) of non-CR nodal lesions had CR. The remaining 4 (13%) nodal lesions 

with post-treatment PR were treated by salvage neck dissection and revealed no viable 

residual cancer cells in pathologic examination.
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Discussion

Our data showed that a lower pretreatment ADC and D values was associated with early 

radiologic CR, while the pretreatment perfusion-related parameters were not. Additionally, 

lesions that had a midtreatment CR had significantly higher ΔADC, ΔD, and Δf values than 

did lesions that did not have a CR. A model combining normalized ΔADC and ΔD can 

accurately discriminate between patients with a midtreatment CR from patients without a 

midtreatment CR which can be useful for therapy response monitoring in HPV+ population 

and will help to identify patients for potential dose de-escalation in future studies.

Previous studies showed that tumor regression during radiotherapy is an independent 

predictive factor of local control in several malignancies (38,39) and also for head and neck 

cancer patients.(40) Recently tumor regression rate at midtreatment was shown to predict 

locoregional control in oropharyngeal cancer patients.(29) While we plan to confirm 

whether local/regional control is, over the long-term, predicted by IVIM as a treatment 

response bio-indicator, a goal of the current study is to determine whether patients might be 

selected for adaptive re-planning applications. Consequently, since almost all patients’ 

lesions had complete response at post-therapy follow-up, we contend that, for a subset of 

patients, we may actually be over-treating with current doses prescribed to HPV+ 

oropharyngeal cancer patients.

Until recent years, there has been limited evidence for clinical feasibility of IVIM MRI for 

head and neck cancer, even though IVIM was initially described more than 25 years ago 

(11). IVIM imaging, especially in oropharyngeal cancer, faces many technical challenges, 

including head and neck motion-induced artifacts (e.g. swallowing, neck rotation, tongue 

movement, etc.) during a comparatively lengthy scan, as well as susceptibility artifacts that 

may compromise IVIM data quality. In previous efforts, IVIM imaging of in the head and 

neck was limited by a heterogeneity of tumor populations, as most series included mixed 

tumor subsites, histologies, and HPV statuses (20–24,27). In this preliminary study, IVIM 

data were prospectively collected from a homogenous cohort of HPV+ oropharyngeal SCC 

patients in an ongoing clinical trial (32). MR images were acquired using our previously 

standardized radiotherapy immobilization setup, which ameliorated many of the motion-

associated artifacts seen in previous MRI efforts for advanced head and neck cancer(33). 

Moreover, it has been recognized that for accurate model fitting of IVIM MRI data, 

sufficiently high signal to noise ratio (SNR) has to be achieved in the acquired data (41,42). 

For this reason, we applied flex coils centered in primary tumor region with multiple 

averages to ensure adequate SNR achieved for IVIM parameter estimation. However, we 

still consider that applying the widely used NLLS fitting results in a relative variation of D* 

and f measurements, especially in midtreatment scans due to the relatively lower SNR. 

Therefore, other approaches which can provide more robust estimation of the IVIM 

parameters at lower SNR are required after proper validation in future investigations (43).

Recently, Lai et al (22) reported that IVIM MRI might be feasible and useful in 

differentiating nasopharyngeal carcinoma and postchemoradiation fibrosis. More recently, 

Hauser et al applied the IVIM model to HNSCC primary tumors (21) and lymph node 

metastases (44) and reported that IVIM MRI may be helpful for predicting poor treatment 

Ding et al. Page 9

NMR Biomed. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



response in patients with HNSCC. Pretreatment ADC was shown by Kim et al (9) to be 

predictive of CR in a sample of mixed HNSCC sites, matching our findings that 

pretreatment ADC was associated with midtreatment CR. Pretreatment ADC was also 

shown to be correlated with local failure in a retrospectively analyzed cohort of 38 HNSCCs 

(45). A higher ΔADC at week 1 of treatment was shown by Kim et al to be predictive of CR 

(in agreement with our midtreatment results), with AUC of 0.88, 86% sensitivity, and 83% 

specificity(9). Additionally, high ΔADCs at weeks 2 and 4 of treatment were predictive of 

improved 2-year locoregional control, as reported by Vandecaveye et al (10). In a series of 

22 locally advanced HNSCCs, Hauser et al (21) recently reported that relatively high 

pretreatment f and ADC values were associated with poor clinical outcome at minimum 

follow-up of 7.5 months.

As with any pilot technology development protocol, caveats apply. First, the number of 

patients was limited. As patients accrue to the parent study, however, we plan to acquire 

more images and report actuarial outcomes (e.g. local control, locoregional control, and 

overall survival) as a function of biomarker kinetics with a larger sample. Second, we did 

not test the short-term repeatability/reproducibility of IVIM parameters, so as not to 

inconvenience the patients. However, efforts are under way to perform “zero-change” 

assessments to validate our measurements in another pretherapy protocol. Finally, we did 

not address geometric distortion, which may be severe in regions with air-tissue transitions 

(e.g. the base of the tongue), and eddy current effects, which may limit adaptive replanning 

in radiotherapy (46–48). Effective correction methods and other imaging techniques will be 

tested and validated in our future studies.

Despite the limitations, this study represents, to our knowledge, the first assessment of the 

feasibility of characterizing pretreatment and midtreatment tumor and nodal IVIM-MRI 

temporal kinetics in a prospective cohort of chemoradiotherapy patients with HPV+ 

oropharyngeal cancer. Furthermore, our data suggest that IVIM parameters can potentially 

identify at actionable time points tumors likely to rapidly respond to chemoradiotherapy. 

Such potentially predictive IVIM parameters include pretreatment D and ADC, which could 

be used in stratifying patients for dose adaptation at simulation, and midtreatment ΔADC 

and ΔD which could serve as interval markers for plan adaptation midtherapy. Our findings 

will need to be confirmed in prospective studies with large data sets.

In conclusion, the present study showed that noninvasive IVIM MRI is feasible and 

potentially useful for predicting and assessing early responses of HPV+ oropharyngeal SCC 

to chemoradiotherapy. IVIM data may have translational applications in adaptive treatment 

planning, prediction of outcome, and monitoring of treatment response.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ADC apparent diffusion coefficient

D* pseudo-diffusion coefficient

f perfusion fraction

D pure diffusion coefficient

RECIST criteria Response Evaluation Criteria in Solid Tumors
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AJCC American Joint Committee on Cancer

ECOG Eastern Cooperative Oncology Group
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Fig. 1. 
Patient setup used for imaging. (a) Klarity immobilization devices; (b) six-channel flex 

coils.
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Fig. 2. 
A box-plot depecting the differences between complete response (CR) and non-CR lesions 

in terms of normalized ΔADC (A), ΔD (B), ΔD* (C), and Δf (D).
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Fig. 3. 
(A) shows a scatterplot depicting mid-therapy changes in ΔADC and ΔD for patients 

experiencing presence/absence of complete response (CR). (B) shows a Contour plot 

depicting the posterior probability of observing complete response as a function of mid-

therapy changes in ΔADC and ΔD obtained from analysis using Bayesian QDA. (C) shows a 

Receiver operating characteristics curve obtained from the Bayesian model for predicting 

complete response using mid-therapy changes in ΔADC and ΔD using leave-one-out cross-

validation. Combined the parameters attained an AUC=0.87 (95% CI: 0.79, 0.96) with 

sensitivity=0.63, specificity=0.85, and accuracy=0.78.
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Fig. 4. 
Representative MR images of a tumor that had a midtreatment PR (patient 16, a 55-year-old 

man). (A, B) Pretreatment scans; (C, D) midtreatment scans. The T2w, T1w-Gd, and DW (b 

= 800 mm/s2) images (A, C) were windowed to have similar image contrast, whereas ADC 

and IVIM parametric maps (B, D) were scaled according to the scale bars shown below the 

images (the scales used for midtreatment images were the same as those used for preatment 

images). The primary mass is indicated by arrows. Logarithmic plots of biexponential signal 

decay in the primary tumor are shown on the right in panels B and D.
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Fig. 5. 
Representative MR images of a tumor (right tonsil; thick arrows) that had a midtreatment 

CR and a lymph node metastasis (thin arrows) that had a midtreatment PR (patient 5, a 60-

year-old man). (A, B) Pretreatment scans; (C, D) midtreatment scans. The T2w, T1w-Gd, 

and DWI (b = 800 mm/s2) images (A, C) were windowed to have similar image contrast, 

whereas ADC and IVIM parameter maps (B, D) were scaled according to the scale bars 

shown below the images (the scales used for midtreatment images were the same as those 

used for preatment images). Logarithmic plots of biexponential signal decay in the primary 

tumor and nodal metastasis are shown on the right in panels B and D.
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Table 1

Characteristics of patients, tumors, and treatments

Characteristic No. of patients (%)

Sex

Female 2 (6)

Male 29 (94)

Age

Median (range) 57 (44–78)

T stage (T)

T1 1 (3)

T2 14 (45)

T3 8 (26)

T4 8 (26)

Nodal stage (N)

N0 1 (3)

N1 3 (10)

N2a 2 (6)

N2b 13 (42)

N2c 12 (39)

N3 0 (0)

AJCC stage

III 4 (13)

IVa 27 (87)

Smoking History at Diagnosis

Never smoker 15 (48)

Current smoker 16 (52)

Disease sub-site

Tonsil 16 (52)

Base of tongue 15 (48)

Total Radiation Dose 70 Gy

No. of Fractions Received 33

Radiation technique

IMRT 16 (52)

IMPT 15 (48)

Chemotherapy

Cetuximab 5 (16)

Carboplatin 1 (3)
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Characteristic No. of patients (%)

Cisplatin 24 (78)

Docetaxel 1 (3)

Note.—IMPT = intensity-modulated proton therapy, IMRT = intensity-modulated photon therapy.
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