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Abstract

BACKGROUND AND PURPOSE—Estimating changes in the volume transfer constant, 

normalized area under the contrast-enhancement time curve at 60 seconds, and fractional blood 

plasma volume by using dynamic contrast-enhanced MR imaging may be useful in predicting 

tumor response to chemoradiation. We hypothesized that the parametric response map, a voxel-by-

voxel analysis of quantitative dynamic contrast-enhanced MR imaging maps, predicts survival in 

patients with head and neck cancer.

MATERIALS AND METHODS—Ten patients with locoregionally advanced head and neck 

squamous cell carcinoma underwent definitive concurrent chemoradiation therapy. For each 

patient, dynamic contrast-enhanced MR imaging data were collected before and 2 weeks after 

treatment initiation. Change in perfusion parameters within the primary tumor volume with time 

was analyzed by parametric response mapping and by whole-tumor mean percentage change. 

Outcome was defined as overall survival. The perfusion parameter and metric most predictive of 

outcome were identified. Overall survival was estimated by the log-rank test and Kaplan-Meier 

survival curve.

RESULTS—The volume transfer constant and normalized area under the contrast-enhancement 

time curve at 60 seconds were predictive of survival both in parametric response map analysis 

(volume transfer constant, P = .002; normalized area under the contrast-enhancement time curve at 

60 seconds, P = .02) and in the percentage change analysis (volume transfer constant, P = .04; 
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normalized area under the contrast-enhancement time curve at 60 seconds, P = .02). Blood plasma 

volume predicted survival in neither analysis.

CONCLUSIONS—Parametric response mapping of MR perfusion biomarkers could potentially 

guide treatment modification in patients with predicted treatment failure. Larger studies are needed 

to determine whether parametric response map analysis or percentage signal change in these 

perfusion parameters is the stronger predictor of survival.

It is estimated that >50,000 new cases of head and neck cancer were diagnosed in the United 

States in 2013, accounting for 3% of all new cancer diagnoses.1 Worldwide, the disease 

burden is even greater, with an estimated 5% of all cancers being those of the head and 

neck.2 Squamous cell carcinoma of the head and neck (HNSCC) accounts for approximately 

90% of primary malignancies in that anatomic region.3-6 The overall incidence and rate of 

death are in decline, but HNSCC continues to present formidable diagnostic and therapeutic 

challenges.7,8

Most HNSCC is advanced (stage III and IV) at the time of diagnosis.9 Treatment of 

locoregionally advanced HNSCC (stages III and IVA/B) commonly involves surgery 

followed by radiation therapy, surgery followed by concurrent chemoradiation, definitive 

concurrent chemoradiation therapy, or sequential therapy involving induction chemotherapy 

followed by concurrent chemoradiation therapy.

Initial posttreatment imaging is performed to identify residual disease, to evaluate the effect 

of treatment, and to establish a baseline for future comparison. Imaging is generally 

performed 2–3 months after completion of chemoradiation because transient changes in MR 

signal characteristics related to acute inflammation are considerable in the early 

postradiotherapy period.10 While such an approach is valuable in monitoring treatment 

response, the delay between initiation of therapy and assessment of response precludes early 

treatment modification (eg, radiation therapy intensification for poorly responding 

tumors).11 A tool that accurately predicts outcome soon after treatment initiation would 

allow initiation of alternative treatment regimens, reduce unnecessary treatment-related 

toxicity, and reduce the unnecessary expense of ineffective treatment regimens.

In 2005, the functional diffusion map was introduced, currently termed the parametric 

response map (PRM).12,13 The PRM is a voxel-based approach to analyzing MR imaging 

data that allows segmentation of a tumor volume on the basis of regional intratumoral 

changes in the MR signal.12-14 The tool was initially applied to ADC maps, but PRM can be 

applied to any imaging study. PRM analysis may uncover regional intratumoral signal 

changes that could be masked in whole-tumor mean signalchange calculations.

Dynamic contrast-enhanced (DCE) MR imaging and dynamic-susceptibility contrast MR 

imaging are techniques capable of estimating tumor vascular permeability, blood volume, 

blood flow, and extracellular extravascular space. The aims of this study were to 

prospectively collect DCE MR imaging data from patients with locoregionally advanced 

HNSCC before and during treatment and to examine the value of PRM analysis and whole-

tumor mean change of perfusion parameters in predicting survival.
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MATERIALS AND METHODS

Patients

All adult patients (18 years of age or older) presenting to the University of Michigan Health 

System for treatment of unresectable, locoregionally advanced, biopsy-proved, primary 

HNSCC for whom radiation therapy was recommended were eligible for inclusion.15 

Patients were enrolled during a 2-year period under the supervision of a faculty member of 

the department of radiation oncology. Informed consent was obtained from all patients, and 

the study was approved by the internal review board at our institution. Patients who were 

pregnant at the time of diagnosis or who had known contraindications to MR imaging (eg, 

ferromagnetic prostheses) were excluded from the study. Patients with dermal or 

subcutaneous HNSCC involvement were also excluded due to potential susceptibility effects 

at air-tissue interfaces. Of the 24 patients initially considered for this study, 4 were excluded 

because of metallic dental hardware noted on CT that was expected to result in unacceptable 

susceptibility artifacts, 2 patients were excluded after MR imaging for unacceptable 

susceptibility artifacts that were not anticipated by CT, 1 patient was excluded because of an 

incomplete treatment course, and 7 patients were excluded due to incomplete or corrupt 

datasets at the time of analysis. Datasets of 10 patients were analyzed for this study. Table 1 

details patient demographics, disease characteristics, and survivorship.

Treatment

Each patient underwent definitive treatment with fractionated radiation therapy and 

concurrent chemotherapy. Radiation therapy involved 70 Gy to the primary gross tumor 

volume and involved lymph nodes for 7 weeks by 3D conformational or intensity-modulated 

radiation therapy. Initial chemotherapy regimens for the analyzed patients were as follows: 5 

patients received weekly carboplatin (area under the curve of 1) and paclitaxel (20 mg/m2 or 

30 mg/m2), 2 patients received cisplatin (40 mg/m2) weekly, 1 patient received cisplatin (12 

mg/m2) daily for 5 days and 5-fluorouracil (600-mg/m2 continuous infusion) for 5 days on 

weeks 1 and 5 of radiation therapy, 1 patient received carboplatin (area under the curve of 4) 

every 3 weeks, and 1 patient received cetuximab with a loading dose of 400 mg/m2 followed 

by a weekly dose of 250 mg/m2. Follow-up involved clinic visits every 6 weeks for the first 

24 months, every 3 months for months 25–36, and every 6 months from month 37 onward.

Perfusion MR Imaging Acquisition

Using a 3T Philips Achieva magnet (Philips Healthcare, Best, the Netherlands), we obtained 

MR images at 2 time points for each participant—before treatment (t0) and 2 weeks after 

initiation of chemoradiation (t1). Sequences included DCE T1-weighted, preand postcontrast 

axial T1-weighted, axial T2-weighted FLAIR, axial T2-weighted with fat saturation, and 

diffusion-weighted. Each DCE acquisition included 32 dynamic volumes acquired by a 3D 

gradient-echo pulse sequence following the intravenous administration of 0.1 mL/kg of 

gadopentetate dimeglumine. DCE data were acquired in the sagittal plane to include the 

entire primary tumor volume and suspected metastatic lymph nodes in the same FOV, while 

minimizing the acquisition time and the FOV itself. We used the following acquisition 

parameters: TR = 5.1 ms, TE = 1.1 ms, flip angle = 20°, voxel size = 2 × 2 × 2 mm.
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Defining Tumor Volumes

Primary gross tumor volumes of interest were manually defined on t0 DCE MR imaging data 

by using masking software developed at our institution. Lymph nodes and major vascular 

structures were excluded from the volumes of interest. Postcontrast T1-weighted fat-

saturated and T2-weighted fat-saturated sequences were referenced to assist in defining the 

primary tumor volumes (Figs 1 and 2). For volume-of-interest definition and for comparison 

with conventional MR images, the DCE MR imaging volumes were reformatted into the 

axial plane.

Extraction of Perfusion Parameters

To determine the arterial input function, we sampled the DCE MR imaging signal from the 

internal carotid artery ipsilateral to the primary tumor, and samples without clear arterial 

waveforms were manually excluded from the calculation. The modified Tofts model was 

used to extract perfusion parameters from the DCE MR imaging data at both t0 and t1 time 

points.16 For the purposes of this study, parameters of interest include the volume transfer 

constant (Ktrans), the normalized area under the contrast-enhancement time curve at 60 

seconds (NAUC60), and blood plasma volume (Vp).

Whole-Tumor Change in Perfusion Parameters

Signal values were extracted from each voxel of the primary gross tumor volume, and 

averaging these provided whole-tumor mean signal values. The percentage signal change 

was then calculated by subtracting the whole-tumor mean signal of t0 and t1 and dividing by 

that of t0. This process was completed for each perfusion parameter (Ktrans, NAUC60, and 

Vp) of each patient. With the parameter Ktrans as an example, the resulting whole-tumor 

mean signal change was reported as a percentage increase (%ΔKtrans+) or percent decrease 

(%ΔKtrans−).

Parametric Response Mapping

Coregistration of DCE MR imaging data from t0 and t1 time points was executed by using 

the Mutual Information for Automatic Multimodality Image Fusion software package 

developed at our institution. In brief, t0 and t1 DCE MR imaging data for each patient were 

spatially aligned by using thin-plate splines as the deformable registration interpolant. 

Registration was initiated by manually defined control points in the t1 dataset that 

corresponded to regions within the primary tumor volume as defined on the t0 dataset. The 

automatic algorithm then iteratively optimized the solution by using mutual information as 

the objective function.

Following coregistration, the temporally resolved DCE MR imaging data occupy the same 

3D space, with each voxel consisting of a pair of parameter values at the 2 discrete time 

points. Individual voxels were classified on the basis of the change in the voxel parameter 

values. Those voxels with a significant increase in parameter X, which may be Ktrans, 

NAUC60, or Vp, were color-coded red, voxels with a significant decrease were blue, and 

those without a significant change in X were green. Global PRM measures were determined 

by summing all parameter voxels within a classification and normalizing by the total tumor 
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volume. These measures are presented in PRMX+ for increasing, PRMX− for decreasing, and 

PRMX0 for unchanged.

Statistical Analysis

Outcome was defined as overall survival, the duration of which was calculated from the day 

of pretreatment MR imaging to the time of data analysis. An optimal “responder cutoff” was 

identified by using a receiver operating characteristic analysis for each parameter (Ktrans, 

NAUC60, and Vp), analyzed by using either PRM or the percentage change in the mean, and 

the parameter value most predictive of outcome was identified. Overall survival was 

estimated by the log-rank test and Kaplan-Meier survival curve (Fig 3).

RESULTS

At the time of analysis, 5 patients were survivors (50%) and 5 were nonsurvivors (50%). For 

survivors, median survival duration was 64.9 months (range, 33.5–75.4 months); for 

nonsurvivors, median survival duration was 4.6 months (range, 2.0–18.9 months).

Table 2 details the statistical significance of each analysis type for each metric in predicting 

overall survival. For the parameter Ktrans, both PRM analysis (PRMKtrans−, P = .002) and 

percentage change analysis (%ΔKtrans−, P = .04) were predictive of survival. Similar results 

were observed for NAUC60 (PRMNAUC60−, P = .02; %ΔNAUC60−, P = .02). Irrespective of 

analytical technique, Vp was not found to be predictive of survival (PRMVp−, P = .31; 

%ΔVp−, P = .07). The sample size was insufficient to determine whether PRM analysis or 

percentage change in perfusion parameters provided a stronger predictor of survival. Figure 

4 depicts sample sections from PRMKtrans in a representative survivor and nonsurvivor.

DISCUSSION

Recently, PRM analysis of perfusion data has been examined as a surrogate biomarker for 

early cancer treatment response. In 2009, Galbán et al17 compared PRM analysis with 

whole-tumor mean percentage analysis of CBV and CBF in predicting treatment response in 

high-grade gliomas. Results indicated that PRM analysis of CBV and CBF within the tumor 

were highly predictive of survival after 1 week of treatment, whereas percentage change 

analysis was not predictive. Furthermore, PRM of CBV was more predictive of overall 

survival than baseline CBV. In 2010, Tsien et al18 examined PRM analysis of perfusion data 

to distinguish between disease progression and pseudoprogression in high-grade gliomas 

undergoing concurrent chemoradiation therapy. The study found that at week 3 of therapy, 

patients with progressive disease had a significant decrease in PRM of CBV compared with 

patients with pseudoprogression. In 2012, Wang et al19 evaluated an analysis method known 

as “fuzzy clustering” to identify HNSCC tumor subvolumes in DCE MR imaging data 

related to treatment outcomes. Results suggested that tumor subvolumes with low blood 

volume that persisted from pretreatment to intra-treatment (week 2 of concurrent 

chemoradiation therapy) time points were greater in patients with local treatment failure than 

in those with local control.
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In our study, both PRMKtrans− and %ΔKtrans− were predictive of survival when measured 

early after treatment initiation. Patients with a large percentage of the primary gross tumor 

volume that decreased in Ktrans (ie, a measure of endovascular permeability) were more 

likely to have significantly reduced survival. Similarly, findings suggest that patients with a 

large percentage of the primary gross tumor volume that decreased in NAUC60 (a general 

measure of perfusion) were more likely to have significantly reduced survival. These 

findings are consistent with those previously described.

The clinical implication of our findings is that PRM is feasible and may identify, early into 

definitive treatment, those patients whose primary tumors will have an unfavorable response 

to standard chemoradiation regimens. Perhaps even more useful, PRM provides spatial 

information regarding the location of unresponsive tumor subvolumes, which may aid in 

selecting targets for radiation therapy intensification. The converse may also be true—tumor 

subvolumes with a predicted favorable response to standard radiation doses may have a 

similarly favorable response to a reduced dose.

Study Limitations

The processing requirements of the PRM metric are not trivial, and the modeling of DCE 

MR imaging data has yet to be standardized. A critical question when considering 

implementation of such an analysis is whether the PRM metric provides a stronger predictor 

of survival than percentage whole-tumor mean signal change, a simpler and less time-

consuming analysis. The sample size of this feasibility study is insufficient for the 

multivariate analysis needed to determine which analysis type produces a stronger predictor 

of outcome.

A 128 × 128 in-plane matrix size was used for the DCE MR imaging acquisition in this 

study because using large matrices in the 32-phase sequence is inherently time-consuming. 

The resulting low spatial resolution may have compromised accurate manual definition of 

primary gross tumor volumes of interest, particularly for smaller lesions. To avoid inclusion 

of voxels that were subject to volume averaging in the analysis, we used conservative 

margins in defining the volumes of interest. This use likely resulted in undersampling signal 

in the periphery of the primary tumor volumes.

Data collection for this study was part of a larger investigation involving conventional and 

diffusion MR images. The perfusion technique had motion in some individuals, was 

incomplete in others due to scanner failure, and was corrupted in others likely during 

transfer to network storage. These issues were addressed and are not anticipated in planned 

future trials.

Finally, measuring the arterial input function remains a substantial source of error in the 

estimation of perfusion parameters with DCE-MR imaging. The optimal method of 

reproducibly estimating the arterial input function (eg, cohort average versus measured 

patient-specific) remains the subject of debate.20
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CONCLUSIONS

The results of this retrospective analysis of prospectively collected data suggest that PRM 

analysis of perfusion biomarkers could potentially guide early modification of 

chemoradiation treatment regimens. Specifically, subvolumes of tumors with predicted 

treatment failure may benefit from radiation therapy intensification early in the treatment 

course. A prospective investigation is currently taking place at our institution to examine 

targeted radiation therapy intensification with the application of our technique. Larger 

studies are also needed to validate these findings and to determine whether PRM analysis or 

whole-tumor percentage signal change analysis provides a stronger predictor of survival.
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ABBREVIATIONS

DCE dynamic contrast-enhanced

HNSCC squamous cell carcinoma of the head and neck

Ktrans volume transfer constant

NAUC60 normalized area under the contrast-enhancement time curve at 60 seconds

PRM parametric response map

Vp blood plasma volume
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FIG 1. 
Unregistered sequences of a representative subject acquired before treatment (t0, top row) 

and 2 weeks after initiation of therapy (t1, bottom row). Acquisitions include postcontrast 

T1-weighted with fat-saturation (A and D), T2-weighted with fat-saturation (B and E), and 

DCE MR imaging (C and F). Manually defined primary gross tumor volumes are depicted 

for each time point (yellow lines). The images above are those of subject 10, a survivor at 

follow-up.
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FIG 2. 
Unregistered sequences of a representative subject acquired before treatment (t0, top row) 

and 2 weeks after initiation of therapy (t1, bottom row). Acquisitions include postcontrast 

T1-weighted with fat-saturation (A and D), T2-weighted with fat-saturation (B and E), and 

DCE MR imaging (C and F). Manually defined primary gross tumor volumes are depicted 

for each time point (yellow lines). The images above are those of subject 3, a nonsurvivor at 

follow-up.
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FIG 3. 
ROC curves for PRMKtrans− (blue line) and PRMKtrans0 (green line) at 2 weeks after 

treatment initiation (A). Kaplan-Meier survival plots for overall survival as a function of 

stratification by PRMKtrans− (the perfusion parameter most predictive of survival) at 2 weeks 

after treatment initiation (B). The blue line represents PRMKtrans− ≤ the cutoff. The green 
line represents PRMKtrans− > the cutoff.
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FIG 4. 
Representative patients with HNSCC stratified by PRMKtrans− as survivor (top row, median 

survival time, 64.9 months) or nonsurvivor (bottom row, median survival time, 10.3 months) 

at the time of analysis. PRMKtrans color-coded ROIs are superimposed on pretreatment T1-

weighted gadolinium contrast-enhanced images (A and C). The scatterplots illustrate the 

distribution of changes in Ktrans throughout the entire volumes of interest (B and D). The 

95% confidence intervals within the scatterplots are represented by the black lines. Voxels 

with significantly increasing, decreasing, or unchanged Ktrans are coded as red, blue, and 

green dots, respectively.
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Table 1

Subject demographics and disease status at the time of analysis

Subject Age (yr)/Sex Primary Location Stage Status Survival (mo) Outcome

1 62/M Tonsil T1 N2a NED 75.4 Survivor

2 65/F Soft palate T2 N3 LF 3.5 Nonsurvivor

3 58/M Hypopharynx T4 N2b LF/RF/DF 10.3 Nonsurvivor

4 83/M Larynx T4 N0 LF 2.0 Nonsurvivor

5 43/M Tongue base/tonsil T4 N2c DF 4.6 Nonsurvivor

6 61/F Tonsil T2 N3 RF 66.1 Survivor

7 55/M Piriform sinus T2 N2b Unknown 33.5 Survivor

8 43/M Tonsil T2 N2b DF 18.9 Nonsurvivor

9 57/M Nasopharynx T2 N2b NED 56.4 Survivor

10 60/M Tongue base T3 N0 NED 64.9 Survivor

Note:—NED indicates no evidence of disease; LF, local failure; RF, regional failure; DF, distant failure.
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Table 2

Statistical significance of analysis type and perfusion parameter in predicting survival

K trans Vp NAUC60

% % %

PRM- Change PRM- Change PRM- Change

Overall survival
.002

a
.041

a .308 .068
.022

a
.024

a

a
Statistically significant at α = .05.
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