Dynamic Contrast Enhanced -MRI and Doppler Sonography in Patients with Squamous Cell Carcinoma of Head and Neck Treated with Induction Chemotherapy

AbstractR1.1

Objective: In view of the inherent limitations associated with performing dynamic contrast enhanced-magnetic resonance imaging (DCE-MRI) in clinical settings, the current study was designed to investigate as to whether Doppler sonography and DCE-MRI derived perfusion parameters could provide similar hemodynamic information from metastatic lymph nodes in squamous cell carcinomas of head and neck (HNSCC). 
Methods: Five patients were scanned with DCE-MRI and Doppler sonography before and after induction chemotherapy. Pearson correlation analyses were performed between DCE-MRI [volume transfer constant (Ktrans), volume fraction of extracellular-extravascular space in tissues (Ve) and volume fraction of plasma space in tissues (Vp)] and Doppler sonography [blood flow (BF), blood volume (BV) and % area perfused] derived perfusion parameters.
Results: Strong positive correlations between Vp and BV (r=0.72, p=0.02) and between Vp and % area perfused (r=0.65, p=0.04) were observed when all parameters at both time points were analyzed together (N=10). Additionally, a moderate positive correlation trending towards significance was obtained between Ktrans and % area perfused (r=0.49, p=0.09). 
Conclusions: Doppler sonography and DCE-MRI may provide similar information about tumor vasculature in HNSCCs. 
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Introduction
Head and neck squamous cell carcinomas (HNSCCs) represent one of the most common cancers worldwide and are associated with poor clinical outcomes.1  The neck metastatic lymph nodes, which are characterized by increased angiogenic activity and presence of rich network of blood vessels,2 are the major determinant of poor prognosis in these patients.3 Therefore, it becomes is crucial to assess the physiological aspect of neck lymphadenopathy in HNSCC patients for prognostication, making informed decisions for future therapeutic interventions and assessment of treatment response. 
High-resolution sonography is considered as a first-line imaging modality for providing valuable information about the morphological and vascular characteristics of lymphadenopathies in HNSCC.4  Color Doppler sonography allows quantitative estimation of the direction of blood flow , velocities, and flow patterns of intranodal blood vessels using Doppler shift of acoustic frequencies.5, 6 While color Doppler sonography is a useful imaging modality, it does not always display all the blood vessels due to some physiological and technical issues.6 In contrast to color Doppler, power Doppler sonography is a more sensitive in visualizing smaller blood vessels. It is because power Doppler possesses greater dynamic range that permits detection of weak signals and low Doppler shift frequencies.7  Metastatic lymph nodes usually show intense peripheral flow and/or scattered parenchymal flow signals on Doppler sonograms. Multiple studies5, 7-10 have demonstrated the potential utility of color/power Doppler sonographic imaging techniques in characterizing superficial metastatic lymph nodes in HNSCC. However, limited soft-tissue penetration depth and overlying bone or air artefacts constraint the utility of these sonographic modalities for reliable assessment of deep-seated neck lymph nodes which are difficult to reach by ultrasound waves.11, 12 
Dynamic contrast enhanced magnetic resonance imaging (DCE-MRI) is another promising imaging technique that provides quantitative and biologically relevant information related to perfusion characteristics of metastatic lymph nodes in the entire neck region.13, 14 Numerous studies have shown the clinical potential of DCE-MRI derived parameters in predicting and evaluating treatment response to induction chemotherapy15 and concurrent chemo-radiation therapy16-22 in HNSCC. Collectively, these studies have suggested that patients harboring high pretreatment tumor perfusion respond more favorably to therapies and demonstrate improved disease-free and overall survivals. However, one must be aware of challenges associated with DCE-MRI in HNSCCs.
For instance, the acquisition and quantitative analysis of DCE-MRI data is not trivial and is difficult to implement for in routine clinical workflow. Secondly, DCE-MRI is associated with systemic errors and biases caused by a variety of physiological, experimental and pharmacokinetic modeling factors, which can potentially confound the overall estimates of perfusion parameters.23, 24 In contrast, Doppler sonography is a widely available, fast, easy to use, and economically affordable imaging modality that has been shown to provide reliable estimation of blood flow characteristics in HNSCC especially from superficially positioned located lymph nodes.25, 26  In view of the inherent limitations of DCE-MRI, it is highly desirable to ascertain as to whether similar or complementary information from color/power Doppler sonography can be obtained that may obviate the need to perform DCE-MRI in assessing cervical metastatic lymph nodes in certain conditions.
With this objective in mind, we sought to investigate the relationships between DCE-MRI and color and power Doppler sonography derived perfusion parameters in evaluating treatment response to induction chemotherapy in patients with HNSCC in the present study. 
Methods
Patient Population
The inclusion criteria for patient enrollment in the present study were if the patient (a) had the availability of previously acquired computed tomography (CT)/magnetic resonance imaging (MRI) report and/or biopsy confirming the presence of HNSCC, (b) had superficial neck metastatic lymph nodes ≥ 1cm3 (c) had not been treated with induction chemotherapy. Patients were excluded from the study if they (a) had received any previous chemotherapy or radiation therapy, (b) had any prior history of cancer other than HNSCC. All patients received one cycle of platinum-based induction chemotherapy. Patients were classified into two groups; responders and non-responders based on degree of reduction in nodal volume as observed on anatomical images. Patients harboring ≥ 50% reduction in volume of metastatic lymph node following induction chemotherapy were categorized as responders and patients harboring <50% reduction in volume of metastatic lymph node were categorized as non-responders.	Comment by Poptani, Harish: Do we need to state this? Since the exclusion criteria states no previous therapy.

Alternatively, this should have said

c) Patients scheduled for receiving induction chemotherapy
Acquisition of Data
All patients were scanned on a 3T Magnetom-Trio MRI system (Siemens, Erlangen, Germany) prior to surgery, or chemoradiation therapy. Anatomical imaging protocol included axial T2-weighted and T1-weighted images with and without gadolinium-based contrast agent using standard parameters. Prior to acquisition of DCE-MRI data, inversion-recovery based T1-weighted images were acquired using five inversion times (TIs) of 60, 200, 400, 800, and 1600ms for quantification of pre-contrast T1 values. As described previously, 17, 20 DCE-MRI data were acquired using a rapid three-dimensional (3D)-spoiled gradient-echo sequence, modified to acquire 8 angle-interleaved sub-aperture images from the full-echo radial data. The acquisition parameters were: repetition time (TR)/echo time (TE)=5.0/4.2ms, 256 readout points/view, 256 views (32 views/sub-aperture, 8 sub-apertures), field of view (FOV)=260×260mm2; number of slice sections=8; section thickness=5mm. Fat saturation was applied once every 8 excitations. Spatial saturation was applied once every 32 excitations to minimize the flow effect while minimizing acquisition time. The total acquisition time for the DCE-MRI studies was xxx mins
Color and power Doppler sonography was were performed using an ultrasound scanner (GE LOGIC E9) and a frequency probe of 7.5MHz using a protocol described earlier27 within 24-48 hours of the MRI at both time points. Imaging was performed by a sonographer with 25 years of clinical experience. Standardized clinical procedures and scanner presets were used to maximize color Doppler gain until appearance of noise. The pulse repetition frequency was increased to just below aliasing. The total time for US study was xxx min	Comment by Poptani, Harish: check with Sandy and include specific parameters rather than saying standard presetsR2.2

Processing of DCE-MRI and Sonography Data
An in-house developed algorithm was applied on the raw DCE-MRI data to correct for any artifacts caused by physiological motion.17, 20 All images (axial T2-weighted, T1-weighted, post-contrast T1-weighted, and DCE-MRI) were co-registered using a 2-step non-rigid image registration technique. Regions of interest (ROIs) were drawn on solid tissue components of the largest nodal mass on all slices of post-contrast T1-weighted images encompassing the metastatic node. While drawing these ROIs, necrotic/cystic or hemorrhagic regions as well as surrounding blood vessels were avoided. Pharmacokinetic analysis of DCE-MRI data was performed for each voxel in the selected ROIs using the extended generalized kinetic model (GKM) as proposed by Tofts and Kermode.28, 29 Pharmacokinetic parametric maps such as volume transfer constant (Ktrans), volume fraction of extracellular-extravascular space in tissues (Ve) and volume fraction of plasma space in tissues (Vp) were obtained in all the cases. Mean values of parameters (Ktrans, Ve, Vp) were computed from the largest node as mentioned above. 
Color and power Doppler sonographic images from the same metastatic lymph nodes were digitally analyzed to obtain blood flow (BF), blood volume (BV) and % area perfused values using an approach described earlier.30 
Statistical Analyses
Pearson correlation analyses were performed between DCE-MRI (Ktrans, Ve, Vp) and Doppler sonography derived perfusion parameters (BF, BV, % area perfused) using all the parameters at both the time points together (N=10). A probability (p)-value of less than 0.05 was considered significant. In addition, % changes in each parameter between baseline and post-treatment period were calculated as (N - baseline)/baseline × 100 for all the patients to evaluate the treatment response to induction chemotherapy.  A statistical package, SPSS for Windows (version 18.0; SPSS Inc., Chicago, Illinois) was used to perform all statistical analyses.
Results
Based on the inclusion criteria, five newly diagnosed HNSCC patients (mean age, 58.4 ± 8.9 years, all males) who were newly diagnosed with HNSCC were recruited in this study. The clinical characteristics from the patients are summarized in Table 1. Post-contrast T1 weighted image, DCE-MRI derived maps and color/power sonography derived maps from a representative patient with HNSCC before induction chemotherapy are shown in figure Figure 1. A strong positive correlation (r=0.72, p=0.02) between Vp and BV was observed (Figure 2). Similarly, a strong positive correlation was also found between Vp and % area perfused (r=0.65, p=0.04) (Figure 2). Additionally, a moderate positive correlation with a trend towards significance was obtained (r=0.49, p=0.09) between Ktrans and % area perfused values. However, no significant correlation was noted between Ktrans and BF (r=0.32, p>0.05) or between Ktrans and BV (r=0.42, p>0.05). R1.2

Three patients were categorized as responders exhibited response as ≥ 50% reduction in nodal volume was noted in these cases after induction chemotherapy. The remaining two patients were classified as non-responders as the nodal volume decrease was less than 50%. The DCE-MRI and Doppler sonography derived parameters before and after induction chemotherapy are shown in figure Figure 3. All the three responders demonstrated decreases in Vp (mean ± standard deviation =    -61.5 ± 28.8%), BV (-43.6 ± 32.9%) and in % area perfused parameter (-25.4 ± 32.0%) after treatment.  Whereas both non-responders demonstrated increase in Vp (55.8 ± 41.1%) and BV (16.3 ± 12.1%) after induction chemotherapy. However, the % area perfused parameter increased in one (80.1%) and a slightly decreased (-6.6%) in another non-responder. 
Discussion
Induction chemotherapy is considered as an attractive treatment option for nonresectable tumors in HNSCC patients.31, 32 However, not all patients with HNSCC demonstrate a significant positive response to induction chemotherapy.33, 34 Given that induction chemotherapy is associated with economic burden and toxic side effects,34 development of reliable and quantifiable imaging biomarkers is warranted to evaluate the treatment response, especially early on during the course of treatment. In this exploratory study, we examined the relationships between DCE-MRI and Doppler sonography derived perfusion parameters in evaluating treatment response to induction chemotherapy in HNSCC patients. Our findings show that Doppler sonography provided similar information to those obtained by DCE-MRI in characterizing tumor vasculature in HNSCCs. These results suggest that Doppler sonography may be considered as an alternative imaging modality for assessing tumor perfusion, especially for larger superficial metastatic nodes and hence, for evaluating treatment response to induction chemotherapy in HNSCCs. 
DCE-MRI is a useful diagnostic tool in predicting and monitoring of treatment response in HNSCC as it allows characterization of microvascular environment of tumors.13, 14 However, DCE-MRI presents unique challenges as it requires intravenous injection of a gadolinium-based contrast agent, which . However, such contrast agents are contraindicated in patients with severe renal impairments and hypersensitivity.35 Moreover, absolute quantitative analysis of DCE-MRI data requires measurement of T1 signal values from tissues before the administration of a contrast agent (prebolus T1 mapping), reliable estimation of arterial input function from a feeding artery and development ofas well as data analysis using sophisticated pharmacokinetic models.36, 37 These analytical methods include certain assumptions, such as blood and tissue relaxivity as well as hematocrit values, that may introduce systematic errors in the estimation and interpretation of DCE-MRI derived perfusion parameters. On the other hand, Doppler sonography is generally easy to perform, does not require any contrast agent injection, is widely accessible, portable, less expensive, and the perfusion parameters are typically obtained instantly without the need for complicated and time consuming data analytical methods.4, 38 Therefore, it is more appealing to utilize tumor vasculature information as obtained from Doppler sonography for evaluating treatment response in HNSCCs. 
Some previous preclinical39 and clinical40, 41 studies have in fact reported shown strong associations between contrast enhanced sonography and DCE-MRI derived perfusion parameters in characterizing cancers, and healing tendons.  Similarly, some studies have reported strong positive correlations between Doppler sonography and DCE-MRI derived perfusion parameters.42,43 In such a preclinical study of chronic allograft nephropathy,42 strong positive correlations were observed between power Doppler sonography derived graded scores of blood flow pattern and DCE-MRI derived semi-quantitative perfusion parameter (ratio of post-injection image signal intensity divided by signal intensity prior to gadolinium based contrast agent administration). Likewise, in a clinical study,43 power doppler sonography derived signal scores were found to be significantly correlated with peak enhancement shape patterns as obtained from DCE-MRI derived contrast time intensity curves in characterizing peripheral zones and inner glands in prostate cancers.  Taken together, these studies indicate that DCE-MRI and sonography derived perfusion parameters provide similar or complementary information about vascular properties of cancers and other soft-tissues. To our knowledge, our study is the first to evaluate and correlate perfusion parameters obtained from DCE-MRI and Doppler sonography techniques in HNSCCs.  Moreover, fully quantitative and objective perfusion parameters were extracted from DCE-MRI and Doppler sonography imaging modalities in the current study. We observed strong positive relationships between DCE-MRI derived Vp and Doppler sonography derived BV and % area perfused parameters indicating that these perfusion parameters reflect similar physiological process i.e., angiogenic activity in tumors, which is critical for proliferation and spread of tumor cells.44-46 In contrast, no  correlations were observed between Ktrans and BV as well as between Ktrans and BF as these parameters do not necessarily measure the same physiological processes. Although, BV and BF are proportional to true tissue perfusion, Ktrans reflects combination of tissue perfusion and vascular permeability.29 In fact, the degree to which each component contributes to Ktrans depends on the local tissue characteristics. In high permeability regions, Ktrans is directly proportional to BF, whereas in low permeability regions, Ktrans generally measures vessel permeability.13, 14R2.1

Interestingly, we also observed a decrease in both DCE-MRI and Doppler sonography derived parameters (Ktrans, Vp, BV and % area perfused) in responders. These results are in congruent with a previous study reported by Gandhi et al.47 in which the investigators observed reduction in BV, and blood flow at in the post-induction period relative to pretreatment in responders using a CT based perfusion imaging technique. Additionally, we observed similar trends in Ktrans, Vp, and BV at post-treatment period relative to baseline in non-responders. Collectively, these findings further support the notion that DCE-MRI and Doppler sonography derived perfusion parameters provide similar hemodynamic information in HNSCC patients treated with induction chemotherapy. 
[bookmark: _GoBack]Doppler sonography is an operator-dependent technique requiring careful interpretation of the imaging findings. In the present study, an investigator (CMS) with expertise in ultrasound imaging and long-standing experience in this field evaluated the Doppler sonograms. Though promising, the results of our initial experience should be treated with caution, as these findings are from a relatively small number of patients. Another shortcoming of the current study was that images from two modalities were not spatially co-registered together. Despite these limitations, the results show that Doppler sonography is a reliable imaging modality, which yields similar results as DCE-MRI in HNSCC. This is a potentially important as Doppler sonography could be used as an alternative imaging modality for assessing the treatment response of superficial neck lymph nodes in HNSCC patients. On the other handWhile, DCE-MRI may be reserved for evaluating metastatic lymph nodes located in the deep-seated neck regions such as infrahydoidal, retropharyngeal, parapharyngeal and paratracheal spaces. Future studies with larger patient populations are warranted to confirm these findings.


Table 1.  Clinical characteristics of HNSCC patientsR1.3 & R2.3


	ID
	Age (Yrs)
	Gender
	Primary Tumor Site
	TNM Staging
	*Time Interval between Two Scans (Days)
	One Cycle of Induction Chemotherapy Protocol
	Response to Induction Chemotherapy

	1.
	54.1
	Male
	Base of tongue
	T2N2bM0
	62
	Cetuximab, Paclitaxel, Carboplatin 
	Non-responder

	2.
	68.7
	Male

	Base of tongue
	T2N2bM0
	64
	Cetuximab, Paclitaxel, Carboplatin
	Responder 

	3.
	51.8
	Male
	Base of tongue 
	T3N2bM0
	60
	Cetuximab, Paclitaxel, Carboplatin
	Responder 

	4.
	67.4
	Male
	Vallecular mucosa
	T2N2bM0
	68
	Cetuximab, Paclitaxel, Carboplatin
	Responder

	5.
	50.2
	Male
	Base of tongue
	T2N2cM0
	66
	Cetuximab, Paclitaxel, Carboplatin
	Non-responder



* Time interval between two scans indicate a period of time between baseline (before initiation of induction chemotherapy) and follow-up (after completion of induction chemotherapy) DCE-MRI and Doppler Sonography scans



Figure Legends
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Figure 1. 
Representative images from a patient with HNSCC (primary site=base of tongue) before induction chemotherapy. Post contrast T1 weighted image (a) demonstrating a heterogeneously enhancing left metastatic neck level IIa lymph node (arrow). DCE-MRI derived parametric maps Ktrans (b), Vp (c) and Ve (d) are shown as overlaid color images on the metastatic node indicated by the arrow in image (a). Blood flow (BF) map (e) obtained from color Doppler sonography and blood volume (BV) map (f) obtained from power Doppler sonography are also shown.
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Figure 2.
Correlation plots showing DCE-MRI derived Vp and power Doppler derived BV and % area perfused demonstrating strong positive correlations. The best fit solid lines as obtained from standard linear regression analyses are shown.
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Figure 3.
The plots showing changes in DCE-MRI derived parameters [Ktrans (min-1) and Vp] and Doppler sonography derived parameters [BV (ml) and % area perfused] before and after induction chemotherapy.  Three patients (Pt # 2-4) were responders, and two patients (Pt # 1 and 5) were non-responders. 
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