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Added value of diffusion-weighted MRI for nodal radiotherapy planning in pelvic malignancies

Introduction
Irradiation of pelvic lymph nodes (LN) is used in patients with various pelvic malignancies, the commonest of which are prostate, rectal and gynaecological cancers [1-3]. Current LN delineation techniques remain based on assumption rather than on individualized patient anatomy [2, 4, 5]. 

In a recent consensus paper, Harris et al. suggest an optimal LN contouring technique modelled on outlining vascular expansion margins, obturator and presacral nodal volumes, on the basis that the majority of nodes lie within these boundaries [6]. These guidelines in prostate cancer specify the superior border of the nodal clinical target volume as the lower border of L5. The inferior extend should be at 1cm superior to the pubic symphysis and the presacral nodal volume involving a 12 mm strip anterior to S1-S3 [6]. In cervical cancer the superior extend of the radiation field is defined by the patient risk and extends to the cranial border of L1 in high risk patients [7]. However, this approach may not apply to patients with variant anatomy and may miss malignant nodes that are located in unusual anatomical areas. Therefore, more precise mapping techniques are warranted to minimise the risk of undertreating patients and potentially reduce the clinical target volume (CTV) to reduce the toxicity of pelvic irradiation. 

In parallel, radiation oncologists are becoming increasingly familiar with using pelvic magnetic resonance imaging (MRI) to aid tumour delineation on computed tomography (CT) planning scans, either indirectly as a side by side comparison or directly by fusing a planning MRI with CT. This method has been mandated within several recent large UK prostate trials [8], although currently is not considered to be standard of care.  Diffusion-weighted MRI is a non-invasive imaging technique that reflects how the free and random Brownian motion of water molecules is “restricted” by underlying tissue structural features. Diffusion-weighted imaging (DWI) has been widely used for primary tumour evaluation and pelvic LN staging of bladder and prostate cancers alongside various gynaecological malignancies [9, 10]. Lymph nodes appear bright on high b-value images and thus are more conspicuous on DWI compared with anatomical T2-weighted imaging (T2WI), with which they can be correlated [11]. Therefore, using DWI as a tool for precise identification of LN on a case-by-case basis may serve as an alternative contouring technique. 

Hence, the aim of this study was to evaluate whether adding DWI to T2WI improves identification of pelvic lymph nodes by radiation oncologists with different levels of experience. 


Patients and Methods

Study population
20 patients with biopsy-proven prostate cancer were included in this retrospective, institutional review board-approved study (Reference: anonymized), with the need for informed consent for data analysis waived. All patients had MRI of the prostate with no imaging features of pelvic lymph node involvement. Patients then underwent radical prostatectomy with pelvic lymph node dissection with further histopathological analysis showing no evidence of nodal disease. 

Magnetic resonance imaging
All MR imaging was performed on a 3.0T Discovery MR750 HDx (GE Healthcare, Waukesha, USA) with a 32 channel surface phased array coil. Sequences included axial Fast Spin Echo (FSE) T1-weighted images of the pelvis, along with T2-weighted Fast Recovery Fast Spin Echo (FRFSE) images of the prostate acquired in the axial (slice thickness 3 mm; gap 0 mm), sagittal and coronal planes. Axial DWI was performed using a spin-echo echo-planar imaging pulse sequence with slice thickness 3 mm; gap 0 mm (b-values: b-150, b-750, b-1,400 s/mm2) with automated apparent diffusion coefficient (ADC) maps calculated and sent to PACS. DCE-MRI was acquired as an axial 3D fast spoiled gradient echo sequence (TR/TE 4.088/1.788, FOV 24X24 cm) following bolus injection of Gadobutrol (Gadovist, Schering AG) via a power injector at a rate of 3 mL/s (dose 0.1 mmol/kg) followed by a 25 mL saline flush, injection at 28s, temporal resolution 7s. The axial T2, DWI and DCE sequences were matched in orientation, slice thickness and gap.

Reading process and materials
Matched axial T2W images and DW images were initially reviewed by a single fellowship trained uro-radiologist with 7 years’ experience reporting prostate MRI. All visible pelvic LN were identified in each patient and represented the reference standard to which the results of other readers were compared. Further reads were performed by two non-radiology readers including a consultant radiation oncologist with ten years’ experience in prostate cancer radiotherapy (reader 1) and a radiation oncology specialist registrar with 8 months’ experience performing radiotherapy (reader 2). 

Anonymised cases were provided to the readers in separate sessions at least 4 weeks apart. Instructions were provided prior to the start of the reads, with 2 test cases initially evaluated for training purposes, with radiologist’s feedback – these were not assessed in the main study. In the first test session, only T2W axial images were provided (read 1), for the second session both T2W images and DW images were available (read 2). Readers recorded the number and location of all lymph nodes visualized (whether considered normal or pathological).  

Analysis of reads
Once completed, the reading forms were compared with respective gold standard reads in consensus with 2 authors, including an experienced uro-radiologist. All lymph nodes identified by the two readers were measured in size (mm) and divided into the following groups: correctly identified nodes (true positives, TP), overcalled nodes (false positives, FP), and missed nodes (false negatives, FN). Further subdivision of lymph nodes was made into those inside and outside standard radiotherapy field of view (FOV) used in the commonest pelvic malignancies. This “radiotherapy FOV” was applied with the following borders: L5-S1 interspace (upper extent), penile bulb (lower extent), pubic symphysis (anterior border), S1-3 interspace (posterior border). [6]

Statistics
Sensitivity, positive predictive value (PPV) and false negative rate (FNR) were calculated separately for both reads. Other measures, such as specificity and accuracy, could not be calculated due to the inability to classify true negative lymph nodes in the study. Pearson’s chi-square test of independence was performed to examine the relation between the two reads and their results; contingency tables were designed including numbers of TP, FP and FN lymph nodes. The tables were created separately for the two readers due to a significant difference in their expertise. Shapiro-Wilk test was performed to assess the distribution of the lymph node sizes with their intergroup comparison performed using Mann-Whitney U test. 
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The mean age of patients enrolled in this study was 61.0 years (median 59.5 years, range 54–70). The mean PSA was 8.29 ng/mL (median 6.17, interquartile range 5.65–9.02). The distribution of Gleason scores was as follows: 3+3 (n=2), 3+4 (14), 4+3 (1), 3+5 (1), 4+4 (1), 4+5 (1). 

Assessment of the diagnostic utility of the two reads
According to the reference standard, the total number of pelvic lymph nodes was 283 (mean ± SD 14.2 ± 4.6, range 8–25). Of these, 177 nodes (8.9 ± 3.7, 4–18) were inside the pre-defined radiotherapy FOV; further results are presented only for this group of lymph nodes.

The numbers of TP, FP and FN lymph nodes identified by the two readers are presented in Table 1. Pearson’s chi-square test showed the relation between these variables was significant: reader 1, X2(2, N = 385) = 137.8, p <0.0001, reader 2, X2(2, N = 388) = 102.4, p <0.0001. Therefore, adding DWI to T2WI allowed for better identification of pelvic lymph nodes in both readers. FP overcalls were recorded on normal anatomical structures including blood vessels, often overcalled by both readers (Figure 1). Overall, there were 28 overcalls between the readers in read 2, 20 due to blood vessels, 6 due to nerves and 2 due to vas deferens.

Sensitivity, PPV and FNR were calculated for both tests and are presented for the two readers separately (Table 2). A substantial increase in sensitivity and PPV alongside a considerable decrease in FNR were noticed when DWI was added to T2WI. Sensitivity increased from 9.0% to 70.1% and 15.3% to 67.8% in readers 1 and 2, respectively; PPV improved from 50.0% to 89.2% and 56.3 to 90.2%; and FNR reduced from 91.0% to 29.9% and 84.8% to 32.2%, respectively. 

Comparison of the lymph node sizes
When the results of both reads in two readers were combined, the median size of TP lymph nodes was 3.0 mm (interquartile range, 2.0–4.0) with FN lymph nodes having a significantly lower median size of 2.5 mm (2.0–3.5);p < 0.01). The median size of TP lymph nodes identified on test 2 was significantly smaller than on read 1 being 3.0 mm (2.0–4.0) and 3.5 mm (2.5–5.0), respectively (p < 0.05). 
Discussion

This study demonstrates the added value of DWI for nodal radiotherapy planning in pelvic malignancies. The results suggest that adding DWI to T2WI considerably improves the ability of radiation oncologists to map pelvic lymph nodes compared to T2-weighted images alone. Moreover, our findings suggest that using DWI allows for detection of smaller lymph nodes that may be missed on T2W images. 

Although this work focuses on nodal identification on MRI scans in prostate cancer patients, the findings are applicable to other pelvic malignancies. Irradiation volumes in prostate, cervical, endometrial, anal and rectal cancer involve the nodal areas of the pelvis in radiologically node negative patients to encompass microscopic disease. Current protocols rely on estimation of the location of nodes by using pelvic blood vessels as a surrogate, with contrast-enhanced CT being the predominant imaging modality used [6]. 

Adding DWI to T2WI considerably improved both readers’ performance; this is reflected by a significant difference between the numbers of TP, FP and FN lymph nodes between the two reads and also by the improvements in sensitivity, PPV and FNR. There are several possible explanations. Adding DWI likely allowed for detection of small FN lymph nodes initially missed on T2W images due to increased conspicuity. Furthermore, having an opportunity to correlate DWI with anatomical imaging allowed the readers to reassess the patient anatomy, identify more TP and dismiss some FP lymph nodes. For instance, the absence of high signal on diffusion-weighted imaging allowed reader 1 to avoid overcalling the right ureter for a lymph node compared to reading T2W images alone (Figure 1). Reducing the number of overcalls on blood vessels is also clinically important as excessive irradiation may lead to complications such as arterial and venous occlusion, erectile dysfunction, and rectal bleeding [12-14]. These mistakes can potentially be avoided by precise identification of normal anatomical structures on morphological imaging.
 
Although better visualisation of lymph nodes due to their high signal intensity on DWI improved their detection by both readers, nodes were still missed with both sequences combined. One distinctive group of FN nodes was represented by those with fatty hila (Figure 2). Since DWI is a fat-suppressed technique, fatty hila do not have high signal [15]. However, even though it is widely accepted that all lymph nodes of the selected groups must undergo radiotherapy, it is less likely that missing nodes with fatty hila would compromise the overall effect of radiotherapy, as its presence is a reliable sign of benignity [10]. Other examples of missed lymph nodes are presented in Figure 3. 

There were several limitations to our study. The study population was a small cohort of patients with prostate cancer. We selected patients with no nodal involvement which may have overestimated the benefit of DWI as enlarged metastatic lymph nodes may be easily detectable on T2-weighted images alone. Furthermore, the probability of lymph node involvement is different in patients from different prostate cancer risk groups; the added value of DWI in patients with high-risk prostate cancer may also be overestimated. However, micrometastases can be present in non-enlarged nodes, thus nodes of any size need to be identified; furthermore, the median sizes of pelvic lymph nodes in this study are consistent with those reported in the literature [16, 17]. Moreover, as guidelines suggest that all lymph nodes must undergo irradiation regardless of their radiological features, the readers were asked to simply identify all visible nodes, whether considered normal or pathological. Therefore, improved sensitivity is more important for a nodal mapping technique than specificity, which could not be measured in this study. In this study, all lymph nodes were identified by 2 readers, which was not sufficient to explore interobserver variability; this is partially mitigated by the categorical nature of the data assessed and the obviousness of the results.   We focused only on lymph nodes located inside standard radiotherapy FOV, the rationale being to exclude the inguinal lymph nodes that are treated only in a limited number of malignancies such as vulvar, vaginal and, rarely, scrotal tumours [18-20]. We did not assess the more clinically relevant nodal CTV and dose delivered to organs at risk using this method when compared to the conventional technique. This is a subject for larger studies, ideally incorporating patients with different pelvic malignancies. 
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The potential of incorporating MRI into the radiotherapy clinical workflow, both for improvement of delineation and also to deliver treatment is currently the subject of intense research activity [21]. Using DWI alongside T2WI allows radiation oncologists with different levels of experience to considerably increase their ability to identify pelvic lymph nodes correctly, simultaneously reducing the number of overcalls on normal anatomical structures. Accurate identification of lymph nodes should aid in improved disease control and may reduce the irradiated volume when compared to the current standard method of vessel expansion. 
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Fig. 1 False positive examples on DWI
Examples of other structures overcalled as lymph nodes on T2WI (top row) and/or DWI (bottom row). Column 1: Prominent left pelvic veins which also demonstrate high signal on DWI (arrows). Column 2: A vessel in the right external iliac region over-called by both readers as lymph node due to high signal on DWI (white arrows); right ureter over-called by reader 1 as lymph node on T2WI read (black arrow on T2W image), but with no high signal on DWI. Column 3: High DWI signal in the right external iliac region is clearly identified as right vas deferens on T2WI (arrows).
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Fig. 2 False-negative DWI: nodes with fatty hila
Three examples demonstrating large nodes (arrows) up to 12 mm in short axis on T2WI with predominant fatty hila (top row), with only a thin line of high signal on DWI sometimes barely perceptible corresponding to the nodal cortex (bottom row).
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Fig. 3 Lymph nodes missed on T2WI and DWI
Examples of lymph nodes missed by readers on T2WI (top row) and DWI (bottom row). Column 1: right and left inguinal nodes with low T2WI signal on T2WI (arrows) have no corresponding high signal on DWI. Column 2: unusual location for a node, anterior to the prostate at mid gland level (arrow). Column 3: Tiny nodes seen on T2WI but with only faint high signal on DWI (arrows).
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