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Abstract

Background and Purpose: Magnetic Resonance (MR)-only planning has been implemented 

clinically for radiotherapy of prostate cancer. However, fewer studies exist regarding the overall 

success rate of MR-only workflows. We report on successes and challenges of implementing MR-

only workflows for prostate.

Materials and Methods: A total of 585 patients with prostate cancer underwent an MR-only 

simulation and planning between 06/2016–06/2018. MR simulation included images for 

contouring, synthetic-CT generation and fiducial identification. Workflow interruptions occurred 

that required a backup CT, a re-simulation or an update to our current quality assurance (QA) 

process. The challenges were prospectively evaluated and classified into syn-CT generation, 

motion/artifacts in the MRs, fiducial QA and bowel preparation guidelines.

Results: MR-only simulation was successful in 544 (93.2 %) patients. . In seventeen patients 

(2.9%), reconstruction of synthetic-CT failed due to patient size, femur angulation, or failure to 

determine the body contour. Twenty-four patients (4.1%) underwent a repeat/backup CT scan 

because of artifacts on the MR such as image blur due to patient motion or biopsy/surgical 

artifacts that hampered identification of the implanted fiducial markers. In patients requiring large 

coverage due to nodal involvement, inhomogeneity artifacts were resolved by using a two-stack 

acquisition and adaptive inhomogeneity correction. Bowel preparation guidelines were modified to 

address frequent rectum/gas issues due to longer MR scan time.
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Conclusions: MR-only simulation has been successfully implemented for a majority of patients 

in the clinic. However, MR-CT or CT-only pathway may still be needed for patients where MR-

only solution fails or patients with MR contraindications.
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1. Introduction

Multiple studies have shown the superiority of Magnetic Resonance Imaging (MRI) for 

target and normal tissue segmentation as well as to reduce interobserver variability for 

contouring compared with computed tomography (CT) (1, 2). Although incorporating MRI 

decreases over-segmentation of structures as compared with CT-based segmentation, a 

combined CT+MRI method is challenging due to errors introduced by mis-registration of 

the image sets and the changes to the shape and location of the soft tissues e.g., bladder, 

rectum, and seminal vesicles, that are inherent when acquiring multiple image sets (3–5). An 

MRI-only workflow can potentially eliminate the use of an additional CT scan and help in 

reducing systematic registration uncertainty (6). Use of hybrid technologies such as MR-

linear accelerator devices (MR-linac) and MR-Positron emission tomography (MR-PET) as 

well as integration of multiparametric MRI provides further argument for an MR-only 

workflow for prostate (7–12). Other reported advantages of MR-only include cost advantage 

in terms of scanner and personnel resources as well as lower imaging doses by eliminating 

as additional CT scan (13–15). However, more evidence is needed to confirm the overall 

cost-benefit of implementing this new technology in the clinic in terms of quality assurance 

(QA), personnel training, synthetic CT generation as well as clinical outcomes.

A recent review article on the clinical implementation of pelvic MRI-only planning 

concluded that MR-only planning has been implemented clinically for prostate cancer 

treatments (16). Many studies have reported on the validation of synthetic CT generation 

using commercial or in-house software in terms of dosimetric and positional accuracy (17–

22). However, fewer studies have reported on the details of clinical workflows and 

implementation as well as challenges encountered in implementing these workflows. Some 

groups have prospectively assessed the feasibility of MR-only workflow with a limited 

number of patients, with a backup CT and investigated acceptance criteria for dosimetric 

accuracy as well as fiducial identification (23–25). Christiansen et al reported on the 

verification of an end-to-end MR-only workflow using one patient. They reported failure of 

synthetic CT during their validation step and attributed to the ‘sanity check’ of the 

commercial algorithm (24). Kerkmeijer et al have reported on the clinical implementation of 

MR-only workflow after validation on 14 prostate patients. However, the study is focused 

more on the validation of MR-only components rather than the workflow details (25). 

Tenhunen et al have reported a success rate of 92% in their MR-only workflow based on 400 

patients. 8% of patients requiring CT were due to image artifacts due to hip prosthesis, 

uncertainties in gold marker visualization or body contour reaching out of FOV (13). The 

group also presented early clinical data between an MR only cohort and dual-modality 

cohort and found that early PSA response in the MRI-only planned group showed similar 
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treatment results compared with the CT planned group and with an equal toxicity level 

which is very encouraging.

Our group previously reported on the details on MR-only clinical workflow implementation 

for prostate cancer (26). In this study we aim to present successes and challenges with MR-

only planning for prostate using a larger patient cohort and the integration of this new 

technology and workflow within a high-volume clinical practice, highlighting the technical 

challenges, workflow process and solutions.

2. Materials and Methods

2.1 Patient statistics

A total of 585 prostate cancer patients were simulated with MR-only planning between June 

2016 and June 2018. The study was conducted under MSKCC IRB approved retrospective 

protocol number 16–682. Out of these, 318 patients were treated with hypofractionated 

regimens (800 cGy x 5 alone, 500 cGy x 5 combined with brachytherapy, or 600 cGy x 5 for 

residual disease) while the remaining patients were treated using a moderate 

hypofractionation (270 cGy x 26) or a standard fractionation (180 cGy x 40) prescription. 

The clinical parameters of the patient population are included in Table 1 in supplementary 

documents.

2.2 MR-only workflow

All prostate patients receiving external beam radiation therapy (EBRT) were scheduled to 

undergo MR-only simulation in the supine position. A thermoplastic immobilization mold 

extending from the abdomen to mid-thigh indexed to the table was made in CT suite to allow 

more efficient use of our MR simulation resource. At the same time, a set of orthogonal CT 

scout images were acquired to perform fiducial QA on the MRs as described later. The CT 

scout images were also used to assess patient size, MR-only contraindications (eg implant) 

and LDR brachytherapy seeds. All patients were instructed to follow a full bladder (1 cup/45 

min) and empty rectum protocol for simulation. A Foley catheter for definition of urethra 

was used for MR simulation for patients undergoing stereotactic body radiation therapy 

(SBRT) as well as patients receiving external beam radiotherapy boost after brachytherapy. 

Three gold fiducial markers of 3 mm length and 1.2 mm diameter were implanted into the 

prostate under ultrasound guidance roughly two weeks prior to simulation.

The MR acquisition included images for contouring (2D T2w axial, coronal, sagittal), 

synthetic-CT generation using a dual echo 3D fast field echo (FFE)-based mDixon and 

fiducial identification using a 3D balanced FFE-based as previously described (26). As part 

of an IRB-approved study involving identification of a dominant intraprostatic lesion (DIL), 

a subset of SBRT patients underwent diffusion-weighted imaging (DWI) as part of their MR 

simulation procedure. A prescription of 800 cGy x5 with a boost of 900 cGy x5 to the DIL 

was planned for these patients. Imaging QA was performed for each patient by the 

technologist following each series to allow for re-acquisition if artifacts or issues occurred 

and documented as part of MR QA questionnaire. Qualitative QA of the fiducial markers 

was also performed at the same time. Physics team was notified immediately, and the 
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patients sent for a CT scan if the issues could not be resolved by reacquisition. Synthetic- 

CT (Syn-CT) was generated at the console using MRCAT (MR for Calculating Attenuation) 

commercial software that uses a single mDixon based MR sequence along with a 

constrained shape model to estimate body contour as well as segment bone structures (27). 

Post-processing of the mDixon images results in classification of five different tissue types – 

air, fat, water, soft/spongy bone and hard/cortical bone. Electron densities are assigned to 

each tissue type and synthetic CT is generated. Dosimetric evaluation and clinical workflow 

implementations using MRCAT have already been described by our group and others (17, 

22, 25, 28, 29). Automatic failure detection modes, also called ‘sanity checks’, such as 

presence of hip prosthesis, large patient separation and deviation from the bone model 

boundary conditions are built into the MRCAT algorithm to detect problems with tissue-type 

classification and prevent MRCAT syn-CT generation.

MR images including syn-CTs were used for contouring and aligned with respect to the 

fiducials using automated workflows generated in MIM™ (MIM Software, Inc.). Additional 

workflows for automatically generating planner structures were also created. An MR-only 

workflow in MIM™ was also used to support delineation of DIL using multiparametric 

MRIs such as apparent diffusion coefficient (ADC) maps derived from DWI as shown in 

Figure 1. Dominant lesions were contoured on the axial T2w MRI with reference to DWI 

image and ADC maps by expert radiologists. Part of the contouring workflow included 

fiducial QA by the planners. To ensure accurate identification and localization of the 

prostate fiducials on the MRs, the fiducial locations on MR were compared to those from 

orthogonal CT scouts acquired during the immobilization mold-making step in the CT suite. 

Patient setup for treatment was achieved by matching the MRCAT DRRs/MRs with the 

orthogonal KV radiographs/CBCT based on either fiducial ROIs (for patients with intact 

prostate) or bones (for patients with prostate bed). Further details of our clinical workflows 

are described in our previous publication (26).

Workflow interruptions and challenges occurred for a few prostate cases during MR-only 

simulation, treatment planning and treatment localization/delivery that required a backup 

CT, a re-simulation or an update to our current QA process respectively. All the challenges 

were prospectively reported. The issues encountered ultimately led to changes in our 

workflow, the vendor’s software upgrades, or both and are described. The challenges were 

classified into simulation and treatment planning related as: (i) challenges with synthetic CT 

generation (ii) motion/artifacts in the MRs (iii) bowel preparation guideline and (iv) fiducial 

QA

3. Results

MR-only workflow worked seamlessly for 544 patients (93.2 %). Overall, physicians found 

the MR soft-tissue contrast excellent and the MR-only workflow convenient and efficient for 

image visualization and segmentation. Contours and dose distributions are now routinely 

visualized and reviewed on the T2 axial MR images during peer-reviewed chart rounds 

(supplementary figure 1). MR-only workflow failed for the remaining 41 patients. 

Challenges that occurred for the remaining patients differed in severity.

Tyagi et al. Page 4

Phys Imaging Radiat Oncol. Author manuscript; available in PMC 2020 October 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.1. Simulation-related Challenges

3.1.1 Synthetic CT generation—MRCAT reconstruction of the Syn-CT failed at the 

MR console during MR simulation for Seventeen patients (2.9%). The reconstruction failure 

was attributed to the software’s “sanity check” ability that prevented erroneous synthetic CT 

generation. The exact cause was later determined to be due to large patient size, femur 

angulation, motion-blurred MRCAT source MR images, the presence of pelvic bony 

metastases, or failure to determine the body contour. Other Syn-CT challenges included 

erroneous coccyx reconstructions on a few patients and unrealistic femur reconstruction on 

two patients (Figure 2). The failures were determined at the acquisition stage by trained 

personnel and allowed patients to convert to a dual modality CT+MR simulation pathway

3.1.2 MR Image Quality—Twenty-four patients (4.1 %) underwent a repeat/backup CT 

scan and a combined CT+MR planning process because of artifacts on the MR such as 

blurry images due to patient motion or biopsy artifacts that limited identification of 

implanted fiducial markers. Details about these artifacts are described below. These artifacts 

were identified at the MR acquisition stage during which trained MR technologists perform 

an image quality assessment QA and document it.

Motion Artifacts: Supplementary figure 2 shows an example of motion artifact due to the 

bulk patient motion seen on the axial 2D T2w MRI sequence used for contouring target and 

normal structures as well as the 3D bFFE sequence that precluded the identification of 

fiducials. The patient motion was due to discomfort from a foley catheter or involuntary 

bowel motion that resulted in motion artifact on the MR images. Patients were sent for a 

backup CT scan if repeat acquisition did not resolve motion artifact. Sixteen patients 

underwent a backup CT because of motion.

Biopsy/blood Artifacts: Intraprostatic biopsy often results in bleeding which can lead to 

signal hyperintensity on T1w images and hypointensity on T2w MR images. In five cases, 

artifacts due to blurry MRCAT source image, hemorrhage and calcification precluded 

identification of the fiducial markers (Figure 3a, 3b) and resulted in patient re-simulation as 

this was not appreciated during the image acquisition QA step and eventually determined 

during treatment planning stage. As a result, MR technologists were educated to (a) identify 

biopsy/blood artifacts, (b) inform the physicists and physicians and document when artifacts 

were observed and (c) immediately send the patient for a CT scan for a combined CT-MR 

planning process.

Surgical clip artifacts: The presence of surgical clips after prostatectomy resulted in signal 

voids which confound the detection of metallic fiducial markers. Three patients receiving 

treatment for residual/recurrent disease after prostatectomy had a fiducial marker placed in 

the region of residual disease to facilitate image guidance during treatment delivery. During 

planning stage it was determined that the fiducial markers could not be distinguished from 

surgical clips (Figure 4), introducing the potential for inaccurate patient setup and treatment 

delivery. These patients returned for either a simulation CT scan or an image-only session on 

the linear accelerator during which a CBCT scan was acquired and used for fiducial 

localization. As a result, physicians were educated to clearly document post prostatectomy 
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recurrent cases in the prescription or simulation order form and upfront order a small field-

of-view backup CT scan at the time of the MR simulation/mold appointment for these 

patients.

Inhomogeneity artifacts: In cases where a large inferior-superior region was included for 

coverage of pelvic lymph nodes, a single-series, two-stack T2w 2D axial MRI acquisition 

was performed. However, anterior signal loss in some cases was noted which was likely due 

to dielectric effects on the 3T MR scanner. The issue was resolved by acquiring the two 

stacks separately in two different series with individualized pre-scan optimization including 

adaptive RF inhomogeneity correction (supplementary figure 3). This strategy also provided 

the benefit that only one stack need be repeated if involuntary motion occurred during the 

acquisition, resulting in time-savings.

3.1.3 Bowel prep issues—Rectal content and gas issues were more challenging for 

MR-only simulation compared to CT-only simulation due to the longer MR scan time. Our 

institutional policy is empty rectum and full bladder for all prostate patients undergoing 

EBRT. Even though a rectal catheter was inserted as needed to remove gas prior to the start 

of MR simulation, new gas would move inferiorly during the 20–25 minute simulation and 

affect the relevant sequences (supplementary figure 4). For some patients, the rectal catheter 

was used multiple times which often prolonged MR simulation time. Therefore, an 

assessment for bowel/rectum filling was done upfront during MR-only simulation, a rectal 

catheter was used if needed and proceeded with scans that can be acquired up to 25 minutes 

later. MR technologists were instructed to be alert to changes in rectal gas occurring between 

sequences. A rectal catheter, however, was not helpful for situations where the rectum is 

filled with stool instead of gas. Patients were then prescribed an enema while they were 

onsite and an MR-only simulation was attempted again after a few hours.

3.2: Treatment Planning Challenges

3.2.1 Fiducial mismatch on orthogonal scout QA image—For four patients, it 

was difficult to verify the fiducial locations on MR using the fiducial QA orthogonal scout 

pair obtained in the CT. This was typically due to the presence of a large amount of rectal 

gas during the immobilization mold making step that was subsequently removed or released 

prior to the acquisition of the MR images. Differences in the amount and location of rectal 

gas between the acquisition of the scout and MR images may result in deformation or 

rotation of the prostate leading to inaccuracies or an inability to match the fiducials on the 

scouts and the MR (Figure 5). Although additional effort was required, the fiducials were 

identified and delineated on the MR sequences and were found to match acceptably well 

during the daily IGRT treatment (Figure 5).

4. Discussion

In this study, we described several technical issues and workflow challenges that occurred 

during the initial period of clinical implementation of MR-only simulation and planning in 

the clinic and the resulting modifications made to further improve our clinical workflow. Our 
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data showed that MR-only pathway works successfully for the vast majority of prostate 

patients undergoing external beam radiotherapy.

Our success rate of ~93% is comparable to Tenhuenen et al although our challenges were 

related to both workflow as well as image artifacts (13). The challenges investigated in this 

study were reported prospectively, and changes were brought to the clinical guidelines as 

they were reported. Additional personnel training was implemented to identify, anticipate 

and mitigate errors at the acquisition stage. Image QA was performed following each series 

during MR simulation to allow for re-acquisition if artifacts (such as biopsy or motion) or 

issues (with synthetic CT generation) occurred and documented as part of MR QA 

questionnaire. The patients were sent for a CT scan if the issues could not be resolved by 

reacquisition. Guidelines were also updated and communicated to the group as to which 

patients will likely require a backup or repeat CT scan. For example, prostate bed recurrence 

with implanted fiducial marker and multiple surgical clips also get a small FOV backup CT. 

Physicians were educated to clearly document post prostatectomy recurrent cases in the 

prescription or simulation order form and upfront order a small field-of-view backup CT 

scan at the time of the MR simulation/mold appointment for these patients.

One of the major workflow interruptions was due to the failure of synthetic CT 

reconstruction. Syn-CTs failed during the sanity check process that prevented the software 

from erroneously generating the syn-CT. The software does not report the exact cause and is 

a black box in that respect. The issues related to unrealistic femur reconstruction however, 

still passed the vendor’s sanity check program as the orientation and angulation of the 

patient’s femoral heads differed significantly from the mean model value in the 

segmentation. Even the segmentation of elongated coccyx was due to coccyx contrast being 

much darker on the mDixon images compared to the background tissue. The cause for syn-

CT failures and discrepancies were determined upon sharing the dataset to the vendor which 

was helpful as that lead to the improvement of the syn-CT model in subsequent software 

release. This shows that clearly defined criteria as input data for sanity check as well as 

ongoing QA are necessary for successful implementation and generation of syn-CTs for 

MR-only planning. Kim et al have also shown in their failure mode and effects analysis that 

the greatest source of risk in an MR-only workflow is the synthetic CT generation process 

(30).

The second significant challenge in our MR-only workflow was patient motion including 

bulk motion due to claustrophobia, discomfort from a foley catheter or involuntary bowel 

motion that resulted in motion artifact on the MR images. The MR images are typically 

reacquired if motion artifact is observed during the image QA process. Roughly 10% of our 

cases require repeat acquisition of at least one MR sequence. All patients undergoing SBRT 

or a combined external beam/brachytherapy regimen currently receive a Foley catheter at 

our institution. We have been investigating MR imaging-based methods for urethra 

visualization so that the Foley catheter can be eliminated (31). In addition to foley catheter, 

poor bowel preparation was also a challenge for MR-only simulation. Fast scan times during 

CT simulation can often compensate for inadequate preparation since rectal gas changes 

occur slowly compared to the scan time. In comparison, moving gas during MR-only 

simulation can severely compromise image quality and can lead to significant changes to the 
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position of normal tissues and the prostate between sequences. Overcoming this limitation 

required strict patient adherence to a bowel and bladder regimen and more importantly, 

technical improvements to the MR simulation process to speed up image acquisition, ideally 

to approach that of CT simulation. Over time, bowel prep guidelines for simulation were 

modified in our clinic to incorporate two Fleet enemas. Patients were asked to do the enema 

preparation 3 hours before simulation and, when possible, a second one upon arrival for their 

simulation appointment. For some patients, however, this regimen was difficult and 

achieving an empty rectum was quite challenging. Another concern for rectum and bowel 

filling at the time of simulation is reproducibility of the bowel, rectum, and prostate at the 

time of treatment. If the technologists observed a small amount of gas but determined that 

the bowel and rectal walls were not significantly distorted, (e.g. the structures have a 

uniform diameter that is within a specific range) they proceeded with the MR simulation, 

avoiding the use of multiple rectal catheters. This also avoided further exacerbation of the 

problem by extending the time the patient was undergoing simulation.

The last significant challenge in our MR-only workflow has been consistent visibility of 

fiducials on all MR series including axial 2D T2w, 3D bFFE and MRCAT source MR. 

Because patient motion can occur between imaging series during a 25-minute MR-only 

simulation, a workflow in MIM was developed that allows evaluation and fusion of all MR 

series based on the implanted fiducial markers. Successful use of such an approach required 

that markers be visible on all the different MRs. It should also be noted that the implanted 

fiducial markers are not inherently visible on the Syn-CT to be used as a reference for 

image-guided setup and treatment. Therefore, correct identification and delineation of 

fiducials on the MRs and subsequent translation of the fiducial segmentations to the 

synthetic CT was crucial for patient setup. To ensure accurate fiducial localization, we 

evaluated several fiducial markers over the time period of this study and ultimately changed 

from 1.2×3 mm to 0.9×5 mm to 1.2×5 mm to allow clear visualization on all the relevant 

MR sequences (Supplementary figure 5). In future, robust acquisition methods also need to 

be developed that can facilitate the visualization with much ease allowing MR technicians to 

obtain immediate feedback regarding the quality and localization of the fiducial markers 

(32).

Finally, even though MR-only workflow offers advantages including reducing systematic 

uncertainty by potentially eliminating a CT scan, the increased complexity of transitioning 

from a dual-modality workflow to an MR-only workflow in the clinic may lead to increased 

cost and resources in terms of overall QA. In addition, CT+MR or CT-only pathway may 

still be needed for patients where MR-only solution fails or patients with MR 

contraindications. A successful MR-only pathway is dependent on acquiring high quality 

MR images usable for synthetic generation, fiducial identification as well as contouring 

tumor and OARs. Additional system and workflow QA, and personnel training need to be 

employed to identify, anticipate and mitigate errors at the acquisition stage. Further studies 

are also needed that can provide evidence of the improved patient outcomes or treatment 

pathway improvement in moving from a dual modality workflow to an MR-only planning.

In conclusion, MR-only simulation and planning has been successfully implemented in the 

clinic for majority of patients undergoing prostate radiotherapy. However, MR-CT or CT-
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only pathway may still be needed for patients where MR-only solution fails or patients with 

MR contraindications. The time required for MR-only simulation remains a concern and we 

and others are exploring the use of new methods for Syn-CT generation as well as new 

image sequences and compressed sense methods to further speed up acquisition time for 

MR-only simulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
MR-only workflow used to contour and plan dominant intraprostatic lesion (DIL). 

Anatomical (axial, coronal, sagittal T2 w MRI,3D bFFE goldseed) and apparent diffusion 

coefficient (ADC) maps derived from diffusion-weighted MRI are used to delineate 

dominate lesion. A Rx of 800×5 cGy with a boost of 900×5 cGy is planned.
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Figure 2: 
Elongated coccyx (top row) and unrealistic femur reconstructions (bottom row) during 

MRCAT synthetic CT generation
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Figure 3: 
(a) Biopsy artifact (signal hyperintensity indicated by red arrow) on the MRCAT source 

mDixon water MR image. (b) Hemorrhage/blood/calcification artifacts on T2w, mDixon 

water and 3D bFFE. The artifact appears as a dark signal on mDixon water image. One 

possible explanation for areas with low signal on T1 and T2 is the presence hemosiderin.
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Figure 4: 
CT and MR images for a patient with an implanted fiducial who underwent irradiation for 

residual disease after prostatectomy. The patient required a backup CT to distinguish the 

fiducial from surgical clips. The implanted markers appear as a very large dark signal on 3D 

bFFE, mDixon water as well as T2 w MRI sequence
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Figure 5: 
(Top row) Differences between fiducial locations identified on MR (segmented structures) 

and those on the CT fiducial verification scout images due to changes in rectal gas between 

imaging sessions. (Bottom Row) Orthogonal scout mismatch vs CBCT match. The 

segmented structures on the CBCT were derived from the MR images
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