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Introduction

Radiation Therapy (RT) demands 

tight constraints regarding the  

geometric accuracy of image data 

used in its workflows for treatment 

simulation and in-room treatment 

delivery guidance. The spatial  

accuracy requirements are largely 

driven by the ability to deliver  

and deposit therapeutic radiation 

doses to targeted anatomical sites 

(1-2 mm). The benefits of MRI’s  

superior soft-tissue contrast as  

compared to RT’s gold standard 

based on x-ray imaging (i.e. CT,  

Cone Beam CT) are somewhat over-

shadowed by the intrinsic MR image 

distortions manifested as loss of  

spatial accuracy and local intensity 

inhomogeneities. 

The MR image distortions are given 

by a) scanner-related distortions 

caused by nonlinearities in the imag-

ing gradients and inhomogeneities in 

the main magnetic field (B0), and b) 

patient-induced distortions mainly 

due to variations in the magnetic sus-

ceptibility properties of neighboring 

tissues (and chemical shift). The 

scanner-related distortion field (S)  

is predictable, independent of the 

imaged subject and its spatial charac-

teristics are static over time given 

optimal functionality of the MR  

system. S magnitude is negligible in 

the vicinity of the MR isocenter and 

gradually increases with distance, 

reaching about 1-2 cm for large fields 

of views [1-3]. In comparison, the  

susceptibility-induced distortion field 

(X) is highly dependent on the subject 

anatomy as they arise at the boundary 

between structures exhibiting local 

discontinuities in the susceptibility (X) 

values, e.g. soft-tissue and air-filled 

cavities. The magnitude of X effects is 

in the range of a few millimeters and 

depends on several factors such as 

magnetic field and encoding gradient 

strength [4, 5].

A composite distortion field (C) can  

be defined as the vector summation of 

S and X, to characterize the combined 

aspects of the two fields [6]. S and X 
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B0 mapping:  

the magnitude 

images of a 

spherical uniformity 

phantom are used 

to facilitate the 

segmentation and 

analysis of the 

phase images. The 

3D distribution of 

the magnetic field  

is then computed 

from the unwrapped 

phase images and 

Brms and Bpp values 

are derived to 

quantify the overall 

field homogeneity. 

Visualization of  

the 3D map is also 

provided for trouble-

shooting purposes. 
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have negligible mutual coupling  

and can be treated independently  

following dedicated methodology. 

When C is associated with intrafraction 

motion, specific to mobile anatomical 

structures, it becomes more complex 

featuring 4D characteristics, e.g. for 

fast imaging 2D-cine, 4D MR. The 

quantification of C is then particularly 

challenging due to real anatomical 

changes in the targeted structure’s  

volume, shape and relative location 

within the MR imaging volume. The 

accurate knowledge of a tumor’s true 

contours during the motion cycle is 

paramount for advanced RT planning 

and delivery techniques which are 

based on radiation field gating or 

tracking [7, 8].

MR manufacturers made significant 

progress over the past years in imple-

menting improved hardware and  

algorithms to reduce the magnitude  

of S. However, residual distortions are 

still an issue for RT applications [9]. 

Overall, the geometric distortions 

need to be well-understood for each 

MR-based technique and appropriate 

mitigation implemented to safely inte-

grate MR data in radiotherapy work-

flows. Our work on the management 

of MR image distortions is motivated 

by the clinical implementation of MR-

guided brachytherapy and external 

beam RT technologies and to enable 

MR-based adaptive procedures [10]. 

Scanner-related distortions

Routine testing for monitoring the 

field homogeneity and its stability  

is recommended as a pre-requisite 

for good imaging. As part of our 

standard procedures for MR commis-

sioning and periodic quality control 

(QC) of the system shim, we develop 

and implemented a fast B0 mapping 

technique based on a) phantom data 

acquisition with a GRE double-echo 

sequence and b) an image processing 

algorithm for data reformatting and 

phase unwrapping, and c) generation 

of analytics and reporting. The sim-

plified flowchart is shown in Figure 1. 

First, magnitude and phase images 

are collected with a uniformity phan-

tom. Then phase unwrapping is per-

formed using the PUROR method 

[11] and metrics such as Brms (root 

mean square) and Bpp (peak-to-peak) 

are computed and reported in a 

ready to print file. The image acquisi-

tion and post-processing was opti-

mized to match the performance of 

the Phantom Shim Check procedure 

available in the Siemens service envi-

ronment (1.5T MAGNETOM Espree, 

with software version syngo MR 

2A

2D

2B

2E 2F

2C

B17A). The total time to scan and run 

the analysis on a mid-range PC work-

station is under 100 seconds. 

It is typical to quantify the gradient 

nonlinearities using a) a theoretical 

approach considering the spherical 

harmonics coefficients specific to 

each gradient set or b) via measure-

ments with a linearity phantom. 

Although the theoretical approach  

is very appealing as it can be easily 

streamlined for image unwarping  

of live image data, it does not fully 

compensate for the image geometric 

errors [3, 9]. A phantom with a 

known structure, the most common 

being a 2D or 3D grid pattern, is 

desirable to measure the remainder 

of the distortions. In RT one of the 

requirements is to accurately define 

the anatomy for both small and large 

field of views, which means that the 

linearity phantoms should be able to 

provide enough spatial coverage. In 

particular, at large FOVs a phantom 

with a grid pattern needs to fill the 

entire volume to provide adequate 

sampling for S, which often trans-

lates into increased phantom weight. 

The manufacturing, routine prepara-

tion (positive or negative contrast) 

and manipulation of such a phantom 

may also be challenging. 

Harmonic analysis was 

applied to compute  

the 3D distortion vector 

field for an arbitrarily 

shaped volume from 

data measured on the 

surface. (2A) and (2B) 

show basic quadratic 

geometries; (2C) shows 

a Reuleaux 9-gon  

to test the method  

for a more complex 

structure; (2D) depicts 

the meshed and 

irregular surface of  

an MR imaging FOV as 

measured with a large 

phantom based on a 

grid design; (2E) the 

surface data corre-

sponding to (2D) was 

used as BC in the 

harmonic analysis  

to stress-test its 

performance.
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Sample results of the magnetic field numerical computations performed to investigate the magnitude of X geometric effects. 

Multiple anatomical regions were simulated such as (3A) brain (whole skull), (3B) prostate, (3C) abdomen/upper GI, and  

(3D) lung. Inset (3E) shows the 4D composite distortion field results for a small and mobile lung tumor as estimated for the two 

extreme phases of the respiratory cycle, i.e. inhale and exhale. 
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To address the above limitations our 

group focused on a design which 

minimized phantom material, weight 

and implicitly the manufacturing cost 

without compromising the accuracy 

in quantifying S. The design was 

driven by the ability to fully recon-

struct S in a given volume solely from 

field data mapped on the geometry’s 

surface [12]. This means that har-

monic analysis can be applied to S, 

since S is natively related to the mag-

netic field. Specifically, the Laplace 

equation was solved with well-

defined Dirichlet boundary condi-

tions (BC) for functions representing 

the 3D geometric distortion vector 

field. The Dirichlet BCs were given  

by the measured vector field values 

corresponding to the domain’s 

boundary. The method was validated 

for multiple quadratic and arbitrary 

geometries. In particular, Figure 2E 

depicts sample results for a general 

case of a highly irregular surface, 

which wraps the raw data measured 

on a grid phantom with a high den-

sity of control points. The case is 

challenging due to the magnitude 

and local gradients specific to S  

at large FOVs. A cylindrical shell 

phantom and associated software 

application based on the harmonic 

analysis was developed in collabora-

tion with Modus Medical Devices 

(London, ON, Canada) as shown in 

Figure 2F [13].

Susceptibility-induced 
distortions

The field X is challenging to predict 

or quantify, especially when live 

image data is needed for the clinical 

decision making process. The map of 

tissue susceptibility-induced effects 

may change even for the same 

patient as a function of daily anat-

omy. Several methods were proposed 

in the literature to assess the X per-

turbations [5, 4, 15]. Rather than 

measure the susceptibility, which 

often requires additional image data 

leading to longer acquisitions times, 

we chose to investigate the X effects 

by means of numerical simulations 

[4, 6]. A finite difference technique 

iteratively solves the Maxwell equa-

tions with associated BCs for the case 

of a time independent and uniform 

magnetic field (i.e. B0 of an MR scan-

ner). The input data is given by 3D  

susceptibility maps synthetically  

generated by assigning bulk X values 

to anatomical structures delineated  

on CT image data sets. CT images  

were used to ensure the spatially true  

representation of the anatomy and  

to dissociate the X effects from other 

potential sources of geometric incon-

sistencies (e.g. B0 and B1 local inhomo-

geneities, S). Magnetic field maps 

expressed in terms of ppm values were 

set as the output of the numerical 

computations. The spatial distortions 

(in mm) were then easily converted  

by specifying the B0 and readout  

gradient values (Δmm = ppm⋅B0 /  GE).  

Furthermore, the Δmm values were 

interpolated and reported for the  

anatomical regions of interest. The 

simulation method was validated  

in phantom using a wide range of  

GE values at 1.5T and 3T. 
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Figure 3 shows several examples of  

X as modelled for specific anatomical 

sites. We found the data useful for  

at least two reasons: a) estimate the 

maximum boundary of the X effects 

for a given site and b) generate 

Δmm = f(GE) curves for B0 values of inter-

est. The trends from b) were used to 

guide the optimization of clinical 

imaging protocols so that the geomet-

ric distortions were mitigated while 

the SNR penalty for increasing GE was 

minimized. Therefore, our approach 

was to predict the X effects outcome 

for patient populations and compen-

sate upfront whenever possible. 

4D Composite distortion field

The raw MR images intrinsically embed 

the effects of both scanner-related  

and X-induced geometric distortions. 

The assessment of C for mobile tumors 

may be particularly non-trivial due  

to continuous variations in the local 

profile of the S and X fields as experi-

enced by the tumors [6]. For example, 

S is static with respect to the MR scan-

ner, but when seen from the mobile 

tumor’s system of reference it 

becomes time-dependent as the target 

travels in regions with potentially  

different local S values. Therefore, a 

4D characteristic may be associated 

with S. Similarly, X becomes 4D as the 

tumor deforms and changes location 

relative to surrounding anatomical 

landscape. To evaluate the upper 

boundary of the 4D composite field  

we combined the methodologies from 

above for S and X in the case of mobile 

lung tumors. The susceptibility simula-

tions were performed for 10 separate 

3D data sets representing individual 

phases of the breathing cycle as cap-

tured with 4D CT imaging. S was also 

derived for all tumor motion phases 

via vector field interpolation. Metrics 

such as max/mean/range and spatial 

perturbations in the tumor’s center of 

mass were reported for the individual 

and combined fields. An example is 

shown in Figure 3E. The dominant 

contribution was from S, and it was 

suggested that a unique C correction 

(e.g. derived from one phase or a 

mean phase) may be applied to all 

tumor phases with negligible residual 

errors. For fast imaging, X was found 

largely negligible as a high BW is  

typically employed. 

Summary

The quantification of geometric  

distortions is needed especially  

for radiation therapy applications  

to ensure a high degree of image  

data accuracy. Knowing the true 

location of the targeted anatomy 

may enable the use of tighter treat-

ment margins expected to improved 

tumor control through dose escala-

tion and increased sparing of healthy 

tissues. The assessment of MR image 

distortions is recommended to be 

part of the MR scanner commission-

ing and routine quality control. The 

susceptibility effects may be mini-

mized within acceptable thresholds 

in certain applications whereas  

the scanner-related distortions  

may be mapped via phantoms and 

unwrapped on patient data when 

relevant.
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