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Motivation: DWI in cervical cancer evaluation suffers from distortions, especially
pronounced by intestinal gas, potentially impeding lesion detection/delineation.

Goal(s): To evaluate a combined prospective-retrospective distortion reduction approach,
based on distortion correction of female pelvic DWI acquired with reduced-FOV.

Approach: Two correction methods, RPG and Topup, were applied on images from cervical
cancer patients and volunteers. Distortion correction performance was evaluated by the
concordance between tumour/cervix borders in images before and after correction.

Results: Topup outperformed RPG, with statistically significant but modest improvements of
initially small distortions resulting from the reduced-FOV acquisition. Occasional correction
failures and limitations in the proton density correction warrant alternative approaches.

Topup distortion correction, commonly used for brain studies, shows statistically significant
but modest improvements in female pelvic reduced-FOV DWI. Despite indications of clinical
utility, limited improvements and occasional correction failures suggest alternative
approaches and prospective distortion reduction as potential strategies.

Cervical cancer staging and radiation treatment planning are highly dependent on the
accuracy of evaluating parametrial invasion and extent of disease with MRI. Bo-
inhomogeneity distortion artifacts in the phase encoding (PE) direction limit the evaluation
and staging of cervical cancer with DWI. In the female pelvis, distortion reduction has been
targeted by prospective approaches!=. A combined prospective-retrospective approach, based
on reduced-FOV (rFOV) acquisition and reverse gradient distortion correction, might further
improve geometric accuracy.



To evaluate the performance of two reverse gradient methods for distortion correction of
rFOV-DWI, intended for studies of cervical tissue and tumours at 3T.

Cervical cancer patients and healthy volunteers underwent MRI at two sites (Site 1: 16
patients/35 volunteers; Site 2: 3 patients/2 volunteers). Patients were examined after
diagnostic biopsy and before definite therapy. MRI included a multi-shell rTFOV-DWI and a
T>-weighted fast spin-echo (T>-FSE), the latter used as anatomical reference to the DWI
(details in Table 1). Within the DWI, two volumes with b-value 0 were sequentially acquired,
the first (bo,wvs) using a reverse PE gradient polarity compared to the forward polarity used for
the second (bo,fwd) and remaining volumes with non-zero b-values.

Reverse gradient methods accomplish distortion correction on DWI with bipolar volumes of
b-value 0, according to:*>

1. The bo,fwd and bo,vs are used for estimating a 3D deformation field, specifying the
voxel-wise displacements in the PE direction that minimizes distortions. The
algorithm uses consecutively decreasing Gaussian smoothing kernels (K) and can be
optimized in terms of the maximum K (Kmax) and deformation field regularization
parameters (A).

2. The deformation field is applied for geometric correction of the whole DWI dataset of
multiple b-values.

3. Proton density (PD) correction, using the Jacobian determinant of the deformation
field, is conducted. As previously reported,’ this step can introduce a false appearance
of accurate correction not supported by Step 2. This phenomenon was observed also
in this study (Fig. 1) where Step 3 was omitted.

The following reverse gradient methods were applied and compared using Matlab (R2020a):

e RPG.’ The regularization parameters Li=0 and A, = 500, 1500, 2500 were combined with
Kmax=5, 10, 15, 20, 25, 30, 35 voxels.

e Topup.*’ The default configuration file was used as basis for subsequent modification into
five configuration files with Kmax =8, 16, 24, 32 and 40 mm. 2=0.5 for large K (>16-20
mm) and thereafter decreasing with decreasing K. As PD correction cannot be disabled in
Topup, in-house Matlab software was used for Step 2.

The parameters providing the highest mutual information® between bo fwa and bo s were
selected for each individual.

The tumour circumference (in patients with macroscopic tumour, stage>IB1) and normal
cervix circumference (in volunteers and patients without macroscopic tumour) were manually
delineated in a single slice using OsirixMD (Pixmeo SARL, Switzerland, v.10.0.2).
Delineation was performed in b swa and bo s, before and after distortion correction, and in
T>-FSE images. The average distance in the PE direction between edge voxels of the b fwd
and bo,vs segmentations, and between edge voxels of the bo swa and T>-FSE segmentations,
was used to assess the degree of distortion. Larger distance implied more severe distortions
and reduced distance after correction (Adistance<0) reflected improved distortions.
Comparisons were conducted with Wilcoxon sign-rank test and Spearman rank correlation.
P<0.05 represented statistical significance.



Topup showed superior distortion correction results for tumour and cervix segmentations
compared to RPG, both between bo fwa and bo,vs and between bo swa and T>-FSE (Fig. 2A-B).
The distortion reduction by Topup was related to the initial distortion before correction (Fig.
2C-D). The RPG and Topup correction performances are demonstrated by image examples
in Fig. 3. Outliers corresponding to Topup correction failures were also observed (image
example in Fig. 4).

Topup showed superior distortion correction performance and provided higher
correspondence between DWI and T2-FSE compared to RPG in most situations with minor
distortions. However, Topup was limited with major distortions where RPG may prove more
useful. Small but statistically significant improvements in geometric accuracy after distortion
correction demonstrate clinical utility of Topup, particularly for radiotherapy planning, where
anatomic accuracy is critical for targeting tumour and sparing adjacent healthy tissue. Modest
initial distortions (improved by utilizing rFOV) and motion-related misalignments between
T>-FSE and DWI limited the benefit of Topup, although larger initial distortions led to
greater improvements after correction. These results indicate that prospective distortion
reduction, such as rFOV, is an appropriate primary approach. However, subsequent
correction of full-FOV DWI (suffering from more initial distortion but benefitting from
higher signal-to-noise ratio®), is an alternative technique. The Jacobian determinant-based PD
correction was omitted due to cases of misleading correction results.
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Foundation and a research grant from GE Healthcare.



Table 1. Equipment and typical MR sequence parameters.

Site 1

Site 2

Scanner type

3T Discovery MR750 D

3T Signa PET/MR D

Coils

32-channel body surface coil

16-channel anterior array coils
14-element integrated posterior coil
19-element head-neck unit 4

Preparations and

Gadolinium contrast to patients 2)

Buscopan or Glucagon
Fasting for 4 - 6 h 49

pharmaceuticals Vaginal gel to some participants 3 Vaginal gel 9

DWI T,-FSE DWI T2-FSE
Imaging plane axial-oblique axial-oblique axial axial
TR 5000 9000 - 10000 6000 auto ~ 3000
TE 90.5 101.4 minimum ~ 96.7 110
Flip angle 90 140 90 111
FOV (RLXAP) 200x95 200x200 200x95 200x200
Acquisition matrix
(REX AP) 66x32 300%256 66x32 212x192
# of slices 31-34 31-34 32 32
Slice thickness (gap) 3(0) 3(0) 3(0) 3(0)
Recon voxel
(RL*APxHF) 1.56x1.56x3.00 0.39x0.39%x3.00 1.56x1.56x3.00 0.78%0.78%3.00
PE direction AP AP AP RL
# of averages NA 1 NA 3
b-values 0 (2), 50 (6), 250 (6), 0 (2), 50 (6), 250 (6),
(# of directions) 800 (6), 2000 (12), NA 800 (6), 2000 (12), NA

3000 (12) 3000 (12)

BW (RL) 3906.25 162.773 3906.25 244.141
Fat suppression fatsat no fatsat no
Gating/triggering free breathing free breathing free breathing free breathing
Refocusing pulse single NA single NA

) GE Healthcare, Waukesha, WI, USA

2 Upon clinical indication

3 Lubricant (Site 1) or ultrasound gel (Site 2) for improved evaluation of the cervix

4 MRI conducted as part of a whole-body PET/MRI examination (ranging from skull base to proximal femur)

%) Buscopan (20 mg/ml) or Glucagon (1 mg/ml) for reduction of artifacts related to gut mobility. Fasting prior to administration.
Abbreviations: TR, repetition time; TE, echo time; FOV, field-of-view; RL, right-left; AP, anterior-posterior; HF = head-feet; FDG, '*F-
fluorodeoxyglucose; PE, phase encoding; NA, not applicable. Units: TR, TE [ms]; flip angle, [°]; slice thickness [mm]; FOV [mm?]; voxel
size [mm?]; b-values [s/mm?], BW [Hz/voxel].
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Fig. 1. Examples demonstrating the effect of Jacobian-based proton density (PD) correction in two volunteers,
by comparison of bo.fwa and bo,vs images before and after PD correction following Topup geometric distortion
correction. (Top row) T>-FSE with main structures of importance indicated (arrows). (Mid row) bo,fwd images.
(Bottom row) bo,vs images. The PD correction causes adjustments of borders and a false appearance of adequate
anatomical alignment between bo fwd and bo.vs (red circles).
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Fig. 2. Plots showing the performance of RPG and Topup by means of the change in distance between border
voxels of tumour/cervix segmentations after distortion correction (Adistance). The Adistance measured
between segmentations in (A) bo,fwd and bo,rvs, and (B), bo.fwda and T2-FSE. The Adistance after Topup distortion
correction as a function of initial distance in non-corrected (NC) images, with Adistance measured between
segmentations in (C) bo,twd and borvs, and (D), bo,fwd and T2-FSE.
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Fig. 3. Examples showing the RPG and Topup distortion correction performance by comparison of
segmentations in bo,fwd (red), bo,vs (blue) and T2-FSE (green), between non-corrected (NC) and corrected
images. Segmentations are overlaid on the T>-FSE. A subtle but generally improved correspondence between
segmentations is observed after Topup. The method assumes an anatomical location of T>-FSE in-between
those of bo,rvs and bo,fwd, Which is not always correct due to e.g., motion between the two acquisitions.



Case 7 (cervix)
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Fig. 4. Example of Topup distortion correction failure with larger distortions in corrected compared to non-

corrected (NC) images. The correspondence between cervix segmentations in bo,fwd (red), bo,vs (blue) and Ta-
FSE (green) (all overlaid on the T>-FSE image) is decreased after Topup. The distortion correction failure is
also visible in the bo fwd and bo,vs pairs, where the cervix border and the distance in PE direction between the
borders are indicated (arrows and lines, respectively).
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