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A B S T R A C T

Background and purpose: Quantitative Diffusion Weighted Imaging (DWI) has potential value in guiding head and neck (HN) cancer radiotherapy. However, clinical 
translation has been hindered by severe distortions in standard single-shot Echo-Planar-Imaging (ssEPI) and prolonged scan time and low SNR in Turbo-Spin-Echo 
(ssTSE) sequences. In this study, we evaluate “multi-shot” (ms) msEPI and msTSE acquisitions in the context of HN radiotherapy.
Materials and methods: ssEPI, ssTSE, msEPI with 2 and 3 shots (2sEPI, 3sEPI), and msTSE DWI were acquired in a phantom, healthy volunteers (N=10), and patients 
with HN cancer (N=5) on a 3-Tesla wide-bore MRI in radiotherapy simulation RF coil setup, with matched spatial resolution (2x2x5mm) and b = 0, 200, 800 s/mm2.
Geometric distortions measured with deformable vector field (DVF) and contour analysis, apparent diffusion coefficient (ADC) values, and signal-to-noise-ratio 
efficiency (SNReff) were quantified for all scans.
Results: All techniques significantly (P<1x10-3) reduced distortions compared with ssEPI (DVFmean = 3.1 ± 1.3 mm). Distortions were marginally lower for msTSE 
(DVFmean = 1.5 ± 0.6 mm) than ssTSE (1.8 ± 0.9 mm), but were slightly higher with 2sEPI and 3sEPI (2.6 ± 1.0 mm, 2.2 ± 1.0 mm). SNReff reduced with decreasing 
distortion with ssEPI=21.9 ± 7.9, 2sEPI=15.1 ± 5.0, 3sEPI=12.1 ± 4.5, ssTSE=6.0 ± 1.6, and msTSE=5.7 ± 1.9 for b = 0 images. Phantom ADC values were 
consistent across all protocols (errors ≤ 0.03x10-3mm2/s), but in vivo ADC values were ~ 4 % lower with msEPI and ~ 12 % lower with ssTSE/msTSE compared with 
ssEPI.
Conclusions: msEPI and TSE acquisitions exhibited improved geometric distortion at the cost of SNReff and scan time. While msTSE exhibited the least distortion, 
3sEPI may offer an appealing middle-ground with improved geometric fidelity but superior efficiency and in vivo ADC quantification.

1. Introduction

Diffusion Weighted Imaging (DWI) is a quantitative Magnetic 
Resonance Imaging (MRI) technique that can non-invasively charac
terize head and neck (HN) cancer by measuring the Brownian motion of 
water. Elevated cell densities within tumors and nodal metastases cause 
diffusion to become increasingly restricted and this can be captured by 
diffusion sensitizing gradients [1]. Quantitative parameters derived 
from DWI such as the apparent diffusion coefficient (ADC) are mean
ingful surrogates for tumor cellularity [2], making it a natural candidate 
for guiding personalized radiotherapy strategies. Numerous applications 
have been proposed, including treatment response prediction [3–5] and 
monitoring [6–9], nodal metastasis identification [10,11], and local 
dose escalation guidance [12].

Despite this promise, current DWI acquisitions have limitations that 

hinder use in radiotherapy planning. The main challenge is that con
ventional single-shot echo planar imaging (ssEPI) readouts are prone to 
substantial image distortions. ssEPI is efficient because it captures all of 
2D k-space in one “shot”, but this leads to error propagation near 
magnetic field inhomogeneities, resulting in distortions. Distortions can 
exceed 1 cm in magnitude in the HN [13], which is not acceptable for 
use in radiotherapy planning [14].

Alternative techniques are needed to enable widespread use of DWI 
in radiotherapy applications. One available option is single-shot turbo- 
spin-echo (ssTSE) DWI [15,16], which largely eliminates distortions 
with repeated refocusing pulses during readout. A challenge in TSE- 
based DWI is that strong diffusion encoding gradients can violate the 
Carr Purcell Meiboom Gill (CPMG) conditions, making echo trains un
stable in the presence of motion. This can be mitigated by removing non- 
CPMG signal components [15] or by Split Acquisition of Spin Echo and 
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Stimulated Echo (SPLICE) [16], which maintains comparatively higher 
signal-to-noise-ratios (SNR). Unfortunately, TSE still results in substan
tially lower SNR and longer scan times than ssEPI, as well as image 
blurring from T2 decay during lengthy readouts. These challenges limit 
achievable spatial resolutions, maximum diffusion encoding factors (b- 
values), and image quality. These limitations are further exacerbated in 
radiotherapy applications due to limitations in coil selection to accom
modate patient immobilization [17] and limited hardware capabilities 
on hybrid MRI-linear accelerator systems [18,19].

Another approach for reduced-distortion DWI is a “multi-shot” 
readout which breaks up acquisitions into multiple, shorter blocks that 
are individually less susceptible to distortions or blurring. Multi-shot 
strategies have been applied to both EPI and TSE acquisitions through 
msEPI [20,21] and msTSE approaches such as non-Cartesian Periodi
cally Rotated Overlapping ParallEL Lines with Enhanced Reconstruction 
(PROPELLER) [22,23]. These approaches can alleviate distortions 
without the limitations of ssTSE, but with additional tradeoffs. msEPI 
maintains the SNR advantages of ssEPI and can therefore facilitate low- 
distortion imaging with the potential for high spatial resolutions. msEPI 
can also reduce blurring compared with ssEPI by shortening readouts 
(and reducing T2* decay). However, this approach increases motion 
sensitivity due to inter-shot phase discrepancies resulting from strong 
diffusion encoding gradients and must be carefully corrected [20,24]. 
Furthermore, msEPI may not sufficiently remove distortions for radio
therapy applications, particularly if only a small number of shots is used. 
More shots can be used to further reduce distortions, but at the cost of 
longer scans. Similarly, PROPELLER can reduce blurring and facilitate 
higher SNR than ssTSE while maintaining low levels of distortion, but 
with prolonged scan times.

It is evident that msEPI and PROPELLER acquisitions have potential 
to improve the utility of DWI for HN radiotherapy, but they have not 

previously been benchmarked for this application. The purpose of this 
study is to quantify relevant tradeoffs between techniques including 
distortions, SNR, scan efficiency, and ADC quantification to identify an 
optimal strategy for HN radiotherapy. Each of these characteristics was 
assessed in phantom and in-vivo studies.

2. Methods

2.1. Protocol design

All imaging was performed on a 3.0 Tesla wide-bore Philips Ingenia 
Elition scanner (Philips Healthcare, Amsterdam, Netherlands, software 
version R5.7.1.2). Five DWI protocols were developed: 1) ssEPI; 2) 
msEPI with 2 shots (2sEPI); 3) msEPI with 3 shots (3sEPI); 4) ssTSE using 
SPLICE; and 5) msTSE with SPLICE PROPELLER. Acquisition details for 
each protocol are shown in Table 1. msEPI acquisitions used interleaved 
shot segmentation along the phase-encode direction with navigator- 
based inter-shot phase correction. All scans were axial and had three 
orthogonal diffusion-encoding directions. 5 signal averages were ac
quired for all scans except for PROPELLER, which used 3 averages to 
maintain reasonable scan times while also accounting for some inherent 
signal averaging due to oversampling of central k-space in the PRO
PELLER sequence. Averaging was performed on magnitude images, 
which were independently exported from the scanner. Repetition time 
(TR) was matched between EPI protocols, but echo times (TE) were 
individually minimized (TE range = 50–56 ms). Fat-suppression was 
applied in all protocols, but for in-vivo EPI acquisitions, saturation bands 
were additionally used to suppress the residual fat signal from the 
anterior and/or posterior neck. Signal averages were acquired equiva
lently for all b-values to accommodate quantitative SNR analysis, but in 
practice more signal averages would only be needed at higher b-values 
with only minimal averaging for low/zero b-values.

A T2-weighted, fat-suppressed sequence was also utilized to provide 
a geometric reference scan for assessing anatomical distortions in DWI. 
This protocol consisted of a 2D multislice, Cartesian multi-shot TSE 
acquisition with 2D distortion correction, a 272x272mm in-plane field 
of view, 1x1x3mm voxel size, bandwidth = 179 Hz, enough slices to 
cover the anatomy of interest (or phantom), and TR/TE=5465 ms/71 
ms.

2.2. Phantom imaging

All protocols were acquired in a quantitative imaging biomarkers 
alliance (QIBA) diffusion MRI phantom [25] consisting of 13 cylindrical 
vials with varying concentrations of polyvinylpyrrolidone and known 
ADC values. The phantom was prepared in an ice bath according to 
manufacturer specifications to ensure an internal temperature of 0 ◦C. 
The phantom was immobilized in a standard HN coil for imaging. The 
entire scan session was repeated three times (1–2 months between 
scans) to assess measurement repeatability.

2.3. Volunteer imaging

Healthy volunteers (N=10) were enrolled in an IRB-approved study 
after informed consent. Subjects were imaged head-first supine with a 
foam headrest in place to maintain a comfortable neck flexion. A two- 
piece Flex-L surface loop coil (1 channel per piece) was placed on 
either side of the neck, and a flexible 16-element anterior body coil was 
placed atop an adjustable coil bridge elevated above the entire anatomy. 
The built-in 12-channel posterior coil was also used, resulting in 30 
available coil channels. This setup mimicked radiotherapy simulation 
which uses an immobilization mask that is incompatible with a con
ventional HN coil.

Table 1 
Acquisition parameters used for each DWI protocol. TE=echo time, TR=repe
tition time. NSA=number of signal averages. SENSE=Sensitivity Encoding. 
SPAIR=Spectral Attenuated Inversion Recovery, SPIR=Spectral Presaturation 
with Inversion Recovery. MultiVane % controls the number of rotating PRO
PELLER blades wherein a value of 100 % results in a scan with acquisition time 
equivalent to a corresponding cartesian scan. *TE values reported for ssTSE and 
PROPELLER refer to the effective TE which describes the timing of the central k- 
space echo. Additional TSE parameters for both protocols are (ssTSE/PROPEL
LER): TSE echo spacing = 9.4/7.0 ms, shot duration = 322/132 ms. Note that the 
reported scan times reflect a consistent number of averages for all b-values, 
while in practice one would typically acquire more signal averages at higher b- 
values and fewer for low or zero b-values which can substantially reduce scan 
times for all DWI techniques.

ssEPI 2sEPI 3sEPI ssTSE PROPELLER

Resolution [mm] 2.0 x 2.0 x 5.0
FOV [mm] 220 x 220
Phase encode 

direction
Anterior/Posterior Radial

Slices 20 20 20 20 20
TE/TR [ms] 56/ 

3333
52/ 
3333

50/ 
3333

100*/ 
8383

80*/2080

Parallel Imaging 
Factor (SENSE)

3 3 3 2.5 2.5

Fat suppression SPAIR SPAIR SPAIR SPIR SPAIR
b-values [s/mm2] 0, 200, 800
NSA 5 5 5 5 3
EPI Shots 1 2 3 − −

Echo train length 43 21 15 44 12
Bandwidth [Hz] 32.8 65.7 92.9 555.2 395.8
EPI frequency encode 

Bandwidth [Hz/]
1976.5 2586.6 2584.3 − −

MultiVane % − − − − 250 %
Scan Time as- 

acquired [min:sec]
2:20 4:33 6:47 6:17 13:23

Scan time per average 
[min:sec]

0:28 0:55 1:21 1:15 4:28
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2.4. Patient imaging

Patients with human papillomavirus-associated (HPV+) oropharyn
geal cancer (OPC) (N=5) undergoing radiotherapy treatment planning 
were imaged after informed consent for research scans. To maintain 
reasonable scan times, only ssEPI, 3sEPI, and PROPELLER (Table 1) 
were acquired in patients.

2.5. Distortion analysis

Distortion was quantified for each DWI acquisition compared to T2 
reference scan using both contour analysis and deformable image 
registration:

2.5.1. Contour analysis
Several structures were first delineated on T2 scans by two experi

enced medical physicists (EA, VY) using MIM software (MIM, Cleveland, 
Ohio). In phantom scans, the 13 cylindrical phantom vials were manu
ally contoured. In humans, the parotid glands, submandibular glands, 
mandible, oral cavity, spinal cord, and gross tumor volume (GTV, pa
tients only) including primary tumor (GTVp) and nodal metastases 
(GTVn) were contoured. GTV contours were drawn by treating radiation 
oncologist on a planning CT and propagated to MRI by the medical 
physicists.

Structures were then propagated from T2 to b = 0 reference DWI 
scans and adjusted manually. Agreement between structures as defined 
on T2 and DWI were then quantified using the Dice coefficient (i.e., the 
fractional overlap between structures) and the mean / 95th percentile 
Hausdorff distance (i.e., the mean / 95th percentile distance between 
structure boundaries, HDmean / HD95).

2.5.2. Registration analysis
Each DWI b = 0 scan was deformably registered to the T2 scan using 

a b-spline mutual-information algorithm (Elastix[26]). Displacement 
vector field (DVF) maps were extracted from deformable registrations to 
describe local distortions. Mean and 95th percentile displacement 
magnitudes (DVFmean, DVF95) were computed within each delineated 
structure.

2.6. SNR analysis

SNR maps were generated for each DWI acquisition and b-value by 

computing the mean (μ) and standard deviation (σ) image intensity 
across individual averages at each voxel (SNR=μ/σ at each voxel). Mean 
SNR values were computed for each technique and structure and 
compared between acquisitions. SNR efficiency (SNReff) was then 
computed by normalizing against scan time for each technique (SNReff 
= SNR/T1/2 where T=scan time for one average).

2.7. ADC analysis

ADC maps were generated from each DWI acquisition using mono- 
exponential fitting to all acquired b-values (Sb = S0e-bADC, where Sb =

signal with b-value = b, S0 = signal with b = 0).
Mean phantom ADC values were computed in the central 3 slices of 

each vial, and ADC values from each DWI method were compared 
against known values via percentage ADC differences within each vial. 
ADC repeatability was assessed using the repeated acquisitions by 
computing the interscan correlation coefficient and within-subject co
efficient of variation (wCV=standard deviation across repetitions / 
mean across repetitions) of ADC values in each vial[27]. wCV were 
compared between each technique and ssEPI (across all vials).

For in-vivo scans, mean ADC values were computed within each 
delineated structure and compared between acquisitions.

2.8. Statistical analysis

Most statistical comparisons were performed using one-way analysis 
of variance (ANOVA) across DWI acquisitions. However, when statisti
cally significant differences were observed with ANOVA (P<0.05), 
comparisons were performed between individual techniques using 
paired t-tests to identify the sources of variation. Bonferroni corrections 
were applied to pairwise tests to account for multiple comparisons.

3. Results

3.1. Phantom imaging

Phantom images are shown in Fig. 1. Localized distortions were 
clearly visible in the ssEPI acquisition but were visibly improved with 
2sEPI, further improved with 3sEPI, and virtually eliminated with ssTSE 
and PROPELLER. This was also observed in quantitative distortion re
sults (Supplementary Table S1), wherein all measures of distortion from 
3sEPI, ssTSE, and PROPELLER were significantly lower than ssEPI 

Fig. 1. Diffusion Phantom images acquired with each protocol (shown for b = 0) as well as a non-DWI T2-weighted (T2w) turbo spin echo sequence. Localized 
distortions were clearly visible with the ssEPI scan (likely near an inadvertent air pocket), which were reduced considerably with 2sEPI, further with 3sEPI, and 
effectively eliminated with ssTSE and PROPELLER.
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(2sEPI showed significantly less distortion than ssEPI in all metrics 
except for DVFmean). DVFmean and HDmean were < 1 mm for all methods 
besides ssEPI and 2sEPI and both DVF95 and HD95 (indicators of “worst- 
case” distortions) were < 2 mm for all methods besides ssEPI.

All methods quantified phantom ADC accurately with biases ≤
0.03x10-3mm2/s. Slightly (but statistically significant) lower biases 

were observed for 2sEPI and 3sEPI vs. ssEPI (bias = -0.01 ± 0.06 and 
− 0.02 ± 0.07x10-3mm2/s, respectively). ADC repeatability was < 3 % 
for all methods, and interscan correlation coefficients were all > 0.99, 
but the best repeatability was observed for ssTSE and PROPELLER 
(wCV=0.5 % and 0.8 %, respectively vs. 2.6 %, 1.4 %, 2.7 % for ssEPI, 
2sEPI, 3sEPI, respectively).

Fig. 2. Images acquired with each DWI protocol are shown in comparison with a non-DWI T2-weighted (T2w) sequence for b = 0 (A) and b = 800 s/mm2 (B). 
Displacement vector field (DVF) maps computed from a deformable registration between each DWI scan and the T2w reference are also overlaid (C). All DWI are 
displayed with all averages included (number of signal averages = 3 for PROPELLER, 5 for all others). Distortions were clearly visible in the nasal cavity and inferior 
spinal cord for ssEPI which were reduced in 2sEPI, further reduced in 3sEPI, and largely eliminated with ssTSE and PROPELLER.

Fig. 3. Summary of results from volunteer image distortion (A, B, C), ADC mapping (D), and SNR / SNR efficiency (SNReff = SNR divided by the square root of scan 
time) analysis based on b = 0 images (E, F). Boxplots indicate the median (red center line), lower and upper quartiles (blue box) and range (black whiskers and/or red 
plus signs where outliers were present).
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3.2. Volunteer imaging

Images and DVF maps from a healthy volunteer are shown in Fig. 2. 
For ssEPI, distortions and elevated DVF magnitudes were visible in the 
nasal cavity and inferior spinal cord. Distortions were reduced with 
2sEPI, and further removed with 3sEPI, ssTSE, and PROPELLER.

When computed across all volunteers, significant differences in Dice 
coefficient and DVF magnitude were observed between sequences 
(Fig. 3, Supplementary Table S2). Across all structures, average Dice 
coefficients were: ssEPI=0.79 ± 0.11, 2sEPI=0.85 ± 0.08, 3sEPI=0.86 
± 0.07, ssTSE=0.88 ± 0.05, PROPELLER=0.90 ± 0.04, and mean dis
placements were: ssEPI=3.06 ± 1.25 mm, 2sEPI=2.62 ± 0.99 mm, 
3sEPI=2.21 ± 0.98 mm, ssTSE=1.78 ± 0.94 mm, PROPELLER=1.49 ±
0.63 mm. Compared with ssEPI, all methods showed significantly higher 
Dice coefficients (P<1x10-3) and significantly lower DVFmean (P<1x10- 

3). PROPELLER exhibited the lowest distortions of all methods in terms 
of both structure agreement and DVF magnitude. Results for individual 
structures are reported in Supplementary Fig. S1.

ADC and SNR measurements from all volunteers and structures are 
shown in Fig. 3D-F. Small (but significant, P<1x10-3) decreases in ADC 
were observed for 2sEPI (ADCmean = 1.20 ± 0.19x10-3 mm2/s) and 
3sEPI (ADCmean = 1.20 ± 0.21x10-3 mm2/s) compared with ssEPI 
(ADCmean = 1.25 ± 0.19x10-3 mm2/s). Larger ADC decreases were 
observed for ssTSE (ADCmean = 1.06 ± 0.23x10-3 mm2/s) and PRO
PELLER (ADCmean = 1.07 ± 0.24x10-3 mm2/s). SNReff for b = 0 was 
highest for ssEPI (21.9 ± 7.9), decreased significantly (P<1x10-3) with 
2sEPI (15.1 ± 5.0) and 3sEPI (12.1 ± 4.5), and was lowest with ssTSE 
(6.0 ± 1.6), and PROPELLER (5.7 ± 1.91). SNReff values from b = 200 
and 800 s/mm2 images are plotted in Supplementary Fig. S2.

3.3. Patient imaging

Fig. 4 shows images and ADC maps from a patient with HPV+OPC. 
Distortions near the primary tumor (near the airway) were apparent 
with ssEPI but were not seen for 3sEPI or PROPELLER. ADC maps 
appeared similar between ssEPI and 3sEPI, but lower ADC values were 
observed for PROPELLER, particularly in posterior neck muscle.

Summary statistics for patient GTV are shown in Fig. 5 and Supple
mentary Table S3. As in volunteer studies, 3sEPI and PROPELLER 
demonstrated lower distortions than ssEPI in Dice and DVF analyses. 
While many of the differences were not statistically significant, the 
trends were consistent with volunteer data, and the lack of statistical 
significance likely stems from the small sample size of the patient study 
(N=5). ADC values did not differ significantly in GTVp or GTVn between 
ssEPI and 3sEPI but were significantly lower in GTVp with PROPELLER 
(P=0.02).

In one patient, 3sEPI scans with b > 0 exhibited visible ghosting that 
was not present in ssEPI or PROPELLER scans (Supplementary Fig. S3). 
Because this artifact was also not visible in the 3sEPI b = 0 scan, this was 

Fig. 4. Example images acquired in a patient with human papilloma virus 
associated (HPV+) oropharyngeal cancer with (A) CT, T2-weighted (T2w) MRI, 
and DWI b = 0 images with single-shot EPI (ssEPI), multi-shot EPI with 3 shots 
(3sEPI), and Periodically Rotated Overlapping ParallEL Lines with Enhanced 
Reconstruction (PROPELLER), (B) corresponding b = 800 s/mm2 DWI, and (C) 
apparent diffusion coefficient (ADC) maps reconstruced from each DWI tech
nique. All DWI are displayed with all averages included (number of signal av
erages = 3 for PROPELLER, 5 for all others). Radiotherapy treatment planning 
is based primarily on CT imaging, but the soft-tissue contrast of MRI improves 
anatomic visualization including gross tumor (e.g., primary tumor – orange 
outline, nodal disease – red outline). ADC mapping with DWI can depict further 
tumor detail due to reduced diffusivity in high cell-density areas, but with 
conventional ssEPI substantial distortions (red arrow) make it unsuitable for 
direct use in planning. Distortions were largely eliminated with 3sEPI and 
PROPELLER. 3sEPI also maintained similar ADC mapping to 3sEPI, but PRO
PELLER showed significantly lower ADC values, particularly outside the tumor 
in regions of muscle.

Fig. 5. Summary of results from patient gross tumor volumes (GTV) including image distortion (A, B) and ADC mapping (C) analysis based on b = 0 images. Boxplots 
indicate the median (red center line), lower and upper quartiles (blue box) and range (black whiskers and/or red plus signs where outliers were present). Data from 
both nodal and primary GTV are included in all plots.
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likely caused by motion during diffusion encoding that was not fully 
corrected by the phase-navigator during multi-shot reconstruction.

4. Discussion

Applications of MRI in radiotherapy treatment planning require 
stricter geometric accuracy than diagnostic applcations. Treatment 
planning images guide the delineation of tumors and normal tissues 
which determine the spatial dose distribution delivered to patients. As a 
result, distorted planning images can lead to geographic target misses, 
which may compromise tumor control and increase doses to normal 
tissues. With these factors in mind, AAPM Task Group 284, which 
addressed the use of MRI in radiotherapy simulation, noted that geo
metric distortions should be minimized with a recommended tolerance 
of ≤ 2 mm[14]. Our results (and findings of others[13]) indicate that 
ssEPI DWI distortions can exceed this tolerance in HN and is therefore 
not suitable for direct use in treatment planning. In agreement with prior 
studies[17], we found that ssTSE dramatically reduced distortion 
compared with ssEPI. However, compared with EPI sequences, sub
stantial SNR reduction were observed with ssTSE despite 3-fold scan 
time increases, leading to biased ADC values in vivo.

3sEPI strikes a good balance for radiotherapy applications by alle
viating distortions while maintaining similar SNR and in vivo ADC values 
to ssEPI. 3sEPI yielded average distortions ~ 2 mm in-vivo and < 2 mm 
in phantom while maintaining substantially higher SNR efficiency than 
ssTSE or PROPELLER. This indicates that higher spatial resolutions and/ 
or higher b-values may be feasible. With msEPI, the number of shots is 
directly proportional to scan time and inversely correlated with distor
tions due to higher bandwidths enabled by shortened readouts (Table 1). 
Further bandwidth increases and distortion reductions are likely feasible 
with > 3 shots, but this must be balanced against clinically acceptable 
scan times. When moving to very high spatial resolutions and/or 
numbers of shots, msEPI may permit significantly shorter TEs than ssEPI, 
which could offset the scan time increases by allowing reductions in 
signal averages.

One key limitation of msEPI is the potential for increased motion 
sensivitiy due to inter-shot phase inconsistencies from motion. Our ac
quisitions used phase-navigators[20,24] to correct for this, but these 
may not be fully effective for complex motion[28]. This may explain the 
ghosting artifacts observed in one patient for 3sEPI near swallowing 
structures with b = 200 and 800 s/mm2 (Supplementary Fig. S2), though 
similar artifacts were not observed elsewhere in this study. Improved 
motion robustness in msEPI may also be achieved using motion 
compensated diffusion encoding[28,29] or careful rejection of corrup
ted data[20,30].

PROPELLER DWI demonstrated very low levels of distortion, com
parable to ssTSE, while improving absolute SNR, with unchanged SNReff 
(Fig. 3). PROPELLER has several advantages compared with ssTSE that 
are beneficial for radiotherapy. First, PROPELLER has inherent motion 
robustness due to non-Cartesian oversampling of central k-space which 
may be important for the longer scan times required with any TSE-based 
acquisition. Second, PROPELLER acquisitions permit higher spatial 
resolutions than ssTSE without excessively long individual readouts (less 
blurring). However, the negative in vivo ADC bias observed for both 
ssTSE and PROPELLER indicate that noise-floor effects may be affecting 
high b-value images [31] and suggests that higher spatial resolutions 
and/or b-values may be difficult to achieve with either technique. While 
future innovations in hardware and/or reconstruction could improve 
SNReff and make PROPELLER/ssTSE more practical, msEPI appears to be 
a well-balanced solution given current technology.

Other studies demonstrated reduced distortion in HN DWI with 
msEPI[32–36], ssTSE[17,32,37–42], and PROPELLER[32,34] acquisi
tions. A few studies also performed similar intercomparisons between 
msEPI, ssTSE, and/or PROPELLER scans[32,34,43,44], which agreed 
with our finding that TSE-based acquisitions result in comparatively less 
distortion than msEPI. However, these studies relied on qualitative 

distortion comparisons[33,38,39,42,43], inter-image correlations[36], 
2-dimensional distortion measurements[34,35,40,41,44], or phantom- 
based distortion measurements[32,37]. While these methods are suffi
cient for comparing techniques, validating these techniques for radio
therapy requires knowledge of local and 3-dimensional distortions in 
vivo. To our knowledge, only Schakel et al. reported on 3-dimensional in- 
vivo distortions for ssEPI and ssTSE[13,17] by computing expected voxel 
shifts based on B0 maps. For ssEPI, the reported median displacements 
(3.2 mm in GTVs) were in agreement with our findings (3.0/3.1 mm in 
GTVn/GTVp, respectively). We believe that our image-based distortion 
quantification improved upon this analysis by incorporating additional 
complexities that manifest in real images but are not captured in B0 field 
analysis such as eddy currents and gradient nonlinearities.

There are some limitations in our study. First, ADC repeatability 
analysis was only assessed in phantom. Future studies will focus on 
quantifying repeatability for these alternative techniques, as has been 
done previously for similar sequences[32,45]. Second, much of our 
distortion analysis was based on deformable image registration between 
DWI and T2-weighted MRI scans. Deformable registration carries un
certainties and it is possible that our results would have varied with a 
different algorithm. However, we found very similar distortion trends 
using contour analysis which were entirely independent from deform
able registrations. Furthermore, it is possible that the T2-weighted 
reference scan had some distortions, although no visible evidence of 
distortions was observed in comparison with CT in patient scans 
(Supplementary Fig. S4). Lastly, this analysis focused on 3.0 T imaging 
and the tradeoffs are likely different for lower field strengths, where 
distortions are less severe and SNR is lower. Both factors may improve 
the viability of ssEPI and make TSE-based acquisitions more challenging 
at 1.5 T.

In conclusion, DWI acquisitions with 3-shot EPI appear promising for 
HN radiotherapy planning. Significant distortion reductions were 
observed compared with ssEPI, but with superior SNR efficiency and in 
vivo ADC quantification to ssTSE and PROPELLER.
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