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Fig. 2 Synthetic test data. Example image quality from the synthetic test data in three patients. Left: Original high-resolution WH-bSSFP data,
Middle: Simulated low-resolution WH-bSSFP data, Right: Resulting super-resolved data

At higher resolutions, the network created artificially
sharp edges in the resultant images (Additional file 4
shows a table of the results).

In-vivo study

High-resolution and low-resolution WH-bSSFP data
were successfully acquired in all 40 patients. Total acqui-
sition time for high resolution WH data (488 +£138s,
range: 200 to 889s) was significantly (p<0.05) higher
than the low resolution-WH data (173 +54 s, range: 66
to 3025s). The average speed-up in acquisition time was
x2.9+0.8 (range: 1.5 to 5.4).

SSR was successfully applied to all low-resolution
WH-bSSFP data sets. The network took ~0.7s to per-
form super-resolution per volume (on a Titan XP
GPU with 12Gb memory). Representative images are
shown in Figs. 4 and 5. It can be seen that image
sharpness is improved between the low-resolution
data and the super-resolution reconstruction. This is
particularly evident in small vessels, such as the cor-
onary arteries (Fig. 5).

Quantitative vessel diameter measurements

Vessel diameters measured from high-, low- and
super-resolution data are shown in Table 2. Figure 6
shows the Bland-Altman plots for all great vessels
combined, as well as the Bland-Altman plot for
the LCA. The Bland-Altman plots for the individual
great vessels shown in Additional file 5. A small but
significant overestimation was found in the AAo,
DAo, RPA diameters using the low-resolution data
compared to the high-resolution data, and a trend for
overestimation in the MPA diameter. The proximal
left coronary artery diameter measurements also
showed a significant overestimation using the low-
resolution data compared to the high-resolution data,
of 0.3mm representing ~8% overestimation. There
were no significant differences between the high-
resolution and super-resolution data in the great ves-
sels. However, in the proximal LCA a small but sig-
nificant underestimation of vessel diameter was seen
in the super-resolved data compared to the high-
resolution data (of — 0.1 mm, ~3%).
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Fig. 3 Generalisability tests. Results from the generalisability tests performed on 25 synthetic test data sets. Agreement of super-resolved images
with the reference high-resolution WH-bSSFP images at different amounts of down-sampling of the input data; a SSIM, b MSE. ¢ Example low-
resolution images at different amounts of down-sampling (input to network), the super-resolved results from the network, and the error maps
comparing the super-resolved images to the truth images. See Additional file 4 for full results

The inter-observer and intra-observer ICC’s are shown
in Table 3. The largely overlapping confidence intervals
demonstrated that there were no significant differences
in inter-observer and intra-observer variability between
any of the techniques in any of the vessels.

Diagnostic accuracy and confidence

The sensitivities and specificities for detection of any le-
sion were similar in the high resolution -WH (sensitivity:
0.74, CI: 0.63 to 0.83, specificity: 0.94, Cl: 0.91 to 0.96),
low resolution WH (sensitivity: 0.71, CI: 0.61 to 0.81,
specificity: 0.86, CI: 0.83 to 0.90) and super resolution -
WH (sensitivity: 0.73, Cl: 0.62 to 0.82, specificity: 0.91,

Cl: 0.88 to 0.94), with largely overlapping confidence in-
tervals. This was also true for each individual lesion (see
Additional file 6). In addition, there was no significant
difference the detection of lesions between observers
(kappa=0.15 / 0.09 / 0.13 for HR- WH, LR- WH and
SR respectively, p>0.05). See Additional file 6 for indi-
vidual lesions.

The highest confidence was found with high reso-
lution WH (1.84+0.44), followed by super reso-
lution WH (1.74 £ 0.56) andlow resolution WH (1.59 +
0.66). The difference between high resolution WH and
super resolutionWH was not significant (p =0.2), how-
ever there was a significant difference between the high
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Fig. 4 Example images of vessels from the prospective study.
Representative image quality from the prospective study. Multi-
planar reformats of the ascending aorta (AAo), descending aorta
(DA0), main pulmonary artery (MPA), right pulmonary artery (RPA),
and left pulmonary artery (LPA), from the high-resolution and low-
resolution acquisitions, as well as the super-resolved result

resolution WH and low resolution WH data (p=1.1 %
10~ %) and between super resolution WH and low reso-
lution WH (p = 0.002).

Image quality

Quantitative and qualitative image quality results can be
seen in Table 4. Qualitatively, the low-resolution data
was found to have significantly lower sharpness of vessel
boarders and more image distortion than the high-
resolution data, with no significant difference in residual
artefacts. After super-resolution reconstruction, there
were no significant differences in terms of qualitative
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image quality with the high-resolution data. However, a
significant improvement was seen in terms of sharpness
of vessel boarders and image distortion compared to the
low-resolution data.

Quantitative analysis showed that the edge sharpness of
the low-resolution data was significantly worse than the
high-resolution. After super-resolution, the edge sharp-
ness was significantly better than either the low-resolution
or high-resolution data. The eSNR of the low-resolution
data was significantly higher than the high-resolution data.
After super-resolution, the eSNR improved again, to be-
come significantly higher than either the low-resolution or
high-resolution data. The eCNR of the three techniques
was similar, however the high-resolution technique was
found to have be significantly lower than the low-
resolution or super-resolution images.

Discussion

The main findings of this study were: i) It is possible
to train a 3D residual U-Net to perform single vol-
ume SRR on synthetically down-sampled WH-bSSFP
data, ii) The accuracy of the network is dependent on
the input resolution matching that of the training
data, iii) SRR of clinically acquired actual low-
resolution WH-bSSFP data was successful using the
residual U-Net trained using synthetic data, iv) Super-
resolution data had better image quality than acquired
low resolution data and was comparable to reference
standard high-resolution data, v) Vessel diameter
measurements made using super-resolved data were
not significantly different from reference high-
resolution data in the great vessels, but a small
underestimation was seen in the coronaries.

Super-resolution reconstruction

The main benefit of SRR is that it can be applied as a
post-processing step and therefore, requires no significant
sequence modifications. However, conventional SRR are
often computationally intensive and fail to properly re-
cover high resolution features [21, 22]. Recently, deep
learning has been used to overcome these problems for a
range of imaging problems including brain and body MRI
[23, 24]. In this study, we have developed a deep learning
framework for super-resolution of 3D WH-bSSFP data.
This was done to speed up acquisition of this time-
consuming element of many congenital heart disease
CMR protocols.

The main requirement for deep learning is paired input
and output data that can be used to train the network.
Often this must be prospectively acquired, restricting the
ability to quickly develop deep-learning platforms. How-
ever, simulating low-resolution data is relatively trivial.
Thus, synthetic training data can be easily created from
previously acquired high-resolution data, allowing rapid
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Fig. 5 Example images of the coronaries from prospective study. Representative image quality from the prospective study. Multi-planar reformats
of the coronary artery from the high-resolution and low-resolution acquisitions, as well as the super-resolved result

Table 2 Vessel diameter measurements. Vessel diameter measurements from the prospective patient study (primary observer)

Vessel n Mean Diameter + Standard deviation (mm) Bland-Altman Analysis® Bias (Limits of Agreement)
High-resolution Low-resolution Super-resolution Low-resolution Super-resolution
AAo 40 280+56 285 + 56* 280 57" 05 (—17 to 26) -01(-22t021)
DAo 40 172 +27 17.7 + 30* 17227 06 (—08to 1.9) 00(-11to12)
MPA 40 241 +37 246 37 244 +37 04 (-18to027) 02(-21to 26)
RPA 40 16.2 + 33 16.6 + 34* 163 + 347 04 (-12to 20) 01(-19to21)
LPA 40 173 +32 173 +32 170+ 29 01(-20to21) -02(-231t0 18)
All great vessels 200 206 £ 6.0 209+ 61 206 £ 6.1 04 (-15t0 23) 0.0 (-20to 20)
LCA 40 36+05 39+£07* 34 +05* 03(—07to14) -01(-09to 0.6)

AAo Ascending aorta, DAo Descending aorta, LCA Left coronary artery, LPA Left pulmonary artery, MPA Main pulmonary artery, RPA Right pulmonary artery

@ Bland Altman analysis against the high-resolution WH-bSSFP data. Bias is the mean of the paired difference with the high-resolution WH-bSSFP. Limits of
agreements are calculated as bias = 1.96xSD

*Indicates significant differences with standard high-resolution WH-bSSFP technique as assessed by ANOVA with post hoc testing using Holm correction (p < 0.05)
fIndicates significant differences with low-resolution WH-bSSFP technique as assessed by ANOVA with post hoc testing using Holm correction (p < 0.05)



