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Aims Mixed reality (MR) holograms can display high-definition images while preserving the user’s situational awareness. New MR
software can measure 3D objects with gestures and voice commands; however, these measurements have not been
validated. We aimed to assess the feasibility and accuracy of using 3D holograms for measuring the length of coronary artery
bypass grafts.

Methods An independent core lab analyzed follow-up computer tomography coronary angiograms performed 30 days after coronary
and results artery bypass grafting in 30 consecutive cases enrolled in the FASTTRACK CABG trial. Two analysts, blinded to clinical in-
formation, performed holographic reconstruction and measurements using the Carnalife Holo software (Medapp, Krakow,
Poland). Inter-observer agreement was assessed in the first 20 cases. Another analyst performed the validation measure-
ments using the CardlQ W8 CT system (GE Healthcare, Milwaukee, Wisconsin). Seventy grafts (30 left internal mammary
artery grafts, 31 saphenous vein grafts, and 9 right internal mammary artery grafts) were measured. Holographic measure-
ments were feasible in 97.1% of grafts and took 3 minutes 36 s & 50.74 s per case. There was an excellent inter-observer
agreement [interclass correlation coefficient (ICC) 0.99 (0.97-0.99)]. There was no significant difference between the total
graft length on hologram and CT [187.5 mm (157.7-211.4) vs. 183.1 mm (156.8-206.1), P = 0.50], respectively. Hologram

and CT measurements are highly correlated (r=0.97, P < 0.001) with an excellent agreement [ICC 0.98 (0.97-0.99)].

Conclusion Real-time holographic measurements are feasible, quick, and accurate even for tortuous bypass grafts. This new method-
ology can empower clinicians to visualize and measure 3D images by themselves and may provide insights for procedural
strategy.
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Structured Graphical Abstract

Key Question

Can we use mixed reality 3D holograms to visualize and measure complex cardiovascular structures such as coronary bypass grafts? Are the measurements

made on 3D holograms feasible and accurate?

Key Finding

In 30 consecutive patients of the FAST-TRACK CABG trial, 3D holographic measurement of the bypass grafts in real-time is feasible, fast, and accurate when

validated with a traditional CT system.

Take Home Message

Mixed reality 3D holograms can empower clinicians to visualize complex cardiovascular structures and make real-time measurements at high accuracy.
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Introduction

Three-dimensional (3D) imaging modalities have been indispensable in
driving the rapid development of cardiovascular interventions in the
past decade,’ however, they are limited by the 2-dimensional display of
computer screens. Numerous extended reality technologies have, there-
fore, been developed to bring 3D images into the physical world as 3D
holograms. Among them, mixed reality (MR) technology can simultan-
eously display high-definition 3D holograms while preserving the user’s
situational awareness, making it the ideal tool for pre-procedural planning
and intra-procedural visualization.” MR technologies have been imple-
mented in many clinical scenarios, such as surgery for congenital heart
disease or structural heart intervention.>* With high-precision motion
capture technology onboard state-of-the-art MR headsets, users of
MR can manipulate 3D images with gestures and voice commands with-
out breaking sterility, including making measurements of real objects or
3D holograms. The measurement of real-world objects with MR head-
sets has been tested for medical use in small experiments.> However,
measurement on 3D-rendered holograms, which can be expanded/
shrunk, rotated, and cut by the user, is a whole different difficulty level.
Thus, an additional study is warranted to assess whether mixed-reality
measurement on 3D holograms is a feasible and accurate modality.
Coronary computed tomographic angiography (CCTA) is a non-
invasive and highly sensitive modality for diagnosing coronary artery

disease (CAD) and is ideal for the assessment of graft patency after cor-
onary artery bypass graft (CABG) surgery.® Graft tension, overstretching,
kinking, or redundancy are important mechanisms for early graft failure.”
Post-CABG CCTA offers a unique window to assess graft length and tra-
jectory; however, these measurements are time-consuming and technic-
ally challenging and, thus, not routinely reported by radiologists in clinical
practice. However, for surgeons, this knowledge may help improve sur-
gical planning in the future. In this study, we aim to assess the feasibility
and accuracy of using CT-derived 3D holograms for measuring the length
of coronary artery bypass grafts.

Methods

We prospectively analyzed the 30-day post-CABG follow-up CCTA of 30
consecutive cases in the FAST-TRACK CABG trial, which is an investigator-
initiated single-arm, multicenter, prospective study aiming to prove the
feasibility and safety of planning surgical revascularization solely based on
CCTA, without knowledge of the anatomy defined by invasive coronary
angiography.® All patients in this study received post-operative CCTA scans
at 30-day follow-up using the Revolution computed tomography (CT) scan-
ners (GE Healthcare, Milwaukee, WI, USA), which have a nominal spatial
resolution of 230um along the X-Y planes, a rotational speed of 0.28s,
and a Z-plane coverage of 16 cm enabling imaging of the heart in one
heartbeat. All patients received nitrates before CCTA acquisition and
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Figure 1 Study workflow and results. Panel A shows an example of real-time measurements on holographic reconstructions with hand gestures and
voice commands. Panel B shows the study workflow. Thirty consecutive FAST TRACK CABG trial cases were analyzed using the traditional CT work-
station or 3D holograms. An example was provided in the lower panel. Panel C shows the Bland-Altman plot of the holographic graft length measure-
ment in the first 20 cases by two analysts. Panel D shows the Bland-Altman plot of the graft length measurement by hologram vs. CT system. Panel E
shows the correlation between the holographic and traditional CT system measurements.

Table 1 Graft length measurement with hologram and CT

Hologram CT system P-value® ICC
Overall 187.5 (157.7-211.4) 183.1 (156.8-206.1) 0.50 0.98 (0.97-0.99)
LIMA (n=30) 186.1+21.5 1813+ 16.6 0.42 0.92 (0.85-0.96)
GSV (n=31) 167.5+52.3 164.9 + 54.1 0.80 0.98 (0.95-0.99)
RIMA (n=9) 2552+ 672 2453 +£67.0 0.38 0.99 (0.94-1.00)

ICC =intra-class correlation coefficients, LIMA = left internal mammary artery, GSV = great saphenous vein graft, RIMA = right internal mammary artery.
?P-value of comparison between the CT and holographic measurement using the non-parametric Mann—Whitney U test or paired-sample t-test.

beta-blockers in cases of heart rates >65 bpm. Image quality was controlled
by expert reviewers using the five-point Likert scale at patient and segment
levels.

The CCTA images were transferred and analyzed by an independent core
lab (Corrib, Galway, Ireland), where they were processed using the Carnalife
Holo software (Medapp, Krakow, Poland) for hologram reconstruction and
the CardlQ W8 CT system (GE Healthcare, Milwaukee, Wisconsin) for
validation analysis. The 3D holograms were pre-processed by removing
the chest wall, rib cage, and posterior mediastinal structures with the
built-in scissor tool, which takes approximately 3 min per case. Two ana-
lysts (TT, XH) blinded to clinical information used the Carnalife Holo
software and a HoloLens 2 headset (Microsoft, Redmond, Washington,
USA) to perform real-time holographic graft length analysis with voice
command and hand gestures (Figure TA). The third analyst (S.K.), with
full access to clinical information, performed validation measurements
on the CardlQ W8 CT system following the automatically generated ves-
sel centrelines with manual adjustments (Figure 1B). Graft lengths were
measured from the subclavian artery [for internal thoracic arteries
(IMA)] or the aorta [for saphenous vein graft (SVG)] to the last anasto-
mosis to the coronary arteries. The inter-observer agreement was as-
sessed in the first 20 cases to evaluate the consistency of holographic
analysis.

Quantitative variables are reported as mean =+ standard deviation (SD) or
median and interquartile range (interquartile range, 25-75%) according to dis-
tribution. Categorical variables are expressed as numeric values and percen-
tages. The comparison between the CT and holographic measurement was
done using the non-parametric Mann—Whitney U test or paired-sample
t-test when appropriate. The Pearson correlation, intra-class correlation
coefficients (ICC), and Bland—Altman method were used to quantify the
correlation between paired graft length measurement with hologram
and CT system. A two-sided P-value < 0.05 was considered to be statistic-
ally significant. All data were processed using SPSS version 27.0 (IBM Inc,
Armonk, NY, USA) and R 4.1.1 (The R Foundation for Statistical
Computing, Vienna, Austria).

Results

A total of 70 grafts (30 left IMA grafts, 31 SVG, and 9 right IMA graft)
were analyzed (Table 7). The feasibility of graft length measurement
with Carnalife Holo and CardlQ W8 was both 97.1% (all grafts were
analyzable except for an SVG, and a right IMA graft occluded on
30-day follow-up CCTA). On average, the holographic measurement
took 3 min and 36 s+ 50.7 s per case compared to around 20 min per
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case on the CT system. There was excellent inter-observer agreement in
the length measurement of the 47 grafts of the first 20 patients using
hologram software, with median graft lengths measured by analysts
A and B of 187.5 mm (170.0-209.6) and 187.5 mm (157.7-211.4), re-
spectively [mean difference 1.4 + 9.1 mm, 95% lower limit of agreement
(LLA) —25 mm and upper limit of agreement (ULA) 22.3 mm] with an
ICC of 0.99 (0.98-0.99, Figure 1C). There was no significant difference
between the graft length measured with the hologram or CT system
187.5 mm (157.7-211.4) vs. 183.1 mm (156.8-206.1), P=0.50. There
was also no significant difference between modalities in the length
measurement across different graft types (left IMA, SVG, right IMA),
as shown in Table 1. The Bland—Altman plot showed that the mean
difference between the CT system and holographic graft length meas-
urement was 4.14+89 mm, (95% LLA —13.31 and ULA 21.59,
Figure 1D). The measurements on hologram and CT were highly cor-
related (r=0.97, P<0.001) with an excellent agreement [ICC
0.98(0.97-0.99), Figure 1E].

Discussion

In this small prospective feasibility study, we demonstrated that holo-
graphic measurements, enabled using MR technology, offer an accurate
and efficient option for evaluating complex cardiovascular structures in
real time. This enables operators to fully leverage the power of ad-
vanced imaging and reduce the time spent at the imaging workstation
after a short training session to familiarize themselves with the soft-
ware. MR measurements offer the opportunity for clinicians to make
custom measurements that are not routinely provided; the length of
bypass grafts is a perfect example of such clinician-initiated measure-
ments. The ability to freely measure the graft length would allow the
surgeons to appreciate the ‘in vivo’ length of the graft implanted and
to appreciate whether the graft material is in excess or insufficient.
This may help them assess the effect of graft material treatment, for
instance, skeletonization of arterial grafts or different vasodilator treat-
ments, on graft length. With the ability to intuitively make measure-
ments on 3D holograms, surgeons can potentially plan the precise
length of arterial and venous grafts that need to be harvested for
each CABG operation, reducing unnecessary tissue loss and potentially
the risk of early graft failure.”” In addition, MR tools can potentially
grant clinicians the mobility to leave computer screens and visit the
bedside, whilst the intuitive images can also help engage patients in
interactive education and discussion sessions.

MR technology also offers the unique ability to bring 3D images, in-
cluding echocardiography, CT, and magnetic resonance image to the
operating table for the operator to examine at their fingertips. This
may prove essential in complex procedures and operations that require
detailed planning and measurements on images, for instance, planning
the size of surgical implants. In addition, should the need for additional
measurements arise, these can be performed immediately ad-hoc and
without breaking sterility. The next iteration of MR would be even
more powerful with the fusion of multiple imaging modalities, including
fluoroscopy, and echocardiography.'

Our study marks the first step in the evolution of 3D holograms from
a pure visualization tool to an interactive imaging modality for real-time
reference. Although we showed excellent agreement between holo-
graphic graft length measurements and their actual length, further study
with other types of measurement, such as quantified tortuosity, area, or
volume, and in other clinical scenarios, including structural heart dis-
ease, or percutaneous coronary intervention, should be performed

to expand the generalizability of hologram measurements. 3D holo-
grams measurements on other modalities, such as echocardiography
and intravascular imaging, are potential applications of this technology
in the future.

Conclusion

Real-time holographic measurements are feasible, quick, and accur-
ate even for tortuous coronary bypass grafts. This new methodology
enables surgeons to visualize and measure the results of their work by
themselves and may provide insights for procedural strategy. Eventually,
these 3D holograms may empower surgeons to plan the precise length
of arterial and venous grafts to be harvested for every individual case.
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