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ABSTRACT

Since its development in the 1970s, X-ray CT has emerged as a landmark diagnostic imaging modality of modern
medicine. Technological advances have been crucial to the success of CT imaging, as they have increasingly enabled
improvements in image quality and diagnostic value at increasing radiation dose efficiency. With recent advances in
engineering and physics, a novel technology has emerged with the potential to surpass several shortcomings and
limitations of current CT systems. Photon-counting detector (PCD)-CT might substantially improve and expand the
applicability of CT imaging by offering intrinsic spectral capabilities, increased spatial resolution, reduced electronic
noise and improved image contrast. In this review we sought to summarize the first clinical experience of PCD-CT. We
focused on most recent prototype and first clinically approved PCD-CT systems thereby reviewing initial publications

and presenting corresponding clinical cases.

INTRODUCTION

X-ray CT has emerged as a landmark diagnostic imaging
modality of modern medicine since its development in the
1970%. The benefits and clinical demand for CT imaging
continue to rise due to continued technical advancements
facilitating improvements in image quality and diagnostic
value at constantly higher radiation dose efficiency, together
with broadening of the clinical indications.'™

The X-ray detector constitutes a decisive component of
a CT system that critically influences image quality and
dose efliciency. Accordingly, the detector design has
undergone radical transformations and improvements.
Currently, most available CT systems use solid-state
energy-integrating detectors (EIDs) with third-generation
rotate-rotate designs to convert X-rays to electrical signals.
The indirect conversion technology of EIDs is based on a
scintillator layer converting X-ray photons to visible light,
which is then detected by a photodiode layer and converted
into an electric output signal that is proportional to the total
energy deposited during a measurement interval.*™® As the
detector element integrates the energy from all photons, the
output electrical signal does not convey any information on

the energy of individual photons. Ultimately, in a substrate
layer the generated signal is transmitted to analog elec-
tronics for amplification.®’

Despite its continuous merits, EIDs exhibit some inherent
limitations. First, the detector design and more importantly
the detector element size of current CT systems limits its
maximum achievable spatial resolution. The maximum
achievable spatial resolution of a CT system depends on
both the size of the focal spot of the X-ray tube and the
size of the detector elements—both must be matched and
approximately equal. The spatial resolution as a function
of the spatial frequency (in line pairs per cm) is described
by the so-called modulation transfer function (MTF) and
shows the relative contrast with which small periodic struc-
tures are represented in the image. The MTF can be modified
by choosing different convolution kernels, but in doing so,
the resolution limit of the measurement system cannot be
exceeded. The ultimate resolution limit is reached at a spatial
frequency equal to 1/(2*pixel size) (Nyquist theorem)—so
detectors must be made smaller to improve spatial resolu-
tion. This is a problem for EID detectors, because the indi-
vidual elements have to be separated by thin septa to avoid
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optical cross-talk. With smaller detector elements, more area is
occupied by the optically isolating septa, which absorb X-rays
without contributing to the detector signal, resulting in lower
dose efficiency.””'” Second, electronic readout noise stemming
from the analog electronic circuits remains a problem of EIDs.
In case of high photon flux on the detector, the effect of elec-
tronic readout noise on image quality is negligible. At low to very
low radiation doses, however, the number of detectable photons
is low and electronic readout noise may become apparent thus
degrading image quality.® Third, each photon contributes to the
total input detector signal with an amount that is proportional
to its own energy. Thus, the relative contribution of high-energy
photons to the total signal is higher than that of low-energy
photons. This underweighting of low-energy photons can be
suboptimal as low contrast differences are most prominent at low
X-ray energies. Contrast-enhanced CT scans in particular show
suboptimal iodine contrast.>® Fourth, most current high-end
CT systems offer dual-energy (DE) applications. DECT enables
functional imaging by exploiting material-specific differences in
X-ray attenuation at different X-ray energies.'"'> DECT data can
be generated by means of various technologies including dual-
source (DS), rapid kV switching, and dual-layer (DL) detector
technology. However, each of these technologies has its specific
set of inherent limitations such as imperfect spatial or temporal
registration of data sets, field of view (FOV) restrictions and
limitations in terms of tube voltage selection and the use of tube
current modulation. Furthermore, for most of these technolo-
gies, DECT data are only available if a specific workflow has been
selected prior to image acquisition.'?

With recent advances in engineering and physics, a novel tech-
nology has emerged with the potential to surpass many of the
shortcomings and limitations of current CT systems. Photon-
counting detector (PCD-) CT is a promising technology that
might substantially improve and expand the applicability of CT
imaging.

In this review, we want to summarize the basic technical features
and the initial experience with PCD-CT by reviewing first publi-
cations with prototype and clinical systems and try to illustrate
with case examples how this emerging technology may translate
into improved clinical diagnostics.

PHOTON-COUNTING DETECTOR CT

Detailed reviews about the technical principles of PCD-CT
systems have been published elsewhere.” "' Therefore, we will
not provide too much detail on these aspects but will rather
focus on basic specifications and the first experience with the
new technology.

Basic physical principles of the detector

PCDs differ considerably from EIDs. In contrast to EIDs,
which require a separate scintillator layer to convert X-rays
to light, PCDs use a single layer of a semi-conductor made of
cadmium telluride (CdTe), cadmium zinc telluride (CZT), or
silicon. A large bias voltage is applied between a cathode on top
of and pixelated anodes at the bottom of the semi-conductor.
Each incident X-ray photon produces a cloud of positive and
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negative charges which are separated in the strong electric field
and pulled away from each other rapidly. The electrons move
towards the anodes to generate an electric signal that is regis-
tered by an attached electronic readout circuit. Thus, with PCDs
X-ray photons are directly converted into an electrical signal
and each photon leads to an electrical pulse whose amplitude
is directly proportional to the energy of the photon. The PCD
then counts the number of pulses to quantify the number of
incident X-ray photons and compares the amplitude of each
pulse to several pre-set threshold levels that are set by means
of multiple electronic comparators and counters. Specifically, an
initial threshold is set at a level that is higher than the electronic
noise level but lower than the pulses of incident photons (e.g. at
25 keV). Furthermore, as all pulses are additionally compared to
further threshold levels, photons can be assigned to energy bins
depending on their energy.” "'

The detector design of PCDs relying on a direct conversion tech-
nology overcomes the above-mentioned issues of EIDs. First,
by eliminating the scintillator material and consequently the
optically isolating septa, the detector elements of PCDs can be
made much smaller, thus offering improved spatial resolution.
Second, by thresholding incoming photons according to their
energies, electronic noise can be eliminated and spectral (i.e.
dual- or multienergy) imaging becomes inherently available.
Third, as the detective quantum efficiency (DQE) of a photon
counting detector is approximately constant as a function of
X-ray energy,” there is no underweighting of low-energy X-ray
photons as with EIDs, and image contrasts can be improved.>® In
a practical detector design, the thickness of the semi-conductor
layer of a PCD has to be chosen large enough to provide a total
DQE similar to EIDs. Thin layers of about 1.4-2mm are suffi-
cient for CdTe or CZT because of their high atomic number. Si
with its low atomic number and low absorption efficiency in the
X-ray energy range relevant to medical CT requires thick layers
>30mm.>® Still, the exact total DQE strongly depends on the
detector design.

Temporal evolution

Computational power

Until recently, the use of PCDs has mainly been limited to
nuclear imaging as the X-ray photon-count rate in CT imaging
is much higher than in nuclear medicine.!* Specifically, the
PCD has to register each incoming X-ray photon before the
next one arrives. If the PCD does not manage this, a pile-up
occurs where the photons can no longer be separately regis-
tered and the count rate is no longer proportional to the X-ray
flux, leading to image quality degradation. A further challenge
concerns the cross-talk between detector elements. X-ray
photons hitting the detector close to the border of a detector
element produce charge clouds that spread out and may be
wrongfully registered by more than one detector element. This
results in a loss of spatial resolution and spectral separation.
By implementing faster readout electronics, smaller pixel sizes,
subdivided detector elements, and optimized electronic circuits
that can detect coincidental registration of photons, these
hurdles were recently overcome, making industrial production
of PCD-CT possible.>*!°
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Figure 1. 63-year-old male patient (body weight 77kg) with
multifocal hepatocellular carcinoma. Contrast-enhanced
abdominal portal venous phase scans were acquired on a clin-
ical PCD-CT system (NAEOTOM Alpha, Siemens Healthineers)
in the spectral imaging mode at 120 kV with a tube current
of 86 mAs. The CTDI,, was 6.7 mGy. Virtual monoenergetic
images at 60 keV were reconstructed with a 2mm slice thick-
ness without Quantum Iterative Reconstruction and with all
strength levels of QIR (QIR 1-4). CTDl,,, volume of CT dose
index; PCD, Photon-counting detector; QIR, Quantum Itera-
tive Reconstruction

PCD-CT systems

A series of prototype PCD-CT systems enabled pre-clinical
research but were all limited in one way or another. One
prototype system was a whole-body research PCD-CT system
built (SOMATOM Count, Siemens Healthineers, Forchheim,
Germany) using a modified DS CT platform (SOMATOM
Definition Flash, Siemens Healthineers), with the B-subsystem
equipped with a CdTe PCD array. 2 x 2 subpixels of the photon
counting detector can be binned to a “sharp pixel” or “ultra-high
resolution (UHR) pixel” with a pixel size of 0.45 x 0.45 mm? (0.25
x 0.25mm? at the isocenter), 4 x 4 subpixels can be binned to a
“MACRO pixel” with a size of 0.9 x 0.9 mm? (0.5 x 0.2 mm? at the
isocenter) comparable to today’s medical CT systems. A detailed
description of this system can be found elsewhere.>>° The
main limitations of this scanner included a detector z-coverage
of 8-16mm depending on the acquisition mode, an in-plane
FOV of the PCD array of 27.5cm at the isocenter, and a lack of
angular tube current modulation (for comparison: a conven-
tional SOMATOM Definition Flash scanner has a detector z-cov-
erage of 38.4mm and a maximum in-plane FOV of 50 cm?'). In
addition, due to the hybrid design, DS PCD scanning at high
temporal resolution was not possible. Later, a further investi-
gational whole-body full FOV single-source PCD-CT system
(SOMATOM Count Plus, Siemens Healthineers, Forchheim,
Germany) was developed thereby overcoming most of the key
limitations of the hybrid DS scanner by offering a 50 cm scan
FOV, 57.6 mm longitudinal detector coverage as well as automatic
exposure control in both angular and longitudinal directions.**
Recently, another prototype single-source CT scanner with a full
FOV silicon-based PCD (modification of a commercial Light-
speed VCT scanner, GE Healthcare, Chicago, Illinois, USA) was
presented with a phantom study.”> Another, further advanced
PCD-CT prototype system based on a CZT detector (modi-
fied Brilliance iCT scanner, Philips Healthcare) and capable of
human imaging was recently developed.**** This system enables
cardiac imaging on a level and beyond the technical performance
of a comparable EID-CT system.**?® This prototype relies on a
single-layer of energy-sensitive PCDs of 2mm thick CZT with
five adaptable energy thresholds set at 30, 51, 62, 72 and 81 keV
and a detector element size of 0.27 x 0.27 mm? at the isocenter.

Sartoretti et a/

An in-plane FOV of 50cm and a z-coverage of 1.76cm (64 x
0.275mm at the isocenter) is offered. Tube voltage can be set
at 80, 100, 120 or 140 kV, and tube current can be modulated
between 10 and 500 mAs. The system has a focal spot of 0.6 x
0.7mm and a gantry rotation time of 0.33-1s for 2400 projec-
tions per rotation.

Importantly, however, a PCD-CT system has recently been
cleared for clinical use (NAEOTOM Alpha; Siemens Health-
ineers/ FDA approval September 30, 2021). A detailed descrip-
tion of this CT system has been published recently.® In brief,
this scanner exhibits a DS geometry with a minimum gantry
rotation time of 0.25s offering a temporal resolution of 66 ms.
The system uses two dedicated PCDs with 1.6mm thick
CdTe. Each detector element has a size of 0.151 x 0.176 mm?
projected to the isocenter. The detector pixels can be read out
either independently, thus allowing for UHR imaging with a
z-coverage of 24 mm (120 x 0.2mm at the isocenter) or can be
binned into 2 x 2 groups (resulting pixel size 0.302 x 0.352 mm?
at the isocenter) for standard imaging with a z-coverage of
57.6mm (144 x 0.4 mm at the isocenter). Scans acquired in the
spectral mode use fixed energy bin thresholds of 20/35/55/70
keV and offer full spectral image information. The system is
equipped with two Vectron tubes each with 120 kW power
output. To match the spatial resolution of the detector, the
Vectron tubes offer several focal spots with dimensions down
to 0.4mm x 0.4 mm? (0.181 x 0.181 mm? at the isocenter) for
UHR scanning.

Images can be reconstructed with a range of slice thicknesses
as low as 0.2mm depending on the protocol and with various
matrix sizes (512 x 512, 768 x 768, 1024 x 1024).5?227 A novel
iterative reconstruction (IR) algorithm named Quantum Itera-
tive Reconstruction (QIR) that is suitable for the reconstruction
of spectral imaging data®® has been introduced. As with previous
IR algorithms, higher strength levels lead to greater noise reduc-
tions.””?® A representative image example illustrating the perfor-
mance of the novel IR algorithm is provided in Figure 1.

TRANSLATING THE BENEFITS OF PCD-CT INTO
CLINICAL ROUTINE

Improved spatial resolution without dose penalty
The lack of a scintillator layer and the use of subdivided detectors
in a PCD enables dose-efficient UHR imaging. A range of tech-
nological approaches have previously enabled UHR imaging for
EID-CT including the use of very small detector element sizes or
the implementation of comb filters to reduce detector aperture in
the z-axis and/or in-plane. All these approaches, however, were
associated with manufacturing difficulties or reduced dose efhi-
ciency of up to 50%.27**°

The detector design of the current PCD-CT systems bypass
these difficulties, by exhibiting a 125 um limiting (4.00 Ip/mm)
(NAEOTOM Alpha, Siemens Healthineers)8 to 178 um limiting
(2.81 lp/mm) (Philips Healthcare prototype) in-plane spatial
resolution.”**> The limiting spatial resolution is defined as the
spatial frequency at 0% MTTF for the sharpest convolution kernel
available at the CT system. For comparison, the limiting spatial
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Figure 2. 65-year-old male patient (body weight 94 kg) with
calcified coronary plaques in the left main and left anterior
descending coronary artery with an Agatston Score of 245.
Coronary CTA images were acquired in the UHR mode (z-cov-
erage of 24mm) on a clinical dual source PCD-CT system
(NAEOTOM Alpha, Siemens Healthineers) at 120 kV with a
tube current of 61 mAs. The gantry rotation time was 0.25s,
with a temporal resolution of 66ms. The CTDlI,, was 46.3
mGy. Images at different slice thicknesses and kernels were
reconstructed. Note the improved sharpness of anatomical
structures, vessels, and calcified coronary plagues on UHR
images reconstructed with the Bv64 kernel and 0.2mm sec-
tion thickness. CTA, CT angiography; CTDl,, volume of CT
dose index; PCD, Photon-counting detector; UHR, ultra-high
resolution.

Ultra High Resolution Coronary CT Angiography

resolution of a comparable EID system (SOMATOM Force,
Siemens Healthineers) is 240 pm (2.08 Ip/mm).

Based on the UHR mode of a prototype PCD-CT system with
150 um limiting spatial resolution (3.33 lp/mm) (SOMATOM
Count) , Leng et al were able to show that the UHR mode with
a pixel size of 0.25 x 0.25mm? at the isocenter exhibited a 87%
improvement in spatial resolution (10% MTF) using the sharpest
available convolution kernel as compared to the so-called
MACRO scan mode of the same system with 0.5 x 0.5 mm? pixel
size (i.e. standard-resolution PCD-CT) comparable to today’s
medical CT systems. Alternatively, a 15% reduction in image
noise could be achieved at the same in-plane spatial resolu-
tion (sharpest kernel available in the MACRO mode) for scans
acquired with the UHR scan mode as compared to the MACRO
scan mode.*'® Klein et al and Pourmorteza et al confirmed that
the UHR mode achieves lower noise levels than the standard
MACRO mode at comparable spatial resolution because detector
cell binning is avoided. This further highlights the high dose effi-
ciency of the PCD-CT UHR mode."'®?!

Importantly, using dedicated phantom experiments, cadaveric
and patient scans, both Leng et al'>** and Zhou et al*® provided
evidence that the UHR PCD-CT mode outperforms the comb-
filter UHR EID-CT mode when using comparable imaging and
reconstruction parameters. The latter study even demonstrated
40% less noise for PCD-CT UHR-based temporal bone imaging
as compared to comb-filter UHR EID-CT imaging at matching
radiation doses and reconstruction settings.”

A variety of further studies have been published on HR
and UHR PCD-CT imaging highlighting its value for lung
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UHR imaging is of particular interest for these anatomical
areas because the clear depiction of fine details may effectively
enhance diagnostic accuracy. In case of lung imaging, fine
parenchymal changes may be better detected, delineated and
characterized.">**™® Inoue et al scanned 30 patients with suspi-
cion of interstitial lung disease on a research PCD-CT system
in the UHR mode with optimized reconstruction settings and
on standard-of-care EID-CT systems. PCD-CT improved read-
er’s confidence for the presence of imaging findings of reticula-
tion, ground-glass opacities, and mosaic pattern as determined
by three thoracic radiologists. Furthermore, reader confidence
in the probability of usual interstitial pneumonia increased
for one of the three thoracic radiologists. Lastly, overall image
quality and sharpness of PCD-CT images was deemed improved
despite the slightly lower radiation dose (median CTDIvol of
6.49 mGy for PCD-CT vs 7.88 mGy for EID-CT).”® A further
clinical study with 80 systemic sclerosis patients showed that the
UHR mode of the first clinical PCD-CT system maintains image
quality and diagnostic accuracy for the assessment of intersti-
tial lung disease at only 33% of the dose of comparable EID-CT
scans performed on a third generation (i.e. latest generation) DS
EID-CT scanner.*

In regard to coronary artery imaging, plaque visualization and
stent imaging can be improved.”**’ Two recent studies assessing
the UHR scan mode of clinical PCD-CT in patients referred for
coronary CT angiography have shown that coronary arteries
can be visualized in excellent quality with improved visualiza-
tion of non-calcified plaque components and with reduced
blooming of calcified plaques.**** For bone imaging, fine bone
details and previously occult hairline fractures may become
apparent,3346:49:50

In a clinical feasibility study including 32 patients who under-
went both UHR PCD-CT imaging on a prototype CT system
with optimized reconstruction settings and standard-of-care
EID-CT imaging, Baffour et al reported improved visualiza-
tion of osseous structures of the pelvis and shoulder for UHR
PCD-CT imaging at a 31-47% lower radiation dose. A further
study on 29 multiple myeloma patients showed that the visual-
ization of lytic bone lesions, medullary lesions and fat attenua-
tion in myeloma lesions could significantly be improved with a
clinical PCD-CT in the UHR mode as compared to standard-of-
care EID-CT systems with matching reconstruction parameters
and radiation dose.”’ Further clinical studies will demonstrate
whether or not the improvements in anatomic display will also
impact on therapeutic management and ultimately, on patient
outcome.”

Representative PCD-CT cases scanned with the UHR mode
illustrating the benefits for coronary CT angiography and upper
ankle joint imaging can be found in Figures 2-3.

Improved CNR and noise properties
Improved contrast-to-noise ratio (CNR) and noise performance
stemming from factors such as lack of electronic noise or equal
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Figure 3. 32-year-old male patient (body weight 64 kg) pre-
senting with a depression fracture of the talus. The fracture
gap extends to the lateral part of the talus. Images were
acquired in the UHR mode (z-coverage of 24 mm) on a clinical
PCD-CT system (NAEOTOM Alpha, Siemens Healthineers) at
120 kV and with a tube current of 40 mAs. Radiation dose was
3.23 mGy CTDl,,. Images were reconstructed with a Br56 ker-
nel, 2mm section thickness and a 512 x 512 matrix size, with a
Qr68 kernel, Tmm section thickness and a 512 x 512 matrix size
and with a sharp Qr72 kernel, 0.2mm section thickness (UHR
image) and 1024 x 1024 matrix size. The left image represents
the default setting for bone imaging, while the right image
leverages the potential of PCD-CT UHR imaging. Note the
excellent visualization of bone features and trabeculae and
the exquisite delineation of the small fracture gap. CTDlI,
volume of CT dose index; PCD, Photon-counting detector;
UHR, ultra-high resolution.

Ultra High Resolution CT of the Upper Ankle Joint

n Thickne

weighting of all X-ray photons (no underweighting of low energy
photons) are a key feature of PCD-CT systems enabling radiation
and contrast media dose reduction for routine clinical imaging.>®

Using the first clinical PCD-CT system, Liu et al quantified the
ability of PCD-CT to eliminate electronic background noise, with
it achieving mean percent noise reductions of up to 74% at a radi-
ation dose level of 0.4 mGy CTDI,, compared to a third genera-
tion (i.e. latest generation) DS EID-CT system.>* Rajagopal et al
investigated the technical performance of a prototype PCD-CT
system for low dose abdominal CT imaging in a phantom” and
found that both for PCD-CT and EID-CT spatial resolution as a
function of noise and contrast remained unaffected by dose while
PCD-CT achieved a 22-24% improvement in noise across four
radiation dose levels ranging from 1.7 to 6 mGy CTDI,. Conse-
quently, this improved noise performance could be translated to
a 29-41% improvement in CNR and a 20-36% improvement in
detectability index. Using the first clinical PCD-CT, Racine et al
confirmed that PCD-CT outperforms third generation (i.e. latest
generation) DS EID-CT for the detection of hypo- and hyperat-
tenuating focal liver lesions across a wide range of radiation dose
levels.>® Gutjahr et al showed that iodine CNR was improved by
11-38% for a prototype PCD-CT system relative to EID-CT at
matching scan and tube voltage settings of 80140 kV.*! This was
further confirmed by Sawall et al who showed that with a proto-
type PCD-CT, dose-normalized iodine CNR could be improved
by up to 37% relative to EID-CT, thus potentially enabling a

Sartoretti et a/

radiation dose reduction of up to 46%.”” More recently, Booij
et al investigated the iodine CNR benefits of the first clinical
PCD-CT on VMI relative to a third generation (i.e. latest genera-
tion) DS EID-CT system run in DE mode with largely matching
imaging and reconstruction settings. The authors confirmed that
the CNR benefits of PCD-CT were also applicable for VMI, with
low keV images below 60 keV exhibiting a 55-75% higher CNR
than their EID-CT based counterparts depending on the tube
voltage settings.”®

Further experiments on sinus and temporal bone imaging with
a prototype PCD-CT have shown significant radiation dose
reductions between 56 and 85% relative to EID-CT depending
on the exact imaging protocol without compromising image
contrast and image noise.'” Specifically, experiments were
performed using an UHR PCD-CT mode with an additional tin
(Sn) filter at 100 kV tube voltage. Besides the use of the tin filter,
the authors also cite the advantages of the UHR PCD-CT mode
with better intrinsic detector resolution and the detector design
of PC detectors that eliminates the need for comb/grid filters
for UHR imaging as reasons for the improved performance of
the PCD-CT system. More recent studies performed on the first
clinical PCD-CT system support these previous results, with
two experimental studies showing that the clinical PCD-CT
outperforms third generation (i.e. latest generation) DS EID-CT
systems across a variety of widely matching protocol parame-
ters, reconstruction settings and radiation dose levels in terms of
objective and subjective image quality.”>*

The improved performance of PCD-CT was also confirmed in-
vivo in a variety of clinical studies. Exemplarily, Symons et al
showed that a prototype PCD-CT exhibited between 15 and 17%
lower noise than EID-CT for 120 kV and 100 kV dose-matched
chest CT scans.®! Importantly, low dose PCD-CT imaging of the
lungs was also associated with improved HU stability relative to
EID-CT.* Specifically, across tube voltage settings of 80, 100 and
120 kV, attenuation values of lung equivalent foams of a dedi-
cated phantom as measured on PCD-CT remained stable while
the attenuation values of EID-CT decreased by up to approxi-
mately 5 HU when decreasing the dose level from 3 to 0.75 mGy
CTDL,,.

Pourmorteza et al demonstrated improved image quality of a
prototype PCD-CT for brain imaging relative to EID-CT exhib-
iting 12.8-20.6% less image noise and 15.7-33.3% improved soft-
tissue CNR.® Lastly, in a combined phantom and in-vivo study
Symons et al demonstrated improved coronary artery calcium
scoring (CACS) accuracy at low radiation doses for PCD-CT
relative to EID-CT owing to the improved noise and CNR prop-
erties of PCD-CT.%* The improved detection and quantification
accuracy of CACS at low radiation doses was later confirmed by
van der Werf et al using a different PCD-CT concept.®®

Recently, two patient studies have been published on the perfor-
mance of clinical PCD-CT operated at 120 kV compared to
EID-CT scans performed on a third generation (i.e. latest gener-
ation) DS EID-CT scanner with automated tube voltage selec-
tion. These were intraindividual comparison studies in whom the
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Figure 4. 47-year-old male patient (body weight 85kg) with
COVID-19-associated pneumonia presenting with ground-
glass opacities and mild reticular abnormalities. Non-
enhanced chest CT was acquired on a clinical PCD-CT system
(NAEOTOM Alpha, Siemens Healthineers) in the UHR mode
at 120 kV; the CTDI,, was 0.55 mGy. CTDl,,, volume of CT
dose index; PCD, Photon-counting detector; UHR, ultra-high
resolution.

Ultra High Resolution Chest CT

same patients underwent scans both with PCD-CT and EID-CT
within a relatively short time period. For abdominal CT, 50 keV
VMI reconstructions of PCD-CT exhibited higher vascular and
parenchymal CNR than polychromatic EID-CT reconstructions
at similar subjective image quality.*® For high-pitch CT angi-
ography of the aorta, 45 keV VMI reconstructions of PCD-CT
showed improved vascular CNR and similar subjective image
quality as compared to polychromatic EID-CT reconstructions.®’”

In a recent study, Higashigaito et al could show that CT angi-
ography of the aorta using PCD-CT and administering 20%
reduced contrast media volume provides non-inferior image

Figure 5. 82-year-old male patient (body weight 81kg) under-
going CTA for follow-up after endovascular treatment of an
abdominal aortic aneurysm. Images were acquired on a third
generation dual-source EID-CT system (SOMATOM Force,
Siemens Healthineers) with automated tube voltage selection
(80 kV) and CTA with a clinical dual-source PCD-CT system
(NAEOTOM Alpha, Siemens Healthineers) (120 kV) at matched
radiation dose (CTDl,, 6.1 mGy) and using the same contrast
media protocol. Note the reduced noise and improved con-
trast on PCD-CT images. CTA, CT angiography; CTDl,,, vol-
ume of CT dose index; PCD, Photon-counting detector; EID,
energy-integrating detector; PCD, Photon-counting detector.

CT Angiography of the Aorta
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Figure 6. 71-year-old female patient (body weight 75kg) with
a cyst in liver segment VIl. Contrast-enhanced abdominal
portal venous phase images were acquired on a third gener-
ation dual-source EID-CT system (SOMATOM Force, Siemens
Healthineers) with automatic tube voltage selection (120 kV)
and with a clinical PCD-CT system (NAEOTOM Alpha, Sie-
mens Healthineers) in the spectral imaging mode at 120 kV
at matched radiation dose (CTDl,, 7.24 mGy) and using the
same contrast media protocol. Note the improved iodine con-
trast and lesion conspicuity on PCD-CT images. CTDl, vol-
ume of CT dose index; EID, energy-integrating detector; PCD,
Photon-counting detector.

Contrast-Enhanced Abdominal CT

quality compared to CT angiography of the aorta using EID-CT
in the same patients and at matched radiation dose.”

Representative images of patient studies illustrating the
improved noise and CNR characteristics of PCD-CT are shown
in Figures 4-6.

Intrinsic spectral capabilities
A key feature of PCD-CT is its ability to provide spectral infor-
mation from every scan due to the detector being able to count

Figure 7. 67-year-old male patient (body weight 71kg) with
atypical chest pain. Coronary CTA was performed on a clin-
ical dual source PCD-CT system (NAEOTOM Alpha, Siemens
Healthineers) at 120 kV (CTDl,, 10.1 mGy). Virtual monoener-
getic images at 55 keV and VNCa images using a novel vascu-
lar calcium removal algorithm (PureLumen) were generated.
A calcified plague can be seen in the distal right coronary
artery, which is subtracted on a dual-energy basis in the VNCa
(PureLumen) images. CTA, CT angiography; CTDl,, volume
of CT dose index; PCD, Photon-counting detector; VNCa, vir-
tual non-calcium.

Coronary CT Angiography

55 keV Virtual Monoenergetic Image
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Figure 8. 54-year-old male patient (body weight 76 kg) with
hepatocellular carcinoma and vascular invasion. Late arterial
scans were performed with a clinical PCD-CT (NAEOTOM
Alpha, Siemens Healthineers) in the spectral mode with recon-
struction of virtual monoenergetic images at 70 keV, virtual
non-contrast images, and iodine maps from a single acquisi-
tion (CTDlI,3.6 mGy). Although tumor enhancement is seen
also on the monoenergetic images, the iodine maps allow for
a better appreciation of the carcinoma along with the possi-
bility of quantification of iodine uptake. CTDI,,,, volume of CT
dose index; PCD, Photon-counting detector.

Contrast-Enhanced Abdominal CT

odine Map

and characterize individual photons according to their energy.
In contrast, most EID-CT systems require the user to choose
between single-energy or DE scan modes prior to image acqui-
sition. The intrinsic spectral capabilities of the first clinical DS
PCD-CT system with 0.25s rotation time allows for multienergy
imaging at 66 ms temporal resolution and high pitch multienergy
imaging with helical pitch values up to 3.2. When implemented
as an ECG-triggered high-pitch scan mode for cardiac imaging,
the latter may enable radiation dose reductions of up to a factor
of 2 as compared to other DSCT scan techniques such as ECG-
triggered sequential step-and-shoot and ECG-gated spiral with
X-ray pulsing.>¢"¢%

Currently, ECG-gated UHR imaging represents an exception to
this rule: due to the vast amount of image information that has
to be processed, spectral image information is not yet available
for this imaging mode on the first clinical DS PCD-CT system.
However, additional updates to the scanner’s soft- and hardware
should be able to fix the problem in the near future.

The spectral capabilities of PCD-CT allow the user to reconstruct
iodine maps, virtual non-contrast (VNC) and virtual monoen-
ergetic images (VMIs) from every acquisition. The use of VMI
for routine clinical PCD-CT imaging has exemplarily been
shown for abdominal imaging,**® cardiac CT®"! and coro-
nary calcium quantification,’® high-pitch CT angiography of the
aorta,”” lung®”? and brain imaging.”* The benefits of low keV
VMI include better visualization of small low-contrast struc-
tures and increased iodine signal. For CT angiography examina-
tions, the latter may be particularly promising as high pitch CTA
together with low keV VMI may set new standards in terms of
radiation and contrast media dose reductions.®*®

Concerning VNC images and iodine maps, Rajendran et al®
and Sartoretti et al”> have demonstrated the feasibility of recon-
structing these images from routine clinical PCD-CT scans.
Quantitative accuracy of reconstructions was high with VNC
showing mean absolute errors of 4 HU” and iodine maps

Sartoretti et a/

exhibiting a root mean squared error of 0.5mg/cm’ for iodine
concentration.® For VNC imaging, the high quantitative accu-
racy was later further confirmed in a larger clinical study encom-
passing 100 patients who underwent a triphasic examination on
the first clinical PCD-CT system. Attenuation errors of VNC
images were less than 5 HU in 76% and less than 10 HU in
95% of measurements compared with true non-contrast images
across a variety of abdominal organs and regions. Furthermore,
diagnostic image quality of VNC images as determined by two
independent readers was achieved in 99 and 100% of cases,
respectively.”®

The clinical benefits of the routine availability of VNC images
and jodine maps from PCD-CT include, among others, emphy-
sema quantification from VNC images,”” assessment of adrenal
adenomas from VNC images,”® anemia detection and quantifi-
cation from VNC images’® and myocardial extracellular volume
quantification based on iodine maps from a single cardiac late
enhancement scan.”’

Beyond the opportunities discussed above, PCD-CT harbors
further potential in terms of improved and novel spectral
imaging applications. The spectral data allow for the reconstruc-
tion of further spectral images such as calcium-only or virtual
non-calcium (VNCa) images. In this regard, a novel vascular
calcium removal algorithm has been recently introduced that
aims to surpass the performance of previous similar algorithms
designed for DECT capable EID-CT systems.®® With this novel
algorithm, high quality VNCa images can be reconstructed thus
counteracting the problem of blooming artifacts from heavily
calcified plaques on standard monoenergetic or polychromatic
images.®! A representative image example illustrating the perfor-
mance of the novel algorithm for high quality VNCa imaging is
provided in Figure 7.

With PCD-CT, improved material decomposition can poten-
tially be achieved, as the selection of energy thresholds can be
tailored towards the spectral behavior of the materials that are
to be separated. For example, by selecting optimized energy

Figure 9. 59-year-old male patient (body weight 81kg) with
chronic occlusion of the right pulmonary artery and par-
tial occlusion of left pulmonary artery branches resulting in
severely reduced perfusion of the right and, to a lesser extent,
of the left lung. Axial and coronal thick maximum intensity
projection images and coronal PBV map computed from a
routine contrast-enhanced chest CT scan acquired on a clini-
cal PCD-CT (NAEOTOM Alpha, Siemens Healthineers) at 120
kV (CTDlye 2.37 mGy) illustrate both the anatomical and func-
tional situation in the lungs. CTDI,,,, volume of CT dose index;
PBV, perfused blood volume; PCD, Photon-counting detector.

Lung Perfused Blood Volume

lodine Map
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thresholds high quality VNCa and contrast media maps could
be computed from coronary and carotid CTA images acquired
with a range of contrast media including iodine and experi-
mental contrast media such as bismuth, tungsten, holmium or
hafnium.*>® Furthermore, the energy threshold capabilities of
PCDs can theoretically also be leveraged for improved simul-
taneous dual-contrast agent imaging as shown in experimental
studies® ™ or to further reduce metal artifact burden.®®*

Although the latter applications are still in the preclinical phase
of testing, PCD-CT opens up a range of new opportunities that
may inspire a new momentum for clinical CT imaging.

Representative image examples highlighting the applications
discussed above are provided in Figures 8-9.

CONCLUSION

In this review, we aimed to summarize basic technical principles
and potential advantages of PCD-CT. Potential clinical benefits
as evidenced by recent publications with this technology are

BJR

outlined and representative clinical cases from our experience
were added to illustrate the added value of the technique.

While the current possibilities of PCD-CT already considerably
enhance our diagnostic capabilities, we foresee developments
with spectrally optimized contrast media in combination with
adaptable energy threshold imaging to enter clinical CT imaging
in the near future.
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ABSTRACT

Glioblastoma is the most aggressive of glial tumours in adults. On conventional magnetic resonance (MR) imaging,
these tumours are observed as irregular enhancing lesions with areas of infiltrating tumour and cortical expansion. More
advanced imaging techniques including diffusion-weighted MRI, perfusion-weighted MRI, MR spectroscopy and posi-
tron emission tomography (PET) imaging have found widespread application to diagnostic challenges in the setting
of first diagnosis, treatment planning and follow-up. This review aims to educate readers with regard to the strengths
and weaknesses of the clinical application of these imaging techniques. For example, this review shows that the (semi)
quantitative analysis of the mentioned advanced imaging tools was found useful for assessing tumour aggressiveness
and tumour extent, and aids in the differentiation of tumour progression from treatment-related effects. Although
these techniques may aid in the diagnostic work-up and (post-)treatment phase of glioblastoma, so far no unequivocal
imaging strategy is available. Furthermore, the use and further development of artificial intelligence (Al)-based tools
could greatly enhance neuroradiological practice by automating labour-intensive tasks such as tumour measurements,
and by providing additional diagnostic information such as prediction of tumour genotype. Nevertheless, due to the
fact that advanced imaging and Al-diagnostics is not part of response assessment criteria, there is no harmonised
guidance on their use, while at the same time the lack of standardisation severely hampers the definition of uniform
guidelines.

INTRODUCTION will not only include IDH-wildtype GBM; this will also
Glioblastoma (GBM) is the most common adult-type comprise the new astrocytoma Grade 4 IDH-mutant entity.
diffuse glioma, which arises from glial cells and concerns

the most aggressive and malignant primary brain tumour Due to the continuous optimisation and development of
with astrocyte-precursors, classified as Grade 4 by the imaging protocols, the role and value of neuroimaging in
World Health Organization (WHO) grading system. In the diagnostic work-up and treatment evaluation of GBMs

has increased over the last years. Advanced neuroimaging
aids to non-invasively provide more certainty about the
prognosis and response to therapy, which is beneficial for
treatment decision-making and counselling of the patient.
Therefore, the omnipresent role of advanced imaging in
GBM is undisputed and further consolidation is driven
by various major clinical and scientific societies (e.g. the
European Society of Radiology, the Radiological Society
of North America, the European Association of Nuclear

spite of advances in treatment, the prognosis remains poor
with a median survival of 14-16 months."* Following the
recently published 2021 WHO Classification of Central
Nervous System Tumours v. 5, GBM comprises only isoc-
itrate dehydrogenase (IDH) wild-type tumours. All IDH-
mutant diffuse astrocytic tumours are considered a single
type called astrocytoma, IDH-mutant with WHO grades
ranging from 2 to 4. While the separation of astrocytomas

into IDH wild-type and -mutated tumours is an important Medicine, and the Society of Nuclear Medicine and Molec-
advance in GBM classification, all of the literature which is ular Imaging).

covered within this review is based on the 2016 WHO clas-

sification of central nervous system tumours* (or previous The purpose of this review is to provide an educational

versions). Therefore, when the term GBM is utilised, this overview of advanced neuroimaging techniques in GBM.
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More specifically, advanced MRI techniques, including diffusion-
weighted imaging (DWI), diffusion tensor imaging (DTI),
perfusion-weighted imaging (PWI) techniques (both with and
without the use of contrast-agents), and magnetic resonance
spectroscopy (MRS), will be discussed. In addition, Fluorine-18
fludeoxyglucose (**F-FDG-) and amino-acid tracer positron
emission tomography (AA-PET) are discussed. We focus on
the challenges and opportunities of applying these techniques
in clinical practice. Also, some new developments within the
field and the potential use of new radiotracers will be addressed.
Furthermore, we discuss the potential added value of artificial
intelligence (AI)-based tools. To conclude, we discuss possible
solutions to avoid pitfalls in the study design, data acquisition,
and data analyses for future clinical studies.

CONVENTIONAL MRI OF GLIOBLASTOMA

Brain MRI with conventional imaging sequences plays a pivotal
role in the diagnosis and follow-up of glioblastoma. Tradi-
tionally, the conventional sequences used in neuro-oncology
include Tyweighted (T7W, T,W, T,W fluid attenuation inversion
recovery (FLAIR), and post-contrast TyW (TyW +c¢) sequences.5
Anatomical details of the brain and the neoplasm within can be
accurately evaluated as well as peritumoral oedema and disrup-
tions of the blood-brain barrier (BBB). Glioblastoma is charac-
terised by a heterogeneous appearance on T;W and T,W, which
can be explained by necrosis, haemorrhage, soft-tissue mass,
and tumoural vasculature. The combination of an irregular
enhancing lesion with areas of infiltrating tumour and cortical
expansion is highly suggestive of GBM (Figure 1). However, the
use of conventional MRI sequences alone limits the differenti-
ation of GBM from other intracerebral mass lesions with cystic
or necrotic components (e.g. other neuroglial tumours, brain
metastasis, or brain abscess). In addition, conventional MRI
is limited with regard to differentiating high from low-grade
glioma.

In GBM, conventional MRI sequences provide some hallmark
features which can aid to predict molecular markers. For example,
small regions of enhancement, a larger non-enhancing tumour
portion, well-defined tumour margins, and T;W hypointense
areas with suppressed FLAIR signal within its necrotic compo-
nents are predictive of IDH1-mutation (Figure 2A).%7 In addi-
tion, a large volume of T,W abnormality and a higher ratio of
T,W to T)W + ¢ tumour components were also found to be
correlated with IDH-1 mutation (Figure 2B).% Tumour location
of IDH-1 mutation GBM in the frontal lobe has been reported
most frequently by various groups.”'

Next to IDH, the second most-reviewed gene is O°-
Methylguanine-DNA  methyltransferase (MGMT). MGMT
methylation status is another important biomarker because
high activity of MGMT (i.e. unmethylated MGMT) is known
to result in a reduced efficacy of alkylating chemotherapeutic
agents (e.g. temozolomide). In high-grade gliomas such as GBM,
MGMT methylation is less common as compared to low-grade
gliomas.'>'? On conventional MRI, hypermethylated MGMT
tumours tend to have mixed-nodular enhancement in lesions
which are non-temporally located (Figure 3A)."* Unmethylated

Henssen et a/

Figure 1. Conventional imaging of glioblastoma. Exemplary
axial (a) T; weighted images (with motion artefacts), (b) post-
contrast 7; weighted images (with motion artefacts), (c) 7,
weighted images and (d), FLAIR images. Contrast-enhancing
lesion with non-enhancing components suggesting necrosis.
The lesion is surrounded by To,W/FLAIR hyperintense sig-
nal representing tumour infiltration and oedema. The lesion
itself is observed to exert mass effect. FLAIR, fluid attenuated
inversion recovery.

MGMT gliomas, on the other hand, show a ring-pattern enhance-
ment (Figure 3B).!*

In non-GBM, two radiological signs on conventional MRI
sequences have been described in literature, which can provide
insights in the mutational status. First, the T2-FLAIR mismatch
sign describes that areas with T,W-high signal intensity of the
tumour are relatively hypointense in signal on T2-FLAIR images
due to incomplete free water suppression. In addition, a rim of
hyperintensity can be seen on FLAIR. These MRI features are
considered a specific radiogenomic-signature of diffuse astrocy-
toma (IDH-mutant, 1p/19q intact) with a high positive predic-
tive power.'>!® The second radiogenomic-signature in non-GBM
concerns the aspect of the T, W-hyperintense signal and its delin-
eation from the normal brain parenchyma. When this hyperin-
tense area has smooth borders and has a homogeneous signal
intensity, the tumour is more likely to be an astrocytoma without
1p/19q co-deletion."”*?

In the post-therapeutic setting, it has been advised to perform
MRI within 2 days after surgical intervention to assess the extent
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Figure 2. Conventional MRI of two patients, one with astro-
cytoma /DH mutant WHO Grade 4 and one with glioblas-
toma /DH wildtype. First row (a-d) shows an astrocytoma /DH
mutant WHO Grade 4 located in the right frontal lobe with
involvement of the rostrum corpus callosum. It is observed
that only small regions of enhancing tumour are present on
post-contrast 7; weighted images (b; see arrow head in the
enlarged section). On T7; weighted images (a), very small
hypointense areas which are also hypointense on FLAIR
images (d) can be observed. Exemplary focus is encircled in
the enlarged sections. These regions reflect necrotising/cystic
regions. In addition, extensive T,W hyperintense regions can
be observed on T, weighted (c) and FLAIR images (d) sur-
rounding the limited area of contrast-enhancing tumour. Sec-
ond row (e-h) shows a glioblastoma /DH wildtype located
in the left temporal lobe. It can be observed that a classical
appearance is present with a relatively large ring-enhancing
region on post-contrast 7; weighted images (f). This contrast-
enhancing tumour is surrounded by a similar amount of ;W
hyperintensity; see T, weighted images (g) and FLAIR images
(h). FLAIR, fluid attenuated inversion recovery; IDH, isocitrate
dehydrogenase.

of the resection, the presence of residual tumour, and the occur-
rence of post-surgical complications.”® In the post-operative
setting, blood products in the resection cavity may be mistaken
for residual enhancing lesion due to its intrinsic T1 shortening
effects. Therefore, pre- and post-contrast T; weighted images
must be evaluated with care. Nevertheless, enhancing lesions
with a nodular aspect indicate residual neoplasm. Although
these characteristics are generally reliable to assess residual or
recurring neoplasm, some exceptions exist. Different treatment
methods (i.e. chemotherapy and radiation) affect the perme-
ability of the vascular walls which may lead to new enhancing
lesions. If this contrast-enhancement is the result of treatment-
induced vascular leakage, this is called pseudoprogression (PsP),
whereas contrast-enhancement reflecting tumour recurrence
is tumour progression (TP). Differentiation between PsP and
TP is poor with conventional MR images alone (Figure 4). A

BJR

Figure 3. Axial post-contrast 7; weighted images of patients
suffering from glioblastoma with and without MGMT promoter
methylation. (a) Axial post-contrast 7; weighted images of
three patients suffering from glioblastoma with MGMT pro-
moter methylation showing a predominantly mixed-nodular
pattern of enhancement. (b) Axial post-contrast 7; weighted
images of three patients suffering from glioblastoma without
MGMT promoter methylation showing a predominantly ring-
enhancement pattern. MGMT, O8-Methylguanine-DNA meth-
yltransferase.

2011 study investigated the diagnostic accuracy of 11 signs as
visible on conventional MRI to distinguish TP from PsP: 1) new
enhancement; 2) marginal enhancement around the surgical
cavity; 3) nodular enhancement; 4) callosal enhancement;
5) subependymal enhancement; 6) spreading wave front of
enhancement; 7) cystic or necrotic change; 8) increased peritu-
moural T2 abnormality; 9) diffusion restriction; 10) decreasing
enhancement intensity; and 11) increasing cystic or necrotic
change. Only subependymal enhancement was found to have a
limited predictive power with a sensitivity/specificity of 38/93%
and with a negative-predictive value of 42%. The other 10 signs
had no predictive power.*!

DIFFUSION-WEIGHTED AND DIFFUSION-TENSOR
MRI OF GLIOBLASTOMA

DWI is based on the random Brownian motion of water mole-
cules and the magnitude of this Brownian motion is estimated as
the apparent diffusion coefficient (ADC; mm?/s). In turn, ADC
is dependent on the cellular density and the presence of macro-
molecules or organelles/cell membranes in tissue compart-
ments.? In gliomas, an inverse correlation between ADC values
and tumour grade has been described.**> DWTI can also help to
detect early tumour recurrence in enhancing and non-enhancing
lesions seen as reduced diffusion” and to predict overall survival
and progression-free survival in patients with glioblastoma.”’~*
DWTI has been proposed to distinguish MGMT methylation
status as a median ADC,;, value of 800 x 10°® mm?/s or higher
was found to represent methylated MGMT status.>’ DWT is,
however, most commonly used to distinguish a brain abscess
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Figure 4. Conventional MRI of two patients with glioblastoma
in the post-treatment setting. Axial post-contrast 7; weighted
images of two patients with glioblastoma /DH wildtype. The
upper images (a) show a region of contrast enhancement
adjacent to the resection cavity in the right parietal lobe (white
arrowheads). Radiological and clinical follow-up showed that
this lesion represented pseudoprogression. The lower images
(b) show nodular enhancement adjacent to the resection cav-
ity in the left temporal lobe (white arrowheads). Radiologi-
cal and clinical follow-up showed that this lesion represented
tumour progression. IDH, isocitrate dehydrogenase.

from glioma, and in the post-operative phase to identify areas
of ischaemia.

In the post-therapeutic setting, differentiation between PsP and
TP based on ADC values has been investigated by various groups
(e..>*™*2). In general, it can be concluded that PsP lesions show a
higher mean ADC-value as compared to the mean ADC-values
in the TP group®® (Figure 5). Although most studies on the use
of ADC in the post-operative setting were conducted following
a decent methodology, meta-analysis of ADC is hampered as
different publications report different ADC metrics (e.g. mean,
median, maximum, minimum). , When a quantitative assess-
ment of ADC is carried out, it is recommended to use the mean
ADC value of a region of interest (ROI), where necrotic areas
should be excluded from the ROI-measurements. Reported cut-
off values of mean ADC values to distinguish TP from PsP ranged
between 1000 x 107° and 1412 x 10™® mm?%/s corresponding
with a range in sensitivity and specificity of 78-98.3%and
63.6-100% respectively.*>~*® The highest accuracy reported in
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Figure 5. Diffusion-weighted imaging in tumour recurrence in
a patient with glioblastoma. Axial post-contrast 7; weighted
images (a) show a new contrast-enhancing lesion cranial to the
resection cavity in the right frontal lobe (white arrowheads).
Restricted diffusion in this region is observed (white arrow-
heads) (b shows the corresponding ADC images; ¢ shows the
corresponding DWI images using a b-value of 1000s/mm?3).
This was highly suggestive for tumour progression, which was
confirmed by radiological and clinical follow-up. ADC, appar-
ent diffusion coefficient; DWI, diffusion-weighted imaging.

literature (sensitivity/specificity rate of 98.3/100%) was reported
by using a cut-off value of mean ADC of 1313 x 10~ mm?*/s to
differentiate between PsP and TP with higher values reflecting
TP It must be emphasised that ADC values in post-treatment
gliomas depend on a variety of factors, including post-operative
artefacts (e.g. pneumocranium) and MRI system-related specifi-
cations such as magnetic field strength and b-values.’” Therefore,
it is recommended to perform ROI-analysis on fixed locations at
different time points, as this allows one to assess the longitudinal
changes in ADC values.
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DTI models complex tissue diffusivity, based on which the
microstructural organisation of tissue can be evaluated. In DT,
additional gradient pulses are introduced which cause a random
phase shift for diffusing molecules and cancel out stationary
molecules.*”*® In general, diffusion of water molecules in biolog-
ical tissues tends to be anisotropic. The diffusion tensor can thus
be represented by a diffusion ellipsoid with its main axis parallel
to the principal diffusion direction within a voxel.*”*® Different
metrics can be derived from the DTI model (most used are mean
diffusivity, MD and fractional anisotropy, FA). MD is comparable
with ADC. FA serves as an index for the amount of diffusion
anisotropy within the tissue; a value of 0 indicates isotropic water
diffusion, whereas an FA value of 1 describes a maximally aniso-
tropic voxel.*’ Some studies found that DTT metrics can be used
to assess occult neoplastic invasion of white matter tracts®”!
and the direction of tumour growth.”® In clinical practice, DTT is
mainly used for tractography to guide neurosurgical procedures.

In the post-therapeutic setting, FA-values were found useful to
differentiate PsP from TP in various papers with low or moderate
risk of bias; these papers showed higher FA-values in TP as
compared to PsP.*>**=>° However, no prospective studies on this
topic were found. Reported cut-off values of mean FA values to
distinguish TP from PsP ranged between 0.13 and 0.18 and corre-
sponded with sensitivity and specificity values of 68-81%and
73-79% respectively.*®>* The highest reported sensitivity/spec-
ificity (81/79%) was found with a cut-off FA-value of 0.18, with
lower values reflecting TP>* However, interpreting the FA-values
suffers from similar limitations as ADC value interpretation.

PERFUSION MRI OF GLIOBLASTOMA

The role of PWT of glioblastoma is mainly based on the presence
of neovascularisation. Tumour neovascularisation concerns an
extensive network of suboptimal, poorly organised vessels with
slow flow and leakage.”” On T;W + c images, areas of contrast-
enhancement are seen. Slow flow and other dynamic capacities
of the neo-angiogenic network can be assessed by PWI. The
most commonly used PWI techniques are dynamic suscepti-
bility contrast (DSC) perfusion, dynamic contrast enhancement
(DCE) perfusion, and arterial spin labelling (ASL).

DSC PWI relies on the susceptibility induced signal loss on
T,* weighted sequences, resulting from the passage of a bolus
of gadolinium-based contrast agent. The most commonly used
DSC perfusion parameter is cerebral blood volume (CBV) which
can be estimated®®® and computed® based on the negative
enhancement integral. Other parameters include cerebral blood
flow (CBF), mean transit time (MTT) and time-to-peak (TTP).
The estimated value of the area under the attenuation curve is
proportional to the CBV but does not yield an absolute measure-
ment. Therefore, the measurement is expressed relative to a stan-
dard reference, usually the contralateral white matter (relative
CBV ratio: rCBV ratio).®! Overall, the rCBV ratio is an indicator
of hypervascular regions and serves as the most robust param-
eter in DSC imaging.62

DCE PWI relies on the evaluation of T1 shortening induced by
a gadolinium-based contrast agent bolus leaking from the blood
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Figure 6. Pre-operative MRI, including DSC perfusion
weighted MRI, of glioblastoma. The upper row shows axial
(a) T, weighted, (b) T7; weighted and (c) post-contrast T;
weighted images of a patient with /DH wildtype glioblastoma.
The lower row shows two axial perfusion maps derived from
DSC perfusion-weighted MRI, namely (d) CBV and (f) CBF.
The area of T{W-hyperintensity (presumably haemorrhage)
shows low perfusion (white arrow heads), while the enhanc-
ing portion anterior to it shows increased perfusion (white
arrows). CBF, cerebral blood flow; CBYV, cerebral blood vol-
ume; DSC, dynamic susceptibility contrast; IDH, isocitrate
dehydrogenase.

vessels in tissue. Pharmacokinetic modelling is used to derive
various perfusion metrics including K™, V, and V. K™
represents the capillary permeability; V, represents the fractional
volume of the gadolinium-based contrast agent in the extravas-
cular-extracellular space; V,, represents the fractional volume of
the of the gadolinium-based contrast agent in the plasma space.”®

ASL is a perfusion technique without the need for contrast
administration, where water molecules in blood vessels are
tagged magnetically prior to entering the studied ROI (i.e. at the
cervical level of the carotid artery). After a limited time interval
(1.5-2.0s), the labelled water molecules are imaged in the region
of interest (i.e. the brain tissue). CBF values can be calculated
from the differences in signal between the labelled images and
the non-labelled images.®*** The major advantage of ASL is the
fact that it does not suffer from contrast leakage effects.®®

In the diagnostic work-up, PWI is used for characterisation
of glioma genotype, as it is known that genetic differences in
glioma subtypes correlate with the glioma vasculature. An exem-
plary image of DSC PWI in the pre-operative setting is provided
in Figure 6. A recent review and meta-analysis reported that
DSC-derived CBV values were fairly accurate when predicting
IDH genotype, with an area under the receiver operator curve
(AUROC) of 0.83.°° When reviewing DCE parameters an
AUROC of 0.81, 0.84 and 0.78 were observed for K™, V, and
V,» respectively. Insufficient data were available with regard to
the non-invasive genotype prediction of GBM based on ASL
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Figure 7. Tumour progression of glioblastoma in the left
temporal lobe as appreciated on post-contrast 7; weighted
images and DSC perfusion-weighted MRI. Enhancing lesion in
the left temporal lobe in a patient post-treatment which shows
increased cerebral blood volume on DSC perfusion-weighted
MRI (white arrowhead). These features are highly suggestive
for tumour progression, which was confirmed by radiological
and clinical follow-up. DSC, dynamic susceptibility contrast.

perfusion metrics. However, ASL could be used to differen-
tiate between tumour grade (Grade 2, 3, 4) according to one
meta-analysis.*’ Furthermore, some studies suggested that pre-
treatment rCBV,,,,, values can be used as a prognostic marker
for overall survival, or response to antiangiogenic treatment.*®"!

Most commonly, PWI is used in the post-therapeutic setting to
aid in the differentiation between TP and PsP. A recent meta-
analysis on this topic reported the diagnostic accuracy of two
DSC parameters: mean rCBV and maximum rCBV. Pooled
sensitivity and specificity for detecting TP were both 88% for a
rCBV ;ean ratio threshold ranging from 0.9 to 2.15. When using
rCBV,, ratios, pooled sensitivity and specificity for detecting TP
were 93 and 76%, with thresholds derived from literature ranging
from 1.5 to 3.1.”2 However, only the minority of papers included
in these meta-analysis concerned prospective studies. An exem-
plary image of TP as assessed by DSC is shown in Figure 7.

Regarding the use of DCE-PWTI to differentiate TP from PsP, two
recent meta-analyses reported a pooled sensitivity ranging from
89 to 92%. In both meta-analyses, the specificity was found to
be 85%,.”>”*> However, only the minority of papers included in
these meta-analyses concerned prospective studies. Addition-
ally, pooled diagnostic accuracies were not based on one DCE
parameter but considered overall reported diagnostic accuracy
of DCE. Contrary to specific meta-analyses on DSC parameters,
no meta-analysis has been performed on the diagnostic accuracy
of either K™, V, or V,, in DCE PWI post-therapeutic glioblas-
toma. Therefore, no range of thresholds can be provided.

The use of ASL to differentiate PsP from TP has been suggested
to be less accurate in comparison to other PWI techniques
according to a recent meta-analysis.”’ This meta-analysis
reported a sensitivity ranging between 52 and 79%and a speci-
ficity ranging between 64 and 82% when ALS was used to differ-
entiate PsP from TP. However, too few studies are available to

Henssen et a/

Figure 8. Post-contrast 7; weighted images and ASL
perfusion-weighted MRI overlay of glioblastoma after surgery.
Panel a shows an axial post-contrast 7; weighted image illus-
trating contrast-enhancement of the resection cavity borders.
Panel b shows the colour-coded ASL-derived cerebral blood
flow overlay image, illustrating hyperperfusion in the contrast-
enhancing parts. This indicated residual tumour/tumour pro-
gression. ASL, arterial spin labelling.

perform a proper meta-analysis with pooled sensitivities and
specificities and further investigation is warranted. However,
a recent paper from our group reports that ASL and DSC have
similar diagnostic accuracies suggesting that ASL could be an
alternative for DSC-PWI. An example of ASL PWI in post-
operative glioma is provided as Figure 8.

Ithasbeen reported that implementation of either DSC or DCE in
routine follow-up MRI of GBM can aid the detection of tumour
recurrence.”* However, as stated above a wide range of cut-off
values for each technique has been reported, which complicates
further clinical implementation (e.g.””~"”). Also, a variety of PWI
metrics has been used in imaging trials using either PWTI tech-
nique. A standardised perfusion scanning protocol and stan-
dardised methods data processing with validated criteria for the
diagnostic work-up and follow-up of gliomas would contribute to
more robust scientific and clinical data.®® Efforts for standardisa-
tion of PWI acquisition have been made by various organisations
(e.g. the American Society of Functional Neuroradiology)’® and
scientific papers.®>” Based on extensive simulations combined
with expert knowledge, recommendations have been formulated
with regard to DSC PWI (e.g. full-dose preload, full-dose bolus
dosing using an intermediate (60°) flip-angle and choosing a
field strength-dependent echo time (40-50 ms at 1.5 T, 20-35 ms
at 3.0 T) in order to obtain overall best signal and precision for
CBV estimates.” No consensus recommendations with regard
to the use of DCE in neuro-oncological imaging are available.
Although recommendations have been published for the use
of ASL, it must be emphasised that these were not specifically
designed for perfusion of neuro-oncological disease {7° #232}. In
summary, this paper recommended the use of pseudocontinuous
labelling and background suppression. Also, a segmented three-
dimensional readout without the use of vascular crushing gradi-
ents has been recommended {7° #232}.
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Figure 9. Single voxel MRS of glioblastoma at 1.5T. Brain MRI
with axial post-contrast 7; weighted (panel a) and T2 (panel b)
images of a patient with a small T2 hyperintense space occu-
pying cortical/subcortical lesion in the right frontal lobe with
some contrast enhancement. Panel ¢ shows the MRS spec-
trum of the lesion. The corresponding spectrum (acquired
with TE = 20 ms) can be indicative of glioblastoma tissue. The
viable tumour tissue within the region of interest is recognised
by high Cho signal and decreased NAA, the spectral peaks
coming from lipid signal (lactate/lipid peaks are seen around
1 ppm on the spectrum) indicate the presence of necrotic tis-
sue, even though this is not visible on structural MRI. The most
prominent signals are labelled in the spectral pattern corre-
sponding to voxel a. Cho, Choline; Cr1/Cr2, Creatine; Ins dd1,
Myo-inositol; NAA, N-acetylaspartate; TE, echo time.

Finally, it has been shown that a well-established image-review
process needs to be applied upfront to assess perfusion metrics
because repeatability and reproducibility were found to be below
50 and 10% respectively in one multicentre study using DSC
PWI.2 Therefore, it has been recommended to measure rCBV in
the context of clinical trials by two experienced readers. In case
of disagreement, an adjudicator could be involved to provide the
final perfusion measurement.®* This is clearly time-consuming
and thus impractical for clinical practice. Therefore, we recom-
mend that PWI should be evaluated by an experienced reader
and should always be interpreted together with other MRI
sequences. Furthermore, radiological evolution of the area of
interest over time and the clinical context of the patient should
be taken into consideration when assessing PWI data.

MR SPECTROSCOPY OF GLIOBLASTOMA

The chemical composition of the tissue can be evaluated by MRS.
MRS can therefore detect specific metabolites in defined regions
of interest/voxels.*"®* For GBM imaging, the most important
metabolites include choline (Cho) and N-acetylaspartate (NAA)
(Figure 9). In the clinical setting, MRS is often performed as a
single voxel technique or as a slab comprising several voxels (i.e.
multivoxel spectroscopy, chemical shift imaging). However, as
not the entire lesion can be assessed in three dimensions at once,
single voxel and multivoxel spectroscopy are known to suffer
from sampling errors and outcomes can be confounded by the
heterogeneous content of glioblastoma. Relatively new 'H MRS
sequences including 3D-echo planar spectroscopic imaging
(3D EPSI) allow acquisition metabolic maps with an excellent
coverage and spatial resolution. The images acquired from 3D
EPSI protocols can be co-registered with anatomical images
(T; weighted images). MRS and 3D EPSI have been described
as useful imaging protocols to assess GBM metabolism and
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differentiation of TP from PsP3"*” Tumour tissue has an MRS
signature of increased Cho due to the increased cell density and
total cell membrane. Reduced NAA is seen due to decreased
neuronal content and decreased neuronal viability. Thus, eleva-
tion of Cho and decrease of NAA is suggestive for TP, although
Cho can also be elevated in patients who receive immuno-
therapy.®®® In a meta-analysis of 55 studies, MRS showed to
be superior to other parametric MRI sequences (conventional,
ADC, DSC PWI, DCE PWI) when differentiating PsP from TP
with a pooled sensitivity/specificity of 91/95%.”> However, this
meta-analysis included a heterogeneous collection of included
papers. For example, studies on MRS with single voxel and
multivoxel protocols were included and compared. Furthermore,
this meta-analysis made no distinction between the diagnostic
capacity of the different metabolite-ratios (included were MRS
studies focusing on Cho/Cre, Lac/Cho, NAA/Cho and Cho/
NAA). Reported cut-off values for Cho/Cre ranged between
1.07-2.50.°% 'The cut-off values reported for Lac/Cho and
Cho/NAA were 1.05 (34) and 1.71 respectively (48). Therefore,
further research is needed, preferably with well-established study
reading protocols and cut-oft values.

With regard to prognosis prediction, a recent MRS study showed
higher Cho/NAA ratios in the post-operative peritumoral
oedema zone in patients with early tumour recurrence in those
areas. A higher Cho/NAA ratio in the peritumoral oedema zone
was considered to be associated with poor prognosis.”> However,
this conclusion still needs to be corroborated by other research
groups. 2-Hydroxyglutarate is an oncometabolite of IDH mutant
glioma and it has recently been reported that MRS could be
useful for the determination of IDH mutation status based on the
detection of elevated levels of 2-hydroxyglutarate.”**® A meta-
analysis on this topic found a pooled sensitivity of 84% and a
pooled specificity of 97% with regard to predicting IDH muta-
tion status in GBM.”” Although promising, MRS is best carried
out at 3T (or higher), requires expert knowledge and/or specific
semi-automated computer-aided diagnosis software’® and is not
as widely available as other advanced MRI techniques.

®F-FDG-PET IMAGING OF GLIOBLASTOMA

The use of '*F-FDG-PET imaging in neuro-oncological diseases
is limited by the poor tumour-to-background ratio as normal,
healthy brain tissue also shows a very high physiological uptake
of this tracer. Nevertheless, '*F-FDG-PET can provide some
useful information in GBM in research settings. For example, the
maximum standardised uptake value (SUV,,,,) of "*F-FDG-PET
imaging could help to accurately determine the genotype of the
GBM*™'% and could help to predict patient prognosis.'”’ In
addition, differentiation between GBM and its main differential
diagnoses (e.g. brain metastasis and primary central nervous
system lymphoma (PCNSL)) by use of '®F-FDG-PET imaging
showed encouraging results.'”®~% When using cut-off values of
SUViax215, SUV212, and SUV,,, of 29.35, a sensitivity/spec-
ificity of 88/100%, 100/71.4%, and 100/78.3%, respectively, was
reported with regard to discriminating PCNSL from GBM.'~1%

In the post-operative setting, GBM imaging by use of *F-FDG
PET has been investigated by various authors to distinguish
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PsP from TP.''*''® From these studies, '*F-FDG PET showed
a sensitivity ranging from 68 to 100% and a specificity ranging
from 33 to 100%. Reported cut-oft values of SUV tumour-to-
brain ratios (TBR) vary from 0.75 to 2.64 with higher values
reflecting TP.''''"? However, a more recent meta-analysis also
found a statistically significantly lower pooled specificity when
imaging high-grade glioma as compared to low-grade glioma (82
vs 90%).''* Therefore, we conclude that FDG-PET imaging plays
a limited role in post-treatment GBM imaging. Although mostly
retrospective studies were carried out on this topic,'*™''> some
well-performed prospective studies are also available.!”!'®

AA-PET IMAGING OF GLIOBLASTOMA

In contrastto FDG-PET imaging, radio-labelled amino-acidshave
a high TBR due to the increased amino-acid metabolism in GBM
cells due to cell proliferation and extracellular matrix produc-
tion. Therefore, AA-PET can be helpful in the imaging of GBM
in the pre-operative as well as post-therapeutic setting. S-11C-
methyl)-L-methionine (11C-MET), O-(2-18Ffluoroethyl)-L-
tyrosine (**F-FET), and 3,4-dihydroxy-6-18F-fluoro-L-phenyla
lanine (**F-FDOPA) are the most widely studied tracers. In the
pre-operative setting, AA-PET imaging serves three main goals:
primary diagnosis/differential diagnosis, glioma delineation, and
treatment planning.

For "F-FET PET imaging, it has been shown that abnormal
focal '8F-FET uptake leads to a high sensitivity of high- grade
glioma detection.'?*"'%* More specifically, a TBR ,4,<2.5 in '*F-
FET excludes a high-grade tumour with high probability.'* It
has furthermore been found that dynamic "*F-FET data could
be very useful for glioma grading.'”"'** Dunet et al reported
that a negative slope of tumour FET time-activity was the best
predictor of high-grade glioma.'® Although several studies have
been carried out with 'C-MET and *F-FDOPA, these radio-
tracers were less accurate as compared to BE_FET.'?"12 In terms
of glioma delineation, biopsy studies showed that '*F-FET PET-
imaging detected the extent of gliomas, including GBM, most
accurately.'”>'* With regard to glioma delineation, it is known
from histological validation studies that conventional MRI is
limited with regard to visualising glioma extent."**!** TBR,,,
values of "*F-FET PET imaging, on the other hand, were found
to result in larger tumour volumes."*! Similar results have been
obtained with '®F-FDOPA PET in progressive or recurrent GBM
where a larger tumour extent was identified when compared
with MRI-derived rCBV maps.'*? Accordingly, *F-FDOPA
PET-based tumour volumes have been shown to extend beyond
the contrast-enhancing volume on conventional MRI.'**'3 1'C-
MET has only been used in the delineation of recurrent GBM
indicating contrast-enhanced MRI alone resulted in an underes-
timation of the tumour volume.'*’

In the pre-operative setting, research showed that AA-PET
imaging could be of predictive value as 'F-FDOPA was
found capable to predict overall survival’®*® and could iden-
tify bevacizumab-responders as early as 2 weeks after treat-
ment initiation."*” Concerning brain biopsy planning, the use
of PET imaging to identify focal hot spots has also been found
relevant for GBM imaging'**'*® (Figure 10), e.g. for detecting
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Figure 10. "®F-FET PET) images of glioma in the pre-operative
setting'®F-FET PET images show diffuse uptake of FET in
the left frontoparietal lesion with focal areas of relative more
uptake. These regions are thought to represent the localisa-
tions with the most high-grade tumour tissue. Biopsy was
carried out and after histopathological examination, including
molecular diagnostics, the diagnosis of an astrocytoma Grade
Il was made (according to the 2021 WHO Glioma Classifica-
tion). "8F-FET, O-(2-18Ffluoroethyl)-L-tyrosine; PET, positron
emission tomography.

regions with abnormal activation of the EGFR gene due to
a deletion of exons 2-7 of EGFR.'* Also, AA-PET-CT was
found to provide more accurate stereotactic biopsies compared
to "*F-FDG-PET-CT guided biopsies.'*” Studies on the use of
"E_FET and '®F-FDOPA to guide stereotactic biopsies showed
superior results compared to 'C-MET and FDG-PET guided
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biopsies.'**!*1142 For instance, a recent cost-effectiveness anal-
ysis showed that the combined use of '®F-FET PET and MRI
resulted in a 19% higher likelihood to obtain a representative
biopsy.'** With regard to radiotherapy planning, the use of ''C-
MET PET imaging'*'** and "F-FET PET imaging effectively
helped to delineate areas of glioma microspread resulting in a
larger target volume.*>'*®!*7 Nevertheless, tumour recurrence
after radiotherapy was reported to occur most often within the
AA-PET defined target volume.*®'%

Additionally, the aforementioned AA-based radiotracers
are widely used in the post-treatment assessment, especially
with regard to differentiation of PsP from TP. Several reports
presented a sensitivity/specificity ranging from 66/60 to 78/100%
when distinguishing PsP from TP by use of 'C-MET PET
imaging **!1%19-159 When assessing the diagnostic accuracy of
"8E-FET PET imaging (see, e.g.'%71%), meta-analyses reported
a pooled sensitivity and specificity of 88-91%and 78-95%,
respectively.'*'®” The use of "*F-DOPA PET was to distin-
guish PsP from TP showed sensitivity and specificity ranges of
85-100% and 70-86%, respectively.'!>168171

With regard to research on the use of AA-PET in imaging in
post-operative glioblastoma, the field is limited by the large body
of retrospective studies and the unblended assessment of radiol-
ogists/nuclear medicine physicians with regard to other clinical,
histopathological and imaging information,*®!13137:158,164-166

NOVEL MRI TECHNIQUES FOR USE IN
GLIOBLASTOMA

During the last decades, tremendous developments of MRI hard-
ware and image analysis methods allowed for micro- to macro-
scale imaging of GBM. These novel imaging approaches target a
variety of molecular pathophysiological mechanisms occurring
in GBM. To facilitate sharing of knowledge and to accelerate the
clinical implementations of novel MRI techniques, the European,
multidisciplinary network Glioma MR Imaging 2.0 (GliMR) was
founded in 2019."”> Although the continuous development of
novel MRI techniques prevents the authors from providing a
complete overview of the literature on this topic, some promising
techniques are highlighted.

Diffusion kurtosis imaging (DKI) has been proposed as a sensi-
tive method to visualise the otherwise invisible, infiltrating
component of GBM. DKI is an extension of DTI methods as it
provides quantitative information about how tissue water diffu-
sion deviates from a Gaussian distributed diffusion.'”* Previous
research found that DKI variables can be used to assess micro-
structural alterations in perilesional white matter, suggestive of
tumour infiltration which is not visible on conventional MRI

sequences.174’175

Another innovative imaging technique concerns amide proton
transfer-chemical exchange saturation transfer (APT-CEST),
which is aimed at assessing tumour metabolism and cell prolif-
eration. Like other malignancies, GBM cells rewire their metab-
olism to grow excessively and to ensure prolonged cell-life.
APT-CEST imaging indirectly visualises these mechanisms by
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detecting the presence of amide protons. Amide-protons accu-
mulate in regions with an increased amount of proteins and
peptides. APT-CEST imaging uses a specific radiofrequency
pulse at the resonant frequency of protons inside amides (-NH).
Thereby, only the protons within the amides will be saturated. In
turn, the magnetic saturation of the amides will spontaneously be
transferred to water due to the chemical exchange of the excited
amide protons with non-excited protons within water molecules.
The proton of the amides will thus be replaced with an unsatu-
rated proton from water, causing an accumulation of saturation
in water. Saturation of water will cause a decrease in water signal
and is thereby an indirect reflection of amides in a target area. It
has been reported that the use of APT-CEST is promising with
regard to predicting IDH mutation status'’® and distinguishing
TP from pseudoprogression.'””!78

Deuterium metabolic imaging (DMI) is novel, non-invasive
approach which combines deuterium MRS with oral intake (or
intravenous injection) of non-radioactive *H-labelled substrates
to generate three-dimensional metabolic maps. DMI can reveal
glucose metabolism beyond uptake and thereby provides much
more detailed information with regard to tissue metabolism as
compared to '*F-FDG-PET imaging.'”® Preliminary data showed
pronounced metabolic differences between normal brain and
GBM."””

Vessel architectural imaging (VAI) provides further insights into
vessel size and type. VAI exploits the differences in observed
proton relaxation from simultaneously acquired contrast-
enhanced gradient recalled-echo and spin-echo MR imaging for
vessel-size estimation. The temporal shift between the two relax-
ation curves can be used to estimate vessel type and size.'3-'82
Because VAI can estimate these vessel features, it has been
suggested that this technique might provide further insight into
the mechanisms of pseudoprogression and the early detection of
Tp 183,184

NOVEL RADIOTRACERS FOR USE IN
GLIOBLASTOMA

In recent years, several new classes of tracers have emerged that
may also prove interesting for use in GBM not just from a diag-
nostic, but also from a therapeutic point of view as these tracers
can potentially also be labelled with beta- and alpha-emitting
radioisotopes. The first of these substance classes concern
tracers aimed at the prostate-specific membrane antigen
(PSMA). Primarily developed for use in diagnosis and therapy
of metastatic prostate cancer, the inaptly named PSMA, which
less colloquially is also known as glutamate carboxypeptidase
two and in the brain serves as a modulator of excitatory neuro-
transmission, is also expressed in GBMs and their neovascu-
lature in vitro as well as in vivo.">"187 Although initial studies
show promising results as to the diagnostic potential of PSMA
in GBM,'® no prospective data on the diagnostic value of this
tracer are available as yet. However, in contrast to AA-PET,
given sufficiently high uptake PSMA-PET as stated above also
may indicate to possibility of radionuclide therapy with PSMA
targeted substances.
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The second class of interest in GBM are tracers aimed at the
fibroblast activating protein (FAP). Recently introduced as a
novel tracer of interest for diagnosis and possibly also therapy in
a broad variety of oncological diseases,'® this class of tracer in
first, preliminary results also was shown to produce promising
results in IDH-wildtype GBM as well as IDH-mutant astrocy-
toma, but not in low-grade IDH-mutant gliomas. This indicates
that this class of substance may in the future play a role in non-
invasively identifying high-grade IDH-mutant gliomas and
GBMs, as well as may provide another radionuclide therapy
option for these diseases.

ARTIFICIAL INTELLIGENCE AND IMAGING OF
GLIOBLASTOMA

A growing number of Al-based applications is finding its way
to clinical practice. Commercially available Al-based software
in the field of radiology holds at least 100 CE-marked products,
although the majority of these packages have not been based on
peer-reviewed scientific evidence and only a minority of such
software applications have demonstrated (potential) clinical
impact.'®® Although AI holds the potential to perform image
analyses which matches and potentially surpasses the experi-
enced neuroradiologist’s abilities,'”’ important challenges for
AT need to be recognised (for a review see!®?). For example,
most studies on Al in GBM imaging were performed on limited
sample sizes. Additionally, in most studies there was no external
validation of obtained results, which limits generalisation of
the study results and bears the risk of overfitting. It is therefore
essential to educate the end-users on this topic, who should be
familiar with the strengths and limitations for applying AI-tools
in clinical practice. Also, data sharing is an important factor
which will contribute to further development and implementa-
tion of Al-tools. For that reason, the open-access imaging data-
bases of the MICCAI'*® and the Erasmus Glioma Database'** are
much needed advances in this field. Creating and maintaining
such large databases are essential, though time-intensive tasks.
Al could also play a role in data curation in order to preserve its
integrity and ensure reusability.'®

The potential of Al tools in glioma image analysis is also
immense. First, Al-based glioma segmentation was found to
be highly accurate,'*® which would relieve radiologists of the
labour-intensive task of image segmentation or even tumour
measurement. This explains why fully automated segmenta-
tion tools have gained interest over the years and highlights the
importance of the annual multimodal Brain Tumour Segmenta-
tion (BraTS) challenge (http://braintumorsegmentation.org/). A
recent report showed that the implementation of an AI- based
segmentation tool in our clinical practice resulted in reasonable
(77%) rates of successful segmentation.197

In one study, researchers used an Al application as an add-on
feature in radiological readings to predict IDH mutation status
in gliomas.'®® In this study, neuroradiologists’ predictive capacity
of WHO grade was improved when coupled with the predictive
capacities of a random forest algorithm. In addition, the same
input variables could be used to accurately predicting IDH muta-
tion status.'”® Two recent meta-analysis on this subject provided
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an overview of the accuracy of AI with regard to predicting
glioma genomics, which showed high accuracy of machine
learning algorithms for the prediction of IDH mutation status,
1p/19q codeletion status, MGMT promoter mutation and TERT
promoter mutation with AUROCs of 0.909, 0.748, 0.866 and
0.842, respectively.!” However, again these studies mainly used
internal validation and external validation was largely lacking.
In a recent review, similar predictive capacities were found with
pooled sensitivities and specificities of 0.88, 0.76 and 0.76 for
predicting IDH mutation status, 1p/19q codeletion status and
MGMT promoter mutation, respectively.*”’ Pooled specificity
for predicting IDH mutation status, 1p/19q codeletion status
and MGMT promoter mutation showed to 0.86, 0.83 and 0.83,
respectively. However, these meta-data represent the predictive
capacities of the investigated artificial intelligence approaches in
their training phase. With regard to the IDH mutation status, a
meta-analysis was provided on the diagnostic accuracy param-
eters in the (mostly internal) validation sets. The pooled sensi-
tivity and specificity for predicting IDH mutation status were
0.83 and 0.85 in validation sets, respectively.2*’

RECOMMENDATIONS AND CONCLUSIONS

From the published literature, it is evident that advanced neuro-
imaging techniques have the potential to add value to the diag-
nostic work-up, treatment planning and surveillance of patients
with suspected GBM. It is, however, also clear that there is
wide variability in their application and interpretation, while
patient access to these techniques also varies widely.?"! With the
exception of the newly defined response assessment criteria for
paediatric low-grade glioma—which include DWI—advanced
imaging techniques are not part of international and widely
accepted response assessment criteria such as those defined by
the Response Assessment for Neuro Oncology (RANO) working
groups. This can at least in part be attributed to the lack of
standardisation and high-level evidence. Most published work
concerns retrospective, selected and often small patient popu-
lations, while prospective studies—in particular using external
validation cohorts—are rare and randomised controlled trials
non-existent. Here, we find ourselves somewhat in a Catch-22:
due to the fact that advanced imaging is not part of response
assessment criteria, there is no harmonised guidance on its
use, while at the same time, the lack of standardisation severely
hampers the definition of uniform guidelines. Recent interna-
tional efforts to standardise image acquisition in glioma® are
instrumental to break this vicious circle and to facilitate studies
for obtaining the much needed high-level evidence for providing
clear guidance on the optimal choice and application of the
various advanced imaging techniques.

At the same time, it seems that PWI and MRS, as well as AA-PET
have found widespread application for diagnostic challenges,
in particular for assessing tumour aggressiveness, extent, and
differentiation from treatment-related effects, while DWT has its
particular use for differential diagnosis and pre-surgical tractog-
raphy. Novel tracers aimed at PSMA or FAP could mix up the
landscape here as these tracers also seem to have specific diag-
nostic properties as well as the potential for radionuclide therapy.
It remains to be seen if and which technique is superior to others,
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and until such time individual institutions apply techniques
according to local preferences and expertise. In the absence of a
clearly superior technique, the local level of expertise is probably
a more important factor than the choice of technique. This also
means that the acquisition, post-processing, and interpretation
need to be in the hands of experts who are not only technically
but also clinically informed on the strengths and weaknesses of
each applied technique.

The same could be said about Al-based tools, which have enor-
mous potential to improve and enhance clinical practice, on the
one hand automating tasks that are currently done manually
(such as tumour segmentation) and on the other hand providing
additional diagnostic information (such as prediction of tumour
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genotype). Again, levels of evidence are still low and the time
is now ripe for studies with prospective, sufficiently powered
cohorts and—crucially—external validation. Guidance for
setting up and assessing the strength of Al studies is for instance
provided by the radiomics quality score.”*

The classification of diffuse glioma, including GBM, is a rapidly
changing the landscape with an important role for diagnostic
imaging at every step along the way from diagnosis to treatment
decision-making and treatment monitoring. Advanced imaging
acquisition and Al-based analyses provide powerful tools, both
in their current form and in future developments, but need to be
used with expert knowledge within the context of the currently
available evidence.
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Objectives: To compare second-look ultrasound (SL-ul-
trasound) with second-look digital breast tomosynthesis
(SL-DBT) in the detection of additional lesions (ALs)
with presurgical contrast-enhanced spectral mammog-
raphy (CESM).

Methods: We retrospectively included 121women with
128 ALs from patients who underwent CESM for presur-
gical staging at our centre from September 2016 to
December 2018. These ALs underwent SL-ultrasound
and a retrospective review of DBT (SL-DBT) performed
1-3 weeks prior to CESM to evaluate the performance
of each technique individually and in combination. ALs
in CESM images were evaluated according to enhance-
ment type (focus, mass, or non-mass), size (<10 mm or
>10 mm) and level of suspicion (BI-RADS 2, 3, 4 or 5). Our
gold-standard was post-biopsy histology, post-surgical
specimen or >24 month negative follow-up. McNemar’s
test was used for the statistical analysis.

Results: Out of the 128 ALs, an imaging correlate was
found for 71 (565.5 %) with ultrasound, 79 (61.7%) with
DBT, 53 (414 %) with DBT and ultrasound, and 97
(75.8%) with ultrasound and/or DBT. SL-DBT demon-
strated a higher detection rate vs SL-ultrasound in non-
mass enhancement (NME) pattern (p: 0.0325) and ductal
carcinoma in situ histological type (p: 0.0081). Adding
SL-DBT improved the performance vs SL-ultrasound
alone in the overall sample (p: <0.0001) and in every

INTRODUCTION

Contrast-enhanced spectral mammography (CESM) is a
new breast imaging diagnostic technique which highlights
areas of tumoral neoangiogenesis via an injection of iodin-
ated contrast media.! CESM demonstrated a high sensi-
tivity in the detection of breast cancer (BC), up to 85-97%

subcategory identified; adding SL-ultrasound to SL-DBT
improved the detectability of ALs in the overall sample
and in every category except for NME (p: 0.0833), foci
(p: 0.0833) and B3 lesions (p: 0.3173).

Conclusion: Combined second-look imaging (SL-DBT+
SL-ultrasound) for CESM ALs is superior to SL-DBT alone
and SL-ultrasound alone. In B3 lesions, NME, and foci,
the analysis of a larger sample could determine whether
adding SL-ultrasound to SL-DBT is necessary or not.
Advances in knowledge: Thanks to its high sensitivity,
CESM is a useful tool in presurgical staging to detect
the extent of the disease burden and identify ALs not
detected with conventional imaging. Since CESM-
guided biopsy systems are still scarcely available in clin-
ical practice, it is necessary to look for other approaches
to histologically characterize ALs detected with CESM.
In our study, combined second-look imaging (SL-DBT
+ SL-ultrasound) showed better performance in terms
of detectability of ALs, than either SL-DBT or SL-ultra-
sound alone, and allowed us to identify 91.2% of ALs
that turned out to be malignant at final histology; for
the remaining 8.8% it was still necessary to perform
MRI or MRI-guided biopsy. However, this issue could be
solved once CESM-guided biopsies spread in clinical
practice. SL-DBT demonstrated a higher detection rate
than SL-ultrasound in NME and ductal carcinoma in situ
histology.

in two recent meta-analyses,> with a diagnostic perfor-
mance similar to contrast-enhanced MRI (CE-MRI).*
Thanks to its high sensitivity, it is a useful tool in presur-
gical staging to detect the extent of the disease burden and
identify additional lesions (ALs) not detected with conven-
tional imaging.” In a recent study, CESM performed as
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pre-operative staging gave rise to additional biopsies in 17.5%
and changed the type of surgery in 18.4% of patients, showing
an overall sensitivity, specificity, positive predictive value, nega-
tive predictive value and accuracy of 93%, 98%, 90%, 98% and
97% respectively.® Previous studies have confirmed these results
with similar detection percentages of ALs that led to necessary
changes in surgical plans, confirmed by histologic post-surgical
specimens.”’

Since CESM-guided biopsy systems are still scarcely avail-
able in clinical practice, it is necessary to look for other
approaches to histologically characterize ALs detected with
CESM. Several studies have already demonstrated that CESM
sensitivity is as high as CE-MRL*>’ so a choice could be to
perform CE-MRI and MR-guided biopsy on ALs. However, this
procedure is highly time-consuming and costly and not always
feasible depending on the location of the ALs, as confirmed in
literature.'>!!

As with MRL'*"® second-look ultrasound (SL-ultrasound)
targeting CESM findings is surely one of the most important
alternatives, since ultrasound-guided core biopsies are widely
available, and quick and easy to perform. To our knowledge,
there are no studies on the detection rate of SL-ultrasound for
ALs with CESM, but a previous study reported a lack of correlate
for MRI additional findings of up to 53%."*

Since their introduction in clinical practice, digital breast tomo-
synthesis (DBT) and DBT-guided-biopsy systems have demon-
strated an improvement in the detection rate of breast lesions,
reducing false-positive recall rates in screening due to superim-
position of normal glandular tissue.">'® Clauser et al, in their
study evaluated the role of SL-DBT in ALs found with presurgical
MRI and reported that when SL-DBT was combined with SL-ul-
trasound the detection rate for clinically relevant ALs increased
from 52 to 75%, with MR-guided biopsy being necessary for the
remaining 25%."

The purpose of our study was to compare second-look ultra-
sound (SL-ultrasound) and second-look DBT (SL-DBT) in terms
of performance in the overall sample and in every subcategory
identified, and whether, and in which cases, the combination of
both (SL-ultrasound + SL-DBT) could significantly improve the
detectability of CESM ALs vs SL-ultrasound alone and SL-DBT
alone.

Methods and materials

From the CESMs performed as presurgical staging from
September 2016 to December 2018, we retrospectively screened
those with evidence of ALs on recombined images not detected
with conventional imaging [full-field digital mammography
(FFDM) + whole-breast ultrasound] in the ipsilateral or contra-
lateral breast. We reported and classified ALs according to the
MRI BI-RADS reporting system'® with distinct levels of suspi-
cion: BI-RADS 2, BI-RADS 3, BI-RADS 4 and BI-RADS 5. Every
AL underwent second-look ultrasound after CESM (SL-ultra-
sound) and review of DBT images that had been acquired 1-3
weeks prior to CESM (SL-DBT).

Among ALs with a correlate detected by SL-ultrasound and/
or SL-DBT, those classified as BI-RADS 2 and/or 3 with CESM
underwent a follow-up when the level of suspicion was confirmed
with second-look imaging. Conversely, when SL-ultrasound
and/or SL-DBT upgraded the level of suspicion to BI-RADS 4
or 5, we performed ultrasound-guided biopsy or tomo-guided
biopsy, depending on the imaging technique showing the higher
level of suspicion. In cases of ALs with the same level of suspi-
cion in both SL-ultrasound and SL-DBT, we chose to perform
ultrasound-guided biopsy.

Every AL reported as BI-RADS 4 and 5 with CESM with an
imaging correlate detected by SL-ultrasound and/or SL-DBT
underwent biopsy, regardless of the level of suspicion of the two
SL techniques.

Every AL with a negative second-look underwent CE-MRI,
whatever the level of suspicion identified in CESM. In this
group, BI-RADS 3 CESM ALs without an imaging correlate
in CE-MRI or with the same level of suspicion, underwent
a follow-up. BI-RADS 4 and 5 CESM ALs with an imaging
correlate in CE-MRI underwent MR-guided biopsy, regardless
of the MRI level of suspicion, while those without an imaging
correlate underwent short-term follow-up with CESM, since
CESM-guided biopsy systems are not yet available in Italy. When
ALs with negative CE-MRI were at a distance of <10mm from
the index lesion, we added the overall size of the enhancing area
(index lesion + AL + intralesional distance) on our reports and
recommended that the surgeon widen the surgical margin to
include the ALs in the surgical excision (Figure 1).

All patients underwent whole-breast ultrasound, bilateral
FFDM and DBT performed in the standard craniocaudal (CC)
and mediolateral oblique (MLO) views using a full-field digital
mammography unit with tomosynthesis (Selenia Dimensions,
Hologic), between 1 and 3 weeks before CESM; in females of
premenopausal age, CESM was performed during the second
week of the menstrual cycle.

CESM was executed with a commercial mammography system
(Selenia Dimensions, Hologic, Marlborough, MA), after an
intravenous administration of 1.5 cc/kg of body weight of iodine-
based contrast agent (Iopromide 370 mg ml™'; Bayer HealthCare,
Whippany, NJ or Iopamidol 370 mgml™'; Bracco Imaging S.p.A.,
Milan, Italy) at 3 cc/s followed by 20 ml of saline flush using an
automated power injector. The first acquisition began 2 min after
the injection. Standard mammographic views of each breast (CC
and MLO images) were obtained in sequence within 5 min. After
8 min, a “delayed image” of each breast was acquired to permit a
qualitative assessment of the enhancement kinetics. No issue was
raised by our institutional ethics committee about radiation dose
since our population was composed by females with a proven
breast cancer and CESM was performed as pre-surgical staging
and not as screening programme, so a minor increase in radia-
tion dose was tolerated.

For each CESM view, a low-energy (LE) image and a high-
energy image were performed serially, at 26-31 kVp with
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Figure 1. Flowchart of diagnostic management of CESM ALs; * depending on the higher level of suspicion out of the two imaging
techniques (SL-ultrasound and/or SL-DBT); ** follow-up or biopsy if level of suspicion is confirmed by the other SL imaging tech-
nique. LI: index lesion; SURGERY: explained in text. ALs; arterial lesion; CESM, contrast-enhanced spectral mammography; SL-DBT,

second-look digital breast tomosynthesis.
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rhodium and silver (Rh and Ag) filters and at 45-49 kVp with
a copper filter, respectively. A recombination algorithm was
used to subtract the unenhanced breast tissue and provide a
recombined image for highlighting the areas of relative contrast
enhancement. All the mammographic views were used for our
analysis.

CESM images were reviewed in consensus by three experienced
breast radiologists with 4-27 years’ experience in breast imaging.

The radiologists, not blinded to other imaging methods (ultra-
sound, FFDM and DBT), described the index lesions in terms of
localization, size, and type of enhancement.

Every measurable enhancing finding at a distance >5mm from
the index lesion or on the contralateral breast was considered an
AL. In order to distinguish ALs from background parenchymal
enhancement (BPE) when present, the radiologists evaluated the
symmetry, distribution and intensity of the enhancing findings,
since BPE is more often symmetric and with a stronger inten-
sity in the delayed recombined images acquired after 8 min than
in the early recombined images acquired after 2min. ALs were
described and classified as mass, non-mass and focus according
to the MRI BI-RADS lexicon, since a standardized lexicon for
CESM does not yet exist.'®

Both whole-breast bilateral ultrasound and targeted SL-ultra-
sound were performed using handheld ultrasound by a radiol-
ogist of our institution with a 10-13 MHz transducer and an
ultrasound unit (ESAOTE, MyLab 70 XVG).

Target SL-ultrasound was performed after 3-7 days by a breast
radiologist of our institution who retrospectively evaluated the
CESM images, looking for the ALs’ correlate, such as masses or
distortions; when a correlate was found, we performed 14G CNB.

DBT images acquired 1-3 weeks prior to CESM were re-evalu-
ated retrospectively in separate sessions by a breast radiologist
of our institution; when a correlate with suspicious imaging
characteristics (masses, architectural distortions, microcal-
cifications and asymmetries) and lesion size and localization
correspondence with CESM ALs was found, we performed 8G
tomo-VAB.

Lesions classified as benign (B2) were: B2 lesions confirmed
by post-biopsy histology; lesions with at least a 2-year negative
follow-up; lesions B1 or B2 after surgical excision in case of ALs
with negative SL-ultrasound, SL-DBT and CE-MRI, and at a
distance of <10 mm from the index lesion.

Lesions classified as having uncertain malignancy potential (B3)
were: B3 lesions confirmed after surgical excision in case of ADH,
papilloma, LN and phyllodes tumour, B3 lesions confirmed by
post-biopsy histology for the remaining categories that did not
undergo surgical excision.

Lesions were classified as malignant if confirmed by final
histology after surgical excision.

We then divided the overall sample into subcategories according
to histology (malignant, B3, benign lesion), and when malignant,
also the cancer histological type [IDC, ILC, ductal carcinoma in
situ (DCIS)], type of enhancement in CESM [focus, mass, non-
mass enhancement (NME)], and maximum diameter (<10 mm;
>10mm).

Following, we evaluated the performance of SL-ultrasound,
SL-DBT and the combination of both in terms of detectability of
ALs identified in CESM recombined images in the overall sample
and in every subcategory identified.
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Table 1. Side-distribution of 128 benign, high-risk (B3), and malignant additional lesions detected in patients who underwent pre-

operative breast CESM

Additional lesions n Benign High-risk lesions (B3) Malignant

Total 128 61 47.7% 10 7.8% 57 44.5%
Ipsilateral 68 26 38.2% 5 7.4% 37 54.4%
Contralateral 60 35 58.3% 5 8.3% 20 33.3%

CESM, contrast-enhanced spectral mammography.

Statistical analysis

Using McNemar'’s test, we compared SL-ultrasound and SL-DBT
performances for the whole sample and the subcategories to
discover which SL-technique was more effective and when.
Then, we verified whether and when the combination of SL-ul-
trasound and SL-DBT was better than SL-ultrasound or SL-DBT
alone. The analyses were performed using IBM SPSS Statistics
23.0 (IBM SPSS Inc., Chicago, IL) and Microsoft Excel (Micro-
soft Corporation, Redmond, WA).

RESULTS

In 304 CESMs carried out as pre-surgical staging, 128 ALs
were found which were either ipsilateral or contralateral to the
index lesion in 121 patients: among these, 57/128 (44.5%) were
confirmed as malignant, 10/128 (7.8%) as B3 lesions, and 61/128
(47.7%) as benign (Table 1).

ALs found on SL-DBT were masses in 40 cases, microcalcifica-
tions in 22, distortions in 16, and 1 focal asymmetry.

Out of 57 malignant Als, 30 (52.6%) showed as mass enhance-
ment in CESM, 18 (31.6%) as NME, and 9 (15.8%) as foci.

CESM NME ALs were observed in SL-DBT as 12 microcalcifica-
tions, 3 masses, 6 distortions and 1 focal asymmetry; mass-like
ALs were observed in SL-DBT as 30 masses, 10 distortions and
4 microcalcifications; foci ALs were observed in SL-DBT as 7
masses and 6 microcalcifications.

SL-ultrasound detected an imaging correlate in 71/128 CESM
ALs: 39/57 (68.4%) malignant lesions, with a significant
decrease in performance in the DCIS histological type (3/11;
27.3%); 27/61 (44.2%) benign lesions, and 5/10 (50.0%) B3
lesions.

SL-DBT detected an imaging correlate in 79/128 CESM ALs:
41/57 (71.9%) malignant lesions; 29/61 (47.5%) benign lesions,
and 9/10 (90.0%) B3 lesions.

The histologic characteristics of CESM ALs with and without a
SL-detected correlate are reported in Table 2.

The combination of both techniques (SL-ultrasound + SL-DBT)
detected 97/128 CESM Als: 52/57 (91.2%) malignant lesions,
35/61 (57.4%) benign lesions, and 10/10 (100%) B3 lesions.

Table 2. Histology of B5 and B3 lesions detected with SL-ultrasound, SL-DBT individually or combined, or with negative SL, in

121women with 128 ALs found with presurgical CESM

Not detected
Detected at both at SL-DBT

Detected at SL- Detected at SL- SL-ultrasound and | neither SL-
B5 and B3 additional lesions ultrasound DBT SL-DBT ultrasound
B5 lesions (n = 57) 39 (68.4%) 41 (71.9%) 28 (49.1%) 5 (8.8%)
Invasive ductal carcinoma 31 27 22 4
Microinvasive ductal carcinoma 1 0 0 0
DCIS 3 10 3 1
Invasive lobular carcinoma 4 4 3 0
B3 lesions (n = 10) 5 (50.0%) 8 (80.0%) 4 (40.0%) 0
Atypical ductal hyperplasia 1 1 1 0
Lobular neoplasia 0 2 0 0
Flat epithelial atypia 0 2 0 0
Radial Scar 1 1 1 0
Papilloma 2 2 1 0
Atypical apocrine adenosis 1 1 1 0

CESM, contrast enhanced spectral mammography; DBT, digital breast tomosynthesis; DCIS, Ductal carcinoma in situ; SL, second-look.
Note: the three DCIS with an imaging correlate detected by SL-ultrasound, also had a correlate with SL-DBT; no DCIS positive with SL-ultrasound

and negative with SL-DBT were observed.
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In our study, 31/128 CESM ALs negative in both SL-ultrasound
and SL-DBT underwent CE-MRI and 28/31 showed an imaging
correlate. Of the 5/31 malignant ALs, 4 (all BI-RADS 4 in CESM
and CE-MRI) underwent MR-guided biopsy and 1, negative
with CE-MRI, was confirmed after surgical excision with wider
margins, as it was <10 mm from the index lesion; the undetected
malignant ALs were one DCIS, two G1 IDC, one G2 IDC and
one G3 IDC. Of the 26/31 benign ALs, 24/31 were confirmed as
benign after at least a 2-year negative follow-up with CESM, and
2/31 by histology after MR-guided biopsy.

The subcategories identified in our sample, in particular histology
(malignant, B3, benign lesion), and when malignant, the cancer
histological type (IDC, ILC, DCIS), type of enhancement in
CESM (focus, mass, NME), maximum diameter (<10mm;
>10mm), level of suspicion (BI-RADS 2 or 3, BI-RADS 4,
BI-RADS 5) are reported in Table 3.

SL-ultrasound alone vs SL-DBT alone showed no significant
performance difference in terms of detectability of CESM ALs
in the overall sample (SL-DBT 61.7% vs 55.5% SL-ultrasound),
while the combination of DBT and ultrasound (SL-DBT + SL-ul-
trasound) showed a significantly higher performance vs SL-ul-
trasound alone (75.8% vs 55.5%; p: <0.001) and vs SL-DBT alone
(75.8% vs 61.7% p: <0.001).

SL-DBT alone proved significantly better in terms of detect-
ability vs SL-ultrasound alone in DCIS histological type (90.9%
vs 27.3%; p: 0.008) and in the NME category (64.7% vs 41.2%;
p: 0.032). In the remaining subcategories identified, no signifi-
cant difference was found in the performance of SL-DBT alone
vs SL-ultrasound alone.

When considering histology, the combination of both techniques
(SL-DBT + SL-ultrasound), showed a significantly improved
performance vs SL-ultrasound alone and SL-DBT alone in malig-
nant lesions (91.2% vs 71.9% SL-DBT. p < 0.001; vs 68.4% SL-ul-
trasound. p < 0.001), especially in IDC histological type (90.2%
vs 65.8% SL-DBT. p: 0.002; vs 78.0% SL-ultrasound. 0.025), and
benign lesions (57.4% vs 47.5% SL-DBT. p: 0.014; vs 44.3% SL-ul-
trasound. p: 0.005); SL-DBT + SL-ultrasound also showed better
performance vs SL-ultrasound alone in DCIS histological type
(90.9% vs 27.3%; p: 0.008) and in B3 lesions (100.0% vs 50.0%;
1 0.025).

When considering the type of enhancement of CESM ALs,
SL-DBT + SL-ultrasound improved the detectability vs both
SL-ultrasound and SL-DBT alone in the mass category (81.2% vs
63.8% SL-DBT. p: 0.008; vs 71.0% SL-ultrasound. p: 0.001), and it
also proved better vs SL-ultrasound alone in the NME (73.5% vs
41.2%; p: 0.001) and focus (64.0% vs 32.0%; p: 0.005) categories.

In relation to the AL size, the combination of SL-DBT + SL-ul-
trasound improved the performance vs SL-ultrasound alone and
SL-DBT alone in both the <10 mm (75.6% vs 59.8% SL-DBT, p <
0.001; vs 57.3% SL-ultrasound. p < 0.001) and >10mm catego-
ries (76.1% vs 65.2% SL-DBT, p: 0.025; 52.2% SL-ultrasound. p
<0.001).

Bellini et a/

As regards the level of suspicion. combined SL-DBT + SL-ultra-
sound improved the detectability of ALs vs both SL-ultrasound and
SL-DBT alone in the BI-RADS 3 (65.7% vs 50.7% SL-DBT. p < 0.001;
45.2%. SL-ultrasound. p < 0.001) and BI-RADS 4 categories (88.7%
s 75.5% SL-DBT. p: 0.008; vs 67.9% SL-ultrasound. p < 0.001).

The other evaluations were not statistically significant.

Examples of malignant CESM ALs with only a correlate detected
by SL-ultrasound and only a correlate by SL-DBT, are shown in
Figures 2 and 3.

DISCUSSION

To our knowledge, this is the first study to report the role of SL-DBT
and combined SL-DBT and/or SL-ultrasound in detecting ALs
observed in CESM exams performed for pre-surgical staging.

In our study, we found 128 ALs in 304 presurgical CESMs, with a
rate of 39.80%, higher than the few studies published in literature
on this topic,®” namely, 23.6% in the study of Bicchierai et al, and
16% in Ali-Mucheru et al, but similar to some studies of presur-
gical MRL,'"*?% such as that of Clauser et al which reports 39%
of additional findings.

The overall malignancy rate for ALs was 44.5%, in agreement
with several studies in literature,>*! including 54.3% that of
Houben et al, and with other studies on MRI'”*** ; similar
values were also found in the study of Ahsberg et al. (48%).**
This result confirms the already demonstrated accuracy of CESM
in assessing multifocal, multicentric and bilateral lesions.*>*®

Out of the 128 ALs, 68 were ipsilateral while 60 contralateral,
with a significantly higher malignancy rate for the ipsilateral
group, similar to previous studies in literature.”’ In our study, we
included females with histologically proven breast cancer which
underwent pre-surgical CESM with at least one additional lesion
reported on recombined images, including females with high-
risk females and those who had undergone previous surgery, as
in clinical practice. This sample bias may have affected the high
rate of contralateral synchronous lesions.

Our SL-ultrasound performance (55.5%) was in line with literature
data,"'” while for SL-DBT it was 61.7%, higher than that of MRL,"”
52 and 50% respectively in the study of Clauser et al. In our opinion,
this may be due to the similar spatial representation of the recom-
bined CESM image and of the DBT image, performed both in the
same CC and MLO projections, allowing for easy detection of AL
correlates; previous studies have already confirmed the equivalence
between imaged LE and 2DFFDM.?%%

SL-DBT alone showed a higher detection rate vs SL-ultrasound in
the NME pattern on CESM (p:0.0325) and in the DCIS histologic
subtype (p: 0.0081). These results could be explained by the fact that
microcalcifications are often the imaging correlate of NME and
DCIS, and subtle microcalcifications can be exceedingly difficult
to detect with ultrasound.”® The 22 ALs corresponding to micro-
calcifications detected on SL-DBT in our study were visible also on
the previously performed FFDM and on the LE CESM images; they

50f 10 birpublications.org/bjr

Br J Radiol;95:20210927


http://birpublications.org/bjr

Comparison of SL-US vs. SL-DBT in detecting ALs with presurgical CESM

Table 3. Detectability of 128 CESM additional lesions at SL-DBT and SL-ultrasound overall and according to CESM characteristics
and malignant, high-risk, or benign outcome

Ultrasound
n Ultrasound DBT and DBT Ultrasound and/or DBT
Overall 128 71 (55.5%) 79 (61.7%) 53 (41.4%) 97 (75.8%)
p-value Ultrasound vs DBT 0.227800 vs Ultrasound 0.000001
vs DBT 0.000022
MALIGNANT 57 39 (68.4%) 41 (71.9%) 28 (49.1%) 52 (91.2%)
p-value Ultrasound vs DBT 0.683091 vs Ultrasound 0.000311
vs DBT 0.000911
Invasive ductal carcinoma 41 32 (78.0%) 27 (65.8%) 22 (53.7%) 37 (90.2%)
p-value Ultrasound vs DBT 0.196706 vs Ultrasound 0.025347
vs DBT 0.001565
Invasive lobular carcinoma 5 4 (80.0%) 4 (80.0%) 3 (60.0%) 5(100.0%)
p-value Ultrasound vs DBT 1.000.000 vs Ultrasound 0.317311
vs DBT 0.317311
Ductal carcinoma in situ 11 3(27.3%) 10 (90.9%) 3(27.3%) 10 (90.9%)
p-value Ultrasound vs DBT 0.008151 vs Ultrasound 0.008151
vs DBT N/A
High-risk lesions (B3) 10 5(50.0%) 9(90.0%) 4 (40.0%) 10 (100.0%)
p-value Ultrasound vs DBT 0.102470 vs Ultrasound 0.025347
vs DBT 0.317311
BENIGN 61 27 (44.3%) 29 (47.5%) 21 (34.4%) 35 (57.4%)
p-value Ultrasound vs DBT 0.592980 vs Ultrasound 0.004678
vs DBT 0.014306
FOCUS 25 8(32.0%) 13 (52.0%) 5 (20.0%) 16 (64.0%)
p-value Ultrasound vs DBT 0.131668 vs Ultrasound 0.004678
vs DBT 0.083265
MASSES 69 49 (71.0%) 44 (63.8%) 37 (53.6%) 56 (81.2%)
p-value Ultrasound vs DBT 0.251349 vs Ultrasound 0.008151
vs DBT 0.000532
Non-mass enhancement 34 14 (41.2%) 22 (64.7%) 11 (32.3%) 25 (73.5%)
p-value Ultrasound vs DBT 0.032509 s Ultrasound 0.000911
vs DBT 0.083265
<10mm 82 47 (57.3%) 49 (59.8%) 34 (41.5%) 62 (75.6%)
p-value Ultrasound vs DBT 0.705457 s Ultrasound 0.000108
vs DBT 0.000311
>10 mm 46 24 (52.2%) 30 (65.2%) 19 (41.3%) 35 (76.1%)
p-value Ultrasound vs DBT 0.133614 vs Ultrasound 0.000911
vs DBT 0.025347
BI-RADS 3 73 33 (45.2%) 37 (50.7%) 22 (30.1%) 48 (65.7%)
p-value Ultrasound vs DBT 0.432768 vs Ultrasound 0.000108
vs DBT 0.000911

(Continued)
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Table 3. (Continued)
Ultrasound
n Ultrasound DBT and DBT Ultrasound and/or DBT

BI-RADS 4 53 36 (67.9%) 40 (75.5%) 29 (54.7%) 47 (88.7%)
p-value Ultrasound vs DBT 0.345779 vs Ultrasound 0.000911

vs DBT 0.008151
BI-RADS 5 2 2 (100.0%) 2 (100.0%) 2 (100.0%) 2 (100.0%)
p-value Ultrasound vs DBT N/A vs Ultrasound N/A

vs DBT N/A

CESM, contrast-enhanced spectral mammography; DBT, digital breast tomosynthesis; SL, second-look.

were classified as low-risk findings but since the corresponding
contrast enhancement on the recombined images upgraded their
level of suspicion, we decided to perform tomo-VAB.

We think that in comparison to FFDM or LE image, DBT could have
played a role in more effectively assessing the spatial distribution and
morphology of microcalcifications, thus increasing specificity, in a
pre-surgical setting, as stated by Kuwabara et al in their study;" even
though further studies will be necessary to confirm this hypothesis.

In terms of detectability, the addition of SL-DBT to SL-ultra-
sound improved the performance of SL-ultrasound alone, 75.8%
vs 55.5% (p: 0.000001) in every subcategory identified, except
for ILC (p: 0.317311); said improvement can be attributed to
the presence of microcalcifications, architectural distortions and
focal asymmetries in AL correlates, which can be more easily
identified with DBT than with ultrasound.

The addition of SL-ultrasound to SL-DBT improved the detect-
ability of ALs in the overall sample and in every category except
for NME (p: 0.0833), foci (p: 0.0833) and B3 lesions (p: 0.3173).
We have explained above what we believe to be the reasons for
this result for NME. As regards B3 lesions, in our study, we had
a histologic sample with uncertain malignant potential lesions,
except for papilloma, which often manifests as microcalcifica-
tions (ADH, FEA) or architectural distortions (RS),*? more easily
detected with DBT.

Foci have always been a challenge for MRI, due to their diffi-
cult detectability with SL-ultrasound and the lack of data for
their management [33]; we believe this improved performance
of SL-DBT in foci management is due to the spatial overlap
of CESM recombined image projection with DBT images,
allowing for easier detection of imaging correlates. Moreover,
the CE-MRI prone position for image acquisition is completely
different from the position of the SL imaging methods, while
CESM recombined images, paired with the low-energy image,
are acquired in the same projections of FFDM and DBT.
Furthermore, FFDM, DBT and CESM recombined images
share a better spatial resolution than CE-MRI images. In the
study of Clauser et al.,'"” SL-DBT performance is inferior to
SL-ultrasound in the foci category in pre-surgical MRI, thus
corroborating our opinion.

According to our results, combined second-look imaging (SL-
DBT + SL-ultrasound) for CESM ALs in comparison to SL-DBT
alone and SL-ultrasound alone allowed us to identify 91.2% of
ALs that resulted malignant at final histology (+22.8% vs. SL-ul-
trasound alone); for the remaining 8.8% it was still necessary to
perform MRI and MRI-guided biopsy.

In our study, 31 (24.2%) of the 128 ALs did not have an imaging
correlate with SL-ultrasound or SL-DBT. In these cases, we chose
to perform CE-MRI to look for a corresponding MRI AL and
when present, we performed MRI-guided biopsy. Our results
showed that 57 (44.5%) ALs detected in presurgical CESM were
malignant: 52 were visible with SL-ultrasound and/or SL-DBT
and 5 (8.8%) not visible. The undetected malignant ALs were one
DCIS, two G1 IDC, one G2 IDC, and one G3 IDC.

In 4 out of these 5 cases we performed MRI-guided biopsy and in
the other case, CESM AL was ipsilateral to the index lesion with an
intralesional distance of <10mm, which was subjected to surgical
excision with histologic confirmation of malignancy. As confirmed
for these five ALs, it seems evident that a CESM-guided biopsy
approach could be extremely helpful in cases of ALs with negative SL.
CESM-guided biopsies, still awaiting FDA approval, share the same
approach as the stereotactic/tomo-guided biopsy with the additional
injection of intravenous iodinated contrast medium 2min before
starting the procedure. Compared with the MRI-guided biopsy, the
CESM-guided approach could be faster and more feasible.

This study has several limitations. Firstly, the readers knew the
site and the histology of the index lesion before evaluating the
CESM images, but this is usual in clinical practice. Secondly,
CESM image evaluation was performed in consensus, so it was
not possible to evaluate inter-reader reliability with Cohen’s x
test. Other limitations included the retrospective nature of the
study, its limited sample and the inclusion of high-risk females
and those who had undergone previous surgery.

In conclusion, our study has shown that combined second-look
imaging (SL-DBT + SL-ultrasound) for CESM ALs is superior
to both SL-DBT and SL-ultrasound alone, since it allowed us to
identify more than 90% of additional malignant lesions. In B3
lesions, NME, and foci, the analysis of a larger sample could
determine whether adding SL-ultrasound to SL-DBT is necessary
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Figure 2. An irregular mass with spiculated margins in the upper-central quadrant of the left breast (A, white circle) was found
in a 67-year-old female with mammography screening (A: right CC FFDM; B: left CC FFDM). An ultrasound-guided core biopsy
of this lesion was performed, and the pathological diagnosis was ILC. The patient underwent both bilateral DBT and presurgical
CESM (C: right RC CC image; d: left RC CC image). CESM confirmed the index lesion (D, white circle), and identified an AL in the
outer quadrants of the right breast (C, arrow). On SL-DBT no correlate for the contralateral AL was found (images not shown);
with SL-ultrasound (E) an irregular hypoechoic, ill-defined nodule was found and subjected to ultrasound-guided biopsy and the
result was another ILC. At surgery, the diagnosis was bilateral invasive lobular carcinoma. AL, arterial lesion; CC, craniocaudal;
CESM, contrast-enhanced spectral mammography; DBT, digital breast tomosynthesis; FFDM, full-field digital mammography; ILC,
invasive lobular carcinoma; SL-second-look.

or not. CESM-guided biopsy systems might be a useful tool in (2) SL-DBT alone proved to be significantly better in terms of
cases where the second look is negative. detectability vs SL-ultrasound alone in the DCIS histological
type and NME category.

(3) When considering the type of enhancement of CESM ALs,

KEY RESULTS SL-DBT + SL-ultrasound improved the detectability vs SL-

(1) Combined second-look imaging (SL-DBT + SL-ultrasound) ultrasound alone and SL-DBT alone in the mass category,

for CESM ALs is superior in terms of detectability to SL-DBT while it also proved more effective than SL-ultrasound alone
alone and SL-ultrasound alone. in the NME and focus categories.
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Figure 3. 62-year-old female under annual surveillance (A: right MLO FFDM; B: left MLO FFDM), after a previous QUART, was diag-
nosed with an IDC in the upper-outer quadrant of the right breast (A, white circle) and underwent CESM as presurgical staging (C:
right MLO RC image; D: left MLO RC image). The index lesion was confirmed (C, white circle), but an AL with strong enhancement
was found in the upper-outer quadrant of the left breast (D, arrow). SL-ultrasound was negative (images not shown). With SL-DBT
(E), an architectural distortion was found in the site of the AL (E, arrow), more visible under magnification (F), subjected to tomo-
guided biopsy, the result was another IDC. At surgery, the diagnosis was bilateral IDC. AL, arterial lesion; CESM, contrast-enhanced
spectral mammography; DBT, digital breast tomosynthesis; FFDM, full-field digital mammography; IDC, invasive ductal carcinoma;
MLO, mediolaterial oblique; SL-second-look.IDC.
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Objective: To establish and validate a radiomics
nomogram based on contrast-enhanced (CE)-MRI for
predicting the efficacy of neoadjuvant chemotherapy
(NAC) in human epidermal growth factor receptor 2
(HER2)-positive breast cancer with non-mass enhance-
ment (NME).

Methods: A cohort comprising 117 HER2-positive breast
cancer patients showing NME on CE-MRI between
January 2012 and December 2019 were retrospectively
analysed in our study. Patients were classified as patho-
logical complete respone (pCR) according to surgical
specimens and axillary lymph nodes without invasive
tumour cells. Clinicopathological data were recorded,
and images were assessed by two radiologists. A total of
130 radiomics features were extracted from the primary
tumour and six radiomics features were selected by the
maximal relevance and minimal redundancy and least
absolute shrinkage and selection operator algorithms.
Univariate logistic regression was used to screen mean-
ingful clinical and imaging features. The rad-score and
independent risk factors were incorporated to build a
nomogram model. Calibration and receiver operator

INTRODUCTION

Human epidermal growth factor receptor 2 (HER2)-
positive breast cancer is highly invasive, with increased
recurrence and metastasis rates and poor prognosis.' Preop-
erative neoadjuvant chemotherapy (NAC) could reduce the
tumour burden and provide unresectable patients with an

characteristic curves were used to confirm the perfor-
mance of the nomogram in the training and testing
cohorts. The clinical usefulness of the nomogram was
evaluated by decision curve analysis.

Results: The difference in the rad-score between the pCR
and non-pCR groups was significant in the training and
testing cohorts (p < 0.01). The nomogram model showed
good calibration and discrimination, with AUCs of 0.900
and 0.810 in the training and testing cohorts. Decision
curve analysis indicated that the radiomics-based model
was superior in terms of patient clinical benefit.
Conclusion: The MRI-based radiomics nomogram model
could be used to pre-operatively predict the efficacy of
NAC in HER2-positive breast cancer patients showing
NME.

Advances in knowledge: HER2-positive breast cancer
showing segmental enhancement on CE-MRI was more
likely to achieve pCR after NAC than regional enhance-
ment and diffuse enhancement.

The MRI-based radiomics nomogram model could be
used to pre-operatively predict the efficacy of NAC in
HER2-positive breast cancer that showed NME.

opportunity to undergo surgery. The rate of pathological
complete response (pCR) after NAC based on anti-HER2
therapy can be significantly improved. However, not all
patients can benefit from NAC. Several studies>® have
reported that less than 35% of HER2-positive breast cancers
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are sensitive to NAC with trastuzumab. If patients with HER2-
positive invasive breast cancer who are unsensitive to NAC could
be identified earlier, unnecessary treatment could be prevented,
and the change in treatment plan could be completed in a timely
manner.

Radiomics is an image post-processing technology that obtains
high-dimensional data from medical images, which are difficult
to recognise by the naked eye.*® Many researchers®™ reported
that the effect of NAC in breast cancer could be predicted by
radiomics, but all studies concentrated on breast cancer that
showed masses on contrast-enhanced MRI (CE-MRI). To the
best of our knowledge, few researchers have reported the role
of radiomics in predicting the efficacy of NAC in breast cancers
with non-mass enhancement (NME). Chen'® et al reported that

Li et al

the oestrogen receptor (ER)/progesterone receptor (PR)-negative
HER2-positive subtype was more frequent in the non-mass type
than in the mass type. Gweon'' et al concluded that HER2-
positive invasive ductal carcinoma (IDC) was more frequently
associated with NME. Therefore, the purpose of the current
study was to investigate the value of the distribution of non-mass
enhancement on CE-MRI images and radiomics in predicting
the effect of NAC in HER2-positive breast cancer and to establish
a nomogram to guide clinical treatment plans.

METHODS AND MATERIALS

Patients

This study was approved by the ethics committee of our hospital
(Fudan University Shanghai Cancer Center), and the requirement

Table 1. Patient characteristics between the training and testing cohorts

Characteristics Training cohort (n = 83) Testing cohort (n = 34) p value
Age 475+94 48.7 £8.5 0.506
Menopausal status 0.469
Pre-menopausal 51 (61.44%) 24 (70.58%)
Post-menopausal 32 (38.56%) 10 (29.42%)
FGT 0.411
Almost entirely fat 28 (33.73%) 9 (26.47%)
Scattered 19 (22.89%) 8 (23.52%)
Heterogeneous 15 ( 18.07% ) 7 (20.58% )
Extreme 21 ( 25.30% ) 10 ( 29.43% )
BPE 0.591
Minimal 14 (16.87%) 5 (14.70%)
Mild 47 (56.62%) 18 (52.94%)
Moderate 14 (16.87%) 7 (20.58%)
Marked 8 (9.64%) 4 (11.78%)
Pre-NAC T stage 0.292
T2 41 (49.39) 13 (38.23%)
T3 42 (51.61%) 21 (61.76%)
Pre-NAC N stage 0.083
NO 19 (22.89%) 5 (14.7%)
N1 46 (55.42%) 17 (50.0%)
N2 7 (8.44%) 1(2.9%)
N3 11 (13.25%) 11 (32.4%)
Ki-67 0.293
>30% 65 (78.3%) 23 (67.6%)
<30% 17 (21.7%) 11 (32.4%)
Distribution of NME 0.770
Segmental 26 (31.32%) 11 (32.35%)
Regional 44 (53.01%) 16 (47.05%)
Diffuse 13 (15.67%) 7 (20.60%)
Rad-score —0.200 (-0.500, 0.100) —0.200 (-0.400, 0.100) 0.741

NAC, neoadjuvant chemotherapy; NME, non-mass enhancement.

2 of 8 birpublications.org/bjr

Br J Radiol;95:20220186


http://birpublications.org/bjr

a preliminary study in HER2-positive breast cancer showed non-mass enhancement on CE-MRI

Table 2. Univariate analysis of the pCR and non-pCR groups in the training cohort

Characteristic PCR (n =38) Non-pCR (n = 45) p value
Age 48.1+£8.7 469+9.9 0.556
Menopausal status 0.700
Pre-menopausal 22 (57.9%) 29 (64.4%)

Post-menopausal 16 (42.1%) 16 (36.6%)

FGT 0.411
Almost entirely fat or scattered 17 (63.2%) 25 (55.6%)

Heterogeneous or extreme 14 (36.8%) 20 (44.4%)

BPE 0.632
Minimal or mild 24 (63.2%) 25 (55.6%)

Moderate or marked 14 (36.8%) 20 (44.4%)

Pre-NAC T stage 0.087
T2 18 (47.4%) 23 (51.1%)

T3 12 (31.6%) 19 (42.2%)

T4 8 (21.0%) 3(6.7%)

Pre-NAC N stage 0.083
NO 9 (23.7%) 10 (22.2%)

N1 22 (57.9%) 24 (53.3%)

N2 3(7.9%) 4(8.9%)

N3 4 (10.5%) 7 (15.6%)

Ki-67 0.293
>30% 24 (63.2%) 29 (64.4%)

<30% 14 (36.8%) 16 (35.6%)

Distribution of NME <0.001
Segmental 22 (57.9%) 4 (8.9%)

Regional 15 (39.5%) 29 (64.4%)

Diffuse 1(2.6%) 12 (26.7%)

Rad-score 0 (-0.200, 0.300) —0.4 (-0.700,-0.100) <0.001

NAC, neoadjuvant chemotherapy; NME, non-mass enhancement.

for informed consent was waived. 377 HER2-positive breast patients had invasive HER2-positive breast cancer confirmed by
cancer patients receiving NAC in our hospital between January pathology (=T2); (ii) tumours showed NME on CE-MRI; (iii)
2012 and December 2019 were retrospectively analysed in patients underwent complete standard treatment (4-6 cycles
our study. The inclusion criteria included the following: (i) of paclitaxel+carboplatin+herceptin (PCH), paclitaxel: 80mg/

Figure 1. (a) A 51-year-old female showing segmental enhancement in the right breast; biopsy pathology: invasive breast can-
cer. (b) A 49-year-old female showing regional enhancement in the left breast; biopsy pathology: invasive breast cancer. (c) A
3l-year-old female showing diffuse enhancement in the right breast; biopsy pathology: invasive breast cancer IHC: ER negative, PR
negative, HER2 positive; surgical pathology: non-pCR. IHC, immunohistochemistry; pCR, pathological complete response; HER2,
human epidermal growth factor receptor 2.
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Figure 2. Radiomics feature selection by using mRMR and LASSO. (a) Tuning parameter (L) selection in the LASSO model used
tenfold cross-validation via minimum criteria. The LASSO coefficient profiles of the 30 radiomics features. (b) A coefficient pro-
file plot was produced against the log (I) sequence, and six features were chosen. LASSO, least absolute shrinkage and selection

operator; mMRMR, maximal relevance and minimal redundancy.
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m?, carboplatin: AUC = 2, herceptin was initially measured at
4mg/kg ant maintained at 2mg/kg; once a week, three times is
a cycle of treatment and then patients underwent surgical treat-
ment); (iv) patients did not undergo prior treatment before NAC;
(v) patients underwent modified radical mastectomy or breast
conservation within 1month after NAC; and (vi) patients had
available clinicopathological data. The exclusion criteria were
as follows: (i) tumours showing a mass on CE-MRI (n = 235);
(ii) patients with incomplete NAC (n = 15); (iii) patients who
underwent surgery in another hospital or who did not undergo
surgery (n = 4); and (iv) patients with poor MRI quality (n = 6).
A total of 117 HER2-positive breast cancer patients who showed
NME were enrolled in our study and were randomly divided into
a training set and testing set at a ratio of 7:3.

Clinicopathological evaluations

The histopathological results of core needle biopsies or surgical
specimens were determined according to the World Health
Organisation guidelines and immunochemistry (IHC). The
ER, PR, HER2, and Ki-67 expression statuses were assessed by
a pathologist with 10 years of experience in breast pathology.

Figure 3. The developed imaging-radiomics nomogram for
predicting the efficacy of NAC in HER2-positive breast can-
cer that showed non-mass enhancement. For distribution, 1
represents segmental enhancement, 2 represents regional
enhancement, and 3 represents diffuse enhancement. By
calculating the scores of each point and locating it on the
total score scale, the estimated probability of pCR can be
assessed. HER2, human epidermal growth factor receptor 2;
NAC, neoadjuvant chemotherapy; pCR, pathological com-
plete response.
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The ER and PR statuses were evaluated as positive only when at
least 1% of tumour cells showed nuclear staining. Tumours with
HER?2 scores of 3+ based on IHC were considered positive. In
the cases of 2+ scores, HER2 gene amplification was determined
by fluorescent in situ hybridisation. Ki-67 >30% was assessed as
positive. Surgical specimens and axillary lymph nodes without
invasive tumour cells after NAC were defined as pCR.

MRI and imaging analysis

Breast CE-MRI was performed before NAC on a MAGNETOM
Skyra 3.0 T MRI system (Siemens Healthineers, Erlangen,
Germany) using a dedicated 16-channel surface breast coil and a
1.5 T MRI scanner (Aurora Dedicated Breast MRI System; USA)
using a dedicated 8-channel surface breast coil in the prone posi-
tion. The 3.0 T CE-MRI protocol included: (a) a T} weighted fat-
saturated pre-contrast sequence and (b) multiple (five phases) T
weighted fat-saturated post-contrast sequences. The scan param-
eters were as follows: repetition time/echo time (TR/TE) =4.5/1.6
ms; matrix = 384x384; field of view (FOV) = 340 cmx340 cm; slice
thickness = 1.5mm; and 80 slices. The 1.5 T CE-MRI protocol
included: (a) a T| weighted fat-saturated precontrast sequence
and (b) multiple (three phases) T; weighted fat-saturated post-
contrast sequences. The scan parameters were as follows: TR/
TE = 29.0/4.8 ms; FOV = 36 cmx36 cm; matrix = 360x360; slice
thickness = 1.5 mm; and 108 slices. All post-contrast sequences
were obtained after intravenous administration of a 0.1 mmol/kg
dose of Gd-DTPA (Magnevist; Bayer-Schering Pharma, Berlin,
Germany). On a pixel-by-pixel basis, subtraction images were
obtained by subtracting the pre-contrast images from the first
post-contrast CE-MRI images.

All images were assessed by two radiologists with 9-16 years of
experience in the diagnosis of breast tumours. Both radiologists
reviewed a standard training set of 50 non-study cases demon-
strating the distribution of NME at the beginning of our study.
In the processing of evaluating imaging, they were blinded to the
effect of NAC. The distribution of NME included focal enhance-
ment, linear enhancement, regional enhancement, segmental
enhancement, multiregional enhancement, and diffuse enhance-
ment, which were evaluated on CE-MRI according to coronal
and sagittal images. Variables (Kappa values > 0.75) were further
analysed by univariable analysis. For categorial data, the radiol-
ogists reached a consensus after discussion when there was
inconsistency.
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Table 3. Performance of the three models in predicting the efficacy of NAC in HER2-positive breast cancer

Model AUC 95% CI Accuracy Sensitivity Specificity PPV NPV
Imaging model* 0.750 0.700-0.870 0.750 0.570 0.910 0.840 0.710
Imaging model® 0.730 0.580-0.890 0.700 0.530 0.840 0.720 0.690
Radiomics model® 0.800 0.710-0.890 0.750 0.840 0.670 0.680 0.830
Radiomics model® 0.780 0.620-0.930 0.710 0.860 0.580 0.610 0.840
Imaging-radiomics model® 0.900 0.830-0.970 0.840 0.760 0.910 0.880 0.820
Imaging-radiomics model® 0.810 0.770-0.960 0.780 0.700 0.920 0.930 0.830

AUC, area under the curve; HER2, human epidermal growth factor receptor 2; NAC, neoadjuvant chemotherapy; NPV, negative-predictive vale;

PPV, positive-predictive vale; pCR, pathological complete response.
9Training cohort.
bTesting cohort.

ROl segmentation and radiomics feature extraction
First, all CE-MRI images were normalised by the u + 3. Then,
tumour regions of interest (ROIs) were manually drawn on each
slice along the contour of the tumour on the subtraction image
of the first post-contrast CE-MRI scan by two radiologists at the
same time. A total of 1130 radiomics features were extracted
in Python software (v. 3.7, https://www.python.org/), which
included one shape-based feature, 18 histogram-based features,
22 grey-level co-occurrence matrix (GLCM)-based features, 16
run length matrix (RLM)-based features, 14 grey-level size zone
matrix (GLSZM)-based features, 14 grey-level dependent matrix
(GLDM)-based features and 1032 wavelet transform-based
features. The interobserver reproducibility of ROI detection
and radiomic feature extraction was measured by the interclass
correlation coefficient (ICC). The ICC was defined as high (ICC
> 0.8), medium (0.8 > ICC > 0.5), or low (ICC< 0.5). The ICC
score for radiomics features was 0.848 ~ 0.998, which could indi-
cate that those features reached satisfactory agreement.

Radiomics feature selection and rad-score
calculation

Radiomics features were excluded by maximal relevance and
minimal redundancy (mRMR) and least absolute shrinkage
and selection operator (LASSO). First, redundant features
were excluded by mRMR, and a total of 30 radiomics features
remained. Second, the LASSO algorithm was used to select the
optimal features, and six features were included finally. Last, the
rad-score was calculated for each patient via optimal radiomics
features weighted by their coefficients. Univariable analysis was
used to compare the rad-score between the pCR and non-pCR
groups in the training cohort, and it was validated in the testing
cohort.

Nomogram development and evaluation

In the training cohort, clinical and MRI characteristics were
analysed by univariable analysis. Then, the significant variables
and rad-score were further analysed in multivariable analysis.
Multiple stepwise reverse logistic regression was used to build
an imaging-radiomics model, and the sensitivity, specificity,
accuracy, area under the curve (AUC), positive-predictive value
(PPV), and negative-predictive value (NPV) were calculated.
Internal testing of the imaging-radiomics model was performed
in the testing cohort. Finally, a nomogram based on the

imaging-radiomics model was built. Calibration curves in the
training and testing cohorts were created to evaluate the calibra-
tion of the nomogram using the Hosmer-Lemeshow goodness-
of-fit test.

To evaluate the added value of the radiomics signature and the
distribution of NME in predicting the effect of NAC in HER2-
positive breast cancer, decision curves analysis was generated to
evaluate the clinical utility by calculating the net benefits for a
range of threshold probabilities.

Statistical analysis

Categorical variables are presented as the number and percentage,
and continuous variables are presented as the mean + SD or quar-
tile. Categorical variables between the training set and testing set
were compared with the y* test or Fisher’s test, and quantitative
variables with the t test or Mann-Whitney U test. All statistical
analyses were performed with R software (v. 3.60; http://www. r-
project.org). p < 0.05 was considered statistically significant.

RESULTS

Clinical characteristics and MRI characteristics

There were no differences in age, menopausal status, FGT, BPE,
T stage, N stage, distribution of NME, Ki-67 index or rad-score
between the training and testing cohorts (Table 1).

The distribution of NME included the following: segmental
enhancement (Figure la), regional enhancement (Figure 1b),
and diffuse enhancement (Figure 1c). The distribution of NME
was significantly different between the pCR and non-pCR groups
in the training and testing cohorts (Table 2).

Radiomics signature

After the LASSO regression model (Figure 2a), 6 potential predic-
tors were selected from 1130 radiomics features (Figure 2b). The
rad-score was calculated by using the following formula:

Rad-score = —0.175+0.194*wavelet LHH first-order Mean +
—-0.277*wavelet HHH GLSZM Size Zone Non-Uniformity
Normalised + 0.016*wavelet HHH GLCM MCC+-0.234*-
wavelet HLL GLDM Large Dependence High Grey Level Empha-
sis+0.138%wavelet HLH GLCM Correlation+-0.046*wavelet
HLL first order Kurtosis
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Figure 4. Calibration curves of the prediction nomogram in the training (a) and testing (b) sets. Calibration curves depict the cali-
bration of the nomogram according to the agreement between the probability of the incidence of pCR and the actual observation.
The black line represents the ideal estimation, and the red line represents the apparent prediction of the nomogram. The closer the
red line is to the ideal black line, the better the prediction ability of the nomogram. pCR, pathological complete response

a
100 % -
e 4
759% L
-
3
J
-
50 % = p 7
.'\ 4
25% i |
r4
0% -
r T 3 ) 1
0% 25% 50 % 75% 100 %

Predicted event probability

100 %
o
5% -
» v N
50 % - F,
/
25% - ~ -
i
0% -
T T T T 1
0% 25% 50 % 75% 100 %
Predicted event probability

The rad-score between the pCR and non-pCR groups was signifi-
cantly different in the training cohort (p < 0.001). The rad-score
of the pCR group was higher than that of the non-pCR group in
the training cohort, and this was validated in the testing cohort.

Development of the imaging model, radiomics-
based model and imaging-radiomics model

The imaging model was built according to the distribution of
NME. The AUC: of the distribution of NME in predicting pCR
in HER2-positive invasive breast cancer after NAC were 0.750
[95% confidence interval (CI): 0.700-0.870] and 0.730 (95% CI:
0.580-0.890) in the training and testing cohorts, respectively
(Table 3).

The radiomics-based model was built based on the rad-score.
The AUC: of the rad-score in predicting pCR in HER2-positive
breast cancer with NAC were 0.800 (95% CI: 0.710-0.890) in the
training cohort and 0.780 (95% CI: 0.620-0.930) in the testing
cohort (Table 3).

The distribution of NME and rad-score were independent
predictors in predicting pCR in HER2-positive invasive breast
cancer after NAC and were used to build an imaging-radiomics
model. The AUCs of the imaging-radiomics model in predicting
pCR in HER2-positive breast cancer with NAC were 0.900 (95%
CI: 0.830-0.970) and 0.810 (95% CI: 0.770-0.960) in the training
and testing cohorts, respectively.

Nomogram based on the imaging-radiomics model
The nomogram and calibration curves based on the imaging-
radiomics model are shown in Figures 3 and 4. The decision curve
analyses (DCAs) based on the models, including the imaging
and imaging-radiomics models, are depicted in Figure 5. The
imaging-radiomics model gained the most clinical utility for all
of the threshold probabilities.

DISCUSSION

The prognosis of HER2-positive breast cancer can be improved
by anti-HER2 treatment, but some patients could not achieve
pCR after NAC.> In our study, the nomogram based on the

imaging-radiomics model could preoperatively predict the
efficacy of NAC in HER2-positive breast cancer patients who
showed NME, which was validated in the testing cohort.

The distribution patterns of non-mass breast cancer may be
closely related to its aggressiveness.">'* In our study, NME
showed three types: segmental enhancement, regional enhance-
ment and diffuse enhancement. It is difficult to perform surgery
and/or breast-conserving surgery in breast cancer patients with
the above three types of NME because of poorly defined bound-
aries. Therefore, patients with these lesions are more likely to
be treated with NAC, which can potentially convert inoperable
breast cancer to resectable breast cancer or convert mastectomy
to breast-conserving surgery.'* In our study, we confirmed that
HER2-positive breast cancers that showed segmental enhance-
ment on CE-MRI were more likely to achieve pCR after NAC
than breast cancers with regional enhancement and diffuse
enhancement [odds ratio (OR) = 48.56, 95% CI: 3.74-63.05].
Our result may be supported by the following research. Some
literatures'®">~'7 reported that NME was more likely to be asso-
ciated with ductal carcinoma in situ (DCIS), and NME in DCIS
accounted for 60-81%. In addition, linear or segmental enhance-
ment are the most common types in DCIS.'® Hence, segmental
enhancement is more likely to be DCIS than regional and diffuse
enhancement. In our study, specimens and axillary lymph nodes
without invasive tumour cells after NAC were defined as pCR. In
summary, these could be considered as the reason why segmental
enhancement was more likely to be related to pCR than regional
and diffuse enhancement.

Some studies®'® have demonstrated that radiomics based on
CE-MRI is a powerful tool to predict the efficacy of NAC in
breast cancer. In our study, six features associated with pCR were
chosen, including two first-order feature, two GLCM features,
one GLDM feature and one GLSZM feature. The selected features
were all wavelet features that reflect tumour heterogeneity that
could not be recognised by the naked eye. The rad-score based
on those features in the pCR group was higher than that in the
non-pCR group, which was confirmed in the testing cohort. This
result indicated that HER2-positive breast cancer patients with
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Figure 5. DCAs for the imaging and combined imaging-
radiomics models. The grey line represents the assumption
that all patients have breast cancer. The black line represents
the assumption that none of the patients have breast can-
cer. The blue line represents the imaging model. The red line
represents the imaging-radiomics model. Across the various
threshold probabilities, the imaging-radiomics curve shows a
maximised net benefit compared with the imaging model for
the individual performance. DCA, decision-curve analysis.
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higher rad-scores more easily achieved pCR after NAC. In our
study, the AUC values of the rad-score were 0.800 in the training
cohort and 0.780 in the testing cohort.

The performance of the imaging-radiomics model that combined
the distribution of NME and the rad-score improved the predic-
tive efficacy of NAC in HER2-positive breast cancer, with AUC
values of 0.900 and 0.810 in the training and testing cohorts,
respectively. In addition, the distribution of NME and the rad-
score could be obtained by a non-invasive method and could
be easily acceptable in the clinic. Moreover, a nomogram based
on the imaging-radiomics model was developed and validated.
Logistic models can be visualised by nomograms, which have
been used widely in clinics.'**' According to the nomogram,
there was a positive correlation between the rad-score and the

efficacy of NAC. Finally, the imaging-radiomics model had more
net benefits than the rad-score only in the DCA. Therefore, it
may have great potential to guide clinical treatment. We recom-
mend that patients who are described as having a segmental
distribution of NME and a higher rad-score should undergo
NAC because these patients could attain better treatment effi-
cacy. We believe that the clinical use of this nomogram can not
only prevent unnecessary treatment for patients who are not
sensitive to NAC but could also be helpful to guide the adjust-
ment of the treatment plan.

The current study had several limitations. First, our study was
single-centre and retrospective in design, and prospective and
multicentre studies are needed to verify our results. Second,
ROIs were drawn manually, which may limit the promotion of
the research results. ROIs could be segmented using artificial
intelligence with the cooperation of the engineering team to
reduce the influence of subjective factors.

CONCLUSIONS

The nomogram based on the imaging-radiomics model could
be used to pre-operatively predict the efficacy of NAC and may
guide clinicians in making personal treatment decisions for
HER2-positive breast cancer patients who show NME.
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Objectives: To assess the impact of low kilo-electronvolt
(keV) virtual monoenergetic image (VMI) energies and
iterative reconstruction on image quality of clinical
photon-counting detector coronary CT angiography
(CCTA).

Methods: CCTA with PCD-CT (prospective ECG-
triggering, 120 kVp, automatic tube current modulation)
was performed in a high-end cardiovascular phantom
with dynamic flow, pulsatile heart motion, and including
different calcified plaques with various stenosis grades
and in 10 consecutive patients. VMI at 40,50,60 and 70
keV were reconstructed without (QIR-off) and with all
quantum iterative reconstruction (QIR) levels (QIR-1 to
4). In the phantom, noise power spectrum, vessel atten-
uation, contrast-to-noise-ratio (CNR), and vessel sharp-
ness were measured. Two readers graded stenoses in the
phantom and graded overall image quality, subjective
noise, vessel sharpness, vascular contrast, and coronary

Computed Tomography Angiography; Coronary Vessels;
Photons; Phantoms, Imaging

INTRODUCTION

In patients with a low-to-intermediate cardiovascular risk,
coronary computed tomography angiography (CCTA) has
emerged as the preferred non-invasive imaging modality
for the initial diagnostic workup of coronary artery disease
(CAD).! CCTA image data are usually acquired on an
energy-integrating detector CT (EID-CT) system in the
single-energy (SE) mode. More recently, dual-energy (DE)
cardiac CT enabling the reconstruction of virtual monoener-
getic images (VMI) has been introduced.”™* Reconstruction

artery plague delineation on 5-point Likert scales in
patients.

Results: In the phantom, noise texture was only slightly
affected by keV and QIR while noise increased by 69%
from 70 keV QIR-4 to 40 keV QIR-off. Reconstructions
at 40 keV QIR-4 exhibited the highest CNR (46.1 + 1.8),
vessel sharpness (425 *+ 42 AHU/mm), and vessel atten-
uation (1098 * 14 HU). Stenosis measurements were not
affected by keV or QIR level (p > 0.12) with an average
error of 3%/6% for reader 1/reader 2, respectively. In
patients, across all subjective categories and both
readers, 40 keV QIR-3 and QIR-4 images received the
best scores (p < 0.001).

Conclusion: Forty keV VMI with QIR-4 significantly
improved image quality of CCTA with PCD-CT.
Advances in knowledge: PCD-CT at 40 keV and QIR-4
improves image quality of CCTA.

of VMI using high kilo-electronvolt (keV) levels may help
reduce blooming artifacts from calcified coronary plaques.’
On the other hand, reconstructions at low keV levels are of
interest in CT angiography because of the energy depen-
dent attenuation of iodine. Specifically, attenuation and
contrast-to-noise-ratio in the arteries are increased due to
the proximity of low monoenergetic energy levels to the
k-edge of iodine.>*™® Thus, DE-based cardiac CT with VMI
reconstructions can be used to improve image quality and/
or to reduce the amount of required contrast media.>’

Recently, a whole-body full field-of-view dual-source
photon-counting detector CT (PCD-CT) system has been



https://doi.org/10.1259/bjr.20220466
mailto:hatem.alkadhi@usz.ch

BJR

approved for clinical use.!” In contrast to previous EID-CT
systems, PCD-CT enables a direct conversion of photons to
electrical signal. PCD-CT has shown potential to improve
spatial resolution, contrast-to-noise ratio (CNR), and to lower
image noise as compared to EID-CT systems.'*™*> Furthermore,
PCD-CT has intrinsic spectral capabilities as PCD-generated
signals include the energy information of every individual
photon. With this scanner, VMI reconstructions represent the
new reference standard for image evaluation, thereby substi-
tuting conventional polychromatic EID-CT images.'"'® In
regard to cardiac CT imaging, the inherent spectral capabilities
of the PCD-CT system enable DE imaging at the unrestricted
highest temporal resolution of the scanner.'”

Along with the introduction of the new PCD-CT system, a novel
iterative reconstruction (IR) algorithm called quantum itera-
tive reconstruction (QIR) has been introduced. With this novel
PCD-CT system, images can be reconstructed either without
QIR (QIR-off) or with QIR at four different strength levels (QIR
1-4).10.18

To the best of our knowledge, no study so far has systemati-
cally assessed the impact of keV levels and QIR on CCTA on
this novel clinical PCD-CT system. Previous studies on EID-CT
systems suggested a trade-off between contrast enhancement
and noise levels on low keV VMI reconstructions generated with
various DECT technologies,'”*! and between noise reduction
and changes in noise texture at higher strength levels of various
IR algorithms.”*%

In a dedicated phantom and in patients, we sought to system-
atically analyze the impact of low keV virtual monoenergetic
images and quantum iterative reconstruction levels on objective
and subjective image quality on CCTA on a clinical PCD-CT.

METHODS AND MATERIALS

CT imaging protocol

For all phantom and patient scans the same CT protocol was
used. All scans were acquired on a first-generation, whole-body;,
dual-source PCD-CT system (NAEOTOM q; Siemens Health-
ineers, Forchheim, Germany, Version VA40) equipped with two
photon-counting detectors (cadmium telluride), each with a 144
x 0.4mm collimation. ECG-triggered sequential acquisitions
were performed with ECG-pulsing depending on the heart rate.
Importantly image acquisition was performed in the Quantum-
Plus (i.e., spectral) mode (and not in the ultra-high resolution
(UHR) mode as shown elsewhere?®?”). Tube voltage was set at
120kVp and the image quality (IQ) level was 44, representing the
default CCTA protocol for clinical routine. The IQ level represents
the effective mAs applied for the protocol-specific reference
water-equivalent diameter with a CT geometry correction
hereby representing a system- and reconstruction-independent
image quality definition. The CTDI,, was 12.8 mGy (water-filled
container) and 9.4 mGy in the phantom experiments, and 14.5
+ 10.2mGy in patients, respectively. Gantry rotation time was
0.25s. In patients, CCTA was performed after the intravenous
injection of 40-70ml contrast media (Iopromide, Ultravist,
Bayer Healthcare, Berlin, Germany) at an iodine delivery rate of

Sartoretti et a/

Table 1. Patient demographics

Age 59 + 13 years

Sex five female, five male

Body mass index 27.8 + 4.6kg/m*

Body height 168 + 10cm

Body weight 79 + 14kg

Indications for coronary
CT angiography

rule-out coronary artery disease at a
low-to-intermediate pretest probability (8
patients, 80%).

rule-out coronary artery disease prior to
aortic valve surgery (2 patients, 20%)

Cardiovascular risk Positive family history 7 (70%)
factors
Smoking 3 (30%)
Diabetes 2 (20%)
Arterial hypertension 6 (60%)
Dyslipidemia 8 (80%)
Obesity 1(10%)

1.85-2.22 gl/s depending on the body mass index (Table 1 for
details) of the individual patient, followed by a second isovol-
umetric phase consisting of 20% contrast agent and 80% saline
solution (NaCl 0.9%), followed by a saline flush.

CT image reconstruction

For both phantom and patient data, VMI at 40-70keV were
reconstructed in 10keV increments with QIR-off and with all
strength levels of QIR (QIR 1-4). A medium soft convolution
kernel (Siemens Bv40), a section thickness of 0.6 mm, an incre-
ment of 0.3 mm, a field of view (FOV) of 200 mm, and a matrix
size of 512 x 512 pixels were used.

For PCD-CT, a pure FBP-type reconstruction algorithm for
spectral results is not available However, “QIR-oft” is offered
in which minimally possible statistical optimization is achieved
compared to standard-weighted FBP. QIR strength levels 1-4
trigger an additional statistical optimization in terms of a glob-
ally reduced target noise level. Specifically, higher strength levels
lead to stronger optimization, i.e., greater noise reduction.®

Phantom study

Phantom experiments were performed using a physiological,
high-end generation III cardiovascular phantom (Figure 1) as
described elsewhere in detail.”® The phantom includes inter-
connected cerebral, thoracic, abdominal, and peripheral vascu-
lature with hemodynamically accurate flows however, the focal
region of this evaluation was the cardiac frame. The phantom
includes a highly physiological heart model with four chambers
and embedded tricuspid, pulmonary, mitral, and aortic valves.
Modular connection points at the base of the aortic root lead to
left and right coronary branching models overlaid on the exterior
of the heart model. The coronary models are capable of being
exchanged between healthy and diseased versions, including
with soft (ie., non-calcified) or densely calcified plaques of
varying occlusion percentages. In this investigation, the left
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Figure 1. Overview of the cardiovascular phantom. The phantom setup on the CT scanner table is shown on the left. A close-up
picture of the heart is shown in the middle together with a volume rendered CT image in the lower left part. A representative CT
image of the heart is shown on the top right, whereby calcified plaques in the coronary artery wall are marked with small orange
arrows. Close-up short- and long-axis images of a coronary plaque are shown in the lower right part of the figure.

coronary model (Figure 2) included three plaques composed
of deposited calcium carbonate with occlusion percentages of
50% in diagonal branch of the left anterior descending artery
(D/LAD), 70% in the main branch of the LAD, and 90% in the
circumflex artery (CX) as defined by the vendor. Specifically,
the plaques with 50%, 70%, and 90% occlusion percentages had
measurements of 1 mm lumen from 2-mm vessel inner diameter,
1.2-mm lumen from 4-mm vessel inner diameter, and 0.50 mm
lumen from 5mm inner diameter, respectively. All plaques
were blow-deposited into the vessels. The length of the calcified
sections was between 8 and 12mm in length. The attenuation
of the plaque material, in this case calcium carbonate crystals,
measured between 200 and 600HU (120kV) across the three
plaques depending on ROI and location along the plaque. The
lower values than expected in some areas were explained by the

manufacturer as likely micro-pores in the calcified plaque that
absorbed water when the vessel was filled. Additionally, an elec-
tromechanical pump (SuperPump, ViVitro Labs, Victoria, BC,
Canada) was connected to the phantom allowing for control over
heart rate, stroke volume, and blood pressure, which together
facilitate cardiac motion of the model.

For image acquisition the phantom was positioned in an acrylic
container. The heart was mounted on top of two plastic 500-ml
saline bottles to simulate attenuation of surrounding anatomical
structures as encountered in vivo. Subsequently, the coronaries
were manually filled with iodinated contrast media (Iopromide)
titrated with water to a concentration of 15mglml™" as recom-
mended elsewhere.”® Although connected to the phantom,
the coronaries were isolated from the dynamic flow through

Figure 2. Overview of the left coronary model. The model included three plagues composed of deposited calcium carbonate with
occlusion percentages of 50% in diagonal branch of the left anterior descending artery (D/LAD), 70% in the main branch of the
LAD, and 90% in the circumflex artery (CX) as defined by the vendor.
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the rest of the vasculature to ensure precise concentration of
contrast media in the target vessels throughout the various
trials and to protect the geometry of the coronary plaques. The
dynamic flow in the remaining vasculature and the heart cham-
bers, resulting in a pulsatile movement of the heart and coro-
naries, was achieved by circulating room temperature water at a
heart rate of 60 beats per minute (BPM) and a stroke volume of
80 ml. Internal blood pressure of the phantom was maintained
at 120/80 mm Hg.

Objective image analysis - Noise Power Spectrum

A water-filled cylindrical container mimicking an intermediate-
sized patient (diameter 30 cm) was scanned with the same CT
protocol as used for the vascular phantom and patient scans.
Noise power spectrum (NPS) analysis was performed with
an open-source software (ImQuest Version 7, Duke Univer-
sity) in an effort to quantify image noise texture. Specifically,
quadratic ROIs with an area of 15cm? were placed in the center
of the phantom across 200 consecutive slices. 1D-NPS profiles
depicting the radial average of the 2D-NPS profile were gener-
ated. The average (f,,) and peak spatial frequencies (f,ca1) and
the area under the curve representing the noise level of the NPS
curves were extracted for further analyses.

Objective image analysis - Further Metrics

First, one reader measured coronary attenuation and the CNR by
manually placing regions of interests (ROI) into the coronaries
and into the water filled left ventricle. CNR was calculated as
follows:

CNR = HUyegsel ~HUwater
Dwater

Furthermore, the mean HU value (i.e., HUy,q) within the ROI
was taken as the coronary attenuation. The copy-paste function
of our institutions image viewer (DeepUnity Viewer, Dedalus
HealthCare) was used to copy ROIs from image to image. ROI
placement was performed three times and the average values
were taken for further analyses.

Second, vessel sharpness defined as the change in HU values per
mm (AHU/mm) was measured. A line profile perpendicular to
a vessel (in our case the CX artery) was generated using ImageJ’s
“Line Profile” function as shown elsewhere in detail’! (Image]
1.53a, National Institutes of Health, USA). Then, the maximum
slopes of the regression lines for the anterior and posterior vessel
border were calculated and averaged by computing the derivative
of the line profiles function in R using the package “pspline”.

Third, two readers (board-certified radiologists with 5 and
10 years of experience in cardiovascular imaging, respec-
tively) independently and blindly measured and recorded the
maximum luminal diameter of all stenoses and calculated the
percentage stenosis on all reconstructions. Specifically, the
readers performed diameter stenosis measurements as routinely
done in coronary CT angiography examinations using the elec-
tronic caliper tools of our institutions image viewer (DeepUnity
Viewer, Dedalus HealthCare).

Sartoretti et a/

Patient study

Patients undergoing clinically indicated CCTA on the PCD-CT
system between November and December 2021 were retrospec-
tively screened. Consecutive patients for whom raw data were
available for image reconstruction were reviewed (n = 14). Exclu-
sion criteria were degraded image quality due to foreign mate-
rials (n = 2), previous coronary stent implantation (n = 1) and
foregoing coronary artery bypass graft surgery (n = 1). Thus, a
total of 10 patients were included in this study (Table 1).

Two board-certified radiologists (with 5 and 10 years of experi-
ence in cardiovascular imaging, respectively) performed subjec-
tive image analyses independently in a blinded and randomized
manner. This study part was approved by our local ethics
committee. All patients provided the written general informed
consent statement of our hospital.

Readers used 5-point Likert scales (5: excellent, 4: good, 3:
moderate, 2: poor, 1: non-diagnostic) to grade images qualita-
tively for the following categories: overall image quality, subjec-
tive image noise, vessel sharpness and, if applicable, coronary
plaque visualization.

Statistical analysis

Quantitative data from the phantom scans were presented visu-
ally and by means of descriptive statistics. Generalized linear
models (GLM) were fitted with keV and QIR as predictors
and image quality metrics (i.e, coronary attenuation, CNR,
vessel sharpness, stenosis measurements) as response variables.
Bland-Altman analysis was performed on the data from stenosis
measurements in the phantom using the verified lumen and
occlusion dimensions provided by the vendor as the reference
standard.

To check for differences in qualitative scores between the various
image reconstructions of patient scans, Friedman tests with
post-hoc sign tests were used. Additionally, interreader agree-
ment of qualitative scores was quantified with Krippendorff’s a
coefficients (0.0-0.20 = poor agreement, 0.21-0.40 = fair agree-
ment, 0.41-0.60 = moderate agreement, 0.61-0.80 = substantial
agreement, and 0.81-1.00 = almost perfect agreement).'' Two-
tailed p-values < 0.05 were considered to indicate statistical
significance. All analyses were performed using R statistical soft-
ware (version 4.1.1; R Core Team, R Foundation for Statistical
Computing).

RESULTS

Phantom study

Noise Power Spectrum

Average (f,,) and peak (f,c.i) spatial frequencies were similar
for almost all reconstructions indicating similar image texture
(Table 2, Figure 3). Specifically, for all reconstructions except
for 40 keV QIR-4, f,,o ranged from 0.28 to 0.3 and f,, ranged
from 0.28 to 0.32. For the 40keV QIR-4 reconstruction, fe,x
was 0.05 and f,, was 0.26. Thus, for the 40keV QIR-4 images,
low frequency noise indicated a slightly blotchier image texture.
Noise magnitude decreased both from QIR-off to QIR-4 and
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Figure 3. Overview of objective image quality analysis in the phantom. (A) shows CNR and coronary attenuation (i.e.,, mean HU
values from ROl measurements) at different keV and QIR levels. (B) indicates data from noise power spectrum analysis. CNR
increases at lower keV levels and at higher QIR strength levels. Coronary attenuation increases at lower keV levels but remains vir-
tually unaffected by the QIR strength level. NPS analysis shows comparable image texture among all reconstructions yet decreas-
ing noise levels for higher keV levels and QIR strength levels (graph in the bottom right corner).
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from 40-70keV with a maximum reduction of 68.6% (35HU vs Vessel sharpness

11HU) between 40keV QIR-off and 70keV QIR-4.

Coronary artery attenuation

The lowest coronary artery attenuation was found on 70keV
QIR-4 images (397 + 8HU) and the highest attenuation on
40keV QIR-3 images (1109 + 29 HU), corresponding to a 183%
difference (Table 2 and Figure 3). keV level (p < 0.001) but not
QIR strength level (p = 0.97) was a significant predictor of coro-
nary attenuation. The effect of QIR on attenuation was negligible
while decreasing the keV level considerably increased the vessel
attenuation.

Contrast-to-Noise ratio

The smallest CNR was found on 70keV QIR-off images (18.5
0.7) and the highest CNR was found on 40keV QIR-4 images
(46.1 + 1.8), corresponding to a 149% difference (Table 2,
Figure 3). Both keV level and QIR strength level (both, p <
0.001) were significant predictors of CNR. Specifically, CNR
increased at decreasing keV levels and at increasing QIR
strength levels.

The lowest vessel sharpness was measured on 70keV QIR-off
images (153 + 37 AHU/mm), while the highest vessel sharpness
was found on 40keV QIR-4 images (425 + 42 AHU/mm), corre-
sponding to a 177% difference (Table 2, Figure 4). keV level (p
< 0.001) but not QIR strength level (p = 0.8) was a significant
predictor of vessel sharpness. Thus, the effect of QIR on vessel
sharpness was negligible while decreasing the keV level increased
the vessel sharpness.

Stenosis measurements

For readers 1 and 2, the average absolute percentage difference
in stenosis quantification was 4%/3%/3 and 7%/4%/8% for vessel
1 (D/LAD, 50% stenosis)/vessel 2 (LAD, 70% stenosis) / vessel
3 (CX, 90% stenosis), respectively. Overall, Bland-Altman anal-
ysis revealed average errors of 1%/2%, an upper limit of agree-
ment of 6%/12% and a lower limit of agreement of —3%/0%
for stenosis grading by readers 1 and 2, respectively. For both
readers, there was no impact of keV level (p = 0.23-0.89) and
QIR strength level (p = 0.12-0.98) on quantification accuracy
(Figure 4).
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Figure 4. Overview of the vessel sharpness analysis and stenosis grading in the phantom. (A) shows the line profile and cor-
responding vessel sharpness as defined by the maximum slopes of the line profile at the vessel edges. (B) shows the stenosis
measurements by both readers for all plaques stratified for keV and QIR strength levels. The black-dotted line indicates the true
percentage stenosis as provided by the phantom vendor. Vessel sharpness increased at lower keV levels but remained virtually

unchanged across the various QIR strength levels. Stenosis measurements were not affected by keV or QIR strength level.
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Patient study

Image examples are shown in Figure 5 and Figure 6. Inter-
reader agreement of scores from subjective image analyses was
moderate (a = 0.592). For all categories and for both readers,
there were significant differences between reconstructions (all,
p<0.001).

Subjective image analysis revealed highest scores for 40 keV
with QIR-3 and QIR-4 and for 50 keV with QIR-3 and QIR-4.
For overall image quality, reader one found higher scores for 40
keV QIR-3 and QIR-4 as well as 50 keV QIR-4 relative to 50 keV
QIR-3 (all, p = 0.006), while there were no differences between
these four reconstructions for reader 2 (p = 0.4). For image noise,
vessel sharpness, and plaque delineation, there were no signifi-
cant differences between the four reconstructions both for reader
1 and 2 (p = 0.08-1). For vascular contrast, reader 1 deemed 40
keV images better than 50 keV images (p = 0.008), while reader
two found no significant differences among reconstructions (p
> 0.99). Thus, when considering all categories and both readers,

40 keV QIR-3 and QIR-4 reconstructions (overall image quality:
5°%;) received the best subjective scores.

DISCUSSION

This study summarizes an initial experience with CCTA on a
novel clinical PCD-CT system as performed with a standard
imaging and image reconstruction protocol (i.e., 120 kV tube
voltage and medium soft convolution kernel) including a system-
atic analysis of the impact of various low keV VMI reconstruc-
tions and QIR levels on subjective and objective image quality
in a phantom and in patients. The phantom data indicate that
low keV VMI reconstructions and high strengths levels of QIR
may improve objective image quality with only minor changes in
image noise texture and with no effect on quantification accuracy
of coronary stenosis grading of calcified coronary plaques. Our
subjective analysis of patient data suggests that 40keV QIR-3 and
QIR-4 reconstructions may significantly improve image quality.
Thus, when considering all data, 40keV QIR-4 reconstructions
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Figure 5. Representative images of a 70-year-old female patient with an Agatston score of 475 and a calcified plaque in the
left anterior descending (LAD) artery. 40 to 70 keV VMI reconstructions at QIR-4 are shown (upper row: standard field-of-view
reconstruction, lower row: magnified view of the LAD). Note the high vascular contrast on 40 keV images along with the better
delineation of the vessel lumen and plague.

for CCTA with PCD-CT appear to be promising reconstructions
that offer optimal objective and subjective image quality.

In a phantom study, Rotzinger et al investigated the performance
of a prototype PCD-CT for CCTA relative to an EID-CT system.**
These authors found that PCD-CT outperformed EID-CT for
the detection of coronary atherosclerosis while providing images
with a lower noise magnitude, higher spatial resolution, and
superior lipid core detectability.’? Boccalini et al investigated

the performance of a prototype PCD-CT for imaging of coro-
nary stents in eight patients and found improved objective and
subjective image quality at a lower radiation dose than EID-CT."
Importantly, both these authors used a different PCD-CT system
and no VMI reconstructions were used.

Rajendran et al provided a representative image example
of a CCTA examination as performed on the same clinical
PCD-CT system used in our study, but did not perform further

Figure 6. Representative images of a 46-year-old male patient with an Agatston score of 61 and a mixed plaque in the proximal
left anterior descending (LAD) artery. 40 keV VMI reconstructions at QIR-off to QIR-4 are shown (upper row: standard field-of-
view reconstruction, lower row: magnified view of the proximal LAD). Note the lower noise levels at higher levels of QIR.
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CCTA-specific analyses.'® Here, we provide evidence that
PCD-CT enables high quality CCTA imaging and that image
quality can be further optimized by choosing appropriate keV
levels and QIR strength levels.

Some previous studies assessed the impact of keV level on objec-
tive and subjective image quality of dual-energy EID-CT based
CCTA. Arendt et al acquired DE CCTA datasets on a third-
generation dual-source EID-CT system at 70/Sn150 kV tube
voltage setting and automated tube current modulation in 51
patients.” They compared 40 to 100 keV and standard linear-
blended CCTA images reconstructed with an IR algorithm at
strength level three and found that 40keV images were superior
to the other reconstructions in terms of image quality.?

Our study also indicated that 40keV images enabled significant
improvements in terms of image quality, showing an improved
vessel attenuation, a higher CNR, and a higher quantitative
vessel sharpness. It is important to note that the improvements
in vessel sharpness at low keV levels may be also partially related
to improvements in vascular contrast at low energies. The differ-
ences in attenuation between the adjacent tissue and the iodin-
ated contrast media in the vessel lumen increases at low keV
levels thus leading to a steeper increase in the attenuation curve
across the vessel wall.

Interestingly, a previous study assessing the impact of IR on
vessel sharpness of CCTA on an EID-CT system found a higher
vessel sharpness at higher strength levels of IR.** This is in
contrast to the results of our study using a different CT scanner
system, where the QIR strength level did not significantly impact
on vessel sharpness. While it remains to be determined whether
our findings can be reproduced across different kernels, it should
be noted that one of the main aims of QIR (as intended by
the vendor) was to reduce image noise without affecting noise
texture and sharpness of structures.

We found no effect of keV and QIR level on stenosis grading of
calcified coronary plaques. However, it should be considered that
only three stenoses were graded and further studies are needed
to validate our initial results. Such studies should include inva-
sive coronary angiography as the reference standard to validate
the accuracy of various reconstruction settings for the grading
of coronary stenoses. Furthermore, the 90% stenosis was under-
estimated by both readers. After discussion with the vendor, it is
expected that this was caused by breaking away of the innermost
points of the calcium carbonate deposition for the 90% occlu-
sion during the vessel filling process, resulting in a true diameter
slightly less than the manufacturer’s specification.

On the majority of previous EID-CT systems, VMI recon-
structions are only available when dual-energy CT protocols
are selected prior to the examination. This, however, precludes
making use of the highest possible temporal resolution of the
scanner.'®'” With the intrinsic spectral capabilities of the novel
PCD-CT, VMI and other dual-/multi-energy-based reconstruc-
tions (such as virtual non-contrast images or iodine maps) are
available from every scan at full temporal resolution of 66 ms,

BJR

and VMI were established as the new standard for routine image
interpretation.“‘16

We found that vessel contrast in VMI at 40 keV was very high,
with attenuation values exceeding 1’000 HU. Interestingly, a
previous study using a dual-energy CCTA protocol with EID-CT
showed also attenuation values in coronary arteries > 1’000 HU
in 40 keV VML’ It is obvious that such high vessel attenuation
is too high, potentially negatively affecting image interpretation,
for which attenuation of around 300 HU is considered suffi-
cient.**?* Specifically, very high coronary vessel attenuation may
obscure the difference between normal arterial wall and calcium
depositions in terms of CT values, which may compromise the
detection of calcifications and the grading of stenoses. Further-
more, the detection of non-calcified plaques and stenoses may
also be negatively impacted due to high-density artifacts.*® Thus,
this very high vascular contrast at low keV images in PCD-CT
can be leveraged for reductions in the contrast media dose and/
or for lowering of the radiation dose. While this issue was not
examined in the current study, it should definitely be addressed
in future studies.

Another important aspect of image reconstruction that defines
objective and subjective image quality is the reconstruction
algorithm. For PCD-CT a novel IR algorithm named QIR has
been introduced. In contrast to previous EID-CT systems, the
PCD-CT does not offer a standard FBP algorithm because of
the complexity of the multi-energy data used for VMI recon-
struction. Specifically, the retrieval of monoenergetic infor-
mation from the threshold data directly without proper noise
reduction techniques may result in the amplification of image
noise - compromising the diagnosis quality. Our results indicate
that QIR, a new iterative reconstruction algorithm specifically
designed for PCD-CT, improves quality substantially at all VMI-
energies by reducing noise. Therein, important metrics such as
vascular enhancement, vessel sharpness or image noise texture
remain almost unaffected. The latter may represent an advan-
tage over previous IR for EID-CT, which were shown to alter the
noise frequency distribution thus leading to a suboptimal image
impression particularly at higher strength levels.?>*4*>%

The ultimate question remains, which reconstructions should be
used for clinical interpretation of CCTA with PCD-CT. Using
the current imaging parameters and reconstruction settings (i.e.,
120 kV tube voltage and a medium soft convolution kernel) the
40 keV QIR-4 reconstructions enable significant improvements
in image quality without compromising the accuracy of stenosis
grading of calcified plaques or image noise texture. Thus, our
initial results suggest that these reconstructions can be recom-
mended for clinical image interpretation. Nevertheless, partic-
ular attention should be given to high keV reconstructions, since
these have shown potential to reduce blooming artifacts.’

Our study has the following limitations. First, we only included
a limited number of patients who were scanned on one CT
scanner type at a single-center with a single imaging protocol.
This prohibited us from performing subgroup analyses of patient
data. Still, we performed a relatively extensive phantom study to
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obtain solid objective and subjective image quality metrics for
CCTA with PCD-CT. Importantly, we used the most advanced
vascular, anthropomorphic phantom currently available
exceeding the capabilities of previous phantoms.*® Nonetheless
we have to acknowledge that the results of our phantom experi-
ments may not be fully transferable to an in vivo clinical setting
in patients. In this regard it should be noted that our study was
further limited by including only calcified plaques into the anal-
yses. Second, we evaluated the performance of CCTA using only
one (i.e., the only currently clinically available) PCD-CT system.
Finally, we limited our analysis to certain low keV levels, and
other settings might have also impacted image quality.

In conclusion, this study provides initial experience of CCTA on
a clinical PCD-CT system as performed with a standard imaging
and image reconstruction protocol (i.e., 120 kV tube voltage and
medium soft convolution kernel), suggesting that 40keV VMI
reconstructions at QIR-4 may enable significant improvements
in terms of objective and subjective image quality.
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Objectives: To evaluate the benefit of a prototype circu-
lation time-based test bolus evaluation algorithm for the
individualized optimal timing of contrast media (CM)
delivery in patients undergoing coronary CT angiog-
raphy (CCTA).

Methods: Thirty-two patients (62 + 16 years) under-
went CCTA using a prototype bolus evaluation tool to
determine the optimal time-delay for CM administration.
Contrast attenuation, signal-to-noise ratio (SNR), objec-
tive, and subjective image quality were evaluated by
two independent radiologists. Results were compared
to a control cohort (matched for age, sex, body mass
index, and tube voltage) of patients who underwent
CCTA using the generic test bolus peak attenuation +4 s
protocol as scan delay.

Results: In the study group, the mean time delay to
CCTA acquisition was significantly longer (26.0 + 2.9 s)

INTRODUCTION

Coronary computed tomography angiography (CCTA)
has become the examination of choice for non-invasive
imaging of the coronary arteries.'™ The assessment of the
coronary arteries for atherosclerotic disease relies heavily
on image quality and contrast conditions. Optimal timing
of contrast media (CM) administration is crucial to fully

compared to the control group (231 + 3.5 s; p < 0.01).
In the study group, SNR improvement was seen in the
right coronary artery (17.5 vs 13; p = 0.028), the left main
(15.3 vs 12.3; p = 0.027), and the left anterior descending
artery (18.5 vs 14.1; p = 0.048). Subjective image quality
was rated higher in the study group (4.75 £ 0.7 vs 3.64
+ 0.5; p < 0.001).

Conclusions: The prototype test bolus evaluation algo-
rithm provided a reliable patient-specific scan delay for
CCTA that ensured homogenous vascular attenuation,
improvement in objective and subjective image quality,
and avoidance of beam hardening artifacts.

Advances in knowledge: The prototype contrast bolus
evaluation and optimization tool estimated circulation
time-based time-delay improves the overall quality of
CCTA.

utilize the advantages of CCTA. With increasing scan speed
achieved by advanced CT scanners, this task is becoming

more complex.*™®

In clinical routine, bolus tracking and test bolus are the
most frequently used techniques for the determination of
the timing of CCTA acquisition post CM administration.
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The bolus tracking technique based on a single contrast injection
for patient-specific timing adjustment is utilized in the majority
of clinical scenarios. Conversely, the test bolus technique allows
for prospectively planning the shape of the time-attenuation
curve to improve signal homogeneity.” Usually, contrast timing
is derived based upon a standard 20-ml test bolus injection.
However, the time-to-peak enhancement of the test bolus and
the diagnostic scan may differ significantly due to the amount of
CM administered. In many clinical institutions, the time-to-peak
enhancement derived from the test bolus scan leads to the selec-
tion of a generic +4 s time delay.>”® To date, there is however no
gold standard for a specific time delay in CCTA and recent SCCT
guidelines suggest a range of +2 to+4 s.” Previous simulation
studies performed on a physiological compartment model were
able to simulate the patient- and organ-specific enhancement
curves for a given CM injection,'®"! and predict the required
injection protocol to achieve optimized contrast enhancement.'?
However, those studies have not been tested in a clinical setting.

A prototype bolus evaluation tool has been developed to opti-
mize CM delivery using simulated contrast dynamics for given
test bolus information. The purpose of this study was to prospec-
tively evaluate the utility of this novel test bolus evaluation tool
for the individualized optimal timing of CM delivery in patients
undergoing CCTA.

METHODS AND MATERIALS

Study design

This prospective, single-center, HIPAA-compliant study was
approved by the local Institutional Review Board and all patients
provided written informed consent. Consecutive patients referred
for clinically indicated CCTA for evaluation of suspected coro-
nary artery disease were enrolled between February 2019 and
August 2019. Exclusion criteria included: glomerular filtration
rate below 45 mL/min, respiratory impairment, and unstable
clinical status. A matched control cohort was retrospectively
assembled to evaluate image quality parameters of CCTA using
time to test bolus peak attenuation +4 s as scan delay. Patients
were matched based upon patient age, sex, body weight, and tube
voltage.

Coronary CT angiography

CCTA examinations were performed on a third-generation dual-
source CT system (SOMATOM Force, Siemens Healthineers,
Forchheim, Germany). Prospective electrocardiography (ECG)-
triggering was used for all CCTA acquisitions. Beta-blockers
were typically administered before scanning with a target heart
rate as close to 60 beats per minute (bpm) as possible. Sublin-
gual nitroglycerin (0.4 mg) was administered before CCTA to
patients with no contraindication.

A topogram of the chest was obtained to determine z-coverage
for the CCTA scan. CM volume and injection rate for the test
bolus were 20 ml and 4 ml s, respectively. A biphasic contrast
injection protocol was used for the main CCTA scan to admin-
ister 1.0 ml per kg body weight (maximum 120 ml) of CM
(iopromide, Ultravist, 370 mg of iodine per mL, Bayer, Indianola,
PA) at 4-6 ml s, followed by 25 ml of CM diluted with 25 ml of

Figure 1. Representative time-attenuation plot showing the
calculation of scan delay using the conventional test bolus
technique (green dashed curve) and the test bolus evalu-
ation algorithm (yellow dashed curve). In this subject, peak
enhancement was measured at 24 s (orange arrow) after
contrast bolus administration. Using the generic +4 s time
delay (blue arrow), the total time delay before the start the
CCTA would be 28 s. On the other hand, the simulated peak
enhancement was achieved at 33 s after contrast administra-
tion using the test bolus algorithm (purple arrow), with a 5 s
time difference (red arrow) between the conventional tech-
nique and the test bolus algorithm. CCTA, coronary computed
tomography angiography.

saline chaser at the same rate. All images were acquired during
inspiratory breath-hold.

The main scanning parameters were as follows: tube potential
automatically selected using an automated tube voltage selection
algorithm (CARE kV, Siemens Healthineers), 70-130 kV, tube
current-time product, 200-650 mAs; gantry rotation time, 0.25
s; detector collimation, 2 x 192 x 0.6 mm. The CT dose index
(CTDI) and dose length product (DLP) were obtained from
patients’ records.

Test bolus technique

The test bolus technique was based on the i.v. injection of 20-mL
CM during the acquisition of a series of dynamic low-dose (120
kV, 20 mAs) monitoring scans at the level of the ascending aorta.
Monitoring scans were stared 10 s after the beginning of the
injection of i.v. CM with a 1 s delay between each monitoring
scan acquisition. In the control group, the time to peak enhance-
ment was calculated and a + 4 s delay was applied prior to the
start of the CCTA scan. In the study group, a dedicated proto-
type software (Bolus Evaluation, Siemens) was used to analyze
the test bolus enhancement curve and calculate the time to peak
enhancement for the CCTA acquisition depending on individual
circulation time. Figure 1 shows a representative example for the
difference between the standard and the prototype-based CCTA
timing.
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In order to optimize the scan delay for each patient, the soft-
ware first predicts the expected contrast enhancement in the
ascending aorta before the CCTA scan. In general, the algorithm
considers a patient as a linear time-invariant (LTT) system so that
the contrast enhancement over time, CE (t), can be described as
a convolution of the injection protocol, IP(t), with the arterial
impulse response (AIR) of the patient AIRP atient (1)

CE (t) =P (t) ® AIRpatient(t)

with CE (t) in Hounsfield Units (HU), IP (t) in mL/s, and

AIRpatient(t) in HU/mL. For a given AIRpatiem(t), a patient-

specific contrast enhancement CE (f) can be predicted for any
desirable injection protocol IP (¢) . First, the algorithm extracts
the right AIRP atient(t) function from the test bolus injection
protocol and the test bolus signal (CE (t)) in the descending
aorta. Then, the algorithm predicts the contrast enhancement
of the CCTA scan in the descending aorta on the basis of the

previously derived AIRP atient (t) and the injection protocol used

for the CCTA scan. Finally, the software simply estimates the
scan delay as the time to peak of the CE (t) curve. In both the
control and the study cohort, the protocol ensured that there was
enough time for table adjustments and breath-hold instructions
prior to image acquisition to ensure scanning at the optimal
enhancement.

Objective image quality analysis

The CCTA data were analyzed on a dedicated workstation (
syngo.via MM Reading, v. VB20A, Siemens) by a radiologist
with 4 years of CCTA experience. Measurements included mean
attenuation (HU) of the major coronary arteries (right, left main,
left anterior descending, and left circumflex), the left and right
ventricles, the ascending aorta, and the superior vena cava. Addi-
tional measurements were performed in the interventricular
septum and mediastinal fat to assess image contrast and noise.
Measurements were performed twice and averaged to ensure
data consistency and high measurement accuracy. The following
formulas were used for calculating signal-to-noise (SNR) and
contrast-to-noise ratios (CNR):

SNR = HU, (ery/SDiy
CNR = (HUartery - HUseptum) / SDfyt

Subjective image quality analysis

All CCTA scans were interpreted by two board certified cardio-
vascular radiologists. All images were independently reviewed,
and the reviewers were blinded to the test bolus technique. To
reduce recall bias, all image series were evaluated in random
order. Subjective image quality of the coronary arteries was eval-
uated using a 5-point Likert scale ranging from 1 = poor image
quality to 5 = excellent image quality.

Statistical analysis

Statistical analyses were performed using MedCalc v. 19.2
(MedCalc Software bvba, Ostend, Belgium) and R v. 4.1.0
(https://www.r-project.org/). Categorical variables were reported

Fischer et a/

as frequency with percentage. Normal distribution was assessed
using the Shapiro-Wilk test. Data are presented as mean + stan-
dard deviation (SD) or as median with interquartile range (IQR).
Group comparison was performed using the Mann-Whitney
U-test and Fisher’s exact test/chi-square tests for continuous and
categorical variables, respectively. To assess interobserver agree-
ment, intraclass correlation coefficients (ICC) were calculated
and interpreted as:<0.50, poor agreement; 0.50-0.75, moderate
agreement; 0.75-0.90, good agreement; and >0.90, excellent
agreement. Statistical significance was assumed at a p-value of
<0.05.

RESULTS

Study population

From a total of 36 patients, two were excluded due to renal
dysfunction, one due to respiratory impairment and one due
to unstable clinical status. Thus, the final study population
comprised a total of 32 patients. The study population included
16 men (50%) and 16 women (50%) with a mean age of 59.4 +
17.4 years. Patients in the control group were matched based on
age, sex, body mass index (BMI) and tube voltage with a mean
age of 59.4 + 14 years. The two study cohorts did not significantly
differ regarding age (p = 0.56), sex (p = 1)and BMI (p = 0.66). In
addition, cardiac risk factors did not significantly differ between
the cohorts. The mean CTDI,, and DLP in the study and control
groups were 40.9 = 30.7 mGy vs 42.9 + 31.9 mGy, and 660.8
575.6 mGy*cm vs 705.2 + 373.2 mGy*cm, respectively. Patient
characteristics are summarized in Table 1.

Time delay for CCTA

The time to peak measured during test bolus administration
was not different between the study group (19.2 + 2.9 s) and the
control group (19.1 £ 3.5 s; p = 0.95). In the study group, the
mean time delay for CCTA determined by the prototype algo-
rithm was significantly longer (26.0 + 2.9 s; range 18.9-31.2
s) than that of the control group using the standard +4 s delay
adjustment (23.1 + 3.5 s; range 16.0-28.1 s; p < 0.01).

Objective image quality analysis

Mean attenuation, SNR and CNR values are reported in Table 2
and Figure 2. Attenuation values in the superior vena cava (128.7
HU vs 657.7 HU, p < 0.001), the right ventricle (142.8 HU vs 360
HU, p < 0.001), and the pulmonary artery (200.9 HU vs 334.8
HU, p < 0.001) and were significantly lower in the study group.
The study cohort showed higher SNR in the RCA (17.5 vs 13.0;
p =0.028), the LM (15.3 vs 12.3; p = 0.027), and the LAD (18.5
vs 14.1; p = 0.048). The LCX showed no significant difference
regarding SNR (19.6 vs 17.8; p = 0.525). In the study group, CNR
was lower in the superior vena cava, the right ventricle and the
pulmonary artery but not significantly different in the coronary
arteries.

Subjective image quality analysis

Subjective image quality ratings were significantly higher in the
study group compared to the control group (4.75 + 0.7 vs 3.64
+ 0.5; p < 0.001). In Figure 3, corresponding images of both the
study group and the control group are represented. Interobserver
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Table 1. Patient characteristics

Variables Study group Control group p-value
N 32 32

Age (years) 59.4+17.4 59.4 14 0.563
Gender (male) 16 (50.0%) 16 (50.0%) 1
BMI (kg/m?) 292459 29.8 +5.6 0.656
BMI > 30 kg/m> 12 (37.5%) 14 (43.8%) 0.248
Heart rate (bpm) 68.5+12.2 66.1 +10.7 0.318
CTDI (mGy) 40.9 +30.7 429 +31.9 0.783
DLP (mGy*cm) 660.8 * 575.6 705.2 £ 373.2 0.763
Tube voltage (kV) 105.3 +21.9 106.9 +18.4 0.995
Contrast media (ml) 55.6 +13.3 55.8+11.5 0.952

BMI, body mass index; CAD, coronary artery disease; CTDI, computed tomography dose index; DLP, dose length product.

agreement was good for both the study group (ICC 0.86) and the
control group (ICC 0.79).

DISCUSSION

In this study, we prospectively investigated a test bolus evaluation
prototype algorithm in patients undergoing CCTA with the aim
of optimizing individual acquisition timing after CM admin-
istration to ensure homogeneous contrast attenuation in the
coronary arteries. Our data suggest that circulation time-based
patient-specific timing adjustment provides additional value by
optimizing CM administration and scan delay for CCTA exam-
inations, thus improving image quality. None of the patients who
underwent CCTA with an individualized trigger delay showed
non-diagnostic image quality.

An optimal contrast protocol should guarantee uniform,
prolonged contrast attenuation during the CCTA scan. Using
these techniques, we were able to show stable contrast enhance-
ment between 300 and 400 HU in the coronary arteries. This is
of particular importance for CCTA because optimal contrast
attenuation in the coronary arteries has a considerable influence
on image quality and the ability to evaluate images for stenosis
and arteriosclerotic changes.™'® In addition to sufficient contrast
attenuation above 200 HU, which allows adequate evaluation of
smaller vessels, it should also be noted that attenuation beyond
400 HU may limit the evaluation of coronary calcifications.™"*
In contrast to the control group, the individually timed and
uniform CM application avoids the presence of beam hard-
ening artifacts caused by iodinated CM e.g. in the superior vena
cava, which otherwise would have negative impact on image
interpretation.l‘r”17

The mean and peak level of arterial contrast enhancement show
substantial interindividual differences, even when CM is admin-
istered at the same volume and flow rate. These differences are
confirmed by the wide range of time delay to peak attenuation
observed in our study cohort. Several physiologic parameters
including body weight, body surface area, central blood volume
and circulation time all influence arterial peak enhancement. In
fact, circulation time proves to be the physiologic factor with

the greatest impact on the magnitude and timing of contrast
enhancement.'*'82! Therefore, patients with pre-existing
cardiac conditions or impaired cardiac function stand to benefit
the most from individualized contrast media delay timing which
factors in the individuals’ circulation time.

One of the most important methods currently used is test bolus
injection.*” Sandfort et al examined a total of 151 patients using
three different test bolus protocols.”® The authors investigated
the enhancement of the ascending aorta and showed that a
protocol, which included a lower flow rate but a higher concen-
tration of contrast agent, demonstrated a lower and more stable
range of attenuation values compared to the other two proto-
cols. The remaining protocols tested were a standard test bolus
protocol and a body weight adapted protocol which showed the
highest standard deviation of aortic enhancement.”** However,
all protocols tested considered the maximum arterial enhance-
ment as the delay, which factors in each individual’s CO. Seifarth
et al also investigated three different test bolus protocols in 120
patients using different amounts of contrast agent and flow rates.
In addition to the previous study these three protocols were
based on the peak enhancement curve of the ascending aorta
+4 s. However, this calculation is only an approximation to the
individual circulation time. Exact measurement methods of
cardiac output and circulation time include echocardiography,
angiocardiography, thermo-dilution by Swan-Ganz catheter
and advanced imaging methods of cardiac magnetic resonance
imaging and CCTA.*>*® These cardiac output measurements are
rarely used in everyday clinical practice to determine the time
delay to maximum enhancement in the ascending aorta before
CCTA. Whereas CCTA-based estimation of circulation time
would only be available after the completion of the imaging study.

In order to take into account, the myriad of influences on circula-
tion time and the associated variability of individual flow velocity,
we tested a test-bolus algorithm, which calculated the interindi-
vidual delay based on the patient-specific flow curve of the test-
bolus injection protocol by taking into account a substantial,
extensive database of archived improvement curves for its precise
calculations. Embedding this approach into a routine workflow
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CNR, contrast to noise ratio; HU, Hounsfield unit; SNR, signal to noise ratio.

Fischer et a/

Figure 2. Box plot diagram shows opacification (HU) values
at the different anatomic structures in the study group (blue)
and the control group (orange). Significant differences can be
observed in the SVC (superior vena cava), RV (right ventricle)
and PA (pulmonary artery). LV, left ventricle; AA, ascending
aorta; RCA, right coronary artery; LM, left main; LAD, left ante-
rior descending; LCX, left circumflex artery.

*

for a CT scan, we ensured that by determining the individual
delay time, a sufficient and homogeneous contrast within the
desired scan area could be provided in order to obtain noticeably
better objective and subjective image quality compared to that of
the control group.

To our knowledge, there are no comparable studies that have
used a similar test-bolus algorithm for CCTA. In a prospective
study, Hinzpeter et al examined 108 participants with CTA of the
aorta by comparing a cohort with fixed trigger delay and a cohort
with patient-specific, individualized trigger delay for contrast

Figure 3. 66 year-old female with chest pain underwent
standard CCTA (Case 1, (A-C) and 65-year-old male with
known coronary artery disease and recurrence of angina
underwent CCTA using the test bolus evaluation algorithm
(Case 2, (D-F). Axial CCTA sections are shown. Beam hard-
ening artifact is shown in the superior vena cava in case one
with standard CCTA (A, B; yellow arrows), while artifact is not
present in Case two with test bolus algorithm based CCTA (D,
E; blue arrows). Furthermore, panel (C) shows a contrast filled
right ventricle with a density of 412 HU. In contrast, panel (F)
demonstrates low attenuation in the right ventricle (81 HU).
CCTA, coronary computed tomography angiography; HU =
Hounsfield Units.
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medium timing.”” It was shown that patients with individualized
trigger delay were accompanied by more uniform contrast atten-
uation and improved image quality. Instead of a test bolus algo-
rithm, they used the bolus tracking method for patient-specific
trigger delays.

There are several study limitations that need to be considered.
First, this is a single-center study with a relatively small cohort
size. Second, cohort assignment was not randomized. Our study
focused solely on CCTA and its objective and subjective image
quality. The extent to which other arterial or pulmonary arte-
rial, patient-specific time delays would be proven by the test
bolus evaluation was outside the scope of this study. Moreover,
the variations of the patients’ specific circulation time may have
influenced our study results. The test-bolus evaluation was asso-
ciated with a slightly longer time required to transfer data to an
external computer for calculation, which should improve with
evolving clinical integration. Additionally, in this study we only
adjusted the time delay and did not alter other variables such
as test bolus volume and flow. Further analyses on this patient
specific approach are needed to provide an individually tailored
CCTA protocol.

BJR

CONCLUSION

In conclusion, the patient-specific test bolus evaluation algo-
rithm for CCTA reliably provided a patient specific scan delay to
ensure constant vascular attenuation, which led to an improve-
ment in objective and subjective image quality in addition to the
avoidance of beam hardening artifacts. This technique has the
potential to benefit patients with decreased circulation time who
present for CCTA exams by individualizing scan parameters to
the benefit of each patient.
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Objective: To assess the impact of piston-based vs peri-
staltic injection system technology and contrast media
viscosity on achievable iodine delivery rates (IDRs) and
vascular enhancement in a pre-clinical study.

Methods: Four injectors were tested: MEDRAD  Centargo,
MEDRAD  Stellant, CT Exprés, and CT motion” using
five contrast media [iopromide (300 and 370mgliml™),
jodixanol 320mgIiml™, iohexol 350mglml™, iomeprol
400mglml™]. Three experiments were performed evalu-
ating achievable IDR and corresponding enhancement in
a circulation phantom.

Results: Experiment |: Centargo provided the highest
achievable IDRs with all tested contrast media (p < 0.05).
lopromide 370 yielded the highest IDR with an 18G cath-
eter (315 gl/s); iopromide 300 yielded the highest IDR
with 20G (2.70 gl/s) and 22G (1.65 gl/s) catheters (p <
0.05).

Experiment Il: with higher achievable IDRs, piston-based
injectors provided significantly higher peak vascular

INTRODUCTION

The practice of CT intravenous contrast media (CM) admin-
istration has been continuously debated and updated';
however, performance of power injection systems has largely
gone unstudied. Previous publications have focused on work-
flow efficiency as the main differentiator between systems.>>
Further, patient-to-patient variability, as well as inconsisten-
cies in scanner protocols and technology can mask differ-
ences in the technical capabilities of the injection systems.

When looking at differences between injection systems,
there are two main fluid delivery technologies to analyze:

enhancement (up to 48% increase) than the peristaltic
injectors with programmed IDRs from 1.8 to 2.4 gl/s (p <
0.05).

Experiment Ill: with programmed IDRs (e.g. 1.5 gl/s)
achievable by all injection systems, Centargo, with sharper
measured bolus shape, provided significant increases in
enhancement of 34-73 HU in the pulmonary artery with
iopromide 370 (p < 0.05).

Conclusion: The tested piston-based injection systems
combined with low viscosity contrast media provide
higher achievable IDRs and higher peak vascular enhance-
ment than the tested peristaltic-based injectors. With
equivalent IDRs, Centargo provides higher peak vascular
enhancement due to improved bolus shape.

Advances in knowledge: This paper introduces a new
parameter to compare expected performance among
contrast media: the concentration/viscosity ratio. Addi-
tionally, it demonstrates previously unexplored impacts of
bolus shape on vascular enhancement.

piston-based systems and peristaltic-pump-based systems.
Both are positive displacement pumps, which translate
kinetic energy from the pump into displacement of a given
quantity of fluid. However, piston-based systems act by
using a piston/ram to displace a plunger down the barrel of
a reservoir, operating in two directions to first fill the reser-
voir and then to displace the fluid from the reservoir to
the patient, similar to a hand syringe. Peristaltic pumps act
as rotary pumps, using rollers to pinch sections of flexible
tubing which draws fluid directly from the supply source
and displaces it out to the patient. These differences in fluid
delivery technology can cause differences in performance.
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In early 2019, Chaya et al* published results of a pre-clinical
study in which a piston-based injection system demonstrated
higher maximum achievable flow rates and more consistent
steady-state flow when compared to the two tested peristaltic
pump-based injection systems.* The authors, however, acknowl-
edged several limitations of their study. Primarily, the study
included only two CM types spanning a small range of viscos-
ities, a critical element when determining the iodine delivery
rates (IDRs) achievable for a given injection system. This is
because increased contrast viscosity results in increasing injec-
tion pressures.” An additional limitation of Chaya et al was
that no link was provided between measured performance and
potential clinical outcomes.

Building upon the work of Chaya et al, this study aimed to eval-
uate the technical performance of contemporary power injection
systems by applying a broader range of CM concentrations and
viscosities, as well as more sophisticated measurement tech-
niques to determine flow rates and injected concentrations. In
addition, a circulation phantom was used to quantify vascular
enhancement in CT while minimizing experimental variables.
Similar phantoms have been used in previous experiments to
study the impact on CT imaging of variables such as different
catheter types,® CM viscosity/temperature,” saline use,” contrast
injection protocols for low kVp imaging,® and iodine delivery
rate.’”

In the present study, four injection systems and five CM were
compared across a range of catheter gauges. Three experiments
were performed to determine: (I) contribution of injection
system technology and CM viscosity to maximum achievable
IDR; (II) impact of differences in achievable IDR on vascular
enhancement in a circulation phantom; and (III) impact of injec-
tion system technology and bolus shape on peak enhancement
with the same achievable IDRs.

McDermott et a/

METHODS

Injection Systems and Contrast Media

Four CT injection systems were used from three manufacturers:
MEDRAD" Centargo CT Injection System and MEDRAD" Stel-
lant CT Injection System with the Multi Patient Kit (‘Centargo’
and ‘Stellant MP), Bayer AG, Berlin, Germany), Bracco CT
Exprés” Contrast Injection System with Multi Patient Set (‘CT
Expres, Bracco Injeneering, Lausanne, Switzerland) and ulrich
CT motion™ Contrast Media Injector (‘CT motion, ulrich
Medical, Ulm, Germany). All injection systems were operated
according to the manufacturers’ instructions with disposable
components designed for multiple injections/patients, with an
exception for CT Exprés, which requires selection of the cath-
eter gauge to restrict the programmable flow rate of the injection
system. As the flow rate restrictions prevent programming of
equivalent IDRs to the other tested injection systems, the cath-
eter gauge was intentionally selected as a lower gauge than that
which was used. The systems were connected to 18G, 20G, and
22G intravenous catheters (Becton Dickinson, Franklin Lakes,
NJ) to generate a range of expected clinical injection pressures.'’
Details on the tested CM are shown in Table 1. All CM tested
were at room temperature, which was monitored during the
study to be at 21.5°C.

Real-time Density and Volumetric Flow Rate
Measurement

Real-time density and volumetric flow rate were measured
using a MicroMotion 5700 Coriolis Transmitter (Emerson Elec-
tric Co., St. Louis, MO). The transmitter was positioned at the
outlet of the catheter to record the bolus shape as measured by
the concentration and flow rate of the fluid exiting the catheter
over time. The signal from the transmitter was recorded using a
LabVIEW virtual instrument (2012 SPI, National Instruments).
This measurement method allows for actual IDRs to be calcu-
lated, irrespective of the programmed IDR for that injection.

Table 1. Contrast media used for this study, with properties reported by the manufacturer, measured viscosity, and the derived

concentration/viscosity ratio

. . Concentration /
. . Published Measured | Concentration / . . .
Generic Concentration . . . . . . . Viscosity Ratio
Viscosity Viscosity Viscosity Ratio Manufacturer
(Brand Name) (mgl/mL) a b c (mgl/mL/cP)
@) | (@) | (mglmliep)() | HETTG
Iopromide 300 9.2 7.64 393 61.2 Bayer AG Berlin,
(Ultravist) ! Germany
Todixanol 320 26.6 21.1 15.2 27.1 GE Healthcare New
(Visipaque)12 Jersey, USA
Iohexol 350 20.4 18.7 18.7 33.7 GE Healthcare New
(Omnipaque)*® Jersey, USA
Topromide 370 22 17.1 21.6 37 Bayer AG Berlin,
(Ultravist)' Germany
Iomeprol 400 27.5 23 17.4 317 Bracco Imaging
(Iomeron)*® Milan, Italy

20fficial data from manufacturers at 20°C.

PMeasured data using Brookfield DV-II+ Pro Viscometer at tested temperature of 21.5°C.
“Determined using measured contrast media viscosity.

dCalculated from manufacturer reported viscosities at 37°C.
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Figure 1. Circulation phantom A: Circulation phantom; B: Aortic arch + pulmonary artery with dyed fluid to enhance visibility of
vasculature. Dye was not used for experimental trials; C: Cross-section through B (dotted line) showing regions of interest: 1 =
ascending aorta, 2 = pulmonary artery, 3 = descending aorta, D: Graphical monitor of blood pressure and heart rate of the phan-

tom.

Circulation Phantom

A circulation phantom was used to assess the effects of maximum
achievable IDR and bolus shape on vascular enhancement in CT.
The phantom mimics the transport and distribution dynamics of
iodinated contrast material in a mammalian circulatory system.
The design of the phantom is equivalent to those used in previ-
ously published experiments.®® For all acquisitions, the phantom
was configured to have a heart rate of 60 beats per minute and a
blood pressure of 120/80 mmHg (Figure 1). The phantom was
drained and re-filled with laboratory water between each injec-
tion to prevent the effects of residual contrast material contami-
nation across injections.

CT Scanner Settings & Image Evaluation

All CT acquisitions were performed on a dual-source CT scanner
(SOMATOM Force; Siemens Healthineers, Erlangen, Germany)
with a tube voltage of 120 kV and tube current of 100 mAs. A
dynamic CT of the aortic arch was acquired without table feed
utilizing the following parameters: 200 mm field of view, 2.0 mm
slice thickness, 40's scan duration, and 0.5s rotation time. Image
reconstruction was performed with a temporal resolution 0of 0.3 s
enabling the monitoring of the bolus curve. Regions of interest
(ROIs) were drawn at the level of the ascending aorta (AA),
descending aorta (DA), as well as within the pulmonary artery
(PA), as shown in Figure 1c. Equivalent enhancement trends and
magnitudes were observed in the AA and DA; therefore, only
the results for the AA are included for simplicity. The peak signal
enhancement was derived from the resulting time-enhancement
curve. All CT scans were repeated three times and measurements
taken within the same slice plane to ensure accuracy, determine
repeatability, and allow for statistical analysis across groups.
Methods to obtain enhancement values are consistent with
previously published results.®

Statistical Analysis

Independent non-parametric Kruskal-Wallis tests using a = 5%
as a significance level were conducted for comparison of peak
enhancement, IDR, contrast media, and injection system. Each
analysis was conducted independently across each ROI and cath-
eter gauge. As an exploratory analysis, p-values < 0.05 were inter-
preted to be statistically significant. Minitab statistical software
(v. 17, Minitab, LLC, State College, PA) was used for all analyses.

Experiment [—Maximum Achievable IDR

Maximum achievable IDRs were determined for all four injection
systems delivering five CM through 18G, 20G, and 22G cathe-
ters. Each of these three variables was varied to generate a testing
matrix of 60 combinations. Injections were programmed at 1
mls™! and increased in 0.5 mls™" increments until the injection
systems were unable to deliver the flow rate without exceeding
the maximum programmable pressure limit as selected on or
defined by the system. Injection volumes of 100 ml were chosen
to ensure steady state flow was achieved.

Experiment |I—Relationship Between IDR and Peak

Enhancement

In order to relate the differences in achievable IDR to potential
clinical results, dynamic CT acquisitions were obtained using
the phantom. The impact of achievable IDR on peak vascular
enhancement was assessed with specific focus on the contribu-
tion of the injection systems. This was achieved by varying the
programmed IDR from 1.8 to 2.4 gl/s in 0.2 gl/s increments.
Topromide 300 and 370 were used in this experiment, as they
achieved the highest IDRs in Experiment I for all injection
systems. This allowed for comparison of all injection systems at
the higher end of clinically relevant IDRs. Volumes were varied
to maintain constant duration across the programmed injections.
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Experiment lll—Impact of Bolus Geometry on CT
Peak Vascular Enhancement

Experiment III was designed to compare differences in peak
vascular enhancement with common injection protocols. Specif-
ically, IDRs of 1.5 and 2.0 gl/s were utilized in this study, consis-
tent with literature for adequate vascular enhancement in CT
angiography procedures.'"'® By comparing vascular enhance-
ment at IDRs that are achievable by all systems, differences can
be attributed to injection system performance characteristics
such as bolus shape.

To maintain consistency with Experiment II, iopromide 300
and 370 were used. In order to achieve an IDR of 1.5 gl/s, all
injectors were programmed to deliver at 5 and 4.1 mls™" for
iopromide 300 and iopromide 370, respectively. Similarly, to
achieve an IDR of 2.0 gl/s, all injectors were programmed to
deliver at 6.7 and 5.4 mls™! for iopromide 300 and iopromide

McDermott et a/

370, respectively. The volumes (40 and 54 ml) were appropriate
relative to the central blood volume of the phantom and ensured
the injection reached steady state, while avoiding recirculation
effects.

RESULTS

Experiment I—Maximum Achievable IDR (Figure 2,
Table 2)

Centargo provided the highest achievable IDRs among the tested
injection systems with all five CM and all catheter gauges (p <
0.05) (Table 2). Iopromide 370 yielded the highest IDR among
the tested CM with an 18G catheter (3.15 gl/s) (p < 0.05), while
iopromide 300 yielded the highest IDR with both a 20G (2.70
gl/s) and 22G (1.65 gl/s) catheter (p < 0.05). Following iopro-
mide across all catheter gauges were iohexol 350, iomeprol 400,
and then iodixanol 320. With a 20G catheter, Centargo with

Figure 2. Maximum achievable IDR vs injection system with different contrast media through a 20G catheter: This figure repre-
sents the maximum achievable IDR for each combination of injection system and contrast media through a 20G catheter. The
measured concentration/viscosity ratio is shown below each contrast media in mgl/mL/cP. Error bars represent standard devia-
tion across the three trials performed for each programmed injection. Graph A represents the data ordered from left to right by
concentration, while graph B represents the data ordered from left to right by measured concentration/viscosity ratio. IDR,iodine

delivery rate.
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Table 2. Complete results for maximum achievable IDR vs injection system vs contrast media vs catheter gauge: values represent
the average of three trials for each combination of contrast media, injection system, and catheter gauge

Concentration Maximum iodine delivery rate (gI/s)
Catheter gauge Contrast media (mgl/mL) Centargo Stellant MP | CT motion | CT Expres
18G Topromide 300 3.00 3.00 2.70 1.59
Todixanol 320 2.27 2.18 2.02 1.18
Tohexol 350 291 2.77 2.49 1.40
Topromide 370 3.15 3.07 2.70 1.63
Tomeprol 400 2.48 2.40 2.14 1.32
20G Topromide 300 2.70 2.61 2.12 1.38
Todixanol 320 1.76 1.66 1.54 1.00
Tohexol 350 2.21 2.07 1.89 1.18
Topromide 370 241 2.29 1.92 1.37
Tomeprol 400 2.10 2.02 1.80 1.09
22G Topromide 300 1.65 1.56 1.26 0.99
Todixanol 320 1.12 1.02 0.78 0.66
Iohexol 350 1.37 1.16 0.98 0.81
Topromide 370 1.48 1.41 1.13 0.83
Tomeprol 400 1.28 1.16 0.88 0.74

IDR, iodine delivery rate.

iopromide 300 achieved the highest IDR (2.7 gl/s), while CT
Exprés with iodixanol 320 achieved the lowest IDR (1.0 gl/s)
(Figure 2).

Experiment |I—Relationship Between IDR and Peak
Vascular Enhancement (Figure 3)

In all measured ROIs, Centargo provided the highest peak
vascular enhancement of the tested injection systems across

all programmed IDRs ranging from 1.8 to 2.4gl/s. Statistically
significant results (p < 0.05) were recorded for all tested IDRs,
except for the pulmonary artery at 1.8 gl/s (Figure 3). With a
programmed IDR of 2.0 gl/s, Centargo achieved an average peak
enhancement increase of 104-195 Hounsfield units (HUs) in
the pulmonary artery, and 50-116 HU in the ascending aorta
compared to both peristaltic injection systems. Enhancement
results across all programmed IDRs are shown in Table 3.

Figure 3. Achievable vascular enhancement vs injection system with varied IDRs through a 22G catheter: The left graph (a) pro-
vides peak enhancement results from all injection systems in the pulmonary artery, while the right graph (b) was acquired from
the ascending aorta. Error bars represent standard deviation across the three trials performed for each programmed injection. *
denotes statistical difference between injection systems (p < 0.05).

I [ Centargo MStellant MP B CT motion B CT Exprés

(a) Achievable Pulmonary Artery Enhancement vs. IDR

(b) Achievable Ascending Aorta Enhancement vs. IDR
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Table 3. Mean increase in vascular enhancement across all tests of Figure 3 of Centargo vs other injectors: the table represents the
mean increase in vascular enhancement across all injections with programmed IDRs from 1.8 to 2.4 gl/s

Enhancement in pulmonary artery Enhancement in ascending aorta
Programmed IDR Injection system Mean (HU) Variation (HU) % Difference of Mean (HU) Range (HU) % Difference of
(gl/s) means (relative means (relative
to Centargo) to Centargo)

1.8-2.4¢l/s Centargo 591 531-624 - 512 457-574 -

Stellant MP 560 524-584 -6% 473 427-534 -8%

CT motion 500 494-514 -18% 463 440-499 -11%

CT Expres 400 385-416 -48% 392 366-430 -31%

HU, Hounsfield unit; IDR, iodine delivery rate.

lopromide 300 and iopromide 370 were used with a 22G catheter. Differences in HU are represented as a percentage relative to Centargo as the
top performing injection system.

Figure 4. Achievable vascular enhancement vs injection system with varied IDRs through a 20G catheter: the top two graphs (a, b)
provide results using iopromide 300, while the bottom graphs (c, d) utilized iopromide 370. In addition, (a, c) are measurements
from the pulmonary artery while (b, d) are measurements from the ascending aorta. Error bars represent standard deviation
across the three trials performed for each programmed injection. ¢ denotes data obtained using the CT Expreés injection system
where iodine was over delivered. Due to the additional contrast media, comparisons with CT Expres were not considered, though
the data are provided for completeness. * denotes statistical difference between injection systems (o < 0.05).
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Experiment Ill—Bolus Geometry Impacts Peak
Vascular Enhancement (Figure 4)

In general, Centargo and CT Expreés provided greater enhance-
ment, however CT Expres was excluded from statistical analysis
due to observed over delivery of contrast (see "Discussion").
With iopromide 300, Centargo provided an average increase
of ~14-26 HU and ~5-32 HU in the PA and AA respectively.
Centargo demonstrated significantly increased enhancement in
the PA with iopromide 370, with a 34-73 HU increase relative to
the other tested injection systems (Figure 4c). Similar differences
in peak enhancement were observed in the AA with iopromide
370 (p < 0.05).

DISCUSSION

This study assessed the impact of injection system technolo-
gies and CM viscosity on achievable iodine delivery rates and
vascular enhancement. In order to translate IDR to vascular
enhancement, a circulation phantom was used in combination
with dynamic CT. This provided a stable model that, unlike
patients in a clinical setting, could be injected into and scanned
many times under standardized conditions.

Experiment [—Maximum Achievable IDR

Consistent with Chaya et al,* piston-based systems, Centargo
and Stellant MP, had higher achievable flow rates than peristaltic-
based systems, CT motion and CT Expreés across all CM tested.
The combination of the fluid delivery technology and differ-
ences in maximum programmable pressure limits were the key
contributors to observed differences in achievable flow rates and
corresponding IDRs.

Across CM types, the higher viscosity agents (iodixanol 320 and
iomeprol 400) had the lowest achievable IDRs for all injection

systems. This is not necessarily an intuitive result, as theoretical
maximum IDR increases with increasing concentration.'®!? This
study has found the impact of increasing viscosity is greater than
the effect of increasing concentration. Still, a balance of both
properties is important for determining achievable IDR and
achievable vascular enhancement. We propose a new parameter
for CM performance by calculating the ratio of concentration
to viscosity (Table 1). Figure 2b demonstrates a strong correla-
tion of decreased achievable IDR with decreasing concentration/
viscosity ratio (R* >0.92 for all combinations of catheter gauge
and injection system). While not tested in this study, Table 1
includes the calculated concentration/viscosity ratios for all
tested CM if warmed to 37°C. It is expected that achievable IDRs
increase for all contrast media at higher temperatures, however,
differences in viscosity with heated CM are still expected to lead
to differences in performance.

Yet, based on manufacturer reported viscosity, the concen-
tration/viscosity ratio was not able to explain the improved
maximum achievable IDR of iopromide 370 relative to iohexol
350. Upon review of the manufacturer’s data, published CM
viscosities were obtained at a temperature of 20°C. However,
using a calibrated viscometer (Brookfield DV-II +Pro, AMETEK
Inc.) the viscosity of iohexol 350 at the ambient testing labora-
tory temperature of 21.5 C was measured to be higher than that
of iopromide 370 (18.70 and 17.10 cP respectively). Correcting
the concentration/viscosity ratio for the temperature of the
testing environment explains the improved performance for
iopromide 370 (Table 1). This result aligns with previous obser-
vations relating achievable IDR and concentration/viscosity
ratio while highlighting the dependence of CM viscosity on
temperature.

Figure 5. Sample aortic enhancement comparison of injection systems with 2.0 gl/s programmed injection (time shifted based on
contrast media arrival time): This figure represents the enhancement profile in the ascending aorta of the phantom when the same
2.0 gl/s injection is executed on each of the four injection systems. The impact of reduced achievable IDRs as the systems reduce
flow to limit pressure is seen in the enhancement profiles and resulting peak enhancement values.
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Iopromide 300, with the highest measured concentration/
viscosity ratio of 39.3 mgIml™'/cP, produced the highest achiev-
able IDRs using a 20G and 22G catheter by a significant margin
(p < 0.05). With an 18G catheter, iopromide 370 produced the
highest achievable IDR (3.15 gl/s), representing the only result
where the highest measured concentration/viscosity ratio CM
did not achieve the highest IDR. This is explained as iopromide
300 was restricted to 3.0 gI/s due to a maximum programmable
flow rate of 10mls™" on the tested injection systems, a limitation
of the systems and not the CM. Conversely, iodixanol 320 has the
lowest measured concentration/viscosity ratio of 15.2mgIlml ™!/
cP. As expected, this resulted in the lowest achievable IDRs
among the tested CM for all catheter gauges.

Experiment Il—Relationship Between IDR and Peak
Enhancement

While the data from Experiment I established differences
between injection systems and CM for achievable IDR, Exper-
iment II provided potential clinical relevance for these results.

Before analyzing the results, it is important to note the differ-
ence between programmed IDRs and achievable IDRs. While
programmed IDR is theoretical, based on the programmed
rate and concentration used, achievable IDR is the measured
flow rate and concentration exiting the catheter. Differences
between programmed and achieved IDR arise from injection
system performance. For example, when the pressure limit of the
injection system is reached, the systems reduce the flow rate to
prevent the pressure from exceeding the maximum limit. This
reduction in flow rate decreases the achieved IDR, which is
shown to decrease peak vascular enhancement (Figure 5).

In the PA and AA of the phantom, Centargo provided the highest
peak vascular enhancement of all four injection systems across
the programmed IDRs (Table 3). These results can be explained
by the inability of the peristaltic injection systems to reach the

McDermott et a/

programmed IDR, as the achieved IDR for CT motion and CT
Expres were markedly lower. This is attributed to a reduction in
flow rate by both systems to prevent pressure from exceeding
the maximum limit, as previously discussed. Review of the data
from Experiment II (Figure 5) shows the clinical impact of this
flow reduction, which is seen as broadening of the CM bolus and
subsequent enhancement profile. The resulting enhancement is
reduced and the peak is shifted later in time. This analysis further
illustrates the relationship between achievable IDR and peak
vascular enhancement.

Experiment [ll—Bolus Shape Impacts Peak Vascular
enhancement

While the previous experiment established the performance
differences between the injection systems with IDRs at the higher
end of the clinically relevant range, Experiment III compared the
injection systems using nominal protocols for CT angiography
with the most common catheter gauge. As the experiment was
designed to ensure all injection systems were able to achieve the
programmed IDRs without reaching their maximum pressure
limit, the resulting vascular enhancement should be dependent
only on bolus shape. Concentration curves generated using the
Coriolis Transmitter allow for comparison of bolus shapes across
injection systems (Figure 6).

Theoretically, optimal bolus shape (not enhancement profile)
is recognized as a square wave, with concentration of the fluid
entering the patient rising instantaneously to the desired level
at the start of the injection and falling instantaneously with
the onset of the saline flush. As seen in Figure 6, Centargo was
found to provide sharper leading and trailing edges of the bolus.
This improved bolus shape provides more efficient use of CM,
with more iodine entering the patient at the desired IDR for a
longer duration. These differences in bolus shape largely explain
the general increase in enhancement provided by Centargo in
Experiment III.

Figure 6. Sample of contrast bolus shape comparison between injection systems: this figure represents the concentration plots as
measured at the 20G catheter for Injection 8 of Experiment Ill. Differences in leading and trailing edge of the bolus can be seen

between injection systems.
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Impact of CT injector technology and contrast media viscosity on vascular enhancement

Figure 7. Contrast dose volume error with Ultravist 370 vs injection system: this graph represents the results of the volume accu-
racy assessment for all injection systems considered. Results were obtained using a 20G catheter, and demonstrate a substantial
over delivery of contrast media by CT Exprés compared to the other injection systems.
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When reviewing the enhancement data, it was noted that trends
in injection system performance were consistent from the
PA to the AA. The exception was CT Expres, which exhibited
improved performance in the AA. To investigate this obser-
vation, volume accuracy performance was conducted on all
systems. As shown in Figure 7, CT Expres delivered 8-14% more
contrast than the programmed volume. The operations manual
for CT Expres acknowledges the risk for inaccurate dosing when
the catheter gauge as selected on the system is incorrect, which
was required in this study to program equivalent IDRs on all
systems. Conversely, all other injection systems did not exceed
the programmed volume by more than 2.5%. The unintended
increase in delivered iodine load explains improved performance
of CT Expres in the AA (Figure 4b and d) relative to the trends
observed in the PA (Figure 4a and c).

LIMITATIONS

With the use of the phantom instead of animal or human studies,
only first-pass imaging can be performed. Therefore, these
results cannot be directly translated to steady-state or paren-
chymal imaging. An additional limitation of the phantom is the
relative size and internal blood volume, which roughly corre-
spond to a 40kg human. As such, the enhancement levels are
artificially higher than one would expect for an average-sized

patient. Finally, all CM were tested at room temperature, though
warming may be performed clinically. This effect of temperature
on CM viscosity is well established.” Although testing was not
completed at 37°C, the range of official viscosities in this study
(9.2-27.5 cP) includes that of higher concentration CM heated to
body temperature (e.g. iomeprol 400 at 37°C is 12.6 cP)."?

CONCLUSION

Piston-based injection systems, Centargo and Stellant MP, in
combination with low viscosity CM provide higher achievable
IDRs. This translates to higher peak vascular enhancement
than the tested peristaltic injection systems, CT motion and CT
Expres. With IDRs achievable on all tested injection systems,
Centargo provides higher peak vascular enhancement due to
improved bolus shape.
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Objective: To evaluate and compare the accuracy and
precision of contrast-enhanced mammography (CEM) vs
MRI to predict the size of biopsy-proven invasive breast
cancetr.

Methods: Prospective study, 59women with invasive
breast cancer on needle biopsy underwent CEM and
breast MRI. Two breast radiologists read each patient’s
study, with access limited to one modality. CEM lesion
size was measured using low-energy and recombined
images and on MR, the first post-contrast series. Extent
of abnormality per quadrant was measured for multi-
focal lesions. Reference standards were size of largest
invasive malignant lesion, invasive (Pathlnvasive) and
whole (PathTotal). Pre-defined clinical concordance
+10 mm.

Results: Mean patient age 56 years, 42 (71%) asympto-
matic. Lesions were invasive ductal carcinoma 40 (68%)
with ductal carcinoma in situ (31/40) in 78%, multifocal
in 12 (20%). Median lesion size was 17mm (invasive)

INTRODUCTION

Breast cancer is a heterogeneous disease that is frequently
multifocal and/or multicentric.!™ The American Joint
Committee on Cancer (AJCC) TNM staging system is
used to classify breast cancer extent and predict prognosis.
Tumour size for TNM stage is defined as maximum size of
the invasive lesion on surgical pathology, and for multifo-
cality, tumour size is determined by the size of the largest
invasive component alone.”

and 27 mm (total), range (5-125mm). Lin’s concordance
correlation coefficients for PathTotal 0.75 (95% CI 0.6,
0.84) and 0.71 (95% CI 0.56, 0.82) for MRI and contrast-
enhanced spectral mammography (CESM) respectively.
Mean difference for total size, 3% underestimated and
4% overestimated, and for invasive 41% and 50% over-
estimate on MRI and CESM respectively. LOAs for Path-
Total varied from 60% under to a 2.4 or almost threefold
over estimation. MRI was concordant with PathTotal in
36 (64%) cases compared with 32 (57%) for CESM. Both
modalities concordant in 26 (46%) cases respectively.
Conclusion Neither CEM nor MRI have sufficient accu-
racy to direct changes in planned treatment without
needle biopsy confirmation.

Advances in knowledge: Despite small mean differ-
ences in lesion size estimates using CEM or MRI,
the 95% limits of agreement do not meet clinically
acceptable levels.

For the surgeon, an accurate estimate of the local extent of
disease is crucial for counselling patients regarding the type
of surgery required, and whether breast conservation is
possible. Estimates of lesion size on imaging should reflect
total size, including surrounding in-situ disease, and multi-
focality + interconnecting in-situ disease.

Standard breast imaging (full-field digital mammography
(FFDM), tomosynthesis and ultrasound) has limitations in
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estimating lesion size; ultrasound and FFDM tending to under-
estimate,® and tomosynthesis to overestimate, particularly in
females with dense breasts.”

Functional imaging techniques that are able to demonstrate
neo-angiogenesis in addition to anatomical morphology, such
as contrast-enhanced breast MRI (MRI), not only improve the
detection of breast cancer but are more accurate in estimating
lesion size and extent.® However, MRI does have disadvantages,
including high cost, relatively low specificity,’” inability to visu-
alise microcalcifications, suboptimal accessibility and limited
patient tolerance.'” An association with significant delays in
treatment have also been reported with MRI.'"!2

Contrast-enhanced mammography (CEM) is a quick and
easy to perform, inexpensive new technique able to demon-
strate both neovascularity and lesion morphology, including
microcalcification.

CEM is performed by obtaining two view mammograms using
high and low energy X-ray exposures approximately 2min
after the injection of intravenous contrast. Two images per
view are available for reporting, a “ low energy” image that
displays morphology (equivalent to a standard mammo-
gram'?) and a recombined image that shows areas of iodine
uptake.'* Although lacking many of the disadvantages of MRI,
a CEM examination does require breast compression and
exposure to ionising radiation, whereas MRI does not. Both
techniques involve intravenous contrast media injection, with
renal failure or known contrast allergy contraindications for
both.

The aim of this study was to evaluate the comparative and inde-
pendent accuracy and precision of CEM and MRI in estimating
malignant lesion size in females with core biopsy-proven inva-
sive breast cancer, using final histopathology as the reference
standard.

METHODS AND MATERIALS

This prospective study (Australian and New Zealand Clinical
Trials Registry: ACTRN 12613000684729) was conducted at
two tertiary referral hospitals, approved by our institutional
Human Research and Ethics Committee, and compliant with
the National Health and Medical Research Council Statement on
Ethical Conduct in Human Research. Written informed consent
was obtained from all participants. Aspects of this cohort have
been reported in two prior publications, addressing background
parenchymal enhancement'” and patient preference.'?

Females aged over 21 years attending the Breast Clinic at two
tertiary institutions in Perth, Western Australia between June
2013 and October 2015, with an invasive breast cancer (of any
type) on needle biopsy and fit to undergo surgery, were invited
to participate.

Exclusion criteria were: inability to give written informed
consent, allergy to iodinated or gadolinium-based contrast,
renal insufficiency, diabetes mellitus treated with metformin,

BJR

pregnancy or lactation, breast implants, and contraindications
to MRI.

Standard breast imaging included FFDM with or without further
views and high resolution ultrasound performed at outside prac-
tices or in our clinic.

Each participant underwent both CEM and breast MRI according
to appointment availability and not timed to menstrual cycle.
The examinations were performed at one centre using previ-
ously described standardised protocols,'® by experienced breast
imaging technologists.

A Breast Imaging Fellow assessed lesion type (using the National
Breast Cancer Center synoptic reporting system16 as mandated
by the national screening program) and maximum size on stan-
dard breast imaging. Breast density was independently assessed
by two readers (breast imaging fellow and consultant breast
radiologist), with third reader arbitration in case of disagree-
ment, and dichotomised into non-dense (BI-RADS 1 or 2) and
dense (BI-RADS 3 or 4)."7

MRI findings were reported according to the BI-RADS fifth
Edition lexicon.'® For CEM studies, low energy and recom-
bined images were reviewed, and reported using modified MRI
BI-RADS descriptors."” Background parenchymal enhancement
(BPE) on CEM and MRI was dichotomised into minimal—mild
and moderate—marked.

CEM and MRIs were independently read by pairs of subspecialist
breast radiologists. A consensus report was issued, with third
reader arbitration in the event of disagreement. Readers were
able to view the initial standard breast imaging but were only
permitted to view and report one of the two study modalities per
patient. Radiologists who read the MRI and CEM studies were
subspecialty trained with between 5 and 25 years of experience in
breast imaging. Our centre was one of the early adopters of CEM;
readers completed a series of nine training cases supplied by the
CEM vendor prior to study commencement.

Reference lesions were defined as those detected on standard
imaging and confirmed to be malignant on needle biopsy. The
largest invasive malignant lesion per patient on surgical histo-
pathology formed the reference lesion. Multifocal disease was
defined as the presence of more than one ipsilateral malignant
lesion situated more than 5mm from but within <4cm of the
reference lesion, usually within the same quadrant?’ Multi-
centric disease was defined as presence of more than one ipsilat-
eral malignant lesion separated >4 cm, usually within a different
quadrant.”

Lesions were viewed on Agfa picture archive and communication
workstations (Agfa-Gevaert NV Mortsel, Belgium) with 5MPixel
Barco (NYSE Euronext Brussels, Belgium:BAR) monitors
measured to the nearest millimetre in three orthogonal dimen-
sions using electronic callipers. For MRI, measurements were
made on the first post-contrast series. For CEM, low energy (LE)
and recombined images were considered together: suspicious
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Figure 1. Breast imaging studies of one of the study participants. CEM: LE and RC craniocaudal (a, ) and mediolateral oblique
views (b, f). Left lateral magnification view (c). Breast MRI: sagittal image (d) and axial first post-contrast MIP (g). A 71-year-old
patient with a calcified left breast mass on screening mammography. Clinical examination revealed a 30 mm palpable mass. LE
CEM images demonstrate an irregularly shaped spiculated mass (solid arrow) with associated microcalcifications (dotted arrow)
in the left UOQ. On the RC images, the left UOQ lesion shows marked heterogeneous internal enhancement measuring 16 mm.
Total lesion size on CEM including the associated calcification was 28 mm. Maximum lesion size on MRI was 23 mm. Final histo-
pathology revealed an invasive duct carcinoma not otherwise specified (25mm), with intermediate grade micropapillary DCIS
measuring 45mm. The total tumour size was 50 mm. Lesion size was significantly underestimated by both CEM and MRI and re-
excision for close margins was needed. CEM, contrast-enhanced mammography; DCIS, ductal carcinoma in situ; LE, low energy;

MIP, maximum intensity projection; RC, recombined; UOQ, upper outer quadrant.

microcalcifications were included in the estimated lesion size
and the size of any non-enhancing malignant lesion was recorded
from the LE images (Figure 1). In cases of suspected multifocal
disease, the extent of suspicious mass and/or non-mass enhance-
ment in that quadrant was measured.

To optimise radiological-pathological correlation, the patholo-
gist was given a diagram showing the location of lesions detected
on imaging (Figure 2) prior to tissue processing. Wide local
excision specimens were received fresh and following over-
night fixation in 10% neutral buffered formalin, the specimens
were weighed, placed in a grid and radiographed. Coordinates
of imaging lesions were identified from review of the diagram
and specimen radiograph and pins inserted into the specimen
through the holes in the grid based on the given coordinates
(Figure 3). The specimens were measured and margins inked
using the surgeon’s orientation sutures.

The entire specimen was serially sectioned in 3-5mm parallel
slices in the sagittal plane and consecutively laid out, maintaining
orientation. The lesion and margins were blocked (Figure 4)
and processed using standard processing techniques. One 4 um
section was cut from each block and stained with haematoxylin
and eosin (H & E).

Following formalin fixation, mastectomies were serially
sectioned in 5-10mm parallel slices in the sagittal plane, with

slices either held together by overlying skin (akin to a book-end)
or consecutively laid out, maintaining orientation. If a lesion was
not apparent, or the pre-operative imaging/core biopsy suggested
a predominantly in-situ process, slices were radiographed prior
to blocking. Region(s) of interest (including marker clips) and
margins were blocked then processed using standard techniques.
One 4 um section was cut from each block and stained with H
& E.

The first author and a study pathologist reviewed each case to
ensure lesion concordance. The pathologist measured' size of the
largest invasive component (Path Invasive) and? total lesion size
including surrounding ductal carcinoma in situ (DCIS) and/or
satellite malignant lesions within the same quadrant (Path Total).

Statistical analysis

An a priori power calculation determined a sample size of 60
would have 95% power to detect a difference of + 5mm between
CEM and MRI, and a conclusion of equivalence to be drawn
if the 90% CI around the difference between the two methods
was above 5mm or below 5mm. This a priori 10 mm margin for
concordance was selected as being likely to result in clear patho-
logical margins while avoiding excess tissue removal.

Demographics and imaging findings were reported using
descriptive statistics. Lesion size on imaging and pathology (Path
Invasive and Path Total) were illustrated using scatter plots of raw
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Figure 2.
the imaging findings are listed for the pathologist.

BJR

Imaging-pathology case report form for the case shown in Figure 1. The location of the lesion detected on imaging and

This form was reviewed prior to tissue processing to ensure the blocks taken were focused on the lesion site.
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data around the line of perfect agreement. Outliers for lesion size
estimation (defined using Tukey’s rule as those values 1.5 times
the InterQuartile Range above the 75th percentile or below the
25th percentile), were evaluated for underlying common factors.

Agreement between imaging and pathology was assessed initially
by generating a Bland-Altman plot of the difference between
imaging and pathology vs the mean of the two measures using
raw data. Clinically acceptable limits of agreement (LOAs) were
set a priori to be+ 10 mm. However, these graphs demonstrated
an increasing spread or fanning-out of differences with increasing
size, illustrating the common association between difference and
magnitude which can lead to LOA too wide for smaller sizes and
too narrow for larger sizes. As per Bland and Altman,*! a log
transformation was applied to remove this association and the
graph regenerated. The mean difference and LOAs derived from
the log transformed data were exponentiated to obtain values on
the original scale. Once back transformed, these values repre-
sented relative (proportional) rather than absolute differences.

To quantify the degree of agreement between imaging and
pathology, Lin’s concordance correlation coefficient (CCC)
and 95% CI were calculated on log transformed lesion sizes.
Pearson correlation is often inappropriately reported in agree-
ment studies, however, this test only evaluates whether points
lie on any straight line, not whether data conform to the line of

equality (or the 45° line). Lin’s concordance correlation coeffi-
cient corrects Pearson correlation for how far the line of best fit
sits from the line of equality. A CCC of >0.75 was considered
good agreement.

A paired sample t-test was used to assess the mean difference
between tests. A 90% CI around the mean difference between
imaging methods was calculated to determine equivalence
(within =5 mm). The absolute value of the differences between
imaging tests and pathology were dichotomised using a cut
point of 10mm (a priori acceptable margin of error) to calculate
the proportion of lesions where imaging was concordant with
pathology for descriptive purposes.

All tests of significance were two-sided and the level of signifi-
cance used was p < 0.05. Analyses were undertaken using SAS
v. 9.4 and Stata 16 (StataCorp. 2019. Stata Statistical Software:
Release 16. College Station, TX: StataCorp LL).

RESULTS

Of the 75 women who underwent CEM, MRI or both, data were
available for review in 59. The mean time interval between the
two contrast-enhanced studies was 4.6 days, sd = 3.2 days, range
1-15 days. The mean patient age was 56 years, range 35-77, sd
= 11. Most females (42, 71%) were asymptomatic, with lesions
detected on screening mammography, 13 (22%) had palpable
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Figure 3. X-ray of the fixed surgical specimen taken in a perspex grid. The ill-defined calcified lesion (dotted arrow) is seen
towards the centre of the specimen at co-ordinates G-I, 8-12. A localising iodine 125 seed is present within (solid arrow). Scattered
microcalcifications are seen in the tissue surrounding the lesion. Pins are inserted through the holes in the grid to mark the coor-
dinates of the lesion so that pathology sampling can be focused on this area.
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masses and 4 other symptoms (nipple retraction, mastitis, rash,
tenderness). Two (3%) had a previous breast cancer (ipsilateral
in one and contralateral in the other), four (7%) had a family
history of breast and one of ovarian cancer. None had a known
gene mutation.

One-third of patients had mammographically dense breasts.
Minimal-mild background parenchymal enhancement was
noted on CEM and MRI in 44 (75%) and 41 (69%) patients
respectively, and on both modalities in 38 (64%) patients.

The commonest morphology of the reference lesion on CEM and
MRI was a mass (Table 1). A measurement was available for MRI

1234567 8 9101121314151617"

in 57 patients and CEM in 58 patients. In two cases where the
reference lesion did not enhance on CEM, estimated lesion size
was based on the extent of residual suspicious microcalcifica-
tion. The single reference lesion not visible on CEM was a 6 mm
cluster of calcifications prior to diagnostic core biopsy and no
residual calcifications were visible on the LE image. This lesion
was visible on MRI (5mm mass) and final pathology revealed a
9mm Grade 1 invasive ductal carcinoma (IDC) with low grade
DCIS. The two lesions not visible on MRI were a 12 mm stellate
mass and a 6mm mass prior to core biopsy. Both were visible
on CEM as masses and shown to be a 7mm Grade 2 IDC and a
6 mm Grade 2 IDC respectively, on final pathology.
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Figure 4. Pathologist’s block diagram. This provides a key for the sites where blocks were taken from the surgical specimen of
the case shown in Figure 1. Invasive tumour is present in blocks 8, 9, 10, 11, 12, 16, 17, 18, 19, 20 (SLICES 6-10 inclusive).The greatest
dimension of invasive tumour is measured medial to lateral as five slices (with each slice 5mm in thickness) = 25mm. DCIS is pres-
ent in blocks 1,2, 3,4,5,6,78,9,10, 11, 12, 16, 17, 18, 19 (SLICES 1-9 inclusive).The greatest dimension of DCIS is measured medial
to lateral as nine slices (with each slice 5mm in thickness) = 45mm. The whole tumour size (invasive+DCIS) is 50 mm (SLICES 1-10

inclusive). DCIS, ductal carcinoma in situ.
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Most of the reference lesions (Table 2) were invasive ductal carci-
noma 40/59 (68%), associated with DCIS (31/40) in 78%. DCIS
in adjacent tissue was noted in 25 (42%) cases and extensive
intraduct component in 14 (24%). Multifocality was noted in 12
(20%) cases.

The median size of the reference lesions on pathology was 17 mm
(invasive) and 27 mm (Path Total), (range 5-125mm) (Table 3).
MRI and CEM lesion size outliers failed to reveal any predomi-
nant features. Scatter plots for total and invasive pathology size
vs MRI and CEM (Figure 5 and Figure 6), show observations
further from the line of perfect agreement as their magnitude
increases, and illustrate the leftward shift of observations when
only the invasive component was measured on pathology. Multi-
focal cases (denoted by triangles) tended to produce substantial
discrepancies when only the (largest) invasive component of
the lesion was measured. Lin's CCCs were comparable between
modalities but not within modality (between total and inva-
sive) with total lesion size producing better results (CCC = 0.75,
95%CI 0.6, 0.84 and CCC = 0.71, 95% CI 0.56, 0.82 for MRI

and CEM respectively, Table 4). When the lower bound of the
95% CI is considered, none of these indices of agreement reflect
an acceptable level of agreement.

The Bland-Altman LOAs for each of the modalities vs pathology
are illustrated in Figure 7 and Figure 8 and detailed with back
transformations in Table 4. The mean differences for total lesion
size are small (3% underestimated and 4% overestimated for
MRI and CEM respectively) but bigger for invasive lesion size
(41 and 50% overestimated for MRI and CEM respectively).
However, the graphs show undesirably wide LOA for both
modalities, neither demonstrating superior performance, given
the similar widths of the LOA for both total and invasive lesion
size. Back transformed limits indicate differences in total lesion
size vary between a 60% underestimation to almost threefold
overestimation (exponentiated LOA MRI: 0.38, 2.4, CEM: 0.37,
2.9). For invasive lesion size, the error margin ranges from a 60%
under to sixfold over estimation (exponentiated LOA MRI:0.4,
5, CEM:0.37, 6).
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Table 1. Imaging findings (N = 59)

Taylor et a/

Table 2. Histopathological features of the reference lesions

Histopathology variables N (%)
Invasive tumour size
<20mm 36 (61)
>20and <50 mm 16 (27)
>50mm 7(12)
Histopathological type
IDC with DCIS 31 (52)
ILC 14 (24)
IDC 9 (15)
Other invasive (mucinous, tubular) | 3 (5)
Mixed IDC and ILC 2(3)
Focality
Unifocal 47 (80)
Multifocal 12 (20)
DCIS with largest invasive lesion
EIC 14 (24)
DCIS in adjacent tissue 25 (42)
Grade of invasive tumour
Grade 1 9 (15.3)
Grade 2 34 (57.6)
Grade 3 16 (27.1)
Subtype of largest invasive lesion
Luminal A 4(7)
Luminal B 47 (80)
Her2 positive 1(2)
Triple negative 7
Total 59

Characteristics of reference lesion
used for size comparison N (%)
Side
Right 34 (58)
Left 25
Mammographic breast density
Non-dense 40 (68)
Dense 19
Background parenchymal enhancement
CEM
Minimal-mild 44 (75)
Moderate-marked 15
MRI
Minimal-mild 41 (69)
Moderate-marked 18
Mammographic findings
Not visible 4(7)
Mass 24 (41)
Mass with calcification 10 (1)
Architectural distorsion 11 (19)
Focal asymmetry 5(8)
Calcification” 5(1)
Ultrasound findings
Not performed 1(2)
Not visible 2(3)
Hypoechoic mass 55(93)
Multiple masses 1(2)
CEM findings N (%)
Mass 46 (78)
Non-mass 6 (10)
Calcification 2(3)
Mass and non-mass 4(7)
Clip only 1(2)
MRI findings
Mass 48 (82)
Non-mass 6 (10)
Mass and non-mass 3(5)
Clip only 2(3)

CEM, contrast-enhanced mammography.
The sum of column % differ from column totals due to rounding.
?Includes one case of asymmetrical density with calcifications.

No significant difference was detected between mean estimated
lesion size using MRI and CEM (mean difference —2.48 mm (p
= 0.26)). The 90% CI extends outside the interval that would
demonstrate equivalence (+5mm).

EIC, extensive intraduct component; IDC, invasive ductal carcinoma;
ILC, invasive lobular carcinoma.
The sum of column % differ from column totals due to rounding.

Based on a+10 mm acceptable margin of error, total size estima-
tion by MRI was concordant with pathology in 36 (64%) cases
compared to 32 (57%) for CEM, with both modalities concor-
dant for 26 (46%) cases (Table 5). For 14 (25%) cases, neither
modality was within acceptable error limits.

DISCUSSION

While the differences between mean estimated total lesion size
using CEM or MRI are small, not statistically different, nor
equivalent, the wide LOA observed in this study indicate that
neither could be considered accurate for estimating lesion size.
Small differences in mean estimated lesion size between CEM
and MR, and between either modality and Path Total have been
reported, with variability as to whether this represents under-
or overestimation.”>*> In our study, CEM slightly overesti-
mated and MRI slightly underestimated total lesion size. Youn
et al** found CEM and MRI both underestimated lesion size by
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Table 3. Measurements of reference lesion on pathology, CEM and MRI

Lesion variables Mean (sd) Median [Q1,Q3] Min,Max
Maximum lesion size pathology (total) n = 59 33.8(23.2) 27 [16,50] 5,125
Maximum lesion size pathology (invasive) n = 59 25.2(22.9) 17 [12,30] 6,125
Maximum lesion size CEM (n = 58) 33.3(23.2) 29.5 [26.9,52] 6.5,100
Maximum lesion size MRI (n = 57) 35.3(20.3) 29.0 [19,45] 5,80
Differences: 1.2 (20.9) 0.75 [-7,7] -79,50
CEM vs Pathology size (total)

CEM vs pathology size 9.9 (25.8) 6.5[0,22] -79,91
(invasive)

MRI vs pathology (total) -1.5(16.4) 0 [-6,4] -50,40
MRI vs pathology size 7.4 (20.5) 2 [-2,14] -50,71
(invasive)

CEM, contrast-enhanced mammography.
All measurements are in mm. N=59 pathology, N=58 CEM & N=57 MRI.

—0.97mm (95% CI -3.7 to 1.76 mm) and —3.53 (95% CI —6.19
to —0.87mm) respectively, whereas Luczynska et al* reported
CEM and MRI both overestimated lesion size by 1.7 mm, and
1.8 mm, respectively.

The 95%CI for Lin’s concordance coefficients found in our
study, all failed to exclude the benchmark of 0.75 for good agree-
ment between lesion size estimated with either CEM or MRI
and pathology. Youn et al** reported ICCs of 0.863 (95%CI
0.752-0.924) for CEM and 0.884 (95%CI 0.791-0.935) for MRI,
indicating higher agreement with pathology than in our study,
however, their lesion sizes were smaller, and had less variability.

The log transformation of sizes for the Bland-Altman plot
created some difficulty for comparing the calculated LOA to the
pre-specified acceptable margin of error. However, the range of
relative errors (of between 3 and 6 fold in estimates of lesion
size using CEM or MRI compared with pathology) suggested
neither CEM nor MRI perform well. Other studies have reported
95% LOAs that exceed the same pre-specified 10 mm margin
of error: Patel et et al*® ~15.6 to 21.4mm, Travieso-Aja et al*’
-10.3 to 16.2mm, Blum et al*® ~18.8 to 19.48, Lobbes et al*
—18.44 to 18.4mm (CEM), and —11.46 to 15.71 (MRI). However,
despite this, half of these authors concluded that the quality of
tumour size measurement with CEM is “good.” These wide LOA

Figure 5. Scatter diagram: lesion size on pathology (a) total (invasive plus /n situ) and (b) invasive vs size on CEM. CEM, contrast-
enhanced mammography. Lin’s concordance correlation coefficient is based on the log transformed data.

Total Lesion Size

INVasive Lesion Size

o T
=& st Focal A Muti-Focal
@ UniFocal o Uni-Focal
- .
& s .
- £ ks
- Fd
& &
& rs
S a ; ad =& s
- o
= 2 & e & Y s
E s s s %
bl w o o *
= s oot "},"" s o & F
-] L]
LLI E T a a Fa E ] E T a " . &
O s P
.-"f = # % ;5
= = A
b b & v g B, ¢
o &0 % s © & 8 g
o -]
oo Jg o0 nqé
=B Y 84 %ed,
o i L™ Lin's Concordares - gt Lir's Cancordare:
& Correlation Coefficient A Correlafion Cosffacient
) 0.71 85% CI(3.56. 0.a2) & 0.45 25%CI025 0.67)
(=1 (=1
T T T L) T T T T T T T F 1] T T T
o 20 40 a0 20 100 120 140 o 20 40 a0 20 100 120 140

Pathology (mm)

8 of 13 birpublications.org/bjr

Br J Radiol;96:20211172


http://birpublications.org/bjr
https://www.birpublications.org/action/showImage?doi=10.1259/bjr.20211172&iName=master.img-004.jpg&w=509&h=268

BJR Taylor et al
Igure o. catter dlagram: lesion size on patnhnology (a) total (Invasive plus /n situ) an Invasive vs size on .
Fi 6. Scatter di lesi i thol (a) total (i i lus in situ) and (b) i i i MRI
Total Lesion Size Invasive Lesion Size
= =
T2 muttiroca 2|s mutiFoca
o Uni-Focal © Uni-Focal
& i & > -
= I = Fa
Fa -
i #
& F
24 p = s
Ly Fd 5 £
i &
ey P Fd
E ‘8 s a i g1 aa A
E o > o i Fd Q
T '/ Q '/ (=]
= o i o #2
ni = -] (-] u = ] [-.% - “
= “ 2 4 © e g 4
# A r
a7 * a & r
Fl Fd
= @ ’ i = o s ®
. SEmEr L2 — g L
a g & a % &mps'u
ﬁ B Crl\g& @ g . I:P/Q o
/%% =, Lin's Concordance x" Lin's Concordance
i 2 Correlation Coefficient d& Caorrelation Coefficient
. N 0.75 S5%CI(0.8, 0.34) o 0.51 D5%CI(0.31. 0.68)
=% o
T T T T T T T T T T T T T T T T
0 20 40 60 a0 100 120 140 0 20 40 60 80 100 120 140

Pathology (mm)

emphasize the need for additional needle biopsies to confirm
lesion size where significant changes in treatment planning could
result.

Variability exists as to the error margins used to define “concor-
dance” between lesion size estimated with imaging vs pathology,
ranging from 5mm,?*??°110 mm®*>* and 15 mm.>* Our
results lie in between those reported in prior studies that have
used a 10mm error margin. McGuire et al*> compared lesion
size measured on CEM with pathology and found a 47.1%
concordance rate. Lobbes et al** found both CEM and MRI to
be concordant with pathology in 84.5% of cases and concluded
that the addition of MRI to CEM did not improve the accuracy
of size prediction. Our findings differ: the addition of MRI to
CEM would have resulted in acceptable lesion size estimates in a
further 10 patients (18%).

The small number of patients in our study precluded analysis
of patient and lesion related variables that could influence the
ability of CEM and/or MRI to predict tumour size such as: breast
and lesion size,* lesion type on imaging (mass vs non-mass)**
and pathology (lobular subtype, multifocality, extensive intra-
duct component).””** Technical considerations include the
mammographic view or MRI sequence on which the lesion is
measured,”* and pathology processing and measurement tech-
niques.”’ "> Further studies are needed to identify patient/
lesion subgroups most likely to benefit from use of one or other
modality and the optimal measurement methods for each.

The strengths of this study include the in-depth prospectively guided
imaging and pathology correlation, pragmatic measurement of
whole tumour size and use of robust and appropriate statistical
methods. Despite a plethora of literature”>**™** explaining why the

Table 4. Log transformed mean differences between lesion size as estimated with MRI and CEM and path total and invasive lesion

sizes, with LOA

Log scale Exponentiated
Average difference 95% LOA Average difference 95% LOA ccc! 95% CI CCC
Path total MRI -0.03 -0.96, 0.89 0.97 0.38,2.4 0.75 (0.6, 0.84)
CEM 0.04 -1.0,1.1 1.04 0.37,2.9 0.71 (0.56, 0.82)
Path invasive MRI 0.34 -0.93,1.6 1.41 0.4,5 0.51 (0.31, 0.66)
CEM 0.41 -0.98, 1.8 1.5 0.37,6 0.45 (0.25,0.61)

CEM, contrast-enhanced mammography; LOA, limit of agreement.
Lin’s correlation coefficient, with 95% confidence intervals.
?Concordance correlation coefficient.
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Figure 7. Bland-Altman plots for tumour size total (invasive plus /in situ) vs lesion size on MRl and CEM. CEM, contrast-enhanced

mammography.
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use of Pearson correlation in the assessment of agreement is inappro- lesion size estimation with CEM was equivalent to MRI) and the
g pp. q
priate, use of correlation persists. The analysis adopted in this paper planned sample size was insufficient for subgroup analyses.

follows the guidelines of Bland and Altman,*" including the use of log

transformations to obtain more accurate LOA.

While our inclusion criteria were wide, selection bias may have
occurred during recruitment (e.g. tendency to offer the study to

Our study has some limitations: we fell short of the sample size deter- patients where it was thought contrast imaging may be beneficial
mined by our power analysis to address our primary aim (whether based on knowledge of situations where MRI would be offered, e.g.

Figure 8. Bland-Altman plots for tumour size (invasive only) vs lesion size on MRl and CEM CEM, contrast-enhanced mammog-

raphy.
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Table 5. Comparison of proportion of agreement with total and invasive tumour size on pathology (within£10 mm) between

Taylor et al

modalities
CEM vs pathology
Difference Difference
Total lesion size >10 mm <10 mm Total
MRI vs Pathology Difference >10 mm 14 (25%) 6 (11%) 20 (36%)
Difference <10 mm 10 (18%) 26 (46%) 36 (64%)
Total 24 (43%) 32 (57%) 56 (100%)
Invasive lesion size CEM vs pathology
Difference Difference Total
>10 mm <10mm
MRI vs Pathology Difference >10 mm 20 (36%) 3 (5%) 23 (41%)
Difference <10 mm 6(11%) 27 (48%) 33 (59%)
Total 26 (46%) 30 (54%) 56 (100%)

CEM, contrast-enhanced mammography.
The sum of column % differ from column totals due to rounding.

larger tumours, dense breasts, mammographically occult lesions).
However, given the intraindividual nature of this study, this would
have affected CEM and MRI equally, and in practice, these are the
cases for which MRI and CEM would be considered beneficial.

CONCLUSION

Although the mean differences between estimated lesion size
using CEM or MRI vs pathology are small, the wide LOAs
observed suggest that neither CEM nor MRI has sufficient preci-
sion to direct changes in planned treatment without needle
biopsy confirmation.
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