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Background: A recent innovation in computed tomography (CT) imaging has been
the introduction of photon-counting detector CT (PCD-CT) systems, which are able to
register the number and the energy level of incoming x-ray photons and have smaller
detector elements compared with conventional CT scanners that operate with energy-
integrating detectors (EID-CT).

Objectives: The study aimed to evaluate the potential benefits of a novel, non-

CE certified PCD-CT in detecting myeloma-associated osteolytic bone lesions (OL)
compared with a state-of-the-art EID-CT.

Materials and methods: Nine patients with multiple myeloma stage Il (according to
Durie and Salmon) underwent magnetic resonance imaging (MRI), EID-CT, and PCD-CT
of the lower lumbar spine and pelvis. The PCD-CT and EID-CT images of all myeloma
lesions that were visible in clinical MRI scans were reviewed by three radiologists

for corresponding OL. Additionally, the visualization of destructions to cancellous or
cortical bone, and trabecular structures, was compared between PCD-CT and EID-CT.
Results: Readers detected 21% more OL in PCD-CT than in EID-CT images (138 vs. 109;
p <0.0001). The sensitivity advantage of PCD-CT in lesion detection increased with
decreasing lesion size. The visualization quality of cancellous and cortical destructions
as well as of trabecular structures was rated higher by all three readers in PCD-CT
images (mean image quality improvements for PCD-CT over EID-CT were +0.45 for
cancellous and +0.13 for cortical destructions).

Conclusions: For myeloma-associated OL, PCD-CT demonstrated significantly higher
sensitivity, especially with small size. Visualization of bone tissue and lesions was
considered significantly better in PCD-CT than in EID-CT. This implies that PCD-CT
scanners could potentially be used in the early detection of myeloma-associated bone
lesions.
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Detection of myeloma-associated osteolytic bone lesions
with energy-integrating and photon-counting detector CT

— Study design

_/ Multiple myeloma patients were exa-
mined with energy-integrating detector
CT (EID), photon-counting detector CT
(PCD) and MRI. Three readers compared:
1) Detection rates of osteolytic myeloma
lesions (OL) on PCD and EID images
2) Visibility of cancellous and cortical
destructions of OL and trabecular struct-
ures on PCD and EID images
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PCD images can discriminate significantly more myeloma-associated osteolytic bone lesions
than conventional EID images and display higher subjective image quality. This has impli-

cations for the use of PCD in the diagnosis and therapy monitoring of multiple myeloma.

Background

Imaging plays a major role in the diag-
nosis, risk stratification, and therapy re-
sponse assessment of multiple myeloma
[1-5]. Whole-body magnetic resonance
tomography (MRI) and positron emission
tomography (PET) enable imaging of the
bone marrow itself and may therefore de-
pict focal lesions in asymptomatic precur-

cT Computed tomography

bwi Diffusion-weighted imaging
EID Energy-integrating detector
MM Multiple myeloma

MRI Magnetic resonance imaging
MTF Modulation transfer function
PCD Photon-counting detector
SMM Smoldering multiple myeloma

sor states before frank destruction of min-
eralized bone [6-10]. Computed tomog-
raphy (CT) can depict the destruction of
mineralized bone, which is of high impor-
tance, given that most patients progress-
ing from smoldering myeloma (SMM) to
multiple myeloma (MM) show osteolytic
lesions [10] and that around 90% of MM
patients will eventually suffer from oste-
olytic lesions [11]. The development of
osteolytic bone disease is a major topic
in current myeloma research [12]. Cur-
rent guidelines further acknowledge that
whenever MRI or PET is unavailable, CT is
the primary imaging modality, as is the
case in many countries worldwide [2].

A recent innovation in CT is the in-
troduction of photon-counting detector
computed tomography (PCD-CT) systems,
which register the number and the en-

ergy level of incoming x-ray photons us-
ing much smaller detector elements in
comparison with conventional energy-in-
tegrating computed tomography detec-
tors (EID; [13, 14]). In contrast to EIDs,
which depend on scintillator elements,
PCDs consist of semiconductor materials
suchas cadmium-telluride. Theabsorption
of an x-ray photon results in the forma-
tion of a charge cloud that is transported
to electrodes, where the desired signal
is being processed, using attached high-
speed electronics [14, 15]. Dedicated high-
resolution (HR) reconstruction kernels are
used to reconstruct images with smaller
voxel sizes [15]. Therefore, PCD-CT has
several technical advantages over EID-CT:
increased spatial resolution [16], less im-
age noise [17], higher dose efficiency [18],
and intrinsic dual- or multi-energy acqui-
sition [19].

Initial studies on myeloma imaging
with PCD-CT have already shown ad-
vantages in image quality, particularly
regarding the delineation of trabeculae,
cortical bone, and myeloma-associated
osteolytic lesions [20-23]. Additionally,
the first proof-of-concept studies reported
that more myeloma-associated osteolytic
bone lesions were visible on PCD-CT than
on EID-CT images [22, 23].

Methods

Patient population

Patient recruitment started after approval
from the local institutional review board
and the radiation protection author-
ity. A flowchart of the patient selection
process and detailed inclusion/exclusion
information can be found in @Fig. 1.
Before study inclusion, each patient gave
written informed consent. Due to the
preclinical nature of our study and the
dose exposure from the additional scan
using a non-CE-certified prototype PCD-
CT scanner, the sample size was pre-set to
a maximum of 20 myeloma patients, and
the z-range of the scan was limited as rec-
ommended by the ethics committee and
the radiation protection authority. In the
end, nine patients with stage Il (accord-
ing to Durie and Salmon) myeloma (time
since diagnosis 30.6+28.4 months) and
with known focal lesions were included
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17 patients with stable myeloma disease, visible lesions in the cranial
pelvic bones and clinically indicated EID-CT scans principally agreed to
take part in the study between September 2019 and May 2021

—o| 2 patients declined due to problems with transport to the institution

—b| 3 patients withdrew before giving their agreement

¥

2 patients were excluded because the EID-CT scan had been performed
with a different scanner and protocol

—>| 1 patient was excluded because of reconstructions with a different matrix

Y

9 remaining myeloma patients who had received a clinically indicated EID-
CT scan and an additional PCD-CT scan of the pelvic bones with the same
scanners and protocols for EID- and PCD-CT scans

Fig. 1 A Flowchart of patients included in this study

Table 1 Acquisition and reconstruction parameters of EID-CT and PCD-CT scans
CT system EID-CT PCD-CT
Number of patients 9 9

Scanner platform Philips Spectral CT 7500 Siemens Somatom CounT
Detector type Spectral EID PCD
Collimation 128 0.6 mm 32x0.3mm
Tube voltage 120kV 120kV
Effective tube current 180 mAs (range: 88-550 mAs) 300mAs

Field of view 400 mm 275mm
Kernel/matrix size YA/512%x512 U70f/512x 512
Slice thickness 2mm 1mm
Increment 1.5mm 0.5mm
In-plane pixel size 0.8x0.8mm? 0.5% 0.5 mm?

in this prospectively planned study. All
individuals had received induction ther-
apy and high-dose chemotherapy with
autologous stem cell transplantation and,
at the time of image acquisition, were
under maintenance therapy without pro-
gression.  Additional inclusion criteria
were an age of at least 18 years and legal
competence. Patient age ranged from 48
to 75 years. Six patients were male and
three were female.

All patients underwent a clinically indi-
cated EID-CT scan and an MRI examination.
The additional PCD-CT scan covered the
upper parts of the pelvic bones and the
lower lumbar spine, using an experimen-
tal prototype PCD-CT scanner (SOMATOM
CounT, Siemens Healthineers, Forchheim,
Germany). The PCD-CT examinations were
acquired within a mean time interval of
1.1 months (range: same day to 5 months)
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to the previously acquired or planned EID-
CT scan. A detailed overview of the time
intervals between the MRI, EID-CT, and
PCD-CT scans is provided in Supplemen-
tal Table 1.

CT image acquisition and
reconstruction

The EID-CT scans were performed on
a state-of-the-art spectral CT scanner
(1Qon Spectral CT, Philips Healthcare, Best,
The Netherlands), as shown in @ Table 1,
using standard clinical acquisition pa-
rameters and a manufacturer-specific YA
bone kernel. The tube voltage applied
was 120kV without an additional tin fil-
tration technique in the EID- and PCD-
CT scans. For PCD-CT scans, a prospec-
tively defined tube current-time product
of 300mAs was applied to enable suffi-

cient image quality in patients with larger
girths, based on the experiences from
phantom measurements. Due to auto-
matic dose reduction in EID-CT, the mean
applied current-time product over the
pelvic bones was lower in the EID-CT than
in PCD-CT scans (EID-CT: 180+ 64 mAs,
range: 88-550mAs). The PCD-CT images
were acquired using a specific ultra-high
resolution (UHR) mode with a 2x 2 sub-
detector binning readout technique and
specific bone kernels (U70) to reconstruct
axial slices with voxel sizes of 0.53 mm X
0.53 mm (in-plane) x 1.0 mm (z-direction).

All MR images were acquired with stan-
dard sequence protocols on two differ-
ent scanner systems of the same ven-
dor (Siemens Healthineers, Erlangen, Ger-
many): 1.5T Siemens Magnetom Aera and
1.5T Siemens Magnetom Avanto fit. The
examinations included T1- and T2- as well
as diffusion-weighted images and in some
cases post-contrast sequences. For all pa-
tients, axial sequences in either T1-weight-
ing or diffusion-weighting were available.

Image analysis

In the first step, all focal myeloma lesions
in the pelvic bones were identified using
the axial MRI sequences as the reference
standard. Secondly, each lesion detected
on axial MR images was matched to corre-
sponding EID-CT and PCD-CT images. Two
batches of images, as exemplarily shown
in @Fig. 2, were created using the soft-
ware ITK Snap [24] to compare the visu-
alization of the lesions between EID-CT
and PCD-CT images. Afterward, randomly
assigned images from PCD-CT or EID-CT
scans were manually assessed by a team of
three readers blinded to the image type.
Two readers were residents with 3 and
4 years of experience, respectively, and
one reader was a board-certified radiolo-
gist with 7 years of experience. All read-
ers reviewed all images individually and
assessed whether the CT image showed
a corresponding osteolytic lesion (OL). Af-
ter this, the batches were shown to the
readers again in the right order, always
with the PCD-CT image following the EID-
CT image. This time, readers were asked
to assess, on three-point scales, whether
the visualization of cancellous and corti-
cal bone destruction was inferior, equal,



Patch with MRI and EID-CT image to review a potential osteolytic lesion

N

Patch with MRI and PCD-CT image to review a potential osteolytic lesion

Fig. 2 « Visibility of
lytic bone lesions
inEID-CT (a) and
PCD-CT (b). a Up-

High b-value

N

or superior on the PCD-CT image. Finally,
readers assessed differences in the visibility
of trabecular structures between PCD-CT
and EID-CT images on a five-point rating
scale.

Statistical analysis

Statistical differences in lesion detection
rates between PCD-CT and EID-CT images
were assessed using a logistical mixed-ef-

per patch (2x 2):
axial T2-weighted
image in the upper
left quadrant, EID-
CTslicein the up-
perright quadrant,
T1-weighted im-
ageinthe lower left
quadrant,and DWI
with high b-value

in the lower right
quadrant. b Lower
patch (2 X 2): ax-

ial T2-weighted se-
quence in the upper
left quadrant, PCD-
CT slice in the upper
right quadrant, T1-
weighted sequence
inthe lower left
quadrant,and DWI
with high b-value
in the lower right
quadrant

fects model adjusting for lesion size, local-
ization, patient identity, and reader iden-
tity as random effects. A linear mixed-ef-
fects model on the log-transformed lesion
size was fit to investigate whether local-
ization influenced the lesion size, includ-
ing patient and reader identity as random
effects. Pairwise comparisons of the dif-
ferent localizations were performed from
the mixed-effects model, with p values
adjusted for multiple testing using the

Holm method. All values of p < 0.05 were
considered statistically significant. Statis-
tical analysis was performed using R (ver-
sion 4.0.3, R Core Team, Vienna, Austria).

Results

Number and size of the examined
lesions

Among the nine patients, 159 MRI-visible
myeloma lesions could be identified in the
lower lumbar spine and the cranial pelvic
bones. The average number of lesions per
patient was 18+ 20. The mean short-axis
lesion size was 9.1+ 5.0 mm. The majority
of lesions were <10mm (107, 67%). An
overview of the number of lesions and the
ranges of lesion size per patient can be
found in Supplemental Table 2. Lesions
were located in the cranial parts of both
pelvic bones (left side: 39, right side: 22),
the sacral bone (86), and the caudal parts
of the 5th lumbar vertebra (12). Pairwise
comparisons of the various localizations
showed that lesion sizes within the bones
did not differ significantly.

Sensitivity of lesion detection

Each of the three readers detected signif-
icantly more OL in PCD-CT than in EID-
CT images. Differences between scanner
types were comparable between all three
readers: reader one (PCD: 140 OL, EID: 106
OL, difference +24%); reader two (PCD:
96 OL, EID: 68 OL, difference +29%); and
reader three (PCD: 147 OL, EID: 120 OL, dif-
ference +18%; for each reader individually
p <0.01). The majority of readers (at least
two of three) found significantly more OL
in PCD images (138 OL, 87%) than in EID
images (109 OL, 69%), difference: 29 OL
(21%) (p<0.0001), resulting in different
predicted probabilities in detection rates
(B Fig. 3).

Sensitivity in lesion detection and
lesion size

With decreasing lesion size, the rate of le-
sions that showed no OL in neither one
of the CT images increased, and the rates
of lesions that could solely be detected in
PCD-CT images, or in EID-CT images also
increased. The rate of lesions detected
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Table2 Numberand percentage of lesions stratified by lesion size that showed either no corresponding OL, OL only in EID-CT, OL only in PCD-CT, or

OLin both CTimages

Lesion Total Visibility of lesions depending on Visibility of lesions depending on Number of de- Percentage

size in no. of their size their size in % tected lesions of detect-

mm lesions ed lesions in %
Never | EID-CT | PCD-CT | Both | Never | EID-CT | PCD-CT | Both | EID-CT | PCD-CT | EID-CT | PCD-CT

5 35 7 2 12 14 20 6% 34% 40 16 26 46 74

6 13 1 1 6 5 8 8 46 38 6 1 46 85

7 26 0 1 7 18 0 4 27 69 19 25 73 96

8 21 3 2 5 1 14 10 24 52 13 16 62 76

9 12 2 0 0 10 17 0 0 83 10 10 83 83

10 13 1 1 2 9 8 8 15 69 10 1 77 85

1 8 0 0 1 7 0 0 13 88 7 8 88 100

12 7 0 0 1 6 0 0 14 86 6 7 86 100

13 9 0 0 1 8 0 0 1 89 8 9 89 100

14 4 0 0 1 3 0 0 25 75 3 4 75 100

>15 1 0 0 0 1 0 0 0 100 0 0 0 0

Table 3 Visualization of cancellous and cortical bone destructions by osteolytic lesions

Image quality improvements of

cancellous destructions

Image quality improvements of
cortical destructions

Reader 1 Reader 2 Reader 3 Reader 1 Reader 2 Reader 3
Mean scale +0.52 +0.20 +0.64 +0.24 +0.01 +0.13
value
SD 0.67 0.49 0.59 0.46 0.19 0.41

Mean values and standard deviations (SD) are based on reader-specific scoring of image quality on
a three-point rating scale. Improvement in PCD -CT is reported in relation to EID -CT

Table 4 Visualization of trabecular structures using PCD-CT in comparison with EID-CT

Reader 1 Reader 2 Reader 3 Overall
Mean scale value +2.00 +1.98 +1.00 1.66
SD 0.00 0.14 0.00 0.05

Mean values and standard deviations (SD) are based on reader-specific scoring of image quality on
a five-point rating scale. Improvement in PCD -CT is reported in relation to EID -CT

80%

ion detection

60% -

Probability of les

40%

EID

Detector type

PCD

Fig. 3 A Predicted probability of lesion detection for both PCD-CT and EID-CT of a logistical mixed-
effects model adjusting for lesion size, localization, patient identity, and reader identity as random

effects
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in both CT images decreased with de-
creasing lesion size (@ Table 2 and @ Fig. 4).
In a combined model including detector
type and lesion size controlled for local-
ization, both parameters were significant
(p<0.0001), indicating that for small le-
sions, the probability of being visible was
higher in PCD-CT images than in EID-CT
images (B Table 2 and B Fig. 5).

Differences in subjective image
quality

All three readers unanimously reported
improvements in the visualization of can-
cellous and cortical bone destructions in
PCD-CT over EID-CT, as shown in @ Table 3.
Overall mean image quality improvement
for PCD-CT over EID-CT was +0.45 for can-
cellous bone and +0.13 for cortical bone
destructions. All three readers reported
improvements in the visualization of tra-
becular structures (@ Table 4).

Discussion

In this prospective proof-of-concept study,
we investigated the detection of osseous
myeloma lesions using a prototype PCD-
CT. First, we compared the detection rates
of MRI-confirmed lesions with those from
CT, revealing a significant advantage of
PCD-CT that further increased as lesion
size decreased. Second, readers rated the
subjective image quality and lesion depic-
tion quality considerably higher in PCD-
CT than in EID-CT.
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Fig. 5 A Predicted probability of lesion detection for PCD-CT and EID-CT depending on lesion size. The
superiority of PCD-CT over EID-CT increased with decreasing lesion size. Solid lines: mean predicted

probabilities to identify a lesion

These results imply that PCD-CT may
have benefits in the early detection of
myeloma-associated osteolytic bone le-
sions, while potentially narrowing the cur-
rent sensitivity gap between CT and MRI
[25, 26]. Due to smaller detector elements
in PCD, reliable detection of osteolytic le-
sions below the currently applied mini-
mum size of 5mm, according to slim-CRAB
criteria as defined by the IMWG, might be
possible.

The improved visualization of destruc-
tions to cancellous and cortical bone as
well as of trabecular structures is in con-

cordance with prior PCD-CT studies with
myeloma patients that reported higher
overall image quality, detectability, and
sharpness in the delineation of lytic bone
lesions [21, 27] and improvements in the
depiction of lytic lesions, intramedullary
lesions, fatty metamorphosis, and patho-
logic fractures [22]. Also, the reported
improvements in the detection rates of
OL in myeloma patients are in accordance
with the results of previous studies. In an
investigation by Baffour et al., 27 myeloma
patients received whole-body EID-CT scans
and corresponding PCD-CT scans. The au-

Vizualization
O both
m PCD only
mEID only
0 none
Fig. 4 < Percentage of le-
sions visible in images of
both CT scanners, only in
PCD-CTimages, onlyinEID-
CTimages, and in neither
>15 image—depending on le-

sion size

thors reported that in 21 of the 27 scanned
patients, the group detected at least one
more OL in the PCD-CT scans with UHR
mode and dedicated bone kernels (in their
case B76) than in the EID-CT scans. In an-
otherrecently published study by Schwartz
etal., asuperior detection rate of 79% (22 of
28 OL) in PCD-CT images in comparison
with 64% (18 of 28 OL) in EID-CT images
was observed [23]. In both of these stud-
ies, the applied radiation doses in PCD-CT
scans were equal to or lower than the EID-
CT scans.

Limitations

Our study has limitations. First, different
tube current-time products (and propor-
tionally radiation doses) were applied in
PCD-CT and EID-CT. Therefore, differences
in lesion detection and image quality may
not only arise from improvements in de-
tector design but also from reduced noise
due to higher radiation dose. In this pre-
registered proof-of-concept study, it was
necessary to define the tube current-time
product before the inclusion of the first
patients. This important limitation must
be addressed in further controlled studies
using either matched doses or automatic
dose modulation. Third, potentially favor-
ing the EID-CT lesion detection rate, more
noise might have been present in PCD-CT
due to the lower slice thickness and sim-
ilar matrix size of 512x 512 based on the
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experiences of recent studies; hence the
potential of the UHR mode in the PCD-CT
could not be fully leveraged [28]. Fourth,
the time interval between PCD-CT and EID-
CT was heterogeneous. Finally, the num-
ber of included patients was rather small;
however, ethical considerations did not al-
low for more extensive investigations until
preliminary studies like this would ascer-
tain the safety of the prototype scanner.
Further studies may build upon the pre-
sented proof-of-concept data and include
more patients.

Conclusion

This study demonstrates that photon-
counting detector computed tomogra-
phy (PCD-CT) using sharp bone kernels
and the ultra-high resolution mode can
discriminate significantly more myeloma-
associated osteolytic bone lesions than
conventional energy-integrating detector
(EID)-CT and display higher subjective im-
age quality. This has potential implications
for the use of PCD-CT in the diagnosis and
therapy monitoring of multiple myeloma.
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Zusammenfassung

Erkennung myelomassoziierter osteolytischer Knochenlasionen mit
energieintegrierender und photonenzéahlender Detektor-
Computertomographie

Hintergrund: Eine aktuelle Innovation in der Bildgebung mittels Computertomogra-
phie (CT) stellt die Einflihrung photonenzdhlender Detektor-CT(PCD-CT)-Systeme
dar, welche die Anzahl und das Energieniveau einfallender Réntgenphotonen zu
registrieren vermdgen und kleinere Detektorelemente als konventionelle CT-Gerdte
aufweisen, die mit energieintegrierenden Detektoren arbeiten (EID-CT).

Ziel: Ziel der vorliegenden Studie war es, die potenziellen Vorteile einer neuartigen,
nicht-CE-zertifizierten PCD-CT bei der Erkennung myelomassoziierter osteolytischer
Knochenldsionen (OL) im Vergleich zu EID-CT auf dem Stand der Technik zu ermitteln.
Material und Methoden: Bei 9 Patienten mit multiplem Myelom im Stadium Ill (nach
Durie und Salmon) wurde eine Magnetresonanztomographie (MRT), EID-CT und
PCD-CT der unteren Lendenwirbelsdule und des Beckens durchgefiihrt. Die PCD-CT-
und EID-CT-Aufnahmen aller Myelomldsionen, die auf den klinischen MRT-Bildern
sichtbar waren, wurden von 3 Radiologen in Bezug auf entsprechende OL beurteilt.
Zusétzlich wurde die Visualisierung von Destruktionen der Spongiosa, der Kortikalis
und trabekuldrer Strukturen zwischen PCD-CT und EID-CT verglichen.

Ergebnisse: Es wurden 21% mehr OL in PCD-CT- als in EID-CT-Aufnahmen erkannt
(138 vs. 109; p < 0,0001). Der Vorteil der PCD-CT hinsichtlich der Sensitivitét bei der
Lasionserkennung nahm mitabnehmender Lasionsgroe zu. Die Visualisierungsqualitét
spongioser und kortikaler Destruktionen sowie von trabekuldren Strukturen wurden
von allen 3 Untersuchern bei den PCD-CT-Aufnahmen als hoher beurteilt (die
durchschnittliche Verbesserung der Bildqualitat bei PCD-CT gegentiiber EID-CT betrug
+0,45 fiir spongiose und +0,13 fiir kortikale Destruktionen).

Schlussfolgerung: Fiir myelomassoziierte OL zeigte die PCD-CT eine signifikant hohere
Sensitivitdt, insbesondere bei geringer GroRBe. Hinsichtlich der Visualisierung von
Knochengewebe und -ldsionen wurde die PCD-CT signifikant besser als die EID-CT
beurteilt. Das bedeutet, dass PCD-CT-Gerdte mdglicherweise zur Fritherkennung von
myelomassoziierten Knochenldsionen eingesetzt werden kdnnten.

Schliisselworter
Multiples Myelom - Photonenzéhlende Computertomographie - Osteolytische Lasionen -
Lasionserkennung - Bildqualitat
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