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Abstract

Background: Photon-counting computed tomography (PCCT) is an emerging technique under evaluation for temporal
bone imaging. Its capacity for radiation dose reduction while maintaining diagnostic image quality (IQ) requires further study.
Purpose: To evaluate how PCCT compares to energy-integrating CT (EICT) in temporal bone imaging in terms of IQ and
visualization of anatomical landmarks, at a clinically relevant, reduced radiation dose.

Material and Methods: An anthropomorphic phantom with exchangeable fresh frozen human temporal bone specimens
was scanned. Nine specimens were scanned on a PCCT system with clinical protocol settings, followed by stepwise dose
reductions for one specimen. Ten specimens were scanned on a EICT system with clinical protocol settings. Three readers
assessed overall IQ and visualization of 10 important anatomical landmarks on a 4-point scale.

Results: PCCT was preferred by readers for most landmarks and ranked higher in overall IQ compared with EICT. At clin-
ical protocol, PCCT provided statistically significant better results for all landmarks and overall IQ compared to EICT with
dose reduction of almost 70%. With stepwise dose reduction PCCT maintained good to excellent 1Q for most landmarks,
suboptimal for the ossicular chain landmarks at lower doses, and overall poor image quality at the lowest dose level. PCCT at
clinical and several reduced dose levels demonstrated statistically significant difference in overall image quality and visualiza-
tion of landmarks, compared to EICT (P <0.05).

Conclusion: PCCT provides improved diagnostic image quality compared to EICT at clinical protocols, with lowered radi-
ation dose, indicating its suitability for temporal bone imaging.
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Fig. 1. (a) The modular anthropomorphic phantom used in the study. (b) Axial reconstruction of computed tomography scan with

temporal bone specimen positioned in the phantom (a).

Introduction

Temporal bone imaging requires high spatial resolution
for evaluation of small intricate osseous structures in
the middle ear and surrounding structures (1-3).
Energy-integrating computed tomography (EICT), either
as full-body scanners or cone-beam scanners, has been
the available modality for imaging the osseous parts of
the temporal bone (4). However, recent cadaveric and
early clinical studies have shown that photon-counting
computed tomography (PCCT) provides improved
spatial resolution at lower radiation doses, and have con-
cluded that improved image quality and visualization of
important anatomical landmarks could be obtained with
a dose reduction in the range of 26%—-43% for PCCT in
comparison with EICT (2,5-8).

EICT systems produce images based on total photon
energy (2,9). In comparison, the currently available
PCCT systems count individual photons and measure
their energy. This grants PCCT several advantages,
including reduced electronic noise, the capability of
multi-energy imaging, and improved contrast-to-noise
ratio. Moreover, the PCCT technique allows for smaller
detector element size resulting in increased spatial reso-
lution (2,10-13).

The aim of the present study was to evaluate how PCCT
compares to EICT in temporal bone imaging in terms of
image quality and visualization of anatomical landmarks,
at a clinically relevant, reduced radiation dose.

Material and Methods

The use of the human specimens in this study was approved
by the Regional Swedish Ethical Review Authority Umea
University, “Regionala Etikprovningsndmnden” (reference
no. 2014-352-31).

Anthropomorphic phantom and specimens

A modular anthropomorphic phantom of the skull was used,
the phantom was constructed by Vestin Fredriksson et al
(14). For that, a human skull, temporal bone specimen
and 3D printed contour of a human skull were used. The
human skull was embedded in tissue-equivalent attenuating
plastic material, with a cavity designed to hold a plastic jar
containing exchangeable freshly frozen human temporal
bones. The phantom is shown in Fig. 1a, and an axial recon-
struction of CT scan with a temporal bone specimen posi-
tioned within the phantom is shown in Fig. 1b.

Hounsfield unit values of the tissue in the phantom were
comparable to those of a living human (14).

Imaging acquisition

Nine freshly frozen human temporal bone specimens
were placed in the phantom and underwent temporal
bone CT scans on the PCCT system with the clinical
protocol settings. Additional scans of one temporal bone
were conducted with a stepwise reduction in radiation
dose to examine whether PCCT could yield acceptable
image quality even at significantly lower dose levels.
Ten temporal bone specimens were scanned using con-
ventional CT (Siemens SOMATOM Flash) with clinical
protocol settings. Temporal bone specimen 10 was not
scanned on the PCCT system due to technical issues,
and therefore only nine specimens were scanned on the
PCCT system. A flow chart of the study process is presented
in Fig. 2.

For the clinical protocols on the PCCT scanner (Siemens
Naeotom Alpha, Siemens Healthineers) and the EICT
scanner (Siemens SOMATOM Definition Flash, Siemens
Healthineers), the acquisition parameters are presented in
Tables 1 and 2.
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Fig. 2. Flow chart of the study process, addressing number of temporal bones (n), imaging technique, and radiation doses.

Table |I. Acquisition parameters for PCCT and EICT.

Parameter

PCCT (Siemens NAEOTOM Alpha)

EICT (Siemens SOMATOM Definition Flash)

Detector type Photon-counting detector

Tube voltage (kV) Sn100 kV*
Collimation (mm) 120X 0.2 mm
Pitch 0.55

Rotation time (s) 05s

Image quality setting 1Q level 110 (clinical)

Energy-integrating detector
120kV

64x0.4 mm

0.85

05s

Ref mAs 210

*Sn140 kV was used for the two highest PCCT dose levels

EICT, energy-integrating computed tomography; PCCT, photon-counting computed tomography.

Radiation dose

Clinical protocol settings were used, based on site-specific
guidelines and established after optimization work. The
evaluated dose levels are summarized in Tables 1 and 2
and illustrated in the study flow chart (Fig. 2). The dose
level used for EICT was within the range reported in the lit-
erature (15,16) and the corresponding PCCT settings were
matched to this level (clinical protocol = high). The new
PCCT protocol under evaluation (clinical protocol = new)
represents an almost 70% dose reduction. Representative

images acquired using the new PCCT protocol and EICT
clinical protocol are shown in Fig. 3.

Evaluation of image quality

Ten anatomical landmarks with clinical/diagnostic rele-
vance were chosen for the evaluation (see Table 3).

Six of the chosen landmarks were assumed to place
higher demands on spatial resolution during evaluation
(i.e. the incudo-malleolar joint, incudo-stapedial joint,
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Table 2. Radiation dose levels for PCCT and EICT.

CcT

scanner Dose setting CTDl,e (mGy) 1Q setting
EICT Clinical protocol 375 Ref mAs 210
PCCT  Clinical protocol (high) 39.0 1Q level 220
PCCT  Clinical protocol (new) 12.4 1Q level 110
PCCT  Stepwise reduction 29.1 1Q level 165
PCCT  Stepwise reduction 12.4 1Q level 110
PCCT  Stepwise reduction 5.1 1Q level 45
PCCT  Stepwise reduction 1.3 1Q level 12

CTDl,,, volume computed tomography dose index; EICT,
energy-integrating computed tomography; 1Q, image quality; PCCT,
photon-counting computed tomography.

anterior and posterior crus of stapes, posterior canaliculus
of chorda tympani/the chorda tympani canal, modiolus,
and spiral lamina of the cochlea), and four landmarks
were assumed to be possible to evaluate regardless of the
CT system (i.e. the fissula ante fenestram/area anterior to
the oval window, vestibular aqueduct, lateral semicircular
canal, and second segment of the facial canal). For the
“fissula ante fenestram,” the focal bone area anterior to
the oval window was referred, since the actual histological
fissula ante fenestram is below the resolution of clinical CT.

An assessment of the visibility of these landmarks on all
23 scans was carried out by three staff radiologists with 10—
35 years of experience using a 4-point scale: 1 = poor, with
limited ability to assess the anatomical structure; 2 = sub-
optimal, but sufficient to assess the anatomical structure;
3 = good, meeting the requirements to assess the anatom-
ical structure; and 4 = excellent, better than required to
assess the anatomical landmark. The same scale was used
to grade the overall image quality for each scan, considering
image sharpness, image noise, and artefacts.

All the readers performed a calibration run with selected
samples for each anatomical landmark before performing

the actual rating. One radiologist conducted a second
rating for the intra-rater agreement after 2 weeks. The cali-
bration run was performed with the individual readers with
a number of examples for each landmark and also examples
of overall image quality. The individual presentation of the
images was conducted in a randomized order after the anon-
ymization of both the patient data and the scan parameters
on a PACS workstation (BARCO Screens, Kortrijk,
Belgium) using SECTRA IDS7. A multiplanar reconstruc-
tion tool was available for the readers.

Statistical analyses

A Wilcoxon test was used in the statistical analysis for pair-
wise comparisons for significant results and with a
Bonferroni correction for multiple comparisons.

For the analysis of inter-rater agreement, we used the
assessments of three readers and present agreement with
Fleiss’s kappa and percent agreement and corresponding
95% confidence intervals (Cls).

The differences between the techniques Visual Grading
Characteristics (VGC) were analyzed. Questions 1-11
were evaluated using the VGC Analyzer software version
1.0.2 (developed by The Sahlgrenska Academy at the
University of Gothenburg, Sweden), programmed in IDL
(Research Systems, Inc., Boulder, CO, USA) (17,18).
The VGC analyzer provides a statistical analysis of the
rating data from studies conducted with multiple cases
evaluated by multiple readers (19,20). All readers assessed
all cases. Non-parametric methods, such as permutation
resampling and bootstrapping techniques, were used for
statistical tests to determine the CI and P value for hypoth-
esis testing. P values <0.05 were considered statistically
significant. The area under the curve (AUCVGC) was
the outcome of the VGC study. The two methods were
considered equivalent if the AUCVGC analysis resulted
in 0.5.

Fig. 3. Image examples in axial plane of specimen from (a) PCCT at CTDl,. 12.4 mGy, and (b) EICT at CTDl, 39 mGy. CTDlI,,,,
volume computed tomography dose index; EICT, energy-integrating computed tomography; PCCT, photon-counting computed

tomography.
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Table 3. Assessed landmarks |1—-10 and assessment of overall
image quality (no. | I).

Table 5. Inter-rater agreement measured using Fleiss’ k.

Percent

No. Anatomical landmark Structure Fleiss’ x agreement
| Incudo-malleolar joint I Incudo-malleolar joint 0.51 (0.24-0.81) 65 (46-84)
2 Incudo-stapedial joint 2 Incudo-stapedial joint 0.59 (0.34-0.88) 70 (51-89)
3 Stapes; anterior and posterior crura 3 Anterior and posterior crus of 0.76 (0.54-1.00) 83 (67-98)
4 Posterior canaliculus of chorda tympani / the chorda stapes

tympani canal 4 Posterior canaliculus of chorda 0.71 (0.49-0.95) 78 (62-95)
5 Modiolus tympani
6 Spiral lamina of the cochlea 5 Modiolus 0.70 (0.47-0.95) 78 (61-95)
7 Fissula ante fenestram — area anterior to the oval window 6 Spiral lamina of the cochlea 0.50 (0.24-0.79) 65 (46-85)
8 Vestibular aqueduct 7 Fissula ante fenestram 0.66 (0.41-0.93) 78 (61-95)
9 Lateral semicircular canal 8 Vestibular aqueduct 0.48 (0.23-0.75) 65 (46-85)
| Tympanic segment of the facial nerve canal 9 Lateral semicircular canal 0.10 (—0.22-0.49) 57 (37-77)
|

— O

Overall image quality

Table 4. The distribution of scores across the 4-point scale for all
assessments on all specimens, comparing EICT and PCCT.

EICT PCCT

Specimen  Poor/ Good/ Poor/ Good/

no. Suboptimal  Excellent  Suboptimal  Excellent
| 31 (70) 13 (30) I (2) 43 (98)
2 23 (52) 21 (48) 2 (5) 42 (95)
3 27 (62) 17 (38) 6 (14) 38 (86)
4 38 (87) 6 (13) 15 (34) 29 (66)
5 32 (73) 12 (27) 0 (0) 44 (100)
6 38 (87) 6 (13) 2 (5) 42 (95)
7 40 (91) 49 10 (23) 34 (77)
8 39 (89) 5(11) 49 40 (91)
9 32 (73) 12 (27) 3(7) 41 (93)
10 38 (86) 6 (14) - -

Values are given as n (%). The 4-point scale is grouped into two clinically
relevant categories (poor/suboptimal and good/excellent), shown in
separate columns.

EICT, energy-integrating computed tomography; PCCT, photon-counting
computed tomography.

Results

The distribution of scores across the 4-point scale for all
assessments on all specimens, comparing EICT and
PCCT, is presented in absolute numbers and percentages
in Table 4. The 4-point scale is grouped into two clinically
relevant categories (poor/suboptimal and good/excellent),
shown in separate columns. Scans from PCCT were rated
higher for most evaluated landmarks and for the overall
image quality.

Inter-rater agreement is presented in Table 5. The
divisions for strength of agreement were adapted from
Landis et al (21). For five landmarks, the inter-rater
agreement was substantial (0.61-0.80) and for four
landmarks the agreement was moderate (0.41-0.60).

10 Second segment of the facial 0.36 (0.09-0.66) 57 (36-77)
canal
Il Overall image quality 0.77 (0.56-0.99) 83 (67-98)

Values in parentheses are 95% Cls. Grades |1-2 and 3—4 have been grouped
together.
Cl, confidence interval.

For one landmark, the agreement was fair (0.21-0.40)
and for another landmark the agreement was considered
slight (0.00-0.20).

To assess how different dose levels affect the image
quality, gradings of the images for temporal bone number
5 were made (Fig. 4).

PCCT images were rated excellent or good for all land-
marks at volume CT dose index (CTDI,) 39.0 mGy, 29.1
mGy, and 12.4 mGy. At CTDI,,, 5.1 mGy, most landmarks
were rated good but for instance the ossicular chain land-
marks provided suboptimal image quality. At CTDI,; 1.3
mQGy, all landmarks provided poor image quality. The dif-
ference in radiological appearance at varying doses is
shown in Fig. 5.

PCCT scans at CTDI,, 39.0 mGy, 29.1 mGy, 12.4
mGy, and 5.1 mGy were significantly superior to the
EICT scan (P <0.05). Results of the VGC analysis demon-
strated a significant difference for all landmarks between
EICT and PCCT with clinical protocol (CTDI,, 39.0
mGy and 12.4 mGy, respectively), presented in Fig. 6.

Discussion

This study compares PCCT and EICT in a phantom model
and demonstrates the advantages of PCCT over EICT in
temporal bone imaging, due to the higher spatial resolution
even at lower radiation dose for PCCT. In line with previ-
ous clinical studies reporting dose reductions of approxi-
mately 30% (6,7), our comparison of clinical protocols
showed that PCCT achieved statistically significant better
results for all assessed landmarks and overall image
quality than EICT, while using a substantially lower radi-
ation dose. In addition, an exploratory stepwise dose
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Fig. 4. Grading of images for each protocol (CTDlI, 39.0 mGy, 29.1 mGy, 12.4 mGy, 5.1 mGy, and 1.3 mGy for PCCTand 39 mGy for
EICT). Each landmark |-10 and overall image quality (no. I 1) are on the x-axis. Higher numbers on the y-axis represent better images.
CTDl,,}, volume computed tomography dose index; EICT, energy-integrating computed tomography; PCCT, photon-counting

computed tomography.

Fig. 5. Axial oblique reformations of stapes: (a) PCCTat CTDI,,, 12.4 mGy, (b) PCCTat CTDl, 5.1 mGy, (c) EICT at 37.5 mGy, and
(d) PCCT at 1.3 mGy. CTDlI,,,, volume computed tomography dose index; EICT, energy-integrating computed tomography; PCCT,

photon-counting computed tomography.

reduction approach suggested that diagnostically acceptable
image quality may be achieved at markedly reduced dose
levels. For the stepwise approach, a statistically significant
difference could be seen in favor of PCCT, even at a radi-
ation dose below 15% of the clinical EICT protocol.
However, the stepwise approach was only conducted on
one specimen, and the analysis must therefore be inter-
preted with caution. The decision to only scan one speci-
men in a stepwise approach was primarily due to
constraints in time and available resources and is a limita-
tion. Although these findings still indicate potential for add-
itional dose reduction. However, further studies are needed
to prove this.

A major strength of this study is use of the anthropo-
morphic phantom with exchangeable specimens, which
allows for closer approximations to clinical imaging condi-
tions than conventional specimen or technical phantom
scanning design. The study design enabled a structured
assessment of image quality at successively lowered radi-
ation doses.

Interest in PCCT is growing due to its potential to
improve image quality and reduce radiation dose.
However, the extent of these benefits may vary depending
on the assessed structures and the clinical context. This
highlights the importance of studies using anthropomorphic
phantoms, imitating real conditions and bridging the gap
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Fig. 6. Results of VGC analysis. Each bar with a 95% Cl represents a difference in image quality between EICT and PCCT (CTDl,,, 39
mGy and 12 mGy, respectively). The value 0.5 denotes that there would be no difference between the two modalities. As can be seen,
all landmarks (1-10), as well as “overall image quality” (no. | I), show significant differences. Cl, confidence interval; CTDI,,, volume
computed tomography dose index; EICT, energy-integrating computed tomography; PCCT, photon-counting computed tomography;

VGC, visual grading characteristics.

between standard traditional phantoms and real clinical
variability. To the best of our knowledge, this is the first
study conducted on a PCCT system using an anthropo-
morphic phantom, allowing adequate approximation of
real conditions, in contrast to previous in vitro studies that
investigated isolated specimens or less tissue-equivalent
setups (2). This phantom-based experimental setup
allowed repeated scans at different radiation dose levels,
which is ethically not acceptable in patients. The results
of the study, based on well-preserved human specimens,
are likely to be representative of what would be expected
in patient imaging, as indicated in recent patient studies
(6,7). A weakness with the present comparison is that the
setting was limited to two CT scanners by the same manu-
facturer. Nonetheless, we still believe that our results can be
represented in a more generalized context.

Consistent with previous studies (6,7), the three readers
rated the overall image quality of the PCCT scans higher
than the EICT scans. For most of the anatomical landmarks,
the inter-observer agreement was good; however, it was
poor for the assessment of the lateral semi-circular canal
and the second segment of the facial nerve canal.
Although there was no obvious explanation, it is possible
that this result was due to ambiguities in the subjective
rating scale or miscommunication during the reader calibra-
tion process; that is, neither of these structures put higher
demands on the spatial resolution.

This study focused on the image quality and assessment
of anatomical landmarks using an anthropomorphic
phantom; further studies are still needed to demonstrate
that the image quality of PCCT can be maintained at a radi-
ation dose below 15% of the clinical EICT protocol within a
clinical setting. The potential clinical impact of this study is
most relevant in patient populations for whom radiation
exposure is a key concern, particularly pediatric patients.
Beyond dose reduction, PCCT may also offer advantages

for other patient groups by providing improved spatial reso-
lution without increasing radiation exposure, potentially
improving for instance diagnostic confidence and surgical
planning, in adults and older patients, where dose reduction
alone is less critical.

In conclusion, the diagnostic quality of PCCT was sig-
nificantly better as compared to EICT at clinical protocols,
with a dose reduction of almost 70%. The image quality
when evaluating small osseous structures in the temporal
bone was found to be excellent for PCCT; moreover, the
significant dose reduction as compared to EICT is an
important advantage of this promising new technique.
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