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Abstract

Objective To determine in a cadaveric study the lowest achievable radiation dose and optimal tube potential generating diag-
nostic image quality in multidetector computed tomography (MDCT) arthrography of the shoulder.

Materials and methods Six shoulders from three human cadavers were scanned using a 256-MDCT system after intra-articular
injection of diluted iodinated contrast material. Using six decreasing radiation dose levels (CTDI,: 20, 15, 10, 8, 6, and 4 mGy)
and for each dose level, four decreasing tube potentials (140, 120, 100, and 80 kVp), image noise and contrast-to-noise ratio
(CNR) were measured. Two independent and blinded observers assessed the overall diagnostic image quality, subjective amount
of noise, and severity of artifacts according to a four-point scale. Influence of those MDCT data acquisition parameters on
objective and subjective image quality was analyzed using the Kruskal-Wallis and Wilcoxon signed-rank tests, and pairwise
comparisons were performed.

Results Multidetector CT protocols with radiation doses of 15 mGy or higher, combined with tube potentials of 100 kVp or
higher, were equivalent in CNR to the reference 20 mGy—140 kVp protocol (all p >0.054). Above a CTDI,, of 10 mGy and a
tube potential of 120 kVp, all protocols generated diagnostic image quality and subjective noise equivalent to the 20 mGy—
140 kVp protocol (all p>0.22).

Conclusions Diagnostic image quality in MDCT arthrography of the shoulder can be obtained with a radiation dose of 10 mGy at
an optimal tube potential of 120 kVp, corresponding to a reduction of up to 50% compared with standard-dose protocols, and as
high as 500% compared with reported protocols in the literature.
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Introduction

Multidetector computed tomography (MDCT) arthrography
of the shoulder is an effective and reliable alternative to mag-
netic resonance imaging (MRI) and MR arthrography for the
diagnosis of various internal derangements of the shoulder. It
is typically used in patients with contraindications to MRI,
after previously failed MRI attempts, such as in patients with
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claustrophobia, or simply when MRI is not available [1-6].
Moreover, despite recent advances in metal artifact reduction
with MRI [7], MDCT arthrography is still considered the ref-
erence standard in the postoperative setting, particularly after
shoulder arthroplasty [8].

However, there are downsides to this imaging technique,
mainly the need for injection of iodinated contrast material
and the exposure to ionizing radiation. This is all the more
true for the shoulder joint, owing to the proximity of radiosen-
sitive organs, such as the thyroid gland and the lungs [9-13].

To the best of our knowledge, no studies have been published
that focus on the optimization of radiation dose in MDCT
arthrography of the shoulder. Reports from the literature show
great variability between both data acquisition and image recon-
struction protocols. Although some perform shoulder MDCT
arthrography at 140 kVp, others use a tube potential of 120 kVp.
Awide range of reported radiation doses (expressed in volume CT
dose index [CTDI,,]) can be found in the literature, from
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10.1 mGy to 51 mGy [14, 15]. For the European Union, suggested
CTDI,; is 15 mGy or lower [16]. According to the Swiss Federal
Office of Public Health, the reference dose in Switzerland is
CTDI,,; 30 mGy and the target dose is 15 mGy [17].

The radiation dose delivered by MDCT is influenced by
both the tube potential (expressed in kVp) and the tube
current-time product (expressed in mAs). The tube potential
in particular is a critical parameter for protocol optimization as
it influences radiation dose exponentially, and is also a major
determinant of image contrast through the photoelectric effect,
especially when imaging high-Z materials such as iodine and,
to a lesser extent, cortical bone [18-20]. Although there is a
growing interest in developing technology aimed at reducing
radiation dose by targeting various approaches, especially in
terms of post-processing, tube parameters remain a fundamen-
tal part of protocol optimization.

Our purpose was to illustrate the influence of these basic
concepts and to determine, in a cadaveric study, the combina-
tion of radiation dose level (CTDI, ;) and tube potential (kVp)
yielding the lowest possible dose while still providing diag-
nostic image quality in shoulder MDCT arthrography.

Materials and methods

The institutional ethics committee approved this single-center
cadaveric study.

Study population

We examined six shoulder joints from three fresh human ca-
davers with nontraumatic-related causes of death (one male,
two females, mean age 77.3 =8 years; mean weight 72.8 +
14.5 kg, range 58-87 kg) provided to us by our anatomy
laboratory (Laboratoire d’anatomie humaine, pole de
morphologie [MORF], Institut de recherche clinique et
expérimentale [IREC], Faculté de médecine de 1’Université
catholique de Louvain).

Arthrography technique

The same musculoskeletal radiologist with 5 years of experi-
ence performed all the examinations. Using an anterior ap-
proach under MDCT guidance, all six glenohumeral joints
were injected with 10 ml of diluted iodinated contrast material
(one-part ioxaglate [Hexabrix 320; Guerbet, Villepinte,
France] and one-part normal saline) using a 22-gauge needle.

MDCT arthrography protocol
Cadavers were placed head first in supine position, arms along

the body, with glenohumeral joints in neutral position. MDCT
arthrograms were obtained scanning from the top of the
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acromioclavicular joint to the lower margin of the axillary
recess of the glenohumeral joint using a 256-MDCT scanner
(Brilliance iCT; Philips Healthcare, Best, The Netherlands).
Each cadaver was scanned 24 times using the helical mode
with varying CTDI,,; and tube potential parameters, starting
from a CTDI,,, of 20 mGy, and decreasing to 15, 10, 8, 6, and
4 mGy. At each dose level, four tube potentials were selected,
starting from 140 kVp, and decreasing to 120, 100, and
80 kVp. The CTDI,,, kVp, and corresponding mAs for the
24 acquisitions on each shoulder are reported in Table 1. The
remaining data acquisition parameters were identical for each
scan, with a focal spot size of 0.6 x 0.7 mm, exposure time of
2.463 s, beam collimation of 64 x 0.625 mm, beam pitch of
0.2, and a scanning field of view of 40 x 40 cm. Images were
reconstructed using a three-dimensional cone-beam filtered-
back-projection algorithm, a high-spatial-resolution kernel, a
section thickness of 0.9 mm with a 0.45-mm section overlap,
and a 768 x 768 matrix.

Objective image quality

Measurements were performed by a 4th-year radiology resi-
dent on a workstation equipped with a picture archiving and

Table 1 Multidetector computed tomography acquisition protocol for
the 24 scans performed on each shoulder

CTDI (mGy) kVp mAs
20 140 200
20 120 300
20 100 493
20 80 1,032
15 140 140
15 120 209
15 100 350
15 80 724
10 140 100
10 120 150
10 100 246
10 80 515
8 140 81

8 120 121
8 100 197
8 80 414
6 140 57

6 120 91

6 100 145
6 80 308
4 140 39

4 120 57

4 100 99

4 80 207
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communication system (PACS) (Vue, version 11.4;
Carestream Health, Rochester, NY, USA). Two circular re-
gions of interest (ROI) of 30 mm?” and 50 mm? were placed
within the iodinated contrast material in the glenohumeral
joint and the deltoid muscle respectively, avoiding potential
areas of beam hardening and photon starvation artifacts
(Fig. 1). Measurements were considered on three consecutive
axial sections, and mean values in Hounsfield units (HU) and
standard deviations (SD) were recorded. The two ROIs were
first placed on the images from the MDCT protocol with the
highest dose (20 mGy) and then copy-pasted onto the corre-
sponding registered images from the protocols with the lower
doses. Noise was defined as the SD of the ROI in the muscle.
The contrast-to-noise ratio (CNR) was calculated using the
following formula:

mean H Ucontmst material —1€AN H Umuscle)

(
CNR =
SD, muscle

Subjective image quality

All shoulder MDCT arthrograms were independently
reviewed by two musculoskeletal radiologists with 5 and
3 years of experience at the time of the study. One radiology
resident displayed the image series for each dose level sepa-
rately to each observer, in random order, blinded for patient
characteristics and acquisition parameters. Images were
viewed in a nonreformatted axial plane with a section thick-
ness of 0.9 mm, zoomed in on the glenohumeral joint by a
factor of 330% (30 x 20 cm display field of view), with a
window width and center of 500 and 2,500 HU respectively.

Observers performed a semiquantitative analysis of images
for each dose level, rating the overall diagnostic image quality,
subjective amount of noise, and severity of artifacts based on a

Fig. 1 Right and left shoulder CT
arthrograms of the same cadaver
showing schematic representation
of the circular ROIs placed within
the iodinated contrast material in
the glenohumeral joint (black
circle) and the deltoid muscle
(white circle) respectively. Note
the presence of iodinated contrast
material posteriorly, superficial to
the infraspinatus tendon and
muscle on the left shoulder (right
image), as a result of a full-
thickness tear of the supraspinatus
tendon (not shown)

four-point scale (4 = exemplary, 3 = diagnostic, 2 = limited,
and 1 =nondiagnostic) developed by the Radiological
Society of North America [21]. Severity of artifacts was
assessed by evaluating the amount of hypoattenuations and
streak artifacts, focusing on areas surrounding joint cavities
(especially the subscapular and axillary recesses), or bone
structures. The subjective amount of noise was assessed by
analyzing the grain of the image in homogeneous parts of the
shoulder, including subcutaneous fatty tissue and non-
atrophic muscle bodies. Overall diagnostic image quality
was assessed by analyzing the conspicuity of articular surfaces
(including cartilage surfaces and rotator cuff tendons), muscu-
lar internal structures, and cortical and trabecular bone
structures.

Statistical analysis

Statistical analysis was performed using Stata 13.1 software
(StataCorp, College Station, TX, USA). Continuous variables
are displayed as mean + SD. Categorical variables are present-
ed as numbers or proportions. For subjective image quality
parameters, inter- and intraobserver agreement was assessed
using kappa statistics (with linear weight) and interpreted ac-
cording to the Landis and Koch grading system [22]. To assess
intraobserver agreement, 25 scans (out of the 144 scans ac-
quired in total) were randomly selected and assessed by one of
the observers in a second session, with an interval of at least
3 months. Mean values calculated by averaging the scores of
the two observers were used for further analyses.

Objective image quality (CNR) and subjective image qual-
ity (overall quality, noise, and artifacts) parameters were com-
pared using the nonparametric Kruskal-Wallis and Wilcoxon
signed-rank tests. Pairwise comparison of objective and sub-
jective image quality parameters was also performed using the
Goldstein test to find the set of parameters with the lowest
dose that were equivalent to the 20 mGy—140 kVp MDCT
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protocol. The effect of CTDI,,, and kVp on objective image
quality was additionally assessed using the Spearman rho co-
efficient. A significance level of p <0.05 was considered for
all tests.

Results
Objective image quality

The CNR significantly increased with increasing levels of
CTDI,,, and kVp (tho=0.71, p<0.0001 and rho=0.43,
p<0.0001 respectively; Fig. 2).

For each level of CTDI,, there was statistical equivalence
in CNR between 120 kVp and 140 kVp (all p>0.52 [test of
difference], all p >0.77 [test of equivalence]).

Pairwise comparisons showed that MDCT protocols with
radiation dose levels of 15 mGy or higher, combined with tube
potentials of 100 kVp or higher, were equivalent in CNR to
the reference 20 mGy—140 kVp protocol (all p>0.054). No
80-kVp protocol was statistically equivalent to the 20 mGy—
140 kVp protocol (all p <0.0022).

Subjective image quality

Inter- and intraobserver agreement

Interobserver agreement was fair for all three subjective image
quality parameters (0.35, 0.55, and 0.38 for overall image

quality, subjective noise, and image artifacts respectively).
Despite differences in the subjective evaluation of images

between readers, the trends in the scoring of all three param-
eters were similar.

Intraobserver agreement was substantial to almost perfect
(0.85, 0.75, and 0.92 for overall image quality, subjective
noise and image artifacts respectively).

Overall image quality

For each CTDI, level, the qualitative analysis showed statis-
tical equivalence in overall image quality between tube poten-
tials of 120 kVp and 140 kVp (all p > 0.14 [test of difference],
all p>0.15 [test of equivalence]; Fig. 3).

Pairwise comparisons showed that MDCT protocols with
dose levels of 10 mGy or higher, combined with tube poten-
tials of 120 kVp or higher, were equivalent in overall image
quality to the reference 20 mGy—140 kVp protocol (all p>
0.22). No 80-kVp protocol was statistically equivalent to the
20 mGy-140 kVp protocol (all p <0.0079). Above a CTDI,
of 10 mGy and a tube potential of 120 kVp, all protocols
generated diagnostic image quality images equivalent to the
20 mGy-140 kVp protocol (all p >0.22).

Subjective noise

For each CTDI,, level, the qualitative analysis showed statis-
tical equivalence in subjective noise between tube potentials
of 120 kVp and 140 kVp (all p>0.14 [test of difference], all
p>0.14 [test of equivalence]; Fig. 4a).

Pairwise comparisons showed that MDCT protocols with
dose levels of 10 mGy or higher, combined with tube poten-
tials of 120 kVp or higher, were equivalent in subjective noise
to the reference 20 mGy—140 kVp protocol (all p>0.49). In

Fig. 2 Clustered bar chart 70
showing a statistically significant
linear trend for an increase in 1 * l
CNR with increasing levels of 60 I
radiation dose. Each cluster | *
corresponds to one level of c % ]
radiation dose (CTDI,,;, in mGy), 5 50 *
with varying levels of tube E §
potential (ranging from 80 to E 40 I { { kVp
140 kVp). Asterisks indicate ] O 80
MDCT data acquisition protocols 'S 1 = 100
providing CNR statistically zé 30 o 120
equivalent to the reference :.;. m 140
20 mGy-140 kVp protocol in i 1
pairwise comparisons § 20 —
10 —
0
I I I
8 10 15
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showing the overall image

quality, based on the appearance 55

*
*
1.1

of the glenohumeral cartilage
surfaces, rotator cuff tendons, and
the cortical and trabecular bone
structures, relative to CTDI,
(mGy) and tube potential (kVp).
Increasing CTDI,,, and kVp is
significantly associated with in-
creasing image quality from 4 to
10 mGy, and from 80 to 140 kVp.
Asterisks indicate MDCT data
acquisition protocols providing
image quality statistically equiva-
lent to the reference 20 mGy—
140 kVp protocol in pairwise
comparisons

3.0 —

25

Overall Image Quality

80

100
120
140

"TTEE

addition, protocols with CTDIs,; of 8 mGy at 140 kVp, or
20 mGy at 80 kVp and 100 kVp, were equivalent in subjective
noise to the 20 mGy—140 kVp protocol (all p >0.057).

Artifacts

For each CTDI, level, the qualitative analysis showed statis-
tical equivalence in subjective evaluation of hypoattenuations
and streak artifacts between tube potentials of 120 kVp and
140 kVp (all p>0.14 [test of difference], all p>0.15 [test of
equivalence]; Fig. 4b).

Pairwise comparisons showed that MDCT protocols with
dose levels of 6 mGy or higher, combined with tube potentials
of 100 kVp or higher, were equivalent in subjective evaluation
of artifacts to the reference 20 mGy—140 kVp protocol (all p >
0.074). In addition, protocols with a CTDI, of 4 mGy com-
bined with tube potentials of 120 kVp or higher were equiv-
alent in subjective evaluation of artifacts to the 20 mGy—
140 kVp protocol (all p>0.09). No 80-kVp protocol was
statistically equivalent to the 20 mGy—140 kVp protocol (all
p=<0.017).

Discussion

In this study, we demonstrated that overall diagnostic image
quality in MDCT arthrography of the shoulder could be ob-
tained with a radiation dose of 10 mGy, combining an optimal
tube potential of 120 kVp and 150 mAs corresponding to a
reduction of up to 50% compared with standard-dose proto-
cols (20 mGy, 140 kVp, 200 mAs), and as high as 500%
compared with reported protocols in the literature (estimated
CTDI,; of 51 mGy, obtained with 140 kVp and 350 mAs

*
*
- I
2.0 —
1.5 —
1.0 -] —f /.
0.5 —-f - ~f (SIS | (SR | [ :
0.0 —
I I
4 15

CTDI,,, (mGy)

[15]). To the best of our knowledge, this is the first study
aimed at optimizing the radiation dose of shoulder MDCT
arthrography by separately and systematically assessing the
influence of key MDCT data acquisition parameters, such as
the tube potential and tube current—time product.

The diagnostic tasks performed with MDCT arthrography
mainly involve objects that present inherently high contrast
between them, such as intra-articular contrast medium and
surrounding articular tissues (i.e., tendons, cartilage, labro-
ligamentous complex), and require high spatial resolution. In
this context, it has been shown that higher noise levels can be
tolerated without affecting the diagnostic value of the images,
yet up to a certain limit, that depends on the clinical task
(contrast difference [AHU] and size of the lesion) [23]. This
is supported by the results of our study: although there was a
significant difference in CNR of images obtained at 10 and
15 mGy, the subjective image quality assessment (specifically
for overall image quality and subjective noise) showed statis-
tical equivalence between acquisitions at 10 and 20 mGy. This
was further supported in an in vitro study focusing on the
evaluation of articular cartilage in hip MDCT arthrography,
which showed that the effective dose can be significantly re-
duced (to as low as 0.5 mSv) without affecting image quality
[19, 24-26].

Apart from the optimization of the radiation dose in gener-
al, it is also important to optimize the tube potential when
dealing with MDCT arthrography. In fact, tube potential is
one of the main determinants of image contrast through the
photoelectric effect, which is mostly visible in the presence of
high Z-materials, such as iodine and, to a lesser extent, cortical
bone. Indeed, when reducing the tube potential, the attenua-
tion of high-Z materials increases in comparison to low-Z
materials, such as soft tissues, hereby increasing image
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Fig. 4. a Examples of image quality increasing when radiation dose was
kept stable at 10 mGy but tube potential increased from 80 to 140 kVp.
With window width and center kept constant, there is a significant
decrease in overall image contrast, and decreasing streaking artifacts
with increasing kVp (arrows). The last two images were considered to
be of diagnostic quality. b Examples of image quality increasing when
tube potential was kept stable at 120 kVp but radiation dose increased

contrast [19, 20, 27]. This property can be used to keep the
CNR constant while reducing radiation dose, through a reduc-
tion in tube potential. The photoelectric effect can also be used
to decrease the concentration of contrast material to be
injected in arthrographic procedures, which has been shown
with the use of dual-energy CT [27]. However, decreasing
tube potential is associated with drawbacks, in particular an
increase in image noise and beam hardening
(hypoattenuations) artifacts. Therefore, it is important to opti-
mize the tube potential to find a trade-off between image con-
trast, image noise, and beam hardening artifacts. In one study

@ Springer

from 4 to 20 mGy. Although image noise significantly increases with
increasing dose level, the last three images obtained at 10, 15, and
20 mGy were all considered to be of diagnostic quality. Of note, there
is no difference in the appearance of streaking artifacts (arrows) among
the six images, all acquired at a tube potential of 120 kVp. Window width
and center were kept constant across all figure parts

that previously addressed this issue, Ahn et al. [28] prospec-
tively showed on 54 MDCT arthrograms of the shoulder that
reducing the tube potential from 140 to 120 kVp, while main-
taining tube current-time product constant at 200 mAs, leads
to a decrease in the radiation dose of 33%, while maintaining
subjective image quality [28].

Our results are in line with this previous report as we con-
firmed the equivalence of objective and subjective image
quality between 120 and 140 kVp for all the CTDI,,, levels
investigated. In the lower range, our results have shown that
below 100 kVp, beam hardening artifacts have a significantly
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negative impact on image quality, contrasting with imaging of
peripheral joints for which tube potentials as low as 80 kVp
can be used [10, 19]. Of note, automatic kilovoltage selection
has recently become available on certain clinical MDCT scan-
ners, allowing the choice of the optimal potential depending
on the patient’s attenuation profile and the diagnostic task
(low-contrast versus high-contrast objects [29]). These mod-
ules have not yet been evaluated for MDCT arthrography of
the shoulder.

When optimizing the MDCT data acquisition protocol,
other parameters apart from tube potential and current—time
product have to be taken into account [10, 19]. These classi-
cally include not only factors to consider during the acquisi-
tion, such as keeping the scan length to a minimum required
for the diagnostic task, positioning the patient to minimize the
body parts present in the acquisition field (i.e., elevating the
contralateral shoulder in the z-axis), but also factors that come
into play after the acquisition [19]. Increasing the reconstruc-
tion slice thickness is a simple way of decreasing image noise,
which is particularly useful for low-contrast structures.
Moreover, iterative reconstructions have more recently been
used to improve image quality for various musculoskeletal
applications [19, 30-34]. By considering certain factors, such
as statistical models and modeling of MDCT system optics,
iterative reconstructions allow a drastic reduction in image
noise compared with standard filtered-back projection (FBP)
techniques that were used in this study. Therefore, iterative
reconstructions can be used to reduce radiation dose, while
keeping the image quality constant. By applying iterative re-
constructions (specifically adaptive statistical iterative recon-
struction) to MDCT arthrography of the hip, it has been shown
that radiation dose can be reduced by approximately 35-60%,
while maintaining diagnostic image quality compared with
standard FBP techniques for the assessment of acetabular la-
brum tears and articular cartilage lesions [34]. Furthermore,
iterative reconstruction techniques can reduce certain artifacts
such as photon starvation artifacts [19]. The application of
such protocols in addition to our multiparameter optimization
may allow even further dose reduction in MDCT arthrography
of the shoulder.

Our study has some limitations to consider. First, the study
population contained only a small number of specimens (six
shoulders from three cadavers). Second, although we did not
assess the impact of body size on photon starvation, known to
be an issue when reducing radiation dose, we did evaluate
cadavers with weights ranging from 58 to 86.5 kg, with a
mean of 77.3 kg, reflecting the range encountered in our prac-
tice. Our results, therefore, may not apply to patients who are
not of standard size. For very large patients, it may sometimes
be necessary to keep the tube potential at 140 kVp, especially
in the presence of the bony skeleton at the level of the shoulder
girdle [10]. On the other hand, for smaller adults, radiation
dose may be reduced even further. As discussed above, the

application of automatic kilovoltage selection protocols to
shoulder CT arthrography may help in this task [29].
Furthermore, the use of automatic tube current modulation
could allow image quality to be kept constant by adapting
radiation dose to the patient habitus, thereby potentially reduc-
ing radiation doses further for thinner patients [29]. Third, we
demonstrated the feasibility of significantly reducing dose in
regard to image quality only and did not assess the impact on
diagnostic performance. The imaged shoulders showed evi-
dence of pathological conditions, including rotator cuff and
cartilage lesions. However, these lesions were visible even at
the lowest radiation dose levels, thus hindering any compari-
son of the conspicuity of pathological conditions between
protocols. This can be explained by the high tolerance to im-
age noise with high-contrast diagnostic tasks [19]. Although
below a certain limit, some images were judged inadequate in
the subjective analysis, a larger number of cadavers would be
required to demonstrate an impact on diagnostic performance.
Finally, we injected a concentration of iodinated contrast ma-
terial that is used routinely in clinical practice [2, 5]. Other
concentrations of contrast material could affect the image
quality, in particular streaking artifacts. This parameter was
not taken into account in this study.

In conclusion, we demonstrated that diagnostic quality im-
aging in MDCT arthrography of the shoulder is feasible with a
reduction of up to 50% in radiation dose compared with
standard-dose protocols, and as high as 500% compared with
reported protocols in the literature, by applying an optimal
tube voltage of 120 kVp. We hereby illustrate some important
concepts that should be considered when optimizing acquisi-
tion protocols with CT arthrography, in particular, the impor-
tance of reducing tube voltage to 120 kVp in standard-size
patients, and the notion that higher noise levels can be toler-
ated because of the high-contrast task at hand. These concepts
should be used to guide the optimization of MDCT
arthrography protocols for future clinical and research studies.
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