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Abstract

In 1971, the first computed tomography (CT) scan was performed on a patient’s brain. Clinical CT systems were introduced
in 1974 and dedicated to head imaging only. New technological developments, broader availability, and the clinical success
of CT led to a steady growth in examination numbers. Most frequent indications for non-contrast CT (NCCT) of the
head include the assessment of ischemia and stroke, intracranial hemorrhage and trauma, while CT angiography (CTA)
has become the standard for first-line cerebrovascular evaluation; however, resulting improvements in patient management
and clinical outcomes come at the cost of radiation exposure, increasing the risk for secondary morbidity. Therefore,
radiation dose optimization should always be part of technical advancements in CT imaging but how can the dose be
optimized? What dose reduction can be achieved without compromising diagnostic value, and what is the potential of
the upcoming technologies artificial intelligence and photon counting CT? In this article, we look for answers to these
questions by reviewing dose reduction techniques with respect to the major clinical indications of NCCT and CTA of the
head, including a brief perspective on what to expect from current and future developments in CT technology with respect
to radiation dose optimization.
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Anterior cerebral artery

Advanced modeled iterative reconstruc-
tion

Automatic exposure control

Artificial intelligence

As low as reasonably achievable
Adaptive statistical iterative reconstruc-
tion

Automatic tube current modulation
Basilar artery

Common carotid artery

Contrast medium

Convolutional neural network
Contrast-to-noise ratio

Computed tomography

Computed tomography angiography
Volumetric CT dose index

Computed tomography perfusion
Dual-energy CT

Dose length product

Digital subtraction angiography
Effective dose

European Carotid Surgery Trial

Filtered back projection

Hybrid iterative reconstruction

Internal carotid artery

Intraclass correlation coefficient
Intracranial hemorrhage

Iterative model reconstruction
Interobserver agreement

Image quality

Iterative reconstruction

Jackknife alternative free-response re-
ceiver operating characteristic figure of
merit

Low-dose

Low-dose computed tomography
Low-dose computed tomography angiog-
raphy

Model-based iterative reconstruction
Middle cerebral artery

Multi-detector computed tomography
Not available

North American Symptomatic Carotid
Endarterectomy Trial

Non-contrast computed tomography
Posterior cerebral artery

Photon counting CT

Preferred Reporting Items for Systematic
reviews and Meta-Analyses

Region of interest

SAFIRE Sinogram-affirmed iterative reconstruc-
tion

SD Standard-dose

SD-CT Standard-dose CT

SECT Single-energy CT

SIR Statistical iterative reconstruction

SNR Signal-to-noise ratio
VNC Virtual non-contrast
Key Points

1. Advanced iterative reconstruction enables significant
dose reduction in head CT.

2. For CTA of the head, the combination with lower CM
volume can be particularly effective for improved patient
care.

3. Al and PCCT can be expected to enable additional dose
reductions of at least 40%.

4. For novel techniques, careful evaluation of image quality
and diagnostic performance is essential to ensure diag-
nostic benefits head CT.

Introduction

Over the last decades, we have seen a steady growth in the
number of computed tomography (CT) examinations [1-3].
New technological developments, broader availability of the
required hardware and software, as well as physician and
patient demands are the main reasons for increased clini-
cal application of CT [1, 2]. Although magnetic resonance
imaging (MRI) has developed tremendously over the last
decades, in particular for head imaging, and has become
more available, CT still is the workhorse of head imaging
for multiple indications, including non-contrast CT (NCCT)
in cerebral ischemia and stroke, assessment of intracranial
hemorrhage (ICH), headaches, or acute neurologic deficits,
as well as for first-line diagnostics in loss of conscious-
ness and trauma evaluation in the emergency setting [4].
Detailed assessment of cerebral blood supply has become
the clinical standard through the use of CT angiography
(CTA) and CT perfusion (CTP) [5, 6]. Therefore, CT of the
head is essential for fast and accurate diagnosis, optimized
patient management and treatment. Besides MRI, which is
generally used in less acute clinical settings, CT makes up
a large proportion of the daily neuroradiological workload
in head imaging.

However, CT comes with the inherent downside of ion-
izing radiation, which may cause radiation-induced malig-
nancies [7, 8]. In the USA, approximately 2% of future
cancer cases are assumed to be attributable to the current
application of medical imaging [3, 9], and CT exposure was
estimated to be responsible for 1% of total cancer mortality
[10]. Therefore, the principle to keep radiation exposure as
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low as reasonably achievable (ALARA) is fundamental [11,
12].

Unfortunately, CT-related radiation exposure in daily
clinical routine still shows strong inter-institutional and
intra-institutional variations, as well-defined and universal
reference standards are usually not available [13, 14]. Gen-
eral recommendations are complicated to determine consid-
ering different scanner models and technologies, which con-
siderably influence radiation exposure. Using the technique
only when the clinical value outweighs risks and costs, and
restricting the scan volume to the clinical task are undoubt-
edly the most effective ways to limit CT-related radiation
exposure in order to protect patients. Besides a careful risk-
benefit assessment, developments on both the acquisition
and the reconstruction side have led to an optimized trade-
off between image quality (IQ) and radiation exposure [15,
16]. A widely applied dose reduction approach is the op-
timization of acquisition parameters, including tube volt-
age, tube current, and contrast medium (CM) volume. Tube
current is expressed either directly (as mA) or indirectly
in terms of tube current-time product (as mAs). Modern
clinical CT systems use automatic exposure control (AEC)
by means of automatic tube current modulation (ATCM),
which is based on patient habitus, z-axis modulation, and
rotational modulation [17-19].

Increased image noise and artifacts are the drawbacks of
most dose reduction methods but could at least partially be
compensated by adequate image reconstruction techniques.
Developments in iterative reconstruction (IR) techniques
have led to major improvements in recent years, which
have therefore become an essential component of CT dose
reduction [16]. Before the emergence of IR, filtered back
projection (FBP) was the standard image reconstruction for
clinical CT. This fast and robust method is based upon the
exact mathematical relation between measured projection
and reconstructed image data [16, 20]. However, particu-
larly for dose-reduced acquisitions, FBP-reconstructed im-
ages can suffer from low quality, as noise-free data are as-
sumed and image noise is amplified in the filtering process.
In contrast, IR can reduce image noise through iterative
filtering or modeling of data acquisition physics [16]. Cur-
rently, hybrid IR (HIR), such as iDose (Philips Healthcare,
Best, The Netherlands), ASIR (GE Healthcare, Milwaukee,
WI, USA), or SAFIRE (Siemens Healthineers, Erlangen,
Germany), is the most frequently used IR technique, pro-
viding increased reduction of image noise and reconstruc-
tion time through iterative filtering of both projection and
image data. Benefits in terms of achievable 1Q, in particular
at low doses, are only exceeded by model-based IR (MBIR)
algorithms, which use advanced models in an iterative pro-
cess of backward and forward projections. However, the
exceptional level of noise reduction and achievable dose
reduction comes at the cost of high computational efforts,

limiting accessibility and usability in daily clinical practice.
Yet, artificial intelligence (AI) could help to overcome this
limitation by using a convolutional neural network (CNN)
trained with (simulated) low-dose (LD) data to reconstruct
standard-dose (SD) high-quality CT images [21-24].

Although the use of dose reduction techniques for head
CT is increasing, they have not yet been systematically
reviewed. Therefore, the purpose of this article was to re-
view clinical applications of dose reduction and LD tech-
niques for NCCT and CTA of the head. The objective was
to analyze achievable dose reductions, effects on IQ, and
diagnostic performance with respect to the most relevant
pathologies that are frequently assessed by head CT appli-
cations. Availability and quality of the included literature
has a high degree of heterogeneity with respect to dose
reduction methods, reported dose parameters, and clinical
applications. Therefore, we concentrated on five major clin-
ical indications: (i) NCCT of cerebral ischemia and stroke,
(i) NCCT of intracranial hemorrhage, (iii) NCCT of the
head without specified indications, (iv) CTA of intracranial
aneurysms, and (v) CTA of other cerebrovascular diseases
and carotid artery disease.

Material and Methods

Search Strategy

A search of PubMed (http://www.ncbi.nlm.nih.gov/pubmed)
was performed to identify studies evaluating methods to
reduce radiation dose for NCCT and CTA of the head with
respect to the following clinical indications: (i) NCCT of
cerebral ischemia and stroke, (ii) NCCT of ICH, (iii) CTA
of intracranial aneurysms, and (iv) CTA of other cere-
brovascular diseases and carotid artery disease. Addition-
ally, NCCT studies without specified indications were
identified by screening of references of included studies.
The search was conducted by two persons (radiologists
with 7 and 4 years of experience, respectively) without
a beginning search date (search end date 19 July 2022).
Uncertainties about inclusion of a respective article, if
present, were resolved by consensus through discussion
with a third person (board-certified consultant in radiology,
11 years of experience).

The literature search was performed according to the
Preferred Reporting Items for Systematic reviews and Meta-
Analyses (PRISMA) guidelines (Fig. 1; [25, 26]). The used
search terms for PubMed are available in the appendix.

Inclusion Criteria

Studies were included if they met the following inclusion
criteria: (1) study population: studies performed in humans
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including adult or pediatric patients; (2) study design:
retrospective or prospective; (3) indications and scanning
type: diagnostic NCCT for present or suspected intracranial
pathology, or CTA for evaluation of the intracranial vascu-
lature and/or carotid arteries and (4) purpose: comparison
of LD to SD protocols using CT data acquired at different
dose levels, CT data acquired at a single dose level and
additionally simulated at different dose levels, or CT data
including a dose comparison between patient subgroups.

Exclusion Criteria

Studies were not considered if they met the following ex-
clusion criteria: (1) article type: case reports, case series,
conference abstracts, letters, editorials, reviews, meta-anal-
yses, or surveys; (2) language of publication other than
English; (3) studies in cadavers, phantoms, or animals and
(4) studies with other purposes (e.g., exclusive compari-
son of CM volumes, comparison of shielding techniques,
medical staff radiation exposure reports).

)

Extraction of Data

The following information was extracted from the selected
articles: (1) author(s); (2) year of publication; (3) number
of subjects (n) of the entire study and relevant patient sub-
groups (e.g., SD group, LD group); (4) details on group
comparisons (if applicable); (5) details on the used CT sys-
tem, including number of detector rows, vendor, and model
name; (6) image acquisition parameters; (7) image recon-
struction algorithms and parameters; (8) dose reduction (in
%) and (9) reported dose values: CT dose index (CTDI.),
dose length product (DLP), and/or effective dose (E).

Results
Study Selection

The search via PubMed resulted in 1469 publications af-
ter removal of duplicates. During screening of titles and
abstracts, 1333 records were discarded. The assessment of
full-text articles led to the removal of 107 records, and the
reference screening of included studies led to the addition of

1333 Records excluded

* Phantom, cadaver or animal study (139)

* Other study design (341)

¢ Other primary imaging technique than MDCT, e.g., conventional
radiography, DSA (130)

» Other language than English (27)

* Case reports, case series conference abstracts, letters, editorials,
reviews, meta-analyses, or surveys (123)

» Other study purpose, e.g., comparison of shielding techniques, medical
staff radiation exposure report (119)

* No comparison of at least two doses (253)

» CT for other reasons than diagnostic CT, e.g., radiotherapy planning
(84)

*1 * CT compared to another technique, e.g., DSA (28)
» Other scanned region than the head and brain-supplying arteries (40)
* Other clinical indication for CT (49)

107 full-text-articles excluded
* No comparison of at least two doses (55)
» CT for other reasons than diagnostic CT, e.g., radiotherapy planning (7)

M oecT compared to another technique, e.g., DSA (34)
» Other scanned region than the head and brain-supplying arteries (3)
* Other clinical indication for CT (8)

Fig.1 PubMed search flow dia-
gram according to the Preferred < Records identified through
Reporting Items for System- = database searching
atic reviews and Meta-Analyses & (n=1521)
(PRISMA) guidelines [25, 26] E
o
Y
Records after duplicates
removed
) (n=1469)
o
=
§ \ 4
E Records screened
(n=1469)
—
Y
> .
£ Full-text articles assessed for
] eligibility
= (n=136)
b=
5]
3 h 4
)= Studies included in qualitative
synthesis
(n=37)

8 Additional studies included
« identified by screening of references of included studies

Iy
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8 articles, resulting in 37 publications that were included in
the qualitative synthesis for this systematic review (Fig. 1).

Study Characteristics

The 37 selected studies covered NCCT of cerebral ischemia
and stroke (n=6), NCCT of ICH (n=4), NCCT without
specified indications (n=8), CTA of intracranial aneurysms
(n=10), and CTA of other cerebrovascular diseases (n=10).

Patients The total number of subjects (n) as well as the
number of subjects in the SD group(s) and LD group(s)
were extracted. Furthermore, the number of included CT
examinations or subject numbers for relevant subgroups
(e.g., used CT system, administered CM dose) were ex-
tracted when provided. Total numbers ranged from n=20
[27] to n=305 patients [28].

CT System, Acquisition and Reconstruction Parameters All
except one of the studies used multi-detector CT (MDCT).
One study published in 2005 used single-detector CT [29].
Tube voltages from 70 to 150kV were used. Dose reduc-
tion in LD protocols was achieved by a reduction of tube
voltage, tube current, or by a combination of both. Reduced
tube currents were determined using different approaches:
(i) fixed mA values or ranges, or (ii) reference mA val-
ues or ranges in the case of ATCM. Reporting of mA was
heterogeneous, including reference values, mean or median
values, and ranges. Thus, statistics on the reported numbers
would not be meaningful to present. As an alternative or in
addition to tube current, some studies reported tube current-
time products, which take into account the exposure time.
As tube current-time product is proportional to dose, the
reported mAs values can to a certain extent be considered
a measure of radiation exposure.

Image reconstruction by FBP was reportedly used in
20 studies. The use of IR gradually increased with the
year of the publication, including IR in image space (IRIS,
n=2), HIR (n=23), and MBIR (n=6). IR was used to cre-
ate LD protocols and compared to SD protocols with FBP
in 13 studies [27, 30—41]. The reconstruction technique was
not reported in 10 studies. These studies were published in
2016 or earlier, making it reasonable to assume that FBP
was used.

Dose Reporting and Dose Reduction Calculation

Studies reported doses as CTDI,, (n=33), DLP (n=29),
and E (n=26). Specifically, E is derived by multiplying
the DLP with a conversion factor for a specific CT exam-
ination and is commonly regarded as the most appropri-
ate indicator of stochastic radiation risk. Different DLP to
E conversion factors were used from previous publications,

which depended on patient age, scanned anatomical region,
acquisition parameters, and time of publication. Compa-
rable conversion factors for the head between 0.0021 and
0.0024 mSv/(mGy * cm) were used in the majority of stud-
ies [42—46], while two studies used conversion factors for
the head and neck of 0.0031 and 0.0048 mSv/(mGy * cm)
[38, 41], and one study used a dedicated dose calculation
tool for DLP to E conversion [27].

Dose reductions were explicitly reported or retrospec-
tively calculated from reported dose values. Achieved dose
reductions ranged from 10-87%, not taking into account
simulated LD studies. Two studies used simulated LD data,
either by virtually lowered tube currents [47] or artificial
noise insertion into CT projection data [48]. Dose values
were reported as mean (with or without standard deviation)
or median (with or without minimum, maximum, and in-
terquartile ranges). The mean was extracted in favor of me-
dian when both values were provided. In Tables 1, 2, 3, 4
and 5 dose values are provided for the SD group(s), LD
group(s), and other subgroups (CM volume, used CT sys-
tem) where reasonably applicable.

Outcome Measures
Quantitative Measures

Quantitative outcome measures included physical metrics
of objective image noise and contrast as well as other quan-
titative parameters. In total, 34 studies reported on quanti-
tative image noise as the standard deviation of Hounsfield
units (n=27) and/or signal-to-noise ratio (SNR, n=29),
measured in one or multiple standardized regions of interest
(ROIs). For NCCT, most frequent ROI locations were corti-
cal and nuclear gray matter, white matter, and cerebrospinal
fluid (CSF). For CTA, most frequent ROI locations were
the lumen of large intracranial arteries (anterior cerebral
artery, ACA; middle cerebral artery, MCA; posterior cere-
bral artery, PCA; basilar artery, BA), internal carotid arter-
ies (ICA), and common carotid arteries (CCA), as well as
adjacent muscles and brain parenchyma. Contrast-to-noise
ratio (CNR) was reported in 29 studies and was usually
determined between gray and white matter for NCCT, and
between arterial lumen and adjacent brain parenchyma or
muscles for CTA. Other quantitative parameters were re-
ported in 8 CTA studies, including arterial attenuation mea-
sured in HU (n=4, [29, 64, 66, 68]) and aneurysm diameters
(n=4, [58-60, 63]).

Qualitative Measures
Purely quantitative outcome measures are important to en-

able a comparable IQ assessment [69]. However, more sub-
jective outcome measures are needed to assess the utility
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Table 1 Dose reduction in NCCT of cerebral ischemia and stroke

Author  Year Subjects Compar- CT system Acquisition pa- Reconstruc-  Dose CTDLva DLP E
(n) ison rameters tion name reduc- (mGy) (mGy *  (mSv)
(level) tion cm)
(%)
Paprottka 2021 131 SD vs. 128-MDCT 120kV, 343 mA, HIR 33CTDI 46.65°  673.65° NA
[49] 131> LD (Philips Ingenu- 300mAsSP (iDose 4) 34PLP 3120 44190
131LP ity Core, Philips 120kV, 229mA, MBIR
Healthcare, Best, 200 mAs-P (IMR 3)
The Netherlands)
Kapur 2021 423 SD vs. 256-MDCT 120kV, 330mAsSP?  HIR 10CTPI 52.45D 1061.95P  2.65P
[50] 391 LD (Philips iCT, 120kV, 280mAs'?  (iDose 4) gbLP 4740 9720LD 9 4LD
32LP Philips Health- 8E
care, Best, The
Netherlands)
Bricout 2015 26 SD vs. 64-MDCT 120kV, 350 HIR 23CTDI 42.65°  662.05° 145D
[51] 135P LD (Siemens SO- mAs*™ SD (SAFIRE 1) 21PtP 33.00 524080 1.1WP
13LP MATOM Defini- 100kV, 400
tion AS, Siemens mAs2™ LD
Healthineers, Er-
langen, Germany)
Bodelle 2015 51 SDFBP 256/128-MDCT 120kV, 340mAsS?  FBP 22F NA NA 2.35D
[52] 305P vs. (Siemens SO- 120kV, 260mAs'®  HIR 1.8LP
21LD LDFBPHIR N ATOM Defi- (SAFIRE
nition Flash/AS, 1-5)
Siemens Health-
ineers, Erlangen,
Germany)
Ben- 2014 30 SD vs. 64-MDCT 120kV, 445mAsS®  NA 22CTDI 59.05°  NA NA
David 30tP LD (Philips Bril- 80kV, 1200 mAs-P 46.0'P
[53] 308P liance, Philips
Healthcare, Best,
The Netherlands)
Zacharia 2011 200 SD vs. 16-MDCT 120kV, 300mAsSP  NA 36CTP! NA NA NA
[54] 100S° LD (Siemens Sen- 120kV, 300 35PLP
100LD sation, Siemens mAsg2m: LD

Healthineers, Er-
langen, Germany)

am automatic tube current modulation, CTDI based on volumetric CT dose index, E based on effective dose, FBP filtered back projection,
HIR hybrid iterative reconstruction, LD low-dose, MBIR model-based iterative reconstruction, SD standard-dose

of NCCT and CTA at different doses for the clinical appli-
cation or diagnostic question. The most frequently reported
qualitative measures comparable across all included stud-
ies were subjective 1Q (n=26), containing common sub-
categories for some studies (e.g., overall IQ, artifacts, im-
age contrast and sharpness), followed by subjective image
noise (n=16) and diagnostic confidence (n=15, alterna-
tively termed diagnostic utility, ability, reliability, or ac-
ceptability). These measures usually used 3-5 point Lik-
ert scales. Furthermore, other application-specific variables
were evaluated as qualitative outcome measures and are de-
scribed in the corresponding sections. In 24 studies, qual-
itative items were rated by 2 or more readers, and in-
ter-observer agreement (IOA) was reported using the in-
traclass correlation coefficient (ICC), Cohen’s kappa, or
Fleiss’” kappa [70, 71]. In the majority of studies IOA was
at least substantial (>0.6).

@ Springer

For NCCT, two studies assessed diagnostic performance
for findings corresponding to acute neurologic deficits [48]
or for the detection of ICH [55], reporting classification
metrics (accuracy, sensitivity, and specificity) as well as
reader agreement rules and jackknife alternative free-re-
sponse receiver operating characteristic figure of merit
(JAFROC-FOM) [48, 72].

For CTA, diagnostic performance for the detection and
size measurements of intracranial aneurysms was assessed
in 7 studies, using digital subtraction angiography (DSA) as
the reference standard. Reported metrics included classifi-
cation metrics (n=4; [58, 60, 61, 63]), aneurysm detection
numbers or rates (n=15; [35, 40, 59, 60, 63]), and corre-
lation coefficients of aneurysm diameters (n=3; [59, 60,
63]), 5 studies [27, 38, 65, 67, 68] investigated the grade
of stenosis of the ICA or extracranial and intracranial arter-
ies using the European Carotid Surgery Trial (ECST) [73]
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Initial CT scan

SD: HIR SD: MBIR SD: HIR SD: MBIR

Follow-up scan after 6 days

OO0

LD: MBIR LD: HIR

Fig. 2 Initial SD NCCT (upper row) and follow-up LD NCCT (lower
row) of a 41-year-old man with left-sided MCA infarction. Axial im-
ages were reconstructed using HIR and MBIR. The demarcated area in
the left hemisphere shows better conspicuousness due to higher CNR
with MBIR compared to HIR. CNR contrast-to-noise ratio, HIR hy-
brid iterative reconstruction, LD low-dose, MBIR model-based itera-
tive reconstruction, MCA middle cerebral artery, NCCT non-contrast
computed tomography, SD standard-dose

or North American Symptomatic Carotid Endarterectomy
Trial (NASCET) [74] criteria. Stenosis gradings were used
for subgroup analyses and assessment of diagnostic perfor-
mance.

Dose Reduction in NCCT

Dose reduction in NCCT was considered in 18 articles,
including 6 studies focusing on ischemia and stroke and
4 studies focusing on ICH. The remaining 8 NCCT stud-
ies had unspecified or mixed indications, e.g., evaluation
of trauma, skull fracture, amnesia, loss of consciousness,
seizure, headache, vomiting, focal neurological deficit, co-
agulopathy, treatment with anticoagulants, or tumor stag-
ing. For two studies comparing SD and LD protocols of
multi-modal CT (NCCT, CTA, and CTP), only the NCCT
results were extracted [50, 51]. The results are summarized
in Tables 1, 2 and 3.

Cerebral Ischemia and Stroke Dose reductions ranged from
10 to 36% without impairment of IQ (based on 4 studies,
[50-52, 54]). Reported doses in terms of CTDI,, and DLP
ranged from 31.2 to 59.0mGy and 441.9-1061.9mGy *
cm, respectively. The highest dose reduction of 36% was
reported in 200 patients by Zacharia et al., who compared
SD and LD protocols by using ATCM in z-direction for the
LD protocol [54].

In the context of stroke imaging, the detection of is-
chemic lesions is an important indication of NCCT. In com-

parison to SD-CT, the conspicuousness of ischemic demar-
cation could be shown to be preserved by using HIR in-
stead of FBP [52], or it could even be improved by using
MBIR instead of HIR for LD-CT (Fig. 2; [49]). Further-
more, excellent IOA (range: 0.80-0.93) regarding over-
all IQ, anatomic detail, gray-white matter differentiation,
and conspicuousness of ischemic demarcation was demon-
strated at reduced dose [49, 50, 52]. Furthermore, gray to
white matter contrast per dose was found to be markedly in-
creased in the context of acute stroke scans using a reduced
dose protocol [53].

Intracranial Hemorrhage Four NCCT studies focused on or
included patients for ICH evaluation, using heterogeneous
study designs and methodologies. Not taking into account
simulated LD protocols, dose reductions ranged from 18 to
66% while maintaining sufficient quantitative and qualita-
tive 1Q [37, 48, 55, 56].

Reported doses in terms of CTDI, and DLP ranged from
10.8-41.0mGy and 141.0-1045.0mGy * cm, respectively.
The highest dose reduction of 66% was reported by Kaul
et al., who compared an SD and multiple LD protocols
by using reduced tube voltage and ATCM combined with
increasing levels of HIR in pediatric patients. A dose reduc-
tion of 34% still provided adequate image quality and di-
agnosis-related confidence. The corresponding LD protocol
was therefore recommended for everyday clinical practice
[37].

In a study of 94 consecutive ICH patients by Bodelle
et al., HIR was recommended over FBP for the evaluation
of brain structures and ICH detection when using an LD
protocol, enabling a considerable dose reduction of 29%
[56].

Scholtz et al. compared SD to LD protocols using a dual-
source MDCT in single-energy (SECT) and dual-energy
(DECT) mode. With respect to ICH detection, both SECT
and DECT achieved excellent sensitivity and specificity at
a significant dose reduction of about 25%. The authors rec-
ommended the routine use of ATCM and MBIR to reduce
dose in ICH evaluation for both SECT and DECT [55].

By inserting artificial noise into MDCT projection data
acquired at 250 effective mAs, Fletcher et al. generated LD
images corresponding to 25-200 effective mAs using FBP
and HIR. Diagnostic performance assessed by JAFROC-
FOM was shown to be non-inferior for the 100 effective
mAs LD data reconstructed with HIR. As nowadays IR can
be considered the standard reconstruction method for most
centers, a dose reduction potential of 60% can be derived
from this study [48].

NCCT Without Specified Indications The remaining NCCT

studies included patients with mixed or unspecified indica-
tions. All 8 studies reported maintained or even improved

@ Springer
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subjective 1Q that was diagnostically acceptable while
achieving dose reductions ranging mainly from 20 to 40%
[28, 30-34, 57]. In all studies, this was achieved with
(mainly hybrid) IR. The commonly used objective mea-
sures of IQ were SNR and CNR, primarily assessed within
or between gray and white matter, and additionally within
the CSF space in a subset of studies [28, 30, 31, 33,
57]. Comparing LD and SD protocols, SNR was slightly
decreased to unchanged, while CNR showed mostly no rel-
evant differences. Reported doses in terms of CTDI,, and
DLP ranged from 13.9-93.5mGy and 204.0-1270.3 mGy *
cm, respectively. The highest dose reduction was 73%
using a strong level of HIR (30% with ASIR; GE Health-
care, Milwaukee, WI, USA) in the LD protocol compared
to FBP in the SD protocol [36]. Furthermore, reported
IOA ranged from moderate (0.54—0.60) regarding noise,
sharpness, and diagnostic acceptability [30], to substantial
(0.68-0.71) regarding overall 1Q [33, 57], artifacts [30], and
diagnosis-related confidence [36], to excellent (0.85-0.6)
regarding noise, contrast and overall diagnosability [36].
Non-standard IQ evaluation parameters used without dedi-
cated reported IOA included distinctness of posterior fossa
contents [57] and visibility of small structures [32].

Dose Reduction in CTA of the Head and Neck

Dose reduction in CTA of the head and neck was con-
sidered in 20 articles, 10 studies investigated intracranial
aneurysms, including 5 studies that used a lower CM vol-
ume in the LD group [39, 40, 58, 61, 62]. Another 10 studies
focused on other cerebrovascular diseases, including 2 stud-
ies that used a lower CM volume in the LD group [38, 68].
For one study comparing SD and LD protocols of multi-
modal CT (NCCT, CTA, and CTP), only the CTA results
were extracted [51]. Results are summarized in Tables 4
and 5.

Intracranial Aneurysms Dose reductions ranged from
16-82%, and none of the studies showed a relevant im-
pairment of subjective IQ for the LD compared to the SD
protocol. Specifically, studies using lower CM volume in
the LD group consistently demonstrated improved IQ [39,
40, 58, 61, 62]. Reported doses in terms of CTDI,, and
DLP ranged from 6.4-59.2mGy and 116.0-932.6 mGy *
cm, respectively. The highest dose reduction of 82% was
reported by Chen et al., who used HIR for the LD protocol
acquired with reduced tube voltage and CM volume [40].
In addition to the detection of aneurysms of the brain-
supplying arteries, aneurysm size measurements provide
relevant information derived from CTA. Diameters were
shown to be unaffected in LD-CTA compared to SD-CTA
[59], and not significantly different from DSA measure-
ments for both LD-CTA and SD-CTA [63]. DSA is the

@ Springer

reference standard for the evaluation of aneurysms and was
used in four studies to assess diagnostic performance. High
diagnostic accuracy (90-99% for LD-CTA vs. 94-100% for
SD-CTA), sensitivity (80-95% vs. 91-100%), and speci-
ficity (93-100% vs. 93—-100%) without statistically signif-
icant differences between each CTA protocol and DSA, or
between the two CTA protocols were demonstrated [58, 60,
61, 63]. In a different approach to assess diagnostic capa-
bilities, Yang et al. used surgical verification as reference,
and 29/29 (100%) of the aneurysms in the LD group were
detected compared to 25/26 (96%) in the SD group [59].

Furthermore, IOA regarding overall IQ and other qual-
itative outcome measures was substantial to excellent
(0.60-1.00) in the majority of studies. Other subjective
outcome measures included vascular sharpness [35, 39,
40], noise [40], arterial contrast [39], calcifications [35]
as well as visibility of blood vessels (in particular small
arteries, arteries near the skull base and surgical clips, and
peripheral veins) [39, 62].

Other Cerebrovascular Diseases Not taking into account
simulated LD protocols, dose reductions ranged from 25
to 87% [27, 38, 41, 51, 65-68], with the majority of
studies reporting maximum values of 40-70% [27, 38,
41, 66-68] while showing maintained or even improved
subjective 1Q that was diagnostically acceptable. Reported
doses in terms of CTDI,, and DLP were 1.7-24.5mGy
and 84.2-735.3mGy * cm, respectively. The highest dose
reduction of 87% was reported by Annoni et al., who used
a newer version of HIR for the LD protocol acquired at
reduced tube voltage [65].

Diagnostic performance with respect to ICA stenosis or
extracranial and intracranial arterial stenosis was analyzed
using different approaches. Two studies used DSA as the
reference and reported high diagnostic accuracy (94-99%),
sensitivity (91-100%), and specificity (94-99%) for LD-
CTA [38, 65]. Annoni et al. additionally demonstrated an
excellent correlation regarding the stenosis degree between
LD-CTA and DSA (r=0.98) [65]. Two studies showed ex-
cellent IOA (0.81-1.00) for detection and grading of ICA
stenosis without a statistically significant difference be-
tween SD-CTA and LD-CTA [27, 67].

In a different study design, Sollmann et al. applied virtu-
ally lowered tube current in 30 patients who underwent
CTA. Even at 25% of the original dose, good vascular
contrast and clearly detectable arteries were demonstrated
(Fig. 3). As a result, with the adequate type of HIR, all
large vessel occlusions or dissections (15/15) could be de-
tected with medium to high diagnostic confidence and ex-
cellent IOA (1.00) [47]. Furthermore, IOA regarding overall
IQ and diagnostic confidence was substantial to excellent
(0.75-1.00) when reported in other studies on that matter
[41, 65, 66].
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Fig.3 SD (100% tube current, upper row) and simulated LD CTA using virtual tube current reduction (25% of original tube current, bottom
row). a Left column: 81-year-old woman with right-sided dissection of the extracranial ICA (red circle). Right column: 84-year-old man with
left-sided thrombotic MCA occlusion of the M1 segment (red circle). b Magnified views of the relevant pathologies. The shown axial images
were reconstructed with statistical iterative reconstruction, a type of HIR, with low regularization to generate images close to clinical appearance.
CTA computed tomography angiography, HIR hybrid iterative reconstruction, /CA internal carotid artery, LD low-dose, MCA middle cerebral

artery, SD standard-dose

Discussion

In this article, dose reduction techniques for NCCT and
CTA of the head were systematically reviewed and 37 stud-
ies representing the most common clinical indications were
included. LD-CT and SD-CT were most frequently com-
pared between a different combination of tube settings and
image reconstruction techniques.

For NCCT of cerebral ischemia and stroke, achieved
dose reductions ranged from 10 to 36%. The majority of
studies reduced the dose by at least 22% and maintained ob-
jective and subjective 1Q, while the use of more advanced
IR improved visualization of ischemic demarcation. For
NCCT of intracranial hemorrhage, slightly higher dose re-
ductions of 18-66% with sufficient IQ were achieved, while
simulated LD-CT suggested a dose reduction potential of
60%. Achieved dose reductions for NCCT with unspecified
indication were in a comparable range of 20-40% (Fig. 4).

In the context of NCCT, it has to be mentioned that
the required dose for differentiation of normal from patho-
logical tissue depends on the contrast difference. For the
detection of cerebral ischemia, the contrast differences are
very small and therefore a higher dose is required compared
to the assessment of ICH, where the contrast difference is
significantly higher.

Given the only slightly decreased or even equivalent
IQ and diagnostic acceptability of LD protocols and on-
going improvements in image reconstruction, there could
be more potential for future dose reduction beyond the re-

ported 20-40% in NCCT of the head. However, increased
dose reductions must be used with care. In the abdominal
region, the diagnostic performance of low contrast lesions
has been reported to be impaired when dose reduction ex-
ceeded 25% [75, 76]. Such low contrast lesions are key
diagnostic questions in NCCT, particularly in cerebral is-
chemia and stroke. Diagnostic performance must therefore
be thoroughly evaluated before higher dose reductions, fa-
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Fig.4 Development of dose reduction over the last two decades in
computed tomography of the head. For studies reporting multiple dose
reduction values or ranges, the highest value with acceptable image
quality and/or diagnostic performance is displayed
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cilitated by advanced IR or other novel reconstruction tech-
niques, are implemented.

For CTA of intracranial aneurysms, dose reduction
ranged from 16 to 82%, while 6 of 10 studies even achieved
maximum values of 65% or higher (Fig. 4). Despite the
substantial dose reduction, subjective IQ and diagnostic
performance for aneurysm detection were non-inferior.
Hence, CTA could be a less invasive and dose-intensive
alternative to DSA for accurate evaluation of intracra-
nial aneurysms. Achieved dose reduction in CTA of other
cerebrovascular diseases and carotid artery disease was at
a comparable level. Similarly, subjective IQ and diagnos-
tic performance with respect to arterial stenosis were not
negatively affected. Overall, it can be concluded that tube
voltage reduction, advanced IR, and CM volume optimiza-
tion may represent the most effective combination for dose
reduction in head CTA. Beyond radiation exposure, patient
care can be improved via lower contrast media-related
morbidity, as long as long as CM volume is reduced with
care, in order to not impair the visibility of intracranial
vessels and associated diagnostic performance.

When comparing dose reductions of NCCT and CTA,
one important difference regarding the required contrast has
to be acknowledged: in comparison to NCCT of cerebral
ischemia or ICH, blood vessels in CTA are high-contrast
objects which therefore require a significantly lower dose
per se.

Until now, dose reduction in head CT has mainly been
achieved through modified tube settings while advanced
reconstruction techniques ensured acceptable IQ and high
diagnostic performance. Most of these advances have been
enabled by software innovations, but current and future de-
velopments in CT hardware will also very likely increase
dose reduction. The clinical introduction of photon-count-
ing CT (PCCT) represents a revolution in CT imaging, also
with respect to radiation exposure [77, 78]. At the same ra-
diation dose as conventional CT, better gray to white matter
differentiation due to higher CNR and less image noise has
been demonstrated. The ensuing high potential of PCCT for
1Q improvement in NCCT of the head could translate into
a radiation dose reduction of approximately 40% [79]. At
a comparable dose as conventional single-energy CT, PCCT
has been reported to reduce beam-hardening artifacts and
improve IQ in arterial segments close to surrounding bone
[80]. In combination with its ability of spectral material de-
composition, it thus bears great potential to further reduce
radiation dose for intracranial and carotid CTA, particularly
in the presence of calcifications and plaques. Furthermore,
the increasing clinical use of PCCT implies the routine ac-
quisition of spectral data. With this evolution, virtual non-
contrast (VNC) scans could make NCCT scans redundant
in stroke or other head CT protocols requiring non-contrast
and contrast-enhanced images, and thereby save a consider-

@ Springer

able amount of radiation dose. Clinical translation of Al in
CT imaging is steadily increasing, which can be expected to
unveil additional dose reduction opportunities for head CT,
primarily on the image reconstruction side [25-29]. Beyond
the application of CNNs to accelerate MBIR algorithms,
deep-learning techniques can enable the implementation of
more complex functions in IR models [16]. Given that ex-
isting study results can be validated and reliably translated
into the clinical routine, the use of Al will further reduce
the required dose in head CT.

The present review article is not without limitations.
Methodology and design of the included studies are quite
heterogeneous, mostly due to the development of CT hard-
ware and software over time, different CT manufacturers
and models, and the fact that different departments have
established different head CT protocols. As a result, differ-
ent dose parameters (CTDI,,, DLP, E) with different ranges
of values have been used to determine the amount of dose
reduction. Furthermore, absolute definitions of SD and LD
protocol cannot be reasonably established in the context
of the included studies. Consequently, the start parameters
for dose reduction quantification could not be normalized
which potentially compromises objectivity and comparabil-
ity of dose reduction.

In conclusion, considerable dose reduction in NCCT and
CTA of the head can be realized by global approaches, such
as decreased tube voltage and ATCM, while advances in IR
algorithms ensure diagnostic image quality. For CTA ex-
aminations, the combination with lower CM volume can be
particularly effective for improved patient care. In the up-
coming years, the ongoing clinical transition of novel CT
acquisition and reconstruction techniques can be expected
to enable additional dose reductions of 40% or more, and
potentially further CM volume reduction. However, it will
be essential that the image quality and diagnostic perfor-
mance is thoroughly evaluated to guarantee that the benefits
of head CT are not compromised.
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Appendix
PubMed Search Terms
Dose Reduction in NCCT of Cerebral Ischemia and Stroke:

((computed tomography) OR (CT)) AND ((low-dose) OR
(low dose) OR (dose reduction) OR (low-kilovolt) OR (low
kilovolt) OR (low-kV) OR (low kV) OR (iterative recon-
struction)) AND ((stroke) OR (cerebral ischemia) OR (cere-
bral infarction) OR (cerebral infarct) OR (brain ischemia)
OR (brain infarction) OR (brain infarct) OR (demarcation)).

Dose Reduction in NCCT of Intracranial Hemorrhage (ICH):

((computed tomography) OR (CT)) AND ((low-dose) OR
(low dose) OR (dose reduction) OR (low-kilovolt) OR
(low kilovolt) OR (low-kV) OR (low kV) OR (iterative
reconstruction)) AND ((cerebral bleeding) OR (cerebral
hemorrhage) OR (cerebral haemorrhage) OR (intracerebral
hemorrhage) OR (intracerebral haemorrhage) OR (intracra-
nial hemorrhage) OR (intracranial haemorrhage) OR (ICH)
OR (brain bleeding) OR (brain hemorrhage) OR (brain
haemorrhage) OR (subarachnoid bleeding) OR (subdu-
ral hematoma) OR (subdural haematoma) OR (subdural
hemorrhage) OR (subdural haemorrhage) OR (SDH) OR
(subdural bleeding) OR (epidural hematoma) OR (epidu-
ral haematoma) OR (epidural hemorrhage) OR (epidural
haemorrhage) OR (extradural hematoma) OR (extradural
haematoma) OR (epidural bleeding)).

Dose Reduction in CTA of Intracranial Aneurysms:

((computed tomography angiography) OR (CT angiogra-
phy) OR (CTA) OR (computed tomography angiogram)
OR (CT angiogram)) AND ((low-dose) OR (low dose) OR
(dose reduction) OR (low-kilovolt) OR (low kilovolt) OR
(low-kV) OR (low kV) OR (iterative reconstruction)) AND
((cerebral aneurysm) OR (brain aneurysm)).

Dose Reduction in CTA of Other Cerebrovascular Diseases
and Carotid Artery Disease:

((computed tomography angiography) OR (CT angiogra-
phy) OR (CTA) OR (computed tomography angiogram)
OR (CT angiogram)) AND ((low-dose) OR (low dose) OR
(dose reduction) OR (low-kilovolt) OR (low kilovolt) OR
(low-kV) OR (low kV) OR (iterative reconstruction)) AND
((stroke) OR (cerebral ischemia) OR (cerebral infarction)
OR (cerebral infarct) OR (brain ischemia) OR (brain infarc-
tion) OR (brain infarct) OR (vessel occlusion) OR (LVO)
OR (thrombus) OR (vessel stenosis) OR (vessel dissec-
tion) OR (arterial stenosis) OR (arterial dissection) OR

(carotid stenosis) OR (carotid dissection) OR (cerebral vas-
cular malformation) OR (brain vascular malformation) OR
(cerebral arteriovenous malformation) OR (brain arteriove-
nous malformation) OR (cerebral AVM) OR (brain AVM)).
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