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Abstract
Objectives Intraoperative CT (iCT) angiography of the brain with stereotactic frames is an integral part of navigated neurosur-
gery. Validated data regarding radiation dose and image quality in these special examinations are not available. We therefore
investigated two iCT protocols in this IRB-approved study.
Methods Retrospective analysis of patients, who received a cerebral stereotactic iCT angiography on a 128 slice CT scanner
between February 2016 and December 2017. In group A, automated tube current modulation (ATCM; reference value 410 mAs)
and automated tube voltage selection (reference value 120 kV) were enabled, and only examinations with a selected voltage of
120 kV were included. In group B, fixed parameters were applied (300 mAs, 120 kV). Radiation dose was measured by assessing
the volumetric CT dose index (CTDIvol), dose length product (DLP) and effective dose (ED). Signal-to-noise ratio (SNR) and image
noise were assessed for objective image quality, visibility of arteries and grey-white differentiation for subjective image quality.
Results Two hundred patients (n = 100 in each group) were included. In group A, median selected tube current was 643 mAs (group
B, 300 mAs; p < 0.001). Median values of CTDIvol, DLP and ED were 91.54 mGy, 1561 mGy cm and 2.97 mSv in group A, and
43.15 mGy, 769 mGy cm and 1.46 mSv in group B (p < 0.001). Image quality did not significantly differ between groups (p > 0.05).
Conclusions ATCM yielded disproportionally high radiation dose due to substantial tube current increase at the frame level,
while image quality did not improve. Thus, ATCM should preferentially be disabled.
Key Points
• Automated tube current modulation (ATCM) yields disproportionally high radiation dose in intraoperative CTangiography of
the brain with stereotactic head frames.

• ATCM does not improve overall image quality in these special examinations.
• ATCM is not yet optimised for CTangiography of the brain with major extracorporeal foreign materials within the scan range.
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Abbreviations
ADM Automated dose modulation
ATCM Automated tube current modulation
CTDIvol Volumetric computed tomography dose index
DLP Dose length product

ED Effective dose
FET-PET O-(2-18F-fluoroethyl)-L-tyrosine positron

emission tomography
HU Hounsfield unit
iCT Intraoperative computed tomography
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MAR Metal artefact reduction
SD Standard deviation
SNR Signal-to-noise ratio

Introduction

Since the early 1980s, intraoperative computed tomogra-
phy (iCT) of the brain has been an integral part of navigat-
ed neurosurgery [1]. Cerebral iCT is a fast, safe and robust
imaging technique for both frame-based stereotactic biop-
sy of intracranial lesions providing tissue diagnoses with
minimal disruption of anatomical structures [2–6] and in-
traoperative live monitoring in open neurosurgical inter-
ventions such as aneurysm clipping or resection of orbit-
associated tumours [7, 8].

For stereotactic biopsy which combines stereotactic
localisation and image-guided surgery, the patient’s head is
fixed under general anaesthesia in a stereotactic frame using
an invasive fixation system [3, 6]. Then, a contrast-enhanced
iCT scan is carried out, and the acquired CT images are trans-
ferred to a workstation and fused with MRI and/or O-(2-18F-
fluoroethyl)-L-tyrosine positron emission tomography (FET-
PET) data. The target point is defined within the pathological
lesion, and a possible frame-based entry point is selected with-
out affecting neural or vascular structures by usingmultiplanar
reconstructions.

In this setting, CT scanners should provide maximal diag-
nostic accuracy at a reasonable radiation dose according to the
ALARA (as low as reasonably achievable) principle, which is
of particular interest in young patients. Therefore, modern CT
systems combine several techniques, such as automated dose
modulation (ADM)—consisting of automated tube current
modulation (ATCM) as a method of automatic exposure con-
trol [9–12] and automated tube voltage selection [10, 13]—as
well as iterative reconstruction algorithms [14–17]. In partic-
ular, ADM allows for a reduction of image noise that is de-
pendent on the imaged object (e.g. large patient size and for-
eign materials) by automatically adjusting the scanner output
[18].

Until now, various studies have proven the positive effect
of ADM and iterative reconstruction on radiation dose and
image quality in non-contrast brain CTwithout foreign mate-
rials [16, 17]. With metallic implants, however, only limited
experience exists in head and neck CT imaging [19–21].
Whether these techniques are effective in cerebral iCT angi-
ography with major extracorporeal foreign materials that yield
a substantial increase of image noise has not yet been system-
atically evaluated.

In this study, we provide data on radiation dose and image
quality in stereotactic iCT angiography of the brain with and
without ADM in combination with iterative reconstruction.

Methods

This retrospective single-centre study was approved by the
institutional review board of the Ludwig-Maximilians-
University Munich (project number: 18-200) with a waiver
for written informed consent, and performed in accordance
with the Declaration of Helsinki.

Neurosurgical iCT workflow

In October 2014, an intraoperative 128 slice CT scanner
(S iemens SOMATOM Def in i t ion AS+, Siemens
Healthineers) was installed at our institution. Cerebral iCT
angiographies with stereotactic head frames for biopsy of in-
tracranial lesions have been carried out with this CT scanner
since February 2016.

For stereotactic trajectory planning, neurosurgical recom-
mendations [3, 5, 6] on iCT are (i) whole brain imaging rang-
ing from the skull base to vertex and (ii) visibility of intracra-
nial landmarks such as arteries and the dedicated pathology.
For metal artefact-free visualisation of the latter, the neurosur-
geon usually positions the head frame either at the skull base
level (in case of a supratentorial target lesion) or more cranial
(in case of an infratentorial pathology). After localisation of
the correct head position, the acquired CT images are then
fused with the preoperatively obtained MRI and/or FET-
PET, by using a dedicated planning software (e.g. iPlan and
BrainLab).

Patients

In the present study, we analysed data of patients, who
received a cerebral stereotactic iCT angiography for in-
tracranial biopsy between February 2016 and December
2017.

Inclusion criteria:

– Age ≥ 18 years
– Usage of the same aluminium head frame (MHT

Stereotactic Systems)
– Frame position at the level of the skull base and

standardised subcutaneous fixation with four stainless
steel pins (Fig. 1a–c)

– Tube voltage 120 kV

Exclusion criteria:

– Metallic implants from prior neurosurgery or
neurointervention

– Non-contrast brain CT
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Standardised iCT protocol

Table 1 summarises the standardised iCTacquisition protocol.
After fixation of the stereotactic head frame, a topogram (i.e.
localizer) was made in lateral projection. The iCT scan was
acquired in caudo-cranial direction and comprised the whole
neurocranium. Contrast attenuation was achieved by intrave-
nous administration of 50 ml non-ionic iodinated contrast ma-
terial (iomeprol; Imeron® 350 mg I/ml, Bracco Imaging) at a
flow rate of 4.0 ml/s followed by a 50 ml saline flush. CT
images were acquired in arterial phase using the bolus-
tracking technique (CARE Bolus, Siemens Healthineers). In
detail, a region of interest (ROI) was manually placed within
the common carotid artery, and the scan started automatically
after a trigger threshold of 100 Hounsfield units (HU) had
been reached.

Concerning radiation dose optimisation, two different iCT
protocols were applied:

A. February–December 2016: Enabled ADM, consisting of
ATCM (CARE Dose 4D, Siemens Healthineers) with a
preset reference value of 410 mAs and automated tube
voltage selection (CARE kV, Siemens Healthineers) with

a preset reference value of 120 kV as recommended by
the manufacturer. This protocol was continuously applied
in each iCT scan within this time span.

B. January–December 2017: Disabled ADM. During rou-
tine clinical practice, it was observed that ATCM yielded
increased tube current values at the frame level. ADM
was therefore disabled in January 2017 and replaced by
a CTacquisition protocol with fixed tube parameters (cur-
rent 300 mAs, voltage 120 kV) on a pilot basis. These
tube settings yielded a favourable overall radiation dose
and subjectively similar image quality when compared to
the protocol with enabled ADM and were therefore main-
tained until the end of the study period.

For a systematic evaluation and the purpose of comparabil-
ity, only those examinations in time span Awith an automat-
ically selected tube voltage of 120 kV were considered in the
present study. In order to facilitate a balanced analysis of the
two iCT protocols, we randomly selected 100 patients of time
span, A (group A) and B (group B), each.

Images were reconstructed in axial plane with a slice thick-
ness of 1 mm. The same iterative reconstruction algorithm
(sinogram-affirmed iterative reconstruction, SAFIRE, Siemens

Fig. 1 Standardised position of
the aluminium frame at the skull
base level (lateral topogram (a);
transversal (b)). c Streak artefacts
caused by the four stainless steel
fixation pins. d Diagram
illustrating the substantial tube
current increase at the frame level
(*) in group Awith enabled ADM
(example scan length 16.4 cm,
scan direction caudo-cranial)
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Healthineers) with a recommended strength of 3 was used in
both groups. After completion of the examination, image data
and dose reports were transferred to a dedicated workstation
(syngo.via, Siemens Healthineers) and picture archiving and
communication system (syngo Imaging, Siemens Healthineers).

Radiation dose analysis

Individual values of automatically selected tube current in
group A as well as the volumetric CT dose index (CTDIvol),
dose length product (DLP) and acquisition length in both
groups were recorded from the patient protocols. The effective
dose (ED) estimate was calculated by multiplying the DLP
with a head-specific conversion coefficient k of 0.0019 mSv/
[mGy cm] [22] according to the ICRP 103 publication [23].

Objective image analysis

Regarding objective image analysis, a neuroradiologist with
8 years of experience in diagnostic neuroradiology (R.F.) cal-
culated signal-to-noise ratio (SNR) and image noise of the
grey and white matter outside the frame level by using a ded-
icated picture archiving and communication system software
(syngo Imaging, Siemens Healthineers). In detail, ROIs with a
size of 20–30 mm2 were placed manually within the caudate
nucleus and posterior limb of the internal capsule, as described
by other authors [16]. The mean attenuation value (HU) and
standard deviation (SD) within a ROI were defined as signal

and image noise, respectively (MW and SD in Fig. 2). The
SNR was then calculated as signal divided by image noise. To
minimise the effect of discordant values, the respective mea-
surements were carried out three times and averaged for each
region.

Subjective image analysis

All examinations were independently reviewed in random or-
der by two radiologists with 8 (R.F.) and 4 (M.H.) years of
experience in diagnostic neuroradiology. The readers were
blinded to the two groups, and window settings were freely
adjustable. Subjective image quality was analysed both within
and outside the frame level with focus on the two parameters
‘grey-white differentiation’ and ‘arteries’, by using a three-
point scale (0 = poor/non-diagnostic, 1 = sufficient, 2 = good).

Statistics

Data analysis was performed using IBM SPSS Statistics for
Windows, Version 24.0 (IBM Corp.). Data were initially
assessed for normality applying the Kolmogorov-Smirnov
test. The paired t test was used to compare gender and
patient age between groups A and B, with values shown
as mean ± standard deviation (range). The Mann-Whitney
U test was applied to compare acquisition length, radiation
dose, objective image quality and subjective image quality
between groups, with values shown as median (25–75%

Table 1 Standardised iCT
protocol CT scanner SOMATOM 128 Definition AS+ Siemens Healthineers

Frame position Skull base

Topogram projection Lateral

Acquisition mode Helical

Scan direction Caudo-cranial

Scan range Skull base–vertex

Collimation 128 × 0.6 mm

Rotation time 330 ms

Pitch 0.55

Contrast phase Arterial phase (CARE Bolus)

Contrast agent Iomeprol 350

Flow rate 4.0 ml/s

Tube parameter settings Group A Group B

February–December 2016 preset
by the manufacturer

January–December 2017
based on own experience

Tube current CARE Dose 4Da 300 mAs

Tube voltage CARE kVb 120 kV

Slice reconstruction plane Axial

Slice thickness 1 mm

Iterative reconstruction SAFIRE (J30 s/3)

a Quality reference value 410 mAs; b Quality reference value 120 kV, inclusion of all examinations with a selected
voltage of 120 kV. iCT, intraoperative computed tomography; SAFIRE, sinogram-affirmed iterative reconstruction
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interquartile range). A level of significance of α = 0.05 was
used throughout the study.

Results

Table 2 gives an overview of patient characteristics. Of the
200 patients, 84 were female and 116 male. The mean patient
age was 63 years (range, 18–84 years). Differences of gender
and patient age between groups did not reach statistical sig-
nificance (p > 0.05).

Radiation dose

Radiation dose values of both groups are shown in Table 3.
Median acquisition lengths were 15.7 cm (15.1–16.5 cm) in
group A and 16.6 cm (15.7–17.5 cm) in group B (p < 0.001).

In group A, the median tube current was 643 mAs (624–
656 mAs; fixed value in group B, 300 mAs; p < 0.001).
Within and outside the frame level, median tube current values
in group Awere 1207 mAs (1054–1207 mAs) and 332 mAs
(304–364 mAs) (p < 0.001) (Fig. 1d).

Median overall values of CTDIvol and DLP were
91.54 mGy (88.40–94.29 mGy) and 1561 mGy cm (1497–
1665 mGy cm) in group A, and 43.15 mGy (43.15–
43.15 mGy) and 769 mGy cm (732–809 mGy cm) in group
B (p < 0.001).

ED values were significantly higher (p < 0.001) in group A
with a median value of 2.97 mSv (2.84–3.16 mSv) in com-
parison to group B with a median value of 1.46 mSv (1.39–
1.54 mSv). The parameters of group B yielded an ED reduc-
tion of 51% compared to group A.

Objective image quality

Objective image quality did not significantly differ between
groups (Table 3; p > 0.05). In group A, the median SNR of the
grey and white matter was 6.2 (5.9–6.6) and 4.8 (4.4–5.3),
respectively, in comparison to 6.1 (5.8–6.7) and 4.9 (4.5–
5.1) in group B, respectively. In both groups, median image
noise was equally 8 SD HU (7–8) in the grey matter and 7 SD
HU (7–8) in the white matter.

Subjective image quality

There was no significant difference in subjective image qual-
ity (p > 0.05) (Fig. 3). Within and outside the frame level, two
readers rated the parameter ‘grey-white differentiation’ exclu-
sively as 0 and 2, respectively, for both groups. Regarding the
parameter ‘arteries’ within the frame level, the median rating
of the two observers was 1 (1–1) for both groups. In brain
regions outside the frame level, this parameter was equally
rated 2 for each patient in both groups.

Discussion

Themain finding of the present study is that ATCM resulted in
significant increase of tube current at the frame level, with
peak values of more than 1000 mAs per slice. Consequently,
overall values of commonly applied dose descriptors
(CTDIvol, DLP and ED) were significantly higher in the group
with enabled ADMwhen compared to the group with disabled
ADM. It is a fact that the use of automatic exposure control
may vary (i.e. decrease or increase) CTDIvol depending on the

Fig. 2 Example of objective image analysis with manually placed ROIs
within the caudate nucleus and posterior limb of the internal capsule. The
illustrated values for the grey and white matter are ROI size 28 mm2,
mean signal (MW) 46 HU and 37 HU and image noise (SD) 7. Based on
these measurements, the SNR of the grey and white matter is 6.6 and 5.3

Table 2 Patient characteristics

Group A Group B p value
ADM enabled ADM disabled

No. of patients 100 100

Male/female 56/44 60/40 0.569

Age, yearsa 62.6 ± 14.9 64.1 ± 12.8 0.157
(18–79) (22–84)

a Data are shown as mean ± standard deviation (range). ADM, automated
dose modulation; No., number
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imaged object and noise [18]. However, the study by Bier et al
[20] demonstrated that the use of ATCM in cerebral CT angi-
ographies at 120 kV can work effectively even in patients with
metallic implants (e.g. aneurysm clips and coils), resulting in a
remarkably lower radiation dose (mean ED 0.84 mSv)

compared to our study. Note, in the present study, the ED
increase in the group with enabled ADM was measured de-
spite using lateral topograms for iCT angiography planning. It
has been shown that lateral topograms usually yield both a
higher image quality and lower radiation dose in CT

Fig. 3 Subjective image analysis
of the parameters ‘arteries’ and
‘grey-white differentiation’. At
the level of the frame fixation
pins, the large brain-supplying
arteries can be identified
sufficiently in both groups despite
severe streak artefacts, whereas
the grey-white differentiation is
not detectable (group A, ADM
enabled (a); group B, ADM
disabled (b)). Outside the frame
plane, the two parameters are
clearly visible in both groups
(group A, ADM enabled (c);
group B, ADM disabled (d))

Table 3 Radiation dose and
objective image quality of groups
A and B

Group A Group B p value
ADM enabled ADM disabled

Radiation dose

Aquisition length (cm) 15.7 (15.1; 16.5) 16.6 (15.7; 17.5) < 0.001

Tube current (mAs) 643 (624; 656) 300 (fixed value) < 0.001

CTDIvol (mGy) 91.54 (88.40; 94.29) 43.15 (43.15; 43.15) < 0.001

DLP (mGy cm) 1561 (1497; 1665) 769 (732; 809) < 0.001

ED (mSv) 2.97 (2.84; 3.16) 1.46 (1.39; 1.54) < 0.001

Objective image quality

SNR GM 6.2 (5.9; 6.6) 6.1 (5.8; 6.7) 0.858

Image noise GM 8 (7; 8) 8 (7; 8) 0.652

SNRWM 4.8 (4.4; 5.3) 4.9 (4.5; 5.1) 0.649

Image noise WM 7 (7; 8) 7 (7; 8) 0.475

Data are shown as median (25%; 75% interquartile range). ADM, automated dose modulation; CTDIvol, volu-
metric computed tomography dose index; DLP, dose length product; ED, effective dose; SNR, signal-noise-ratio;
GM, grey matter; WM, white matter
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examinations with enabled ATCM when compared to
anterior-posterior topograms [24], even though it is not yet
clear if these results are valid for head CT studies.
Altogether, our data suggest that ATCM is not yet optimised
for cerebral CT angiographies with major extracorporeal for-
eign materials within the scan range such as stereotactic head
frames. Thus, ATCM should preferentially be disabled in
these special examinations until further notice. Furthermore,
as the automatic exposure control system applied in the pres-
ent study uses a combinedATCM technique (CAREDose 4D,
Siemens Healthineers) which considers the patient’s size and
attenuation changes [9], it is particularly useful for body parts
that are not uniform in size (e.g. chest and abdomen) [10, 11],
and its strength in brain CT is rather limited.

In the group with disabled ADM, we chose a fixed tube
current of 300 mAs and tube voltage of 120 kV. These values
are within the normal range for cerebral CTangiographies [20,
25, 26]. Consequently, radiation dose in the group with dis-
abled ADM was—in contrast to the group with enabled
ADM—clearly below the diagnostic reference level of brain
CT provided by the respective federal office for radiation pro-
tection (CTDIvol = 60 mGy, DLP = 850 mGy cm) [27] and
comparable to results of another cerebral CT angiography
study that did not specifically examine patients with foreign
materials but used ATCM [26]. In addition to optimising tube
current, the value of decreasing tube voltage has been inves-
tigated by recent studies on cerebral CT angiography; lower-
ing the tube voltage to 70 kV, ideally in combination with a
reduced amount of iodinated contrast agent, allows for a re-
duction in ED of up to 85% with a simultaneous increase in
SNR [26, 28–30]. In the present study, the tube voltage was
not decreased, because the image noise in consideration of the
head frame might have been too severe, which in turn could
possibly lead to a significant decrease of overall image quality.
In summary, we believe that our fixed tube settings, which are
also a prerequisite for the present study, may be a reasonable
compromise in these particular CT examinations with major
extracorporeal foreign materials within the scan range.

In contrast to others [20, 21, 26, 28], we did not assess the
SNR of intracranial arteries; measurement of intra-arterial sig-
nal attenuation was neither reliable at the level of the circle of
Willis due to frame-associated metal artefacts nor in the distal
segments due to partial volume effects. Nevertheless, accord-
ing to Guziński et al [16], representative artefact-free values of
SNR and image noise at the level of the basal ganglia could be
obtained. The calculations of both parameters were compara-
ble to others [26] and statistically equal in both groups.

Subjective image quality outside the frame plane was rated
as equally good in both groups. Within the frame level, grey-
white differentiation was neither detectable in the group with
enabled nor in the group with disabled ADM, whereas land-
mark structures such as arteries were sufficiently visible in
both groups. These findings indicate that ATCM did not

improve image quality despite significant increase of tube
current at the frame level as described above. Regarding the
latter, dedicated metal artefact reduction (MAR) techniques
such as iterative algorithms [19, 20], interpolation with filtered
back projection [31], adaptive filtering [32] or dual energy CT
[33] might improve image quality. For example, it has been
shown that the iterative algorithm iMAR (Siemens
Healthineers) can minimise artefacts caused by deep brain
stimulation electrodes [19] as well as aneurysm clips and coils
[20]. However, as the region of interest—i.e. the intracranial
pathology and the adjacent arteries—was located outside this
level and clearly visible in each patient, the neurosurgeon did
not need detailed anatomical information within the frame
level. Furthermore, MAR itself may induce other, previously
unfamiliar artefacts [20, 34].

In our standard iCTangiography protocol, SAFIRE strength
3 was automatically preset by the manufacturer. It has been
demonstrated that this iterative reconstruction algorithm re-
duces both image noise and partial volume effects, particularly
when using a thin slice acquisition [15]. As CT images of both
groups were reconstructed with a slice thickness of 1 mm, the
advantage of SAFIRE utilised in both groups was equally ef-
fective. In this context, it is worth referring to Chen GZ et al
[26] who suggested that SAFIRE strength 4 should be prefer-
entially used in cerebral CTangiography, even though the tube
voltage was set to 70 kV in their study.

Our results have to be evaluated in light of several study
limitations. Firstly, we did not perform dosimetric measure-
ments in the present study; thus, objective data on the actual
patient radiation dose—in particular at the head frame level—
are missing. However, according to published data of other
authors who carried out dosimetric measurements on a thorax
phantom with extracorporeal metallic shielding [35], we be-
lieve that the excess radiation at the frame level caused by
ATCM will not be fully absorbed by the metallic material,
consequently yielding increased patient radiation dose at this
level. Secondly, only one specific algorithm from one vendor
was used for ATCM (CAREDose 4D, Siemens Healthineers),
and the efficacy of alternative algorithms from other manufac-
turers in these particular examinations is unknown. To con-
firm our findings, we therefore recommend phantommeasure-
ments (that also represent the reference standard for radiation
dose estimation) with the samemetal immobilisation device as
used for stereotactic iCT on a few other CT scanner models.
Thirdly, the standardly applied head frame in this study was
made of aluminium, and the fixation pins were composed of
stainless steel. Alternative materials with potentially lower x-
ray absorption (e.g. carbon) might have improved the efficacy
of ATCM. Finally, MAR algorithms were not implemented.
However, these algorithms usually affect the image quality,
but not the radiation dose. Furthermore, as mentioned above,
the neurosurgeon does not need detailed anatomical informa-
tion within the frame level for stereotactic biopsy planning.
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In conclusion, in the present study, ATCM yielded a
disproportionally high radiation dose caused by a substantial
increase of tube current at the frame level. However, this es-
calation of the radiation dose had no diagnostic benefit, and
the image quality remained reduced at the frame level.
According to our data, we therefore assume that ATCM is
not yet optimised for brain CT angiography with major extra-
corporeal foreign materials within the scan range. Further re-
search will be required to obtain more detailed information on
the exact patient dose delivery. Until then, ATCM should
preferentially be disabled in these special examinations. In
comparison, CT examinations with fixed tube parameters
(120 kV, 300 mAs) yielded a favourable overall patient radi-
ation dose and equally good image quality in the brain regions
outside the frame level which are of primary interest for the
stereotactic neurosurgeon.
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