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What is already known on
this topic?

e Repeated head computed
tomography (CT) scans are
essential for monitoring intra-
cranial hemorrhage (ICH) but
increase cumulative radiation
exposure.

e Low-dose CT protocols with
iterative reconstruction can
significantly reduce radiation
without major loss of diagnos-
tic accuracy.

e However, the optimal balance
between radiation reduction
and image quality for follow-
up ICH imaging remains
uncertain.

What this study adds on
this topic?

e Two optimized low-dose head
CT protocols (80 kVp/160
mAs and 80 kVp/320 mAs)
were compared in patients
with ICH.

Both protocols reduced radia-
tion dose by up to 90% com-
pared with the standard-dose
protocol while maintaining
diagnostic image quality.

e The 80 kVp/160 mAs pro-
tocol achieved the greatest
dose savings and remained
sufficient for hematoma moni-
toring, supporting its use for
serial follow-up imaging.

Abstract

Objective: To evaluate and compare 2 low-dose non-contrast head computed tomography (CT) protocols
for follow-up imaging of intracranial hemorrhage (ICH), focusing on radiation dose reduction and subjective
image quality while maintaining diagnostic adequacy.

Methods: This single-center, retrospective, non-randomized study included 58 patients (May 2022-February
2023) who underwent follow-up CT for previously diagnosed ICH. Three protocols were analyzed: stan-
dard-dose (SD, 120 kVp, automatic tube current modulation), low-dose 1 (LD1, 80 kVp/160 mAs), and
low-dose 2 (LD2, 80 kVp/320 mAs). All scans were reconstructed with the Adaptive Statistical Iterative
Reconstruction-V algorithm (60% for SD, 80% for LD protocols). Subjective image quality was rated on
a five-point Likert scale assessing overall visual impression, cerebrospinal fluid visibility, gray-white mat-
ter differentiation, hematoma conspicuity, ventricular delineation, edema visualization, and basal cisterns.
Radiation dose parameters,including computed tomography dose index volume (CTDI_vol) and dose-length
product (DLP), werecompared among groups using the Kruskal-Wallis test with post-hoc Dunn-Bonferroni
correction.

Results: LD2 achieved significantly higher image quality scores than LD1 for most parameters (overall score
32.3 vs. 25.6, P < .001, r = 0.84). No significant difference was found between LD1 and LD2 regarding
hemorrhage conspicuity (P = .133). Median DLP and CTDI(vol) values showed a stepwise increase from
LD1 to SD (108 vs. 407 vs. 1136 mGy-cm and 4.8 vs. 20.4 vs. 50.9 mGy; P< .001). Both low-dose protocols
achieved significant radiation reduction, with LD1 providing nearly 90% dose reduction compared with SD.

Conclusion: Both low-dose protocols preserved diagnostic adequacy for ICH follow-up while markedly
reducing radiation exposure. The 80 kVp/160 mAs protocol offers an optimal balance between diagnostic
acceptability and dose efficiency, making it suitable for routine follow-up CT of ICH.
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Introduction

The increasing use of computed tomography (CT) worldwide has led to a steady rise in the total
population exposed to ionizing radiation." Non-contrast head CT remains the cornerstone for evalu-
ating neurological emergencies such as stroke, trauma, and particularly intracranial hemorrhage
(ICH).2 Although CT provides rapid and highly sensitive detection of hemorrhage and fractures, it
carries a cumulative radiation risk, which is especially concerning in younger or critically ill patients
requiring repeated imaging.>*

A key principle of modern radiology is the ALARA concept (“As Low As Reasonably Achievable”),
emphasizing dose minimization while maintaining diagnostic quality.” This principle is critical in ICH
follow-up, where serial CT scans are frequently obtained to monitor hematoma evolution. Reducing
tube voltage (kVp) and current (mAs), together with advanced reconstruction algorithms, not only
limits radiation exposure but also enables safer serial imaging by decreasing cumulative radiation
burden and improving long-term radiation safety in patients requiring repeated neuroimaging.®”
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Iterative reconstruction (IR) techniques, such as Adaptive
Statistical Iterative Reconstruction (ASIR) and iDose4, compensate
for noise introduced by dose reduction and have demonstrated
radiation savings of 20%-70% without compromising diagnostic
quality.®? Prior studies have shown that for high-contrast lesions
like hemorrhage, standard-dose (SD) CT protocols may be unnec-
essarily high, and low-dose techniques can achieve dose reduc-
tions of 50% or more while preserving image interpretability.? 1%

Given the need to minimize cumulative radiation in patients
undergoing serial head CTs, this study compares 2 optimized low-
dose CT protocols for ICH follow-up. The aim was to assess the
balance between radiation dose reduction and subjective image
quality to identify the most effective and safe protocol for routine
clinical practice.

Methods

This was a single-center, retrospective, non-randomized study
conducted between May 2022 and February 2023. Patients of any
age or sex who had been previously diagnosed with ICH on an
SD non-contrast head CT and showed no significant change in
hemorrhage size or other intracranial findings were included, as
they were considered suitable for follow-up imaging. Exclusion
criteria were ischemic stroke patients with hemorrhagic transfor-
mation and those showing evidence of herniation on either of
the first 2 SD CT examinations. The study was approved by the
InstitutionalReview Board of Bolu Abant izzet Baysal University
Non-Interventional Clinical Research Ethics Committee (Decision
no.: 2023/42, Date: March 14, 2023), and written informed con-
sent was obtained from all participants.

All CT examinations were performed on a 64-detector scan-
ner (Revolution EVO, GE Healthcare, Waukesha, WI, USA). The
SD (Group 3) protocol used 120 kVp with automatic tube cur-
rent modulation. Two different low-dose protocols were applied:
80 kVp/160 mAs (LD1, Group 1, n = 33) and 80 kVp/320 mAs
(LD2, Group 2, n = 25). The ASIR-V iterative reconstruction algo-
rithm was used, with 60% blending for the SD protocol and 80%
for the low-dose protocols. The 160 mAs and 320 mAs settings
were selected based on preliminary phantom optimization stud-
ies in the department, demonstrating that 160 mAs provided the
minimum acceptable noise threshold for hemorrhage follow-up,
while 320 mAs yielded improved soft-tissue and ventricular detail.
The ASIR-V blending percentages were determined according to
vendor recommendations and prior low-dose neuroimaging lit-
erature. Prior to clinical imaging, a quality control phantom was
used to confirm that all relevant intracranial structures could be
adequately visualized at each dose level.

For each examination, the CTDI(vol) and DLP values were
recorded directly from the scanner’s dose report. All images were
reconstructed in 5-mm axial slices and transferred to a dedicated
workstation (Advantage Workstation 4.4, GE Healthcare) for eval-
uation. Two radiologists with 3 and 7 years of experience in neuro-
imaging independently reviewed all images in consensus, blinded
to acquisition protocol and patient information. Image quality
assessment was performed according to the EUR 16262 guideline
criteria for brain CT.

Subjective image quality was graded on a five-point Likert scale,
with SD images accepted as reference quality (score = 5). The
scoring system was defined as follows: 1 — non-diagnostic, 2 —
poor, 3 — moderate, 4 — good, and 5 — excellent. The following
image quality parameters were evaluated: overall visual impres-
sion, cerebrospinal fluid (CSF) visibility, gray-white matter differ-
entiation, hematoma conspicuity, ventricular delineation, edema
visualization, and visibility of the basal cisterns.

Statistical Analysis

All statistical analyses were performed using R software (version
4.3.1; R Foundation for Statistical Computing, Vienna, Austria).
The Shapiro-Wilk test was applied to assess data normality. As all
variables exhibited non-normal distribution, nonparametric tests
were used. Comparisons between the 2 low-dose groups were
conducted using the Mann-Whitney U-test, while comparisons
among the 3 groups for radiation dose parameters (CTDI(vol) and
DLP) were performed with the Kruskal-Wallis test, followed by
post-hoc Dunn-Bonferroni correction for pairwise analyses. Effect
sizes (r) were calculated for Mann-Whitney U-tests to estimate the
magnitude of group differences. A P value < .05 was considered
statistically significant.

Results

Subjective Image Quality

Image quality scores were significantly higher in the 80 kVp/320
mAs group compared with the 80 kVp/160 mAs group for nearly
all parameters (Table 1). Median (interquartile range, IQR) scores
for the 80 kVp/320 mAs versus 80 kVp/160 mAs protocols were
as follows: visual impression 4.0 vs 3.6 (P =.0002, r = 0.49), CSF
4.8 vs. 3.5 (P < .001, r = 0.76), gray-white matter differentiation
4.7 vs. 3.6 (P < .001, r=0.69), ventricle 4.8 vs. 3.9 (P < .001, r=
0.79), edema 4.4 vs. 3.4 (P<.001, r=0.61), and basal cisterns 4.7
vs. 3.0 (P < .001, r = 0.79). The overall image quality score was
significantly higher for the 80 kVp/320 mAs protocol (median 32.3
vs. 25.6, P< .001, r=0.84).

No statistically significant difference was observed between the
2 low-dose groups regarding hemorrhage size (median 4.9 vs 4.6,
P=.133, r=0.13). All examinations acquired with both low-dose
protocols were rated as diagnostically acceptable, and no scans
had to be excluded due to inadequate image quality.

Radiation Dose
There were no significant differences in patient age among the
3 groups (median 63-65 years, P = .99). A statistically significant

Table 1. Comparison of Subjective Image Quality Between Low-Dose
Protocols

Effect 80 kVp/160 80 kVp/320

Size mAs mAs
Parameter ) (n=33) (n =25) P
Visual impression 0.49 3.6 4.0 .0002
Cerebrospinal fluid 0.76 3.5 4.8 <.001
visibility
Gray—white matter 0.69 3.6 4.7 <.001
differentiation
Hemorrhage conspicuity ~ 0.13 4.6 4.9 133
Ventricular delineation 0.79 3.9 4.8 <.001
Edema visualization 0.61 3.4 4.4 <.001
Basal cisterns 0.79 3.0 4.7 <.001
Overall score (sum of all 0.84 25.6 32.3 <.001

parameters)

Values represent median subjective image quality scores based on a
five-point Likert scale (1 = non-diagnostic, 5 = excellent). P values
were calculated using the Mann-Whitney U-test.
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increase was observed in both DLP and CTDI(vol) values, show-
ing a gradual rise from the lowest to the SD protocol (Group 3) (P
< .001 for both parameters; Table 2). The distribution of DLP and
CTDI(vol) values across the 3 groups is illustrated in Figure 1A-B.

Median DLP values were 108 (IQR 10.9), 407 (IQR 31.1), and
1136 (IQR 206) mGy-cm for Groups 1, 2, and 3, respectively. Post-
hoc pairwise comparisons showed significant differences between
all groups (Group 1 vs. 2, P =.0017; Group 1 vs 3, P < .001;
Group 2 vs 3, P < .001). Similarly, median CTDI(vol) values were
4.8 (IQR 0), 20.4 (IQR 0), and 50.9 (IQR 12.1) mGy (P < .001),
with all pairwise comparisons remaining significant (Group 1 vs 2,
P=.001; Group 1 vs 3, P<.001; Group 2 vs 3, P<.001).

These findings confirm that substantial radiation dose reduction
can be achieved using both low-dose protocols, particularly the
80 kVp/160 mAs setting, while maintaining acceptable diagnostic
image quality for follow-up evaluation of ICH (Figures 2 and 3).

Discussion

Minimizing radiation exposure while maintaining diagnos-
tic fidelity is a cornerstone of modern neuroimaging, where CT
remains indispensable for both acute assessment and follow-up of
ICH." Patients with ICH often require repeated CT examinations
to monitor hematoma evolution and ventricular changes, result-
ing in increased cumulative radiation exposure.”>' This study
addressed this concern by evaluating 2 optimized low-dose pro-
tocols combining reduced kVp acquisition and high IR blending
for ICH follow-up.

Both low-dose protocols achieved substantial radiation sav-
ings compared with the SD protocol. The LD1 (80 kVp/160 mAs)
reduced median DLP from 1136 to 108 mGy-cm and CTDI(vol)
from 50.9 to 4.8 mGy, corresponding to nearly 90% dose reduc-
tion. These findings are consistent with previous studies reporting
40%-70% reductions using IR-based low-dose neuroimaging.”'%"3
The ASIR-V algorithm, applied with 80% blending, effectively miti-
gated image noise, enabling such extreme dose efficiency.?” As age
distribution was comparable across groups (P = .99), these reduc-
tions can be attributed solely to technical protocol optimization.

A clear dose-image quality trade-off was observed. The LD2
protocol achieved significantly higher image quality scores than
LD1 across most parameters, with a large overall effect size (r =
0.84). Structures most sensitive to image noise—CSF, basal cis-
terns, and gray-white matter differentiation—showed the greatest
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Table 2. Comparison of Radiation Dose Parameters Among Standard-
and Low-Dose Computed Tomography Protocols

80 kVp/160 80 kVp/320 SD (120 kVp,
Parameter mAs mAs ATCM) P
Age 65 (IQR 22.3) 63 (IQR 25.0) 65 (IQR 25.0) .99
(years)
DLP 108 (IQR 10.9) 407 (IQR 31.1) 1136 (IQR 206) <.001
(mGy-cm)
CTDI(vol) 4.8 (IQR 0) 20.4 (IQRO) 509 (IQR12.1) <.001
(mGy)

Post-hoc Dunn—Bonferroni test results: DLP: Group 1 vs 2, P=.0017;
Group 1 vs 3, P<.001; Group 2 vs 3, P< .001. CTDI(vol): Group 1 vs
2, P=.001; Group 1 vs 3, P< .001; Group 2 vs 3, P < .001. Values
represent median (interquartile range, IQR).

ATCM, automatic tube current modulation; CTDI(vol), computed
tomography dose index volume ; DLP, dose length product; SD,
standard dose.

decline at 160 mAs. This suggests that LD1, while diagnostically
acceptable for high-contrast targets, may be suboptimal for gen-
eral emergency imaging requiring subtle soft-tissue evaluation.
Nevertheless, both protocols maintained diagnostic adequacy for
the study’s primary objective: assessing hemorrhage size. No sig-
nificant difference was found between LD1 and LD2 for hemor-
rhage conspicuity (P = .133), confirming that low-dose imaging
remains reliable for follow-up of established high-contrast lesions.
Prior research similarly indicates that for ICH—characterized by
inherently high contrast-to-noise ratio—dose reductions up to
70% preserve diagnostic confidence.''®

The findings demonstrate that a tailored low-dose CT approach
can safely reduce radiation exposure without compromising the
clinical task of hematoma monitoring. The LD1 protocol provides
the best balance between dose and diagnostic sufficiency, offer-
ing nearly 90% reduction in radiation while maintaining inter-
pretability for hematoma evolution. LD2 may be preferable when
a detailed evaluation of ventricular configuration, edema, or
subtle perilesional changes is required. Implementing such pro-
tocols exemplifies adherence to the ALARA principle and can
substantially lower cumulative radiation risk in patients requiring

CTDI Values by Group

CTDI (mGy)
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Figure 1. Boxplots showing significant stepwise increases in DLP (a) and CTDI(vol) (b) across low- and standard-dose CT protocols

(P < .001, Kruskal-Wallis test).
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Figure 2. Axial non-contrast CT images from 2 patients with intracerebral hemorrhage obtained using different dose protocols. (a, c)
Standard-dose (120 kVp, ATCM) images show clearly defined hematomas with preserved gray-white matter differentiation. (b) Low-dose
protocol LD1 (80 kVp/160 mAs) demonstrates increased noise but adequate hemorrhage visibility. (d) Low-dose protocol LD2 (80 kVp/320
mAs) provides improved overall image quality, comparable to standard-dose acquisition. Arrows indicate the hemorrhagic foci. ATCM,

automatic tube current modulation.

serial CT scans.'”'8 Integrating these low-dose protocols into rou-
tine clinical workflow is feasible, as they require no additional
acquisition time or post-processing and allow meaningful long-
term reductions in radiation exposure without disrupting stan-
dard practice. This strengthens their translational applicability
and supports their adoption as a standard approach for follow-up
ICH imaging.

This study has several limitations. It was a single-center, retro-
spective, non-randomized study, which may limit the generaliz-
ability of its findings across different CT systems and institutional
protocols. Image quality was assessed subjectively by 2 readers,
and despite blinding, high IR texture might have introduced subtle
recognition bias. Moreover, inter-observer variability could not be
statistically assessed because all image quality evaluations were
performed in consensus, representing another methodological
limitation. Another limitation is the lack of organ/tissue-specific
dose estimates for radiosensitive structures such as the brain, eye
lenses, and salivary glands. Because this retrospective study relied
on scanner-reported CTDI(vol) and DLP values, organ-level dosim-
etry could not be performed, as it requires dedicated modeling

tools or specialized dosimetry software that were not available for
this dataset.

Future research should include multicenter validation to assess
reproducibility across different scanner types, as vendor-specific
IR algorithms and detector technologies may influence image
noise characteristics and dose performance. Objective quantita-
tive analysis using metrics such as contrast-to-noise ratio, noise
power spectrum, or task-based image quality assessment may fur-
ther strengthen the evidence supporting low-dose neuroimaging.
Additionally, low-dose techniques may provide particular benefit
for pediatric populations and patients requiring long-term serial
imaging, who are especially vulnerable to cumulative radiation
exposure.

In conclusion, both 80 kVp/160 mAs and 80 kVp/320 mAs
low-dose CT protocols provided diagnostically acceptable image
quality for follow-up of ICH while substantially reducing radiation
exposure compared with SD acquisition. The 80 kVp/160 mAs
protocol yielded the most efficient dose reduction, making it a
suitable option for serial imaging, whereas the 80 kVp/320 mAs
protocol may be preferred when superior parenchymal detail is
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Figure 3. Baseline standard-dose and follow-up low-dose non-contrast CT examinations in 2 patients with intracerebral hemorrhage. (a,
¢) Standard-dose (120 kVp, ATCM) axial images from 2 different patients demonstrate large intraparenchymal hematomas with preserved
gray—-white matter differentiation. (b) Follow-up low-dose examination obtained with protocol LD1 (80 kVp/160 mAs) shows persistent
but well-delineated hemorrhage despite increased image noise. (d) Follow-up low-dose examination obtained with protocol LD2 (80
kVp/320 mAs) provides improved overall image quality while maintaining clear visualization of the hematoma. Arrows indicate the

hemorrhagic foci. ATCM, automatic tube current modulation.

required. These results support the wider clinical implementa-
tion of tailored low-dose CT techniques in routine neuroimaging
practice, promoting radiation safety without compromising diag-
nostic confidence. Prospective studies with larger patient cohorts
are encouraged to further validate the reproducibility and clinical
performance of these low-dose protocols.
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