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Abstract

The use of ionizing radiation in computed tomography (CT) has significantly enhanced diagnostic accuracy and clinical
decision-making. However, optimizing CT protocols is crucial to balance the diagnostic benefits with potential radiation
risks, particularly for vulnerable populations. Diagnostic Reference Levels (DRLs), introduced to guide dose optimization,
highlight variations in dose indices due to local protocol differences rather than patient or equipment characteristics.
This underscores the importance of standardizing technical parameters to ensure consistent image quality and minimize
dose variability. Recent advancements, including iterative reconstruction algorithms and artificial intelligence, offer
promising avenues for dose reduction without compromising diagnostic value. Effective optimization strategies require
a multidisciplinary approach, incorporating continuous protocol evaluation, adherence to quality assurance programs,
and clinical audits. Standardized DRLs tailored to clinical indications further enhance imaging practices, reducing vari-
ability and fostering safer, more effective patient care. The purpose of this article is to demonstrate, through a review of
the literature and recent papers, applied to clinical practice, the role of diagnostic reference levels (DRLs) in CT optimiza-
tion and image’s quality.

Article Highlights

e DRLs has been shown to be an effective tool for optimizing radiation exposure but should not be used as dose limits
or to assess image quality.

e The application of DRL is not sufficient for the optimization of radiation protection, but the diagnostic quality of the
corresponding images should also be evaluated.

e CT utilises CTDI,, and DLP as DRL quantities of a single scan and total DLP as DRL quantity of the entire examinations.
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Abbreviations
DRLs Diagnostic reference levels

CTDl,, Volumetric computed tomography dose index

MPE Medical physics expert

RP Radiation protection

ICRP International commission on radiological protection
DLP Dose length product

M Tube current modulation

1 Introduction

According to several studies, ionizing radiation should be considered carcinogenic to humans [1]. In medicine, it is
essential to manage the radiation dose to patients in relation to the medical purpose. The goal is to use an appropriate
dose to achieve the desired image quality or therapeutic outcome [2].

The use of ionizing radiation for diagnostic purposes has been a significant achievement, particularly with the advent
of computed tomography (CT), which has greatly enhanced information compared to plain radiography. CT scans have
revolutionized diagnostic performance and, consequently, the clinical decision-making process, significantly increas-
ing accuracy [3, 4]. However, CT studies now represents the main source of medical radiation exposure for the general
population, posing potential health risks, especially for pediatric and younger patients [2, 5].

Itis, therefore, critical to strike a balance between the diagnostic benefits of ionizing radiation and the associated risks.
The introduction of Diagnostic Reference Levels (DRL) has been pivotal, providing a reference standard to be achieved.
DRLs do not represent dose limits and are not applicable to individual patients. Establishing national DRLs involves
complex and thorough investigations, which can be burdensome in terms of data collection and analysis. Furthermore,
DRLs are not always sensitive to rapid technological developments. As a solution, the concept of defining DRLs specific
to clinical indications has emerged, aiming to simplify the optimization process and increase consistency of these values.

2 Optimization of the computed tomography exam

Dose optimization is defined as the use of the minimum amount of ionizing radiation necessary to achieve a result (ie
images) that satisfies the clinician’s diagnostic question [6].

To evaluate the quality of CT studies, several factors are considered, including achieving a balance between the clini-
cal need for high-quality images and the risks from radiation exposure is key. Poor image quality due to low radiation
can lead to misdiagnosis, while excessive radiation increases patient risk. As required by national regulations and best
practices, the quality of CT images and the dose of CT studies are continuously reviewed through quality assurance
programs. In the process of protocol optimization, after an initial evaluation by the medical physics expert (MPE), the
images are clinically validated (i.e. the images provide sufficient diagnostic information) by experienced radiologists.

It must be considered that individual optimization in medical exposures does not necessarily mean reduction of the
dose to the patient or providing a higher dose of radiation where needed.

Given the evidence of potential cancer risks associated with ionizing radiation, optimizing the dose is critically impor-
tant[1, 2]. Various strategies exist for dose optimization in CT studies, focusing on aspects such as modulation of kilovolt-
age (kV) and tube current (mA), reduction of scan length and number of phases, and the use of iterative reconstruction
algorithms [6]. In this regard, very interesting possibilities relate to machine learning that is actively explored in CT
imaging, demonstrating impressive results and significant potential for dose reduction [2, 7].

Machine learning and radiomics are particularly promising in supporting clinical work.

These technologies enable advancements in dose estimation, image post-processing, and radiological image quality
enhancement [8]. Radiomics, in particular, can provide valuable support by creating predictive models based on features
extracted from imaging data- This is especially evident in oncology, which remains the primary field of application of
radiomics [9].

In the context of dose optimization strategies, defining a structured optimization process is essential.

Key steps to achieving an effective optimization process include: (1) Establishing a quality program: a defined quality
assurance program is the foundation of dose optimization; (2) Assembling a multidisciplinary team: a team of specialists,
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each with a clear role in the process, is critical; (3) defining appropriate dose parameters; ensure that the radiation dose
provides sufficient image quality to answer the clinical question; (4) implementing and updating protocols: continuous
refinement of protocols is essential; (5) evaluating the optimization process: conduct a final assessment to ensure the
best image quality is achieved with the lowest possible dose [6].

A practical illustration of key points 4 and 5 is shown in Figs. 1 and 2.

Vessels and liver lesion (cysts) are well depicted in all phases. Image noise is considered acceptable by radiologists. The
total DLP of CT examination is 1235 mGycm (ltalian DRLs for adult CT trunk scan are CTDI, 17 mGy, DLP 1200 mGycm,
Total DLP 2115 mGycm).

3 Computed tomography dose and image quality

The quality of a radiological image directly influences diagnostic accuracy and the subsequent clinical management
of the patient. A radiological image is considered of good quality when it meets specific technical requirements (e.g.
acceptable levels of image noise) and is deemed of diagnostic value.

Low-quality images are more likely to be rejected, necessitating a repeat of the procedure to produce images suit-
able for diagnosis. This leads to unnecessary additional exposure to ionizing radiation for both patients and radiological
staff [10].

When modifying imaging protocols, it is essential to ensure that the resulting image quality remains appropriate for
the diagnostic purpose. The optimization process must balance image quality and patient dose: while reducing radiation
exposure is desirable, image quality must be maintained at a diagnostically acceptable level [11]. Like any optimization
process, dose optimization requires careful consideration of multiple factors. It can be hindered by an inadequate weigh-
ing of all relevant aspects or by a lack of awareness of potentially significant external factors.

Several challenges make the dose optimization process complex. The primary barriers include: (1) resistance to change:
radiologists may be reluctant to adopt low-dose protocols due to concerns about compromising diagnostic quality; (2)
variability in radiation protection education and training: inconsistent levels of knowledge among radiologists can hinder
optimization efforts; (3) limited time and resources: a lack of commitment or encouragement from management can
stifle optimization initiatives; (4) technical challenges: technological variability, inconsistency in protocols and equipe-
ment limitations add further complexity [12].

Total DLF 1: mMGYCm
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Fig. 1 Female, 54 years old (55 kgs). Triple-phase liver CT examination for a female oncological patient. Scanner Siemens Somatom Defini-
tion Flash. Arterial phase (a) uses fixed kV (100 kV) and tube current modulation (TCM) optimized for vascular enhancement. The same pro-
tocol is used for portal- (b) and equilibrium-phase (c), with fixed kV (100 kV) and TCM optimized for parenchymal enhancement
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Fig.2 Female, 56 years old (56 kgs). Triple-phase (a, b, c) liver CT examination in the same patient 12 months later with the same equipment
(Siemens Somatom Definition Flash) but different technical settings due to CT protocols optimization. If compared to the previous exam the
TCM values are lowered in all protocols (see ref mAs and CTDI,,; compared to those of Fig. 1), especially in equilibrium-phase (c) where the
late contrast-enhancement of liver lesions is evaluated and an increased image noise is acceptable. Note that the total DLP is halved if com-
pared to Fig. 1 (total DLP is 692 mGycm vs 1235 mGycm)

A practical example of inconsistency in protocols is shown in Fig. 3.The same patient had three abdominal CT studies
at three different dates using the same equipment (Siemens Somatom Definition Flash) and for the same clinical purpose
(kidney stones, peritoneal abscesses).

Dose indices of the three examinations comply to Italian national DRLs for abdominal CT (7 mGy CTDI,.;, 227 mGycm
DLP and 392 mGycm total DLP in patients weighing 15-30 kgs or aged 5 years); see Fig. 3. Despite these, there are differ-
ences in number of phases per examination (exams a and b: two phases, exam c: one phase) and in TCM settings (exam
a: 120 ref mAs; exam b: 150 ref mAs; exam c: 90 ref mAs).

Fig.3 Male, 6 years old (22 kgs). The same patient had three abdominal CT studies (a, b, c) at three different dates respectively with the
same equipment and clinical task (peritoneal abscesses, right kidney stones). The exams were performed using different protocols, exposure
settings and with variability in the number of phases
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4 Diagnostic reference levels based on clinical indications

The use of ionizing radiation for diagnostic purposes has necessitated the establishment of a specific regulatory frame-
work for this sector, and the introduction of DRLs was very important in this sense. DRLs were first introduced by the
International Commission on Radiological Protection (ICRP) in its publication 73 of 1996 [11] and they have to be consid-
ered as part of this optimization process, as described also in recent DRLs recommendations in ICRP Publication 135 [13].

The DRL value is defined as a national arbitrary value set at the 75 th percentile of the distribution of medians obtained
from relevant surveys [11, 13]. Viewing DRLs as a boundary between “good” and “bad” medical practice is misleading.
Instead, DRLs should be considered dose thresholds prompting a review of practices if values consistently exceed (or
fall below) them. Such reviews should take into account the specific circumstances of each case [13].

In Italy, DRLs were initially introduced with Legislative Decree 187/2000 [14]. Article 4 of this decree outlines the
principle of optimization, stating that all doses must be kept as low as reasonably achievable while still obtaining the
necessary diagnostic information.

More recently, the Italian Government adopted the 59/2013/Euratom Directive [15] with Legislative Decree 101/2020
[16] reinforcing the safety standard of radiation protection.

The updated definition of DRLs in Legislative Decree 101/2020, based on definition (20) of Article 4 of EURATOM Direc-
tive 59/2013, describes them as follows: “means dose levels in medical radio diagnostic or interventional radiology practices,
or, in the case of radio-pharmaceuticals, levels of activity, for typical examinations for group of standard-sized patients or
standard phantoms for broadly defined types of equipment”[15].

Advancements in both equipment and data analysis have naturally influenced this field, resulting in a general reduc-
tion of DRL values over time.

Recent developments are reported in the Istisan 20/22 Report [17], which provide a comprehensive reference and
represents the Italian guideline on DRLs establishment.

This document [17] defines medical procedures for which DRLs must be established, providing CT dosimetric indices
(CTDl,,,, DLP and total DLP exams) and criteria as well as sample size, value in the distribution used to define the quantity
of interest and scope.

5 Classification of diagnostic reference levels

DRLs are classified as Regional (European), National, Local and Typical.

National DRLs require extensive investigations, which can be resource-intensive in terms of data collection and analy-
sis. They may not respond quickly to rapid technological advancements.

Local DRLs or typical values based on smaller scale surves (e.g. within individual hospital or a few radiology rooms)
are more adaptable. The ICRP defines “local DRLs" as values derived from surveys conducted in 10-20 radiology rooms,
while “typical values” are obtained at the hospital or clinic level. These values facilitate comparisons between radiology
rooms or reflect the adoption of a new technology [17].

6 Computed tomography diagnostic process and diagnostic reference levels

The CT diagnostic process requires special attention, particularly in two areas: (1) Total DLP reporting: while total DLP
is required by law, the regulations provide indications only for specific anatomical regions. There is no further detail or
clinical context for these values [17]; (2) Technological progress: a comparison of DRL values for adult CT studies in Ital-
ian radiological practice, as expressed in legislation and earlier reports, shows a significant decrease over time due to
advancements in CT technology (Fig. 4).

A practical example is shown in Fig. 4 where the same patient underwent two abdominal CT examinations at different
dates using a 2nd generation dual source scanner Siemens Somatom Definition Flash (Fig. 4a,b) and six months later with
a 3rd generation dual source scanner Siemens Somatom Force (Fig. 4 c,d) for the same clinical purpose (Wilms tumor
follow up). Dose indices of the two examinations comply to Italian national DRLs for abdominal CT (5.7 mGy CTDI,,
151 mGycm DLP, 193 mGycm total DLP) in patients weighing 5-15 kgs or aged 1 year. Respectively CTDI,, values are:
(@) 1.33 mGy; (b) 2.70 mGy; (c) 0.96 mGy; (d) 0.67 mGy. All T mm slice thickness reconstruction images are diagnostic,
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Fig.4 Female, 17 months old
(22 kgs). The same patient had
two abdominal CT studies
within 6 months with a 2 gen-
eration dual source scanner (a,
b) and a 3rd generation dual
source scanner (¢, d). Techni-
cal settings of scan (a) and

(c) are similar, so that dose
indices reduction depends

on equipment technological
advancement

despite the use of different equipment and technical settings (a: 80 kV, 90 ref mAs; b: 100 kV, 90 ref mAs; c: 80 care-kV,
90 ref mAs; d: 70 care-kV, 90 ref mAs).

7 International study findings

A 2019 retrospective study re-evaluated approximately 2 million CT scans performed between 2015 and 2017 across
seven countries. The dataset included scans of different body regions using 290 machines from four manufacturers and
covered 151 hospital facilities.

The study revealed heterogeneity in mean effective dose values between countries, particularly for abdominal and
combined chest/abdomen scans [18]. Differences in technical parameters, such as kV or TCM settings and number of
phases, have been identified as the main factors contributing to these variations [19] as illustrated in Figs. 5 and 6.

8 Diagnostic reference levels and image quality

The study mentioned in the previous section was followed by the publication of Radiation Protection publication 195
[20] which led to several important considerations:a) image quality classification is not standardized, and European
guidelines on image quality criteria should be developed, particularly in relation to clinical indications for examination;
and b) common terminology for DRLs is needed. There is a need for a standardized lexicon to define DRLs to avoid confu-
sion arising from different terminologies. Procedures that are essentially identical may be named differently, which can
create heterogeneity in sample data.

The introduction of “standardized” DRLs could benefit from the standardization of multi-phases examination tech-
niques and protocols [18].

As highlighted earlier, and in the ICRP Publication 135 [13], a key challenge is to strike the right balance between
image quality (e.g. noise levels) and the dose to the patient. This balance is crucial for dose optimization and image clar-
ity. As reported in ICRP Publication 135 it is essential to ensure that appropriate image quality for diagnostic purposes
is achieved when imaging protocols are changed. DRL quantities are very useful in providing information on radiation
dose, but they are not descriptors of image quality.

Evaluating the quality of CT images involves balancing multiple considerations to ensure diagnostic accuracy and
patient safety. One critical aspect is managing the trade-off between image quality and radiation dose, where excessive
radiation increases risks but inadequate doses may compromise diagnostic value. Quality assurance programs ensure
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Fig.5 Female 15 years old (kg unknown). The same patient underwent three CT examinations of the limbs (femoral) in three different facili-
ties for the same clinical task (follow-up of osteoid osteoma) with different equipment and technical settings. The lesion is well represented
in all images despite the large variability of dose indices, determined by different technical parameters: a 15 mGy CTDIlvol, 393.1 mGycm
DLP; total DLP not reported b 6.52 mGy CTDIvol, 504.81 mGycm DLP; 507 mGycm total DLP ¢ 1.47 mGy CTDlvol, 31 mGycm DLP, 36 mGycm
total DLP

Fig.6 Female 18 months old
patient had two abdominal
CT studies at different dates
due to a right kidney Wilms
Tumor. CT examinations

were performed with the
same equipment (Siemen
Somatom Force) and the
same optimized protocol,
named (abdomen_5_15 kgs).
Abdominal scans dose indices
are identical: a 0.51 mGy
CTDl,,;, 13.9 mGycm DLP; b
0.52 mGy CTDI,, 14.9 mGycm
DLP.The use of a standardized
weight-based protocol is help-
ful in reproducibility of image )
quality and patient dose WONESR . iis 8 oz | Temomam A 800 TR

v}

consistency through routine checks, reject analyses, and monitoring of radiation dose levels. The Medical Physics Expert
(MPE) is responsible for performing physical and technical assessments, analyzing parameters such as contrast, noise,
spatial resolution, and advanced metrics like Modulation Transfer Function and Detective Quantum Efficiency. How-
ever, image quality also requires clinical evaluation by experienced radiologists to determine whether the images meet
diagnostic needs [22].

As radiation dose decreases, image quality must be maintained at an appropriate level. This is especially important in
optimizing image quality while reducing dose (Fig. 6).

9 Clinical audits in Italy
Article 168 of Italian Legislative Decree 101/2020 [16] promotes the use of clinical audits for radiological practices.

Clinical audits, as described in the ESR Esperanto document [21], are continuous and systematic evaluations of
medical radiological procedures aimed at improving the quality and outcomes of patient care.

@ Discover



Case Study
Discover Applied Sciences (2025) 7:523 | https://doi.org/10.1007/542452-025-07125-8

The purpose of clinical audits is to evaluate results against established standards of good practice, and to modify
procedures or implement new standards when necessary [21]. The process can be broken down into three main
steps: (1) a standard is selected; (2) a comparison is made between the standard and the local condition; (3) if there
is a deviation, changes are made and results are re-evaluated [21].

10 Conclusions

Several studies have evaluated the usefulness of Diagnostic Reference Levels (DRLs) based on clinical indications. In
our daily practice, at the beginning of CT protocol optimization, we observe significant variations in dose indices.

These variations, observed even for the same anatomical area and same clinical task, are primarily attributed to
local choices in technical parameters rather than differences in patient characteristics or scanner specifications.

These variations highlight that first step of optimization relates to technical parameters, balancing image qual-
ity (e.g., noise) with the dose to the patient. As radiation dose decreases, image quality should be maintained at an
appropriate level. It is essential to optimize image quality in accordance with the potential for dose reduction. These
insights highlight that dose optimization in CT imaging can significantly benefit from the standardization of protocols.

DRLs based on clinical indications offer valuable potential for improving practice, but greater uniformity is needed
to minimize variability across institutions.

Achieving an optimal balance between image quality and DRL benchmarks is essential, avoiding unnecessary
personalization of protocols by radiologists and instead focusing on standardization. Additionally, clinical audits
play a crucial role in addressing discrepancies between DRLs and image quality, ensuring that the best radiological
practices are consistently implemented while maintaining high diagnostic standards.
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