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Optimization of computed tomography protocols based on 
objective and subjective evaluations. 

INTRODUCTION 

Computed tomography has revolutionized               
medical image guidance, enabling precise target            
localization (1). Widely employed in medical imaging, 
it stands as a powerful diagnostic tool (2). Although 
computed tomography has excellent medical 
diagnosis benefits, it can be associated with high 
ionizing radiation levels (1-3). Exposure to ionizing 
radiation during imaging can be responsible for 
cancer induction, causing 0.6-3.2% of malignant 
tumors in 15 developed countries (4, 5). Moreover, CT 
accounts for 70% of the radiation doses received in 
medicals procedures (4). In this context, the chest is 
one of the areas that receive the highest radiation 
dose in CT exams. This leads to a concern mainly 
because diseases like lung cancer have high mortality 
around the world (6). 

In recent years, the National Council on Radiation 
Protection and Measurements (7) reported a 
significant increase in medical radiation exposure in 
the last 25 years. Medical exposure now essentially 
constitutes half of all radiation exposure for the U.S. 
population, primarily due to the increased utilization 
of computed tomography (8). 

Dose reduction measures are necessary following 
the ALARA principle, which seeks to perform low-
dose radiation exams without compromising the 
medical diagnosis reliability (9). Among all the dose 
reduction techniques used in CT, Automatic Tube 
Current Modulation (ATCM) stands out. ATCM 
automatically adjusts the tube current in the x-y 
plane (angular modulation) along the z-axis based on 
the patient's size. Modulation is based on regional 
attenuation profile and other parameters, such as 
tube tension and table speed (8). 

 Many studies have evaluated ATCM in different 
equipment, patients, and protocols (9-11). Each 
manufacturer uses different terminology for ATCM, 
such as standard deviation (SD) or index noise (12). 
The correct implementation of ATCM in clinical 
protocols determines the proper radiation dose level 
for the patient’s size and for the image quality level 
(13). Despite their efficiency in choosing the 
appropriate current for each region of the patient, the 
clinical applications of ATCM techniques vary widely 
among institutions, which illustrate the lack of 
effective protocols standardization (3).  

This study aimed to optimize chest computed  
tomography protocols based on subjective image 
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quality evaluations using visual grading analysis and 
objective dose levels analyses. Then this study          
intended to determine a standard image quality 
based on objective methods to transfer those                
protocols to other CT equipment. Different protocols 
were tested through ATCM variation to determine the 
best relation between image quality and radiation 
dose, respecting the ALARA principle. It is essential to 
optimize protocols and achieve the patient's best risk
-benefit relation (9, 11, 14).  

By integrating subjective and objective                       
evaluations, this research introduces an innovative 
approach to optimizing chest computed tomography 
protocols. Through the establishment of a standard 
image quality model and the utilization of ATCM 
alongside adherence to the ALARA principle, our 
study seeks to strike a balance between image quality 
and radiation dose, thereby enhancing the safety and 
efficacy of clinical practice. 

 
 

MATERIALS AND METHODS 
 

To achieve the objective of this study, the steps 
showed in figure 1 were followed: 

 
 
 
 
 
 

 
 
 
 
 
 

Database selection 
All images used in this study were acquired with a 

16-channel multislice computed tomography device, 
Toshiba Activion (Toshiba Medical Systems, Ottawa, 
Japan), with ATCM for CT images. 

Thirty patients were included in the analysis.  The 
inclusion criteria for these patients were body            
dimensions of about 75 kg weight and 1.75 m height 
[10]. Exclusion criteria were patients whose imaging 
protocols were acquired differently from the 
standard routine, or the ones who had pathologies 
that modified the lung parenchyma and rib cage. 

 

CT protocol selection 
In the optimization process, six protocols were 

evaluated, with three commonly used in clinical             
routine (protocols 1, 2, and 3) and three added for 
evaluation (protocols 4, 5, and 6). All protocols were 
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used for chest examinations of patients with various 
conditions, such as undefined pathologies, check-ups, 
neoplasms monitoring, metastases, and                           
postoperative screening. The three routine protocols 
were selected based on the patient’s anatomy. 

Table 1 describes each protocol with different 
acquisition parameters, including kV and standard 
deviation (SD). A total of 30 patients were                       
subjectively analyzed, with five patients selected for 
each protocol. The optimization process of the six 
protocols was based on:  a) Dose levels estimative 
(Computed tomography dose index – CTDIvol, DLP - 
Dose length product, and Size-specific dose               
estimate - SSDE); and b) Subjective image analysis 
(Visual Grading Analysis - Subjective noise, Subjective 
spatial resolution, Diagnostic acceptability). 

Evaluation tools 
The American Association of Physicists in           

Medicine (AAPM) CT Performance Phantom was             
employed (model 610, computerized imaging                
reference systems, Inc., Virginia, USA) (15). This 
phantom consisted of three distinct sections designed 
to test different aspects of image quality, as depicted 
in figure 2. 

a. Spatial resolution section: composed of groups of 
8 holes in a Lucite block, ranging from 1.75 mm to 
0.40 mm, with 4.3 mm longitudinal spacing, filled 
with air, as shown in figure 1 (12) for the analysis of 
Spatial Resolution. 
b. Low contrast structures section: mounted at the 
end of the phantom tank, allows the user to evaluate 
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Figure 1. Flowchart illustrating the steps 
followed in the study to achieve the  

proposed objectives. 

Table 1. Acquisition parameters of protocols for routine chest 
computed tomography exams for adults.  

Protocol 1 2 3 4 5 6 
Collimation 

(mm) 
16×1.0 16×1.0 16×1.0 16×1.0 16×1.0 16×1.0 

Slice 
thickness 

(mm) 
5.0 5.0 5.0 5.0 5.0 5.0 

Recon 
thickness 

(mm) 
2.0 2.0 2.0 2.0 2.0 2.0 

Pitch 1.125 1.125 1.125 1.125 1.125 1.125 
Rotation 
time (s) 

0.75 0.75 0.75 0.75 0.75 0.75 

Tube 
voltage (kV) 

120/100 120/100 120/100 120/100 120/100 120/100 

Standard 
deviation 

7.5 8.75 10 11.5 12 15 

Figure 2. The objective evaluation of the image quality was 
performed using the AAPM CT Performance Phantom. It was 
used three different sections: (a) high-resolution section, (b) 

low contrast section, and (c) noise section. 
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a scanner’s ability to detect small differences in           
density, show in 1 (16). The cavities drilled in this 
section range from 1.0” OD to 0.365” OD. The acrylic 
block has a density of 1.19 gms/cm³. Solutions of 
dextrose or NaClH2O, prepared on a weight percent 
basis and differing by 1%, 2% or 3% from the acrylic 
density, were used to fill these cavities. 
c. Noise Measurement section: A homogeneous          
section filled with water was used to evaluate image 
noise, as shown in figure 2 (12). 
  
Objective Analysis  
Dose levels analysis 

According to the ALARA principle, dose levels 
should be as low as reasonably achievable. Therefore, 
a dose analysis was performed to determine an           
average dose in the patient. The reference dose levels 
were obtained in the European protocol (17): 
Computed tomography dose index 
(CTDIvol<30mGy); Dose length product (DLP<650 
mGycm); and Size-specific dose estimate (SSDE). 

 

Image quality analysis 
Image quality was assessed by evaluation of           

contrast-to-noise ratio (CNR); modulation transfer 
function (MTF); and Noise. These objective                 
parameters were used to define the lower limits of 
image quality that will determine the minimum          
conditions for a chest protocol to have sufficient       
image quality for an acceptable medical report. 

The levels of image quality for each protocol were 
determined. An objective evaluation through the 
AAPM phantom was performed, according to the  
following parameters: 
I. Modulation transfer function (MTF) at 40%: The 
Modulation transfer function was used to assess the 
spatial resolution by using SD pixel values               
measurement within each cyclic hole pattern, in the 
first section of the AAPM CT Performance Phantom, 
following the methodology described in (18). 
II. Values of the contrast-to-noise ratio (CNR): The 
contrast-to-noise ratio was used to assess the low 
contrast in the second section of the AAPM CT             
Performance Phantom. It is defined as the signal     
difference between two adjacent areas, which             
directly determines the system's ability to distinguish 
them. It is characterized by equation 1 (19). 

 

     (1) 
 

SA and SB are the mean signal intensities (CT 
numbers) in Hounsfield units (20), and σ0 was the SD 
in the background. Regions of Interest (ROIs) with 1.2 
cm² were used. Area A was placed in each low 
contrast hole, while area B was placed in the 
background. This allowed the calculation of the CNR 
for each low contrast structure. 

III. Noise levels: Noise was evaluated through the 
SD measured by circular ROIs at different points in 
the third section of the AAPM CT Performance       

Phantom. 
 

Subjective analysis  
The evaluation of the image quality through the 

assessment of radiologists followed the European 
Guidelines on Quality Criteria (17). 

Implementing the six protocols in the clinical             
routine was necessary to perform all evaluations. 
Afterwards, an analysis was carried out by two             
radiologists with more than 15 years of experience. 
They evaluated each protocol according to the           
following criteria: 
Subjective noise - presence of noise that affects the 
image quality in general. 
 Subjective spatial resolution - visually sharp              
reproduction of the structures. 
Diagnostic acceptability - how acceptable is the          
examination overall. 

These parameters were classified by radiologists 
on a 5-point scale: +2: Great; +1 good quality; 0:          
acceptable; -1:  low quality; -2:  unacceptable. Those 
scores were based on the classification of                           
radiologists, a visual classification analysis (Visual 
Grading Analysis - VGA) was performed according to 
equation 2. 

 

    (2) 
 

Where; Sc is the individual score for each           
observer O, and the image criteria i, Ni is the total 
number of image criteria and N0 the total number             
of observers. Thus, with the classification of                      
radiologists, the VGA calculation was performed, 
shown in table 2, where each protocol was classified 
as follows: unacceptable (-2), low quality (-2),            
acceptable (0), good quality (+1), and great (+2). 

 

Determination of the optimized protocols 
According to the subjective criterion, those               

protocols considered acceptable can be regarded as 
optimized. Finally, the optimized protocols' dose 
must be lower than the reference limits of the             
European protocol (17, 21- 23). 

 
To be able to transfer the optimized techniques to 

other CT equipment creating a standard image           
quality model, objective parameters were tested.  
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Table 2. Statistical data of the radiographic parameters (kVp 
and mAs values) and patient anthropometric data for selected 

X-ray examinations. 

Protocol 
Subjective 

spatial 
resolution 

Subjecti
ve 

noise 

Visibility 
of 

structures 

Diagnostic 
Acceptability 

Overall 

1 1.9±0.3 1.2±0.4 1.6 ± 0,4 2 ± 0 Optimum 
2 1.8 ± 0.4 1±0.4 1.4 ± 0.6 2 ± 0 Optimum 
3 1 ± 0 0.4±0.8 0.7 ± 0.4 1.2 ± 0.46 Good Quality 
4 0.2 ± 0.4 -0.8±0.8 -0.3 ± 0.4 0.6 ± 0.4 Acceptable 
5 0 ± 0.7 -1±0.4 -2 ± 0 -2 ± 0 Unacceptable 
6 -2 ± 0 -1±0.4 -1 ± 0.7 -2 ± 0 Unacceptable 

+2: Optimum; +1: good quality; 0: acceptable; -1: low quality; -2:             
unacceptable. 
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Statistical analysis 
Statistical analyses focused on calculating means 

and medians for all objective measurements,             
covering both dosimetric metrics (CTDIvol, DLP, and 
SSDE) and image quality parameters (including         
spatial resolution, CNR, and noise levels). Assessment 
of differences between protocols was conducted        
using the Tukey test, indicating the performance of 
analysis of variance (ANOVA) for group comparisons. 
Data were described as following a normal                   
distribution after a Shapiro-Wilk test. A significance 
level of p<0.05 was adopted to determine statistical 
significance in all analyses. 

Furthermore, image quality was subjectively  
evaluated by experienced radiologists using VGA, 
with results quantified and integrated into additional 
statistical analyses, although specific methods for this 
integration were not detailed. 

 
 

RESULTS  
 

The optimization of computed tomography        
protocols is detailed in Tables 3 and 4, with                
evaluations conducted at both 100 kV and 120 kV. 
Dosimetric assessments, including CTDI, DLP, and 
SSDE, were performed for each protocol in                
accordance with European Guidelines, ensuring dose 
levels remained below reference values. SSDE,         
reflecting patient dose distribution, was calculated by 
multiplying CTDIvol (24) by a correction factor, with 
an average LAT of 123.2 mm and anteroposterior 
distance of 99 mm for all patients (25).  

Protocols 1 and 2 were rated as optimal, while 
Protocols 3 and 4 were deemed good and acceptable, 
respectively. Protocols 5 and 6 were considered           
unacceptable based on subjective analysis. All               
protocols-maintained dose quantities below               
reference levels. Objective parameters of image            
quality, specifically MTF, were also assessed using an 
analytical phantom. Notably, in the analysis of spatial 
resolution (phantom section A), MTF at 40% was 
scrutinized, as depicted in figure 3.  

Regarding the objective parameters of image 
quality, the first parameter analyzed was MTF. The 
results of the analysis with the analytical phantom 
were described below. In phantom section A of          
spatial resolution, MTF at 40% was analyzed, as 
shown in figure 3. 

For 120 kV, protocols 1, 2, 3 and 4 demonstrated 
the best spatial resolution. Protocol 1 showed the 
highest spatial resolution (8.67 cycles.cm-1) followed 
by protocols 2 and 3 (8.2 and 7.5 cycles.cm-1) and 
protocol 4 (6.18 cycles.cm-1). Protocols 5 and 6 
showed the lowest spatial frequencies at 40% of MTF 
(5.76 and 5.95 cycles.cm-1). For 100 kV, protocols 1, 
2, 3 and 4 demonstrated the best spatial resolution. 
Protocol 1 showed the highest spatial resolution 
(8.80 cycles.cm-1), followed by protocols 2 and 3 
(8.40 and 7.68 cycles.cm-1) and protocol 4 (6.36     

cycles.cm-1). Protocols 5 and 6 showed the lowest          
spatial frequencies at 40% of MTF (5.25 and 4.94  
cycles.cm-1). 

 

Thus, this study was able to determine objective 
quality levels related to the subjective level, e.g.,            
correlating the VGA values, presented in Table 2, with 
figure 3, the protocols evaluated by radiologists            
presented diagnostic levels in accordance with the 
40% MTF resolution. Protocols 1 and 2 were                    
classified as optimum, with a spatial resolution               
greater than 8 cycles.cm1. Moreover, the good quality 
protocol 3 had a resolution of 7.5 cycles.cm-1, while 
the protocol of acceptable quality, protocol 4,              
presented a spatial resolution of 6.8 cycles.cm-1. In 
addition, the protocols that showed unacceptable  
diagnostic quality had a spatial resolution of less than 
6 cycles.cm-1 than the other ones. The same result was 
found by relating the objective parameters CNR and 
noise with the subjective analysis. CNR had a             
maximum value of 0.72 and a minimum value of 0.24, 
with values of 0.36 and 0.24, being associated with 
protocols considered unacceptable. For noise, there 
was a variation between 5.87 for protocol 1 and 10.38 
for protocol 6. Noise level of 8.08 and 10.38 were  
associated with unacceptable protocols. 

Therefore, the diagnostic quality was related to 
spatial resolution, showing that low dose indices did 
not present satisfactory spatial resolutions,                  
decreasing the diagnostic efficiency. Conclusions 
were related directly to the level of SDs assigned to 
each protocol: low noise levels were related not only 
to high doses, but also to the high resolution. In the 
optimization process, all protocols were analyzed 
according to the following two criteria: subjective 
analysis of image quality and objective analysis of 
dose levels. Therefore, the protocols that will be        
optimized will be those that have been approved by 
both criteria: low dose and subjective analysis. Thus, 
protocol 4 presented results consistent with the     
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Figure 3. Modulation transfer function (MTF) as a function of 
spatial frequency (cycles/cm) for six tested protocols. The 

dashed line shows MTF at 40%. 
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optimization criteria, once it presented relevant          
results to the clinical routine, as described in tables 3 
and 4. 

In table 3, comprehensive analyses, including ob-
jective, subjective, and dosimetric evaluations for the 
six protocols assessed at 100 kV, were presented. The 
noise level increased proportionally with higher SD 
values, resulting in decreased modulation transfer 

function (MTF40%) and contrast-to-noise ratio 
(CNR), while dose levels decreased. Protocol 6 exhib-
ited the lowest CTDIvol, DLP, and SSDE values but 
had the highest noise level, lowest MTF40%, and 
CNR, rendering it unacceptable. The Protocols 1 and 
2 were classified as the optimum in overall subjective 
and objective analyses, while Protocols 5 and 6 were 
classified as unacceptable. 
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Table 3. Results of objective, subjective and dosimetric analyses with kV 100. 

Protocol 1 2 3 4* 5 6 
SD 7.5 8.75 10 11.5 12 15 
kV 100 100 100 100 100 100 

Noise level (HU) 5.23 ± 0.76 6.22 ± 0.74 8.58 ± 0.75 8.82 ± 0.90 9.73 ± 0.36 11.82 ± 0.78 
MTF 40% 8.80 8.40 7.68 6.36 5.25 4.94 

CNR 15.36 ± 0.84 15.32 ± 1.09 14.41 ± 1.91 11.47 ± 1.14 10.32 ± 1.24 9.74 ± 0.87 
CTDIvol 18.50 ± 1.32 16.40 ± 2.15 15.70 ± 1.22 14.30 ± 1.33 12.70 ± 2.40 7.0 ± 3.22 

DLP 627.56 ± 12.36 600.25 ± 10.44 513.80 ± 12.96 402.13 ± 16.65 369.25 ± 7.77 254.69 ± 13.88 
SSDE 47.23 ± 0.58 42.52 ± 0.99 36.84 ± 0.68 32.49 ± 0.56 25.24 ± 0.69 18.45 ± 0.33 

Tube current time (mAs) 145.42 ± 59.84 144.5 ± 47.47 129.52 ± 41.68 128.76 ± 55.34 127.44 ± 29.75 118.92 ± 55.72 
Effective dose (mSv) 10.66 10.20 8.73 6.83 6.27 4.32 

Overall Optimum Optimum Good Quality Acceptable Unacceptable Unacceptable 
SD: Standard Deviation; kV: Kilovolt; MTF: modulation transfer function; CNR: contrast-noise ratio; HU: Hounsfield unit. SSDE: size-specific dose 
estimate; DLP: dose-length product; CTDIvol: volume computed tomography dose index *Protocol 4 with objective image quality analysis within 
reference levels, subjective analysis score as "acceptable" and lower radiation dose levels compared to protocols already used in clinical routine. 

Table 4. Results of objective, subjective and dosimetric analyses with kV 120. 

Protocol 1 2 3 4* 5 6 
SD 7.5 8.75 10 11.5 12 15 
kV 120 120 120 120 120 120 

Noise level (HU) 5.13 ± 0.50 5.27 ± 0.61 5.93 ± 0.54 7.08 ± 0.85 11.27 ± 1.26 13.12 ± 1.38 
MTF 40% (cycles.cm-1) 8.67 8.20 7.50 6.18 5.76 5.95 

CNR 21.37 ± 1.30 20.57 ± 1.62 18.99 ± 1.89 16.95 ± 0.74 14.42 ± 1.37 13.82 ± 1.15 
CTDIvol 18.2 ± 1.66 14.2 ± 2.13 10.2 ± 2.64 6.9 ± 1.96 5.4 ± 1.33 4.9 ± 1.22 

DLP 646.13 ± 15.14 535.2 ± 17.37 418.6 ± 14.97 310.5 ± 14.44 226.4 ± 4.50 145.5 ± 13.20 
SSDE 43.61 ± 0.38 36.71 ± 0.88 27.88 ± 0.57 21.94 ± 0.49 16.34 ± 0.33 14.13 ± 0.19 

Tube current time (mAs) 107.63 ± 51.03 106.86 ± 51.74 106.63 ± 50.49 106.62 ± 51.50 82.28 ± 35.48 81.42 ± 43.01 
Effective dose (mSv) 10.98 9.09 7,11 5.27 3.84 2.47 

Overall Optimum Optimum Good Quality Acceptable Unacceptable Unacceptable 
SD: Standard Deviation; kV: Kilovolt; MTF: modulation transfer function; CNR: contrast-noise ratio; HU: Hounsfield unit. SSDE: size-specific dose 
estimate; DLP: dose-length product; CTDIvol: volume computed tomography dose index *Protocol 4 with objective image quality analysis within 
reference levels, subjective analysis score as "acceptable" and lower radiation dose levels compared to protocols already used in clinical routine. 

Similarly, in table 4, detailed analyses for chest CT 
protocols at 120 kV were provided. Protocols 1 and 2 
were identified as optimal based on both radiologists' 
subjective evaluations and objective parameters.  
Protocol 3 was rated as acceptable, while protocols 4, 
5, and 6 were deemed unsuitable due to inadequate 
spatial resolution and high noise levels. Importantly, 
all protocols-maintained dose estimations below  
reference levels, adhering to the ALARA principle. 

 
 

DISCUSSION 
 

The present study developed a methodology to 
optimize chest CT protocols, integrating subjective 
image quality analyses with objective dose level    
analyses. This multidimensional approach allowed 
the creation of a standard image quality model that 
can be adapted for different CT equipment,                    
highlighting the importance of ATCM variation in the 
relationship between image quality and radiation 

dose. 
The utilization of SSDE as a more accurate dose 

index reflects an advancement in radiation                     
protection, considering patient-specific dimensions. 
his method aligns with the proposal by Anam et al. 
(21) which emphasized the importance of patient dose 
assessment based on automated measurements and 
size-specific dose estimates, finding SSDE values 
comparable to those observed in our protocol 4. This 
agreement reinforces the validity of SSDE as a tool in 
CT protocol optimization.  

When comparing our dose analysis results with 
reference levels (17) and the findings of Soderberg et 
al. (26)  consistency in DLP values is observed, 
suggesting that ATCM-based optimizations can 
maintain doses within acceptable limits without 
compromising image quality. This is crucial to ensure 
patient safety while maintaining diagnostic efficacy. 

The application of VGA proved to be an effective 
technique for quantitative assessment of subjective 
image quality, corroborating previous studies (27). 
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The distinction between acceptable and unacceptable 
protocols, as determined by VGA, reflects a significant 
correlation with objective quality levels, reaffirming 
the relevance of an integrated approach in CT 
protocol optimization. 

Regarding the objection the objective analysis of 
image quality, MTF was essential for assessing the 
system's ability to represent small objects, a key            
factor in detecting small nodules and cancer                
screening (19). 

 Sookpeng et al. (11) into the relationship between 
different noise indices and adaptive statistical 
iterative reconstruction revealed similar patterns in 
our MTF analyses, indicating that the use of ATCM 
may not significantly affect spatial resolution. 

The study by Ahmadifard et al. supports the use of 
SSDE as a precise tool for dose assessment in CT             
examinations. Their research demonstrated that  
considering patient-specific factors like effective            
diameter can optimize doses effectively. This aligns 
with our approach, integrating SSDE with traditional 
metrics like CTDIvol and DLP to refine protocol              
optimization for safer yet diagnostically effective   
doses. Ahmadifard et al. found lower than national 
DRLs for certain scans, highlighting the potential for 
dose management to reduce patient exposure. Their 
calculated conversion factors further emphasize the 
value of SSDE in routine clinical practice, reinforcing 
our multidimensional approach to CT protocol              
optimization (28). 

Additionally, our CNR and noise level analyses 
emphasize the importance of these parameters in 
image quality. Protocols with higher SD showed 
greater noise in the image, which may compromise 
the detection of low-contrast structures (29). The 
strong inverse correlation between CNR and noise            
(-0.93) highlights the interdependence of these 
factors in visualizing objects within the Region of 
Interest (ROI) As expected, protocols with higher SD 
presented higher image noise (30). In a broader 
context, optimizing clinical protocols in CT is vital, 
especially for developing countries. The methodology 
proposed in this study offers an applicable and 
replicable approach for diverse diagnostic centers, 
establishing minimum image quality limits that can 
guide optimization across different equipment. 
However, it is important to consider that variations 
in ATCM parameters between manufacturers may 
require adjustments in the optimization process. 

 
 

CONCLUSION 
 

This study assessed six chest computed                
tomography protocols to optimize radiation doses 
while maintaining image quality. Protocol 4 emerged 
as the most effective, meeting quality standards with 
lower radiation exposure. This approach, guided by 
the ALARA principle, ensures minimal radiation           
doses without compromising diagnostic accuracy. 

The developed methodology offers broader                 
application in clinical settings utilizing CT scanners. 
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