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06ocHoBaHMe HOBOro NOAX0AA K KPUTEPUAM OLLEHKM ekt
A03bl 06/ly4eHMA NaLMEeHTOB NPU KOMMNbIOTEPHOM
ToMorpagum

E.W. Matkesuy" 2, B.E. CuHuubiH? 3, U.B. MBaHoB"
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5 [ocynapCTBeHHbIA HayyHO-MCCTIEA0BATESILCKWIA UCTILITATENbHbIA MHCTUTYT BOEHHOM MeamumHbl, CakT-Metepbypr, Poccuiickas ®epepaums

AHHOTALUMA

06ocHosaHue. B nepuop, pe3Koro Bo3pacTaHus Konu4YecTsa UCCNeA0BaHNN C MPUMEHEHUEM KOMMbIOTEpHOI ToMorpadum
(KT) noBbliwaeTcs aKTyanbHOCTb COBEPLUEHCTBOBAHMS METOAO0B KOHTPONA [03bl 06/Ty4eHUs NALMEHTOB B LENSX HemnpeBbl-
LUEHNS PEKOMEHAYEMbIX YPOBHEN.

Llens — npoaHanu3mpoBaTb 3aBUCUMOCTb 3QGHEKTUBHON A03bl NPU KOMMbIOTEPHOWU TOMOrpadun pasnnyHbIX obnacten
Tena oT Macchl NALMEHTA W paccunTaTh CTaHAAPTHY0 3G GeKTUBHYI0 103y AN18 naumeHToB Maccoid 70 Kr u 80 Kr.

Mamepuanel u Memodel. MpoaHanu3upoBaHbl NpoTokonbl KT-UccnegoBaHuii — oaHodasHbix (209 naumeHToB) M MHo-
roasHbix (114 naumeHToB). 3dPEKTUBHYIO [03Y pPacCUMTLIBANM B COOTBETCTBMM C HOPMAM30BaHHLIMU KO3hdULMEHTAMM
ANs Kaxpon obnactu Tena (ronoBa, rpyaHas Knetka, bpioluHas noiocTb U Manbii Tas). 3Ha4eHns cTaHAApTHOW 3 dEKTUBHON
[03bl PacCcynTbIBaNM NYTEM anMPOKCUMALMK AaHHbIX C UCMOMb30BAHNEM JIMHEMHON QYHKUMM 3QDEKTUBHON A03bl OTHOCK-
TeNbHO Macchl Tena AN CTaHaapTHoro naumeHTa Maccon 70 kr wnm 80 kr ans kaxporo Tmna KT-ckaHepa M ckaHupyeMoii
obnactu Tena.

Pesynemamel. YctaHoBneHo, uto npu KT-uccnepoBaHun adekTBHan A03a yBENMYMBAETCA NPOMOPLMOHANLHO Macce
Tena naumeHToB. PaccuuTaHbl M conocTaBlieHbl 3Ha4EHUS cpeaHen 3G heKTBHOWM 403bl, MeuaHHOW IDHEKTUBHON 403, pe-
(hepeHTHbIX AMarHOCTUYECKMX YPOBHEN (M3B) CO CTaHAapTHOM 3¢ deKTMBHOM A0301 (M3B) Npu 0AHO(A3HOI U MHOrodasHoM
KOMMbloTepHoi ToMorpadmu. Bo Bcex cpaBHMBaeMbIX rpynnax 3TM MoKa3aTenn OblM HECKONIBKO Bbille, YEM CTaHAApTHas
3ddeKTMBHAA 1033, ecnu KputepueM bbina Macca 70 Kr, 1 6binm 61M3kK K cTaHpapTHOM 3ddeKTMBHON [03e, ecu KpuTe-
pueM bbina Macca 80 Kr. MNokasaHa BO3MOXHOCTb UCMOJb30BaHMS )1 pacyéTa CTaHAapTHOM 3P hEKTUBHOM [,03bl HE TOJIBKO
AaHHBIX NaLMeHTOB, 0TOBpaHHbIX MO CTaHAAPTHOW Macce Tena, HO M BCEro MaccuBa AaHHbIX METOLOM anmpoKcUMaumu. 31o
MOXET ObITb UCMO/b30BaHO 1S COBEPLUEHCTBOBAHUS PYKOBOASALLMX NPUHLMINOB CPaBHEHUS U CTaHAApPTM3aLmM 03 obyde-
HWA NPU KOMNbIOTEPHOW TOMOrpaduu Y NaLMEHTOB MO U3y4YeHHbIM 0bnacTaM Tena.

3axnoyenue. B uccnefoBaHuM onucaHa MeTOAMKA OLEHKU U cpaBHeHUs A03bl KT-u3nyyeHus Ha npuMepe Byx 6onb-
Hu 1 AByx KT-ckaHepoB ¢ Y4ETOM Macchl CTaHLAPTHOrO MauumeHTa. Pe3ynbTaThl NOKA3bIBAKOT, YTO PacyET W aHanM3 CTaH-
AApTHOM 3 hEKTUBHOW [,03bl NS KaXAoW 0bnacTu Tena BMeCTo cpefHein apdeKTUBHOW [03bl, MeAMaHHON 3 deKTUBHOM
A03bl UM 75-ro KBaHTUNA 3QPEKTUBHON [03bl NOMOraloT boslee KOPPEKTHO CpaBHUBATL pajvauMoHHOe 0bslydeHne B pas-
HbIX MeAMLIMHCKUX YYPEXEHNUAX U aHaNU3MPOBaTh MPUYMHBI MPEBBILLIEHUS PETUOHAMBHBIX WITM HALMOHAMbHBIX pedepeHTHbIX
LMarHoCTUYECKUX YPOBHeN. B ycnoBusx peskoro yeenuuenns uncna KT-uccnenoBaHuit B nocnefHee BPeMS HEMpeBbILLEHNE
Npu KOMNbIOTEPHON TOMOrpadun pedepeHTHbIX AMArHOCTUUYECKMX YPOBHEMN, pacCUMTaHHbIX MO KPUTEPUIO CTaHLApPTHOM 3g-
(EeKTMBHON [,03bl, NPU3BAHO CHU3UTL OTAANEHHBIE NOCEACTBUSA B BULE OHKONIOMMYECKOM NaToNorMn cpeay HaceneHus.

KnioueBble cnosa: KoMnbloTepHas ToMorpadus; paguaumoHHoe o6nydyeHue; 3ddeKTUBHaA [03a, pedepeHTHble
[IMArHoCTMYECKME YPOBHU; Macca Tena; KOppeALMOHHbINA aHanu3.
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Substantiation of a new approach to the criteria
for assessing the radiation dose of patients during
computed tomography
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ABSTRACT

BACKGROUND: In accordance with the requirements of the IAEA basic safety standards and the International Commission
on Radiation Protection, comparing the radiation dose for patients undergoing computed tomography (CT) in diagnostic and
treatment clinics with national or international DRLs is important for controlling medical radiation doses. The search for ways
to improve DRLs calculations determines the relevance of such studies.

AIM: To analyze the dependence of effective doses (EDs) in CT of different body parts on patient’s weight and to calculate
the standard ED for the patient (70 and 80 kg).

MATERIALS AND METHODS: CT acquisition protocols in 209 patients were single phase (SP) CT, while 114 patients
underwent multi-phase (MP) CT. ED was calculated according to the normalized coefficients for each body area. The values of
standard ED was calculated by data approximation using linear function of ED relatively body weight for each type CT scanner
and body area scanned.

RESULTS: The increase in ED following a CT examination was proportional to the body weight of patients. For SP and MP
CT scans, the standard EDs were calculated according to all body areas. The mean ED, median ED, and DRLs (mSv) in these
groups was slightly higher than standard ED (mSv) if the criterion was 70 kg and were close to standard ED if the criterion was
80 kg. These values give a basis for improving the guidelines concerning the recommended limits of radiation doses for CT in
individual patients according to indications and body parts studied.

CONCLUSIONS: In the study, a methodology for assessing and comparing the dose of CT-radiation at two hospitals in the
two CT scanners, considering weight of a standard patient, is described. Our results show that the calculation and analysis of
the standard ED of CT-examining areas of the body instead of mean ED and median ED help to compare the radiation exposure
in different medical facilities more properly. Given the recent sharp increase in the number of CT studies, not exceeding the
standard ED for patients with CT will reduce the long-term consequences in the form of oncological pathology among the
population.

Keywords: computed tomography; radiation dose; effective dose; diagnostic reference levels; body weight; correlation of
data.
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ABBREVIATIONS

CT: computed tomography

CTDIvol: volume computed tomography dose index
(mGy)

DLP: dose-length product calculated as a product of
dose (mGy) and the length of the body area scanned (cm)

DRLs: diagnostic reference levels

ED: effective dose (mSv)

ICRP: International Commission on Radiological
Protection

SSDE: size-specific dose estimate (mGy)

BACKGROUND

Recently, the application of computed tomography
(CT) has increased in Russia and elsewhere. In 2020, the
average annual medical effective dose per capita in Russia
dramatically increased by 30% (0.6 mSv in 2019, 0.81 mSv
in 2020) [1], but the CT contribution to the collective medical
exposure dose increased from 22.1% in 2010 to 73.5% in
2020 and currently ranks first among all types of X-ray and
radiological examinations. In the long term, an increase
in the total patient radiation doses should be expected
during screening CT scans to diagnose the consequences of
COVID-19 and lung and breast cancer as well as repeated
CT scans to establish changes in the pathological process,
including CT using radiopaque agents.

According to the basic safety standards of the International
Atomic Energy Agency [2] and the International Commission
on Radiological Protection ICRP) [3-7], to control medical
radiation doses, CT radiation doses in diagnostic and medical
clinics must be compared with national or international
diagnostic reference levels (DRLs). The importance of such
studies is driven by the need to find ways to improve DRL
calculations.

The purpose of this study was to analyze the relationship
between an effective dose (ED) and patient weights in the CT
scans of various body areas as well as to calculate standard
EDs for patients weighing 70 kg and 80 kg.

MATERIALS AND METHODS
Study Design

A retrospective study was performed using the electronic
databases of the single-phase CT (SP-CT) and multiphase CT
(MP-CT) of the head, chest, abdomen, and pelvis.

Eligibility Criteria

Inclusion Criteria: patients aged 17 to 95 who were
referred to a diagnostic CT scan by their attending healthcare
professional.

Exclusion Criteria: patients with missing body weight data.

Study Conditions

This study included the patients of two multi-disciplinary
healthcare institutions: the Treatment and Rehabilitation
Center of the Ministry of Health of Russia (Site 1) and the

DOL: https://doiorg/10.17816/BD110857

I.V. Davydov City Clinical Hospital of the Department of Health
of Moscow (Site 2) using standard CT protocols for these
body areas.

Study Duration

Electronic data on patient CT radiation exposure for
2015-2018 were analyzed.

Description of Medical Intervention

CT scans were performed using two CT scanners (at
Site 1: GE Discovery CT750 HD, 64-slice, GE Healthcare,
USA; at Site 2, Toshiba Aquilion Prime, 80-slice, Toshiba,
Japan) following the standard scanning protocol [8]: The
tube voltage was 100 kV or 120 kV with automatic current
modulation, and the slice thickness was 0.5, 0.625, 1.25, and
1.5 mm. The key parameters of CT protocols are presented
in Table 1. In this study, all CT scans used the same type of
noise reduction algorithms for the corresponding body area.

Based on the CT reports of each patient, the following
radiation exposure parameters were entered into the
database: CTDIvol (volume-weighted computed tomography
dose index, mGy) and DLP (absorbed dose for the entire CT
scan, mGy x cm). Individual patient EDs were calculated
using the formula [5]:

ED (mSV) = Kep g % DLP, (M

where ED is the effective dose; K is a coefficient; and DLP
(dose—length product) is the product of the dose absorbed
(mGy) and the length of the body area scanned (cm).

For the calculations, we used the K¢, ;» conversion
coefficients (mSv x mGy™' x cm™) [4]: head, 0.0023; chest,
0.017; abdomen, 0.015; and, pelvis 0.019.

Primary Study Outcome

This study is aimed at evaluating the relationship between
the ED in patients undergoing CT scans of various body areas
and the patient’s body weight as well as at calculating a
standard ED for typical patients weighing 70 kg and 80 kg.
As a reference, we used the mean ED, median ED, and the
75th quantile of the ED in the same group of patients.

Additional Study Outcomes

The body weight distribution was assessed by group, and
mean weight changes were analyzed in our study population.
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Subgroup Analysis

Two study groups were formed and compared: the
group of Site 1 (GE Discovery CT750 HD, 64-slice) and
the group of Site 2 (Toshiba Aquilion Prime, 80-slice).
Each group was divided into three subgroups according
to CT areas (head, chest, and abdomen and pelvis). In each
subgroup, patient radiation doses were calculated for SP-
CT and MP-CT.

Ethical Review

For retrospective studies using anonymized datasets, an
ethics committee opinion is not required.

Statistical Analysis

The size of the groups was determined by the number of
patients who were followed up during the study period and
who had data on the radiation dose + weight during CT scans.
The analysis included CT scans with good image quality
following the European guidelines on Quality Criteria for
Computed Tomography [4]. In this context, good image
quality was considered as “visually clear reproduction of the
structure of organs, tissues, etc., the boundaries between
them, as well as lesions and foci.”

We specifically measured the body weight of each
patient with an accuracy of +3 kg and calculated mean body
weights (M + m, kg) for all groups. Inter-site differences
in means reported for each CT area were calculated using
the t-test (p < 0.05). To establish the radiation dose—weight
relationship, a regression correlation analysis was performed
using STATISTICA software (v. 10.0).

We determined individual patient EDs (in mSv) for Site 1
and Site 2 using formula (1), then calculated the mean ED
(mSv) as the arithmetic mean (M) with standard deviations
(+ m), median, 25th and 75th quantiles of the ED (mSv) (Me
[25th, 75th]), and DRLs (mSv; ED,,,) for each scan area using
the Microsoft Excel 2013 software package.

We calculated the standard ED assuming [4, 7, 9, 10] that
this is the mean ED for adult males and females weighing
70 + 3 kg. For the selected diagnostic radiologic procedure
(following the standard protocol with a typical operation
mode of the system used), the standard ED,; , (mSv) and
the standard EDgy,, (mSv) were calculated by approximating
the data for each of the three scan areas (head, chest, and
abdomen + pelvis) using linear ED-weight functions by the
following regression equation:

ED (mSv)=a+b x W (rg), )

where ED is the effective dose (mSv) received by the patient;
a and b are regression coefficients; and W is the patient’s
body weight (kg).

The values of coefficients a and b were calculated using
STATISTICA for each scan area (head, chest, and abdomen +
pelvis) in Site 1 and Site 2 for SP-CT and MP-CT. Then, the
standard ED,,, (for a typical patient weighing 70 kg) and the
standard EDg, , (for a typical patient weighing 80 kg) were
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calculated using equation (2) for W = 70 kg and W = 80 kg,
respectively.

RESULTS
Study Subjects

Statistical analysis included finding 323 CT scans
(137 men and 186 women aged 17-93). CT was performed
according to standard protocols. A total of 209 SP-CT scans
and 114 MP-CT scans were analyzed.

As shown in Table 1, the groups were generally well-
balanced by age, sex, and body weight, which varied from
42 to 129 kg.

Primary Study Outcomes

In the first stage of the study, mean radiation exposure
parameters (CTDIvol, DLPs, and the ED per CT scan) were
determined for the SP-CT and MP-CT of the head, chest, and
abdomen and pelvis, respectively (Table 2). The mean patient
ED per one SP-CT scan and one MP-CT scan was 1.8-2.0 mSv
and 2.4-4.6 mSv for the head, 2.4-5.3 mSv and 7.9-8.4 mSv
for the chest, and 7.5-8.2 mSv and 27.4-33.0 mSv for the
abdomen + pelvis, respectively.

As shown in Table 1, the mean weight of Site 1 and
Site 2 groups differed insignificantly, except for the SP-CT
of the abdomen + pelvis (75.5 + 2.0 kg and 83.1 + 3.5 kg,
respectively) and the MP-CT of the chest (75.5 + 5.0 kg and
91.6 + 3.2 kg, respectively).

In the second stage of the study, a correlation analysis
was performed to establish the ED-weight relationship. The
correlation coefficients were 0.66—0.70 and 0.59-0.68 for
SP-CT and MP-CT, respectively. For abdomen + pelvis, the
correlation coefficients were 0.37 and 0.59 for SP-CT and
MP-CT, respectively. For the head, the correlation coefficients
were extremely low: 0.05-0.09 and 0.11-0.18 for SP-CT and
MP-CT, respectively.

In the third stage of the study, the median ED (Me [25th,
75th]) and DRLs (ED,5,,) were calculated (see Table 3). For
each scan area, the standard EDs were calculated using a
dose—weight regression function for patients weighing 70 kg
and 80 kg during SP-CT and MP-CT scans (Figures 1 and 2).

We compared the mean ED, the median ED, and DRLs
(ED75th) with standard EDs for these groups (see Table 3).
There are no significant differences in the mean ED, median
ED, and DRLs (ED,s,,) compared to the standard ED for the
head CT. No correlation with weight was revealed, and these
parameters were 1.7-1.9 mSv for Site 1 and 2.1-2.2 mSv
for Site 2.

For other scan areas, the weight of patients is important
for assessing EDs. If mean weights are similar (e.g.,
76.1 + 4.0 kg and 76.3 + 2.3 kg for SP-CT scans of the
chest at Site 1 and Site 2, respectively), differences in the
mean ED, the median ED, DRLs (ED,s,), and standard EDs
are unidirectional: all ED values at Site 1 were 2.2-3.2-
fold higher than those at Site 2.
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Table 1. General characteristics of patients and protocol parameters for SP-CT and MP-CT

. ) One-phase CT Multiphase CT
Parameters Region of interest - - - -
Site1 | Site2 Site 1 Site 2
General characteristics of patients
Head 18 32 14 8
) Chest 25 38 11 27
Number of patients, n )
Abdomen + pelvis 75 21 30 24
Total 118 91 55 59
Head 8/10 9/23 6/8 5/3
Chest 9/16 17/21 6/5 15/12
Male/female )
Abdomen + pelvis 33/42 10/11 12/18 1117
Total 50/68 36/55 24/31 27/32
Head 52.123.2 66.3x2.5 52.53.0 56.8+7.2
Age, M + m, years Chest 57.6+2.7 51.9+3.0 58.6x4.7 62.7+3.2
Abdomen + pelvis 57.545.3 65.3+4.8 57.6£2.5 55.5+3.5
Head 79.8+3.2 71.0£2.0 81.2+3.8 86.6+3.5
Weight, M + m, kg Chest 76.1+4.0 76.3£2.3 75.545.0 91.6+3.2
Abdomen + pelvis 75.5+£2.0 83.1£3.5 79.7£2.9 80.7+2.7
Key parameters of CT protocols
Collimation (mm) Head, Chs:f\'/izbd"me”' 64x0,6 80x0,5 64x0,6 80x0,5
Tube current modulation Head, ch;::\,/;bdomen, Automatic Automatic Automatic Automatic
Head 120 120 120 120
Tube voltage (kV) Chest 120 120 100; 120 120
Abdomen + pelvis 120 120 100; 120 120
Head 0.531 0.625 0.531 0.625
Pitch Chest 1.375 1.388 0.984; 1.375 1.388
Abdomen + pelvis 1.375 0.813 0.984; 1.375 0.813
Head 0.8 0.5; 0.75 0.8 0.5; 0.75
Rotation time (sec) Chest 0.6; 0.7 0.5 0.6; 0.7 0.5
Abdomen + pelvis 0.7 0.5 0.7 0.5
Head 1.25 0.5 1.25 0.5
Slice thickness (mm) Chest 1.25 0.5 0.625; 1.25 0.5
Abdomen + pelvis 1.25 0.5 0.625; 1.25 0.5

Note. * In the studies conducted, low-dose protocols and special noise reduction algorithms were not used. Filtered BackProjection technology was

used. CT: computed tomography.

For the SP-CT scans of abdomen + pelvis, the mean
patient weight (83.1 kg) at Site 2 exceeded that at Site 1
(75.5 kg), so the mean ED was slightly higher for Site 2
(8.2 + 0.7 mSv) than for Site 1 (7.5 + 1.1 mSv), and DRLs
(ED,s,) where higher for Site 2 (10.8 mSv) than for Site 1
(8.4 mSv). At the same time, the calculated standard EDg,,
was lower for Site 2 (5.89 mSv) than for Site 1 (7.19 mSv).

For the MP-CT scans of the chest, the mean patient weight
was heavier for Site 2 (91.6 kg) than for Site 1 (75.5 kg), so

DOl https://doiorg/

the mean ED was slightly higher for Site 2 (8.4 + 0.7 mSv)
than for Site 1 (7.9 £ 1.7 mSv). The DRL (ED;5,,) was slightly
higher for Site 2 (11.0 mSv) than for Site 1 (10.0 mSv). At
the same time, the calculated standard ED;, ,, was lower for
Site 2 (5.28 mSv) than for Site 1 (6.55 mSv).

The DRL (ED;s,,) depends not only on the weight but also
on the abnormal values of the radiation dose of each patient.
Therefore, in the group of MP-CT of abdomen + pelvis, the
mean patient weights at Site 1 and Site 2 were similar

10.17816/0D110857
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Table 2. Radiation doses for SP-CT and MP-CT of the head, chest, and abdomen and pelvis at Site 1 and Site 2

Parameters Region of interest One-phase CT Multiphase CT
Site 1 Site 2 Site 1 Site 2
Head 1.80.1 2.0+0.03 24203 4.6+0.3*
ED per CT, M £ m, mSv Chest 5.3x0.5 2.4x0.2* 7.9+1.7 8.4+0.7
Abdomen + pelvis 7.5x1.1 8.2+0.7 33.0£1.8 27.4+2.4
Head 771.9+38.8 899.2+10.8 1033.3+109.8 1988.7+131.1*
DLP, M + m, mGy x cm Chest 309.1+30.6 141.9£10.6* 466.9+97.6 494.3+48.4
Abdomen + pelvis 449.0+67.3 491.1451.9 1964.1+108.2 1623.7x144.4
Head 40.1£1.4 51.5+1.0* - -
CTDIvol, M + m, mGy Chest 8.3£0.9 3.840.3* - -
Abdomen + pelvis 9.4+1.5 13.7£1.1% - -
Head 1 1 2.1£0.1 2.5+0.2
u“;“:fr of phases per CT, Chest 1 1 1.4:0.2 2.0:0
Abdomen + pelvis 1 1 3.8+0.1 3.8+0.1

Note. * Differences in means for this CT region between Site 1 and Site 2 (p < 0.05). CT: computed tomography; ED: effective dose.

(79.7 £2.9 kg and 80.7 + 2.7 kg, respectively), but in 5 patients
at Site 1, the ED values were abnormal and exceeded 45 mSv
(see Fig. 2,e), so the 75™ quantiles of the ED or DRLs (ED,s,,)
were higher at Site 2 (40.1 mSv) than at Site 1 (35.7 mSv). At
the same time, the standard ED, ,, values were 29.99 mSv
and 21.63 mSv for Site 1 and Site 2, respectively.

Additional Findings

These data allowed us to determine that the mean weight
in both groups approached 80 kg (see Table 1), which is
related to the many patients weighing approximately 80 kg
in almost all groups. Therefore, the mean ED and DRLs
(ED;sy,) in these groups always exceeded the standard ED,,,
and were closer to the standard ED ,, (see Table 3). We

believe that for our population, a reasonable approach is to
consider the standard EDg ,,, instead of the standard ED,q,,
as a criterion for assessing the ED since the standard ED,,
better reflects the body weight distribution in our population
due to recent anthropological changes. At the same time, if
the mean weight in both groups approaches the standard
weight of 80 kg, the corresponding mean EDs can be used to
compare the EDs of different computed tomographs.

DISCUSSION

Summary of the Primary Study Outcome

The primary goal of our study was to substantiate the
importance of calculating the standard EDs in CT scans for

Table 3. Effective doses (mSv) for SP-CT and MP-CT of the head. chest. and abdomen and pelvis

Mean ED (MeM[stm |755Dth]) DRLs (EDy5 ) sltzfnjf :;d SEIS:: kagrd
Region

of interest ; ; ; ?‘9 ; Z ; ; ; Z
[72] (72] [72] (72] [72] [72] (72] (72] [72] [72]

SP-CT
Head 1.80.1 2.120.03  1.7[1.5; 1.9] 2.112.0; 2.2] 1.9 2.2 1.72 2.06 1.78 2.07
Chest 53204 24202  4.9(2.9;7.6] 1.9 [1.8; 2.4] 7.6 2.4 4.53 2.09 5.71 2.60
Abdomen + pelvis  7.5¢1.1 8.2+0.7 6.5[5.8;8.4] 10.3[4.4;10.8] 8.4 10.8 7.19 5.89 7.83 7.63

MP-CT
Head 2.4+0.3 4.620.3  2.2[2.0;2.3] 4.6 [4.0; 5.4] 2.3 5.4 1.94 3.61 2.33 3.77
Chest 7.9£1.7 8.4x0.7 6.2 [4.4;10.01 8.9 [5.5; 11.0] 10.0 11.0 6.55 5.28 9.09 6.74
Abdomen + pelvis 33.0£1.8 27.4+2.4 31.4[27.1;35.7]1 26.6[17.9;40.1]  35.7 401 29.99 21.63 3311 2691

Note. * Standard ED70 kg (ED for a typical patient of 70 kg) is calculated using the regression equation: ED;;,, (mSv) = a +b x W (kg) for W =70 kg;
"a" and "b" are from the equations in Fig. 3. a-f (SP-CT) and Fig. 4. a-f (MP-CT). ** Standard EDg, (ED for a typical patient of 80 kg) is calculated
using the regression equation: EDgy,, (mSv) =a + b x W (kg) for W = 80 kg; "a" and "b" are from the equations in Fig. 3. a—f (SP-CT) and Fig. 4. a—f
(MP-CT). Differences in mean ED. median ED. and DRLs between Site 1 and Site 2 are highlighted in bold and are oppositely directed with differences
in Standard ED,,,, between these sites. CT: computed tomography; ED: effective dose.
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Site 2 (Toshiba Aquilion Prime)
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Figure 1. Regression analysis of the ED—weight relationship in SP-CT of the head, chest, and abdomen + pelvis. Y axis: effective dose

(mSv); X axis: patient weight (kg).

Legend: A solid line is a regression line with dotted confidence intervals; p = 0.95, solid perpendicular lines for standard ED,, ,, and
standard EDgy ,, (mSv), calculated for a patient weighing 70/80 kg; dashed lines for the mean ED (mSv) corresponding to the mean body

weight in the group.
CT: computed tomography; ED: effective dose.
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Site 2 (Toshiba Aquilion Prime)
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b) n=8, Mtm = 86.6+3.5 kg

Scatterplot of Effective dose, mSv against body weight, kg
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e) n=30, Mtm =79.7+2.9 kg
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Figure 2. Regression analysis of the ED-weight relationship in MP-CT of the head, chest, and abdomen + pelvis (dotted lines are confidence
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intervals; p = 0.95). Y axis: effective dose (mSv); X axis: patient weight (kg).

Legend: A solid line is a regression line with dotted confidence intervals; p = 0.95, solid perpendicular lines for standard ED,; ,, and
standard EDgy ,, (mSv), calculated for a patient weighing 70/80 kg; dashed lines for the mean ED (mSv) corresponding to the mean body

weight in the group.
CT: computed tomography; ED: effective dose.
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a more accurate calculation of the patient exposure levels
in different medical and diagnostic organizations since the
compared groups can differ significantly in body weight. The
correlation analysis shows that a higher mean weight is
associated with a higher mean radiation dose. DRLs reflect
the 75" quantile of radiation doses and are proportional to
the mean patient weights of the groups, which prevents using
DRLs for a correct comparison of patient exposure doses in
these organizations in the case of a significant difference in
mean weights between groups.

Our correlation analysis showed that the radiation
dose tended to increase proportionally with patient weight
during SP-CT and MP-CT scans of the chest (see Figure 1,
¢, d; Figure 2, ¢, d) and abdomen + pelvis (see Figure 1,
e, f; Figure 2, e, f). The highest CT dose correlation with
patient weight was established for the chest (0.59-0.70) and
abdomen + pelvis (0.37-0.59), and the lowest correlation
was established for head CT (0.05-0.18) (see Figure 1, g, b;
Figure 2, a, b). The calculated correlation coefficients were
consistent with the relative weight of human body segments
[11-14]. The upper body weight, middle body weight, lower
body weight, and head weight were 15.9%, 16.3%, 11.2%,
and 6.9%, respectively.

The ED-weight relationship is associated with the design
features of the sensors and automatic current regulation in
the CT scanner tube. This association means that comparing
the mean EDs and median EDs obtained in different medical
organizations is inappropriate if mean weights significantly
differ in the compared patient groups. Therefore, our study
shows that for such comparisons, a more appropriate
approach is to calculate and compare the standard ED,,, or
standard EDgy ,, values of the groups.

Discussion of the Primary Study Outcome

Many studies evaluate the problem of assessing the CT
radiation dose. As a criterion for optimized patient protection
during diagnostic and interventional procedures, a DRL has
been established [7]. Since its introduction by the ICRP in
1996, the concept of DRLs has been constantly evolving [2,
6, 71. The ICRP currently recommends estimating the median
radiation dose per treatment for each subject included in a
study [7]. National DRLs should be set as the 75th percentile
of the median DLP or ED values obtained in a sample of
representative centers. However, this guideline neglects
possible differences in doses due to the different body
weights of patients in the groups compared.

DRLs for the same CT area are known to be subject to
great variability, which makes it difficult to compare them
correctly. Therefore, in a review study [15], a 2-3-fold
difference was reported for DRLs obtained for the same
procedure in different studies. However, these differences
are related to study design, scanning technology, and
the use of different exposure parameters and different
dose indices. No consensus has been reached on this
issue. One study [16] assessed patient, equipment, and
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organization factors affecting the CT radiation dose. Patient
size (in terms of T-shirt size), site-specific protocols, and
multiphase scanning were found to be the most important
predictors of dose (R2 8-32%), followed by the equipment
manufacturer and iterative reconstruction (R2 0.2-15.0%).
Another study [17] showed that CT radiation doses vary
widely across countries, but the authors supposed that this
variation was related primarily to the local choice of technical
CT parameters and was unrelated to the characteristics of the
patient, organization, or equipment.

The issue of calculating the standard ED is becoming
increasingly important because of the constantly evolving
criteria for assessing the radiation dose in various medical
organizations. Therefore, international documents [4, 7]
indicate that DRLs should be standardized, i.e. they should
be given, as much as possible, for a “typical-size patient”
for each type of CT scan considering that the “standard dose
is the mean dose for adult patients of both sexes weighing
70 + 3 kg during the selected radiological procedure using a
typical mode of operation of the system used with a typical
protocol” [4, 8, 10]. The selected mean weight should be near
the mean weight in the population considered, and for some
countries, an average patient weight of 70 + 10 kg may be
acceptable [7]. However, in practice, medical organizations
calculate DRLs using the mean or median values of the
radiation dose of the general population, without considering
the size and weight of patients.

Only a few authors considered “patient size” for these
analyses: For example, A.J. van der Molen et al. [18] provided
doses for a “typical-size patient” (height 1.74 m, weight 77 kg,
BMI 25.4 kg/m?  15%) or a patient weighing 70 + 15 kg [19]. A
smaller scatter of data can be assumed, and the comparison
of DRLs would be more correct if standard radiation doses
for a “typical patient” weighing 70 kg or 80 kg were compared
instead of mean or median doses. This calculation method
should be used by all medical organizations.

The analysis (Table 4) showed that in different countries,
SP-CT ED (mSv) for the studied areas could differ several
times, and in different studies, it was 1.5-2.3 mSv for head
CT, 4.0-7 .9 mSv for chest CT, 2.4-10.0 mSv for abdomen
CT, and 4.1-11.7 mSv for abdomen + pelvis CT. For MP-CT
of the studied areas, the ED largely depended on the number
of stages of the study and differed to a greater extent: 5.1-
9.5 mSv for head CT, 3.6-23.1 mSv for abdomen CT, and
6.3-24.5 for abdomen + pelvis CT. In our study, for a patient
of standard weight (70 kg), the calculated standard EDs for
SP-CT and MP-CT at Site 1 and Site 2 were comparable to the
mean or median EDs for head and chest CT in other studies
and slightly exceeded EDs for MP-CT of abdomen + pelvis
(see Table 4).

Our data were confirmed by the results of other studies.
Therefore, data stratification by two subgroups (non-
overweight and overweight) allowed a better optimization
of CT doses and the ability to set DRLs based on the BMI
category [37].
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Table 4. Effective doses for CT of the head, chest, and abdomen and pelvis

ED (mSv) for CT regions®®

ED parameters |

Country

Head Chest Abdomen Abdomen + pelvis

Median 1.5/- 4.0/5.1 2.4/3.6 4.4/6.3-13.3 Australia [20]
2.0 (n=50) [21];  4.99 (n=43) [23]; _ _
Mean 1.99 [22] 9.84 [22] 10.44 (n=43) [23] 11.7 [22] Canada [21-23]
Mean - 7.9-9.5 (n=81) [24] - 6.15 (n=85) [25] China [24, 25]
Mean 2.1-4.2 2.9-5.2 3.3-7.3 4.1-9.2 Germany [26]
Mean 1.2 59 8.2 - Greece [27]
Mean - 6.04 (n=50) 6.89 (n=51) - India [23]
Median 2.3 (n=26 965) 4.6 (n=6542) - 9.7 (n=1692) Italy [28]
Mean - - 7.7/23.1 (n=44) [29] 8.0 (n=447) [30] South Korea [29, 30]
Median,
only typical patients N )
(174 m, 77 kg, BMI 1.5 L6 8/13.2-19.4 The Netherlands [18]
25,4 kg/m?+15%)
Mean 1.21 (n=52) 7.60 (n=38) 8.25 (n=54) - Poland [23]
/81 —/24.5 (Abdomen CT
Median, patient (a en&icitis for liver and abdominal
weighing - 5.4 (chest. n=39) pE—mn) ' metastases in Qatar [19]
7015 kg N colorectal cancer.
n=40)

1.7/1.9 4.5/6.6 7.2/30.0 Russia, this study,
Standard EDyqq (n=18/n=14) (n=25/n=11) - (n=75/n=30) Site 1¢

2.1/3.6 2.1/5.3 5.9/21.6 Russia, this study,
Standard EDg,q (1=32/n=8) (n=38/n=21) - (n=21/n=24) Site 2¢
Mean 0.89 (n=36) 4.20 (n=32) 6.03 (n=66) - Thailand [23]
Mean (n=340) 1.36/1.79 4.34 - 11.6/13.26 UAE [31]
Mean 166 (0=10)[23]  3.45 (n=30) [23] 2.4-6.0f 6.69 (1=25) [23] UK [23, 32]

) ) 8.4-15.33 [32] ' '

Mean 2 7 7.3-8.0/15 10 USA [33, 34]
Mean 2.7 5.8 22.3 - Ethiopia [35]
Median 2.1 A 6.8 - Turkey [36]

Note. n: number of findings. BMI: body mass index; CT: computed tomography; ED: effective dose.
 Koup g (MSV x mBy™! x cm™) [4]: head 0.0023, chest 0.017, abdomen 0.015, pelvis 0.019; ® SP-CT/MP-CT; © Site 1, GE Discovery CT750 HD, 64-slice; ¢

Site 2, Toshiba Aquilion Prime, 80-slice.

Other authors [38] compared the volumetric CT dose
index (CTDIvol), dose-length product (DLP), and size-
specific dose estimate (SSDE) for adult chest CT with the
2017 Chinese DRLs. Patients were divided into four groups
depending on the water equivalent diameter of the chest
(Dw). CTDIvol, DLP, and SSDE were found to increase in
proportion to Dw.

The effect of patient size on the CT radiation dose has
also been studied [39]. On the basis of the effective diameter
estimated from adult body CT scans, each CT scan was
classified by T-shirt size as XXS, XS, S, M, L, XL, and XXL.

DOL: https://doiorg/10.17816/BD110857

The radiation dose rates were compared for each size and
type of CT scan, and the CTDIvol values were established
for XXS (~60%), XS (~65%), S (~75%), M (100%), L (~130%),
XL (~165%), and XXL (~210%). Thus, younger patients
(XXS) received 60% of the dose compared to M patients,
and XXL patients required doubling the dose (~210%). The
authors considered this new approach, expressing body
measurements in terms of T-shirt sizes, to be simple enough
as a tool to demonstrate differences in doses between
patients of different body types. However, in our opinion, this
approach only applies to chest CT. Moreover, the body weight
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more accurately reflects the individual characteristics of the
patient’s body than the T-shirt size.

Study Limitations

One study limitation was the possibility of also using an
SSDE concept to consider the patient size when monitoring
radiation doses during CT scans. However, the SSDE uses
only corrections based on the geometric dimensions of the
patient, including linear dimensions determined by measuring
the patient or using their images [7]. The SSDE concept is
designed to adjust the standard parameters of the CT protocol
depending on the CT area size (effective diameter of the scan
area) to minimize the absorbed radiation dose (mGy) [40],
but it neglects the patient’s weight, and it is not intended to
assess the ED (mSv) and the risks of long-term radiation
consequences.

Therefore, the SSDE is currently not considered a suitable
criterion for use as DRLs [7]. This viewpoint is supported by a
systematic review [15] of 54 scientific articles, which showed
a low prevalence of the SSDE. CTDIvol and/or DLP were the
most commonly used criteria for assessing radiation doses
(87% of studies), while DLP+SSDE was used only in 1% of
studies [15]. Usually, SSDE was used to model the dose
during chest CT and document the results of dose reduction
strategies for a particular (particularly pediatric) patient
[41-43].

Another study limitation was using different approaches
to calculate standard EDs. In our study, we used a linear
approximation method (formula 2) to assess the relationship
between the dose and the body weight of patients (linear
regression equations). The regression analysis allowed
regression coefficients to be established for the dose—weight
relationship of each CT area of Site 1 and Site 2. These
coefficients were used to calculate the standard EDy, , and
the standard EDg ,, for a typical patient weighing 70 kg and
80 kg, respectively (see Table 3).

A nonlinear model (power function) can also be used to
describe the relationship between the CT radiation dose and
patient size or weight for specific body areas. For example,
in a report [23] on abdominal CT, a linear function was used
to calculate the relationship between the normalized noise
and the body mass index, and a power function was used to
calculate the relationship between the normalized noise and
the patient’s anteroposterior diameter.

However, we believe the linear approximation method to
be a more acceptable option for practical radiologists. If each
hospital uses its own model for the nonlinear approximation
of the ED-weight relationship, the result is different
mathematical relationships and an additional nonsystematic
error when comparing such standard EDs. Therefore, we
consider using the linear regression acceptable for the
routine practice of radiologists as a uniform method for this
approximation.

Our conclusion is consistent with [23]: “..the best
correlation between normalized noise and patient size was
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obtained using effective patient diameters and a power
function.” However, in practice, determining anteroposterior
and lateral diameters (which are necessary to calculate the
effective diameter) can be more logistically complex than
weighing the patient. Because of this complexity, the weight
of the patient was used [23] because of the simplicity of
measuring this parameter compared to measuring the above
diameters as well as to use the available acceptable linear
correlation, rather than the power function that is more
difficult to calculate.

Therefore, the national DRLs are currently set as the
75th percentile of the median patient doses established in a
sample of representative centers [7]. If the DRL in a medical
organization exceeds the regional level, this is a reason to
analyze the CT technique parameters (tube voltage, scan
area length, and other parameters of the CT protocol) to
find ways to reduce it. However, this excess may be related
to not only the technical CT parameters but also the larger
mean weight of patients in a medical organization. For a
correct comparison of the dose load in groups of patients
with significant differences in mean weights, we recommend
using the standard ED,, ,, or standard EDg, ,, calculated for
the groups compared. Even with significant differences in
the mean weights of patients, if the standard ED is higher at
Site 1 than at Site 2, it can be safely assumed that this excess
is related not to patient weight but to the characteristics of CT
scanners and scanning protocols. Thus, to reduce the dose,
these parameters should be modified.

Therefore, methods for calculating DRLs are constantly
being improved [44-48], and the results obtained are
important for establishing the correct DRLs of patient
radiation exposure. In the future, the standard ED can be
used to calculate DRLs for CT scanners in different regions
of the country, but this action would require reporting the
patient’s body weight in each CT protocol.

Because of the dramatic increase in the number of CT
scans, using DRLs not exceeding levels set by standard EDs
will reduce the long-term CT consequences, including cancer
[49-51]. In public healthcare, measures must be taken to
control the radiation dose [44, 45, 52, 53] and meet the goals
of cooperation with EUROSAFE international projects.

In practice, the method described can be used to assess
the standard ED of each body area and compare the CT
EDs using two sites and two CT scanners with the typical
patient weight considered. Standard EDs must be calculated
an analyzed for each body area (not just the mean ED, the
median ED, and the 75th quantile of the ED) to help in more
correctly comparing radiation exposure in different medical
organizations and more accurately establishing factors for
exceeding regional or national DRLs.

CONCLUSION

Effective radiation CT doses are proportional to the body
weight of patients.
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In groups of patients with a significant difference in mean
weights, a comparison between mean and median radiation
doses is inappropriate.

The method is designed for comparing patient exposure
doses based on the calculated standard effective doses of
two CT areas (the chest and abdomen + pelvis).
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