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Abstract

Objectives: This study compares recurrent CT imaging practices across European centers using incidence and prevalence
metrics and evaluates the feasibility of a novel benchmarking tool for recurrent imaging practice.

Methods: CT exposure data were collected from 31 facilities across 18 European countries. The single-year incidence pro-
portion (/100;1), 3-year cumulative incidence (/190;3), and 3-year prevalence proportion (P;q0,3) of patients with cumulative
effective dose (CED) > 100 mSv were calculated and statistically analyzed against relevant indicators. The reference year
was 2023, and the 3-year period covered 2022-2024.

Results: The database comprised 711 749 patients in 2023 who underwent 1 658 246 CT exams, with an average of 1.5+0.6
CT exams per patient in this year and 2.4+ 0.6 exams over 3 years. Across facilities, /100, ranged from 0% to 2.9%, /100;3
from 0% to 8.6%, and Pgo;3 ranged from 0% to 4.4%. A strong linear correlation was found between the third quartile
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values of yearly CED and /140;;. Multiple linear relationship was identified between /4.3, third quartile of yearly CED and
percentage of recurrent patients. Third quartiles of yearly CED varied between 7.5 and 29.5 mSv, with the 75th percentile

of their distribution 17.6 mSv, lower than in previous studies.

Conclusion: Incidence proportion is preferred for assessing recurrent imaging rates as prevalence substantially underesti-
mates these rates. The 75th percentile of distribution of third quartiles of yearly CED is a reasonable benchmark level to
trigger optimization. Investigating the underlying factors and addressing high recurrent rates can contribute to enhanced

patient care.

Advances in knowledge: This first European multicenter study showed that the epidemiological index incidence proportion
is a better metric to quantify recurrent imaging compared to prevalence. The distribution of early CED values can be used
to benchmark recurrent imaging practices and inform patient management strategies.

Key words computed tomography, cumulative effective dose, recurrent imaging, reference level

Introduction

Global data indicate that CT examinations have increased by
82% over the past decade, now accounting for 61.6% of the col-
lective effective dose.' Interventional radiology and nuclear
medicine imaging are also rapidly growing, though their contri-
butions to population dose is comparatively lower. While ex-
panded imaging capabilities benefit patient care, these trends
highlight the importance of using these methods responsibly
due to the associated radiation risks.

In recent decades, significant efforts have been dedicated to
the justification and optimization of individual imaging proce-
dures, with numerous successful outcomes documented in the
literature and thoroughly incorporated into regulations and
guidelines.”® Less attention has been paid to the sequencing of
imaging exams throughout patient treatment pathways, clinical
care bundles and their lifetime. Recent research involving large
patient cohorts shows a noteworthy proportion of patients re-
ceive cumulative doses over 100 mSv from recurrent CT and
other imaging exams.” ! Latest epidemiological studies provide
new insight and direct evidence of association of cancer risk and
radiation exposure, which supports the focus on doses exceed-
ing 100 mSv, especially if accumulated over a short time pe-
riod.**® In response, holistic, patient-centered optimization
strategies that address serial imaging have been advocated by
international and professional organizations.*®*®

The first step in every optimization process is to quantify ra-
diation levels delivered to individuals in terms of an appropri-
ate metric, which can be assessed with adequate accuracy and
reproducibility. The chosen metric is then used to benchmark
practices, indicate the need for review and intervention, and
measure outcomes of optimization actions. This forms the
foundation of the well-established concept of “reference lev-
els” for optimizing radiological protection, as promoted
through  international recommendations and safety
standards.>®

Dose metrics used in medical imaging include modality-
specific dose indices, eg, CT dose index (CTDI), dose-length-
product (DLP), and size-specific dose estimates (SSDE) for CT,
which are used in the process of optimization of imaging proto-
cols, to benchmark local practices to Diagnostic Reference
Levels (DRLs) and to compare acquisition protocols used in dif-
ferent imaging systems.*%%

To characterize the recurrent radiation exposure a patient
may experience from multiple imaging studies of different body
regions, using different modalities or even different types of ra-
diation, a risk-related metric is required that enables the sum-
mation of these different exposures. The current radiological
protection system provides 2 such quantities: organ doses and
effective dose (ED).>*>** Organ doses are most closely linked to
individual detriment and are typically used in epidemiological
studies or when assessing personal risk.>>****> For most other
situations ED, despite its well-known limitations and associated
uncertainties, remains the only practical metric that allows for
summation as a single value of exposure from different type of
examinations performed to a patient.???>* Automatic radiation
exposure monitoring system (REMS) available in hospitals offer
calculation of ED from the modality specific metrics. This practi-
cality explains why cumulative effective dose (CED) is widely
used in studies investigating the frequency and magnitude of re-
current imaging.” 1182526

Most published studies on recurrent imaging report the total
number of patients who, over a specified timeframe, reach a
particular level of CED—commonly 100 mSv, above which the
International Commission on Radiological Protection (ICRP)
classifies cancer risk as “moderate,” whereas categories
“negligible,” “minimal,” “very low,” or “low” are used for lower
dose intervals.?? Calculating the proportion of the patients with
doses above the chosen CED level relative to all individuals who
underwent imaging during the same period yields what is re-
ferred to in epidemiology as the “prevalence proportion.”Recent
studies by Brambilla et al*>?® suggest that using the incidence
proportion—the number of new cases within a specified time-
frame—provides a more accurate metric for assessing recurrent
imaging than prevalence, which counts both existing and new
cases. Their concept relies on a standardized method for calcu-
lating ED from modality-specific indexes like DLP for CT, applied
at the population level. Additionally, these researchers intro-
duced a new benchmarking index, called “recurrent exposure
reference levels,” which they applied at CT facilities in North
Italy and Slovakia.?>%¢

The present study aims to compare recurrent imaging practi-
ces across multiple centers in Europe using incidence and preva-
lence metrics. It also aims to test the feasibility of establishing a
new benchmarking tool for recurrent imaging practice
across facilities.
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Methods

This was a retrospective observational study, which used sum-
mary data from the imaging departments records. Since no
identifiable personal data were collected and the planned pa-
tient management or treatment was not altered by the study,
no patient consent was required.

Medical facilities that performed at least 2000 CT procedures
per year and have had an automatic Radiation Exposure
Monitoring System (REMS) in place since at least 2022 were eligi-
ble to participate. The 3-year period from 2022 to 2024 was se-
lected as the minimum reasonable and statistically robust
timeframe for evaluating the methodology, while also facilitat-
ing direct comparison with prior research conducted during the
same period.?>® The following information was needed for all
CT procedures performed during the period 2022-24: patient de-
mographic data (age, gender), examined anatomical region, to-
tal DLP from the examination, and patient unique identifier (ID),
which allows for tracking individual exams over the period.

Adult patients who were at least 18years old at the time of
the CT examination in 2023 were included in the analyses at
each facility. Patients having a CT in the reference year (2023)
and at least one other examination in the same year or in the
years 2022 or 2024 were defined as recurrent patients. All diag-
nostic CTs were included except those of lower limbs, which
have a negligible contribution to CT frequency and dose,' as
well as CT-guided interventional procedures. CT parts from PET/
CT or SPECT/CT were counted, but those for radiotherapy plan-
ning or cone-beam CT during treatment were excluded. Multi-
phased CT scan acquisitions connected to a single accession
number were counted as a single CT exam.

The following standard conversion coefficients from DLP to ED
used in the latest global survey™*"® were applied by all facilities:
0.015 mSv/mGy.cm for all exams in the body region (chest, abdo-
men, pelvis); 0.0021 mSv/mGy.cm for head and head and neck
regions, normalized to CTDI in the standard head (16 cm) dosime-
try phantom, and 0.0059 mSv/mGy.cm for neck region normalized
to CTDI in the standard body (32 cm) dosimetry phantom. Given
the variability in ED/DLP conversion coefficients found in the liter-
ature and the high associated uncertainties,””%° emphasis in this
population-based study was placed on standardizing ED calcula-
tion methods across facilities, rather than attempting to refine
values. Another reason was the aimed comparison with recently
published studies which used the same coefficients.?>°

CED was calculated for each patient who underwent a CT
study in 2023 as the sum of ED from all the CT examinations re-
ceived during a single year (2022, 2023, and 2024) and for the en-
tire 3-year period (2022-24).

Each facility calculated the incidence and prevalence indices
defined as follows.

The yearly incidence proportion of patients with CED > 100
mSv in a given year, 10,1, in percentages is expressed as:

N. of patients with CED > 100 mSv in year i

- — - - X100
N. of patients receiving a CT exam in year i

00, 1 =

The 3-year cumulative incidence proportion of patients en-
rolled in the year 2023 with CED > 100 mSv over 3 consecutive
years (2022-2024), l100;3, in percentages, is expressed as:

hoo; 3 =
N. of patients in 2023 with CED >100 mSv in 3 cumulative years (2022 — 2024)
N. of patients receiving a CT exam in 2023

X 100

The 3-year prevalence proportion of patients with CED > 100
mSv over 3 consecutive years (2022-24), P1go,3, in percentages, is
expressed as:

P1oo; 3 =

N. of patients with CED>100 mSv in 3 cumulative years (2022 — 2024)
N. of patients receiving a CT exam in 3 cumulative years (2022 — 2024)
X 100

Data were collected from May to August 2025, analyzed locally
by each facility, and reported to study coordinators using a stan-
dard Excel template. Descriptive statistics of demographic and
exposure data (sex, age, number of CT examinations per patient)
were reported for each facility, along with the number of beds in
each hospital used to stratify the sample in small (<200), me-
dium (201-500), or large (>500) hospitals.

Following a review by the study coordinators, local data were
pooled in a Microsoft Excel database; each facility was assigned
a unique number, which was systematically used to present the
results. Data were described using mean and standard deviation
or median, interquartile ranges and percentiles.

Based on findings of Brambilla et al*>?® that the 75th percen-
tiles (third quartiles) of yearly CED values exhibit a stronger cor-
relation with incident proportions than other percentiles, the
third quartiles of yearly CED distributions for the years 2022,
2023, and 2024 were analyzed. This approach was applied to
benchmark local practices and examine their correlations with
incidence and prevalence indices. The 75th percentile of the
pooled third quartiles of yearly CED distribution was calculated
to compare with the recurrent exposure reference level (RERL)
values from the previous 2 studies.?>%

Correlations between variables were quantified using the
Spearman p coefficient or the Pearson’s r coefficient depending
on distributional verifications. Temporal trends in the average
number of patients, number of CT and /10;; Over 3 years were
assessed using a repeated measures ANOVA.

Box and whiskers plots were used to provide a univariate
graphical representation of the epidemiological indexes /1401,
l100;3, @and Pigo;3. Outliers and extremes are points higher than
the value of the third quartile plus 1.5 or 3x the interquartile
distance, or lower than the value of the first quartile minus 1.5
or 3X the interquartile distance, respectively.

Linear and polynomial regression studies were conducted be-
tween the epidemiological variable /;50;; and the third quartile
of yearly CED distributions. The impact of the different statistical
CED descriptors over 1 year as well as the percentage of recur-
rent patients on /1go,3 Was assessed by multiple linear regression
models with forward stepwise selection of variables (F to
enter=4, tolerance =0.001). Standardized regression coefficients
were used as a measure of relative importance of the predictors
in explaining the variance of the dependent variable /100,3. The
Kolmogorov-Smirnov test was used to check the normality of re-
sidual distributions, which is required for performing parametric
tests of significance.
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Figure 1 Temporal distribution of (A) number of patients; (B) number of CT; (C) /100, in 2022-24 in different facilities. The top inserts show least
square averages and 95% confidence intervals of the mean values among facilities.
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Surface plots with least square fitting were used to provide a
bivariate graphical representation of the dependent variables
with respect to significant predictors. The models obtained
should not be extrapolated outside the ranges of predictor val-
ues for which they have been determined.

Statistical analyses were performed using the software
STATISTICA 11 (StatSoft Inc) using a 2-sided type | error rate
of P=.01.

Results

Thirty-one facilities from 18 European countries participated in
the study. Their distribution by country is as follows: Belgium
(1), Bulgaria (1), Croatia (2), Cyprus (1), Czech Republic (1),
Finland (1), France (1), Germany (2), Greece (1), Hungary (1),
Italy (1), Lithuania (1), Norway (3), Poland (1), Spain (1), Sweden
(9), Switzerland (2), and the UK (1). By type, there were 17 uni-
versity, 13 general, and 1 specialized hospitals. Among them, 8
were classified as small, 4 as medium, and 19 as large hospitals.
The accuracy of dose display was tested annually in each facility
with a maximum tolerance of 20%.

The database included 711 749 patients in the reference year
who underwent 1 658 246 CT exams, with an average of 1.5+ 0.6
CT exams per patient in the reference year and 2.4+ 0.6 exams
per patient over 3 years.

Table 1 reports for each facility the number of patients in
2023, their sex distribution, descriptive statistics of age, number
and percentage of recurrent patients, as well as the number of
patients with CED > 100 mSv over 3years. Table 1 also shows
l100;1 in the reference year, and the following data for 3 calendar
years: number of exams, l100;3, P10o;3, descriptive statistics of
CED and number of CT exams per patients. The last column in
Table 1 shows the yearly CED for the 3 years.

A small but statistically significant (F=4.5; P=.01) increase in
the average number of patients (from 21 960+20 243 in 2022 to
23 353+21 730 in 2024), CT examination per facility (from 33 446 +
31 966 in 2022 to 36 28233 788 in 2024, F=6.7; P=.002) and
looa (from 0.53%+0.58% in 2022 to 0.67%+0.65% in 2024;
F=3.69; P=.03) was found in the years 2022-24 (Figure 1).

Figure 2 presents the box-plot histograms of median /14,1 for
the 3-year period, /100;3 and Pigg;3.The /190;1 OVer the 3-year pe-
riod had a mean value of 0.59% (median 0.43%; IQR=0.15%-
0.75%) and ranged from a minimum of 0% for at least one of the
years in facilities #16, 27 and 29, to a maximum of 2.9% in 2024
for facility #30. The /1903 had a mean value of 2.9% (median
2.4%; IQR=1.2%-3.5%) and ranged from a minimum of 0% for fa-
cility #29 to a maximum of 8.6% for facility #30. The P13 had a
mean value of 1.3% (median 1.3%; IQR= 0.5%-1.7%) and ranged
from a minimum of 0% for facility #29 to a maximum of 4.4% for
facility #30.

The percentage of recurrent patients had a mean value of
49% (median 53%; IQR= 44%-56%) ranging from a minimum of
25% for facility #27 to a maximum of 60% for facility #26. No sig-
nificant correlations were found between the percentage of re-
current patients and /103 (p = 0.19; P>.05) or Pige3 (p =
0.21; P> .05).

For the entire 3-year period, the correlation between /40,
and the third quartile values of yearly CED was significantly

= Median
3 [125%-75%
T 10%-90%
® Qutliers
7 a Extremes

L o

1100;1 (%)

I‘\OO;S (%) P100;3(%)
Figure 2 Box plot of histograms of /10,1, /100;3, and P1go;3. l100;1 are the
median values registered in 2022-24 in each center.

higher than the correlation with the median value of yearly CED
(r=0.85vs. r=0.40; P=.002).

A strong positive linear relationship was found between the
third quartile values of yearly CED and /00,1 (R* = 0.72;
P <.0001). The linear regression equation is:

lo0; 1 = 0.095 % 3quartile CED(mSv) — 0.90

Figure 3A presents the regression line between /150, and the
third quartiles of the yearly CED, and Figure 3B—a plot of the resid-
uals versus the third quartile values of yearly CED, showing ab-
sence of any significant correlation (r=0.9 x 107%) between the
residuals and the independent variable, which is a condition for
validity of the regression model. The normal probability plot of the
residuals did not show any significant departure from normality in
the distribution of raw residuals. Diagnostic analyses revealed
mild heteroscedasticity in the residuals, as indicated by a funnel-
shaped residual-versus-predictor plot and a significant Spearman
rank correlation between the absolute residual values and predic-
tor values (p = 0.53; P <.01). Nevertheless, heteroscedasticity is
not expected to bias the regression coefficients relating /10,1 to
the third quartiles of the yearly CED, which constituted the primary
objective of this predictive regression analysis.

A polynomial fitting (Figure 4) provides a higher proportion of
variance (76%) accounted for by the quadratic model:

Ioo; 1 = 0.0033 * [3"quartile CED(mSv)]’
—0.020 x3"quartile CED(mSv)

Figure 5 shows histogram of the pooled third quartiles of the
yearly CED for years 2022, 2023 and 2023 for this sample of 31
European facilities (93 values shown in the last column of
Table 1). The 75th percentile of the distributions amounted to
17.6 mSv, which was exceeded in 7 out of 31 (13%) facilities.

The regression equation that best summarizes the results
obtained in a multiple linear regression model with /90,3 as the
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Figure 3 (A) Regression line between /10,1 and the third quartiles of the yearly CED; (B) plot of the raw residuals versus the third quartile values of

yearly CED. Dotted lines are 95% confidence intervals.

predicted variable and different statistical CED descriptors over
1 year (median CED;; third quartile CED;, /1001, average number
of exams per patient), as well as the percentage of recurrent
patients as a predictor variable may be written as:

loo: 3 = 0.33 %3 quartile CED(mSv) + 7.9 % Recurrent (%) — 5.9

The multiple R2y,qeq Of model fitting was 0.86; third quartile
CED (mSv) and the percentage of recurrent patients were retained
in the model as statistically significant predictors of /1493, which
variance can be accounted for, in order of decreasing relevance,
by the third quartile CED with a standardized regression

coefficient f#; = 0.95 and a partial Rﬁdjusted

age of recurrent patients with , = 0.34 and an additional R
=0.11.

The regression equation is represented as a single surface
plotin Figure 6.

=0.75, and the percent-

2
adjusted

Discussion

This study confirms some hypotheses from the earlier stud-
ies?>?® and introduces new findings.
The first confirmation is that there is significant variability

among health care facilities of similar type and size in how they
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Figure 4 Regression line between /140,; and the third quartiles of the yearly CED using a quadratic fitting.
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Figure 5 Distribution of facilities’ third quartiles of the yearly CED (mSv).

manage recurrent patients. /1go;1 in the reference year ranged
from 0% to 2.6%, while /140;3 spanned from 0 in facility #29 to
8.6% in facility #30. This means that in facility #29 no patient is
likely to exceed 100 mSv in 3 years, while in facility #30 about 1
in 11 patients will exceed this value. Notably, both facilities are
university hospitals with over 500 beds and present similar aver-
age numbers of CT scans per patient across 3 years (1.6 versus
2.2). Additionally, the proportion of recurrent patients is higher
at facility #29 (56%) than at facility #30 (49%). While an in-depth

analysis of the underlying causes lies beyond the scope of this
study, these results suggest the need to examine the allocation
of indication-specific CT acquisition protocols for recurrent im-
aging and, if needed, optimize relevant protocols.

The second confirmation concerns the consistent linear rela-
tionship between /140;; and the third quartile values of yearly
CED, which forms the theoretical foundation for using latter
metric to set a benchmarking reference level. As shown in
Table 2, although different studies report significant variability
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in the distributions of both /;50.; and the statistical descriptors
of CED, the linear relationship between /14,1 and the third quar-
tile of yearly CED remains stable, as is the percentage of vari-
ance of /1g0;1 explained by the linear relationship.

This study confirms that using prevalence indexes to estimate
the proportion of patients who accumulate CED > 100 mSv over
several years is methodologically flawed and leads to significant
underestimation. Our average /9,3 value was 2.9%, more than
twice the P03 index of 1.3%. Similar trends were observed in 2
other studies: Brambilla et al*® reported 6.4% versus 2.6% in
Italian hospitals, and Brambilla et al*® reported 3.9% versus
2.2% in Slovakian hospitals. Prevalence tends to underestimate
the true magnitude because not all patients in its denominator
are observed over the same length of time. This is akin to taking
a snapshot of an ongoing event rather than capturing its full
progression. In contrast, incidence metrics account for observa-
tions across varying time periods, making them more like videos
that reflect changes over time. The authors recommend using
incidence as the preferred metric for future studies assessing re-
current imaging.

While 0.58% of patients with CED > 100 mSv in a single year
may be considered negligible in absolute terms, over a 3-year
period, the average proportion rises to approximately 3%
among all patients undergoing CT scans. With further extension

Figure 6 Surface plot with linear fitting of the regression equation
relating /100;3 With third quartile of yearly CED, and percentage of
recurrent patients.

of the observation period, this percentage is projected to in-
crease to 5%-6%. Future studies should examine this trend for
deeper insight into recurrent imaging patterns.

A new finding of this study is the multiple linear relationship
that associates /10,3 With statistically significant predictors. The
link between the third quartile of yearly CED and /1401 was antic-
ipated, since the shape of each center’s CED distribution deter-
mines its relationship with /10,;. Furthermore, the third quartile
of yearly CED is the most important predictor of /1go3. This
means that using a single dose index-the third quartile of yearly
CED—can provide reasonably reliable estimates of the temporal
trend of the percentage of patients likely to exceed 100 mSv
over a 3-year period. The only other statistically significant pre-
dictor of I3 is the percentage of recurrent patients.
Combined, these 2 predictors account for 86% of the observed
variation among facilities regarding the 3-year incidence of
patients with CED > 100 mSv.

While some may argue that using retrospective recurrence
rates makes predicting /1903 from single-year data unreliable,
these rates typically remain stable in the same facility over sev-
eral years.

It is noteworthy that the annual number of CT scans per pa-
tient does not predict either /1go,1 OF /100;3. This indirectly sug-
gests that the high values of /19p; and /1903 are primarily
associated with the dose from a single CT scan, which may en-
compass varying numbers of acquisition sequences, and the
percentage of patients undergoing repeated examinations,
rather than with a particularly high mean number of CT exami-
nations per patient.

The study has some limitations. Voluntary participation was
limited to European centers with strong quality assurance and
qualified medical physicists, leading to positive selection bias
and potentially underestimating results. Patient tracking was re-
stricted to single facilities, so cumulative dose data may be in-
complete for those scanned at multiple sites. Only CT exams
were included, possibly resulting in an underestimated total
CED as many recurrent patients might also undergo interven-
tional radiology, nuclear medicine, and other imaging studies.*
Future research could apply the methodology of this study to in-
vestigate recurrent imaging in multi-modality settings.

A single DLP-to-ED conversion per anatomical region did not
account for patient size, age, sex, which is considered accept-
able for population-level benchmarking and optimization stud-
ies when individual risk assessment is outside the objectives.
Standardized DLP-to-ED conversion coefficients were used to
minimize inconsistencies in organ dose and ED calculations,

Table 2 Comparison of the linear relationship between /19,1 (%) and third quartile of yearly CED (denoted as CED,) in published studies.

Study No. Linear relationship  R? l100;1 (%), 1100, (%), Third quartile Third quartile RERL
facilities between /140.1 (%) mean range CED,, mean CED;, range  (mSv)
and third quartile (mSv) (mSv)
of yearly CED
Present study 31 1001 =0.095X-0.9 0.72 0.58% [0.0-2.6%] 15.7 [7.5-29.5] 17.6
Brambilla et al (2024),° 61 o1 =0.11X - 1.04 071 1.0% [0.0-8.7%] 21.6 [9.8-60.4] 25.7
Slovakia
Brambilla et al (2024),25 9 11000 =0.16 X =234 0.80 2.0% [0.1-5.3%] 26.8 [12.7-40.1] 34.0

Italy
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thereby improving reproducibility. Expected improved methods
for assessment of ED and their standardized utilization across
REMSs may contribute to improved CED assessment in future.

This study was not designed to investigate factors contribut-
ing to varying recurrent rates; its main goal was to propose a
strategy for objectively evaluating the local situation as an initial
step in the optimization process. By following the methodology
outlined here, a medical facility can track their recurrent
patients over at least 3 years, calculate the third quartile of
yearly CED values, and then compare this figure with similar val-
ues from other facilities, or with the reference level if estab-
lished. A higher value does not immediately signal suboptimal
recurrent imaging practice, as it could be explained by a specific
clinical context or complexity of diseases managed by the facil-
ity. However, such higher values could result from excessive use
of CT to follow-up of patients with chronic conditions, inade-
quate justification for imaging procedures, utilization of subopti-
mal CT protocols, and other factors. Though this may not have
an immediate impact on individual patient management, inves-
tigating the contributing factors and addressing high recurrent
rates can ultimately improve patient care.
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