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ABSTRACT
Radiation exposure accompanying medical imaging associates with cancer risk. Patients with recurrent
or chronic diseases may be especially at risk, because they may undergo more of these procedures. The
aim of this study was to assess the individual cumulative effective doses (CEDs), which quantify radiation
from medical imaging procedures, in a cohort of 106 hemodialysis patients during a median follow-up of
3 years. We retrospectively calculated individual radiation exposures by collecting the number and type
of radiologic procedures from hospital records. We also estimated organ doses for computed tomography procedures. The mean and median annual CEDs were 21.9 and 11.7 mSv per patient-year,
respectively. The mean and median total CEDs per patient during the study period were 57.7 and 27.3
mSv, respectively. By radiation dose group, we classified 22 patients as low (⬍3 mSv/yr), 51 as moderate
(3 to ⬍20 mSv/yr), 22 as high (20 to ⬍50 mSv/yr), and 11 as very high (ⱖ50 mSv/yr). Seventeen patients
had a total CED ⬎100 mSv, a value associated with a substantial increase in risk for cancer-related
mortality. Of the total CED,s 76% was a result of CT scanning. The annual CED significantly associated
with age and transplant waitlist status. In summary, this study shows that a significant fraction of
surviving hemodialysis patients during a 3-year period receives estimated radiation doses that may put
them at an increased risk for cancer.
J Am Soc Nephrol 22: 571–578, 2011. doi: 10.1681/ASN.2010070784

Medical uses of radiation have risen rapidly over the
past decade, and as of 2006, medical uses represent
the largest source of exposure to the U.S. population, accounting for 3.0 mSv against an estimated
2.4 mSv from a natural background.1 Advances in
medical imaging have been associated with increased radiation exposure, especially for patients
with chronic and recurrent conditions.2 The association of ionizing radiation and cancer risk is assumed to be continuous and graded over the entire
range of exposure,3 and approximately 29,000 future cancers have been related to computed tomography (CT) examinations performed in the United
States in 2007.4 Patients on hemodialysis require
ongoing care that often results in repeated imaging
and repeated exposure to ionizing radiation for
both diagnostic and therapeutic purposes.5 Maintenance hemodialysis, besides being such a chronic
J Am Soc Nephrol 22: 571–578, 2011

condition, is associated with an increased incidence
of cancer of unclear etiology. Patients with ESRD
have a fourfold higher risk of cancer compared with
the general population, but the cancer risk is different according to the renal replacement therapy:
there is an increase of 1 to 1.5 times during dialysis
and 2.5 to 5 times after kidney transplantation for
both uremia and drug-related immunosuppression.6,7 The excess risk of cancer associated with raReceived July 30, 2010. Accepted October 20, 2010.
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Figure 1. Total and annual CED are higher in younger patients.
Box plot showing median and intraquartile range of average
cumulative effective dose of radiation from radiologic procedures
by age group at study entry.

diation exposure8 adds in these patients to the increased incidence of cancer because of the inherent pathology and must be
taken into careful consideration particularly in younger patients and in those eligible for kidney transplantation. Cumulative effective dose (CED) allows for comparisons/summation
of radiation exposure generated from different origins and has
been previously used to quantify the radiation exposure from
medical imaging procedures.9
The aim of this retrospective study is to quantify the CED of
ionizing radiation in hemodialysis patients, to identify the subgroups that are at an increased risk, and to consider the potential health consequences of this radiation exposure.

RESULTS

CEDs (P ⫽ 0.0001) and annual CEDs (P ⫽ 0.0002) than the
older patients (Fig. 1). Also the transplant waiting list status
was associated with a significantly higher (P ⫽ 0.04) annual
CED (Table 1). Overall, 35 patients started the screening for
renal transplantation. There were five patients denied renal
transplantation on the basis of an abdominal/pelvic CT
study showing severe atherosclerosis of the iliac arteries. Of
the 30 patients in the active transplant waiting list, they
underwent, in total, 283 conventional radiology, 85 CT, 51
nuclear medicine, and 27 interventional procedures with 10
cardiac catheterizations. Average annual CED was not significantly different for men and women, for comorbid conditions, or for death during the study period.
Among the subjects, 22 were in the low (⬍3 mSv/yr), 51
in the moderate (3 to ⬍20 mSv/yr), 22 in the high (20 to
⬍50 mSv/yr), and 11 in the very high (ⱖ50 mSv/yr) radiation dose groups. Seventeen patients had a total CED ⬎100
mSv.
The total number of radiologic procedures for all patients was 1303, and the annual median and mean CEDs are
shown in Table 2. The median (IQR) total CED per subject
over the study period was 27.3 mSv (9.8 to 60.0). The mean
total CED was 55.7 ⫾ 73.6 mSv. The mean levels are much
higher than the median annual and total CED, which reflects the dramatic right-skew in this distribution of patients
with increasing CED.
The median (IQR) number of radiologic procedures was 4.3
(2.3 to 6.3) per patient-year. All patients underwent at least one
procedure involving exposure to ionizing radiation: 65% had at
least one CT examination during the study period; this percentage
decreases to 50% for nuclear medicine and to 52% for interventional procedures. The proportion of total radiation exposure attributable to different types of investigations is also shown in Table 2. CT examinations accounted for 76% of the total CED, while
accounting for only 19% of the total number of radiological procedures.
Among the 248 CT procedures, 101 (40.7%) were performed to diagnose a specific disease (i.e., when patients had
symptoms such as neurologic signs, hemorrhages, respiratory distress, trauma, acute pain, suspected cancer, abscess,
appendicitis or diverticulitis, suspected aneurysm or dissection), 101 (40.7%) were performed to monitor a previously

The 106 study patients (63 men) were followed for a median
of 3.0 years. During the study period, 23 patients (21.6%)
died, whereas 6 (5.6%) underwent kidney transplantation.
In these cases, the data were censored at the date of death or
of transplantation. Thus, a total of 281 patient-years were
available for follow-up. The mean ⫾ SD
age at study entry was 65.3 ⫾ 14.6 years. Table 1. Patient characteristics for the study population and comparison of
Among the subjects, 14 were in the 18- to average annual CED for gender, transplant waiting list status, and comorbid
50-year age group, 41 were in the 50- to conditions including death
Annual CED (mSv per
70-year age group, and 51 were ⬎70
Patient-Year) (Mean ⴞ SD)
years. In all, 77% of the subjects were Patient Characteristics
Total 关N (%)兴
P
prevalent, with a median (intraquartile
Yes
No
range [IQR]) dialysis period of 4.0 (1.6 to Male
63 (59.4%)
22.0 ⫾ 31.0
21.6 ⫾ 32.0
0.44
8.3) years, and the remaining 23% initi- Diabetes mellitus
26 (24.5%)
20.0 ⫾ 18.6
22.5 ⫾ 34.4
0.33
ated dialysis during the study period. The Ischemic heart disease
44 (41.5%)
21.1 ⫾ 23.5
22.4 ⫾ 35.9
0.30
20 (18.9%)
25.8 ⫾ 23.3
20.9 ⫾ 328
0.11
average radiation exposure was signifi- Tumor
30 (28.3%)
30.5 ⫾ 40.0
18.4 ⫾ 26.5
0.04
cantly associated to the younger-aged pa- Renal transplant eligible
23 (21.7%)
32.4 ⫾ 45.2
18.9 ⫾ 25.7
0.40
tients who were exposed to higher total Death
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Table 2. Number of radiologic procedures and annual and total CED by procedure type
Procedure

Number of
Examinations 关N (%)兴

Annual CED (mSv
per Patient-Year)
关Median (IQR)兴

Annual CED (mSv
per Patient-Year)
(mean ⴞ SD)

Total CED
mSv (%)

Overall total
Conventional diagnostic radiology
CT
Nuclear medicine
Interventional

1303 (100%)
848 (65.0%)
248 (19.0%)
108 (8.2%)
99 (7.6%)

11.7 (4.3 to 24.7)
1.4 (0.7 to 2.7)
6.5 (0 to 18.6)
0.0 (0 to 2.8)
0.0 (0 to 2.3)

21.9 ⫾ 31.2
1.9 ⫾ 1.5
16.6 ⫾ 29.2
1.6 ⫾ 1.3
1.8 ⫾ 1.5

5901.4 (100%)
488.7 (8.3%)
4484.0 (76.0%)
451.1 (7.6%)
477.5 (8.1%)

IQR, intraquartile range.

diagnosed disease, and 46 (18.6%) were for transplant
screening. In 96 of 248 (38.7%) cases, the CT examinations
resulted in findings that were judged by the referring physicians as relevant for the patient’s clinical management
and/or therapy. On the other hand, in 118 (47.6%) cases, the
CT findings, although showing some abnormalities, did not
changed the patient’s management, and in 34 (13.7%), produced negative results. Conventional diagnostic radiology,
nuclear medicine, and interventional procedures accounted
for 65, 8.2, and 7.6% of the frequency in procedures and for
8.3, 7.6, and 8.1% of total CED, respectively. The proportion of total CED to different types of CT examinations is
shown in Table 3. Although comprising only 43.1% of the
CT procedures, abdominal/pelvic examinations resulted in
73.2% of the CT radiation exposure and 55.6% of the total
CED. For 50 of 106 (47%) patients who were submitted to at
least one abdominal/pelvic CT examination during the
study period, cumulated doses to relevant organs (stomach,
liver, colon, and bone marrow) were estimated. Effective
dose and organ doses for abdominal and abdominal/pelvic
CT examinations as performed in our institution are shown
in Table 4. Frequency distributions of cumulated organ
doses are represented in Figure 2 by means of box and whiskers plots. The median cumulative organ doses in this subgroup were 64, 60, 35, and 24 mSv for stomach, liver, colon,
and bone marrow, respectively.
The main analyses were repeated in the subset of 86 noncancer patients. Both the total CED and annual CED were
significantly higher in younger patients than in older patients (P ⫽ 0.0009 and P ⫽ 0.0029, respectively). In this
subset, the transplant waiting list status was associated with
a significantly higher (P ⫽ 0.02) annual CED, whereas average radiation exposure was not significantly different for

men and women, for comorbid conditions, or for death
during the study period (Table 5).

DISCUSSION

This study showed that within 3 years, a significant fraction of
surviving hemodialysis patients received estimated radiation
doses that may put them at an increased risk of cancer. The
cumulative radiation exposure was significantly higher in relatively younger patients and in those who are transplant
eligible. This is of particular concern given the anticipated
life expectancy of these subjects and the ongoing use of immunosuppressive agents in the latter.
Although there is some disagreement about the level of risk
from low-level radiation exposure over time, the current consensus favors the linear no-threshold model.10 Under this
model, the cumulative exposure to radiation over a lifetime is
linearly associated with an increased risk of cancer. Some contend that the model fails to account for the rate of radiation
exposure or for cell capacity to repair radiation damage.11 The
assumed risk estimates are ultimately derived from analyses of
mortality data based on Japanese atomic bomb survivors7 exposed to intermediate radiation doses (approximately 40
mSv), like two or three typical CT scans in adults. The atomic
bomb data provide strong evidence of an increased cancer
mortality risk at equivalent doses ⬎100 mSv, good evidence of
an increased risk for doses between 50 and 100 mSv, and reasonable evidence for an increased risk for doses between 10 and
50 mSv.8 However, while recognizing these controversies
about the validity of the linear no-threshold model, it must also
be recognized that the organ doses for a typical CT study of the
body involving two or three scans are in the range in which
there is direct evidence of a statistically significant increase in the risk of cancer, and
Table 3. Number of CT examinations, CT scans, and related total CED
the corresponding CT-related risks can
Number of
Number of Scans (Average
Total CED
thus be directly assessed from epidemioProcedure
Examinations,
N of Scans per
mSv(%)
logic data, without the need to extrapolate
关N (%)兴
Examination)
measured risk at lower doses. For instance,
Overall total
248 (100%)
507 (2.0)
4484 (100%)
Brenner et al.12 reported an estimated lifeHead/neck
65 (26.2%)
79 (1.2)
181 (4.0%)
time cancer mortality risks attributable to
Chest
74 (29.8%)
141 (1.9)
987 (22.1%)
Abdomen/pelvis
107 (43.1%)
285 (2.4)
3286 (73.2%)
the radiation exposure from a single typical
Other
2 (0.008%)
2 (1.0)
30 (0.007%)
CT examination of abdomen in an adult of
J Am Soc Nephrol 22: 571–578, 2011
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Table 4. Effective dose and organ radiation doses for abdominal/pelvic CT
examinations estimated at our institution

average number of scans per single CT examination was 2.4 for abdominal/pelvic,
1.9 for chest, and 1.3 for head/neck examiRoutine
Suspected Aneurysm
Routine Upper
Abdomen-Pelvis
or Dissection
Abdomen
nations. The published estimates of typical
a
effective doses in CT procedures are usually
Effective dose (mSv)
14.8
17.2
6.2
reported for a single CT scan. The simple
Organs or tissues
Organ Dose (mGy or mSv)b
gonads
31.3
35.9
0.8
recording of a CT examination without the
bone marrow (red)
12.4
14.3
3.8
recording of the exact number of scans per
colon
23.2
26.9
0.7
single examination may lead to a severe unlung
7.4
8.7
7.5
derestimation of the contribution of CT to
stomach
24.8
29.4
21.6
both effective and organ doses. For exambladder
32.4
38.9
0.2
ple, with an average of 2.4 scans for abdombreast
1.4
1.6
1.3
inal/pelvic CT examinations, the estimated
liver
22.7
27.3
20.5
lifetime cancer mortality risks attributable
esophagus (thymus)
1.1
1.3
1.1
to the radiation exposure from a typical abthyroid
0.1
0.1
0.1
dominal/pelvic CT examination rises to
skin
8.8
10.2
3.3
0.05% in an adult. Although this figure still
bone surface
16.4
19.1
6.9
remainder
12.1
14.0
3.8
represents a small increase in cancer mora
Effective doses and organ doses are reported for a single scan.
tality over the specific background rate of
b
The radiation dose, a measure of ionizing energy absorbed per unit of mass, is expressed in grays
hemodialysis patient, this finding may be
(Gy) or milligrays (mGy); 1 Gy ⫽ 1 joule per kilogram. The radiation dose is often expressed as an
viewed in the light of the elevated number
equivalent dose in Sieverts (Sv) or millisieverts (mSv). For x-ray radiation, which is the type used in CT
scanners, 1 mSv ⫽ 1 mGy.
of dialysis patients, which are ⬎300,000 in
the United States.14
0.02%, based on typical organ doses very similar to our estiAs for nuclear medicine procedures, the administered ramates, reported in Table 4 (the higher values for gonads and diopharmaceutical activity is the single most relevant predictor
colon are mainly caused by the involvement of the pelvic re- of absorbed dose (although the distribution and elimination
gion). The number of CT scans in a given study is an important kinetics of the radiopharmaceutical play a role). The recording
factor in determining the dose. For example, Mettler et al.13 of individual administered activities allows us to obtain more
reported that in virtually all patients undergoing CT of the accurate estimates of nuclear medicine contribution to the paabdomen or pelvis, more than one scan was obtained during tient effective dose than the simple attribution of a typical efthe examination; among all patients undergoing CT, the au- fective dose from published studies.
thors reported that at least three scans were obtained in 30% of
For nephrologists, the association between cancer and
patients, more than five scans in 7%, and nine or more scans in chronic kidney disease has been recognized for a long time.15,16
4%. These findings are paralleled by our data showing that the Chronic kidney disease is a risk factor for cancer, because of
several not definitely understood mechanisms. The first is the
carcinogenesis related to medications administered for treating the renal disease: glomerulonephritides and vasculitides
require citotoxic therapy such as cyclophosphamide and azathioprine, which are known to induce bladder, kidney,17 skin
cancer, or lymphomas.18 The second is the carcinogenesis related
to underlying renal disease: acquired polycystic kidney disease is associated with increased risk of renal cell carcinoma.19 The third is
the carcinogenesis caused by impaired immunity such as lymphocytes disregulation20 and DNA damage.21 Therefore, we
can hypothesize that the ionizing radiations, which are recognized to induce DNA and RNA alterations and to reduce the
capacity of repair of the molecules, would not be only a risk
factor but also a concomitant cause of cancer in our population. The excess mortality cancer risk began at a GFR of 55
ml/min per 1.73 m2 and increases of about 30% for every 10
ml/min decrease of GFR, with the greatest risk for GFR ⬍40
22,23 Patients with ESRD have fourfold higher risk of
ml/min.
Figure 2. Abdominal/pelvic CT exposes patients to high organ
cancer
compared
with the general population, but the risk is
doses. Box plot showing median and intraquartile range of cudifferent according to the renal replacement therapy: it is inmulative organ dose of radiation in a subgroup of 50 patients who
underwent at least one abdominal/pelvic CT.
creased of 1 to 1.5 times during dialysis and 2.5 to 5 times after
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Table 5. Patient characteristics for the subset of 86 noncancer patients and
comparison of average annual CED for gender, transplant waiting list status,
and comorbid conditions including death

CEDs that maintenance hemodialysis patients accrue over time.5 Notwithstanding a
shorter period of follow-up (281 patientAnnual CED (mSv per
years) in our study compared with the one
Patient-Year) (Mean ⴞ SD)
reported by Kinsella et al. (345 patientPatient Characteristics
Total 关N (%)兴
P
years) and a lower number of total radioYes
No
logic procedures registered (1303 in our
Male
50 (58.1%)
20.3 ⫾ 32.0
21.8 ⫾ 34.4
0.23
study versus 2575 reported by Kinsella et
Diabetes mellitus
22 (25.6%)
17.6 ⫾ 17.6
22.1 ⫾ 36.7
0.42
al.),
the median estimated total CED was
Ischemic heart disease
38 (44.1%)
18.4 ⫾ 23.3
23.0 ⫾ 38.9
0.51
higher (27.3 versus 21.7 mSv), and even
Renal transplant eligible
25 (29.1%)
32.6 ⫾ 43.4
16.1 ⫾ 26.3
0.03
Death
18 (20.9%)
28.6.⫾48.4
18.9 ⫾ 27.5
0.97
more relevant, the median annual CED was
almost doubled in our study (11.7 versus
kidney transplantation.6,7 Finally, it was shown that more than 6.9 mSv). This is mainly because of the severe underestimation
5 years of dialysis before transplantation is also associated with in the study of Kinsella et al. of the contribution of CT expoincreased cancer risk.6 Moreover, by atomic bomb survivor sure. On average, in the study of Kinsella et al., a CT study
data, we can argue a 14% per Sv increased risk of noncancer contributed to an average 7.4 mSv to the CED compared with
disease mortality, such as heart, brain, digestive, and respira- a corresponding figure of 18 mSv in our study. This underestory diseases,24 which are much more difficult to study in our timation is most likely attributable to the nonconsideration of
population but which are also at increased prevalence for the number of scans in a single CT study, which, as previously
mentioned, is a crucial factor in determining the total examicauses not completely understood.
Dialysis patients receive a higher radiation dose than other nation dose. To a lesser extent, the underestimation may also
chronically ill patients. Stein et al.2 reported a mean total CED be attributable to the absence of the contribution of nuclear
after 3 years of 12.3 mSv for 1711 patients with hydrocephalus, medicine procedures. It should be underlined that the effective
21.7 mSv for 3220 patients with pulmonary thromboembolic dis- doses calculated for abdominal/pelvic CT examinations using
ease, 18.7 mSv for 5855 patients with renal colic, and 14 mSv for organ doses and International Commission on Radiologic
11,072 patients with cardiac disease. Kroecker et al.25 reported a Protection 103 tissue-weighting factors were less than Internamean total CED of 14.3 mSv after 5 years for 371 patients with a tional Commission on Radiologic Protection 60 values.29
diagnosis of Crohn’s disease. Chen et al.26 reported a mean total
The results of this study should be interpreted in the context
CED over 3 years of 23.1 mSv for 90,121 patients who underwent of several limitations. First and most important, it was conmore than one cardiac imaging procedure. These values must be ducted in a single center; the pattern of use of radiation-related
compared with our estimate of mean total CED over 3 years of procedures and the resulting patient exposure are highly vari55.7 mSv in 106 dialysis patient or to the corresponding estimate able depending on both available technologies and clinical
of 34.2 mSv reported by Kinsella et al.5 in 100 dialysis patient for a practices. Moreover, we only registered total CEDs during the
median of 3.4 years of follow-up.
study period on dialysis and as performed at our medical cenAltogether, these findings emphasize the need to begin ter for dialysis; this by definition underestimates the radiation
tracking at least the CT-related exposure, as recently suggested exposure of the subjects. Second, the inclusion in the sample
by the American College of Radiology,27 to develop and incre- population of patients already diagnosed with cancer could
ment alternative strategies to reduce patient-specific radiation be criticized because these subjects may inflate the CED beburden. The most effective way to reduce the population dose cause of therapeutic imaging/monitoring. The main analyses
from CT is simply to decrease the number of CT studies that were thus repeated in the subset of 86 noncancer patients with
are prescribed. Although the retrospective nature of this study similar conclusions. This finding can be partly explained by the
does not allow us to draw conclusive inferences about the per- consideration that dialyzed patients are already exposed to a
centage of CT studies that could have been avoided, the signif- considerable amount of imaging procedures because of their
icant number of examinations that resulted in non-notable multiple comorbid conditions, and their likelihood of being
findings or in negative results points toward the need of a more imaged is not further increased when diagnosis of cancer is
stringent process of justification of CT referral. As institutions made. Third, we did not use measures of radiation dose that are
begin to implement radiation reduction and exposure tracking specific to the subject we studied, but instead, we relied on
programs, special attention should be paid not only to individ- estimates of effective doses or organ doses (for CT procedures),
uals but also to cohorts, such as the hemodialysis patients in which are neither precisely measured nor subject specific. This
this study. This will also aid in incrementing the awareness of limitation was partly compensated in our study by careful rethe medical community (including radiologists and emer- cording of the number and location of scans in individual CT
gency room physicians) of the much higher radiation burden examinations, by the estimation of organ dose for CT examiassociate with CT examinations in comparison with other ra- nations derived from the institutional acquisition protocols,
diologic procedures.28
by the use of an anthropomorphic phantom and Monte Carlo–
To our knowledge, there is only one published study on the based dosimetry calculations, and by the estimation of effective
J Am Soc Nephrol 22: 571–578, 2011
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dose from nuclear medicine procedures obtained from individual administered activities. Finally, our characterization of
the effective dose in the subgroup of subjects represents an
application of this quantity beyond its formal definition.
In conclusion, the dialyzed patients received high ionizing
radiation doses, because of several comorbidities requiring
several diagnostic and therapeutic radiologic procedures. This
may be translated to an excess of cancer risk, mainly among
young subjects that will receive renal transplantation.
CONCISE METHODS
Data Sources and Study Population
We conducted a retrospective study of period prevalent maintenance
hemodialysis patients attending a single university-based dialysis center between June 30, 2007 and June 30, 2010. The center’s medical
imaging equipment included two magnetic resonance units, three CT
scanners, and two pieces of angiography equipment in the radiology
department, one positron emission tomography and three singlephoton emission tomography scanners in the Nuclear Medicine Department, and two pieces of dedicated cardiac angiography equipment in the cardiology department. Since the first kidney transplant
was performed at Novara University Hospital in October 1998, ⬎500
transplants have been carried out. Patients with ⬍6 months of follow-up were excluded. Comorbidities such as mellitus diabetes, neoplasia, and ischemic heart disease (myocardial infarction or angina)
were obtained by reviewing medical notes, clinical summaries, and
patient interviews. Details of all radiologic procedures performed on
patients in the cohort during the study period were obtained from the
Radiology Information System present in our institution. For CT procedures, the numbers of scans in each patient and in each anatomic
region were obtained by examining individual examinations in the
Picture Archiving and communication system of the Hospital Radiology Department.

Estimates of Radiation Doses
To evaluate the radiation exposure for each imaging procedure, we
obtained estimates of typical effective doses (assessed in millisieverts).
The effective dose is calculated by weighting the concentrations of
energy deposited in each organ from a radiation exposure with parameters that reflect the type of radiation and the potential for radiation-related mutagenic changes in each organ in a reference subject.30
It is used for dose distributions that are not homogeneous (which is
always the case with CT and nuclear medicine) and is designed to be

proportional to a generic estimate of the overall harm to a patient
caused by the radiation exposure. Thus, it allows for useful population-level comparisons across different types of radiation exposures31 but provides only an approximate estimate of the true risk.
For risk estimation, the organ dose is the preferred quantity.32
Indeed, it is possible to estimate the cancer risks associated with
the radiation exposure from any given CT examination by estimating the organ doses involved and applying organ-specific cancer
incidence or mortality data that were derived from studies of
atomic bomb survivors.12
For common radiology procedures, we relied primarily on data
summarized in a recent review.33 For instances in which this source
was insufficient, we obtained estimates from other published sources
or extrapolated from data reported in similar procedures.34 For all
examinations, CTs with and without contrast were counted as two
scans, and the radiation dose was doubled. CT with contrast could be
counted as having multiple series within the scan to account for multiphasic imaging.32,35
We estimated effective doses and organ doses for abdominal/pelvic
CT using the most complete computational method based on Monte
Carlo simulations36,37 that explicitly uses tissue weighing coefficients as
specified by International Commission on Radiologic Protection 103. CT
scans were performed with a 64-row multidetector CT (Lightspeed VCT;
GE, Milwaukee, WI) using both z-axis and angular tube current modulation. The institutional examination protocol parameters used to scan
the phantom are summarized in Table 6. An average adult was simulated
with an anthropomorphic phantom (Rando, The Phantom Laboratory,
Salem, NY). Automatic exposure-activated scans follow a lateral topogram acquisition. The tube current values for all of the acquired scans
were recorded after extracting the information from the DICOM header
of the stored images by means of an automatic routine.38 These values
were multiplied by the rotation time used to obtain the milliampere time
second values. The volumetric CT dose index provided by the equipment
user interface was recorded for every exposure condition. The accuracy of
these provided values was verified by using values measured during the routine quality controls, finding a maximum difference of 5%. The patient dose
was evaluated in terms of effective dose and organ doses. The software ImPACTCTPATIENTDOSECALCULATORv1.02(ImPACT,London,UK)
was used after a modification of the calculation procedure to consider the
actual distribution of organ doses consequent to the tube current modulation.38 Briefly a Microsoft Excel macro was developed that considers the milliampere current values for every slab of thickness 1 cm of the scanned volume; it calculates the relative effective dose contribution and adds all of the
contributions to determine the total effective dose.

Table 6. Protocol parameters used to scan the phantom in abdominal/pelvic CT examinations
Examination
1. Routine abdomenpelvis
2. Suspected aneurysm
or dissection
3. Routine abdomen

576

Scan Range
Diaphragmatic cupola to
pubic symphysis
Diaphragmatic cupola to
pubic symphysis
Diaphragmatic cupola to
iliac wings
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kV

Noise
Index

Slice
Thickness (mm)

Rotation
Time (seconds)

Pitch

Beam
Collimation
(mm)

FOV
(cm)

120

12

2.5

0.6

0.984

40

36

120

16

1.25

0.5

0.984

40

36

120

12

2.5

0.6

0.984

40

36
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To err on the side of underestimating exposure, a value of 14.0 mSv
was assigned to each complete abdomen-pelvis scan irrespective of the
acquisition protocol adopted (routine or vascular). This is equivalent to
the average value reported by Mettler et al.33 in a review of ⬎20 publications on dosimetry in abdominal CT. On the other hand, a value of 6.2
mSv was assigned to each upper abdomen scan, which is lower than the
corresponding estimate of 8 mSv by Mettler et al.33 It is worth noting that
Please spell out units of measure when not used with a numeral. International Commission on Radiologic Protection 60 estimation of effective
dose in the routine abdominal/pelvic examination provided a value of
18.7 mSv, which differed from corresponding International Commission
on Radiologic Protection 103 estimate by ⫹20%, mainly because of the
higher weighting factor for gonads. This is in agreement with the existing
literature comparing International Commission on Radiologic Protection 60 and International Commission on Radiologic Protection 103 estimates of effective doses.29
The effective dose from nuclear medicine was estimated as follows39: for the different types of procedures, the individual administered activity of a specific radiopharmaceutical was recorded. Coefficients relating effective doses to administered activity were obtained
from the addenda to International Commission on Radiologic Protection Publication 53 (International Commission on Radiologic
Protection 80, 1998).40
Procedural frequencies and CEDs of radiation were calculated for
the entire study population over the 3-year study period. CED is expressed for each patient as a summation over the study period (total
CED [mSv]) and as annual CED (mSv per patient year). Organ doses
for patients who underwent abdominal/pelvic CT were estimated for
the entire study period. Subjects were categorized according to gender
and age at the beginning of the study period (18 to 50, 50 to 70 and
⬎70 years). Procedures were subdivided in conventional diagnostic
radiology, CT, nuclear medicine, and interventional radiology, as performed in Mettler et al.33
We calculated population-based rates of effective doses for the overall
study population according to the following annual CED categories9: low
(ⱕ3 mSv/yr, the background level of radiation from natural sources in the
world), moderate (⬎3 to 20 mSv/yr, the upper annual limit for occupational
exposure for at-risk workers in European Union), high (⬎20 to 50 mSv/yr,
the upper annual limit for occupational exposure for at-risk workers in any
given year in United States), and very high (⬎50 mSv/yr).

Statistical Analysis
Data were described using mean and SD or using median and IQR for
non-normal distributions. Comparison between groups was performed
using Fisher’s exact test for categorical variables and Mann-Whitney U
test or Kruskal-Wallis for non-normally distributed continuous variables
with two groups or more than two groups, respectively. All statistical
analyses were carried out with Statistica software, Version 6.0 (Statsoft)
using a two-sided type I error rate of 0.05.
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