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Purpose: To determine patient, vendor, and institutional factors
that influence computed tomography (CT) radiation dose.

Materials and The relevant institutional review boards approved this
Methods: HIPAA-compliant study, with waiver of informed con-
sent. Volume CT dose index (CTDI ) and effective dose
in 274124 head, chest, and abdominal CT examinations
performed in adult patients at 12 facilities in 2013 were
collected prospectively. Patient, vendor, and institutional
characteristics that could be used to predict (a) median
dose by using linear regression after log transformation of
doses and (b) high-dose examinations (top 25% of dose
within anatomic strata) by using modified Poisson regres-
sion were assessed.

Results: There was wide variation in dose within and across medical
centers. For chest CTDIWI, overall median dose across all
institutions was 11 mGy, and institutional median dose was
7-16 mGy. Models including patient, vendor, and institu-
tional factors were good for prediction of median doses (R?
= 0.31-0.61). The specific institution where the examina-
tion was performed (reflecting the specific protocols used)
accounted for a moderate to large proportion of dose varia-
tion. For chest CTDI , unadjusted median CTDI  was 16.5
mGy at one institution and 6.7 mGy at another (adjusted
relative median dose, 2.6 mGy [95% confidence interval:
2.5, 2.7]). Several variables were important predictors that
a patient would undergo high-dose CT. These included pa-
tient size, the specific institution where CT was performed,
and the use of multiphase scanning. For example, while
49% of patients (21411 of 43696) who underwent multi-
phase abdominal CT had a high-dose examination, 8% of
patients (4977 of 62212) who underwent single-phase CT
had a high-dose examination (adjusted relative risk, 6.20
[95% CI: 6.17, 6.23]). If all patients had been examined
with single-phase CT, 69% (18208 of 26 388) of high-dose
examinations would have been eliminated. Patient size,
institutional-specific protocols, and multiphase scanning
were the most important predictors of dose (change in R?
= 8%-32%), followed by manufacturer and iterative recon-
struction (change in R?, 0.2%-15.0%).

Conclusion: CT doses vary considerably within and across facilities.
The primary factors that influenced dose variation were
multiphase scanning and institutional protocol choices. It
is unknown if the variation in these factors influenced di-
agnostic accuracy.

®RSNA, 2016
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atient radiation doses for com-

puted tomography (CT) vary

considerably across institutions,
even when comparing imaging for the
same clinical indications (1-3). Fac-
tors such as patient demographics or
institutional preferences about balanc-
ing imaging noise and diagnostic image
quality could contribute to this varia-
tion; however, there is little empirical
evidence to illuminate their relative
importance. To develop imaging op-
timization activities that are likely to
have a meaningful effect, we must un-
derstand the factors that influence CT
radiation dose.

The University of California Dose
Optimization and Standardization
Endeavor (or UC-DOSE) is a collab-
oration across the five University of
California medical centers to assess
and optimize CT doses (4). Our hy-
pothesis was that patient, vendor, and

Advances in Knowledge

B Patient, vendor, and institutional
factors influence CT radiation
dose metrics, and together they
account for approximately 50%
of dose variability across imaging
facilities.

B [n addition to patient size, multi-
phase scanning is the most
important predictor of median
CT dose and a high-dose
examination.

B [nstitutional variability remains
substantial, even after accounting
for other predictors, and out-
ranks most predictors in terms
of importance; for example, if all
medical centers replicated the
scanning parameters used in the
institution with the fewest high-
dose examinations, by volume CT
dose index values, 74%, 26%,
and 99% of high doses would be
eliminated in the chest, ab-
domen, and head, respectively.

B Attention to dose reduction and
dose management at the institu-
tional level is likely to have the
greatest effect on improved
optimization.

institutional factors influence median
CT dose and the proportion of exami-
nations that exceed dose benchmarks.
The purpose of this analysis was to
determine patient, vendor, and insti-
tutional factors that influence CT ra-
diation dose.

Materials and Methods

The University of California, San Fran-
cisco Committee on Human Research
approved the study and waived in-
formed consent. The other institutional
review boards relied on this approval.
At 12 facilities associated with the Uni-
versity of California medical centers,
data for diagnostic CT examinations
performed with CT scanners in 2013
were de-identified and were uploaded
to one server by using Radimetrics
(Bayer, Whippany, NJ) commercial
dose-reporting software (5). Data were
transferred to a University of Califor-
nia, San Francisco server for analysis,
and details have been described pre-
viously (4). We excluded CT scans
performed for research, radiation on-
cology, surgical or interventional pro-
cedures, or combined positron emis-
sion tomography and CT. We analyzed
scans of the chest, abdomen (includ-
ing any scans through the abdomen or
pelvis), combined chest and abdomen,
and head, reflecting approximately
90% of all diagnostic scans performed
during the study period.

Each University of California med-
ical center sees a diverse mix of pa-
tients from across the full spectrum of
primary through quaternary care. Each
center sees a substantial number of pa-
tients with cancer or a transplant, hos-
pitalized patients with complex medical

Implication for Patient Care

B As imaging facilities seek to opti-
mize the doses used in CT scan-
ning, minimizing the use of mul-
tiphase scanning and adopting
reduced-dose protocols are the
most effective steps that facilities
can take to reduce median dose
and the number of high-dose
examinations.

and surgical disease, and patients re-
ferred from low-acuity community out-
patient settings. There is no validated
approach to assess the similarity of
patients and clinical questions across
sites, as it might affect radiation doses;
therefore, we used several approaches
to assess the relative comparability of
patients across hospitals. First, we de-
termined the case mix index, which is a
broad indicator of the clinical complex-
ity of illness of hospitalized patients at
each hospital (6). Second, we assessed
the distribution of CT scans by ana-
tomic area across hospitals. Third, for
one clinical indication—imaging for sus-
pected pulmonary embolism—we com-
pared the frequency that this was an in-
dication for scanning and the doses and
protocols used across institutions to il-
lustrate different choices made at each
hospital for one well-defined clinical
question. We picked suspected pulmo-
nary embolism because it is a narrow
and specific clinical condition that we
believed would be comparable across
institutions and because it tends to be
imaged by using identifiable protocols,
thereby enabling us to assemble and
compare protocols across institutions.
The unit of analysis was the encoun-
ter, including all irradiating events that
were part of the examination. Radi-
metrics software was used to extract
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Cl = confidence interval

CTDI,, = volume CT dose index
SSDE = size-specific dose estimate
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patient, vendor, and institutional vari-
ables and dose metrics for each series
from Digital Imaging and Communi-
cations in Medicine (or DICOM) tags
through direct connections with scan-
ners or picture archiving and communi-
cation systems.

Patient variables were age (18-29
years, 30-49 years, 50-64 years, and
65 years or older), sex, and patient
size, defined as patient diameter
measured on the midscan image and
classified into one of five categories
approximating quintiles for the head
or five categories approximating quin-
tiles for the chest or abdomen. For
the head, size groups were as follows:
1, smaller than 165 mm; 2, 165-169
mm; 3, 170-174 mm; 4, 175-179
mm; and 5, 180 mm or larger. For
the chest, abdomen, and combined
chest and abdomen, size groups were
as follows: 1, smaller than 250 mm:;
2, 250-274 mm; 3, 275-299 mm;
4, 300-324 mm; and 5, 325 mm or
larger. Vendor variables were manu-
facturer (GE Healthcare, Chicago, Il
[13 machines|; Phillips Healthcare,
Amsterdam, the Netherlands [two
machines|; Siemens, Berlin, Germany
[14 machines]; and Toshiba, Tokyo,
Japan [one machine|) and whether
the scanner was equipped with itera-
tive reconstruction at the time of the
examination. Among these were one
eight-section scanner and five 16-sec-
tion scanners; the remaining scanners
had at least 64 sections (4). Whether
iterative reconstruction was available
was known for each CT scanner, but
data on whether iterative reconstruc-
tion was used were not available.

Institutional ~ characteristics were
medical center (University of Califor-
nia, Davis [five machines]; University of
California, Irvine [four machines]; Uni-
versity of California, Los Angeles [nine
machines|; University of California,
San Diego [five machines]; and Univer-
sity of California, San Francisco [seven
machines]|) that reflects local protocol
choice and the use of single- or multi-
phase scanning for each examination.
Single-phase examinations were those
with one irradiating event; all other ex-
aminations were considered multiphase.
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Figure 1:  Distribution of dose metrics across the University of California Medical Centers for (a) CTDI , and

(Fig 1 continues).

We analyzed four dose metrics: (a)
volume CT dose index (CTDI ) (in mil-
ligrays), reflecting the average dose in-
dex value within a section in the scanned
volume of a phantom; (b) dose-length
product (in milligrays- centimeter), re-
flecting total emitted radiation imparted
to the patient; (c) effective dose (in mil-
lisieverts), which is proportional to total
imparted radiation and is an estimate
that accounts for estimated future can-
cer risk based on irradiated organs; and
(d) size-specific dose estimate (SSDE)
(in milligrays) (7), a metric similar to
CTDI , reflecting average adjusted dose
index within a section adjusted for pa-
tient size. SSDE has been described only

in the abdomen (7). The scanners for
each series directly reported CTDI
and dose-length product. To calculate ef-
fective dose, Radimetrics software uses
the Cristy phantoms library (8), with pa-
tients matched to phantoms on the basis
of midscan diameter. For each phantom,
sets of Monte Carlo simulations are pre-
run for various scanning protocols with
different examination parameters to cal-
culate organ doses. Effective dose was
calculated based on organ doses by us-
ing published International Commission
on Radiological Protection 103 tissue
weighting factors (7). SSDE was calcu-
lated based on reported CTDI  and pa-
tient diameter at the middle of the CT
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scan (7). Data were collected for each
radiating event and were reported by pa-
tient encounter. The number of phases
was defined as the number of irradiating
events irrespective of the use of contrast
material but excluding short bolus scans.
When the same anatomic region was im-
aged multiple times, CTDI , and SSDE
were calculated as the average of each
radiating event, and dose-length product
and effective dose were summed. Dose
metric distributions were assessed by
anatomic area and institution and were
displayed as modified heat maps, with
each examination contributing one line.

For each anatomic area and dose
metric (CTDImv effective dose, dose-
length product, and SSDE), the 75th
percentile of the observed values was
defined as a benchmark value. A dose
metric that exceeded the benchmark
value was considered high dose.

Statistical Analysis

The first analysis modeled log dose (a
continuous outcome) by using linear
regression to evaluate patient, vendor,
and institutional factors that enabled us
to predict the median dose. Separate
models were fit for each anatomic area
and dose metric. The dose data were
highly skewed because there were large
numbers of outliers; thus, we assessed
the median rather than the mean. Dose
metrics were log transformed to im-
prove distribution symmetry. For each
model, we calculated R?, reflecting the
proportion of variability in dose ex-
plained by the model; a higher R? value
indicated a better fit to the data. For
each category of predictor, the adjusted
relative median dose was the adjusted
median dose for that category divided
by the adjusted median dose for the
category with the lowest dose. A value
close to 1.00 indicates no difference in
median dose when compared with the
lowest-dose category, and a value of
1.50 indicates a 50% increase in me-
dian dose from the lowest-dose group.
For each predictor, we also calculated
change in R?, estimating the loss of
goodness-of-fit if the predictor were
to be removed from the overall model.
The change in R? increased as the pro-
portion of dose variability explained by

Figure 1 (continued)
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(b) effective dose. Vertical lines show the distribution of dose within an institution.

Examinations between the 25th and 75th percentiles of each institution are darkest gray; examinations
within 1.5 standard deviations of the median are medium gray; remaining examinations are light gray. Red
lines show the median dose calculated across the five medical centers; blue lines show the 75th percentile
in dose distribution calculated across all medical centers. (Fig 7 continues).

a predictor increased. Thus, the higher
the change in R?, the more important
the predictor. We calculated the 95%
confidence intervals (Cls) for the ad-
justed relative median dose.

The second analysis used a dichot-
omous outcome of high dose to reflect
whether examinations exceeded the
benchmark of the 75th percentile of
the dose metric. Specific values defin-
ing high dose are provided in Figure 1.
We used modified Poisson regression
with a robust variance estimate for bi-
nary data to evaluate patient, vendor,

and institutional factors that enabled us
to predict whether patients received a
high dose. For each predictor, we esti-
mated the relative likelihood and 95%
CI of high-dose examinations given each
predictor category compared with the
category with the fewest high-dose ex-
aminations after adjusting for the other
predictors in the model. We also esti-
mated the attributable risk percentage
for each predictor to estimate the pro-
portion of high-dose examinations at-
tributable to that predictor (9). For ex-
ample, if all medical centers replicated

Radiology: \/olume 282: Number 1—January 2017 = radiology.rsna.org
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Figure 1 (continued).  (c) The 75th percentile in dose was defined for CTDI , as 17.8 mGy for chest, 17.2 mGy for abdomen, 17.2 mGy for
combined chest and abdomen, and 59.4 mGy for head. (d) The 75th percentile in dose was defined for effective dose as 14.9 mSv for chest,
21.2 mSv for abdomen, 33.1 mSv for combined chest and abdomen, and 2.8 mSv for head. The 75th percentile in dose for SSDE was defined
as 19.2 mGy. Distribution of dose within each institution and anatomic area is shown with a vertical line, and horizontal lines indicate median
dose (red line) and 75th percentile in dose (blue line) calculated across all five University of California medical centers for that anatomic area.

the scanning parameters of the institu-
tion with the fewest high-dose examina-
tions for that measure, the attributable
risk reflects the proportion of high-dose
examinations that would be eliminated.
Of note, while this determines the effect
on dose, it does not take into account
whether the change would reduce the
diagnostic accuracy or diagnostic ac-
ceptability of the images.

While change in R? (for median
dose) and attributable risk (for propor-
tion of high-dose examinations) both
measured the importance of predictors
on a scale of O to 1, they had different
interpretations. Change in R?> measured

how much variation in dose a given
predictor explained; attributable risk
measured reduction in high-dose ex-
aminations expected if all examinations
used the predictor value associated
with the fewest high-dose examinations
(eg, if all examinations were performed
at the institution with the fewest high-
dose examinations). We categorized
change in R? and attributable risk as
small (<10%), moderate (range, 10%-
25%), or large (>25%). To show how
R? and attributable risk contribute to
understanding the effect of a predic-
tor on dose distribution, we graphed
expected changes in dose distribution

after adjusting for patient, vendor, and
institutional factors.

We assessed the association be-
tween the institutional case mix index
and median effective dose by using two
simple linear models for each anatomic
area. One model compared institutional
case mix index to crude median dose,
and the other compared institutional
case mix index to its effect in the co-
variate-controlled log median effective
dose model described previously.

Results for dose-length product and
effective dose were nearly identical.
Thus, only results for effective dose are
shown. The results for combined chest
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Table 1

Patient, Vendor, and Institutional Factors for Included CT Scans at Each of the Included Hospitals

Factor

Total (n = 74124)

UCA (n=43197) UC B (n=43758) UCC (n=58613) UCD (n=62198) UCE (n=66358)

Anatomic region

Chest 423822 (16)
Abdomen 105910 (39)
Chest and abdomen 35758 (13)
Head 89640 (33)
Patient age (y)
18-29 28861 (11)
30-49 67074 (24)
50-64 87358 (32)
=65 90837 (33)
Sex
Female 140978 (51)
Male 133151 (49)
Head size (mm)
<165 17142 (19)
165-169 15298 (17)
170-174 19021 (21)
175-179 17955 (20)
=180 20222 (23)
Chest and abdomen size (mm)
<250 27995 (10)
250-274 35232 (13)
275-299 43448 (16)
300-324 37609 (14)
=325 40207 (15)
Iterative reconstruction
No 98938 (36)
Yes 175191 (64)
Phase
Multiphase 74048 (27)
Single phase 200081 (73)

7919 (18) 4311 (10) 11275 (19) 7625 (12) 11691 (18)
19383 (45) 14571 (33) 21103 (36) 23638 (38) 27213 (41)
3926 (9) 7629 (17) 10675 (18) 7351 (12) 6176 (9)
11969 (28) 17247 (39) 15560 (27) 23584 (38) 21278 (32)
4347 (10) 5885 (13) 4499 (8) 6954 (11) 7175 (11)
9370 (22) 11874 (27) 12940 (22) 15956 (26) 16933 (26)
11878 (27) 12459 (28) 19661 (34) 20855 (34) 22503 (34)
17602 (41) 13540 (31) 21513 (37) 18433 (30) 19747 (30)
22972 (53) 22722 (52) 30203 (52) 30844 (50) 34234 (52)
20225 (47) 21036 (48) 28410 (48) 31354 (50) 32124 (48)
2826 (7) 2315 (5) 2690 (5) 4497 (7) 4814 (7)
2594 (6) 2807 (6) 2609 (4) 4186 (7) 3102 (5)
2878 (7) 3767 (9) 3079 (5) 5101 (8) 4196 (6)
2606 (6) 3560 (8) 2999 (5) 4619 (7) 4171 (6)
2733 (6) 4536 (10) 3241 (6) 5209 (8) 4503 (7)
5050 (12) 5734 (13) 6276 (11) 5341 (9) 5593 (8)
6400 (15) 5221 (12) 9215 (16) 7242 (12) 7153 (11)
7931 (18) 6059 (14) 10600 (18) 9015 (14) 9842 (15)
5881 (14) 4698 (11) 9193 (16) 8217 (13) 9619 (14)
4298 (10) 5061 (12) 8711 (15) 8771 (14) 13365 (20)
43197 (100) 25684 (59) 3319 (6) 1262 (2) 25474 (38)

0(0) 18074 (41) 55294 (94) 60936 (98) 40884 (62)
16206 (38) 12010 (27) 12417 (21) 20120 (32) 13294 (20)
26991 (62) 31748 (73) 46196 (79) 42078 (68) 53064 (80)

and abdomen scans were similar to the
results for abdominal scans alone and
are not shown. The Cls for the adjusted
relative median dose and the change in
R? were narrow (generally a few percent-
age points and at most 5%) and are not
shown in the tables. All analyses were
performed with R software (R Founda-
tion for Statistical Computing, Vienna,
Austria). To ensure the confidentiality of
institutions, we identified the hospitals
as UC A through UC E in Table 1 and
as UC1 through UCS in the remaining
tables and figures.

In this study, we analyzed 274124 CT
scans performed in adults in 2013. Of

these, 16% (n = 42822) were chest
scans, 39% (n=105910) were abdominal
scans, 13% (n = 35758) were combined
chest and abdominal scans, and 33%
(n = 89640) were head scans (Table 1).
Just over half of the scans were per-
formed in women. GE Healthcare scan-
ners were used in 55% (n = 151212)
of examinations and Siemens scanners
were used in 29% (n = 79489); further-
more, 64% (n = 175191) of examina-
tions were performed with scanners
equipped with iterative reconstruction.
Individual medical centers contributed
16%-24% of examinations. Overall,
27% (n = 74048) of examinations were
performed with multiphase techniques,
ranging from 20% (13294 of 66 358) of
examinations at UC5 to 38% (16206 of

43197) of examinations at UC1. The
use of multiphase scans varied from
10% (9216 of 89638) for head CT to
41% (43696 of 105908) for abdominal
CT.

Comparability of Patients across
Institutions

The case mix index ranged from 1.64 to
2.02 across hospitals. The distribution
of patient variables and scanned
areas is shown in Table 1. For exam-
ple, across the five institutions, 16%
(42822 of 274124) of the examinations
were of the chest, and this ranged from
10% (4311 to 43758) at UC2 to 19%
(11275 to 538613) at UC3. For the spe-
cific indication of imaging for pulmo-
nary embolism, 6%-8% of scans were
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performed to assess for the presence
of a pulmonary embolism across hos-
pitals. Within examinations performed
with a protocol designated as a pulmo-
nary embolism protocol, the median
CTDI , varied approximately twofold
across institutions (range, 10-18 mGy),
and the median effective dose varied
approximately threefold across institu-
tions (range, 7-20 mSv).

The distribution of dose by insti-
tution and anatomic area is shown in
Figure 1. We observed wide variation
in dose within and across medical cen-
ters. For example, for chest CTDIVOV the
median dose across all institutions was
11 mGy, and the 75th percentile was 18
mGy. At UC1, the median dose was 7
mGy, which was far less than the over-
all median dose, whereas at UC2, the
median dose was 16 mGy, which was
far greater than the median dose. The
variation in observed doses was greater
for effective dose than for CTDI . For
example, for combined chest and ab-
dominal CT, the median dose was 22
mSv, and the 75th percentile in dose
was 33 mSv. At UC1, most patients
had doses lower than the median dose,
whereas at UCS5, most patients had
doses above the 75th percentile.

Strength of the Models in Prediction of
Median Dose

The models including patient, vendor,
and institutional factors were good in
the prediction of median doses and
were more accurate in the prediction
of doses in the chest and abdomen (R?
range, 50%-61%) than in the head (R?
range, 31%-43%). In the abdomen, the
model predicted a larger proportion of
dose variation for CTDI  than for SSDE
(R? = 50% and R? = 31%, respectively).

Specific Patient, Vendor, and Institutional
Factors That Enable Prediction of Median
cTDI,,,

The importance of the specific factors in
explaining the variation in median CTDI |
is shown in Figure 2a. Patient sex and
age were not important contributors to
median CTDI ;. Crude and adjusted rel-
ative median values were similar across
all age and sex categories, and when age
and sex were excluded from the model,

Predicting Median
Percent Change in R?

Chest :
Abdomen i
Chest and Abdomen | !
Head ,

100%

ocod Db

-3K#] |

=

0% -

a

Predicting High Dose

Attributable Risk
100% B
| ni
1 v E
| K
i Lol
2 o i E
S : :
0% & 8@ 5 ;
r f t ]
o & @
W & %
P &
& S
¥ &

Figure 2: Importance of patient, vendor, and institutional variables in explaining variation in median

change in A% and high dose as attributable risk. /R = iterative reconstruction. For median (a) CTDI,, and

(Fig 2 continues).

the change in R?> was small (<2%
for all). In contrast, patient size ac-
counted for a moderate to large pro-
portion of dose variation. Crude and
adjusted median dose values in the
largest patients were approximately
twice as high as those in the smallest
patients, and exclusion of size from
the models resulted in moderate to
large changes in R? values across the
different anatomic areas (ie, size is
an important variable when explain-
ing dose variation). For example, me-
dian chest CTDI , was 18.6 mGy in
the largest patients (group S5) and 9.4
mGy in the smallest patients (group
1). The adjusted relative median dose
was around twice as high in the larg-
est patients (adjusted relative median
dose, 2.05 mGy; 95% CI: 2.02, 2.09),
and the change in R?> was 25% when
size was not included in the model.

Vendor factors (manufacturer and
iterative reconstruction) had a rela-
tively small overall effect on variability
in median dose (Table 2). When manu-
facturer or iterative reconstruction was
omitted from the models, changes in R?
were small, ranging from 0% to 15%.
For example, for abdominal CTDI, un-
adjusted median CTDI  was 13.3 mGy
for manufacturer D and 10.4 mGy for
manufacturer A (adjusted relative me-
dian dose, 1.09; 95% CI: 1.08, 1.10).

The specific institution where the
examination was performed (this re-
flects the choice of specific protocols)
accounted for a moderate to large pro-
portion of dose variation. For example,
for chest CTDI ;, unadjusted median
CTDI , was 16.5 mGy at UCS and 6.7
mGy at UC1, the adjusted relative me-
dian dose was 2.6 (95% CI: 2.5, 2.7),
and when the specific institution was
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Figure 2 (continued)
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(b) median effective dose, we categorized change in A% and attributable risk as

small (<10%), moderate (10%—25%), or large (>25%). Blue lines correspond to 10% and 25% values.

excluded from the models, the change
in R? was 31%.

Patient, Vendor, and Institutional Factors
That Enable Prediction of Median
Effective Dose

The same factors that were important
for explaining the variation in CTDI
were also important for explaining the
variation in effective dose (Table 2).
Multiphase scanning explained a mod-
erate to large amount of variation in ef-
fective dose. Unadjusted median values
were approximately two times higher
for multiphase scanning than for sin-
gle-phase scanning, and when use of
multiphase scanning was omitted from
the model, there were moderate to
large changes in the R? value. For ex-
ample, in the abdomen, while the unad-
justed median effective dose was 20.5
mSv with multiphase scanning, it was

10.0 mSv with single-phase scanning
(adjusted relative median dose, 1.89;
95% CI: 1.88, 1.90), and when use of
multiphase scanning was excluded from
the model, the change in R? was 32%.

Patient, Vendor, and Institutional Factors
That Enable Prediction of Median SSDE

While patient age did not explain the
variation in SSDE, both patient size and
institution remained important predic-
tors of dose variation in SSDE, account-
ing for 41% and 23%, respectively, of
the change in R when omitted from the
models (Table 2).

Predictors of High Doses

The same patient, vendor, and institu-
tional factors that were important pre-
dictors of median dose were also signif-
icant predictors of high doses (Table 3).
The variable with the largest attributable

risk (meaning that this variable had the
strongest association with a patient re-
ceiving a high-dose examination) was
the specific institution where the exami-
nation was performed. For example, for
head CTDI  (Table 3), 58% (2500 of
4311) of patients at UC4 had a high-dose
examination compared with only 1% (79
of 7919) of patients at UCS (adjusted
relative risk, 107%; attributable risk,
99%). If all medical centers replicated
the scanning parameters of the institu-
tion with the fewest high-dose exami-
nations, 74% of chest (7933 of 10720),
26% of abdominal (6846 of 26330), and
99% of head (21977 of 22199) high-
dose examinations would be eliminated.

Patient size (attributable risks
range, 31%-77% across models), mul-
tiphase scanning (attributable risks
range, 13%-29% across models),
manufacturer  (attributable  risks
range, 16%-46% across models), and
iterative reconstruction (attributable
risks range, 10%-28% across models)
were also important predictors of
high-dose examinations. For example,
for effective dose, while 49% (21411
of 43696) of patients who under-
went multiphase abdominal CT had
a high-dose examination, 8% (4977
of 62212) of patients who underwent
single-phase CT had a high-dose ex-
amination (adjusted relative risk,
6.20; 95% CI: 6.17, 6.23), and if all
patients had been scanned with sin-
gle-phase CT, 69% (18208 of 26 388)
of high-dose examinations would have
been eliminated (Table 3).

Overall Importance of the Different
Factors at Explaining Dose Variation

The relative ranking of the importance
of the variables at explaining median
and high-dose examinations is shown
in Figure 2. Patient size, institution-
specific protocols as chosen at different
sites, and use of multiphase scanning
were the most important predictors
of dose, followed by manufacturer and
iterative reconstruction. The case mix
number of an institution did not show
a clinically or statistically significant as-
sociation with the crude median effec-
tive dose or covariate-adjusted effect
on log median effective dose at that
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institution (P values comparing case
mix index and dose ranged from 0.31
to 0.99.) Thus, a measure of the clini-
cal complexity of illness of hospitalized
patients did not contribute to differ-
ences in median dose.

We found that radiation doses for
chest, abdominal, combined chest and
abdominal, and head CT varied widely
across medical centers. A large amount
of the variation could be explained by
a combination of patient and vendor
factors, how the equipment was used,
and the protocols set up and adopted
at each medical center. While patient
size was an important predictor of me-
dian and high-dose examinations, dose
varied substantially after accounting
for patient size. Multiphase scanning,
iterative reconstruction capability, and
most importantly, institutional choice
of scanning parameters were at least as
influential as patient size in predicting
dose. Additional work is needed to un-
derstand what strategies the sites with
the lowest doses used to achieve these
lower doses (such as review of the use
of multiphase scanning) and the trad-
eoffs they accepted (such as accepting
images with more noise and less clar-
ity) to achieve lower doses for specific
anatomic areas. Such attention to dose
reduction and dose management at the
institutional level is likely to have the
greatest effect on dose optimization.
Furthermore, the required inclusion
of more variables in the Digital Imag-
ing and Communications in Medicine
header would facilitate analysis and op-
timization across hospitals.

We focused broadly on factors that
influence dose and variation within and
across institutions. The optimization
of protocol selection and scanning pa-
rameters in individual patients is im-
portant, as is the broad assessment of
institutional practice and doses among
large groups of patients. In the latter
approach, physicians are able to learn
when they are using CT doses similar
to those used by their peers at other
institutions. Assessment of doses in
the entire population reflects not only

doses within narrowly defined proto-
cols but also assignment of patients
to different protocols. Thus, to under-
stand doses for abdominal CT scans, it
is important not only to assess doses
within single- and four-phase CT scans,
but also to understand how many pa-
tients are examined with these proto-
cols. There are several examples where
institutional-level dose assessment, as
outlined in this article, has led to mea-
surable dose reductions. For example,
in an audit conducted across eight de-
partments in Luxembourg, Tack et al
(10) achieved substantial optimization
in doses as a result of their audits with
this approach. There are no validated
measures in radiology to quantify case
mix across institutions that we could
use to ensure the different medical cen-
ters evaluated patients with similar clin-
ical needs. However, we used several
approaches to determine if the case
mix was relatively similar. For instance,
we compared the case mix index,
distribution in anatomic areas scanned,
and indication for imaging across sites,
and we reviewed institutional decisions
on how to scan patients with pulmo-
nary embolism. These all suggested
that the case mix was broadly similar
across sites but that each institution
made different decisions about how to
scan patients with well-defined symp-
toms. Thus, for the example of pulmo-
nary embolism, it was not the case mix
of how many patients were suspected of
having pulmonary embolism that influ-
enced chest doses as much as it was
the choices individual medical centers
made for this indication that primarily
influenced dose. However, it is impor-
tant to note that we did not assess di-
agnostic quality of the images, and we
do not know, even for the example of
evaluation of pulmonary embolism, if
the quality of images was comparable
across institutions. To the degree to
which the case mix did vary across in-
stitutions and to the degree to which
this influences dose, the differences in
dose we assigned to institutional varia-
tion could reflect differences in patients.

What can institutions do to optimize
CT doses? First, they should develop tar-
get dose levels according to patient size

to ensure use of the minimum necessary
dose. A large proportion of high doses
were due to larger patients, even when
SSDE, which partially adjusts for size,
was the dose metric. We also found a
large proportion of high-dose studies
were the result of multiphase scanning.
Multiphase scanning has a high attrib-
utable risk, so more prudent use of this
method would substantially reduce the
number of patients with doses that ex-
ceed benchmarks. Radiologists can re-
view the cases in which they routinely
use multiphase scanning and decide if
they can instead use single-phase scan-
ning for some of those indications with-
out loss of diagnostic information. The
presence of iterative reconstruction
capability had only a modest effect on
high-dose examinations and an even
smaller effect on median dose. However,
this variable reflected only whether it-
erative reconstruction was installed on
a machine, not whether it was used or
used correctly. Given that iterative re-
construction must be applied with a sys-
tematic approach so that protocols are
optimized with iterative reconstruction
in mind, it is important to understand its
effect in actual practice. Further assess-
ment of its effect across a larger number
of diverse clinical settings should be
conducted. Ideally, this assessment
would be stratified by whether iterative
reconstruction is used correctly and op-
timally. Currently, manufacturers do not
routinely record the use or parameters
of iterative reconstruction in the Digital
Imaging and Communications in Med-
icine header, making it impossible to
determine whether or not it was used
or how it was used. Our results suggest,
however, that in practice, the presence
of iterative reconstruction alone has only
a modest effect on dose.

Our results obtained by using CT-
DI, and effective dose metrics were
similar but not identical. For example,
multiphase scanning had a moderate
to large influence on examinations per-
formed with average or high effective
dose, but it was not highly predictive
of CTDI . Patient sex had only a small
effect on CTDI ; but a larger effect on
effective dose. These differences may
reflect the weighting used to calculate
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effective dose (11): women have high-
er effective doses than do men at the
same CTDI  because of breast cancer
risk. Patient, vendor, and institutional
factors did not explain as much varia-
tion in median dose or high-dose ex-
aminations performed with the SSDE
metric compared with those performed
with the CTDI | metric. This difference
may be because SSDE already accounts
for size. However, machine and insti-
tutional variables were similarly im-
portant in predicting median dose and
high-dose examinations, and the rank-
ing of the importance of these variables
was the same whether the dose metric
was SSDE or CTDI_.

Our study had limitations. Our esti-
mate of patient size was crude but rea-
sonable for characterization of the pri-
mary determinant of dose. We did not
have detailed reasons for each scan, so
true underlying differences in patient
indications for imaging as a contribu-
tor to the difference in doses cannot
be assessed. However, the case mix
number of an institution did not show
a clinically or statistically significant
association with median dose at that
institution. Although we are confident
that changing variables suggested by
the attributable risk models, such as re-
ducing multiphase scanning and adding
iterative reconstruction, would change
dose distributions, unmeasured con-
founding could make the actual effect
smaller than our estimates. For exam-
ple, machines with iterative reconstruc-
tion may also represent machines with
newer technology, so dose efficiency we
attributed to iterative reconstruction
could have been due to other indepen-
dent factors. Although our sample was
large, the number of medical centers
and scanners was relatively small, and
collinearity between site and vendor
may have diminished our accuracy in
assigning importance to institution ver-
sus manufacturer. We assessed only

manufacturer, not the model, number
of detectors, or age of the scanner,
and these factors might have influenced
scanning protocols and doses. Lastly,
we were unable to measure diagnostic
image quality or accuracy relative to
dose and subsequent patient outcomes;
thus, we do not know if lowering doses
to the best performing site for each
comparison would result in unaccept-
able loss of diagnostic information.

In summary, our results show sub-
stantial variation in CT radiation dose
that is unrelated to patient size. Institu-
tions that want to optimize patient dose
and reduce dose variation can optimize
scanning protocols by learning from
peer institutions, reducing the use of
multiphase studies, adjusting protocols
for patient size, and considering adop-
tion of iterative reconstruction.
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