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Purpose:

Materials and
Methods:

Results:

Conclusion:

To compare life expectancy (LE) losses attributable to
three imaging strategies for appendicitis in adults—com-
puted tomography (CT), ultrasonography (US) followed by
CT for negative or indeterminate US results, and magnetic
resonance (MR) imaging—by using a decision-analytic
model.

In this model, for each imaging strategy, LE losses for
20-, 40-, and 65-year-old men and women were computed
as a function of five key variables: baseline cohort LE,
test performance, surgical mortality, risk of death from
delayed diagnosis (missed appendicitis), and LE loss at-
tributable to radiation-induced cancer death. Appendicitis
prevalence, test performance, mortality rates from sur-
gery and missed appendicitis, and radiation doses from
CT were elicited from the published literature and insti-
tutional data. LE loss attributable to radiation exposure
was projected by using a separate organ-specific model
that accounted for anatomic coverage during a typical ab-
dominopelvic CT examination. One- and two-way sensitiv-
ity analyses were performed to evaluate effects of model
input variability on results.

Outcomes across imaging strategies differed minimally—
for example, for 20-year-old men, corresponding LE loss-
es were 5.8 days (MR imaging), 6.8 days (combined US
and CT), and 8.2 days (CT). This order was sensitive to
differences in test performance but was insensitive to var-
iation in radiation-induced cancer deaths. For example, in
the same cohort, MR imaging sensitivity had to be 91%
at minimum (if specificity were 100%), and MR imaging
specificity had to be 62% at minimum (if sensitivity were
100%) to incur the least LE loss. Conversely, LE loss at-
tributable to radiation exposure would need to decrease
by 74-fold for combined US and CT, instead of MR imag-
ing, to incur the least LE loss.

The specific imaging strategy used to diagnose appendi-
citis minimally affects outcomes. Paradigm shifts to MR
imaging owing to concerns over radiation should be con-
sidered only if MR imaging test performance is very high.

©RSNA, 2014
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hile appendicitis has long been

the leading indication for emer-

gent abdominal surgery, con-
troversy remains regarding the best
way to make this diagnosis (1-16). In
prior decades, clinical evaluation alone
informed the decision to perform sur-
gery. With the advent and evolution of
computed tomographic (CT) technol-
ogy, CT quickly became the diagnostic
mainstay owing to its high accuracy, re-
liability, and efficiency (4,6,12). More
recently, concerns about radiation-
induced cancer risks from CT have
prompted practice drifts toward other
imaging techniques that spare patients
exposure to ionizing radiation (6).
There are two primary alternatives:
right lower quadrant ultrasonography

Advances in Knowledge

B [ong-term outcomes associated
with the use of different imaging
strategies for the work-up of ap-
pendicitis—including CT, com-
bined US and CT, and MR im-
aging approaches—differ very
minimally, even when accounting
for radiation-induced cancer
risks, with life expectancy (LE)
losses for each strategy projected
to be 8.2 days (CT alone), 6.8
days (combined US and CT), and
5.8 days (MR imaging).

B In our analysis, MR imaging was
associated with the least LE loss,
but required very high test per-
formance characteristics to
retain this standing—for ex-
ample, sensitivity of 91% or
greater and specificity of 62% or
greater in 20-year-old men.

® Minimal LE differences across
imaging strategies were more
sensitive to changes in test per-
formance than to varied assump-
tions about radiation-induced
cancer risks and associated
deaths—unless the LE loss attrib-
utable to radiation-induced can-
cers from CT decreased by ap-
proximately 74-fold relative to
our initial assumption, the
ranking of imaging strategies by
LE loss would not change.

(US) and magnetic resonance (MR)
imaging (2-5,7,11,15-23). At present,
in most institutions, US is the first-line
imaging test for children, and both US
and MR imaging are preferred to CT in
pregnant women (20,22-26).

The use of US and MR imaging to
diagnose appendicitis in a general adult
population is evolving. US is rarely used
as a stand-alone modality; when US
results are negative or indeterminate,
follow-up CT is typically requested
(6,11,24,27). The workflow demands of
this two-part algorithm, and its depen-
dence on operator and patient factors,
challenge its reliable implementation
in some emergency department set-
tings (6). MR imaging is less frequently
used than US, but is more accurate
and provides greater anatomic cover-
age (2,3,11,15,16). In the largest, most
methodologically rigorous evaluation of
MR imaging to date, its reported sensi-
tivity (97%) and specificity (93%) for
the detection of appendicitis were com-
parable to—or exceeded—correspond-
ing reported values for combined US
and CT and CT alone (2-4,11,15,16).
However, MR imaging is more expen-
sive and is substantially more difficult to
access in an emergent setting.

As institutions update emergency
department imaging algorithms for the
diagnosis of appendicitis, how should
decision makers select the best im-
aging test, and to what extent should
concerns over radiation exposure fac-
tor into this decision? We addressed
this question by using decision-analytic
methods to model the risks and ben-
efits of imaging, including radiation-in-
duced cancer risks. Our purpose was to
compare life expectancy losses attrib-
utable to three imaging strategies for
appendicitis in adults—CT, US followed

Implication for Patient Care

B [n the clinical scenario of sus-
pected appendicitis, paradigm
shifts toward MR imaging owing
to concerns about radiation
exposure from CT should be pur-
sued with caution and considered
only if high MR imaging test per-
formance is reliably achievable.

by CT for negative or indeterminate US
results, and MR imaging—by using a
decision-analytic model.

Materials and Methods

Model Overview

We developed a decision-analytic model
to assess long-term health effects asso-
ciated with three imaging strategies for
patients suspected of having appendici-
tis: CT alone, combined US and CT, and
MR imaging alone (Fig 1). Key model
inputs—including the assumed diag-
nostic performance of each strategy—
are included in Table 1. For selection
of data sources informing test perfor-
mance, priority was given to sources
that synthesized test performance
across multiple reported studies and
to large prospective multicenter studies
(4,11).

The life expectancy loss associ-
ated with each imaging strategy was
our primary outcome measure. We
incorporated expected days of life
lost attributable to surgical mortality,
missed appendicitis, radiation-induced
cancers, and competing age- and sex-
based mortality risks (4,11,13,29-32).
Our base-case analysis was performed
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Figure 1:  Flow diagram shows three imaging strategies for suspected acute appendicitis: (@) CT alone, (b)
combined US and CT, and (¢c) MR imaging alone. Patients who underwent CT alone were triaged to surgery
for appendectomy if they had positive results; patients with negative results did not undergo surgery. For the
combined US and CT approach, patients underwent US, with triage to CT in circumstances of negative or
indeterminate US results. Patients who underwent MR imaging alone were triaged to surgery for appendec-
tomy if they had positive results; patients with negative results did not undergo surgery.

Table 1

Parameter Estimates for Base-Case and Sensitivity Analyses

Model Parameter and Source Base Case Sensitivity Range
Prevalence (%) (4,11,13,28) 455 10.0-90.0
Sensitivity of CT examination (%) (4) 94.0 50.0-100.0
Specificity of CT examination (%) (4) 94.0 50.0-100.0
Sensitivity of first-line US (%) (11) 77.0 50.0-100.0
Specificity of first-line US (%) (11) 94.0 50.0-100.0
Sensitivity of post-US CT (%) (11) 89.0 50.0-100.0
Specificity of post-US CT (%) (11) 97.0 50.0-100.0
Sensitivity of MR imaging (%) (11) 97.0 50.0-100.0
Specificity of MR imaging (%) (11) 93.0 50.0-100.0
Mortality from nondelayed laporatomy and appendectomy (%) (29) 0.05 0.0-0.1
Mortality from delayed laporatomy and appendectomy (%) (29) 0.31 0.1-1.0
Mortality from appendectomy in patients without appendicitis (%) 0.05 0.0-0.1
Life expectancy loss from one CT examination (d) 1.7 0.0-6.0
Life expectancy of men at age 20 (y) (30) 56.4
Life expectancy of women at age 20 (y) (30) 61.2
Life expectancy of men at age 40 (y) (30) 37.8
Life expectancy of women at age 40 (y) (30) 41.9
Life expectancy of men at age 65 (y) (30) 17.2
Life expectancy of women at age 65 (y) (30) 19.9

in a population of 20-year-old men;
however, additional male and female
cohorts (20-year-old women and 40-
and 65-year-old men and women) were

further evaluated in sensitivity analysis.
We did not incorporate differences in
test performance for men and women,
because adequate data are not available

to inform sex-specific differences for
the performance of each imaging strat-
egy being considered in the diagnosis of
appendicitis. Additionally, adequately
granular published data were not avail-
able to project the long-term mortality
implications of detecting (or missing)
conditions other than appendicitis on an
age- and sex-specific basis. In women,
the performance of each strategy for
the detection of alternative causes
of pelvic pain (eg, adnexal etiologies)
may differ more than in men. There-
fore, for parsimony, men were used in
the base-case analysis. We elected to
use a younger population because in
this population radiation-induced can-
cer risks are higher, and therefore of
greater concern.

We used commercially available
software (TreeAge Pro 2009; TreeAge
Software, Williamstown, Mass), to
develop the primary decision-analytic
model in which life expectancy loss-
es were computed for each imaging
strategy for appendicitis. We used a
previously developed Markov model,
programmed in C++, to project life ex-
pectancy losses associated with radia-
tion-induced cancer risks from CT (32).
These were then incorporated into the
primary decision-analytic model. Be-
low, we outline our model assumptions
and approach to sensitivity analysis.

Imaging Strategies and Test Performance
Characteristics

CT alone.—Patients who underwent CT
alone for the diagnosis of appendicitis
were triaged to surgery for appendec-
tomy if they had positive results; pa-
tients with negative results did not un-
dergo surgery. By definition, all patients
in this strategy were exposed to ioniz-
ing radiation. Test performance charac-
teristics for CT (94% sensitivity, 94%
specificity) were elicited from a meta-
analysis by Doria and colleagues (4)
that represented pooled results from
21 studies (Table 1). To our knowledge,
this source represents the most recent
and comprehensive synthesis of related
evidence to date.

Combined US and CT (US with tri-
age to CT for negative or indetermi-
nate results).—To model this strategy,
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we needed to know US performance—
and the performance of CT after US—
to incorporate the conditional depen-
dence of these sequential tests into
our model. The largest study capable
of informing these parameters was a
2013 multicenter study by Leeuwen-
burgh and colleagues (11). The authors
performed a multicenter evaluation of
230 patients who underwent a proto-
col identical to our combined US and
CT strategy, as well as unenhanced MR
imaging, as further discussed below. On
the basis of the data provided, we were
able to extract (a) combined US and CT
test performance (sensitivity = 97%,
specificity = 91%) and (b) individual
test performance metrics for US (sensi-
tivity = 77%, specificity = 94%) and CT
(sensitivity = 89%, specificity = 97%)
when conditional on a negative or inde-
terminate US result (Table 1). For the
base-case analysis only, combined US
and CT test performance was required,
but further breakdown of each test’s
contribution allowed us to individually
explore different performance levels for
each in sensitivity analysis.

MR imaging alone.—The multicen-
ter study by Leeuwenburgh and col-
leagues (11) was also used to inform
MR imaging test performance metrics
(sensitivity = 97%, specificity = 93%)
(Table 1). Notably, this study utilized a
noncontrast (unenhanced) MR imaging
protocol. Patients who underwent MR
imaging alone were triaged to surgery
for appendectomy if they had positive
results; patients with negative results
did not undergo surgery or CT (Fig 1).

Pretest  probability  (appendicitis
prevalence).—The baseline prevalence
of acute appendicitis in the target popu-
lation was designated to be 45.5%, the
midpoint of the range of reported prev-
alence values from four large studies
(40%-51%) (4,11,13,28). Recognizing
that disease prevalence assumptions are
highly variable, this value was varied ex-
tensively in sensitivity analysis (Table 1).

Projecting Life Expectancy Loss in the
Model

Life expectancy loss from the treatment

of patients suspected of having appen-
dicitis.—Mortality risks associated with

appendectomy, laparotomy, and missed
appendicitis were informed by a recent
large retrospective inpatient study of
appendectomy outcomes (29). Within
this study, the outcomes of open appen-
dectomy informed our analysis (Table
1) (29). Mortality rates were reported
for patients undergoing open appendec-
tomy for nonperforated appendicitis (n
= 131172) and for perforated appendi-
citis (n = 68344) (29). In our model,
correctly diagnosed, true-positive cases
were assumed to have a 0.05% attrib-
utable risk of death; the reported mor-
tality rate of nonperforated appendici-
tis was used as a proxy for this value
(29). Patients with missed appendicitis
(false-negative cases) were assumed to
have a higher attributable risk of death
owing to complications resulting from
delayed diagnosis, perforation, and
treatment. Here, we used mortality
from perforated appendicitis as a proxy
(0.31%) (29). Patients suspected of
having appendicitis at imaging but who
did not have appendicitis at surgery
(false-positive cases) were assumed to
have the same mortality rate as true-
positive cases (0.05%) in this base-case
analysis; however, this assumption was
tested further in sensitivity analysis. Pa-
tients who were given a correct diagno-
sis of not having appendicitis at imaging
(true-negative cases) incurred no life
expectancy loss unless they underwent
CT, as detailed below.

Age- and sex-specific baseline life
expectancies for all cohorts were drawn
from publicly available life tables pub-
lished by the U.S. Social Security Ad-
ministration (Table 1) (30). For each
imaging strategy, life expectancy loss
attributable to the management of
suspected appendicitis was computed
as follows. On the basis of a combina-
tion of imaging test performance and
disease prevalence (eg, likelihood of
appendicitis), patients were placed into
one of four result categories: true-pos-
itive, true-negative, false-positive, and
false-negative. Life expectancy losses
associated with each result category
were computed as a product of the risk
of death related to the management
of suspected appendicitis and the co-
hort’s life expectancy. For example, for

20-year-old men, false-negative results
incurred a life expectancy loss of 0.0031
(0.31%) - 56.4 years = 63.8 days. Life
expectancy losses for each imaging
strategy were calculated as a weighted
average of losses associated with each
result category. Weighting was based
on the proportions of patients distrib-
uted across the four result categories
and therefore reflected the diagnostic
accuracy of each strategy.

Life expectancy loss from radiation-
induced cancers.—Cohorts who under-
went abdominopelvic CT incurred ad-
ditional life expectancy loss because of
radiation-induced cancers. On the basis
of published data, we assumed that ab-
dominopelvic CT had an effective dose
of 8.3 mSv (32). To project life expec-
tancy loss associated with typical CT
coverage (lung bases to pubis) at this
effective dose level, we adapted a previ-
ously described organ-specific Markov
model, designed to project radiation-
induced cancer deaths and life expec-
tancy loss according to patient age, sex,
and the specific anatomy imaged (32).

Briefly, this radiation-risk model
(32) is based on key assumptions of
the Biologic Effects of lonizing Radia-
tion (BEIR) VII report (31), including a
linear no-threshold risk-exposure rela-
tionship for all solid cancers, a linear-
quadratic relationship for leukemia,
and suggested methods of cancer risk
transport from Japanese atomic bomb
survivors to a current U.S. population
(31). The model accounts for exposure
to 16 solid organs during abdomino-
pelvic CT (lung, esophagus, stomach,
pancreas, liver, colon, rectum, kidney,
bladder, prostate, uterus, ovary, breast,
central nervous system, thyroid, and
oral cavity) and for leukemia, using
organ-specific parameters from the
BEIR VII report (31), from the report
of Little et al (33), and from the re-
port of Preston and colleagues (34).
For most cancers, organ-specific risks
of cancer death were estimated as a
geometric mean of excess relative risk
(ERR) and excess absolute risk (EAR),
in keeping with BEIR VII methods (31).
Exceptions included breast cancer, for
which methods from Preston et al (34)
were used and for which only an EAR
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Table 2

Mean Life Expectancy Losses and Lifetime Risks of Radiation-induced Cancer Death Projected for a Single Abdominopelvic CT Study

Life Expectancy Lifetime Risk of Radiation-induced Life Expectancy Loss for Lifetime Risk of Radiation-induced
Patient Age (y) Loss for Men (d) Cancer Death per 100000 for Men Women (d) Cancer Death per 100000 for Women
20 1.7 (0.9, 2.5) 33(18,49) 2.0(1.3,2.7) 37 (24, 50)
40 1.1 (0.6, 1.6) 24 (13, 35) 1.3(0.9,1.7) 26 (17, 35)
65 0.5(0.3,0.7) 18 (10, 26) 0.6 (0.4,0.8) 19 (12, 26)

Note.—Data in parentheses are 95% Cls.

model was used, and thyroid and cen-
tral nervous system cancers, for which
only an ERR model was used (31-33).
Life expectancy losses attributable
to an abdominopelvic CT study for co-
horts of different ages and sexes were
projected as follows. We first identified
organ-specific equivalent doses that
corresponded to an abdominopelvic CT
study with an effective dose of 8.3 mSv.
This was accomplished by using com-
mercially available software (ImPACT
CT, London, England), simulation data
from phantom studies, and published
tissue-weighting  factors  (32,35,36).
These equivalent dose values were then
used to compute risks of radiation-in-
duced cancer death, on an organ-spe-
cific basis, by using risk functions (for
EAR and ERR) and parameters from
the BEIR VII investigators (31), Pres-
ton et al (34), and Little and colleagues
(33). Using Markov modeling methods,
we developed a mathematical model
in which these aggregate organ-spe-
cific risks of radiation-induced cancer
death—from a single exposure—could
be modeled over a lifetime, and in
which consequent effects on life expec-
tancy could be computed (32). Notably,
the model accounted for the cohort’s
age and sex at exposure, minimum la-
tency periods between exposure and
cancer death (2 years for leukemia, 5
for solid cancers [31,37]), the timing of
cancer deaths over a cohort’s lifetime,
and age-sex all-cause mortality risks
(32). By using this model, life expec-
tancy losses attributable to abdomino-
pelvic CT studies for cohorts of varying
ages and sexes could be computed.
Projections of uncertainty for
each estimate of life expectancy loss

attributable to radiation-induced can-
cers (with 95% confidence intervals
|[CIs]) were computed by using the
Markov chain Monte Carlo method, as
previously described in detail (32).

Life expectancy loss due to radi-
ation-induced cancers from CT was
projected by using the radiation-risk
model—specific to patient age and sex—
and was then incorporated for all strat-
egy outcomes for which a CT study was
used (true-positive, true-negative, false-
positive, and false-negative). Thus, such
losses were incorporated in the CT-alone
and combined-US-and-CT strategies
(when US results were negative or inde-
terminate). For example, in the above-
mentioned 20-year-old male cohort, if
a false-negative result were obtained
after a CT study, then life expectancy
loss attributable to the false-negative
result would be calculated as follows:
[0.0031 (0.31%) - 56.4 years] + life ex-
pectancy loss attributable to radiation-
induced cancers from one abdominopel-
vic CT study. As described previously,
this value would then be combined in
a weighted average with correspond-
ing life expectancy losses attributable to
other possible results (eg, true-positive)
to determine the life expectancy loss at-
tributable to the strategy of interest.

Sensitivity Analysis to Evaluate the
Uncertainty of Strategy Preference

One-way and two-way deterministic
sensitivity analyses were performed to
evaluate the effects of varied parameter
estimates on our model results—in par-
ticular, to determine whether the “pre-
ferred” strategy (defined as that with
the lowest associated life expectancy
loss) changed. Sensitivity ranges are

included in Table 1 alongside parameter
estimates. Test performance character-
istics associated with all strategies; the
prevalence of appendicitis; and mortal-
ity risks from surgery, missed appen-
dicitis, and radiation-induced cancers
were varied extensively. Notably, in a
two-way sensitivity analysis of test per-
formance, we determined threshold
sensitivity and specificity values by as-
suming 100% sensitivity and computing
the minimum required specificity, and
by assuming 100% specificity and com-
puting the minimum required sensitiv-
ity. This allowed us to define a param-
eter space of combined sensitivity and
specificity values over which the pre-
ferred strategy would be unchanged.

Life Expectancy Losses Projected for a
Single Abdominopelvic CT Study

The life expectancy loss and corre-
sponding uncertainty estimate associ-
ated with radiation exposure from one
abdominopelvic CT study for the base-
case hypothetical cohort of 20-year-
old men was 1.7 days (95% CI: 0.9,
2.5 days), corresponding to a lifetime
probability of radiation-induced cancer
death of 33 per 100000 (95% CI: 18, 49
per 100000). For 20-year-old women,
these values were 2.0 days (95% CI:
1.3, 2.7 days) and 37 per 100000 (95%
CI: 24, 50 per 100000), respectively.
For all other cohorts, corresponding
values are shown in Table 2.

Base-Case Analysis

In a hypothetical cohort of 20-year-
old men suspected of having acute
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Table 3

Life Expectancy Loss Associated with Each Imaging Strategy

Projected Life Expectancy Loss
Attributable to Test Performance

Total Projected Life

Projected Life Expectancy Loss
Attributable to Radiation-induced

Imaging Strategy ~ Expectancy Loss (d)  and Consequent Management (d) ~ Cancers (d)
cT 8.18 6.48 1.71
CT and US 6.84 5.79 1.05
MR imaging 5.81 5.81 0.00

appendicitis, differences in life expec-
tancy loss across imaging strategies
were minimal: 5.8 days for MR imag-
ing, 6.8 days for combined US and CT,
and 8.2 days for CT alone (Table 3). For
the combined US and CT strategy, 64%
of hypothetical patients underwent fol-
low-up CT. Radiation-induced cancers
accounted for 1.1 days of total life ex-
pectancy loss in the combined US and
CT strategy, versus 1.7 days when CT
was used as a stand-alone strategy. An
example is provided of our calculation
of life expectancy loss for the CT-alone
strategy in the base case—for a cohort
of 20-year-old men, in keeping with
the model structure defined in Figure
1 and the model parameters defined in
Table 1, the projected life expectancy
loss was calculated as follows: {56.4
years + 365 days/year - [(0.455 - 0.94
- 0.0005) + (0.455 - 0.06 - 0.0031) +
((1 — 0.455) - 0.06 - 0.0005)]} + 1.7
days = 8.2 days of life expectancy loss.

Sensitivity Analysis

Test performance characteristics.—
When concurrently varying MR imaging
sensitivity and specificity, we found that
only at very high levels of test perfor-
mance was MR imaging associated with
the least life expectancy loss across
strategies (Fig 2). MR imaging sensitiv-
ity needed to be 91% at minimum (with
100% specificity), and MR imaging
specificity needed to be 62% at mini-
mum (with 100% sensitivity). When
we concurrently varied the sensitivity
and specificity of CT (as a stand-alone
strategy) across specified ranges in
two-way sensitivity analysis, and when
we similarly concurrently varied test
performance characteristics for US and
for conditional CT (following negative

or indeterminate US results), the MR
imaging strategy continued to have the
least associated life expectancy loss,
consistent with the base-case result.

Disease  prevalence.—When we
varied the prevalence of appendicitis
across a wide range (10%-90%), MR
imaging continued to be associated with
the least life expectancy loss by a small
margin, as depicted in Figure 3; there
were no resulting changes in strategy
rankings.

Mortality risks from surgery and
delayed diagnosis.—We evaluated the
dependency of our results on mortal-
ity risks from routine surgery (surgery
prompted by true- or false-positive re-
sults) in two ways. First, we performed
one-way sensitivity analyses in which
surgical mortality risks were varied
across specified ranges (Table 1) in
true-positive and false-positive cases,
respectively; MR imaging remained
preferred. Second, we performed a
two-way sensitivity analysis, treating
mortality risks from true- and false-
positive results as independent vari-
ables and varying them concurrently
each across the same specified range.
This two-way analysis allowed us to de-
termine if differential surgical mortal-
ity risks in patients with appendicitis
(true-positive) versus patients without
appendicitis (false-positive) could af-
fect our results. Nevertheless, across all
tested mortality risk combinations, MR
imaging remained preferred.

When we varied the mortality risk
associated with a delayed diagnosis of
appendicitis (false-negative result), MR
imaging remained preferred.

Life expectancy loss from radi-
ation-induced  cancers.—Unless the
life expectancy loss attributable to

100%
95% — MRI
90% —
85% -
80% -
75% —
70% —
65% —
60% —
55% —

50% T
50%

Combined US and CT

Specificity of MRI

—T—T—7T—T7—T—77
65% 80% 95%

Sensitivity of MRI
Figure 2:  Graph shows results of two-way
sensitivity analysis of MR imaging test performance
characteristics. Two-way sensitivity analysis was per-
formed by concurrently varying the sensitivity of MR
imaging from 50% to 100% and the specificity from
50% to 100%. Vertically shaded area = combinations
of MR imaging sensitivity and specificity for which MR
imaging incurred the least life expectancy loss across
strategies. Horizontally shaded area = combinations
of MR imaging sensitivity and specificity for which
MR imaging was no longer preferred and instead,
combined US and CT yielded the least life expec-
tancy loss. CT alone was not preferred in any of the
circumstances tested in this sensitivity analysis. We
found that MR imaging needed to have a sensitivity of
at least 91% (with 100% specificity) and a specificity
of at least 62% (with 100% sensitivity) to remain the
preferred imaging strategy.

radiation-induced cancers from CT de-
creased to 0.023 days per CT study (a
74-fold decrease from the base-case
value of 1.7 days), strategy rankings
would not change (Fig 4). Were this to
occur, the combined US and CT strat-
egy would have the least associated life
expectancy loss.

Age and sex.—Across all age and
sex groups, MR imaging was the imag-
ing strategy associated with the least
life expectancy loss.

Recently, reported test performance
characteristics for the diagnosis of
appendicitis at MR imaging have been
highly favorable—comparable to, or
even exceeding, those of CT-based
strategies (2-4,11,15,16,21). How-
ever, even when accounting explicitly
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Figure 3:  Graph shows results of one-way sensitivity analysis of the preva-
lence of acute appendicitis. In this analysis, we varied the prevalence of acute
appendicitis from 10% to 90%. Across prevalence values in this range, MR
imaging alone was always associated with the least life expectancy loss.

for radiation-induced cancer risks
from CT, selection of MR imaging ver-
sus CT-based strategies affects long-
term health outcomes only minimally.
For example, in a cohort of 20-year-
old men, projected life expectancy
losses across all strategies (MR im-
aging alone, combined US and CT,
and CT alone) varied by less than 3
days. In our model, on the basis of
published data, we assumed that the
sensitivity of MR imaging equaled or
exceeded that of both CT strategies
studied, whereas the specificity of MR
imaging was lower than that of CT
alone (4,11). False-negative results
(driven by sensitivity) had relatively
greater negative consequences than
false-positive results (driven by spec-
ificity), which led to MR imaging’s
favorability over CT-based strategies
from a life expectancy standpoint.
Use of a combined US and CT strategy
similarly resulted in small life expec-
tancy gains over CT alone; its higher
sensitivity, compared with CT alone,

similarly outweighed the negative
consequences of its lower specificity.
Notably, each imaging modality’s test
performance—and not their associ-
ated radiation-induced cancer risks—
determined their relative ranking in
terms of life expectancy loss.

What do the results mean for insti-
tutional policymakers—how does one
make sense of these small, differen-
tial risks? In the setting of suspected
appendicitis in adults, concerns over
radiation exposure from CT should
not directly translate into paradigm
shifts toward MR imaging. For an in-
stitution to adopt MR imaging as a
first-line strategy for the diagnosis of
appendicitis, minimum test perfor-
mance requirements are high. Insti-
tutions should consider their unique
infrastructural challenges, including
technologist and radiologist expertise
as well as patient case mix, to ensure
that MR imaging performance criteria
can be reliably met to justify its use
over CT-based strategies.

Some reports of MR imaging per-
formance suggest that achievable sen-
sitivity and specificity may not yet be
high enough to warrant widespread
paradigm shifts toward MR imaging
(2,10,38). In a recent study by Cha-
banova and colleagues (2), none of
three readers were able to achieve
the concurrent sensitivity and speci-
ficity requirements delineated by our
analysis that would be needed to jus-
tify the use of MR imaging over CT-
based strategies in 20-year-old men
(sensitivity range = 83%-93%, spec-
ificity range = 50%-83%). In a recent
study of “nonexpert” readers evaluat-
ing appendicitis at MR imaging (38),
reported performance values (sensi-
tivity = 89%, specificity = 83%) sim-
ilarly were not high enough to justify
the use of MR imaging over CT-based
strategies, according to our analysis
results.

That being said, it is possible to
invest in infrastructure and training to
improve and sustain a high level of MR
imaging performance. We selected a
multicenter study by Leeuwenburgh
and colleagues (Optimizing Imaging in
Suspected Appendicitis, or OPTIMAP
[39]) to inform test performance
characteristics in our model on the
basis of the high level of methodologic
rigor and study power. In six centers
in the Netherlands that participated,
paradigm shifts away from CT as a
stand-alone strategy were already in
place—CT alone was not a compara-
tor arm (39). The same group previ-
ously demonstrated the potential to
improve MR imaging interpretation
skills for appendicitis through train-
ing, achieving statistically significant
sensitivity gains of 10% (82% vs
92% pre- and posttraining); analo-
gous changes in specificity were not
achieved (10). Notably, in that study,
neither the pre- nor the posttraining
performance metrics would have been
sufficient to justify MR imaging over
CT-based strategies for 20-year-old
men (10).

Use of a combined US and CT ap-
proach for the evaluation of appendi-
citis—over CT alone—has already dis-
seminated into many practice settings,
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was the preferred strategy. For life expectancy losses attributable to radiation-
induced cancers less than a threshold value of 0.023 days, combined US and

CT was the preferred strategy.

with a larger body of evidence available
to support its use (4,5,11). Our analysis
supports a combined US and CT ap-
proach, but similarly implies that if
there are concerns over achievable test
performance levels at a given institution,
then a stand-alone CT strategy remains
a reasonable option given minimal pro-
jected excess harms. It is important to
recognize that while US may seem to
be a “no-harm” modality when used in
a combined approach with CT, this is
not necessarily true; if achievable spec-
ificity is low, and false-positive rates are
substantially higher than with CT alone,
combined US and CT may incur more
harm than benefit compared with CT
alone. Therefore, prior to adopting a
combined US and CT approach, close
attention to optimizing test performance
characteristics is similarly advised.

Our approach had specific lim-
itations that merit consideration.
First, by definition, decision analysis
is a method that requires simplifica-
tion of complex clinical and disease
courses to construct a representative
mathematical model. This limitation
was addressed by ensuring that key
model variables that may influence
outcomes—and for which robust data
were unavailable—were incorporated
and varied in sensitivity analysis. For
example, to inform the mortality risk of
false-negative results and consequent
delayed surgery, we used as a proxy
mortality associated with open appen-
dectomy for perforated appendicitis.
This may represent an overestimation
of risk, as not all patients with a de-
layed diagnosis will experience perfo-
rated appendicitis; however, varying

this estimate across a wide range did
not meaningfully change our results, as
verified in sensitivity analysis.

We deliberately excluded consider-
ation of alternative diagnoses for ab-
dominal pain in our analysis, a related
limitation. In an analysis of this type,
a top priority is to ensure that parallel
advantages and disadvantages are in-
corporated across strategies, so as not
to unfairly bias toward one or another.
In the case of alternative diagnoses,
US, CT, and MR imaging have differ-
ent profiles of alternate diagnoses that
may be readily detected. For example,
US will be superior for detecting ec-
topic pregnancy, MR imaging will be
superior for detecting biliary diseases,
and CT will allow for more sensitive
detection of urinary tract stones and
acute bowel conditions. Because there
is insufficient evidence to model how
the differential detection of alternate
conditions across imaging strategies
may affect long-term patient outcomes,
we did not incorporate alternative di-
agnoses into our analysis.

We also did not account for aller-
gic reactions and contrast material-in-
duced nephropathy from intravenously
administered iodinated CT contrast
materials in our analysis. On the ba-
sis of our study design, to account for
these, we would have needed to in-
corporate deaths from each. Deaths
from anaphylaxis are exceedingly rare
(1:170000) and would not change our
results meaningfully (40,41). While
deaths attributable to contrast-induced
nephropathy are also assumed to be
extremely low, their accurate estima-
tion is challenging given the paucity of
related evidence and controversy about
the magnitude of association between
contrast material  administration,
acute kidney injury, and related death
(40,42-44). Because we did not explic-
itly account for deaths in patients at
risk for contrast-induced nephropathy,
our analysis is best applied to popula-
tions who are not considered to be at
risk for contrast-induced nephropathy.
For patients who are at risk, a sep-
arate analysis would be appropriate,
comparing noncontrast CT strategies
with MR imaging.
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Second, patient characteristics also
factor into modality performance, par-
ticularly in the case of MR imaging. For
example, more sequence and parame-
ter customization may be needed for
patients who are poor breath holders,
who have difficulty tolerating the more
demanding nature of MR imaging ex-
aminations, or who are obese. Our
analysis does not account for these fac-
tors. That being said, with current MR
imaging technologies and appropriately
applied expertise, much can be done
to optimize and shorten examinations
and to overcome described barriers
(3,15,39).

Third, we did not account for work-
flow considerations from the perspec-
tive of the emergency department. MR
imaging studies take longer than CT
studies, and most designated MR im-
aging slots—if available on an emergent
basis—are used for head and spine im-
aging, indications for which the pref-
erence of MR imaging over other mo-
dalities is more compelling (eg, stroke,
cord compression). An appendicitis
case may not be prioritized in relation
to neurologic MR imaging cases, which
may result in longer wait times for pa-
tients with abdominal pain. Data that
project the effects of queuing issues,
to our knowledge, are not yet avail-
able. However, at the institutional level,
workflow barriers that may compro-
mise patient outcomes should be con-
sidered carefully prior to any paradigm
shifts, particularly given the relatively
small health benefits gained by the use
of one strategy over another.

Fourth, radiation-induced cancer
risks from imaging remain uncertain
(31,33,45-47). While there is increas-
ing empirical evidence to demonstrate
an exposure-risk relationship, its pre-
cise nature remains unknown (48,49).
We used a previously published model
(32), which drew largely from assump-
tions and parameters put forth by the
BEIR VII report (31); however, most
empirical data from the BEIR VII report
draws from the Japanese atomic bomb
survivor experience, which represents
a very different exposure circumstance
(31). We addressed the uncertainty
surrounding radiation risk projections

in sensitivity analysis, where we eval-
uated effects of radiation exposure
throughout a range that included zero—
and that exceeded life expectancy loss-
es conceivable from the highest levels
of exposure from a single CT study—
computing effects of these different risk
conditions on the relative favorability
of different imaging strategies. While
basic assumptions underlying our ra-
diation-risk model are consistent with
current standards (31,33,46,47), it
should be noted that the type of risk in-
formation generated is appropriate for
population-level, but not patient-level,
decision making.

Fifth, we did not account for
costs in our analysis. Given the min-
imal life expectancy gains achievable
by MR imaging relative to CT-based
strategies, MR imaging is not likely to
be cost-effective in this setting from
a societal standpoint. However, in a
rigorous cost-effectiveness analysis,
long-term health costs consequent
to the initial imaging decision are
considered, not just work-up costs.
Hence, the relative cost-effectiveness
of MR imaging cannot be accurately
inferred from an analysis like ours.
Future related efforts should consider
the cost implications of MR imaging
in this setting, ideally from a lifetime
perspective.

While radiation exposure from CT
has prompted consideration of alter-
nate imaging modalities for appendici-
tis, life expectancy differences across
imaging strategies are minimal and are
driven more by test performance than
by radiation-induced cancer risks. If an
institution is capable of providing an
MR imaging service that affords con-
sistently high test performance, then
MR imaging may be the best strategy.
However, if institutional MR imaging
performance is expected to be incon-
sistent or appreciably lower than that
of combined US and CT or CT alone,
then a CT-based strategy should still
be used. In this scenario, the bene-
fits gained by averting radiation ex-
posure are unlikely to meaningfully
outweigh the risks of poorer test per-
formance, which is a larger driver of
patients’ long-term outcomes. While

our findings may seem to contradict
current paradigm shifts toward lower-
risk imaging strategies, to identify the
lowest risk approach, risks of both
pursuing a given approach under con-
sideration—and of not pursuing that
approach—must be weighed together.
Viewing risks through this larger lens
enables an objective understanding of
the impact of radiation exposure from
CT in the clinical setting of appendi-
citis, hopefully providing quantitative
evidence to guide institutional policy-
makers who are considering practice
changes.
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