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Validation of natural language processing to determine the

presence and size of abdominal aortic aneurysms in a large

integrated health system
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ABSTRACT
Objective: Previous studies of the natural history of abdominal aortic aneurysms (AAAs) have been limited by small
cohort sizes or heterogeneous analyses of pooled data. By quickly and efficiently extracting imaging data from the health
records, natural language processing (NLP) has the potential to substantially improve how we study and care for patients
with AAAs. The aim of the present study was to test the ability of an NLP tool to accurately identify the presence or
absence of AAAs and detect the maximal abdominal aortic diameter in a large dataset of imaging study reports.

Methods: Relevant imaging study reports (n ¼ 230,660) from 2003 to 2017 were obtained for 32,778 patients followed up
in a prospective aneurysm surveillance registry within a large, diverse, integrated healthcare system. A commercially
available NLP algorithm was used to assess the presence of AAAs, confirm the absence of AAAs, and extract the maximal
diameter of the abdominal aorta, if stated. A blinded expert manual review of 18,000 randomly selected imaging reports
was used as the reference standard. The positive predictive value (PPV or precision), sensitivity (recall), and the kappa
statistics were calculated.

Results: Of the randomly selected 18,000 studies that underwent expert manual review, 48.7% were positive for AAAs. In
confirming the presence of an AAA, the interrater reliability of the NLP compared with the expert review showed a kappa
value of 0.84 (95% confidence interval [CI], 0.83-0.85), with a PPV of 95% and sensitivity of 88.5%. The NLP algorithm
showed similar results for confirming the absence of an AAA, with a kappa of 0.79 (95% CI, 0.799-0.80), PPV of 77.7%, and
sensitivity of 91.9%. The kappa, PPV, and sensitivity of the NLP for correctly identifying the maximal aortic diameter was
0.88 (95% CI, 0.87-0.89), 88.8%, and 88.2% respectively.

Conclusion: The use of NLP software can accurately analyze large volumes of radiology report data to detect AAA disease
and assemble a contemporary aortic diameter-based cohort of patients for longitudinal analysis to guide surveillance,
medical management, and operative decision making. It can also potentially be used to identify from the electronic
medical records pre- and postoperative AAA patients “lost to follow-up,” leverage human resources engaged in the
ongoing surveillance of patients with AAAs, and facilitate the construction and implementation of AAA screening
programs. (J Vasc Surg 2021;-:1-8.)

Keywords: Abdominal aortic aneurysm; Natural history; Natural language processing; Screening; Surveillance
Abdominal aortic aneurysm (AAA) disease is an impor-
tant societal health issue in the United States, with an
estimated 9928 rupture-related deaths in 2017.1 Despite
this, little is definitively known about the natural history
of AAAs to guide diagnostic and therapeutic procedures.
Most natural history studies of AAAs have been limited
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by small, selected datasets or heterogeneous pooled an-
alyses owing to the difficulty of obtaining AAA diameters
in large groups of patients and for individual AAA pa-
tients with multiple studies over time.2-18 However, the
number of cross-sectional abdominal imaging studies
performed has been increasing, along with public
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ARTICLE HIGHLIGHTS
d Type of Research: A blinded, randomized, multi-
center retrospective cohort analysis of prospectively
collected registry data from the Kaiser Permanente
Northern California Population and Condition
Tracking System

d Key Findings: In the present study of 18,000 abdom-
inal imaging studies, a natural language processing
algorithm accurately confirmed the presence of an
abdominal aortic aneurysm with a positive predictive
value of 95% and sensitivity of 88.5%.

d Take Home Message: The use of natural language
processing software can accurately analyze large vol-
umes of radiology report data to detect abdominal
aortic aneurysm disease and assemble a contempo-
rary aortic diameter-based cohort of patients to
guide screening, surveillance, medical management,
and operative decision making.
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awareness of AAAs, which has led to an increase in the
incidental reporting of small AAAs.9,19-23

Reported studies of abdominal aortic morphology and
diameter have relied on laborious time-intensive manual
data abstraction from unstructured, free-text radiology
reports, which has limited the sample size that could
be analyzed.2,12,14,24,25 Natural language processing
(NLP) software tools might present a more efficient op-
tion for extracting this information from archived radi-
ology reports.26-31 These tools could be used to
streamline the human resources required to screen for
AAAs and to monitor the increasing number of AAAs
diagnosed that require long-term surveillance.
In the present study, we evaluated the accuracy of an

NLP engine in analyzing 15 years of aortic morphology
and diameter data from an AAA screening and surveil-
lance program in a large integrated healthcare system
to determine whether it could be used to facilitate both
the natural history assessment of AAAs and patient care.

METHODS
Study setting. The Kaiser Permanente Northern Califor-

nia (KPNC) is an integrated healthcare delivery system
that serves >4 million members across 21 medical cen-
ters and hospitals. At present, >9000 physicians are
employed by the system, with >300 full-time radiolo-
gists. The Kaiser Foundation Research Institute institu-
tional review board approved the present study, with a
specified waiver of patient consent for an observational
data-only study.

Imaging and clinical data sources. The subjects whose
radiology reports were used for the present study were
all patients enrolled in the KPNC population and condi-
tion tracking system, an arterial aneurysm registry
(including, but not limited to, AAAs), and who had under-
gone abdominal imaging at a KPNC medical facility
from June 22, 1992 to June 16, 2017. This aneurysm regis-
try is an ongoing prospective program started in 2003 for
the purposes of dedicated nurse-monitored surveillance
and screening to ensure proper clinical care for a variety
of diseases. The transcriptions of all radiology reports
since 1992 are electronically accessible for both clinical
and research purposes.
The study modalities included axial computed tomog-

raphy, ultrasound studies, magnetic resonance imaging,
magnetic resonance angiography, and positron emission
tomography. For patients enrolled in the AAA registry,
the relevant imaging reports were identified by search-
ing the included imaging modalities for any 1 of 41 Cur-
rent Procedural Terminology codes related to AAA
screening or diagnosis (Appendix, Supplementary
Tables I and II; and the Supplementary Fig, online only).
The clinical indications for these studies included the
following: (1) institution-directed AAA screening; (2) suspi-
cion for AAA and an AAA identified; (3) noneAAA-related
indication and an AAA was identified incidentally; and (4)
follow-up imaging for any patient already enrolled in
AAA surveillance.
Overall, 32,778 patients in the aneurysm registry had un-

dergone 230,660 relevant imaging studies during the
study period. The textual reports from the relevant imag-
ing studies were extracted from the KPNC electronic
medical records (EMRs). No program-wide templates
were used for image reporting during the study period.
No imaging review was performed as a part of the pre-
sent study. Patients with a single relevant imaging study
were excluded because no opportunity would be avail-
able for longitudinal assessment, a focus of a subsequent
investigation. Additional demographic and clinical data
were obtained from the EMRs.

Development of NLP algorithms for aortic diameter
and disease detection. Our initial effort focused on two
related, but distinct, processes: the detection of the pres-
ence of an AAA and the identification of the maximal
abdominal aortic diameter, when reported. We used a
previously developed solution from Softek Illuminate,
Inc (Overland Park, Kan). This NLP search engine consists
of an AAA classifier module to determine the presence of
an AAA and a separate AAA diameter-extractionmodule.
Using the combined data from the two modules, an al-
gorithm was developed to confirm the absence of an
AAA using the following criteria: (1) discrete classifiers
describing “no AAA”; (2) a size <2.5 cm (from the extrac-
tion module); and (3) maximal diameter unknown, but
abdominal aorta mentioned without describing an AAA
or abnormal aortic morphology to suggest an AAA
(assuming that if a radiologist had discussed the aorta
but had not suggested the presence of aneurysmal dis-
ease, the likelihood of an AAA was very low).



Table I. Demographics of patients included in aneurysm
registry

Variable Total cohort (n ¼ 32,778)

Age, years 78.3 6 11.7

Male gender 24,263 (74)

Race

White 23,786 (73)

Asian/Pacific Islander 3517 (11)

Hispanic 2358 (7)

Black 2232 (7)

Other/unknown 885 (3)

Smoking status

Never 8438 (26)

Former 16,004 (49)

Current 7287 (22)

Unknown 1049 (3)

History of CVD 21,962 (67)

History of diabetes 5319 (16)

Imaging studies, No. 7.0 6 5.8

CVD, Cardiovascular disease.
Data presented as mean 6 standard deviation or number (%).
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The data processing pipeline for these modules was
divided into three linear steps: (1) text preprocessing
and normalization; (2) capturing appropriate measure-
ments by sorting the reports into 53 diameter and 4 non-
diameter bins; and (3) final AAA classification of the
imaging document.
The first step to enable learning was the normaliza-

tion of the report text. This process included convert-
ing various inflections of words to the same root,
converting abbreviations to their full forms (ie, AP to
anterior-posterior), and standardizing report format-
ting to account for bullet points, new lines, and so
forth.
The measurement module then sorted a report into 1 of

57 mutually exclusive bins. These consisted of 53 diam-
eter bins, starting with <2.0 cm, 2.0 cm, and additional
bins in increments of 1 mm to #7.0 cm, with all sizes
>7.0 cm grouped together. If an abdominal aortic diam-
eter could not be reliably determined by the NLP algo-
rithm, four mutually exclusive “nondiameter” bins
would be used: (1) AAA present, diameter unknown; (2)
confirmed absence of AAA; (3) no mention of aorta in
text; and (4) abdominal aorta mentioned, but diameter
unknown.
Although the length of an AAA is usually ignored when

considering the risk of rupture, all three dimensions of
aortic measurements were acknowledged by the NLP al-
gorithm. Occasionally, a radiologist will use approxima-
tions such as “greater than 5.0 cm”; thus, comparative
phrases such as these were also considered when deter-
mining the maximal aortic diameter.
The machine learning modules were trained on 75%

of an expert-validated teaching dataset of 6000 radi-
ology reports and 8000 isolated sentences. The ma-
chine learning features were restricted to data
elements extractable from the textual report and
excluded meta-data. Various shallow learning ap-
proaches were tested using the training data to find
the best solution. For this module, an AAA was defined
as a maximal aortic diameter of $2.5 cm. Additionally, if
a radiologist used morphologic terms consistent with
an AAA (eg, dilated, enlarged, saccular,) the NLP will
consider the aorta positive for an AAA even for a
maximal diameter <2.5 cm. Validation was then per-
formed using the remaining 25% of the documents
(1594 studies) with a positive predictive value (PPV or
precision) of 98%, sensitivity (recall) of 98%, and an F1
score of 98% (not previously reported).

Statistical analysis validation. From the 230,660
included radiology reports, 18,000 reports were
randomly selected for manual blinded review. An indi-
vidual patient could have contributed more than one
imaging report. Two reviewers, one board-certified
vascular surgeon (S.O.) and one trained coinvestigator
(M.M.), each reviewed 10,000 reports, recording the
presence or absence of AAAs and separately placing
each report into 1 of the 57 bins described. The interrater
reliability was assessed using 2000 randomized over-
lapping reports. These 20,000 reviewer observations
were then used as the reference standard to validate the
NLP. When the two reviewers disagreed, the board-
certified vascular surgeon’s choice was considered the
reference standard.
Four measurements of agreement between the re-

viewers and the NLP and between the reviewers (inter-
rater reliability) were considered: (1) kappa
(measurement of chance-corrected agreement for
multiple classifications); (2) PPV (precision); (3) sensi-
tivity (recall); and (4) F1 score [F1 ¼
2 � (PPV � sensitivity)/(PPV þ sensitivity)]. The F1 score
is the harmonic mean of the PPV and sensitivity and is
a better overall measure of incorrectly classified cases
(false-positive and false-negative results) by the NLP.
For tables with more than two outcomes, the PPV
and sensitivity are the weighted average and the F1
score is the overall mean of the F1 scores for each indi-
vidual outcome.
The NLP was evaluated in three areas: (1) the ability to

correctly determine the presence of an AAA; (2) the abil-
ity to conclusively rule out an AAA when none is present;
and (3) the ability to detect the presence of a maximal
abdominal aortic diameter measurement (when pro-
vided) and record this diameter accurately. The exact
methods and classifications used to evaluate the ability
of the NLP to confirm the absence of an AAA are
described in the Appendix (online only).



Table II. Comparison of AAA detection between NLP and reviewers and interrater reliability assessment

NLP

Expert reviewers

AAA present AAA absent or unknown Total

AAA present 7751 412 8163

AAA absent or unknown 1011 8826 9837

Total 8762 9238 18,000

Interrater reliability assessment

Kappa (95% CI) PPV; sensitivity F1 score

NLP vs reviewers 0.842 (0.834-0.849) 0.950; 0.885 0.916

Reviewer 1 vs 2 0.939 (0.924, 0.954) 0.965; 0.972 0.968

AAA, Abdominal aortic aneurysm; CI, confidence interval; NLP, natural language processing; PPV, positive predictive value.

Table III. Comparison of AAA absence detection between NLP and reviewers and interrater reliability assessment

NLP

Expert reviewers

AAA absent AAA present or unknown Total

AAA Absent 3790 1090 4880

AAA present or unknown 333 12,787 13,120

Total 4123 13,877 18,000

Interrater reliability assessment

Kappa (95% CI) PPV; sensitivity F1 score

NLP vs reviewers 0.790 (0.779-0.800) 0.777; 0.919 0.842

Reviewer 1 vs 2 0.992 (0.901-0.942) 0.922; 0.956 0.939

AAA, Abdominal aortic aneurysm; CI, confidence interval; NLP, natural language processing; PPV, positive predictive value.
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RESULTS
Of the randomly selected 18,000 studies that under-

went the reference standard expert review, 48.7% were
positive for an AAA and 49.2% contained a maximal
aortic diameter. The most frequently included imaging
studies were computed tomography (n ¼ 8978; 50%), fol-
lowed by ultrasound (n ¼ 6891; 38%), and magnetic reso-
nance imaging (n ¼ 1520; 8.5%). Of the included patients,
74% were men and 73% were white, with a mean age of
78 6 12 years (Table I). The mean number of imaging
studies per patient was 7.04 6 5.79, and the mean
follow-up time was 7.02 6 5.28 years.
The interrater reliability between expert reviewer 1

and 2, as measured by the kappa coefficient, was
0.939 (95% confidence interval [CI], 0.924-0.954) for
the presence of an AAA, 0.922 (95% CI, 0.901-0.942)
for the confirmed absence of an AAA, and $0.966
(95% CI, 0.954-0.978) for the size detection in the im-
aging reports with an included maximal aortic
diameter.

Presence and absence of AAA. The validation results
showed a kappa value of 0.842 (95% CI, 0.834-0.849) be-
tween the expert reviewers and NLP for the correct iden-
tification of an AAA. The NLP demonstrated a PPV of
95.0% for accurately identifying studies positive for an
AAA and a sensitivity of 88.5%. Thus, the studies positive
for an AAA had been incorrectly reported as no AAA or
an unknown AAA 11.5% of the time (Table II). The F1
score for the NLP correctly identifying the presence of an
AAA was 91.6%.
The NLP algorithm showed similar results for confirm-

ing the absence of an AAA, with a kappa of 0.790 (95%
CI, 0.799-0.800), PPV of 77.7%, sensitivity of 91.9%, and
F1 score of 84.2% (Table III). Thus, the NLP did not identify
a truly negative report only 8.1% of the time but had
incorrectly reported the absence of an AAA for 22.3% of
the cases.

Maximal aortic diameter. The interrater reliability
kappa value between the NLP and expert reviewers for
determining the presence of an aortic diameter mea-
surement was 0.752 (95% CI, 0.743-0.762). The PPV, sensi-
tivity, and F1 scores were 98.8%, 75.8%, and 85.8%,
respectively (Table IV). The ability of the algorithm to
correctly identify the detected maximal aortic diameter
is presented in Table V. Evaluating with a 1-mm
discrimination showed a kappa value of 0.877 (95% CI,
0.869-0.885), a PPV of 88.8%, a sensitivity of 88.2%, and
an F1 score of 97.0%. The reliability measurements
consistently improved when the aortic diameter was
analyzed using clinically relevant subgroups (maximal



Table IV. Comparison of maximal AAA diameter reported between NLP and reviewers and interrater reliability assessment

NLP

Expert reviewers

Diameter reported Diameter unknown Total

Diameter reported 6720 79 6799

Diameter unknown 2143 9058 11,201

Total 8863 9137 18,000

Interrater reliability assessment

Kappa (95% CI) PPV; sensitivity F1 score

NLP vs reviewers 0.752 (0.743-0.762) 0.988; 0.758 0.858

Reviewer 1 vs 2 0.977 (0.968-0.986) 0.992; 0.985 0.988

AAA, Abdominal aortic aneurysm; CI, confidence interval; NLP, natural language processing; PPV, positive predictive value.

Table V. NLP reporting metrics for reporting maximal AAA diameter stratified by size bin grouping

Diameter assignment Kappa (95% CI) PPV Sensitivity F1 score

1-mm Increments

All patients 0.877 (0.869-0.885) 0.888 0.882 0.862

Only $2.5 cm 0.898 (0.890-0.906) 0.903 0.905 0.885

Only $3.0 cm 0.905 (0.897-0.913) 0.909 0.911 0.889

Large diameter incrementsa

All patients 0.908 (0.900-0.916) 0.934 0.930 0.912

Only $2.5 cm 0.931 (0.924-0.939) 0.951 0.951 0.941

Only $3.0 cm 0.938 (0.930-0.946) 0.959 0.959 0.946

AAA, Abdominal aortic aneurysm; CI, confidence interval; NLP, natural language processing; PPV, positive predictive value.
aLarge diameter increments: <2.5 cm, 2.5-2.9 cm, 3.0-3.9 cm, 4.0-4.9 cm, 5.0-5.4 cm, $5.5 cm.
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aortic diameter >2.5 cm or >3.0 cm) and larger size bins
(<2.5 cm, 2.6-2.9 cm, 3.0-3.9 cm, 4.0-4.9 cm, 5.0-5.4 cm,
$5.5 cm).
DISCUSSION
In the present study of a large imaging dataset, we

found excellent ability of a commercially available NLP
tool to detect the presence of an AAA and a reasonable
ability to confirm the absence of an AAA. For the cases
for which a maximal abdominal aortic diameter had
been reported, we found a high degree of certainty
that the NLP tool will detect it and, more importantly,
report it correctly. We also found outstanding interrater
reliability, and the large size of our dataset enabled a pre-
cise estimation of our outcomes with narrow CIs.

NLP for natural history research of AAAs. Numerous
limitations are present in the available AAA natural his-
tory literature that the use of NLP can help address. Early
studies of the natural history of AAA were aimed simply
at identifying when to operate on AAAs and when they
could be observed.4,5,7,14,24,32 These studies were single-
center reports and had included highly selected pa-
tients.5,14,15,24 Other AAA natural history studies had only
included patients between specific age ranges or
meeting certain AAA diameter criteria.7,10,16,17,22,24,33 In
attempts to overcome this selection bias, other early in-
vestigators studied >24,000 consecutive autopsies to
identify the prevalence and risk of AAAs.4 That analysis
was subject to bias owing to the difficulty in measuring
the size of an aorta (intact or ruptured) in a deceased
patient and by the confounding variable of death for the
vast majority of patients who had died of causes other
than an AAA.
The most rigorous and contemporary study reporting

on the natural history of AAAs was from the RESCAN
group with a pooled cohort of 15,471 patients from 18
different data sets. However, although it is the largest
study to date, this carefully conducted meta-analysis
had several limitations.2 Patients with an AAA outside
the 3.0- to 5.4-cm diameter range were excluded, and 7
of the 18 studies had only included men. The imaging
methods and maximal diameter definitions had also var-
ied across the studies, none of which had used NLP tech-
niques. The RESCAN group also found that each of the 18
data sets had reported different rates of AAA diameter
changes. Thus, statistical techniques were used to merge
them into their final cohort, at the cost of significant
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heterogeneity. Ultimately, these consistent limitations
have made it challenging to update contemporary sur-
veillance guidelines and indications for AAA repair in a
convincing fashion.
NLP represents a computerized method to analyze

text. It is based on a series of human-derived program-
ming rules that characterize reported phrases and words
to simulate human-like interpretation. It has been used
in medical language systems since themid-1990s and re-
ported in various specialties to select naturally occurring
conditions for translational research.26,29,31,34,35 For pe-
ripheral arterial disease, Afzal et al36 reported their expe-
rience using an open-source NLP tool (MedTagger) to
identify patients with disease from clinical documenta-
tion. They found greater accuracy using NLP than using
previous billing claims data. Lee et al29 reported that us-
ing NLP provided accurate reporting from colonoscopy
reports with various formats.
In one of the earliest examples involving AAAs,

van Walraven et al22 used a less-advanced, hard coded
(string search) algorithm to screen an institutional radi-
ology database to find incidentally mentioned AAAs
and determine whether these patients had received
appropriate surveillance and treatment. Sohn et al26

trained an NLP program to determine the presence of
AAAs and extract a size when a AAA was present using
a small (650-report) dataset. They found excellent PPV,
sensitivity, and F1 scores.26 Morioka et al27 reported on
the use of a more sophisticated, but still hard coded,
approach for 1402 screening ultrasound reports of
male ever-smokers. They also reported high PPV, sensi-
tivity, and F1 scores.27 Although the validation statistics
reported in these studies were high, the results were
possibly inflated because the testing and training
were both performed using the same dataset. Further-
more, these approaches did not use true machine
learning because their analytic approach was, in part,
hard-coded and had involved simply scanning the
free text for predetermined lists of character strings.
For example, if a preceding space was missing from
the text of a radiology report, one of these reported al-
gorithms would have incorrectly placed the report into
a category indeterminate for an AAA instead of a cate-
gory indicating the presence of an AAA.27

Although we have reported kappa, PPV, sensitivity, and
F1 scores comparable to those from previous AAA NLP
studies, our results represent an advance because our
derivation and validation processes were performed
against a much larger data set (18,000 vs 1200 or 600 pa-
tients) than used in previous studies, with the added
advantage of a “real world” setting of non-template,
free text reports from multiple radiologists and hospitals
and a variety of imaging modalities.26,27 Our imaging re-
ports included various imaging modalities of the chest,
abdomen, and pelvis instead of ultrasound examinations
of the abdomen alone. Thus, our NLP tool was developed
to determine the correct abdominal aortic location for
an AAA, to answer the question of whether an AAA was
present.27 For example, miscategorizing a thoracic aortic
aneurysm as an AAA would have resulted in an accuracy
demerit during validation. Thus, even if the diameter
classification had been correct, this would have been
considered an error. The NLP algorithm was trained to
ignore metadata (eg, examination type: chest computed
tomography vs abdominal ultrasound) and “hearsay” his-
torical data (eg, “History:”; or “Indication:”), making its de-
terminations more accurate. Finally, unlike others, our
NLP tool is potentially adaptable to any EMR system. It
was not necessary to manually classify reports to “teach”
the NLP before running the program, and no time was
required for developing and training the algorithm. For
these reasons and based on our stringent validation pro-
cess, we are confident that these findings are
generalizable.
Because our NLP would be extremely unlikely to assign

a maximal aortic diameter if one were not present (PPV,
99%) andmissed the presence of a maximal aortic diam-
eter in a dictated report only 24% of the time (sensitivity,
76%), it is very well suited for a natural history study appli-
cation where understanding of the accurate diameters is
more important than missing some. Perhaps more
importantly, when reported, the maximal abdominal
aortic diameter was correct 88.8% of the time. Also, these
numbers improved when the size bins were combined
into broader diameter ranges and when smaller diam-
eter bins (<2.5 cm, <3.0 cm) were excluded, reflecting
clinically relevant, actionable situations.

NLP for AAA surveillance and screening. A broad
consensus has been reached regarding the efficacy of
AAA screening in decreasing all-cause mortality in
selected patients and AAA surveillance in preventing
rupture and guiding medical therapy.18,21,25,37-43 However,
AAA screening and pre- and postoperative AAA surveil-
lance programs have not been widely implemented. This
is, in part, because, without automated software solu-
tions, identifying surveillance-appropriate patients is very
labor intensive. Our NLP correctly identified 88.5% of
possible AAAs (sensitivity), and 95% of the identifications
of an AAA were correct (PPV), substantially reducing the
need for manual image report review (F1 score, 92%).
Human oversight will be required for the foreseeable
future in AAA surveillance and screening programs.
However, because even the most highly trained case
managers cannot intuit an AAA unreported in an imag-
ing study, the sensitivity must be high in these clinical
situations in which missing an AAA would be worse than
falsely identifying an AAA. An NLP with these attributes
will allow for screening an entire EMR system (ie, radi-
ology reports, operative records, clinical notes) for pa-
tients with AAAs who have not otherwise had an AAA
diagnosed. It could also use the diameter classifier to
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search for abdominal aortic diameter changes and,
thereby, optimally use limited case manager resources to
establish whether patients are being followed up
appropriately and whether patients with more rapidly
expanding AAAs require more frequent monitoring. This
could also be applied to repaired AAAs postoperatively.
Unpublished Kaiser data collected during the early

stages of a systematic rollout of AAA screening in north-
ern California in 2012 to 2013 indicated that w20% of 65-
to 75-year-old male ever-smokers will have undergone
relevant cross-sectional abdominal imaging for nonscre-
ening purposes between 65 and 75 years of age. An NLP
program with the ability to confirm the absence of an
AAA could similarly be used to review patient data (ie,
>64-year-old male ever-smokers) within a database and
eliminate those who will not require ultrasound
screening based on relevant findings from previous im-
aging studies, thereby saving a healthcare system unnec-
essary screening studies and the associated costs. When
the NLP algorithm confirmed the absence of an AAA, it
was correct 78% of the time (PPV). However, it did not
confirm the absence of an AAA in <8% of cases in which
an AAA was truly absent. We believe these results are
adequate (F1 score, 84%) for the clinical purposes of
AAA EMR screening, especially because the sensitivity
was quite high, and a case manager could review all
confirmed cases of AAA absence to ensure accuracy.
The present study had limitations. Many patients in the

registry had already been enrolled in a AAA screening pro-
gram in accordance with the U.S. Preventive Services rec-
ommendations and, thus, by definition, had been
preselected to have an elevated pretest probability of an
AAA. Next, the NLP relies on a single measurement (outer
wall to outer wall) assessment of the AAA, which has been
the standard practice for decades but does not consider
measurement error and the lack of standardization of
the interpretation technique (eg, orthogonal, short axis,
oblique, other definitions of aortic diameter) among radiol-
ogists. Rarely, the algorithm will mistake the size of a solid
organ or other lesion as the aortic size. Finally, our NLP tool,
like other text search mechanisms, can only evaluate
machine-readable text.29 It cannot interpret images, which
might include scanned documents and/or the raw radio-
graphic or ultrasound images. Moreover, the NLP depends
on the radiologist dictating a visual description of the
abdominal aorta and/or AAA. Thus, if these structures are
not mentioned, no information regarding them can be
captured.
CONCLUSION
The results from the present study have demonstrated

that an AAA NLP search engine can analyze very large
volumes of imaging report data and accurately detect
the presence of, and confirm the absence of, an AAA to
a clinically useful degree. In addition, when a maximal
abdominal aortic diameter is reported, we found a high
degree of certainty that the NLP tool will detect it and,
more importantly, report it correctly. An NLP with this de-
gree of accuracy allows for the assembly of a contempo-
rary diameter-based cohort of AAA patients for
longitudinal (natural history) analysis to guide surveil-
lance, medical management, and operative decision
making. It can also be used to identify pre- and postop-
erative AAA patients “lost to follow-up” in the EMR,
leverage human resources engaged in the ongoing sur-
veillance of AAA patients, and facilitate cost-effective
implementation of AAA screening programs.
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confirmed absence of abdominal aortic aneurysms
In addition to the assessment for accurate size attribu-

tion, we evaluated the ability of the natural language pro-
cessing (NLP) algorithm to correctly discriminate among
four mutually exclusive nondiameter bins if no diameter
measurement had been given (1, abdominal aortic aneu-
rysm [AAA] present, diameter unknown; 2, confirmed
absence of AAA; 3, no mention of aorta in text; and 4,
abdominal aorta mentioned but diameter unknown). To
develop an algorithm to confirm the absence of an AAA,
the “diameter present” bin was then divided into diame-
ters of <2.5 cm and $2.5 cm, yielding a total of six bins
(Supplementary Table II, online only).
A confirmed absence of an AAA was defined as the

combination of three bins: (1) maximal aortic
diameter <2.5 cm; (2) a confirmed absence of an AAA;
and (3) abdominal aorta mentioned but diameter un-
known (Supplementary Fig, online only). The “abdominal
aorta mentioned but diameter unknown” bin was logi-
cally included here because a board-certified radiologist
had mentioned the abdominal aorta explicitly (usually
describing other aortic pathology) but had not sug-
gested the diagnosis of an AAA; thus, it could be reason-
ably assumed no AAA was present.
The presence of an AAA or an unknown AAA status

was defined as the combination of the remaining
three bins: (1) maximal aortic diameter >2.5 cm; (2)
AAA present, diameter unknown; and (3) no mention
of aorta in text.
We then collapsed this resulting 6�6 table

(Supplementary Table II, online only) into a 2�2 ta-
ble (Table III), representing the case of a confirmed
absence of an AAA and an AAA present or
unknown.



Supplementary Table I (online only). Current Procedural Terminology codes related to AAA screening or diagnosis

CPT code CPT Description Modality

4225 US retroperitoneal aorta screening US

72131 CT lumbar spine, no contrast CT

72132 CT lumbar spine, with contrast CT

72133 CT lumbar spine without and with contrast CT

72142 MRI spine cervical with contrast MRI

72148 MRI lumbar spine, no contrast MRI

72149 MRI of lumbar spine with contrast MRI

72156 MRI cervical spine without and with contrast MRI

72158 MRI lumbar spine, without and with contrast MRI

72191 CT angiography, pelvis, without and with contrast CT

72192 CT pelvis, no contrast CT

72193 CT pelvis, with contrast CT

72194 CT pelvis, without and with contrast CT

72195 MRI pelvis, no contrast MRI

72196 MRI pelvis, with contrast MRI

72197 MRI pelvis, without and with contrast MRI

72198 MRA of pelvis MRA

74150 CT abdomen, no contrast CT

74160 CT abdomen, with contrast CT

74170 CT abdomen without and with contrast and further sections CT

74174 CT angiography, abdomen and pelvis, with contrast, including without contrast CT

74175 CT angiography, abdomen CT

74176 CT abdomen and pelvis, no contrast CT

74177 CT abdomen and pelvis, with contrast CT

74178 CT abdomen and pelvis, without and with contrast CT

74181 MRI abdomen, no contrast MRI

74182 MRI abdomen, with contrast MRI

74183 MRI abdomen without and with contrast MRI

74185 MRA abdomen MRA

75635 CT angiography, abdominal aorta and bilateral iliofemoral lower extremity CT

76380 CT, follow-up CT

76700 US abdomen US

76705 US abdomen, B-scan, limited US

76770 US B-scan retroperitoneal, complete US

76775 US B-scan, retroperitoneal, limited US

78812 PET tumor imaging, skull base to mid-thigh PET

78813 PET study for tumor, whole body PET

78814 PET with concurrent CT, tumor localization, limited area PET

78815 PET with concurrent CT, tumor localization, skull base to mid-thigh PET

78816 PET with concurrent CT, tumor localization, whole body PET

93978 US duplex with color Doppler, aorta, IVC, and iliac vessels US

AAA, Abdominal aortic aneurysm; CPT, Current Procedural Terminology; CT, computed tomography; IVC, inferior vena cava; MRA, magnetic resonance
angiography; MRI, magnetic resonance imaging; PET, positron emission tomography; US, ultrasound.
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Supplementary Fig (online only). Definition of confirmed
absence of abdominal aortic aneurysms (AAAs).

Supplementary Table II (online only). Expert reviewers vs NLP for categorization of AAA in two diameter size bins and four
nondiameter size bins and interrater reliability assessment

NLP

Expert reviewers

Aorta <2.5 cm
Aorta

$2.5 cm

AAA present,
diameter
unknown

Confirmed
absence of

AAA
No mention of
aorta in text

Abdominal aorta
mentioned, diameter

unknown

Aorta <2.5 cm 405 141 6 20 2 7

Aorta $2.5 cm 26 6148 12 27 0 5

AAA present, diameter
unknown

18 1295 278 118 13 72

Confirmed absence of AAA 96 218 85 1627 5 161

No mention of aorta in text 0 110 12 21 4919 46

Abdominal aorta
mentioned, diameter
unknown

26 380 222 341 31 1107

Interrater reliability assessment

Kappa (95% CI) PPV Sensitivity F1 score

NLP vs reviewers 0.734 (0.727-0.742) 0.878 0.790 0.690

Reviewer 1 vs 2 0.946 (0.934-0.958) 0.963 0.964 0.895

AAA, Abdominal aortic aneurysm; CI, confidence interval; NLP, natural language processing; PPV, positive predictive value.
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