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Abstract

Objectives—Establishing the reproducibility of expert-derived measurements on CTA exams of 

aortic dissection is clinically important and paramount for ground-truth determination for machine 

learning.

Methods—Four independent observers retrospectively evaluated CTA exams of 72 patients with 

uncomplicated Stanford type B aortic dissection and assessed the reproducibility of a recently 

proposed combination of four morphologic risk predictors (maximum aortic diameter, false lumen 

circumferential angle, false lumen outflow, and intercostal arteries). For the first interobserver 

variability assessment, 47 CTA scans from one aortic center were evaluated by expert-observer 

1 in an unconstrained clinical assessment without a standardized workflow and compared to a 

composite of three expert-observers (observers 2–4) using a standardized workflow. A second 

inter-observer variability assessment on 30 out of the 47 CTA scans compared observers 3 and 4 

with a constrained, standardized workflow. A third inter-observer variability assessment was done 

after specialized training and tested between observers 3 and 4 in an external population of 25 

CTA scans. Inter-observer agreement was assessed with intraclass correlation coefficients (ICCs) 

and Bland-Altman plots.

Results—Pre-training ICCs of the four morphologic features ranged from 0.04 (−0.05 to 0.13) to 

0.68 (0.49–0.81) between observer 1 and observers 2–4 and from 0.50 (0.32–0.69) to 0.89 (0.78–

0.95) between observers 3 and 4. ICCs improved after training ranging from 0.69 (0.52–0.87) to 

0.97 (0.94–0.99), and Bland-Altman analysis showed decreased bias and limits of agreement.

Conclusions—Manual morphologic feature measurements on CTA images can be optimized 

resulting in improved inter-observer reliability. This is essential for robust ground-truth 

determination for machine learning models.

Keywords

Aortic dissection; Computed tomography angiography; Variability, inter-observer
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Introduction

Aortic dissection is a devastating disease with an incidence of 4 to 7 per 100,000 people 

per year [1–5]. The optimal treatment of patients with initially uncomplicated Stanford 

type B aortic dissection (uTBAD) is currently unknown and much debated. Advocates for 

thoracic endovascular aortic repair (TEVAR) emphasize the high rate of late complications 

in medically managed patients with uTBAD. However, the level of evidence to support 

preventive TEVAR is poor [6]. There is broad consensus among aortic specialists that better 

risk stratification is needed to accurately identify patients at high risk for late adverse 

events. Only high-risk patients are likely to benefit from preventive TEVAR [6], but reliable 

criteria for clinical risk stratification are yet to be identified. Several studies have attempted 

to identify high-risk morphologic features on computed tomography angiography (CTA) 

imaging features portending an increased risk of late complications in uTBAD [7]. Proposed 

morphologic imaging markers include aortic size [8–19], false lumen size [8–10, 14, 20, 

21], primary entry tear size and location [10, 14, 21–23], false lumen patency and saccular 

configuration [9, 13, 14, 18, 21, 22], and false lumen longitudinal extent and configuration 

[13–15, 20, 22, 24, 25]. Only the reproducibility of relatively simple aortic diameter 

measurements has been evaluated in several studies noting substantial differences among 

expert readers [26–29].

Machine learning models have the potential to automatically identify morphologic features 

on CTA exams of patients with aortic dissection [30]. Training such models typically 

requires robust ground truth measurements, conducted manually by experts. We sought (i) 

to determine the inter-observer variability of expert-derived measurements of morphologic 

risk features on CTA images of uTBAD patients and (ii) to optimize the reproducibility 

of measurements. Highly reproducible measurements are not only essential for initial 

assessment and follow-up of clinical CTA exams but are also a prerequisite for the 

development of new machine learning models.

Materials and methods

Subjects

The study population was derived from the Registry of Aortic Diseases to Model Adverse 

Events and Progression (ROADMAP). In summary, patients with uTBAD who survived 

the initial hospitalization without complications and who underwent CTA within the first 

2 weeks after the initial event were included. Clinical and imaging data were collected 

from a total of 10 tertiary aortic centers in North America and Europe. A total of 72 

patients with uTBAD were included in the current study. The cohort was divided into two 

groups: a group of 47 patients from a single aortic center (Stanford University Hospital, 

Stanford, CA) and a group of 25 randomly selected patients from various aortic centers 

(Emory University Hospital, Atlanta, GA; University of Pittsburgh Hospital, Pittsburgh, 

PA; University Hospital of Texas Houston, Houston, TX; University Hospital of Toronto, 

Toronto, Canada; University of Bologna, Bologna, Italy; University Hospital Zurich, Zurich, 

Switzerland).

Willemink et al. Page 3

Eur Radiol. Author manuscript; available in PMC 2023 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Morphologic imaging features

Expert observers evaluated the following four morphologic imaging markers using the 

same post-processing software on a dedicated workstation (iNtuition, TeraRecon, Inc.): (i) 

maximum aortic diameter, (ii) relative false lumen circumference, (iii) false lumen drainage 

pattern, and (iv) the number of identifiable intercostal arteries along the dissected aorta (Fig. 

1). A detailed explanation of each morphologic imaging marker is described elsewhere [14]. 

In short, the process to extract the morphologic features begins with the semiautomated 

identification of the aortic centerline from the cardiac apex to the aortic bifurcation. The 

aortic centerline represents the common longitudinal axis of the entire aorta (true and 

false lumen combined) if dissected. The aortic centerline was subsequently used to obtain 

cross-sectional views orthogonal to the long axis of the aorta and to localize the maximum 

aortic diameter of the dissected aorta. The maximum aortic diameter was measured in 

millimeters. In the same orthogonal plane, the relative false lumen circumference was 

measured in angular degrees (°) (Fig. 1). The false lumen drainage pattern was assessed for 

each branch vessel (left subclavian artery, celiac artery, superior mesenteric artery, left/right 

renal arteries, inferior mesenteric artery, and left/right common iliac arteries) by determining 

the lumen of origin (true lumen, false lumen, or both). False lumen outflow was then 

quantified as the weighted sum of all branches draining the false lumen in milliliters per 

minute [14] (Fig. 2). Lastly, the number (n) of identifiable intercostal arteries branching 

off the aorta in the dissected portion was recorded. Data were automatically extracted and 

saved for further processing. The time required for the complete assessment of morphologic 

features from a single CT dataset was approximately 45 min.

Interobserver variability assessment

Three experiments were conducted to establish the reproducibility of morphologic CT 

features using the following scenarios: (i) unconstrained clinical assessment, where imaging 

features were evaluated in a clinical-type scenario without a standardized workflow so the 

reader could vary the sequence of imaging features on subsequent reads; (ii) constrained 

predefined standardized workflow, where imaging features were assessed in a standard 

order programmed into the post-processing workstation; and (iii) and constrained predefined 

standardized workflow after standardized training (Fig. 2).

Unconstrained clinical assessment (Experiment 1)

The purpose of the first evaluation was to simulate a clinical scenario where CT scans 

are evaluated by different cardiovascular radiologists with potentially different workflows 

and data extraction strategies. CTA scans of the 47 patients from a single tertiary aortic 

center (Stanford University Medical Center) were independently evaluated twice. The 

first evaluation was done by a pairwise comparison of a single observer (observer 1) 

who evaluated all 47 patients with a mix of three observers (observers 2, 3, and 4) 

who independently evaluated 16, 16, and 15 of these 47 patients, respectively (Fig. 2). 

Observer 1 evaluated the CT scans without a pre-set standardized workflow, and data were 

manually recorded for further processing. Observers 2–4 used a pre-defined, standardized 

workflow that allowed them to systematically evaluate each morphologic feature in the same 

order. Data were extracted and saved automatically. All four observers were physicians 
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with at least 8 years of experience in cardiovascular imaging with considerable expertise 

specifically with CTA assessment of aortic dissection.

Constrained predefined standardized workflow (Experiment 2)

The purpose of the second evaluation was to systematically evaluate the inter-observer 

variability between two expert readers using an identical, standardized workflow, but before 

feature-specific training. For this experiment, 30 out of 47 CT scans were independently 

evaluated by two observers, respectively (observers 3 and 4, Fig. 2).

Optimization guidelines through feature-specific observer training

After the first two independent evaluations in the single aortic center cohort (Fig. 2), 

discrepancies between observers 3 and 4 were reviewed in consensus and together with a 

senior cardiovascular radiologist with more than 20 years of experience in order to identify 

sources of discrepancies and refine criteria for feature classification and measurements. An 

optimized assessment guideline was developed, which included clear rules and examples for 

typical and less typical cases of uTBAD (Fig. 3).

For maximum aortic diameter, the measurement was specified to include the aortic wall. 

We observed that the maximum aortic diameter often comprises a finite zone within 

the proximal descending thoracic aorta, rather than a unique point. The absence of a 

clearly defined plane impedes the measurement of the false lumen circumferential angle, 

as this feature can change substantially within a short range. In order to standardize 

these measurements, the instruction was as follows: (i) In the presence of a clear 

single location with maximum diameter, both maximum aortic diameter and false lumen 

circumferential angle were measured in that single plane; (ii) In all other cases, the observers 

identified a range in which the aorta maintained its maximum diameter. If the false lumen 

circumferential angle changed substantially within this range, it was recommended to record 

three measurements: the center of the range, 1 cm proximal, and 1 cm distal. The average of 

these three measurements was then used as a final result.

For the false lumen outflow pattern, if the dissection flap was not overriding the ostium of 

the aortic branch, it was defined as either true or false lumen. If the dissection flap was 

visible in the middle of the ostium, the false lumen outflow pattern was defined as both false 

lumen and true lumen (Fig. 3A). In case the evaluation of the dissection flap position was 

still not clear, then a previous or follow-up scan was assessed.

Constrained predefined standardized workflow after standardized training (Experiment 3)

The purpose of the third experiment was to address the previously unforeseen sources of 

discrepancies even amongst expert readers, by having readers undergo specific image feature 

training and establishing instructions for instances where measurements may be less certain.

To assess the effect of this expert-geared image analysis instruction, a third evaluation was 

performed (Fig. 1) in which two observers (observers 3 and 4) independently evaluated 25 

previously unseen external CTA scans following the preset standardized workflow as before, 
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but applying guidelines laid out during specific image feature training and applying the 

newly established rules and measurement strategy.

Statistical analysis

Continuous variables are listed as median (interquartile range) and categorical variables are 

listed as numbers (percentage). Differences between observers were evaluated. Individual 

probabilities of developing late complications were calculated based on the morphologic 

imaging markers and presence of connective tissue disease as described elsewhere [14]. 

Patients were divided into three risk categories: low (risk score < 6.05), intermediate (6.05 ≤ 

risk score ≤ 7.00), or high (risk score > 7.00) and subsequent reclassification rates between 

observers were calculated [14].

Pre-training and post-training inter-observer reliability were assessed with the single 

measures intraclass correlation coefficient (ICC) for continuous variables and linearly 

weighted kappa for categorical variables. Kappa-values were interpreted as: no agreement 

0, poor agreement < 0.20, fair agreement 0.21–0.40, moderate agreement 0.41–0.60, good 

agreement 0.61–0.80, and excellent agreement > 0.80 [31, 32]. ICC values between 0.70 

and 0.80 were considered good and ICC values greater than 0.80 were considered excellent 

[32]. The limits of inter-observer agreement were defined as the mean difference ± 1.96 

× the standard deviation and displayed with Bland-Altman plots [33]. The proportions 

of agreement between observers were calculated for determining the outflow pattern 

(true lumen, false lumen, or both lumens) of each branch starting at the left subclavian 

artery (left subclavian artery, celiac artery, superior mesenteric artery, left and right renal 

arteries, inferior mesenteric artery, and left and right common iliac arteries). Analyses were 

performed with RStudio version 1.2 (RStudio) and SPSS Version 26 (IBM). p values below 

0.05 were considered statistically significant. Results are reported according to the GRRAS 

Guidelines for Reporting Reliability and Agreement Studies [34].

Results

Differences between observers

Pre-training and post-training differences between observers are listed in Tables 1, 2 and 3, 

respectively, and displayed in Fig. 4. Mean pre-training differences between observer 1 and 

mixed observers 2–4 in the unconstrained clinical assessment of N = 47 CT scans were 0.8 

(−1.7 to 3.8) mm for maximum aortic diameter, −17.0 (−30.5 to 3.8) degrees for false lumen 

circumferential angle, 141.3 (0.0 to 418.8) mL/min for false lumen outflow, and 2 (1 to 5) 

for the number of identifiable intercostal arteries.

The pre-training differences with the constrained predefined standardized workflow between 

observers 3 and 4 in N = 30 CT scans were slightly smaller: 0.2 (−1.5 to 2.7) mm for 

maximum aortic diameter, 0.4 (−14.0 to 16.1) degrees for false lumen circumferential angle, 

0.0 (0.0 to 268.0) mL/min for false lumen outflow, and 0 (−2 to 1) for the number of 

identifiable intercostal arteries.

After training, the differences between observers 3 and 4 in N = 25 CT scans decreased 

further: 0.1 (−0.4 to 0.5) mm for maximum aortic diameter, −2.2 (−5.5 to 2.6) degrees for 
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false lumen circumferential angle, 0.0 (0.0 to 0.0) mL/min for false lumen outflow, and 0 

(−1 to 0) for the number of identifiable intercostal arteries.

Risk classification

The risk category reclassification rate was highest before training with 44.7% 

reclassifications between observer 1 and the mix of observers 2–4 in the unconstrained 

clinical assessment of N = 47 CT scans. The pre-training reclassification rate between 

observers 3 and 4 in N = 30 CT scans assessed according to the constrained predefined 

standardized workflow was slightly lower (30.3%). After training, the reclassification rate 

decreased to 16.0% between observers 3 and 4 in N = 25 CT scans. Specific reclassification 

results are listed in Table 4.

Inter-observer agreement and reliability

Pre-training and post-training ICCs and linearly weighted kappas are listed in Table 5. 

Bland-Altman plots (Supplementary Figure 2) indicated that limits of agreements were 

widest pre-training between observer 1 and the mix of observers 2–4 in the unconstrained 

clinical assessment of N = 47 CT scans, with a slight decrease for the pre-training 

assessment of observers 3 and 4 in N = 30 CT scans with the constrained predefined 

standardized workflow. The limits of agreements were the narrowest for the post-training 

assessment between observers 3 and 4 in N = 25 CT scans.

The pre-training and post-training proportions of the agreement for the false lumen 

outflow assessment are displayed in Supplementary Figure 3. Agreement was lowest 

between observer 1 and the mix of observers 2–4 pre-training using unconstrained clinical 

assessment, and highest after training between observers 3 and 4.

Discussion

Our study shows that manual expert-driven measurements of morphologic risk features in 

patients with uTBAD patients can be obtained with excellent inter-observer reliability and 

agreement provided that both, a standardized workflow and feature-specific rules are well-

defined. Inter-observer variability of four morphologic imaging features before workflow 

standardization with automated data extraction and before workflow optimization through 

feature-definition and training was suboptimal, even among subspecialty cardiovascular 

radiologists. After implementing specific feature training and detailing methods of 

adjudication for complex features, the inter-observer variability improved substantially for 

all features. These results are important in illustrating how we can currently optimize the 

reproducibility of aortic measurements in the clinical setting, in the setting of imaging 

research, but also because developing reliable machine learning models to automate such 

tasks in the future requires robust ground truth information for training, validation, and 

testing purposes [35, 36]. Implementation of specific image feature training and establishing 

clear and exhaustive reporting guidelines are particularly important and necessary for the 

assessment of complex imaging variables encountered in the setting of aortic dissection. 

We will apply such standards in an ongoing effort to externally validate an imaging feature–
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based risk prediction model in the retrospective registry of aortic diseases to model adverse 

events and progression (ROADMAP) cohort.

We evaluated four morphologic imaging markers that have been described previously [7, 

14]. Our systematic approach mimicked a clinical scenario with a mix of observers as well 

as a scenario where the same observers evaluated all scans. The most frequently used and 

clinically most relevant imaging marker for patients with aortic dissection is the maximum 

aortic diameter. Our results indicate that this is the most reproducible imaging feature out of 

the four assessed markers. Although maximum aortic diameter was relatively reproducible, 

there was still a significant improvement after standardized training. The other morphologic 

imaging features included false lumen circumferential angle, false lumen outflow, and the 

number of identifiable intercostal arteries. The reproducibility of these features was initially 

limited but improved substantially after applying the optimization guideline. Similar to 

reproducibility, reclassification between observers also improved, which is essential both in 

clinical practice and in defining the ground truth for machine learning models.

Previous studies have evaluated the inter-observer variability of maximum aortic diameter 

measurements in patients with abdominal aortic aneurysms. Similar to our results, the 

majority of studies found a relatively poor inter-observer variability [37–39]. The maximum 

aortic diameter, however, was the most reproducible imaging feature out of the four assessed 

features in our study. Other studies evaluated the variability of clinical measurements of 

the thoracic aorta, including the aortic root as measured on echocardiography, CT, and 

MR exams [40, 41], and the maximum aortic diameter as measured on CT [28]. To 

the best of our knowledge, the reproducibility of the other three morphologic imaging 

features in this study (false lumen circumferential angle, false lumen outflow, and the 

number of identifiable intercostal arteries), and the reproducibility of many other candidate 

morphological predictors in the literature has not been evaluated before. Elefteriades and 

colleagues reviewed discrepancies in measurements of the thoracic aorta and concluded that 

discrepancies arise from image formatting, diameter definition (including or excluding aortic 

wall), irregular aortic contour, and inconsistent reporting [42]. As the current study suggests, 

most of these discrepancies can be prevented by providing clear guidelines resulting in 

improved interobserver variability.

Our study has some limitations. First, this was a retrospective study based on previously 

gathered CT imaging data. The quality of more recent CT images may be better, resulting in 

improved inter-observer variability. Second, due to feasibility reasons, not all scans from the 

ROADMAP registry have been evaluated for this interobserver variability study. However, 

the sample size of the presented work was large enough to assess our objectives. Last, 

variability across sites is different than within a site. We cannot be entirely certain that 

the improved reproducibility is due to training since the pre- and post-training populations 

were different. But in general, we would expect that variability increases when external data 

are used. Even experienced readers could have problems analyzing images from another 

site (different protocol, resolution, noise, contrast, etc.). The fact that the interobserver 

agreement improved after training and testing in external datasets is therefore encouraging. 

Further research should evaluate the interobserver variability across sites.
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In conclusion, our systematic inter-observer variability study showed that manual 

measurements of morphologic risk features on CT images of uTBAD patients can be 

optimized, resulting in excellent inter-observer reliability and agreement, and a decrease 

in reclassifications. This is important because apart from optimizing the reproducibility of 

aortic measurements in the clinical setting, establishing robust ground truth information is 

essential for training, validation, and testing of machine learning models. It is therefore 

recommended to apply standardization and optimization guidelines before determining 

ground truth labels for machine learning models in complex organs such as the aorta.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

• Clinical fashion manual measurements of aortic CTA imaging features 

showed poor inter-observer reproducibility.

• A standardized workflow with standardized training resulted in substantial 

improvements with excellent inter-observer reproducibility.

• Robust ground truth labels obtained manually with excellent inter-observer 

reproducibility are key to develop reliable machine learning models.
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Fig. 1. 
Assessed morphologic CT angiography imaging features
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Fig. 2. 
Analysis flow diagram
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Fig. 3. 
Examples of different outflow patterns as part of the standardized training guideline. Branch 

vessels can be supplied by the true lumen, the false lumen, or both lumens (A) In some 

cases, the outflow pattern is difficult to determine at baseline, while the follow-up exam is 

more clear (B). FL, false lumen; TL, true lumen
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Fig. 4. 
Pre- and post-training differences between observers for four morphologic imaging features. 

Obs, observer
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