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Background: The study aims to analyze the correlation between the maximal diameter (both axial and 
orthogonal) and volume changes in the true (TL) and false lumens (FL) after stent-grafting for Stanford type 
B aortic dissection. 
Method: Computed tomography angiography was performed on 13 type B aortic dissection patients 
before and after procedure, and at 6 and 12 months follow-up. The lumens were divided into three regions: 
the stented area (Region 1), distal to the stent graft to the celiac artery (Region 2), and between the celiac 
artery and the iliac bifurcation (Region 3). Changes in aortic morphology were quantified by the increase or 
decrease of diametric and volumetric percentages from baseline measurements.
Results: At Region 1, the TL diameter and volume increased (pre-treatment: volume =51.4±41.9 mL, 
maximal axial diameter =22.4±6.8 mm, maximal orthogonal diameter =21.6±7.2 mm; follow-up: volume 
=130.7±69.2 mL, maximal axial diameter =40.1±8.1 mm, maximal orthogonal diameter =31.9+2.6 mm, 
P<0.05 for all comparisons), while FL decreased (pre-treatment: volume =129.6±150.5 mL; maximal axial 
diameter =43.0±15.8 mm; maximal orthogonal diameter =28.3±12.6 mm; follow-up: volume =66.6±95.0 mL,  
maximal axial diameter =24.5±19.9 mm, maximal orthogonal diameter =16.9±13.7, P<0.05 for all 
comparisons). Due to the uniformity in size throughout the vessel, high concordance was observed between 
diametric and volumetric measurements in the stented region with 93% and 92% between maximal axial 
diameter and volume for the true/false lumens, and 90% and 92% between maximal orthogonal diameter 
and volume for the true/false lumens. Large discrepancies were observed between the different measurement 
methods at regions distal to the stent graft, with up to 46% differences between maximal orthogonal 
diameter and volume.
Conclusions: Volume measurement was shown to be a much more sensitive indicator in identifying lumen 
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Introduction

Aortic stent-grafting procedure is less invasive compared 
with open surgery for type B aortic dissection (AD) 
patients, and has been shown to produce good clinical 
outcomes with low mortality rates (1). However, as the 
long-term results remain unknown, continuous assessment 
of the entire aorta after the procedure is crucial to detect 
acute or long-term complications (1). Currently, there is 
no best method to measure aortic changes after the stent-
grafting repair (2). Although most studies have reported 
the application of maximal aortic diameters (1-9), several 
groups have also proposed using volumetric measurements 
as the most accurate way of monitoring aortic remodeling 
or ongoing expansion (10-16). Due to this heterogeneity 
in methods used, it is difficult to compare the results in the 
literature (4,15). Moreover, the AD has highly irregular 
luminal shape, thus its measurement is complicated and 
may subject to large variability. Standardized quantification 
of the change in aortic dimension before and after the 
treatment along its whole length is crucial in determining 
which patients require further intervention in the presence 
of ongoing lumen expansion.

Thus, this study aims to examine the changes of the 
maximal axial as well as orthogonal diameters in different 
regions of the true lumen (TL) and false lumen (FL) to 
determine if they are reliable measures in assessing aortic 
remodeling of AD patients after undergoing stent-grafting. 
Concordance analysis is later performed for the percentage 
of measurement changes between maximal diameters 
(axial and orthogonal) and volume to ascertain if diametric 
measurements are sufficient in reflecting volumetric 
changes in the TL and FL after the repair.

Methods

Image acquisition and measurements

For this retrospective, single-center study, 13 extensive 
Stanford B AD patients who underwent computed 
tomography angiography (CTA) before and after the 

treatment at a major public hospital in Perth, Western 
Australia from 2004 to 2015, were selected. Patient 
inclusion criteria were as follows: Stanford type B AD, 
treated with endovascular stent grafts and underwent 
routine CTA follow-ups. Out of 13 patients, 11 patients 
were treated for acute while the remaining two patients 
were treated for chronic AD. The follow-up durations 
varied depending on the patients’ conditions (minimum  
6 months and maximum 72 months). To ensure consistency 
among patients, only data from the 6 and 12 months follow-
up period after the stent-grafting procedures were selected. 
Thirty datasets from 13 patients were processed, with 
nine patients having two datasets (either post-treatment 
and 6 months, or post-treatment and 12 months) and four 
patients (Patients 1, 2, 5 and 8) having three datasets (post-
treatment, 6 and 12 months). The study was approved by 
the institutional review board and the patients’ identities 
were de-identified.

The patients’ CTA images were transferred to the 
ScanIP software (Simpleware, Ltd, Exeter, UK), whereby 
the region of interest (ROI), including the ascending aorta 
(starting at the slices distal to the coronary artery origins), 
aortic arch, TL and FL of the descending thoracic aorta 
and abdominal aorta (ending at the aortic bifurcation), were 
identified and segmented on each axial slice. The segmented 
ROI were analysed using the MATLAB software (version 
r2012a, The MathworksInc, Natick, MA).

Axial diameters were calculated for the TL and FL 
regions from the start of the descending aorta (distal to 
the left subclavian artery) to the bifurcation (Figure 1A). At 
each axial plane (Figure 1B), the centroids of both the TL 
and FL were calculated (Figure 1C). The axial diameter of 
the TL and FL were measured along the line connecting 
the two centroids as shown in Figure 1D. In the non-
dissected aorta, diameter was measured perpendicular to the 
maximum elliptic diameter (3). Multiplanar reconstructions 
were also performed to obtain planes perpendicular to the 
central luminal line, and the orthogonal diameters were 
then calculated on these orthogonal planes using the same 
method described above for the axial diameter (as illustrated 

expansion/shrinkage at the distal stented region.
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in Figure 1D).
The TL and FL volumes were calculated by multiplying 

the corresponding area of ROI at each axial slice with the 
slice spacing, to estimate the ROI volume, and summing 
the corresponding ROI volume across all the slices. The 
algorithms for calculating the TL and FL volumes were also 
programmed using the MATLAB software. The average 
computational time was recorded. 

In this study, we divided the aorta into three sections 
of interest (Figure 1A), i.e., the stented region (Region 1), 
the aortic region extending from the distal end of the stent 
graft to the origin of the celiac artery (Region 2-remaining 

thoracic aorta), and the region between the origin of the 
celiac artery and the bifurcation (Region 3-abdominal 
aorta). In order to map the stented region from the post-
operative scans to the pre-operative scan, the start of 
Region 1 was defined as the image slice corresponding to 
the left subclavian artery for all time points, as this is the 
nearest landmark to the most common proximal landing 
zone of the stent graft. The image slice corresponding to 
the distal end of the stent in the post-operative slices was 
then identified and defined as the end of Region 1. The 
calculated length of Region 1 from the post-operative scan 
was used to identify the image slice corresponding to the 

Figure 1 Visualisation workflow: (A) 3D reconstructed geometry of segmented AD aorta (TL and FL) during pre-treatment and post-
treatment, (B) axial plane (X-Y Plane), (C) centroid points at both TL and FL, and (D) diameter of TL and FL. AD, aortic dissection; FL, 
false lumen; TL, true lumen.
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end of Region 1 in the pre-operative scan. The TL and FL 
volumes for these three regions were measured separately. 
Apart from volume measurements, the maximum axial and 
orthogonal diameters of the TL and FL at each region 
were also determined by selecting the largest diameter 
measurement among all the slices/planes from each  
region (3).

Interobserver variability analysis

In order to assess interobserver variability, we have 
randomly selected nine datasets from 13 patients (total 
30 datasets) covering pre-treatment, post-treatment and 
follow-up images. For each dataset, two interobservers 
were requested to perform segmentation of the aorta 
independently. There are a total of 1,359 slices segmented 
for nine datasets. From each dataset, seven to eight 
measurements of axial diameter, orthogonal diameter and 
volume from the TL and FL regions of each of the dataset 
were automatically generated by the in-house coding, 
yielding 70 measurements per parameter for Bland-Altman 
analysis (Figure 2). This analysis provided an understanding 
of the total bias (i.e., mean signed difference between 
observers) and limits of agreement (i.e., 95% confidence 
interval or 1.96 × standard deviation of the signed difference 
from the mean) among the observers. The Bland-Altman 
analysis was performed using SPSS version 22.0 (IBM SPSS 
Statistics, Armonk, NY, USA).

Assessment of aortic remodeling

The primary study endpoint is the percentage changes in 
maximal axial/orthogonal diameters and volume of the 
patients from baseline to subsequent follow-ups, which 

characterize the degree of aortic remodeling in these 
patients: 

% (
) / 100

of change post treatment volume
pretreatment volume pretreatment
= −

×
 [1]

Luminal changes were identified based on a 10% cutoff 
point, as proposed by previously reported studies (10,15), 
in which an increase in the luminal maximal axial diameter 
and volume was defined as >10% increase from the baseline 
value; ±10% from baseline defined a stable maximal axial 
diameter and volume, and a decrease in luminal maximal 
axial diameter and volume was defined as >10% decline 
from the baseline value (10,15). 

Percentages of concordance and discordance between 
the maximal diameter and volume changes were then 
quantified. Percentage of concordance represents the 
percentage of segments with maximal diameter and volume 
changes showing the same trends (i.e., either both showing 
increments or both showing decrements based on the 
10% cutoff point). In contrary, percentage of discordance 
represents the percentage of segments with volume and 
maximal diameter changes showing opposite trends (i.e., 
one showing an increment while another showing a 
decrement based on the 10% cutoff point). A P value of less 
than 0.05 is considered statistically significant difference.

Results

Interobserver variability results 

The total bias of the maximal axial diameter measurement 
was −0.83 mm with the variability in terms of 95% limits 
of agreement from −3.35 to 1.69 mm, the total bias of 
the maximal orthogonal diameter measurement was 

Figure 2 The Bland-Altman plots for (A) maximal axial diameter; (B) maximal orthogonal diameter and (C) volume.
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−0.72 mm with 95% limits of agreement from −3.23 to  
1.83 mm. The total bias of the volumetric measurement 
was −1.36 mL with 95% limits of agreement of −13.19 to  
10.46 mL. These results suggest that the measurements 
had sub-850-micron bias in estimating the aortic 
diameter which is in the ballpark of the image resolution  
(i.e., 600–850 microns).

Mean TL/FL diametric and volumetric changes from pre-
treatment to follow-ups in all patients

Table 1 lists important morphological features of the aorta in 
all patients that may affect the degree of aortic remodeling, 
which include number of arteries partially or fully perfused 
by the FL, number of reentry tears, length of stent graft, as 
well as degree of FL thrombosis at the end of the follow-
up period. Out of the 13 patients, four (Patients 1, 7, 11 and 
13) achieved >80% thrombosis, six (Patients 3, 4, 5, 8, 9, 12) 
achieved between 50–80% thrombosis, while the remaining 

patients (Patients 2, 6, 10) achieved <50% thrombosis.
As shown in Figure 3A,B,C, the average maximal axial/

orthogonal diameters and volume of TL in 13 patients 
showed similar changes at each region. At Regions 1 and 
2, the TL diameter and volume increased throughout the 
study period.

Region 1: mean volume =51.4±41.9 mL during pre-
treatment and 130.7±69.2 mL at the follow-up; mean 
maximal axial diameter =22.4±6.8 mm during pre-
treatment and 40.1±8.1 mm at the follow-up; mean maximal 
orthogonal diameter =21.6±7.2 mm during pre-treatment 
and 31.9±2.6 mm at the follow-up. Pre-treatment and 
follow-up measurements showed significant differences 
(P<0.05 for all comparisons).

Region 2: mean volume =17.4±6.8 mL during pre-
treatment and 39.5±13.3 mL at the follow-up; mean 
maximal axial diameter =17.1±6.6 mm during pre-
treatment and 27.1±8.5 mm at the follow-up; mean maximal 
orthogonal diameter =14.6±3.6 mm during pre-treatment 

Table 1 Morphology of the aorta after stent-grafting repair

Patient
Number of arteries 

partially or fully 
perfused by the FL

Number of re-entry 
tears

Length of implanted 
stent graft (mm)

Acute vs. 
Chronic

Percentage of 
thrombosis in the FL (Th)

Remarks

1 3 – 120 Acute Th ≥80% SINE occurrence at 
6 months follow-up

2 1 5 160 Acute Th ≤50% –

3 1 3 170 Acute 50%< Th <80% –

4 1 3 180 Acute 50%< Th <80% –

5 1 9 150 Acute 50%< Th <80% Stent graft migration

6 3 7 130 Acute Th ≤50% –

7 1 3 215 Acute Th ≥80% Complicated 
geometry with 

presentation of 2 TLs 
and 1 FL

8 – 5 135 Acute 50%< Th <80% –

9 – 3 200 Acute 50%< Th <80% –

10 2 – 480 Chronic Th ≤50% –

11 1 – 320 Acute Th ≥80% –

12 – – 220/340 (Re-
intervention)

Chronic 50%< Th <80% Presentation of ulcer. 
Re-intervention

13 – – 170 Acute Th ≥80% –

SINE, stent graft induced new entry tear; Th, thrombosis.

../../../../User/Downloads/WN_Thesis_Chapter 4__Final2 (1).docx#_Toc402221039
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and 23.2±5.1 mm at the follow-up). 
Meanwhile, in Region 3, both TL maximal axial diameter 

and volume showed a slight increase from pre-stenting to 
the follow-up. On the other hand, maximal orthogonal 
diameter remained relatively constant throughout the study 
period.

Similar changes among the three different measurement 
techniques were also noticed in the FL regions, as 
shown in Figure 3D,E,F. As opposed to the TL, the 
Region 1 of the FL decreased from pre-stenting (mean 
volume =129.6±150.5 mL; mean maximal axial diameter  
=43.0±15.8 mm; mean maximal orthogonal diameter 
=28.3±12.6 mm) to the follow-up (mean volume =66.6±95.0 mL; 
mean maximal diameter =24.5±19.9 mm; mean maximal 
orthogonal diameter =16.9±13.7 mm). Pre-treatment and 
follow-up measurements showed significant differences 
(P<0.05 for all comparisons). On the other hand, there was 
no consistent trend in the mean maximal diameters and 
volume of the FL in Regions 2 and 3. 

Comparison between diametric and volumetric 
measurements in assessing aortic remodeling from pre-
treatment to follow-ups 

Detailed changes in the percentage of maximal axial/
orthogonal diameter and volume from the baseline (pre-
treatment) of each patient were analysed at post-treatment, 
6 and 12 months follow-ups for Regions 1, 2 and 3 of the 
TL and FL. Maximal axial/orthogonal diameter and volume 
during pre-treatment (i.e., baseline) as well as percentages 
of change in these parameters for each patient from the 
baseline to post-treatment and 6 months were shown in 
Tables 2 and 3 for the TL and FL, respectively. A positive 
percentages value indicated luminal expansion, whereas 
a negative percentages value showed luminal shrinkage. 
There were 153 comparisons each between the maximal 
diameters changes (axial and orthogonal), with volume 
changes (both TL and FL) for all regions throughout the 
follow-up period (Table 4). 

Figure 3 Boxplots showing the differences in TL volume (A), TL maximal axial diameter (B), TL maximal orthogonal diameter (C), FL 
volume (D), FL maximal axial diameter (E) and FL maximal orthogonal diameter (F) changes between pre-treatment, post-treatment and 
follow-up at Regions 1, 2 and 3. FL, false lumen; TL, true lumen.
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Table 2 Baseline measurement for the TL axial (Max DAx) and orthogonal (Max DOr) diameter and volume, as well as their respective changes 
from baseline

Patient
Pre-treatment Post-treatment 6 months

MaxDOr (mm) Max DAx (mm) Vol (mL) Max DOr (%) Max DAx (%) Vol (%) Max DOr (%) Max DAx (%) Vol (%)

Region 1

1 20.7 27.8 33.1 44.5 65.8 81.9 47.1 64.7 106.1

2 19.3 17.8 39.4 23.8 55.2 145.2 40.0 98.8 220.8

3 18.2 16.5 32.0 36.9 72.7 94.1 79.7 122.2 180.6

4 13.5 13.7 20.1 136.5 171.4 416.4 125.6 169.6 484.1

5 12.2 25.6 18.1 150.6 42.4 191.7 138.7 69.9 400.6

6 16.9 22.7 20.4 36.1 73.8 194.2 NA NA NA

7 18.8 16.9 29.7 22.5 76.2 181.0 70.7 122.2 235.9

8 18.1 18.5 33.4 73.3 105.7 57.5 73.7 97.3 123.2

9 24.7 33.1 49.5 11.3 37.3 76.2 14.3 27.9 91.7

10 29.6 32.2 170.8 19.5 57.4 76.8 NA NA NA

11 20.7 20.5 74.6 52.2 83.4 73.3 67.4 100.4 144.7

12 36.1 37.5 82.5 5.7 5.3 122.9 −4.4 5.9 130.6

13 30.7 30.5 70.7 0.7 41.4 33.3 13.6 26.6 79.8

Region 2

1 16.7 29.6 25.4 2.2 5.5 31.4 38.2 35.2 74.8

2 13.2 14.1 14.3 44.9 52.5 220.3 43.9 60.5 171.3

3 11.9 12.1 11.8 31.3 34.2 44.9 73.3 73.5 133.1

4 12.6 12.9 12.6 80.8 70.6 146.0 66.3 62.9 138.9

5 13.4 14.0 18.0 117.3 27.9 −4.4 124.1 116.7 92.8

6 10.3 10.4 10.2 45.9 45.0 113.9 NA NA NA

7 14.1 14.8 7.8 13.7 27.4 90.0 20.5 31.9 156.8

8 17.0 19.6 24.1 57.2 43.1 129.8 51.8 50.7 144.3

9 22.4 26.1 26.4 13.7 −2.3 26.5 17.8 3.74 50.5

Region 3

1 17.9 21.9 22.7 −3.6 −0.1 12.2 0.6 1.5 14.4

2 11.4 5.1 6.0 25.7 178.7 98.3 40.5 142.7 116.7

3 13.9 10.6 8.6 −9.2 24.3 14.0 −15.2 15.0 22.1

4 19.6 12.7 16.1 −1.5 −7.5 −1.4 −18.6 7.2 22.1

5 13.6 13.5 16.0 5.8 4.7 1.9 0.4 5.4 5.0

6 8.1 8.6 10.6 22.1 18.3 26.3 NA NA NA

7 18.9 11.9 26.8 10.9 −4.2 −1.5 −2.6 −1.4 2.1

8 15.5 15.8 18.7 −42.9 −35.0 −46.2 −41.9 −25.3 −27.7

9 24.4 26.1 48.2 15.1 8.1 19.6 53.8 53.0 64.3

10 9.2 9.8 8.7 −0.5 29.0 −9.5 NA NA NA

11 16.6 16.7 8.9 −1.3 −1.6 −4.7 −8.4 −1.3 −0.2

12 16.3 16.8 11.7 25.5 31.0 31.3 26.8 59.1 20.6

NA, not available.
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Table 3 Baseline measurement for the FL axial (Max DAx) and orthogonal (Max DOr) diameter and volume, as well as their respective changes 
from baseline 

Patient
Pre-treatment Post-treatment 6 months

MaxDOr (mm) Max DAx (mm) Vol (mL) Max DOr (%) Max DAx (%) Vol (%) Max DOr (%) Max DAx (%) Vol (%)

Region 1

1 24.4 52.8 83.1 −31.9 −43.6 −67.4 −28.3 −59.5 −81.8

2 27.4 52.9 83.3 −51.4 −19.9 −45.7 −20.9 −61.1 −25.3

3 15.4 34.1 35.5 −36.2 −26.9 −66.5 −45.8 −80.7 −99.7

4 30.2 47.3 91.7 −34.1 −59.9 −74.4 −43.6 −67.0 −90.6

5 27.9 27.7 60.2 −65.8 6.7 −4.6 −88.6 −21.1 −46.4

6 25.8 39.3 66.9 −2.3 6.7 −11.9 NA NA NA

7 37.3 51.2 225.6 51.1 11.8 31.5 21.8 8.0 20.1

8 26.3 28.8 62.6 NA NA NA NA NA NA

9 21.9 34.1 109.5 −31.5 −44.8 −37.7 −74.0 −89.4 −99.5

10 64.5 57.0 599.8 −46.9 −46.2 −55.8 NA NA NA

11 21.7 23.0 88.5 −56.9 −19.4 −69.4 −65.4 −59.2 −93.4

12 31.1 36.1 181.1 −29.2 −34.1 −40.3 −28.9 −32.8 −31.4

13 13.8 34.6 19.8 −60.1 −81.4 −92.2 NA NA NA

Region 2

1 21.8 39.2 98.3 19.0 2.4 7.8 17.0 22.3 23.2

2 31.2 35.8 111.4 −40.3 −38.3 −23.6 −7.2 −4.6 7.9

3 15.1 15.2 25.8 −24.3 −24.6 −18.6 26.8 29.1 24.8

4 21.6 21.4 53.1 11.4 13.5 20.3 5.8 8.2 −6.4

5 16.1 15.9 35.0 0.2 39.5 61.4 −3.2 4.2 5.2

6 26.9 27.2 69.5 −8.5 −2.0 16.4 NA NA NA

7 20.5 21.0 64.7 27.5 17.3 17.5 48.5 44.8 52.0

8 22.9 25.4 46.9 −26.4 −8.0 −5.9 −17.6 −12.7 −31.5

9 16.7 16.2 51.6 38.5 42.2 −25.8 34.4 39.4 −41.4

Region 3

1 14.8 15.5 8.4 5.5 4.8 −15.7 −1.0 −1.9 −48.9

2 29.3 26.6 23.4 −46.6 −64.7 −53.0 −54.8 −54.3 −35.0

3 12.9 11.6 12.1 −19.1 −13.2 −15.7 17.0 21.7 40.5

4 17.4 17.4 32.2 32.1 36.0 28.0 20.4 19.8 37.6

5 15.5 15.6 21.5 −0.4 13.1 28.8 1.9 −4.0 32.6

6 19.4 19.6 34.4 −2.3 −3.9 −0.7 NA NA NA

7 19.8 18.0 17.8 −4.0 −0.9 −16.0 10.0 1.7 −15.6

8 14.3 15.5 30.2 24.5 19.1 5.3 32.6 27.5 41.7

9 15.9 17.2 51.0 9.6 −3.3 −35.4 −1.0 −1.4 −64.2

10 31.8 31.3 2.4 −17.1 −9.5 23.4 NA NA NA

11 17.8 18.0 4.4 −32.9 −39.6 −54.3 −25.1 −33.3 −46.4

12 14.8 15.5 8.4 5.5 4.8 −15.7 −1.0 −1.9 −48.9

NA, not available.
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True lumen
In Region 1 TL (Table 2), the maximal axial and orthogonal 
diameters as well as volume for all patients showed drastic 
increase from pre-treatment, except for Patients 12 and 
13. Patient 12 showed stable maximal orthogonal and axial 
diameters at post-treatment and 6 months follow-up while 
Patient 13 showed stable maximal orthogonal diameter at 
post-treatment. 93% concordance was observed between 
maximal axial diameter and volume changes, while 90% 
concordance was found between maximal orthogonal 
diameter and volume changes (Table 4). In most of the cases, 
as compared to diametric measurements (either axial or 
orthogonal), the percentage changes from baseline to post-
treatment and follow-ups were found to be much higher 
using the volumetric measurement.

Meanwhile, in Region 2 TL, maximal axial and 
orthogonal diameters as well as volume appeared to increase 
throughout the study period except for Patient 1 (post-
treatment), Patient 5 (post-treatment) and Patient 9 (post-
treatment and 6 months) (Table 2). Patient 1 showed an 
increment in the volume but with stable maximal diameters 
(both axial and orthogonal), while Patient 9 showed an 
increment in the volume and maximal orthogonal diameter 
but with a stable maximal axial diameter. Patient 5, whose 
scan image was presented in Figure 4, showed an increase 
in maximal axial and orthogonal diameters, but had a 
stable volume (Table 2). These differences resulted in a 
discordance of 18% between maximal axial diameter and 
volume changes, and 9% between maximal orthogonal 
diameter and volume changes (Table 4). 

Unlike Regions 1 and 2 TL, which demonstrated an 
increase in size for most patients, there was inconsistent 

trend in all the three measurement methods for Region 
3 TL. Furthermore, several patients showed different 
trends (i.e., stable, increment or decrement) when assessed 
using the different measures (maximal axial, orthogonal 
diameter and volume). These differences represented 29% 
of the discordance maximal axial diameter and volume 
changes, and 32% between maximal orthogonal diameter 
and volume changes (Table 4). The possible reason for the 
changes discrepancies in the Regions 2 and 3 in the TL was 
because of the presentation of stent graft induced new entry 
tear (SINE) i.e., in Patient 1 and the stent graft migration 
that resulted in localized expansion in the case of Patient 5 
as shown in Figure 4 (Table 1).

False lumen
As opposed to Region 1 TL, Region 1 FL in most patients 
(Table 3) showed drastic shrinkage for maximal axial/
orthogonal diameters and volume from the baseline. A 
decrement in size was captured by volume for Patient 6 
at post-treatment (Figure 5), but not with maximal axial 
or orthogonal diameters (which showed stable diameter). 
Similarly, Patient 7 showed an increase in both maximal 
orthogonal diameter and volume at 6 months, but with a 
stable axial diameter. As a result, 92% concordance was 
found between maximal axial/orthogonal diameters and 
volume changes. 

In contrary to Region 1 FL, a much higher discordance 
was observed between maximal axial/orthogonal diameters 
and volume changes (Tables 3 and 4) in Region 2 (27% 
between maximal axial diameter and volume; 41% between 
maximal orthogonal diameter and volume) and Region 
3 (38% between maximal axial diameter and volume; 

Table 4 The agreement between maximal diameters (axial and orthogonal) and volume changes at each region of the TL and FL

Maximal axial diameter vs. volume Maximal orthogonal diameter vs. volume

% of concordance % of discordance % of concordance % of discordance

TL

Region 1 93% 7% 90% 10%

Region 2 82% 18% 91% 9%

Region 3 71% 29% 68% 32%

FL

Region 1 92% 8% 92% 8%

Region 2 73% 27% 59% 41%

Region 3 62% 38% 54% 46%



1732 Wan Ab Naim et al. Aortic remodeling of type B AD post-stent graft treatment

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(5):1723-1736 | http://dx.doi.org/10.21037/qims-20-814

46% between maximal orthogonal diameter and volume). 
Volumetric measurement was observed to be much more 
sensitive in detecting changes in the FL size in Regions 2 
and 3. At post-treatment and 6 months, Patients 1, 7, 9 and 
12 have stable maximal axial and orthogonal diameters but 
the volume was observed to decrease. 

Discussion

This is the first study which compares three main 
measurement methods, i.e., maximal axial diameter, maximal 
orthogonal diameter and volume in assessing the TL and 
FL changes in AD patients after stent-grafting repair. 
Although the feasibility of using maximal axial diameter and 
volume changes to indicate blood vessel remodeling have 
been studied in the abdominal aortic aneurysms (AAAs) 
(17-19), the relationship between maximal diametric and 
volumetric changes in Type B AD after the stent insertion 
presents a major challenge as AD cases involve both the TL 
and FL, either of which can significantly change shape after 
treatment (10). Furthermore, the dissection usually extends 
over a long distance, with several major branches extending 
from the main vessels involved (20). 

Most studies monitored aortic remodeling by measuring 
the whole vessel (from the top of the aortic arch to the 
lowest renal artery level) as a single unit (13). Measurement 

of the TL maximal diameter along the whole vessel without 
separation into different regions would neglect changes in 
areas other than the stented region. Separately capturing 
changes in dimensions distal to the stent graft is necessary, 
as studies have shown an expansion particularly in the FL 
section, after the repair (4,10,15). Therefore, in this work, 
the vessel has been separated into three regions in order to 
distinguish the differences in change along the entire aorta 
beyond the left subclavian artery.

As expected, the findings showed that the whole Region 
1 in the TL consistently increased in size after the stent 
insertion. Self-expandable stents implanted in our patients 
continuously exert radially outward expanding force on 
the vessel wall, leading to negative chronic recoil and TL 
expansion over time (21). An increase in volume in the 
stented region during follow-up has also been previously 
reported in other studies (10,13). The uniformity in size 
observed throughout Region 1 from the proximal to the 
distal regions resulted in a high concordance between 
maximal diameters and volumes (Table 4). Based on this 
finding, we conclude that the maximal axial diameter 
measurements alone have potential to monitor changes in 
the stented TL region after stent grafting procedure.

On the other hand, the higher sensitivity of volume 
measurement in capturing lumen size changes after stent 
grafting becomes more apparent in regions distal to the 

Figure 4 Localized expansion (red rectangular box) of the stent graft edge (Region 2 TL) during post treatment for Patient 5, which 
increased at 6 and 12 months follow-up. TL, true lumen.
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Figure 5 Selected axial slices from three different regions (proximal, mid and distal) along Region 1 of Patient 6 pre- and post-treatment. 
The solid contours represent the region of interest for FL, while D represents the calculated diameter. FL, false lumen. 
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stent graft especially in the FL area (i.e., Regions 2 and 3). 
One third of the FL volume changes was not observed using 
either maximal axial or orthogonal diameter measurements 
in Regions 2 and 3 during post-treatment and follow-ups 
(Table 4). Due to the complex morphology of the aorta, 
maximal diameters may be located at different positions 
along the vessel depending on disease progression, and 
therefore determination of aortic remodeling based on these 
measurements may be prone to error. Along the extension 
of the aortic lumen, some parts may shrink while others 
may be dilated or remain stable (unchanged). For example, 
in several cases in our study, opposite trends were observed 
between maximal diametric and volumetric measurements. 
This situation occurred due to the inconsistency in 
lumen size changes along the region, such as the one 
happening in Patient 9 (Region 2 FL at post-treatment), 
where the proximal part shrunk while other regions 
showed an increment in diameter during post-treatment. 
Consequently, it is difficult to assess changes along the 
lumen using diametric measurement alone. Volumetric 
measurement at different regions along the vessel (for 
example, above and below the stent region) is more sensitive 
to monitor morphological changes for both TL and FL 
after stent-grafting procedure, especially at region distal to 
the stent graft.

However, for cases involving localized luminal expansion, 
such as that frequently occurring distal to the stent graft 
edge, the maximal diametric measurement should be 
used together with the volumetric measurement to detect 
abrupt changes in lumen size at a particular location. For 
instance, localized expansion was observed distal to the 
stent graft edge during post-treatment in Patient 5 (Region 
2 TL), most probably due to placement of the stent graft, 
as distal stent graft migration was noticed in this particular 
location during the 6 months of follow-up. Using diametric 
measurements, an increase in maximal axial/orthogonal 
diameters was detected at this region. This localized change 
in diameter did not cause a significant change (i.e., >10% 
cutoff point) in the overall volumetric measurement.

The implantation of stent grafts in AD patients aims 
to not only expand the TL diameter, but also to reduce 
the FL size and flow in order to enable long-term aortic 
remodeling and prevent aneurysmal expansion. Therefore, 
it is crucial to have a sensitive measurement protocol which 
could accurately monitor the changes in the TL and FL 
sizes, especially at regions distal to the stent graft, as these 
regions have been reported to show unstable volumetric 
growth (aneurismal dilatation) after the post-interventional 

year (16) which requires timely reintervention. According to 
Czermak et al. (15), the FL distal to the stent graft appeared 
to be a weak region as the presence of stent grafts imposed 
high wall stress at this location. Furthermore, re-entry tears 
and arterial branches partially or fully supplied by the FL, 
normally present in the unstented FL region (i.e., Regions 2 
and 3 in this study), and could cause continuous flow in the 
FL, which hinders the formation of FL thrombus in the FL. 
While complete thrombosis protects the patient from the 
ongoing risk of aneurysmal degeneration, patent or partial 
thrombosis could cause FL expansion over time. Based 
on our results, only four patients achieved near complete 
thrombosis, with a resultant reduction in FL volume 
from pre-treatment to follow-ups. The ability to precisely 
identify the lumen expansion had major implications, as 
misclassification could cause an underestimation of FL 
growth that might lead to increased risk of rupture. Of 
note, no consistent patterns were observed between acute 
vs. chronic AD patients as well as between patients with 
complete vs. incomplete FL thrombosis with regards to the 
comparison between maximal axial diameter and volume 
measurements. 

Volume assessment is time-consuming as it requires 
additional processing, such as image segmentation 
and reconstruction (17,19). Future work includes the 
development of an automated segmentation technique to 
save time. The automated extraction of TL and FL volumes 
using the MATLAB software took an average of 15 minutes. 

One limitation of the present study is the inclusion of 
only a small number of patients. However, our analysis 
involved a total number of 153 comparisons between 
the maximal axial diameter and volume (as shown in  
Table 4), from different aortic regions for both TL and 
FL. Another limitation is the lack of the long-term follow-
up in most of the patients. Further studies will need to 
address these limitations by including more patients with 
extended follow-up periods to monitor the dimensional and 
volumetric changes using this approach.

Conclusions

This study explores whether the maximal axial or orthogonal 
diameter measurement is sufficient in representing overall 
change in morphology in the adjacent regions after aortic 
stent grafting treatment for AD. Our results showed that 
diameter measurement has the potential to indicate aortic 
remodeling at the stented region (Region 1), which showed 
consistent changes along the stent length. However, 
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volumetric measurement was shown to be a much more 
sensitive indicator in assessing changes in the TL and FL 
sizes at regions distal to the stent graft and should therefore 
provide supportive information to reflect morphologic 
changes in both TL and FL at this region. As subsequent 
intervention is indicated in the presence of an expanding 
lumen to prevent or treat aneurysmal degeneration, and this 
is currently based on diameter measurement alone, the use 
of volumetric data may guide clinicians in deciding whether 
further intervention is warranted in the presence of an 
increase in diameter.
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