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Abstract

OBJECTIVES: Rapid diameter growth is a criterion for ascending thoracic aortic aneurysm repair; however, there are sparse data on aneur-
ysm elongation rate. The purpose of this study was to assess aortic elongation rates in nonsyndromic, nonsurgical aneurysms to under-
stand length dynamics and correlate with aortic diameter over time.

METHODS: Patients with <5.5-cm aneurysms and computed tomography angiography imaging at baseline and 3–5 years follow-up
underwent patient-specific three-dimensional aneurysm reconstruction using MeVisLab. Aortic length was measured along the vessel cen-
treline between the annulus and aortic arch. Maximum aneurysm diameter was determined from imaging in a plane normal to the vessel
centreline. Average rates of aneurysm growth were evaluated using the longest available follow-up.

RESULTS: Over the follow-up period, the mean aortic length for 67 identified patients increased from 118.2 (95% confidence interval:
115.4–121.1) mm to 120.2 (117.3–123.0) mm (P = 0.02) and 15 patients (22%) experienced a change in length of >_5% from baseline. The
mean annual growth rate for length [0.38 (95% confidence interval: 0.11–0.65) mm/year] was correlated with annual growth rate for diam-
eter [0.1 (0.03–0.2) mm/year] (rho = 0.30, P = 0.01). Additionally, annual percentage change in length [0.3 (0.1–0.5)%/year] was similar to
percentage change in diameter [0.2 (0.007–0.4)%/year, P = 0.95].
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CONCLUSIONS: Aortic length increases in parallel with aortic diameter at a similar percentage rate. Further work is needed to identify
whether elongation rate is associated with dissection risk. Such studies may provide insight into why patients with aortic diameters smaller
than surgical guidelines continue to experience dissection events.

Keywords: Aortic aneurysms • Type A dissection • Aortic elongation • Aortic diameter

ABBREVIATIONS

aTAA Ascending thoracic aortic aneurysm
ATAD Acute type A aortic dissection
CI Confidence interval
CT Computed tomography
CTA Computed tomography angiography
3D Three-dimensional
SD Standard deviation
TAVR Transcatheter aortic valve replacement

INTRODUCTION

Acute type A aortic dissection (ATAD) is a rare but highly fatal
phenomenon, with an incidence of 2.0 per 100 000 persons but
a total hospital mortality rate as high as 53% [1, 2]. The risk of
ATAD is much higher in patients with existing ascending thoracic
aortic aneurysms (aTAAs), with nearly 90% of ATAD events occur-
ring in patients with aortic diameters >4.0 cm [3]. Therefore, cur-
rent European Society of Cardiology guidelines recommend
regular computed tomography (CT) imaging of aTAA patients at
annual or semi-annual intervals, depending on aortic size, to as-
sess need for prophylactic surgical repair [4].

The primary criteria for aTAA surgical assessment and risk de-
termination is diameter, with repair recommended at diameters
>_5.5 cm in the absence of rapid growth, clinical symptoms, or
underlying connective tissue disorder [5]. These recommenda-
tions are based on early data demonstrating a sharp increase in
aneurysm dissection and rupture risk at 6.0 cm [6]. An advantage
of using this morphologic threshold is that it can readily be
determined by guideline-directed surveillance imaging. However,
studies of the International Registry of Acute Aortic Dissections
have demonstrated that the average diameter at the time of aor-
tic dissection is 5.3 cm, which is below the currently recom-
mended surgical threshold [3]. Furthermore, we and others have
demonstrated that aortic diameters may be more stable over
time than previously reported in patients with aTAAs that do not
meet criteria for surgery [7, 8]. Yet, rapid growth has only been
defined by diameter and little is known about growth with
regards to aortic length.

Recent observational studies have demonstrated that ascend-
ing aortic length may provide more information than diameter
alone. For instance, aortic length has been found to be associated
with ATAD, independent of pre-dissection diameter [9–11].
Additional risk prediction models including both aortic length
and aortic diameter have also been developed and found to be
more predictive than single-parameter models [12, 13]. However,
data on how length changes over time in aTAA patients that do
not meet diameter-based criteria for surgery remain limited.
Therefore, the purpose of this study was to evaluate changes in
aortic length in nonsyndromic aTAAs that do not meet criteria
for surgical repair in a clinically homogenous population, to bet-
ter understand the dynamics of aortic length and its relationship
with aortic diameter over time.

PATIENTS AND METHODS

Ethical statement

This study was approved by the University of California San
Francisco and San Francisco Veterans Affairs Medical Center
Institutional Review Boards (IRB 13-10932, approved 12 April
2021). Written consent was waived for this retrospective analysis.
Study reporting was conducted in accordance with STrengthening
the Reporting of OBservational studies in Epidemiology recom-
mendations [14].

Data collection

Patients with nonsurgical aTAAs (defined as aortic diameter >_4.0
and <5.5 cm) were identified from an institutional database of
aTAA patients undergoing regular surveillance from January 2011
to January 2020. Review of the electronic medical record was
conducted to identify available computed tomography angiog-
raphy (CTA) imaging of the chest taken for any indication.
Patients with 2 or more CTA exams performed at least 3 years
and up to 5 years apart were included in the study population. If
>1 follow-up image was available during this interval, then the
most recent follow-up scan available was used. Patients with aor-
tic arch or isolated aortic root aneurysms, or underlying connect-
ive tissue disorders were excluded, as were patients who
experienced aortic events and/or underwent aneurysm repair be-
tween baseline and follow-up imaging. For images with available
electrocardiogram gating for aneurysm surveillance, images
acquired during the diastolic phase of cardiac cycle were selected
for review; however, electrocardiogram gating was not required
for study inclusion.

Images were downloaded from radiology picture archiving
and communication system, de-identified, and reviewed in
open-source Digital Imaging and Communications in Medicine
viewer Horos (Horosproject.org). Demographic and clinical data
were collected from subjects’ electronic medical records.

Diameter and length measurements

Aortic diameter measurements were made by a single board-
certified radiologist blinded to any additional subject information
using a double-oblique technique to measure maximum aortic
diameter in plane normal to local vessel centreline [15].
Measurements were made between sinotubular junction and
aortic arch at the level of the innominate artery, and only aortic
luminal diameter was measured (i.e. aortic wall thickness was
excluded). All baseline imaging was reviewed first, followed by all
subsequent surveillance imaging such that no one subject’s imag-
ing was reviewed sequentially.

To measure length, de-identified CTA images underwent
three-dimensional (3D) aTAA reconstruction from left ventricular
outflow tract to aortic arch using MeVisLab software (http://
www.mevislab.de/home/about-mevislab). Length measurements
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were then made along vessel centreline between annulus and
aortic arch. We first extracted the vessel centrelines using
DtfSkeletonization module in MeVisLab. The 3 nadirs (lowest part
of sinuses of Valsalva) were manually identified from multiplanar
reformatted images of the sinuses to define the aortic annulus
plane (Fig. 1). Intercept point of the centreline and aortic annulus
plane was considered the proximal end of the ascending aortic
centreline. Distal end of the ascending aortic centreline, at the
proximal arch, was defined as the point of intersection between
the innominate artery centreline and aortic centreline. The
curved centreline was then divided into �50 straight segments
and the centreline length was calculated as the summation of
these straight segments in an automated program in a 3D
method similar to two-dimensional vessel straightening except
without flattening into 2D (Fig. 2).

Statistical analysis

Patient demographics and medical history, including aneurysm
risk factors, were obtained manually from electronic medical re-
cord. Data processing and statistical analysis were performed
using Stata Statistical Software (version 16.0; StataCorp LLC,
College Station, TX). Body surface area was calculated from
height and weight using the method outlined by DuBois and
DuBois [16].

The Shapiro–Wilk test was used to assess distributions of con-
tinuous variables for normality. Changes in diameter and length
distributions over time were calculated using linear mixed-effects
models. Diameter and length were dependent variables, and
there was a fixed effect for number of years from first scan and a
random patient-level intercept. P-values were calculated using
the Z-test. Spearman’s rank correlation was used to identify the
strength of association between baseline and diameter. A post
hoc analysis was also conducted using a univariable linear regres-
sion model to assess predictors of individual annual elongation

rate. A value of P < 0.05 was considered to be statistically
significant.

RESULTS

Our veteran cohort included 67 patients with at least 2 CTA scans
between 3 and 5 years apart. Of these, 23 patients (34%) had
follow-up at 3 years, 26 (39%) had follow-up at 4 years and 18

Figure 1: Identification of aortic annulus plane using multiplanar reformatted images of sinuses. Marker in red demonstrates the base of aortic sinuses.

Figure 2: Sample aortic length measurement along three-dimensional centre-
line. Measurements were taken between the plane of aortic annulus (defined
by inferior points) and plane of innominate artery (defined by superior points).
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(27%) had follow-up at 5 years. The mean [standard deviation
(SD)] time between baseline and follow-up was 4.0 (0.8) years.
Patients were primarily male (n = 66, 99%) with the mean age of
66.7 years and the body mass index of 30.0 kg/m2 (Table 1). Most
patients had a history of hypertension (n = 48, 72%) or hyperlipid-
aemia (n = 49, 73%), while 5 (7%) patients had bicuspid aortic
valve. All identified aneurysms were noted to be confined to a
single aortic segment.

At baseline, patients had a mean aortic length of 118.2 mm
[95% confidence interval (CI): 115.4–121.1 mm, P < 0.001; median:
120.3 mm (interquartile range: 109.4–126.2 mm)] and a mean an-
eurysm diameter of 42.9 mm [95% CI: 41.9–43.9 mm, P < 0.001;
median: 43.00 mm (interquartile range: 41.0–45.5 mm), Table 2].
Baseline length and diameter measurements were significantly
correlated (rho = 0.35, P = 0.003) (Fig. 3).

Over the 5-year follow-up period, aortic length increased at a
mean annual growth rate of 0.38 mm/year (95% CI: 0.11–
0.65 mm/year; P = 0.006). In addition, 15 patients (22%) experi-
enced a clinically significant change in length, defined as a >5%
change from baseline over the total 5-year period. Of these 15
patients, 12 experienced an increase in aortic length while 3
experienced a decrease in length (Fig. 4). Twelve patients who
experienced an increase in aortic length had mean (SD) baseline
length of 116.8 (12.1) mm and diameter of 43.4 (3.2) mm.

While there was also an increase in aneurysm luminal diameter
over the study period at a rate of 0.11 mm/year (95% CI: 0.03–
0.18; P = 0.0057), this difference was likely not clinically significant
over the 5-year period due to inability to resolve sub-millimeter
changes in imaging. Mean individual % growth rates for length
[0.3%/year (SD: 1.0%/year)] correlated with diameter growth rates
[0.2%/year (SD: 0.9%/year), rho = 0.30, P = 0.01; Fig. 4]. A total of 5
patients (7%) experienced a clinically significant change in diam-
eter over 5 years, 4 of whom experienced an increase and 1 of
whom experienced a decrease in diameter. Of these 5 patients,

only 1 experienced a corresponding change in length that was
>5%.

On univariate analysis, individual aortic elongation rate did not
differ based on history of smoking, diabetes or hypertension, or
by bicuspid versus tricuspid aortic valve type (Table 3).
Elongation rate was also not significantly associated with age,
body mass index or baseline diameter (Table 3), although
patients with a higher body surface area were more likely to have
a more rapid elongation rate (b = 0.98, P = 0.048).

DISCUSSION

While current guidelines for aTAA repair rely on aortic diameter
for risk stratification, multiple large cohort studies in the last sev-
eral years have demonstrated that diameter alone is not a sensi-
tive enough measure of dissection risk [3, 17]. Therefore, there is
a need to understand morphologic components of the aorta that
may be more strongly associated with dissection risk. One such
morphologic component is aortic length, which differs between
aTAA patients and healthy controls [9]. Prior studies have also
shown length to be independently associated with risk of ATAD,
even after adjusting for age, size, and comorbid conditions [9]
and that aortic length greater than 12.0 cm may provide an inde-
pendently increased risk of ATAD or rupture, regardless of aTAA
diameter [13, 18]. Furthermore, ATAD risk stratification models
that incorporate length perform better than those with diameter
alone [10, 12, 19]. However, rates of length and diameter change
over time have not yet been well established in a nonsurgical
aTAA population and information regarding the relative stability
of these 2 metrics can provide further insight for future risk as-
sessment models. Our findings further suggest a weak correlation
between aortic length and diameter change, suggesting that both
may provide valuable contributions to dissection risk calculation.

In our study population, a median aortic length at baseline
when measured from aortic annulus to aortic arch (118.2 mm)
was consistent with median values previously reported in aneur-
ysm patients, which range from 91.0 to 120 mm [13, 18–22].
Nevertheless, it is important to note differences in methodology
between this and prior studies, including use of two-dimensional
multiplanar reformation for length measurement compared to
3D centreline measurement. 3D reconstruction has been used
extensively by our group for the reconstruction of aortic geom-
etry, and we felt that this was more likely to represent true aortic
length than that given by multiplanar reconstruction, which flat-
tens 3 dimensions to 2D and may compress the length slightly. In
doing so, we divided the curved aortic length into straight-line
segments at small enough intervals to follow the aortic curvature
with high fidelity, and we feel that doing so may have resulted in
a more conservative estimate of the true difference between our
results and those previously published. Additionally, a subset of
prior studies have measured length to the beginning of innomin-
ate artery takeoff rather than the centre [13, 19–22]. In contrast,
we selected the intersection of the aortic centreline and centre-
line of the innominate artery as the distal boundary for measure-
ment as it was a more reproducible landmark in 3 dimensions.
Furthermore, our length measurements were nearly exclusively
for a male population (99%) while prior literature has ranged
from 27% to 36% female [13, 18–22]. The aorta is likely longer in
males than females both with and without aTAAs [20, 21], and
our results may reflect differences in aortic elongation rate be-
tween sexes that should be further clarified. Future studies should

Table 1: Demographic characteristics of 67 aortic aneurysm
patients

Characteristic Number (%)

Age (years), mean (SD) 66.7 (7.5)
Sex

Female 1 (1%)
Male 66 (99%)

Height (cm), mean (SD) 179.8 (8.3)
Weight (kg), mean (SD) 97.6 (21.7)
Body mass index (kg/m2), mean (SD) 30.0 (5.5)
Body surface area (m2), mean (SD) 1.8 (0.3)
Smoking

Current smoker 14 (21%)
Former smoker 38 (57%)
Never smoker 15 (22%)

Comorbidities
Hypertension 48 (72%)
Hyperlipidaemia 49 (73%)
Diabetes mellitus 11 (16%)
Chronic obstructive pulmonary disease 16 (24%)

Valve type
Bicuspid aortic valve 5 (7%)
Tricuspid aortic valve 62 (93%)

Aortic stenosis 3 (6%)

SD: standard deviation.
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separate men and women with regards to both diameter and
length measurements to more accurately reflect risks of adverse
outcomes, since women have been shown to have worse out-
comes with surgery than men despite similarly sized aneurysms
[23, 24].

Our diameter growth rate (0.1 mm/year) in nonsyndromic
patients was similar to that observed in longitudinal studies of
both healthy adults and aneurysm patients (0.1–0.2 mm/year)
[25–28], and our mean annual elongation rate of 0.4 mm/year in
this population was comparable to the expected 0.6 mm/year
and 0.3%/year elongation rate reported by Redheuil et al. [29] in
a population of healthy subjects. However, a subgroup of
patients experienced clinically significant (i.e. >5%) elongation at
a mean rate of 2.0 mm/year, which is similar to the 1.8-mm/year
rate reported by Wu et al. [13] in a higher-risk aneurysm popula-
tion, despite having a lower mean baseline length than our over-
all study population. Thus, further work is needed to identify
whether a greater rate of elongation is associated with a higher
risk of ATAD or adverse aortic events, rather than a higher base-
line length alone. If so, this may explain why patients with aortic
diameters smaller than surgical guidelines continue to experience
ATAD events.

In contrast to the diameter growth rate, which has been shown
to differ between bicuspid and tricuspid aortic valve patients,
aortic elongation was stable between the 2 groups, though the
small numbers of bicuspid patients require larger sample size
and further study. Additionally, patients with smaller baseline
aortic diameters often experienced greater aortic elongation, sug-
gesting that further work is needed to understand the aetiology
of rapid aortic elongation as those risk factors may differ from
risk factors for circumferential aortic dilatation [7, 8].

Lastly, a subgroup of patients included in our study experi-
enced spontaneous regression of aortic length and/or diameter.
This finding is actually consistent with that of a prior study of
nonsyndromic aTAAs by Adriaans et al. demonstrating no or
negative growth in 40.6% of patients. To mitigate measurement
error as well as bias, a single board-certified radiologist special-
ized in aneurysm assessment and vascular disease who was
blinded to the study patient performed diameter measurements
to reduce interobserver error. Length measurements were per-
formed in a standardized fashion using a computerized program.
There are 2 likely explanations for this decrease in size, both
reflecting the high rates of anti-hypertensive medication use and
blood pressure control within our patient population. Prior mur-
ine models of Marfan’s syndrome and abdominal aortic aneur-
ysms have demonstrated reduction in diameter and growth rate
with angiotensin II receptor blocker or beta-blocker use, al-
though clinical trials in humans have had more mixed results
[30–33]. Use of these medications may have in select patients

resulted in aneurysm size reduction. Second, blood pressure was
not necessarily the same at the various time points of the scans,
and the scans were not required to be electrocardiogram (ECG)-
gated. It is well known in transcatheter aortic valve replacement
(TAVR) that size measurements in systole are larger than in dia-
stole, which directly reflects the blood pressure. Some patients
who may have initially had uncontrolled hypertension may ex-
perience reduction in aneurysm size by tight control of blood
pressure at subsequent scans. Lastly, we have previously demon-
strated that aTAAs had similar circumferential and longitudinal
stiffness and lower longitudinal than circumferential stresses [34,
35]. While no studies to date have used aortic length as an end
point, controlling hypertension could decrease length longitudin-
ally in select patients with stable aneurysm diameter but signifi-
cant blood pressure reduction.

Ultimately, our results demonstrate slow growth rates in both
aortic length and diameter over time in a high-risk population for
aortic dissection utilizing a novel measurement technique. If corro-
borated by future studies, this information may have a
wide-ranging impact on how we approach aortic surveillance in
nonsyndromic patients. Currently, European Society of Cardiology
guidelines recommend regular CT imaging of aTAAs at intervals of
6 months to 1 year [4]. However, our data add to prior literature
demonstrating stability or regression in a large percentage of
patients, with rapid growth in a small subset that is not yet well
characterized [28]. This suggests that current trials in development
by our group and others to randomize overall populations of aTAA
patients to longer surveillance intervals may actually prove more
cost-effective and reduce healthcare burden, while not significantly
increasing the risk of missing important physiologic changes to aor-
tic dimensions.

Limitations

First, it is important to note that this is a retrospective study that
is limited in sample size due to difficulty in obtaining longitudinal
CTA imaging, since contrasted CT and particularly ECG-gating
were popularized only after TAVR approval by the US Food and
Drug Administration in 2011, and thus a minority of patients
reached a 5-year timepoint (27%). Additionally, the patient popu-
lation treated at our centre is primarily male, with a high preva-
lence of aTAA risk factors. Thus, it is possible that the aortic
dynamics described here do not reflect the broader population
of aTAA patients, limiting the generalizability of our results, par-
ticularly to women, and highlighting a need for broader, larger-
scale subject recruitment. This study followed a nonsurgical
population without adverse aortic events, and so evaluation of
the relationship of aortic elongation to ATAD risk was outside the

Table 2: Comparison of changes in diameter and length over time

Baseline, mean
(95% CI)

5-Year follow-up, mean
(95% CI)

Annual growth rate (mm/
year) (95% CI)

Significancea Percent annual growth
(95% CI)

Significancea

Luminal diameter (mm) 42.9 (41.9–43.9) 43.4 (42.4–44.4) 0.11 (0.03–0.2) 0.006 0.2 (0.007–0.4) P = 0.95
Length (mm) 118.2 (115.4–121.1) 120.2 (117.3–123.0) 0.38 (0.11–0.65) 0.006 0.3 (0.09–0.5)

aValues with P < 0.05 are bolded.
CI: confidence interval.
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scope of this study. Lastly, overall growth in 5 years was modest,
as the duration of retrospective inclusion was in part limited by
the availability of ECG-gated contrast imaging prior to the
implementation of TAVR in 2013 within our healthcare system.
Thus, while our results further support the dynamic nature of

aortic length in a high-risk population, even in the setting of
diameter stability, further prospective studies, possibly over lon-
ger time periods, are needed to identify risk factors for aortic
growth and better interpret its contribution towards aortic
dissection.

A

B

C

Figure 3: Correlations between baseline aortic length and diameter and between length and diameter annual growth.
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CONCLUSION

Aortic length shows promise in providing additional information
regarding aortic dissection risk. However, we found that in this
population with multiple aneurysm risk factors, aortic length was
slightly higher than previously described likely due to the prepon-
derance of men in the study population, although elongation rate
was lower. Further large-scale prospective studies are needed to
characterize growth rate in the larger civilian population, in men
vs. women, and to identify factors associated with aTAA
elongation.
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Figure 4: Aortic length at baseline and follow-up time points. Patients with elongation are depicted in green and patients with length decrease are depicted in grey.

Table 3: Association of risk factors with length growth rate
on univariate analysis

Independent variable Coefficient (95% confidence
interval)

Significancea

Age -0.01 (-0.05 to 0.03) 0.69
BMI 0.04 (-0.02 to 0.09) 0.19
BSA 0.98 (0.01 to 1.96) 0.05
Smoking -0.16 (-0.61 to 0.30) 0.49
Diabetes mellitus 0.73 (-0.06 to 1.52) 0.07
Hypertension -0.03 (-0.70 to 0.63) 0.92
ACE inhibitor or ARB use -0.09 (-0.72 to 0.54) 0.78
Beta blocker use 0.06 (-0.56 to 0.69) 0.84
Hyperlipidaemia -0.23 (-0.91 to 0.44) 0.49
Valve type -0.24 (-1.38 to 0.90) 0.68
Aortic stenosis -0.32 (-1.70 to 1.07) 0.65
Aortic regurgitation 0.10 (-0.20 to 0.41) 0.51
Baseline diameter 0.05 (-0.02 to 0.13) 0.13
Diameter growth rate 0.82 (-0.04 to 1.68) 0.06
Baseline length 0.01 (-0.14 to 0.05) 0.33

aValues with P < 0.05 are bolded.
ACE: angiotensin converting enzyme; ARB: angiotensin receptor blocker;
BMI: body mass index; BSA: body surface area.
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