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ABSTRACT

Background: Improved risk stratification is a key priority for type B aortic dissection (TBAD). Partial false lumen thrombus
morphology is an emerging predictor of complications. However, partial thrombosis is poorly defined, and its evaluation
in clinical studies has been inconsistent. Thus, we aimed to characterize the hemodynamic pressure in TBAD and
determine how the pressure relates to the false lumen thrombus morphology and clinical events.

Methods: The retrospective admission computed tomography angiograms of 69 patients with acute TBAD were used to
construct three-dimensional computational models for simulation of cyclical blood flow and calculation of pressure. The
patients were categorized by the false lumen thrombus morphology as minimal, extensive, proximal or distal thrombosis.
Linear regression analysis was used to compare the luminal pressure difference between the true and false lumen for
each morphology group. The effect of morphology classification on the incidence of acute complications within 14 days
was studied using logistic regression adjusted for clinical parameters. A survival analysis for adverse aortic events at 1 year
was also performed using Cox regression.

Results: Of the 69 patients, 44 had experienced acute complications and 45 had had an adverse aortic event at 1year. The
mean = standard deviation age was 62.6 % 12.6 years, and 75.4% were men. Compared with the patients with minimal
thrombosis, those with proximal thrombosis had a reduced false lumen pressure by 10.1 mm Hg (95% confidence interval
[CI], 43-15.9 mm Hg; P =.001). The patients who had not experienced an acute complication had had a reduced relative
false lumen pressure (—635 mm Hg vs —0.62 mm Hg; P = .03). Proximal thrombosis was associated with fewer
acute compilications (odds ratio, 0.17; 95% ClI, 0.04-0.60; P =.01) and 1-year adverse aortic events (hazard ratio, 0.36; 95% ClI,
0.16-0.80; P = .01).

Conclusions: We found that proximal false lumen thrombosis was a marker of reduced false lumen pressure. This might
explain how proximal false lumen thrombosis appears to be protective of acute complications (eg, refractory
hypertension or pain, aortic rupture, visceral or limb malperfusion, acute expansion) and adverse aortic events within the
first year. (J Vasc Surg 2022:75:1181-90.)
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morphologic features, such as an

increased aortic

dissection (TBAD) is needed to better understand the
prognosis and treat patients accordingly. Clinical
features, such as persistent pain and hypertension, and

diameter, a false lumen diameter >22 mm, and a large
primary entry tear, have been implicated in disease
progression.® The partial false lumen thrombus
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morphology has been emerging as a predictor of
complications after TBAD.”” Patients with partial false
lumen thrombosis have experienced worse outcomes;
however, partial thrombosis has remained poorly
defined and its evaluation in clinical studies has been
inconsistent.>” Despite these advances, predicting late
complications in the vulnerable aorta remains chal-
lenging and creates uncertainty in the decision-making
process.® Better long-term risk stratification is a key
priority to improve the treatment of patients with TBAD.

Ex vivo models of TBAD have demonstrated that dissec-
tion flap anatomy and thrombus morphology affects the
pressure in the false lumen measured using a pressure
transducer.? Modern anatomic imaging and advances
in computational power have enabled the creation of
high-resolution aortic models from computed tomogra-
phy (CT) angiograms (CTA) and the simulation of blood
flow through them at scale.'”" The resultant computa-
tional fluid dynamic (CFD) analysis can detect intricate
variations in blood flow around complex anatomic
features and enable estimates of pressure within the
true and false lumens.'”'*" Furthermore, CFD models
of TBAD have been validated using various benchtop
experiments.”'® More recently, the use of four-
dimensional magnetic resonance imaging (MRI) has
demonstrated the robustness of using computer
modeling to study the in vivo hemodynamics.””

In the present study, we hypothesized that false lumen
thrombosis would be a marker of false lumen pressure
and that understanding this relationship could help pre-
dict for aorta-related clinical events. Therefore, our aim
was to quantify and classify false lumen thrombosis,
calculate the true and false lumen pressures, and deter-
mine whether these factors could predict the outcomes
for patients with TBAD.

METHODS

Study design and cohort

Data from consecutive patients with new acute TBAD
who had presented to Klinikum rechts der Isar, Technical
University of Munich, from January 2004 to April 2019
were reviewed by vascular surgeons and collected in a
prospective database?® The number of patients
collected for analysis was 91. The most of these patients
had been previously reported on by Reutersberg et al*°
in a study aimed at determining the incidence of
delayed complications in patients with acute TBAD
(86 patients admitted to May 2016). In contrast, in the
present study, we investigated the role of false lumen
thrombosis and false lumen pressure on the occurrence
of complications. The patients’ blood pressure was
recorded on admission, immediately before CT imaging.
Patients with Stanford type A aortic dissection (involve-
ment of the ascending aorta or aortic arch), those with
subacute or chronic TBAD (symptom onset =14 days
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- Type of Research: A single-center, retrospective
cohort study

Key Findings: In 69 patients with acute type B aortic
dissection, those with proximal thrombosis of the
false lumen had a 101 mm Hg lower false lumen
pressure than those with minimal thrombosis. These
patients also experienced fewer acute complications
(odds ratio, 0.17) and adverse aortic events within
1 year (hazard ratio, 0.36).

Take Home Message: Proximal false lumen throm-
bosis is a marker of reduced false lumen pressure
and appears to be protective against acute compli-
cations and adverse aortic events within 1 year.

before admission), and those randomized to the opera-
tive arm of the ADSORB (acute dissection stent grafting
or best medical treatment) trial were excluded.’® The
present study was performed in accordance with the
Declaration of Helsinki. The ethics committee of the
medical faculty of the Technical University of Munich
(Munich, Germany) approved the present study (refer-
ence no. 439/18S). The human ethics office at the Univer-
sity of Western Australia (Perth, Australia) approved the
performance of additional computational analysis (refer-
ence no. RA/4/1/5868). A flow diagram of the patients
included in the present study is shown in
Supplementary Fig 1 (online only).

Aortic imaging

All the patients had undergone CTA at presentation,
and the same imaging studies were used for the hemo-
dynamic assessment. The arterial phase study of the
aorta was performed using a multidetector CT Somatom
Sensation Cardiac 64 (Siemens Medical Systems, Erlan-
gen, Germany), Siemens Somatom Definition AS
(Siemens Medical Systems), or Phillips iCT 256 (Phillips,
Amsterdam, The Netherlands). The institutional standard
aortic protocol for CTA covers the entire aorta (including
the aortic valve to the femoral arteries), with scanning us-
ing a 120-kV tube current modulation and 120 mA. A 0.6-
mm slab thickness was reconstructed axially to 1 to
3 mm. The in-plane resolution was 0.6 to 0.8 line pairs/
mm. An 80-mL bolus of iodine-based contrast (iome-
prol-400) with a 30-mL bolus of sodium chloride (injec-
tion rate, 4 mL/s) was used.

Three-dimensional aortic modeling and false lumen
thrombus morphology

Medical segmentation software (Mimics, version 20:;
Materialise, Leuven, Belgium) was used to create three-
dimensional (3D) reconstructions of the true lumen, pat-
ent false lumen, and the tears connecting these regions.
These reconstructions were used for the morphologic
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Fig 1. Imaging, reconstruction, and characterization of false lumen thrombus morphology. A, Sagittal and axial
views from one computed tomography (CT) series used for three-dimensional (3D) reconstruction. B, Three-
dimensional reconstruction showing the true lumen, false lumen, and intraluminal thrombus segmentations
for a patient with proximal thrombosis. The maximum aortic diameter measurement and center of the patent
false lumen used for morphologic categorization are also indicated. C, Examples of the four morphologic groups
of type B aortic dissection (TBAD) identified during reconstruction.

measurements (Fig 1, A and B) and were the basis of the
CFD model. The maximum aortic diameter was
measured perpendicular to the aortic centerline within
the dissected portions of the aorta. The aortic modeling
team, consisting of three biomedical engineers experi-
enced in 3D reconstruction of the vasculature and one
vascular surgery trainee (L.P.P., S.R., BJ.D. B.M.), were un-
aware of the clinical outcomes until the hemodynamic
computational assessment had been completed. The
interoperator reconstruction repeatability was assessed
and found to be low (Supplementary Table, online only).

The intraluminal thrombus was reconstructed, and
the proportion of false lumen thrombosis was calcu-
lated relative to the total false lumen volume
(thrombus volume divided by the total false lumen vol-
ume). The participants with <10% thrombosis of the
false lumen were categorized as having minimal
thrombosis and those with thrombosis of >90% of
the false lumen were categorized as having extensive
thrombosis. For patients with 10% to 90% thrombosis
of the false lumen, the longitudinal midpoint of the

false lumen was used to designate the thrombosis as
proximal or distal, depending on which region had
the greater thrombus burden (Fig 1, B). Therefore, we
defined four groups according to the thrombus classi-
fication: (1) minimal thrombosis, (2) extensive throm-
bosis, (3) distal thrombosis, and (4) proximal
thrombosis (Fig 1, C). All the patients had had at least
one communicating tear between the true and false
lumens.

Calculation of true and false lumen pressure

The simulation methods used to calculate the pressure
in the true and false lumen are outlined in detail in the
Supplementary Methods (online only), including a
mesh independence study (Supplementary Fig 2, online
only). The pressure was calculated by simulating the sys-
tolic pressure as the surface average across the entire
patent false lumen surface and corresponding true
lumen. The luminal pressure difference was then calcu-
lated as the difference between the false and true lumen
pressures.
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Clinical classification and outcome

The participants were considered to have complicated
aortic dissection if they had met the criteria defined by
the European Society of Vascular Surgery guidelines®"
malperfusion, aortic expansion >4 mm in diameter,
aortic rupture, refractory pain, and/or refractory hyperten-
sion.?%?? These definitions are consistent with the cate-
gories termed “high-risk” and “complicated” TBAD in
the more recent Society for Vascular Surgery and Society
of Thoracic Surgeons reporting standards for TBAD.” The
patients were considered to have experienced an acute
complication if the complication had occurred within
14 days of presentation.

In addition to acute complications, the cases were
categorized using a second, unique clinical endpoint,
adverse aortic events. Adverse aortic events were a
composite of aortic rupture, aortic repair, and/or
aorta-related death within the first year (inclusive of
the acute phase). The adverse aortic event group was
distinct from the acute complication group and
focused on the patient outcomes at 1 year, regardless
of the specific complications that had occurred in the
acute phase.

Statistical analysis

The patient characteristics, aortic morphology, and
false lumen pressures were compared between the
four false lumen thrombus morphology groups. A x?
test was performed to compare the categorical variables.
The continuous variables were assessed for homogeneity,
and analysis of variance was used to compare them be-
tween the groups.

Study 1: cross-sectional study analysis of aortic
morphology at presentation. In the initial analysis, we
investigated the false lumen pressure after acute TBAD
in relation to the aortic morphology derived from the
admission CTA. The false lumen pressure was investi-
gated as the dependent variable in a linear regression
model adjusted for the aortic diameter and the patient’s
age.

Study 2: longitudinal analysis of clinical events. |n the
second analysis, we investigated the effects of
thrombus morphology and false lumen pressure on
the clinical events. First, the acute complications that
had occurred within 14 days of presentation were stud-
ied using a logistic regression model to identify the
contributing clinical features. This model was adjusted
for patient age, sex, aortic diameter, blood pressure,
and false lumen thrombus morphology. Second, the
adverse aortic events at 1 year were investigated in rela-
tion to the thrombus morphology using Kaplan-Meier
log-rank and Cox regression analyses. The Cox regres-
sion model was adjusted for patient age, sex, aortic
diameter, and blood pressure. The false Ilumen
thrombus morphology was added to this model to
determine its prognostic value.
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Statistical analysis was performed in the R environ-
ment, version 352 (R Foundation for Statistical
Computing, Vienna, Austria). A P value of .05 was consid-
ered statistically significant.

RESULTS

Patient characteristics. Of the 91 patients admitted
with acute TBAD, 22 were excluded because the CT im-
aging studies did not have adequate contrast perfusion
in the false lumen for aortic modeling and hemody-
namic analysis owing to the presence of complete
thrombosis. Of the 69 remaining study participants, the
mean * standard deviation age was 62.6 = 12.6 years
and 75.4% were men. The cohort was well matched be-
tween the false lumen thrombus morphology groups
(Table 1). However, patients with extensive thrombosis
had had a larger diameter relative to the remaining
cohort (P < .001). In contrast, those with proximal
thrombosis of the false lumen had increased diastolic
blood pressure (P = .04). The mean thrombosis burden
was greater in those with proximal thrombosis than in
those with distal thrombosis (57.1% * 24.0% vs 39.6% =*
20.6%; P = .02). We did not observe any difference in the
shear stress, low and oscillatory shear, or oscillatory shear
index between the thrombosis groups (Supplementary
Fig 3, online only).

Acute complication occurred in 44 of the 69 patients and
included refractory hypertension (n = 6), aortic rupture
(n = 5),visceral or limb malperfusion (n = 21), acute expan-
sion (>4 mm; n = 9), and refractory pain (n =10). Seven pa-
tients had had more than one acute complication. Within
the first 14 days, 34 of the 69 patients had undergone
thoracic endovascular aortic repair. At 1 year, 45 of the 69
patients had experienced an adverse aortic event,
including aortic rupture (n = 5), aortic repair (h = 44), and
aorta-related death (n =5). Of the 24 patients without a re-
ported adverse aortic event, 10 had been last seen for
follow-up at <1 year from presentation.

Study 1: cross-sectional analysis of aortic morphology
at presentation. The pressure difference between the
true and false lumens differed in relation to the false
lumen thrombus morphology (Fig 2, A and B). Patients
with distal thrombosis of the false lumen had had an
increased false lumen pressure relative to the true
lumen. In contrast, patients with proximal thrombosis
had had a reduced relative false lumen pressure.

The results from the linear regression analysis esti-
mated that the false lumen pressure was 10 mm Hg
(95% confidence interval [Cl], 4.3-15.9 mm Hg) lower for
the patients with proximal thrombosis compared with
those with minimal luminal thrombosis, after adjusting
for aortic diameter and patient age (P < .001). Neither
the aortic diameter nor patient age was significantly
associated with the false lumen pressure difference
(Table 11).
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Male sex 52 (75.4) 21 (77.8) 5 (100.0) 1 (73.3) 15 (68.2) .50

Age, years 626 *= 126 58.6 *= 13.9 66.4 *+ 7.8 639 + 132 659 =103 18

Weight, kg 871 175 905 £ 173 940 *+ 182 848 + 20.0 827 =161 55

Height, m 1.76 = 0.09 1.77 = 0.08 1.81 = 0.10 1.80 = 0.08 1.72 = 0.08 .08

Systolic blood 151 * 33.8 142 = 29.0 139 = 11.3 154 * 44.8 162 + 311 22
pressure, mm Hg

Diastolic blood 78 =191 72 £ 153 71 £13.4 77 £ 258 88 * 164 .04
pressure, mm Hg

Aortic diameter, mm 4115+ 6.1 3822 + 46 4957 + 78 4159 + 6.9 4253 = 44 <.001

Dissection 4.6 (2.8) 5.7 (3.1) 4.0 (2.4) 2.8 (1.6) 44 (2.4) .01

fenestrations

Data presented as number (%) or mean = standard deviation.

Study 2: longitudinal analysis of clinical events. Acute
complications within the first 14 days from presentation
were common (n = 44; 63.8%). Patients with proximal
thrombosis were less likely to develop acute complica-
tions than the remaining cohort were (P = .01; Table Ill).
The patients who had not developed complications had
a lower relative false lumen pressure compared with
those who had experienced acute complications
(mean, —6.35 + 12.05 mm Hg vs —0.62 + 891 mm Hg; P=
.03).

Proximal thrombosis of the false lumen was the only
significant predictor of acute complications on adjusted
logistic regression analysis (Table 1V). Patients with prox-
imal thrombosis had a reduced likelihood of acute com-
plications compared with patients with distal
thrombosis (odds ratio, 0.13; 95% CI, 0.02-0.56; P = .01).

Adverse aortic events had occurred in 45 patients
(65.2%) within the first year of follow-up (Table lll). Pa-
tients with proximal thrombosis had experienced fewer
adverse aortic events compared with the remaining
cohort (log-rank P = .03; Fig 2, C). The presence of prox-
imal false lumen thrombus was the only significant pre-
dictor that was protective against adverse aortic events
within the first year after adjusting for age, sex, aortic
diameter, and blood pressure (odds ratio, 0.36; 95% CI,
0.16-0.80; P = .01; Table V).

DISCUSSION

In the present retrospective study, we aimed to charac-
terize the hemodynamic pressure in patients with TBAD
and determine how the pressure relates to the false
lumen thrombus morphology and clinical events. We
found that patients with predominantly proximal false
lumen thrombus had significantly lower false lumen
perfusion pressures (P < .001), were less likely to develop
acute complications within the first 14 days (P = .01), and
were also less likely to experience adverse aortic events,

including aortic rupture, aortic repair, or aorta-related
death within the first year (P = .01). Furthermore, we
used a classification system that is easy to use in routine
clinical practice with 3D reconstruction and CTA data
analysis. Identifying easily accessible clinical and radio-
logic factors from the CTA findings that influence the
false lumen pressure difference might improve our abil-
ity to risk stratify patients with acute TBAD.

False lumen thrombosis after TBAD has received much
attention as a potential predictor of complications,>”%*
including the recent Society for Vascular Surgery/Society
of Thoracic Surgeons reporting standards for TBAD.?
These guidelines, however, have assumed homogeneity
for the effects of different false lumen thrombus pat-
terns. However, our findings have shown that it is impor-
tant to characterize the false lumen thrombosis by
location and burden because these will influence the
false lumen pressure, which contributes to false lumen
expansion, true lumen compression, and, ultimately,
further dissection.” Thrombosis occurs in areas of
disturbed and low-flow states encountering newly
damaged thrombogenic aortic media. A self-
propagating cycle of thrombosis can partially occlude
fenestrations within the dissection flap. Reduced inflow
from the proximal thrombosis of the false lumen will
decrease the perfusion pressure. In contrast, distal false
lumen thrombosis can result in stenosis of the outflow
channels, thus increasing the false lumen perfusion
pressure.”'?

Of the variables considered in the present study, our
initial analysis revealed that the false lumen thrombus
morphology was the strongest and only independent
clinical predictor of the false lumen pressure difference.
The mean thrombus burden was greater in cases of prox-
imal false lumen thrombosis compared with distal
thrombosis, with a greater variance. This is a possible
reason for the similarly high variance observed in the
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Fig 2. False lumen pressure after acute type B aortic dissection (TBAD). A, Three-dimensional contours of pressure
for cases from the proximal and distal thrombosis groups. The surface average pressure for the proximal and distal
thrombosis cases was 125 and 150 mm Hg for the false lumen and 151 and 141 mm Hg for the true lumen,
respectively. Thrombus is shown in gray. B, Proximal thrombosis resulted in a significantly reduced luminal
pressure difference between the false and true lumens. In contrast, the relative false lumen pressure was
increased in patients with distal thrombosis. C, Aortic event-free survival after acute type B aortic dissection
(TBAD) stratified by false lumen thrombus morphology. Adverse aortic events were defined as aortic repair, aortic
rupture, or aorta-related death. Patients with proximal false lumen thrombosis experienced fewer adverse aortic
events (log rank P = .03).
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Table Il. Factors influencing luminal pressure difference between false and true lumens®

Extensive thrombosis —5.53 —15.94 to +4.89 29

Proximal thrombosis -10.10 —15.87 to —4.34 .001

Age (per 10-year increase) -0.06 —2.09 to +1.96 .95

Table Ill. Clinical sequelae of patients presenting with acute TBAD

Refractory hypertension 6 (8.7) 2 (13.3) 0 (0.0) 3 (11.1) 1(4.5) .67

Visceral or limb malperfusion 21 (30.4) 7 (46.7) 1(20.0) 9 (33.3) 4 (18.2) .29

10 (14.5) 2 (13.3) 3 (60.0) 3 (1.0) 2 (90) .03

Refractory pain

One-year outcomes

Aortic repair 44 (63.8) 20 (74.) 4 (80.0) 1 (73.3) 9 (40.9) .02

Adverse aortic event 45 (65.2) 20 (74.) 4 (80.0) 1 (73.3) 10 (45.5) .03

(composite)

false lumen pressure difference for this group. The false
lumen thrombus morphology was also associated with
clinical events, such that proximal thrombosis of the false
lumen appeared to be protective against both acute
complications at 14 days and adverse aortic events at
1 year. Hence, the distribution of false lumen thrombus
at presentation is an important clinical predictor. Our he-
modynamic analysis of the false lumen pressure differ-
ence offers a potential mechanism of how the
difference might affect the outcomes. In the case of
distal thrombosis, entry tears to the false lumen will likely
remain open. In contrast, distal tears will be obstructed,
causing an increase in the false lumen pressure. Howev-
er, proximal thrombosis is more likely to obstruct these
entry tears, reducing the false lumen pressure.

The magnitude and nature of shear stress in the false
lumen were quantified using time-averaged wall shear

stress and oscillatory shear index. These are known to
affect the endothelium and have been related to the
outcomes for abdominal aortic aneurysms.?>?° Our anal-
ysis showed no significant relationship between the false
lumen oscillatory shear index or time-averaged wall
shear stress and outcomes, suggesting such a relation-
ship might not exist for TBAD.

Nearly one half of all patients with acute complications
had experienced visceral or limb malperfusion and one
third experienced either rapid aortic expansion or aortic
rupture (Table Ill). These hard endpoints are well-
established markers of complicated TBAD and account
for most of the interventions required within the first
year. In our cohort, adverse aortic events had occurred
within the first 2 months after presentation, supporting
the findings that most of these will occur in the acute
(14 days) or subacute (90 days) phase.?’” With few late
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Table IV. Clinical predictors of acute complications and 1-year adverse aortic events after acute TBAD
Variable Likelihood ratio 95% CI P value
Acute complications (14 days; logistic regression analysis) OR
Proximal thrombosis 0.17 0.04-0.60 .01
Age (per 10-year increment) 0.91 0.53-1.54 73
Male sex 110 0.27-4.39 .89
Aortic diameter (per 5-mm increment) 130 0.71-2.64 43
Systolic blood pressure (per 10-mmm Hg increment) 0.91 0.68-1.23 55
Diastolic blood pressure (per 10-mm Hg increment) 1.03 0.61-1.69 92
Adverse aortic events (1-year; Cox proportional hazard model) HR
Proximal thrombosis 0.36 0.16-0.80 .01
Age (per 10-year increment) 1.00 0.97-1.03 .79
Male sex 1.45 0.65-3.26 37
Aortic diameter (per 5-mm increment) 1.00 0.95-1.05 .93
Systolic blood pressure (per 10-mmm Hg increment) 0.99 0.98-1.01 51
Diastolic blood pressure (per 10-mm Hg increment) 1.01 0.98-1.04 57
Cl, Confidence interval; HR, hazard ratio; OR, odds ratio; TBAD, type B aortic dissection.
complications in the present study, a larger cohort is required. Hence, despite the overestimation of

required to assess the value of thrombus classification
in predicting late complications.

An increasing aortic diameter is an important indicator
for intervention of TBAD.?®*° However, aortic dissections
are dynamic conditions and, unlike aortic aneurysms, the
causes of adverse outcomes are multifactorial, beyond
the aortic diameter alone. In our cohort, an increasing
aortic size at presentation was associated with the occur-
rence of acute complications. However, the difference
did not reach statistical significance. The aortic diameter
as used in clinical practice is a unidimensional metric
that fails to capture the full extent of aortic expansion
and how unique TBAD morphology creates different he-
modynamic loads on the false lumen wall. A need exists
for more tailored risk prediction beyond the aortic size
alone. Our data suggest that considering the thrombosis
patterns of the false lumen could improve risk prediction
beyond the use of conventional clinical parameters and
the aortic diameter alone.

Study limitations. First, although, to the best of our
knowledge, the present study is the largest computa-
tional hemodynamic study of TBAD to date, a larger
studly is still required to generalize our findings in a wider
cohort. Second, 10 patients without a reported adverse
aortic event were last seen for follow-up <1 year from
presentation. It is possible that some of these patients
could have presented to another center because of an
event. Third, CTA has previously been shown to over-
estimate the thrombus volume compared with delayed-
phase MRI*' However, MRI is rarely performed for pa-
tients with acute aortic dissection owing to the limited
availability and lengthy image acquisition times

thrombus burden, CTA remains the most readily
accessible imaging technique for early risk stratification
after acute aortic dissection. Overestimation of the
thrombus burden does not influence categorization of
false lumen thrombus morphology. The sensitivity of
our reconstruction methods to the imaging phase
(arterial and venous) was low. The thrombus re-
constructions from both phases for three patients had
a mean difference of 9% by volume. Fourth, for the
patients with complete thrombosis of the false lumen,
no contrast perfusion could occur in the false lumen
(22 patients). Thus, the false lumen could not be
reconstructed, and although some pressurization of the
thrombosed false lumen could have been present, a
comparison between the true and false lumen pres-
sures was not possible. Patients with full thrombosis,
however, are considered hemodynamically stable and
are not generally considered for repair. Fifth, a number
of assumptions were required for our CFD models,
ranging from rigid aortic walls to experimental valida-
tion. These aspects have been discussed in detail in the
Supplementary Methods. Sixth, because these patients
had presented to a tertiary referral center, some bias
could have been present toward complicated cases of
TBAD. Seventh, the anticoagulation status of the pa-
tients was not recorded but could have feasibly
affected the presence of false lumen thrombosis.
Finally, 1 year of follow-up is insufficient to capture the
medium- and long-term outcomes after TBAD. It is
possible that longer follow-up will reveal further prog-
nostic relationships between the hemodynamic met-
rics, aortic morphology, and clinical events.



Journal of Vascular Surgery
Volume 75, Number 4

CONCLUSIONS

To the best of our knowledge, the present study is the
largest to assess aortic hemodynamics after acute
TBAD and the first to describe the potential mechanism
by which false lumen thrombus morphology influences
the clinical events. Classifying partial thrombosis of the
false lumen as either proximal or distal thrombosis was
associated with the hemodynamic assessment results
and clinical risk prediction. The presence of proximal
false lumen thrombosis at presentation has emerged as
the strongest clinical predictor of both reduced perfu-
sion pressure in the false lumen and favorable short-
term and 1-year outcomes. A reduction in false lumen
pressure, which occurs in patients with proximal false
lumen thrombosis, appeared protective against acute
complications and adverse aortic events at 1 year. We
believe that false lumen thrombosis should be studied
in greater detail to better understand the patient-
specific prognosis of TBAD.

The data underlying the present study are available on
reasonable request to the corresponding author.
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SUPPLEMENTARY METHODS (online only).

Computational fluid dynamics simulation details. The
computational meshes were constructed using previ-
ously reported methods' and were tested for numerical
accuracy using the grid convergence index (GCI).*® The
patient-specific heart rate, height, and weight data were
used to adjust the inlet waveform for each patient. The
body surface area was calculated from the height and
weight and used to calculate the expected cardiac
output.*® The generalized waveform was then scaled to
reflect the calculated cardiac output® For cases for
which this information was not available, the average
aortic flow for the entire cohort was applied. Windkessel
models were applied to mimic the effect of the distal
arterial bed at all outlets, and patient-specific systolic
and diastolic blood pressure measurements were used
to calculate the pressure waveforms. The renal arteries
were assigned unique Windkessel parameters to ac-
count for the lack of retrograde flow observed.” Blood
was modeled as a non-Newtonian fluid using a Carreau-
Yasuda rheological model® Data were automatically
extracted from predefined regions of interest for each
geometry (Supplementary Fig 2, online only).

With the exception of surface seven, all GCI values
were <2%, indicating that the values obtained from the
finest mesh (6M cells) approached the asymptotic solu-
tion (Supplementary Fig 2, online only). The GCI for sur-
face 7 was <10%, likely owing to its close proximity to
the boundary. These results were still within a reasonable
range of the theoretical exact solution. Any resulting
inaccuracies in the shear stress calculations were negli-
gible, given that all observations were made about the
false lumen and true lumen as a whole. The GCI for the
lumen surface as a whole was 1.08%. The wall shear
stress over the cardiac cycle, oscillatory shear index, low
and oscillatory shear, and false lumen pressure were
extracted from the models.

Limitations to computational fluid dynamics. Our
computational fluid dynamics model required certain
assumptions. First, modeling an elastic structure such
as the aorta is challenging in this scenario because incor-
porating the aortic material properties and wall thick-
ness to the model adds complexity and additional
unknown variables to the analysis. Thus, we opted to
simplify our model by treating the aortic wall and dissec-
tion flap as a rigid wall using previously well-established
techniques.”'? Furthermore, we did not perform experi-
ments to directly validate our computer model, because
this work had been performed previously by several in-
dependent groups in the context of type B aortic
dissection. Each group found good agreement between
the computer models and physical experiments''® and,
recently, four-dimensional magnetic resonance imag-
ing."” It is not known how the agreement between rigid
wall CFD and experimental or imaging results might
differ across morphologic groups. However, before
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adopting the use of the false lumen thrombosis as a
prognostic marker of outcome, it would be worthwhile
to measure the false lumen pressure during an inter-
ventional procedure for comparison with the CFD pre-
dictions. However, attempts at such measurements were
not possible in our retrospective study.

Thrombus reconstruction from arterial and venous
imaging phases. We quantified the variability in
thrombus reconstruction when using the arterial and
venous phases of computed tomography angiography
for three patients. The thrombus volumes obtained
from the arterial and venous phases were 40,311 mm?®,
58477 mm?® and 21658 mm?® and 43242 mm?
42,063 mm?®, and 24,491 mm?>, respectively, for a mean
difference of 9% across the three patients. This was not
a consistent over- or underestimation. For all three pa-
tients, the morphologic categorization using thrombus
location and amount was unaffected.

Repeatability of three-dimensional reconstructions.
Despite the complexity of the type B aortic dissection ge-
ometries, we found good repeatability of the volume and
surface area measurements from our three-dimensional
reconstructions (Supplementary Table, online only) indi-
cating low interanalyst differences.

SUPPLEMENTARY REFERENCES

1. Parker LP, Kelsey L3, Mallal J, Hustinx R, Sakalihasan N, Norman PE,
et al. Simulating platelet transport in type-B aortic dissection. In:
Nielsen PMF, Wittek A, Miller K, Doyle B, Joldes GR, Nash MP, editors.
Computational Biomechanics for Medicine, XIl. Quebec City,
Quebec, Canada: Springer International Publishing; 2017. p. 145-59.

2. Celik IB, Ghia U, Roache PJ, Freitas CJ, Coleman H, Raad PE. Pro-
cedure for estimation and reporting of uncertainty due to dis-
cretization in CFD applications. J Fluids Eng 2008;130:1-4.

3. Roache PJ. Perspective: a method for uniform reporting of grid
refinement studies. J Fluids Eng 1994;116:405-13.

4. Mosteller RD. Simplified calculation of body-surface area. N Engl J
Med 1987;317:1098.

5. Jegier W, Sekelj P, Auld PA, Simpson R, McGregor M. The relation
between cardiac output and body size. Br Heart J 1963;25:425-30.

6. Kim H3J, Vignon-Clementel IE, Figueroa CA, LaDisa JF, Jansen KE,
Feinstein JA, et al. On coupling a lumped parameter heart model
and a three-dimensional finite element aorta model. Ann Biomed
Eng 2009;37:2153-69.

7. Les AS, Shadden SC, Figueroa CA, Park IJM, Tedesco MM, Herfkens RJ,
et al. Quantification of hemodynamics in abdominal aortic aneu-
rysms during rest and exercise using magnetic resonance imaging
and computational fluid dynamics. Ann Biomed Eng 2010:38:
1288-313.

8. Robertson AM, Sequeira A, Owens RG. Rheological models for blood.
In: Formaggia L, Quarteroni A, Veneziani A, editors. Cardiovascular
mathematics: modeling and simulation of the circulatory system.
Milan, Italy: Springer Milan; 2009. p. 211-41.

9. Parker LP, Powell JT, Kelsey LJ, Lim B, Ashleigh R, Venermo M, et al.
Morphology and hemodynamics in isolated common iliac artery
aneurysms impacts proximal aortic remodeling. Arterioscler Thromb
Vasc Biol 2019;39:1125-36.

10. Doyle BJ, McGloughlin T, Kavanagh E, Hoskins PR. From detection to
rupture: a serial computational fluid dynamics case study of a rapidly
expanding, patient-specific, ruptured abdominal aortic aneurysm. In:
Doyle B, Miller K, Wittek A, Nielsen PMF, editors. Computational
Biomechanics for medicine. New York, NY: Springer; 2014. p. 53-68.

M. Boyd AJ, Kuhn DC, Lozowy R3J, Kulbisky GP. Low wall shear stress
predominates at sites of abdominal aortic aneurysm rupture. J Vasc
Surg 2016;63:1613-9.


http://refhub.elsevier.com/S0741-5214(21)02355-7/sref32
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref32
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref32
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref32
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref32
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref33
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref33
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref33
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref34
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref34
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref35
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref35
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref36
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref36
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref37
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref37
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref37
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref37
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref38
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref38
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref38
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref38
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref38
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref39
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref39
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref39
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref39
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref40
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref40
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref40
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref40
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref41
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref41
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref41
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref41
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref41
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref42
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref42
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref42

1190.e2

Parker et al

Parker LP, Powell JT, Kelsey LI, Venermo M, Koncar |, Norman PE,
et al. Morphology and computational fluid dynamics support a novel
classification of common iliac aneurysms. Eur J Vasc Endovasc
2020;59:786-93.

Zadrazil 1, Corzo C, Voulgaropoulos V, Markides CN, Xu XY.
A combined experimental and computational study of the flow
characteristics in a type B aortic dissection: effect of primary and
secondary tear size. Chem Eng Res Des 2020;160:240-53.

Ahuja A, Guo X, Noblet IN, Krieger JF, Roeder B, Haulon S, et al.
Validated computational model to compute re-apposition pressures
for treating type-B aortic dissections. Front Physiol 2018;9:513.

15.

Journal of Vascular Surgery
April 2022

Soudah E, Rudenick P, Bordone M, Bijnens B, Garcia-Dorado D,
Evangelista A, et al. Validation of numerical flow simulations against
in vitro phantom measurements in different type B aortic dissection
scenarios. Comput Methods Biomech Biomed Engin 2015;18:805-15.
ZorrillaR, Soudah E, Rossi R. Computational modeling of the fluid flow
in type B aortic dissection using a modified finite element embedded
formulation. Biomech Model Mechanobiol 2020;19:1565-83.

Armour C, Saitta S, Pirola S, Liu Y, Guo B, Dong Z, et al. Validation of
patient-specific modelling of type-B aortic dissection. Presented at
the 26th Congress of the European Society of Biomechanics, July 11-
14, 2021, Milan, Italy 2021.


http://refhub.elsevier.com/S0741-5214(21)02355-7/sref43
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref43
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref43
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref43
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref44
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref44
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref44
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref44
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref45
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref45
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref45
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref46
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref46
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref46
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref46
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref47
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref47
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref47
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref48
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref48
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref48
http://refhub.elsevier.com/S0741-5214(21)02355-7/sref48

Journal of Vascular Surgery Parker et al  1190.e3
Volume 75, Number 4

Patients presenting with
acute TBAD
Jan 2004 - April 2019
n=93

Excluded acute TBAD, n=2
= = = = = = = = Enrolled in operative arm of ADSORB Trial,
n=2

\4

Eligible patients

n=91
Excluded eligible patients, n=22
= —————— =» Poor contrast perfusion of the false lumen
{ on CTA, n=22
Study cohort
n=69

Supplementary Fig 1 (online only). Flow diagram of the patients included in the study. ADSORB, Acute
Dissection Stent Grafting or Best Medical Treatment; CTA, computed tomography angiography; TBAD, type B
aortic dissection.

Surface Whole

Mesh Cells 1 2 3 4 5 6 7 Surface

Coarse 1,783,208 1336 9.01 7.29 8.95 7.24 1272 7.09 9.69
Medium 3,489,343 13.64 9.35 7.56 9.17 7.51 1289 740 9.98

Fine 6,053,992 13.56 930 7.47 9.20 7.58 1293  7.26 9.88

GCI (%): 0.39 0.11 1.21 0.05 0.32 0.11  9.59 1.08

Supplementary Fig 2 (online only). Mesh independence study. GCI, Crid convergence index.
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Supplementary Fig 3 (online only). Difference in hemodynamic metrics. Low and oscillatory shear (A), time
averaged wall shear stress (B), and oscillatory shear index (C) in the false lumen of each group.
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Supplementary Table (online only). Reconstruction
repeatability (results for three reconstructions of same
case by three different analysts)

2 349,755 14.36 74,334 7.86

Average 408,410 9.57 80,672 524
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