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Aims This retrospective study investigated the
association between anatomical variations in the aortic
arch branching and adverse events, including the risk of
cerebrovascular accidents (CVAs), in patients with a left
ventricular assist device (LVAD).

Methods Medical charts were reviewed for all patients
with HeartMate 3 LVAD support at our center from 2016 to
2021. Computed tomography scans were evaluated to
categorize the variations in the aortic arch branching
based on seven different types, as described in the
literature.

Results In total, 101 patients were included: 86 (85.1%)
with a normal branching pattern and 15 (14.9%) with an
anatomical variation. The following variations were
observed: eight (7.9%) with a bovine arch and seven (6.9%)
with a left vertebral arch. The median age was 57 years,
77.2% were men, and the median follow-up was
25months. No difference was found in the rate of early
(< 30days) re-exploration due to bleeding after LVAD
implantation. The rate of CVA and mortality did not differ
significantly between patients with a normal arch or an
anatomical variation during follow-up, with hazard ratios of

Introduction

Cerebrovascular accidents (CVAs) are one of the leading
complications and causes of mortality in patients with end-
stage heart failure who are treated with a left ventricular
assist device (LVAD).! The rate of CVAs in patients with
LVAD support is high; 10% of individuals are affected in
the first year of support and the rate of CVAs continues to
increase, up to 16% during follow-up.'=3 In prior studies,
risk factors for CVAs during LVAD support have included
atrial fibrillation, hypertension, more severe heart failure,
female sex, diabetes mellitus, and a history of a CVA pre-
LVAD implantation.*~® However, other potential risk fac-
tors remain to be elucidated to decrease the risk of CVAs
post-LVAD implantation.

One potential risk factor for CVAs during LVAD support
could be the anatomical variations in the aortic arch
branching given the close relationship with LVAD outflow
graftinsertion and flow in the ascending aortic. The aortic
arch standard branching pattern consists of three main
branches: the brachiocephalic trunk, which branches
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1.47 [95% confidence interval (Cl): 0.48-4.48; P = 0.495]
and 0.69 (95% CI: 0.24-1.98; P = 0.489), respectively.

Conclusion This preliminary study showed no differences
in early and long-term adverse events, including CVA,
when comparing patients with a variation in the aortic arch
branching to patients with a normal aortic arch. However,
knowledge of the variations in aortic arch branching could
be meaningful during cardiac surgery for potential
differences in surgical events in the perioperative period.
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into the right common carotid artery and the right subcla-
vian artery, followed by the left common carotid
artery and the left subclavian artery.” Several anatomical
variations in the branching are known in the general
population.® Anatomical variants have been identified
as potential risk factors for hemorrhage and ischemia
during cardiac surgery, as indicated by a previous study.®
These variants could also increase the risk of left hemi-
spheric laterality in cardioembolic CVAs, which are as-
sociated with worse outcomes compared with right
laterality.® 19 LVAD-supported patients have an elevated
risk of developing CVA, and this risk could potentially be
influenced by anatomical variations in the aortic arch
branching.

However, to the best of our knowledge, there are no
reports regarding the potential influence of anatomical
variations in the aortic arch branching on the risk of CVAs.
Therefore, this study aimed to elucidate the potential risk
of CVAs in LVAD patients with aortic arch branching
variations.
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Materials and methods

Study design and data collection

Hospital records were reviewed retrospectively for all
patients who underwent a HeartMate 3 (Abbott, Chicago,
llinois, USA) implantation in the Erasmus Medical Center
between January 2016 and December 2021. All LVAD
implantations were performed through a median sternotomy
and on extracorporeal circulation. All implantations were
carried out by three different surgeons employing similar
techniques for positioning the inflow cannula and the anas-
tomosis of the outflow graft on the ascending aorta. Our
anticoagulation protocol, according to the current LVAD
guidelines, involves the use of Vitamin K antagonists (such
as acenocoumarin) with a target INR value of between 2 and
3, combined with aspirin 80 mg daily. Occasionally, this may
be interrupted or discontinued when a patient experiences
major bleeding event(s). Patients were eligible if they under-
went a contrast-enhanced computed tomography (CT) scan
of the chest pre or post-LVAD implantation and were 18 years
or older. Patient characteristics before LVAD implantation
and procedural characteristics were collected from the local
input of the European Registry for Patients with Mechanical
Circulatory Support (EUROMACS) registry.

Anatomical variations in the aortic arch branching

To evaluate the anatomical variation in the aortic arch
branching, a contrast-enhanced CT scan of the chest pre
or post-LVAD implantation was used, depending on avail-
ability. The chest CT scan was considered applicable if it
contained the course of the aortic branch vessels. The
anatomical variations were evaluated based on the coronal
and axial planes. The anatomical variations were scored into
seven different categories, as described in the literature:
normal (Type 1), bovine (Type 2), left vertebral (Type 3),
bovine and left vertebral (Type 4), common carotid (Type 5),
aberrant right subclavian (Type 6), and right arch (Type 7).8

Outcomes

The primary endpoint was the association between ana-
tomical variations in the aortic arch branching and the
occurrence of CVAs. Secondary endpoints were early
renal failure, re-exploration for bleeding early after LVAD
implantation, unexpected readmission, mortality, infec-
tion, and late bleeding. Early outcomes were defined as
outcomes within the first 30 days after LVAD implantation
and late outcomes were defined as 30days or later after
LVAD implantation.

Statistical analysis

Baseline categorical data were presented as counts
and percentages, and continuous variables were pre-
sented as mean and standard deviation (SD) if they were
normally distributed, or as median with interquartile range
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(IQR) if they were nonnormally distributed. The normality
was tested using the Shapiro—Wilk test. Differences
between patients with or without anatomical variation
were evaluated using the Student's t-test or Mann—
Whitney U-test, depending on the distribution of the con-
tinuous variables. Differences between categorical vari-
ables were expressed as count and percentage and
compared using the chi-squared test or Fisher's exact test
(if any of the expected cell sizes was <5) to assess the
association. Early clinical outcomes were calculated using
logistic regression and presented as odds ratios (ORs).
Differences in clinical outcomes over time were calculated
and presented as hazard ratios using a Cox proportional
hazard model. Kaplan—Meier curves were plotted to visu-
alize primary and secondary outcomes, where applicable,
and compared using the log-rank test. It should be noted
that unexpected hospital readmission could occur multiple
times in one patient, which could have affected the mean
occurrence rates. To provide a comprehensive overview,
considering multiple recurrent events, the cumulative
mean number of events over time was calculated using
a nonparametric mean cumulative function (MCF) and
presented in a plot."” The variance was estimated using
the Lawless and Nadeau method.'? Statistical analyses
were performed using R (Version 4.1.2).

Results

Patient population

Overall, 110 patients received a LVAD during the study
period and were screened for anatomical variations in the
aortic arch. In total, 101 patients met the requirements for
analysis. The other nine patients were excluded since the
aortic arch was not scanned extensively enough to identify
the branching pattern. The median age was 57 years (IQR:
52-62), with 77.2% being men, and a median follow-up of
25months (IQR: 10-37). The most frequent cause of
heart failure was ischemic heart disease (52.5%), and
the patients were mainly in INTERMACS (Interagency
Registry for Mechanically Assisted Circulatory Support)
profiles 3 and 4 before implantation. Atrial fibrillation was
present in 19.4% of the patients, and 82.2% had an
implantable cardioverter-defibrillator (ICD) in place. The
most prevalent LVAD strategy was bridge-to-transplanta-
tion, with 63.4% of the patients, and destination therapy in
32.7%. The median cardiopulmonary bypass time (CPB)
was 97 min (IQR: 81-119), and the median time in the
operating room was 338 min (IQR: 287—-416). The median
length of ICU stay was 8days (IQR: 5-17), and the
median hospital stay was 29 days (IQR: 23—-43) (Table 1).

Baseline characteristics
Intotal, 15 patients (14.9%) were identified with an anatomi-
cal variation: 8 (7.9%) with a bovine arch (Type 2) and
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Table 1 Baseline and procedural characteristics

Overall N=101

Demographics

Age in years 57.0 [52.0, 62.0]
Male 78 (77.2)
BMI 23.0+3.6
Primary diagnosis
Ischemic heart disease 53 (52.5)
Nonischemic heart disease 48 (47.5)
INTERMACS patient profile
1 18 (17.8)
2 19 (18.8)
3 27 (26.7)
>4 37 (36.6)
Comorbidities
Diabetes 24 (23.8)
ICD therapy 83 (82.2)
Neurological event 9 (9.0)
COPD 5 (5.0)
Preoperative status
Intra-aortic balloon pump 26 (25.7)
Extracorporeal membrane oxygenation 8 (7.9)
Intravenous inotropes 55 (68.8)
Beta blockers 47 (46.5)
RAAS inhibitors 49 (48.5)
ECG rhythm
Sinus 52 (53.1)
Atrial fibrillation 19 (19.4)
Paced 27 (27.6)
Procedural characteristics
Bridge to transplant 64 (63.4)
Destination therapy 33 (32.7)
Other 4 (4.0)

Cardiopulmonary bypass time (min)
Time in operating room for implant (min)
ICU stay (days)

Hospital stay (days)

Length of follow-up (months)

97.0 [81.0, 119.0]
338.0 [287.0, 416.0]
8.0 [5.0, 17.3]
29.0 [23.0, 43.0]
25.0 [10.0, 37.0]

Normal arch N=86 Variation N=15 P
57.0 [52.0, 62.8] 59.0 [51.0, 62.0] 0.731
67 (77.9) 11 (73.3) 1.000
23.0+35 23.0+3.9 0.957
45 (52.3) 8 (53.3) 1.000
41 (47.7) 7 (46.7)
17 (19.8) 1(6.7) 0.516
17 (19.8) 2 (13.3)
22 (25.6) 5 (33.3)
30 (34.9) 7 (46.7)
20 (28.3) 4 (26.7) 1.000
69 (80.2) 14 (93.3) 0.391
8 (9.4) 1(6.7) 0.665
4 (4.6) 1(6.7) 0.559
24 (27.9) 2 (13.3) 0.384
8 (9.3) 0 (0.0) 0.437
56 (65.1) 10 (66.7) 1.000
40 (46.5) 7 (46.7) 1.000
42 (48.8) 7 (46.7) 1.000
44 (53.0) 8 (53.3) 0.996
16 (19.3) 3 (20.0)
23 (27.7) 4 (26.7)
54 (62.8) 10 (66.7) 0.694
28 (32.6) 5 (33.3)
4 (4.7) 0 (0.0)
98.0 [83.0, 128.0] 81.0 [76.0, 97.0] 0.052
339.0 [285.5, 416.3] 316.0 [298.5, 408.5] 0.992
8.0 [5.0, 18.0] 6.0 [4.5, 8.0] 0.111
30.0 [23.0, 45.5] 25.0 [21.0, 29.5] 0.102
25.0 [10.0, 36.0] 28.0 [18.5, 43.5] 0.307

Continuous variables are described as mean and standard deviation (SD) or median [interquartile range (IQR)]. Categorical variables are
described as count (percentage). ICD, implantable cardioverter-defibrillator; INTERMACS, interagency registry for mechanically assisted
circulatory support; RAAS inhibitors, renin-angiotensin-aldosterone system inhibitors.

7 (6.9%) with a left vertebral arch (Type 3). The other
anatomical variations were not observed in our patient
population. No differences were found regarding the base-
line characteristics in patients with or without an anatomical
variation. CPB time showed a trend towards significance
with a shorter time in patients with an anatomical variation
[81 min (IQR: 76—-97) vs. 98 min (IQR: 83—-128); P=0.052].
Time in the operating room for implant did not differ (re-
spectively, 316 vs. 339 min; P=0.992). The median follow-
up time was comparable between patients with a normal
arch and an anatomical variation (respectively, 25 vs.
28 months; P=0.307) (Table 1).

Outcomes
Early acute kidney injury and the need for early surgical re-
exploration for potential bleeding did not differ between the

patients with or without anatomical variation, respectively,
with an OR of 1.24 [95% confidence interval (95% CI):
0.39-3.79; P=0.705] and an OR of 2.13 (95% CI: 0.70—
6.64; P=0.180, Table 2). The primary endpoint, the oc-
currence of CVAs, was comparable between patients with
an anatomical variation, with a hazard ratio of 1.47 (95%
Cl: 0.48—-4.48; P=0.495, log-rank test P=0.490; Fig. 1).
In total, 18 patients suffered from a CVA during the follow-
up, of whom 11 were ischemic and 7 were hemorrhagic.
The laterality of the CVA was right hemispheric CVA in 10
patients and left hemispheric CVA in 8 patients. Second-
ary endpoints, survival, and late bleeding were compara-
ble between patients with or without anatomical variation,
respectively, with a hazard ratio of 0.69 (95% CI: 0.24—
1.98; P=0.489, log-rank test P=0.490, Fig. 2) and a
hazard ratio of 1.72 (95% CI: 0.63—-4.71; P=0.288, log-
rank test P=0.280; Fig. 3 and Table 2). Subsequently,
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Table2 Early and late outcomes in patients with a normal aortic arch branching pattern vs. patients with a variation in the

aortic arch branching pattern

Normal arch N=86 Variation N=15 OR/HR 95% ClI P

Early (<30 days)

Acute kidney injury 30 6 1.242 0.39-3.79 0.705

Surgical re-exploration for potential bleeding 30 8 2.132 0.70-6.64 0.180
Late (>30 days)

CVA 14 4 1.47 0.48-4.48 0.495

Survival 26 4 0.69 0.24-1.98 0.489

Bleeding 17 5 1.72 0.63-4.71 0.280

Infection 18 6 0.61 0.72-4.63 0.199

Data are presented as the number of events, odds ratio (OR) for early events (< 30 days), hazard ratio (HR) for late events (> 30 days), and 95%

confidence interval (Cl). 2Data are presented as odds ratio (OR).

infection during follow-up did not differ between with or
without anatomical variation, with a hazard ratio of 0.61
(95% CI: 0.72—4.71; P=0.199, Table 2). The number of
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Kaplan—Meier estimates of cerebrovascular accidents stratified by
normal anatomy (red line) and variation in the aortic arch branches
(blue line). CVA, cerebrovascular accident.

unplanned readmissions over time did not show a signifi-
cant difference during follow-up (3.4 vs. 2.2 in 36 months,
P=0.138; Fig. 4).
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Kaplan—Meier estimates of bleeding stratified by normal anatomy
(red line) and variation in the aortic arch branches (blue line).

Discussion

In this study, we analyzed the association between ana-
tomical variation in the branching of the aortic arch and
cerebral thromboembolic events. No differences were
observed between patients with normal anatomy and
anatomical variation regarding the occurrence of CVAs,
survival, and early adverse events, including acute kidney
injury and surgical re-exploration for potential bleeding.
Furthermore, the occurrences of late bleeding events
and unplanned readmission were comparable. This sug-
gests the negligible influence of anatomical variation in
the branching of the aortic arch on postoperative adverse
events during HeartMate 3 LVAD support in our study
population.

Time (months)

Mean cumulative function of unplanned hospital readmissions
stratified by normal anatomy (red line) or variation in the aortic arch
branches (blue line). The y-axis presents the number of recurrent
unplanned hospital readmissions, and the x-axis represents the time
in months.

Anatomical variation in the aortic arch branching

According to the literature, the ‘normal’ aortic arch branch-
ing pattern (Type 1) is found with an incidence of 65-94%
in the general population.®'3 Our study describes a rela-
tive incidence of 85.1%, which is consistent with earlier
studies. Furthermore, we only observed patients with a
bovine arch (Type 2) and a left vertebral arch (Type 3).
Patients with a bovine arch are often asymptomatic, and
this type of anatomical variation may rarely cause clinical
symptoms. However, there may be an association with an
increased risk in interventions for thoracic aortic dis-
ease.'*15 Patients with a left vertebral arch are also often
asymptomatic. On the basis of a small series of patients, a
left vertebral artery is suggested to be associated with an
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increased risk of postoperative bleeding after cardiac
surgery.'® The other anatomical variations (Types 4 to
7) are rare, with an incidence of less than 1%.8:'3 These
variations were not observed in our study population,
presumably due to the limited sample size.

Cerebrovascular accidents

CVAs are common complications in LVAD patients during
follow-up and remain the most common cause of death
between 6 and 24 months after implantation.? Our study
did not reveal a difference in the occurrence of CVAs, both
ischemic and hemorrhagic, during follow-up in patients
with or without anatomical variation in the aortic arch
branching. A small sample size study suggested an as-
sociation between patients with a bovine arch and left
hemispheric laterality due to a cardioembolic CVA in
patients with atrial fibrillation.’® However, to the best of
our knowledge, no other studies have been published
reporting an elevated risk of CVAs in patients with ana-
tomical variation in the aortic arch branching in the general
population. In the general population, left hemispheric
CVAs occur more frequently and are often associated
with worse outcomes than right hemispheric CVAs.®
However, our data showed more right hemispheric and
hemorrhagic CVAs during follow-up. This could be attrib-
uted to our small sample size compared with other studies
that focused on CVAs laterality in larger population-based
cohorts.

Adverse events

Earlier studies have described a greater risk of hemor-
rhage and ischemia during cardiac surgery in patients with
an anatomical variation in the aortic arch branching.® In
addition, prolonged CPB time appears to have adverse
effects on clinical outcomes.'” However, our study did not
find a significant difference in CPB time among patients
with an anatomical variation. Furthermore, there were no
differences in adverse events during follow-up, including
surgical re-exploration for bleeding after LVAD implanta-
tion. These findings contradict previous research and
highlight the need for further investigation with a larger
sample size to reduce the possibility of type Il errors. A
recent study observed a significant association between
variations in the branching of the aortic arch and thoracic
artery diseases, such as aneurysmal dilatation or aortic
dissection of the thoracic aorta.'* Earlier studies also
described decreased survival in patients with thoracic
artery disease.'® However, in our study, we found no
difference in the survival rate during follow-up between
patients with and without anatomical variation in the aortic
arch branching. On the basis of the literature, we suggest
that clinicians should be aware of and regularly evaluate
patients with an anatomical variation in the aortic arch
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branching for thoracic artery disease to prevent potential
adverse events, even after LVAD implantation.

Limitations

It is important to acknowledge several limitations inherent
to our retrospective observational study. Firstly, our results
are constrained by a small sample size, which increases
the risk of type Il errors in the comparisons made. In
addition, it should be noted that we did not observe Types
4 to 7 anatomical variations in the aortic arch branching in
our study, thus limiting the generalizability of our conclu-
sions to all possible variations. However, these types of
variations are rare in the general population, and our study
focused on describing the most common types to provide
a comprehensive overview. Furthermore, no significant
differences were found in postoperative adverse events
between patients with and without anatomical variations.
However, larger studies with a more substantial sample
size are necessary to draw definitive conclusions regard-
ing the relationship between adverse events and anatom-
ical variation in the aortic arch branching among LVAD
patients.

Conclusion

This preliminary study indicates no differences in early and
long-term adverse events, including CVAs, among
patients who received a HeartMate 3 LVAD implantation
and anatomical variations in the aortic arch branching.
Nevertheless, awareness of variations in aortic arch
branching remains important during cardiac surgery and
in the long term due to the increased risk of aneurysmal
dilatation and dissection associated with certain varia-
tions. Further research, ideally with a multicenter design
and a larger sample size, is needed to establish more
definitive conclusions.
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