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Abstract Chronic kidney disease (CKD) is an independent risk factor for the development of abdominal aortic aneurysm
(AAA), as well as for cardiovascular and renal events and all-cause mortality following surgery for AAA or thoracic
aortic dissection. In addition, the incidence of acute kidney injury (AKI) after any aortic surgery is particularly high,
and this AKI per se is independently associated with future cardiovascular events and mortality. On the other hand,
both development of AKI after surgery and the long-term evolution of kidney function differ significantly depending
on the type of AAA intervention (open surgery vs. the various subtypes of endovascular repair). Current knowl-
edge regarding AAA in the general population may not be always applicable to CKD patients, as they have a high
prevalence of co-morbid conditions and an elevated risk for periprocedural complications. This summary of a
Kidney Disease: Improving Global Outcomes Controversies Conference group discussion reviews the epidemiol-
ogy, pathophysiology, diagnosis, and treatment of Diseases of the Aorta in CKD and identifies knowledge gaps,
areas of controversy, and priorities for future research.
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1. Introduction

In February 2020, Kidney Disease: Improving Global Outcomes
(KDIGO) held the 4th of a series of Controversies Conferences on car-
diovascular diseases in patients with chronic kidney disease (CKD) focus-
ing on Central & Peripheral Arterial Diseases in CKD in Dublin, Ireland.
The conference covered four large topics: Cerebrovascular Disease,
Central Aortic Disease, Renovascular Disease, and Peripheral Arterial
Diseases. A summary repor‘t1 provided an overview of the conference
but was not able to provide in-depth context and full review of these di-
verse areas.

This report focuses exclusively on Central Aortic Disease, includ-
ing the associations of CKD with abdominal aortic aneurysm (AAA)
and the impact of CKD on post-surgery outcomes; the association of
AAA with renal artery stenosis (RAS); the potential impact of CKD
on the pathobiology and prognosis of AAA; the approach to the ini-
tial diagnostic evaluation of AAA in CKD; the management of AAA in
patients with CKD; the incidence, impact on outcomes and preven-
tion strategies of acute kidney injury (AKI) following AAA repair; the
post-procedure evaluation of AAA in CKD; the long-term course of
kidney function following AAA repair; differences in AAA manage-
ment in special populations (e.g. acute rupture, elderly, and women);
the epidemiology, and management of thoracic aortic dissection in
the presence of CKD and the incidence and impact of AKI following
thoracic aortic surgery.

2. CKD and abdominal aortic
aneurysm: associations and impact
on outcomes

2.1 CKD and the risk of incident abdominal

aortic aneurysm

AAA is a progressive disease leading to dilatation of the aortic lumen
and is defined as an abdominal aortic diameter of >3.0 cm. The preva-
lence of AAA in the Western World is estimated at 1-4.5% of men
and 0.5% of women at 65-70 years of age.> ® The prevalence of AAA
within CKD patient populations has not been specifically studied.
Preliminary data from cross-sectional studies suggest that the preva-
lence of AAA can be up to 30% higher in individuals with CKD;”®
however, the cross-sectional nature of such studies did not allow
them to determine whether CKD is associated with future risk for
AAA development or whether the association is an epidemiologic
co-existence driven by shared underlying risk factors. A recent analy-
sis of 10 724 participants in the Atherosclerosis Risk in Communities
Study (aged 53-75years during 1996-1998), a large community-
based cohort, evaluated the associations of estimated glomerular
filtration rate (eGFR) and urine albumin-to-creatinine ratio (ACR)
with incident AAA (diagnosis in outpatient, hospitalization discharge,
or death records) over a median follow-up of 13.9 years (Figure 1).”
The demographically adjusted hazard ratios for AAA development
were progressively increasing either with descending groups of eGFR
(starting from 60-74 mL/min/1.73 m?> compared to the group of
>90 mL/min/1.73 m?) or with increasing levels of ACR (starting from
ACR as low as 10-29 mg/g compared with ACR <10 mg/g).

2.2 Associations of pre-surgery kidney func-
tion with long-term cardiovascular events

and mortality

Over the past decade, the effects of pre-surgery kidney function on
post-surgery outcomes were also studied. In a prospective cohort study
of 383 patients with infrarenal AAA that underwent endovascular aortic
aneurysm repair (EVAR), cumulative freedom from the composite end
point (death, myocardial infarction, stroke, and peripheral vascular com-
plications), and cumulative survival were progressively lower for declin-
ing eGFR groups over 36months of follow-up. In adjusted Cox-
regression analysis, every 1mL/min/1.73 m? higher baseline eGFR was
associated with a 5% lower likelihood of the composite end-point and a
6% lower likelihood of death.® Similarly, in a retrospective cohort study
of 47 715 patients who underwent AAA repair (of whom 25.7% open
repair and 74.3% EVAR), those with moderately (eGFR 30-59 mL/min/
1.73 m?) or severely (eGFR <30 mL/min/1.73 m?) impaired kidney func-
tion had significantly higher 30-day mortality, a longer length of hospital
stay, higher treatment-related costs, and lower 3-year survival compared
with individuals without CKD (Figure 2).11

2.3 Associations of pre-surgery kidney func-

tion with long-term kidney outcomes

With regard to the association of pre-surgery kidney function with post-
surgery renal outcomes, in most relevant studies this was studied in rela-
tion to the type of treatment, which is discussed to a greater extent be-
low. In a nested case-matched analysis of AAA patients who underwent
open-repair, infrarenal EVAR, or suprarenal EVAR, those with eGFR
<60 mL/min/1.73 m* had greater kidney function loss over 5years than
those without CKD (open repair: -9.8 vs. -6.2 mL/min/1.73 m?, infrarenal
EVAR -144 vs. -5.1 mL/min/1.73 m?, and suprarenal EVAR -18.8 vs.
-15.7 mL/min/1.73 m?, respectively).' In a cohort of 275 patients with
AAA who underwent EVAR, the presence of CKD of G3 or higher was
associated with two-fold higher odds for eGFR loss >20% over 9 years
of follow-up.”® A three-fold higher risk of patients with pre-existing
CKD for eGFR loss >20% or kidney failure was also noted in another co-
hort of 268 patients with AAA undergoing different types of repair.'*

3. Pathophysiology, natural history,
and risk of rupture of abdominal
aortic aneurysm in patients with
and without CKD

AAA is a multifactorial disease. Traditional risk factors for AAA include
age, smoking, hypertension, and family history, with a higher prevalence
in men across all ages.® The disease is characterized by infiltration of in-
flammatory cells including macrophages and lymphocytes into the aortic
wall, and associated atherosclerotic processes may also be present. In
addition, there is progressive loss of vascular smooth muscle cells
(VSMCs) from the aortic wall and degradation of the extracellular matrix
due to the production of matrix-degrading enzymes linked to inflamma-
tory cell infiltration and VSMC phenotype change (Figure 3). Resultant
structural weakening of the vessel wall renders the aorta more suscepti-
ble to rupture.’® However, the exact aetiology of the disease and the fac-
tors that precipitate rupture are poorly understood and involve
complex interactions between pathological and biomechanical pro-

cesses.1 618
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Figure | Incidence rate of AAA hospitalizations per 1,000 for CKD measures (A: eGFR, B: ACR), adjusted for age, gender, race, and centre in the
Atherosclerosis Risk in Community Study. The demographically adjusted hazard ratio (HR) for AAA development was 4.44 (95% Cl 1.58-12.49) for
eGFR <30 mL/min/1.73 m?, 3.29 (1.89-5.72) for 3044 mL/min/1.73 m?, 2.03 (1.29-3.19) for 45-59 mL/min/1.73 m?, and 1.62 (1.11-2.35) for 60-74 mL/
min/1.73 m? compared with eGFR >90 mL/min/1.73 m?. Furthermore, the demographically adjusted HR was 2.49 (1.28-4.87) for ACR >300 mg/g, 1.99
(1.40-2.83) for 30299 mg/g, and 1.46 (1.08-1.97) for 10-29 mg/g compared with ACR <10 mg/g. These associations were generally similar after ac-
counting for additional covariates or after stratifying by subgroups. Adapted with permission from Matsushita et al.’

a
(a) 1.0
08

Iy

3

o 06

I

a

©

= 04

£

= |

7]

0.2[ | — Normal
—— Moderate CKD Log rank P < 0.001
0 il | L L 1 J
0 1 2 3 4
Survival (years)
Normal Moderate

Time point Atrisk Survival Standard Atrisk Survival Standard
(years) N (%) error (%) N (%) error (%)
0 25902 100 0 892 100 0
g 23542 908 0.2 729 817 13
2 19879 852 0.2 576 723 15
3 8604  BO.O 03 185 63.9 18

s

=]
1

= Censored

b e o
+ (=] o
T T T

Survival probability

o
o
T

—— Normal

—— Severe CKD

0 i | L 1 1 J
0 1 2 3 4

Survival (years)

Log rank P < 0.001

Normal Moderate
Time point Atrisk Survival Standard Atrisk Survival Standard
(years) N (%) error (%) N (%) error (%)
0 20532 100 o 698 100 o
1 18965 92.3 02 462 66.1 1.7
2 16001 B86.7 02 341 536 19
3 6898 815 03 118 44.4 2.0

Figure 2 The effect of pre-existing CKD on survival on 47 715 patients undergoing surgery for AAA (25.7% open repairs and 74.3% EVAR). Blue line:
subjects with eGFR > 60 mL/min/1.73 m* (no CKD, or CKD G1 and G2). Red line, left figure: patients with moderate CKD (G3), right figure: patients

with severe CKD (G4 and G5). Adapted with permission from Aranson et a

CKD and AAA share a number of risk factors including age, hyperten-
sion, and smoking. On the other hand, risk factors that are prominent in
patients with CKD, such as alterations in calcium-phosphate metabolism,
arterial stiffness, oxidative stress, and others may also contribute in AAA
development. Hypertension, in particular, plays a central role in the path-
ogenesis of both diseases. Elevated blood pressure is the most common

111

modifiable risk factor for CKD progression and leads to kidney damage
through multiple mechanisms, from glomerular hyperfiltration and pro-
teinuria to hyalinosis of the pre-glomerular vessels causing ischaemia and
to direct podocyte injury.'”?® Furthermore, hypertension can promote
AAA formation through various pathways, including increased expres-
sion of matrix metalloproteinases (MMPs), upregulation of inflammatory
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Figure 3 Established and potential CKD-specific risk factors and
pathophysiologic mechanisms for AAA development.

responses such as nuclear factor kappaB signalling and others."??

Currently, no studies address differences in pathophysiologic mecha-
nisms, natural history, and risk of rupture of AAA between patients with
and without CKD or among CKD stages. As discussed above, in the
Atherosclerosis Risk in Communities eGFR and albuminuria were inde-
pendently associated with greater risk of AAA and of greater abdominal
aortic diameter.” Although eGFR and albuminuria may be useful in pa-
tient stratification, this study was unable to disentangle mechanisms
through which CKD may promote AAA development.”> Therefore,
there is a need for research addressing whether features that character-
ize patients with advanced CKD or on dialysis (e.g. alterations in calcium-
phosphate metabolism, arterial stiffness, insulin resistance, oxidative
stress, and inflammation) are involved in the development and progres-
sion of AAA. It will also be important to compare and contrast the path-
ological features of the vessel wall in AAA between patients with and
without CKD.

The association between vascular stiffening and calcification and the
risk of AAA development and rupture is an area of particular interest.
These pathologies are common and widespread in ageing and are accel-
erated across all ages in CKD.** At the cellular level, calcification is linked
to accelerated senescence and death of VSMCs, promoting their conver-
sion to an osteogenic and pro-inflammatory phenotype.”® Premature
VSMC ageing is also a feature of AAA.">? Studies in non-CKD popula-
tions have demonstrated that there is an association between calcifica-
tion and cardiovascular mortality, all-cause mortality, and rupture in
patients with AAA, but more definitive work is required.”’ >’ Imaging of

active calcification using "8F_sodium fluoride was an additive predictor of
aneurysm growth and future clinical events, and this or other imaging
modalities may be useful in future studies of patients with CKD.'®3°
Other studies report associations between arterial stiffness and AAA,*’
and it has been postulated that increased MMP activity in both the vascu-
lature and kidney in CKD patients may be particularly involved in AAA
development32 These multi-functional enzymes drive vessel wall
remodelling, vascular stiffening, and calcification, as well as kidney fibrosis
and were suggested as potential markers to refine risk stratification in
CKD;*7% thus, a possible role of MMPs in the acceleration of aortic ab-
normalities in these patients should be further investigated.

4. Renal artery stenosis in patients
with abdominal aortic aneurysm

The majority of observational studies and clinical trials of AAA or
AAA repair do not report rates of renal artery stenosis (RAS). The
prevalence of RAS in the angiographic studies of patients with AAA
that do report it varies significantly, ranging from 2.6% to 39% (aver-
aging ~ 30%), depending on the criteria used for case definitions.
Relevant parameters include RAS severity (>50-70%; unilateral or bi-
lateral); AAA location (infrarenal vs. suprarenal); presence or ab-
sence of CKD; the indication for angiography (angiography for other
diseases, angiography for suspected RAS); and the angiographic tech-
nique used (arteriography; CT angiography; MR angiography). In
older studies with small sample sizes, the prevalence of RAS in
patients with AAA was estimated to be around 30%.%¢ In a recent
study with 933 participants, the prevalence of RAS ranged from 5.2%
(infrarenal AAA) to 20.3% (suprarenal AAA).>” In another recent
study of patients undergoing repair for infrarenal AAA, only 2.6% of
patients had RAS, which was defined by stenosis of 70% or more.'
Future studies should assess the prevalence of RAS with angiographic
criteria, its functional impact (hypertension control, kidney function),
and its the prognostic significance for renal outcomes in patients with
AAA,

5. Initial diagnostic evaluation of
abdominal aortic aneurysm in
patients with CKD

Duplex ultrasonography, computed tomographic angiography (CTA),
and magnetic resonance angiography (MRA) are commonly used for the
diagnosis of AAA. Duplex ultrasonography refers to B-mode (‘bright-
ness’ mode) grey-scale imaging with pulse-wave Doppler spectral and
colour flow analysis. Usually a grey-scale (B-mode ultrasound is sufficient
for the initial evaluation and follow-up of an AAA (systolic size measure-
ment of aneurysm extent from outer wall to outer wall in anterior—pos-
terior direction). Additional information can be obtained by colour
Doppler ultrasound, which is routinely performed in several coun-
tries.*®3% A high-quality examination is dependent on the skill of the
technologist and the use of appropriate ultrasound probe with adequate
depth of penetration (MHz), fasting patient status, as well as adequate
gain and wall filter settings to distinguish true findings from artefact or
noise. The main considerations in evaluating AAA include accurate ana-
tomic assessment to identify patients meeting criteria for revasculariza-
tion (Table 1).*°*" To achieve these goals, B-mode imaging alone is the
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Table | Comparison of pros and cons related to various imaging modalities available for the detection and initial evaluation

of AAA

Duplex ultrasound ® |nexpensive
® Contrast sparing
® First-line for identifying AAA—Sn/Sp

approaches 100% 04!

CTangiography Gold standard for pre-op planning:
® EVAR eligibility
® Anatomy

® Sizing of endograft

MR angiography Pre-op planning possible:
® EVAR eligibility
® Anatomy

® Sizing of endograft

Catheter-based ® vUS
angiography ® CO, angiography?
® Available in specialized centres

® Not above the diaphragm

Operator dependent, may be limited by habitus (obesity), bowel gas
(fasting):
® Orthogonal measurement in systole and anterior-posterior direc-
tion needed for accurate sac size
® Need to define the extent of the aneurysm
lliac imaging needed
® |nadequate for operative planning

® Contrast exposure
® 2D measurements alone may lead to error (3D reconstruction, cen-
tre line measurements may not be available ever’ywhere)3

Less useful for initial diagnosis

Expensive

Motion artefact

GDCA use

NSF—macrocyclic ionic GBCA agents low risk

Luminogram—not accurate to determine AAA size, thrombus, pla-
que, or calcification as an initial test

AAA, abdominal aortic aneurysm; CO,, carbon dioxide; GDCA, gadolinium-based contrast agent; IVUS, intravascular ultrasound; NSF, nephrogenic systemic fibrosis; Sn/Sp, sensitiv-

ity/specificity.

gold standard, although additional information may be obtained with
pulse-wave Doppler spectral and colour flow analysis (e.g. presence and
extent of mural thrombus). 383742

It is important to note, however, that ultrasound alone is not sufficient
for procedural planning, and additional imaging, preferably with CTA, is
almost always necessary given the complexity of these procedures.**’
Recent data and consensus statements indicate that the risk of contrast-
induced nephropathy (CIN) may have been overstated historically and
should not deter from proper diagnosis and treatment of AAA in
patients with CKD.** The amount of contrast used with modern CTA is
considerably less than in prior years. It is also important to note that CIN
risk prediction tools are available to help predict which patients under-
going EVAR procedures may experience adverse events from iodinated
contrast.** The Mehran risk-prediction model, which is most widely
adopted for CIN in coronary intervention patients, seems to have the
best discriminative ability among EVAR patients.*> Magnetic resonance
angiography (MRA\) is less useful in the initial or pre-procedural evalua-
tion of AAA due to motion artefact, resolution, and cost, although
gadolinium-based contrast agent (GBCA) imaging may improve the qual-
ity of the examination and is no longer a major risk for patients with
CKD, as long as group Il agents are used.***'*® According to the
American College of Radiology, macrocyclic ionic GBCAs classified in
group |l (gadobenate dimeglumine, gadobutrol, gadoterate meglumine,
or gadoteridol) have higher stability from the dissociation of gadolinium
than linear and non-ionic agents.*”*® A meta-analysis on the risk of neph-
rogenic systemic fibrosis (NSF) concluded that the risk of NSF in CKD

G4 or G5 receiving a Group Il GBCA s less than 0.07%.* Thus, the po-
tential diagnostic harms of withholding group Il GBCAs for indicated
MRI examinations may outweigh the risk of NSF.

6. Management of abdominal aortic
aneurysm in patients with CKD

6.1 Indications for treatment and available
modalities for AAA repair

There is no proven medical therapy that reduces the risk of AAA rup-
ture. Open surgical and endovascular repair are the only treatments
shown to decrease AAA-specific mortality.® However, both have a
number of complications, including acute and chronic kidney dysfunc-
tion. The indications for AAA treatment in the elective and emergency
settings do not differ for patients who have established CKD.>® When an
AAA measures less than 55 mm in maximal antero-posterior diameter,
the rupture risk is less than the risk of surgery.>’ Men with an AAA diam-
eter >55mm are considered for elective AAA surgery; in women, the
threshold for considering elective AAA repair may be around 50 mm.
Patients with symptoms secondary to the AAA (e.g. pain) and those who
present with a rupture are considered for emergency repair.>® Those
with an increase in diameter >10 mm in 1 year should be referred to a
surgeon. The presence of CKD should be taken into account during pre-
operative risk assessment, since CKD is associated with a higher risk of
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post-surgery AKI, long-term eGFR decline, cardiovascular events, and
mortality, as discussed extensively above.

Endovascular aneurysm repair (EVAR) has superior short-term out-
comes compared with open surgery and has become the treatment of
choice for many pa‘cien‘cs.50 However, there are no specific data to sup-
port offering EVAR over open surgery in individuals with CKD; anatomi-
cal and other patient-related parameters should be taken into account
when making that decision. Typical infrarenal AAA have a proximal aortic
neck that provides an adequate landing zone for the endovascular device;
juxtarenal aneurysms do not have this zone, and the aneurysm involves
the infrarenal abdominal aorta adjacent to or including the lower margin
of renal artery origins; suprarenal and thoraco-abdominal aneurysms ex-
tend above and beyond the orifice of renal arteries (Figure 4).>>

Based on the exact anatomy of the aneurysm, there are several poten-
tial modes of open or endovascular AAA reconstruction. Open AAA re-
pair can be performed with a suprarenal or an infrarenal aortic clamp
based on the anatomy of the proximal AAA neck. Suprarenal clamping is

associated with higher morbidity and AKI rates,>>>*

which are expected,
given the ischaemic insult to the kidneys. Endovascular repair for a typical
infrarenal AAA (i.e. the proximal aortic neck of the AAA provides an ad-
equate landing zone) can be performed using an infrarenal device (i.e.
standard EVAR), which may or may not have suprarenal fixation modali-
ties (e.g. bare stents or hooks).53 Suprarenal fixation is meant to de-
crease the chance of device migration and potential endoleak over the
long term. Aneurysms with a ‘hostile’ proximal neck (where a standard
infrarenal EVAR device would not provide adequate seal), juxtrarenal,
suprarenal, or thoraco-abdominal aneurysms cannot be treated with
standard EVAR ‘off the shelf devices. More complex forms of EVAR
have been devised to address these anatomies, such as fenestrated
EVAR (fEVAR) or branched EVAR (bEVAR).>® Use of these complex
endovascular procedures usually requires more contrast than standard
infrarenal EVAR and involves a high risk for renal artery occlusion (esti-
mated at 2.3% for fEVAR and 9.6% for bEVAR) or stenosis, given that

covered stents are deployed in the actual renal vasculature.>

Infraranal AAA

,---""-"“'-»-\

Juxtaranal AAA

..---""~"‘"‘-\

Supraranal AAA

Figure 4 Classification of abdominal aortic aneurysms. Infrarenal
aneurysms have a proximal aortic neck that provides an adequate land-
ing zone for the endovascular device; in juxtarenal aneurysms the aneu-
rysm involves the infrarenal abdominal aorta adjacent to or including
the lower margin of renal artery origins; suprarenal AAAs and thoraco-
abdominal aneurysms extend above the orifice of renal arteries.

1. Acute kidney injury after
abdominal aortic aneurysm
surgery: incidence, risk factors,
impact on outcomes, and
prevention strategies

7.1 Incidence of AKI following

interventions for AAA

AK| after elective AAA surgery is an important complication.>® In original
studies exploring this association AKI incidence ranged widely, due to
the variation of criteria used (change in serum creatinine levels, decrease
in creatinine clearance or eGFR, and others).57 In recent years, the use
of contemporary criteria for AKI definition, such as the Risk-Injury-
Failure-Loss-End-stage (RIFLE), Acute-Kidney-Injury-Network (AKIN),
and KDIGO criteria has enabled better comparison among studies.*®
The majority of observational studies using contemporary criteria exam-
ined AKl incidence after elective EVAR for infrarenal AAA, and reported
incidence around 15-20%, most of which was Stage 1 AKI (Table 2).>**
8 In the only study using the AKIN and KDIGO criteria and also includ-
ing urine output measurements, Saratzis et al. reported a postoperative
AKI incidence of 18.8% in 149 patients undergoing EVAR®? In 947
patients undergoing elective EVARs for infrarenal AAA, AKI incidence
was 18% using the AKIN and KDIGO criteria.®® Studies examining AKI
incidence between different modes of AAA treatment are discussed in
section 7.4.

7.2 Risk factors for AKI following
interventions for AAA

Epidemiologic studies examining risk factors for AKI following AAA
interventions are scarce. The lack of uniform reporting of AKI, the com-
plex pathophysiology of factors involved, and the absence of information
on the perioperative volume status of patients largely prohibit valid anal-
yses.”” In the aforementioned cohort of 947 patients undergoing elective
EVARSs, pre-operative eGFR, and CKD >G2 were the only independent
predictors of AKl among a wide set of factors studied, including age, sex,
major co-morbidities, aneurysm diameter, the volume of contrast me-
dium used, and others.®® In a recent prospective study of 300 patients
undergoing different types of AAA repair, older age, baseline eGFR, and
ischaemic heart disease were the main predictors of AKI after infrarenal
EVAR and open repair.>

7.3 AKI and impact on long-term kidney
function, cardiovascular outcomes, and

mortality

Existing data suggest that AKI development following AAA surgery is an
independent risk factor for eGFR decline, as well as for cardiovascular
events and mortality." %% In a recent study of 266 individuals undergo-
ing AAA repair with either EVAR or open surgery, AKl was indepen-
dently associated with eGFR decline >20% and/or kidney failure during
follow-up for both types of repair.'* In the aforementioned study of 149
elective EVARs from Saratzis et al.°* patients who developed AKI were
more likely to die or develop cardiovascular complications over
33 months of follow-up in univariate analyses, and AKI was indepen-
dently associated with death and cardiovascular morbidity in exploratory
adjusted survival analyses. In another cohort of 1068 individuals, of which
947 underwent EVAR and 121 open repair for AAA, AKI following
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Table 2 Studies reporting incidence of acute kidney injury (AKI) after (a) elective infrarenal endovascular aneurysm repair
(EVAR) and (b) elective fenestrated endovascular aneurysm repair (fEVAR) and branched repairs using standardized AKI

reporting criteria

References Type Date n EVAR AKI
(b) criterion
@
Pirgakis et al.>’ Retrospective 2014 87 AKIN
Ueta et al*° Prospective 2014 47 AKIN
Pisimisis et al.®’ Retrospective 2013 208 RIFLE
Saratzis et al.*> Prospective 2015 149 AKIN and
KDIGO
Saratzis et al.%} Retrospective 2015 947 KDIGO
Saratzis et al.** Retrospective 2016 484 AKIN
Obata et al.®® Prospective 2016 95 AKIN
Lee et al®® Retrospective 2017 78 KDIGO
Saratzis etal®”  Prospective (pilot 2018 58 KDIGO
randomized
trial)
Zabrocki et al®  Retrospective 2018 91 KDIGO
Saratzis et al.>} Prospective 2019 139 KDIGO
multicentre
Saratzis et al.*” Retrospective 2015 58 KDIGO
Sailer et al.”® Retrospective 2016  158° (fEVAR AKIN
and
branched
repairs)
Ducasse et al.”’ Retrospective 2016 25 KDIGO
Tran et al.”? Retrospective 2016 110 RIFLE
Tinelli et al.” Retrospective 2017 102° (fEVAR RIFLE
and
branched
repairs)
Wang et al.”* Retrospective 2019 120 RIFLE
Saratzis et al.>? Prospective 2019 30 KDIGO
multicentre
Khoury et al.” Prospective 2020  186° (fEVAR RIFLE
and
branched
repairs)

AKI n AKI n AKI Dialysis Urine output
incidence (%) stage > 2 available
17 15 None 1 No
13 6 Stage 2: 1 None No
17 36 Not available  Not available No
19 28 Stage 2: 3 None Yes
18 167 Stage 2: 12; None No
Stage 3:2
12 58 Not available None No
9.5 9 Stage 2: 1 None No
14 1" None None No
21 12 None None Yes
13 12 None None No
18 13 None None Yes
28 16 None None No
27% 43 Not available  Not available No
32 8 2 2 No
23 25 10 2 No
20° 20 5 5 No
20 24 4 4 No
27 8 None None Yes
152 27 Not available  Not available  Not available

?Results for fEVAR are reported together with branched repairs.

intervention was independently associated with a 1.7-fold higher risk of
cardiovascular events during a median follow-up of 62 months (Figure
5).%3 Evidence from other clinical areas suggests that AKI contributes to
long-term kidney function loss through multiple structural changes, in-
cluding glomerulosclerosis and tubulointerstitial fibrosis.”” However, it is
not known whether AKl is pathophysiologically involved in the accelera-
tion of cardiovascular disease or is simply a marker of occult cardiovas-
cular burden in these individuals.>’

7.4 Effects of AAA treatment modality on

AKIl incidence

As discussed above, AKI develops in 15-20% of patients having elec-
tive EVAR for infrarenal AAA>*397¢87¢ \Whether open repair is

associated with a lower, equal, or higher AKI risk is not yet clear.
Saratzis et al.®® previously reported an incidence of AKI of 18% and
17% of patients undergoing EVAR and open repair, respectively, for
infrarenal AAA. In a study from Al-Adas et al., patients undergoing
open repair had a 1.6-fold higher risk for immediate postoperative
AK| compared with those undergoing EVAR,”® whereas a UK co-
hort>® had AKI rates at 18% for infrarenal EVAR, 39% for infrarenal
AAA open repair, and 37% for juxtarenal AAA open repair.>® In two
studies using contemporary criteria to define AKI, patients undergo-
ing EVAR with suprarenal fixation had similar AKI rates as those un-
dergoing infrarenal fixation.”” Finally, small studies suggest that the
risk of AKI with fEVAR or bEVAR procedures is typically higher
than with standard EVAR, i.e., usually at around 25-30% of patients
(Table 2).336973
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Figure 5 Kaplan—Meier curves indicating cumulative freedom from the combined cardiovascular end-point for patients with or without AKI after EVAR

(left figure) or open repair (right figure) for AAA. From Saratzis A et al.,*>

1.5 Peri-procedural management for AKI
prevention in patients with AAA

There is currently no evidence-based strategy in the context of open
AAA surgery or EVAR that has been proven to reduce the risk of AKl or
subsequent longer-term renal decline.>”®° No RCT examining preven-
tion of renal complications post-AAA surgery has focused on CKD
patients.>” Current guidance for patients at high risk for AKI based on
RCTs from relevant clinical areas suggests perioperative intravenous
fluid administration using crystalloid solutions for those with an eGFR
<40 mL/min/1.73 m* or those with a history of kidney transplantation or
a solitary kidney.®" So far, various interventions for AKI reduction have
been tested, including N-ace‘cylcysteine;82 ischaemic pre-conditioning;83
high-dose intrarenal artery infusions of fenoldopam delivered via a left
brachial access;®* intravenous fluids with bicarbonate;® administration of
anti-oxidants (e.g. vitamin C).%¢ The majority of these interventions were
assessed in under-powered exploratory studies, often using inconsistent
AKI reporting criteria. A consensus group on AKI following EVAR in the
UK reported a pilot RCT investigating a large bolus dose of bicarbonate
to alkalinize patients’ urine prior to commencing EVAR together with a
standardized regimen of aggressive intravenous volume expansion with
crystalloid solutions.®’ Participants who received this two-step interven-
tion (even those with heart failure or advanced CKD) did not experience
adverse events, and the strategy was easy to implement; a larger RCT to
test this intervention is currently under development.

with permission.

8. Post-procedure evaluation of ab-
dominal aortic aneurysm in patients
with CKD

Following revascularization, the major considerations for follow-
up include repeat contrast imaging to monitor for complications in
patients with EVAR as compared to open repair. As has been stated
previously, the benefit of improved in-hospital mortality after
EVAR is offset by higher long-term complications including endo-
leak (Figure 6), device migration, and continued aneurysm expan-
sion requiring repeat intervention. Traditionally, the surveillance
protocol following EVAR included CTA at 1-month, 6-months, 1
year, and then annually paired with duplex ultrasound imaging.
More recent data and US guidelines suggest that the 6-month imag-
ing exams may be dropped if the 1-month evaluation is without
complications.‘”'87 Alternatively, the European guidelines advocate
for the use of duplex ultrasound with non-contrast CT and abdom-
inal radiographs at any time after EVAR in patients with CKD.*
CTA is reserved for suspected endoleak in this algorithm. In some
centres, contrast-enhanced duplex ultrasonography (CEUS) is
available which shows promise of excellent sensitivity and specific-
ity for the detection of endoleaks®® and may replace CTA for endo-
leak detection in the future.
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Figure 6 The types of endoleaks after endovascular aortic repair: Type |, leak at the proximal or distal landing of the graft; Type II, leak via branches (e.g.
lumbar artery) into the aneurysm sac; Type lll, modular defect or tearing of the graft material; Type IV, graft porosity.

9. Long-term kidney function after
abdominal aortic aneurysm surgery

With regard to the effects of the type of repair to mid- and long-term
kidney function, early observational studies suggested that patients with
infrarenal AAA that underwent EVAR with suprarenal fixation (i.e. using
an infrarenal ‘off-the-shelf EVAR device with suprarenal fixation modali-
ties) experienced a greater eGFR decline over the 1st and 2nd-year
post-surgery than those having EVAR with no suprarenal fixation.®%° A
subsequent nested case-matched analysis of 726 patients compared 121
patients undergoing open-repair case-matched for age, sex, smoking, dia-
betes, baseline eGFR with patients undergoing suprarenal and infrarenal
fixation EVAR (242 in each group) and 121 patients without AAA under-
going carotid endarterectomy (CEA) as a control group. Over 5 years of
follow-up, eGFR declined at least twice as much among patients who
underwent EVAR with suprarenal fixation compared with all other
groups: 7.4, 8.2, 16.9, and 5.4 mL/min/1.73 m? for open repair, infrarenal
EVAR, suprarenal EVAR, and carotid endarterectomy, respectively
(Figure 7).'* Another retrospective study including 317 patients with
open repair and 358 with EVAR showed that eGFR decline in the long-
term was almost two-times greater in patients undergoing EVAR.”® A re-
cent meta-analysis reporting on eGFR changes at 1 and 5 years suggested
that EVAR with suprarenal fixation does not lead to a significantly greater
drop in kidney function compared with infrarenal fixation at one year;
however, there is a greater loss of eGFR over 5 years.””

10. Thoracic aortic dissection and
kidney disease

10.1 CKD and thoracic aortic dissection:

associations and impact on outcomes
Thoracic aortic dissection is a rare but serious cardiovascular disease.
According to the Stanford classification, which is commonly used, dis-
sections involving the ascending aorta are classified as Type A and
those without ascending aorta involvement as Type B.”' There are
few data on the epidemiology, natural course, and complications of
aortic dissection in patients with CKD. In previous reports, the preva-
lence of CKD was noted at 8.5-10% of patients with acute aortic dis-
section.”>”® Recently, Reutersberg et al. reported registry data
collected in Germany between 2006 and 2014 from patients present-
ing with Type A (n=14 911) and Type B (n=5622) acute aortic dis-
section, for surgery and/or intervention. In this study, CKD was
present in 19.3% of Type A and 20.4% of Type B patients.”
Currently, no longitudinal study has particularly evaluated whether
CKD is a risk factor for aortic dissection development.

In the German Registry study, pre-existing CKD was not associated
with mortality in patients with Type A dissection. In patients with Type B
dissection, however, the prevalence of CKD was higher in non-survivors
(23.9% vs. 20% in survivors, P=0.039).”* Pre-existing CKD was also an
independent predictor of mortality in the study by Hoogmoed et al,”
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Figure 7 Long-term kidney function after AAA repair according to
treatment type. OAR, patients with open repair; EVAR (infra), patients
infrarenal EVAR; EVAR (supra), patients with suprarenal EVAR; CEA
patients with carotid endarterectomy, without AAA serving as the con-
trol group. From Saratzis et al.,'* with permission.

but not in a report from the International Registry of Acute Aortic
Dissections (IRAD) that included 1034 patients.”>

A recent retrospective study of all patients with renal failure on di-
alysis in the USA who underwent open proximal aortic repair with
the diagnosis of non-ruptured thoracic aortic aneurysm (n=325) or
type A aortic dissection (n=461) during the years 1987-2015,
showed perioperative mortality (in-hospital or 30-day mortality) of
12.6% and 24.3%, and 10-year mortality of 81% and 87.9%, respec-
tively.” In patients with type A aortic dissection, age >65 years, heart
failure, and diabetes were independently associated with worse 10-
year mortality. This study affirmed the feasibility of emergency sur-
gery for acute type A dissections but also highlighted the need for
careful patient selection in the elective repair of proximal thoracic an-
eurysm for dialysis-dependent patients.

10.2 Management of thoracic aortic
dissection in patients with CKD

Currently, there are no data supporting differences in treatment practi-
ces of aortic dissection based on the presence of CKD. Although Type A
dissections are almost always treated surgically, Type B dissections are
mostly treated interventionally, especially if visceral or renal arteries are
compromised.”® This was the case also in the aforementioned German
registry, where the majority of Type A patients underwent open surgery,
whereas most of Type B had endovascular procedures.”* An early inter-
vention is the preferred treatment to minimize ischaemic time of visceral
organs and the kidneys, and often it is the only option to provide a rea-
sonable chance of survival in patients with acute aortic dissection.
However, in the case of advanced age or extensive pre-existing comor-
bidities, the risk of complications may justify non-intervention, because
in these patients prognosis is dismal. Medical treatment with aggressive
blood pressure lowering for Type B dissections is recommended in un-
complicated cases or patients with a prohibitive risk profile.”

10.3 Acute kidney injury after thoracic
aortic dissection: incidence, risk factors,

and impact on outcomes

In the German Registry study, the need for postoperative kidney re-
placement therapy was extremely high (24.2%) in Type A and high
(8.2%) in Type B patients™* due to the multiplicity of risk factors, emer-
gent setting, and complexity of the operations. In another retrospective
study, Hoogmoed et al. reviewed 478 patients with Acute Type B aortic
dissection; patients on dialysis were excluded. 52.7% of patients experi-
enced AKI (27.2% Stage |, 14.9% Stage I, and 10.7% Stage IlI).
Independent predictors for AKI were CKD, renal malperfusion, conges-
tive heart failure, hypertension, visceral malperfusion, and limb malperfu-
sion. AKI was associated with a longer hospital stay, and, in Stages Il and
Il only, with reduced late survival but not with late aortic events during
follow-up.”® Other studies also suggest that renal dysfunction on admis-
sion and renal artery involvement contribute to AKI development, while
AKI per se is associated with a higher risk of in-hospital complications.97
AKI was also identified as an independent predictor for mortality in the
IRAD study.”

Finally, a recent observational study in 129 individuals that received
endovascular repair for acute type B aortic dissection reported that
16.3% of the patients had RAS; these individuals had a higher incidence
of AKl and lower eGFR both pre-operatively and 1-month post-
operatively than individuals without RAS (81.7 £23.8 vs. 96.0 £ 20.0 mL/
min, P=0.017).78

11. Differences in management in
special conditions and populations

Management of patients with aortic pathology and CKD can be broken
down into those with elective conditions and those with acute aortic
syndromes (dissections, intramural haematomas, penetrating aortic
ulcers, symptomatic, or ruptured aortic aneurysms). For the latter
patients, the presence of CKD is an important factor in counselling the
patient and family as to peri-procedural risk and mortality, as well as po-
tential worsening of kidney function towards kidney failure. As discussed
above, however, there is currently no evidence restricting the use of
open or endovascular treatments for the above conditions in patients
with CKD. In the absence of specific evidence, one can extrapolate from
the literature that the overall short-term perioperative morbidity is gen-
erally lower with endovascular repair use in emergency situations.”® This
is most clear for ruptured infrarenal AAA abdominal aortic aneurysms,
where there is a clear shift towards the use of EVAR techniques
worldwide.”

The complexity of the procedure is also important for treatment deci-
sions; a patient with severe CKD and a penetrating aortic ulcer with con-
tained rupture who could be treated with EVAR is very different from
one needing an urgent open thoraco-abdominal aneurysm repair.
Furthermore, in patients with advanced age (i.e. >75-80 years), decisions
on treatment and treatment modality of both thoracic and aortic dis-
eases should be made on an individualized approach based on a risk-
benefit basis, as the very elderly are often excluded from relevant stud-
ies, and surgery may not increase overall life expectancy.'®®'" For youn-
ger and relatively fit patients with AAA, open surgical repair may be
preferred, as it is associated with slightly better long-term survival'®' and
better long-term preservation of kidney function in relation to suprare-
nal EVAR."?
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Finally, women tend to be older, have smaller aneurysms, and higher
prevalence of CKD compared to men."®*'% When undergoing AAA re-
pair, women are less likely to undergo EVAR and have higher rates of pro-
cedural complications and, in some studies, in-hospital mortality.'®*~'%*
These factors need to be taken into account when deciding about

treatment.

12. Limitations of existing evidence
and issues for further research

In recent years, the literature on the associations of aortic diseases with
CKD or AKI has been growing. However, the majority of data come
from observational studies, several limitations prohibit drawing definite
conclusions, and several aspects are open to future research. With re-
gard to long-term evolution of kidney function or incidence of AKI after
AAA or thoracic dissection surgery, outcomes may be affected by fac-
tors not adequately assessed by existing studies, such as anatomic com-
plexity, clamp time, clamp location in AAA (suprarenal vs. infrarenal),
intentional occlusion of accessory renal arteries, and others. Studies on
long-term kidney function after EVAR may reflect treatment practices in
the early era of the procedure (15-20years ago) with regard to choice
of fixation, procedural time, increased contrast volume, and increased
complication rates; such practices may have substantially changed over
time. Furthermore, techniques and experience for AAA repair may vary
substantially in different parts of the world.

With regard to the exact treatment types, the accurate pathophysiol-
ogy of eGFR loss following EVAR (especially with suprarenal fixation)
remains to be fully established: bare metal material covering the orifice
of renal arteries, wire placement during the procedure, inflammation of
the aortic sack, and micro-emboli may be important. In addition, most of
the relevant evidence refers to outcomes after correction of infrarenal
AAA and not of AAA involving the orifice of renal arteries or thoraco-
abdominal aneurysms with complicated anatomy, such as those with
false channel affecting renal arteries. The use of fenestrated or physician-
modified grafts is increasing in several countries for simple or complex
aneurysm types. The associations of EVAR with such grafts with long-
term kidney function are poorly studied.

Other gaps in knowledge requiring further investigation include the
pathophysiologic mechanisms through which CKD may affect AAA and
thoracic aortic dissection development (including the role of the severity
of atherosclerotic lesions above the AAA), the prevalence of RAS and its
impact on outcomes in patients with AAA, the mechanisms through
which AKI post-surgery for AAA or thoracic dissection affects cardiovas-
cular events and all-cause mortality, and the long-term evolution of kid-
ney function following surgery for aortic dissection. Randomized trials
are also needed to assess several questions, such as the effects of differ-
ent post-surgery diagnostic protocols on long-term kidney function, the
effects of different treatment modalities for AAA on long-term kidney
and cardiovascular outcomes, and the effects of AKI prevention strate-
gies in CKD patients.

13. Conclusions

Chronic kidney disease and aortic diseases are tightly linked with bi-
directional associations. The presence of CKD is an independent risk
factor for the development of AAA and is associated with adverse
cardiovascular and kidney outcomes and all-cause mortality following

surgery for AAA or thoracic aortic disease. In parallel, the incidence
of AKI after any type of aortic intervention is particularly high, and
this AKl is independently associated with future cardiovascular events
and mortality. On the other hand, the type of AAA surgery (open vs.
the various subtypes of endovascular repair) directly affects the rates
of post-procedural AKI and the long-term course of kidney function.
In contrast to emerging epidemiological data, available evidence on
the pathophysiology, proper diagnosis, and treatment of AAA or tho-
racic aortic dissection specifically in the context of CKD is limited.
This is also the case for the association of AAA with RAS. As the
prevalence rates of CKD and aortic diseases are continuously in-
creasing, observational studies and clinical trials on all the above fields
are urgently needed to delineate the complex associations between
these entities for the benefit of our patients.
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