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ABSTRACT
The University of Manchester
Submitted by Dr. James Ritchie
For the degree of Doctor of Philosophy and entitled:
Epidemiology of atherosclerotic renovascular disease: Clinical
presentations, prognosis and treatment
13/12/2013

Atherosclerotic renovascular disease (ARVD) is a significant cause of chronic
kidney disease (CKD) and is associated with an increased risk for
cardiovascular morbidity and mortality. Randomised controlled trials,
representing over 2100 patients, have failed to demonstrate any prognostic
benefit of percutaneous renal revascularisation when utilised in addition to
standard medical therapy. This negative finding has been interpreted in three
ways. Firstly, that ARVD may be an association of CKD and not a specific
disease process. Secondly, that published studies have recruited low-risk
patients who are least likely to benefit from revascularisation. Thirdly, that the
focus of treatment for patients with ARVD should be optimal medical therapy,
not renal revascularisation.

This research project had a series of linked aims. These were investigated in
two large patient cohorts that had been accumulated at this centre over the last
decade. These cohorts comprised > 900 patients with ARVD, the Salford
Renovascular Database (SRVD), and > 2500 patients with all-cause CKD, the
Chronic Renal Insufficiency Standards Implementation Study (CRISIS). The first
aim was to consider whether ARVD should be considered as a specific cause of
CKD. Here risks for death and progression to renal replacement therapy were
compared between patients having ARVD as their primary cause of renal failure
and patients with other coded causes of CKD. In this analysis, patients with
ARVD had a greater risk for death and a lesser risk for RRT than patients with
other forms of CKD.

The second aim of this thesis was to consider if specific patient sub-groups of
ARVD could be identified. Patients in the SRVD with currently accepted high-
risk clinical presentations were selected and outcomes compared to patients
without a high-risk presentation. In this analysis, presentation with flash
pulmonary oedema (but with not refractory hypertension or rapidly declining
renal function) was associated with an increased risk for death and
cardiovascular event. When the effects of revascularisation were considered in
patients with high-risk presentations, a mortality benefit was observed in
patients with flash pulmonary oedema and in patients presenting with rapidly
declining renal function and refractory hypertension in combination. A separate
analysis was performed in the SRVD to consider if a high-risk sub-group of
ARVD patients could be identified using laboratory measurements. Here, a
classification tree methodology was employed to identify ARVD patients with the
greatest risk for progression to end stage kidney disease. The results of this
analysis were converted into a practically applicable clinical scoring system
incorporating renal function, proteinuria, medications, smoking history and renal
artery occlusion.

The final aim of this thesis was to describe how the majority of ARVD patients
should be treated. In this analysis of the SRVD effects of treatment with anti-
platelet and beta-blocker therapy were considered, and shown to be associated
with reduced risks for cardiovascular events and death.
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PREFACE

This thesis comprises of a series of observational studies that aim to improve
our understanding of atherosclerotic renovascular disease and is presented in

the alternative format.

The background section is comprised of work published as review articles or
textbook chapters. The methods section provides a summary of the Salford
Renovascular Database and the Chronic Renal Insufficiency Standards
Implementation Study, the two epidemiological studies that formed the

foundation of this work.

Each results chapter presents the results of an observational study and is given
the title of the paper therein. All results chapters represent work that has either
been published in a peer-reviewed medical journal or that is undergoing peer
review at the time of submission. Details of journals and publishers are
summarised in the section entitled “Published and Presented Work” and given
again at the start of each chapter. Where appropriate, a link to the relevant IPR
policy giving permission for reproduction in this thesis is provided. The content
of the results chapters is presented exactly as has been submitted with
modifications made only for consistency of style. For each chapter a section
has been added before the abstract to describe the context of the study in

relation to the other chapters in this thesis.

Due to the alternative format some inevitable overlap exists between the
introductory sections and referencing. In line with University policy each
published or submitted chapter is individually referenced. As this has resulted
in a minimal number of sections that would be referenced in a standard thesis

format, references are presented individually for each section to improve clarity.
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The term atherosclerotic renovascular disease (ARVD) describes both partial
and total atheromatous occlusions of the renal arteries. These luminal
narrowings often occur in conjunction with macrovascular disease in other
organ systems, and have complex relationships with end-organ damage to the
kidneys. In this chapter we explore the epidemiology of ARVD and describe the

clinical consequences of this somewhat heterogeneous condition.

1.1.1 How is ARVD defined?

Anatomical definition

ARVD refers to a spectrum of changes ranging from any atherosclerotic
narrowing of the arteries supplying the kidneys, through focal stenosis of one or
more renal arteries, renal ischaemia and kidney atrophy, to the extreme of
complete occlusion of the blood supply to one or both kidneys. Despite a
wealth of published literature, consensus on what defines an anatomically
‘significant’ atherosclerotic renal artery stenosis (RAS) does not exist. Typically,
research publications employ angiographic measurements, with a RAS in
excess of either 50%, 60% or 75% deemed to be ‘significant’. Whilst this is by
no means unreasonable, the limitations of this approach should be considered.
Firstly, data in which expanded balloons were used to generate an aorto-renal
pressure gradient in humans with a unilateral RAS demonstrated that only when
a stenosis reached 70-80% was there activation of the renin angiotensin
aldosterone system (RAAS) . Hence one could question the value of reports
where RAS has been defined as <50% - although an easy counterpoint to this
argument would be the increased mortality seen with even low degrees of RAS
2, presumably largely due to extra-renal vascular disease including organ injury
related to the systemic inflammatory state of atherosclerosis. Secondly, such
absolute definitions fail to consider possible compound effects of bilateral
disease; for example, is a unilateral 50% stenosis of greater clinical significance

than bilateral 40% stenoses?
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Syndromic definition

Given that ARVD can be associated with perturbations in renal function, blood
pressure, cardiac structure and function, and changes in mortality risk even
where RAS is <50%, it is clear that a single biplane angiographic measurement
is a blunt tool for determining overall ‘significance’ of disease. As such we
would suggest that a stenosed renal artery, where there is associated evidence
of either one or more of renal parenchymal damage, altered neuro-hormonal
state or cardiac structural or functional change (with no alternative explanation),
should be considered to be of clinical significance whatever the degree of RAS.
We accept that this is somewhat esoteric, and much of the clinical data
discussed in this chapter are based upon broader, structural definitions. Hence
(unless otherwise specified), we have taken >50% focal RAS as being of
clinically significance. The term ‘Ischaemic Nephropathy’ is now also widely

utilised and refers to chronic kidney disease (CKD) that is caused by ARVD.

Potential collateral circulation of the kidney

In the majority of cases, development of atheroma in the renal artery is a
chronic process. As such there is normally reciprocal development of collateral
vessels supplying the diseased kidney to maintain parenchymal viability.
Typically these collateral vessels form from lumbar arteries with inferior
mesenteric, testicular / ovarian and suprarenal arteries also recognised as
potential sources 3. These vessels are able to contribute over 50% of basal
renal blood flow. Animal models suggest that this collateral circulation begins to

develop when main vessel stenosis exceeds 40-50% 4.
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1.1.2 Prevalence of ARVD

Unselected populations

ARVD is often an asymptomatic disease, diagnosed during investigation for
other vascular pathology or investigation of CKD. Despite the morbidity and
mortality associated with the condition widespread screening is not justified for
ARVD and as such limited data exist to describe the true population prevalence.
Some of the best available information comes from a single study of “free-living”
patients aged over 65 years living in the United States. Here, 834 patients
underwent Doppler ultrasound (DUS) examination of their renal vessels, with an
incidental RAS in excess of 60% identified in 6.8% of patients (with 12% of
these being bilateral). Of note, patients with a positive investigation had
significantly higher systolic blood pressures (142 vs. 134mmHg, p=0.007) >.
This study is complimented by a review of over 1900 computed tomography
angiograms performed in potential renal transplant donors, where evidence of
atherosclerotic RAS (severity not specified) was found in 5% of patients; with a

strong relationship to increasing age .

Registry data

Further information can be gleaned from analysis of claims data obtained from
the Medicare random 5% denominator file and from coded diagnoses found in
the reports of the US Renal Data System (USRDS). In an analysis of Medicare
claims data from 1999-2001 (> 1.1 million patients aged over 67 years), the
prevalence of ARVD diagnosed in this elderly population was 0.54% with the
annual incidence for new diagnoses between 2000 and 2001 estimated at 3.7
cases per 1000 patient years 7. A subsequent study examining Medicare claims
data from more than 16 million patients between 1992 and 2004 described a
similar incidence (3.09 cases per 1000 patient years) but noted a progressive
increase in rates of diagnosis, with patients in the 2004 claims data 4.7 times
more likely to receive a diagnosis of ARVD than those in the 1992 data 8, figure
1.1.1. Although these analyses have not been repeated in more recent years
within Medicare, data from the USRDS suggests a reversal in this trend with
reports between 2004 and 2009 describing falls in the overall prevalence (1.0%
to 0.7%) and incidence (1.7% to 1.3%) of ARVD as a cause of end-stage kidney
disease in the US dialysis population 9. The most likely explanation for this

biphasic pattern is increased enthusiasm for investigation during the 1990’s
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(with heightened physician awareness, improved access to diagnostic tools and
ready availability of interventional treatment techniques), which has been
tempered more recently in light of negative randomised controlled trials (RCT)

into percutaneous intervention 10.

Figure 1.1.1 - Relative annual prevalence of ARVD in Medicare population
between 1992 and 2004, with 1992 as comparator group
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X-axis shows year; Y-axis shows hazard ratio for diagnosis of ARVD (adjusted for age, gender
and co-morbidities). Point represent hazard ratio, bars represent 95% confidence intervals.
Adapted from Kalra et al & with permission

Ethnic variation

There is apparent substantial worldwide variability in the primary cause of RAS,
which in itself may represent variations in chronic disease burdens in different
parts of the world. Atheromatous causes represent over 90% of RAS cases in
Western populations but sequelae from vasculitis are said to account for in
excess of 60% of cases diagnosed in India and South Asia. Despite these
geographic differences, however, there does not appear to be a racial bias for
development of ARVD. In 324 patients evaluated for potential renovascular
hypertension, Caucasian ethnicity was not an independent risk factor for
positive investigation (OR 1.5, p=0.07) " and in the community based screening
study by Hansen et al ethnic distribution was identical between groups with
positive and negative DUS investigations (23% African-American, 77%

Caucasian) 5. When comparison has been made between non-Caucasian
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populations investigated for ARVD, no significant difference in the proportion of
positive investigations was noted between African-American and Hispanic
patients 2. No comparative studies have specifically addressed the Asian
population; however a single centre study of 202 Japanese patients with risk
factors for ARVD found evidence of RAS >50% in 20% of patients investigated
using magnetic resonance angiography 3. In a Japanese population of 729
patients with known cardiac or cerebrovascular disease ARVD was present in
5.2% of patients 14.

1.1.3 Prevalence of ARVD in selected populations
Hypertensive populations

Despite the frequent association of ARVD with hypertension, it is often
questionable whether a given RAS lesion is causative; a rigorous definition of
true ‘renovascular hypertension’ necessitates cure or substantial improvement
in hypertension after dilatation of RAS 15. Although there has not been a specific
study addressing the prevalence of RAS in the general hypertensive population,
a figure of 2% is widely quoted. Systematic review of angiographic studies of
patients where renovascular hypertension was clinically suspected (e.qg.
elevated blood pressure at a young age; hypertension that was resistant to
therapy) found a pooled prevalence of 14.1% 16. In another study in which
patients presenting to a German Emergency Room with uncontrolled
hypertension (>180mmHg systolic and/or 100mmHg diastolic) were screened
for causes of secondary hypertension, significant RAS was identified in 8.1% of
patients 7. The overall lack of data negatively affects the ability of physicians to
predict the presence of ARVD in patients referred for investigation, with clinical
suspicion for undiagnosed stenosis having a positive predictive value of only
40% 18,

Chronic kidney disease and dialysis

There are no data to inform us as to how rates of ARVD vary according to
different stages of CKD. In the analyses of Medicare claims data, patients with
CKD (estimated glomerular filtration rate [eGFR] <60ml/min/1.73m?2) were
between 2.55 8 and 4.6 7 times more likely to have ARVD than those with higher
eGFR, but these data do not provide insight into cause/effect relationships. In

an analysis of claims data from 160,000 incipient United States dialysis patients
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between 1996 and 2001, the overall prevalence of ARVD was 9.1%, but less
than half of these cases had ARVD coded as their primary cause of renal failure
19, Again, as this analysis was based on claims data rather than on the results
of comprehensive screening the true prevalence is likely to have been under-
reported. Indeed, rates of 22 to 41% have been reported in smaller studies that
screened sequential patients at initiation of dialysis 2021 (with bilateral disease

present in 11-16% of patients).

Prevalence in patients with other macrovascular disease

ARVD is very commonly associated with atheromatous disease in other
vascular beds and these associations are emphasised in Medicare data
analyses, table 1.1.1 7. ARVD is frequently identified during investigation of
patients with non-renal macrovascular diseases, although the clinical
implications of this are not always certain. It is therefore of interest to specialists
in many different disciplines including cardiology, vascular surgery, stroke
medicine and hypertension. As a consequence there have been many studies
undertaken in selected groups of patients with cardiovascular disease, and

these populations are likely to be enriched with patients with ARVD.

Coronary artery disease

There are strong links between ARVD and coronary artery disease (CAD), with
evidence of RAS (>50%) found in 15% of patients referred for diagnostic
coronary angiography (with approximately one third of these patients having
significant bilateral disease) 2223, These figures have remained constant over
the last two decades despite increased awareness of modifiable vascular risk
factors over this time. Table 1.1.2 shows the more recent larger studies that
have examined the co-morbid presence of RAS in patients undergoing
investigation for CAD 2224-30, That the relationship between CAD and ARVD is
most probably a marker of overall atheromatous burden has been highlighted
by there being a significant relationship between the number of diseased
coronary vessels and probability of concurrent RAS (odds ratio of RAS in the
presence of triple vessel disease / previous coronary bypass graft 1.74,

compared to lesser burden of CAD) 22.25,
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Table 1.1.1 - Prevalence of ARVD in the US Medicare population showing

macrovascular disease associations

Prevalence
No ARVD ARVD ARVD AHR* o]
(n=1,085,250) (n=5875) (95% CI)

Acute kidney 0.8 10.3 1.59 <0.001

injury (1.43-1.77)

Chronic kidney 2.3 24.6 4.61 <0.001

disease (4.27-4.98)

Hypertension 53.4 90.8 4.31 <0.001
(3.93-4.73)

Diabetes mellitus 17.9 32.5 0.89 0.001
(0.84-2.61)

Coronary artery 24.9 66.8 2.45 <0.001

disease (2.3-2.61)

Congestive 13.6 37.6 1.01 0.9

cardiac failure (0.94-1.07)

CVD/TIA 12 36.9 1.58 <0.001
(1.49-1.67)

Peripheral 12.7 56 3.96 <0.001

vascular disease (3.74-4.2)

Mesenteric 0.2 1.9 2.38 <0.001

ischemia (1.93-2.93)

AAA 0.5 6.4 3.38 <0.001
(3.0-3.81

Abbreviations: ARVD - atherosclerotic renovascular disease. AHR - adjusted hazard ration.
CVD - cerebrovascular disease. TIA - transient ischaemic attack. AAA - abdominal aortic
aneurysm.

Hazard ratios adjusted for age, gender and co-morbid diseases. Adapted from Kalra et al 7 with
permission



Table 1.1.2 - Major studies examining the co-morbid presence of CAD and ARVD

Author Year of Number of Type of study Prevalence of significant RAS Factors associated with RAS
publication  patients
Ollivier R et al 2009 650 Abdominal aortography14.5% had RAS >50%, 3.1% Male sex, multi-vessel CAD,
24 following coronary bilateral disease hypertension, renal insufficiency
angiography
Cohen M et al 2005 843 Abdominal aortography11.7% had RAS =75% Older age, higher creatinine levels,
25 following coronary PVD,
angiography number of cardiovascular drugs
hypertension, female sex, and 3-vessel
coronary artery disease or previous
coronary artery bypass graft
Rigatelli G et 2005 205 Abdominal aortography19.5% had RAS =50%, 7.3% = 3-vessel CAD, age > 65 years, and =
al 26 following coronary bilateral 3
angiography cardiac risk factors
Wang Y et al 272003 203 Abdominal aortography14.8% RAS = 50%, 2.6% bilateral Age, multivessel CAD
following coronary
angiography
Rihal CS et al 2002 297 Hypertensive patients, 19.2% RAS >50%, 3.7% bilateral, Systolic blood pressure, CVA/TIA,
28 abdominal aortography 7% had RAS >70% cancer
following coronary
angiography
Conlon P et al 2001 3987 Abdominal aortography4.8% had unilateral RAS =75%,Female sex, increasing age,
29 following coronary 0.8% bilateral =75% hypertension, CCF, increased creatinine
angiography
Uzu Tetal 30 1997 297 Autopsy series 12% had , 28.6% of these hadHypertension, proteinuria and renal
identifying patients bilateral RAS insufficiency
who had suffered a Ml
Harding MB et 1992 1235 Abdominal aortography>15% had RAS >50%, 11% Age, severity of CAD, CCF, female sex,

al 22 following coronary unilateral, 4% bilateral disease

angiography

PVD

Qualifications -
studies
performed within
the last two
decades
considering over
200 patients

Abbreviations:
CAD - coronary
artery disease.
PVD - peripheral
vascular
disease. CCF -
congestive
cardiac failure.
eGFR -
estimated
glomerular
filtration rate.
CVA -
cerebrovascular
accident. TIA -
transient
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Heatrt failure

As would be anticipated, the frequent association of ARVD with CAD and
hypertension can result in structural heart disease which can be detected in the
majority of patients; consequent syndromes of cardiac dysfunction are also
highly prevalent. In studies where renal vessels are imaged in patients with
symptoms of chronic congestive cardiac failure (CHF), evidence of RAS >50%
can be found in approximately 30-50 % of patients 3132, In a CHF population in
Northern England, patients with significant RAS were more likely to have renal
dysfunction, be taking higher doses of diuretics but lower doses of angiotensin
blocking agents, to have prolonged hospital admissions and a negative
outcome 32, Clinical presentations with sudden onset or ‘flash’ heart failure can
be life-threatening and may be the first indication of ARVD in about 10% of
patients. The true incidence of this condition may be under-estimated due to the
fact that renovascular investigation is undertaken only in a minority of patients
with abrupt onset left ventricular failure. Patients with bilateral significant RAS or
a solitary functioning kidney are those at greatest risk of this condition. Many of
these patients with ARVD and heart failure have preserved left ventricular
function, highlighting the relevance of diastolic parameters and measures of

ventricular eccentricity.

Cerebral vascular disease

RAS can often be identified in patients who have suffered a stroke, with the
highest rates observed in patients who also have significant carotid stenosis. In
a post-mortem series of 346 patients with clinical evidence of stroke, RAS
>75% could be identified in 10.4% of all patients (12.1% of patients with
ischaemic stokes), with over 4 times as many patients with carotid stenosis

(> 50%) having RAS than those without carotid stenosis 33. When an earlier
point of the natural history of vascular disease is considered, associations have
been noted between the presence of ARVD and increased carotid-intimal
thickness in patients with type |l diabetes 34. Although no data exist to describe
progression to overt carotid vessel disease, carotid-intimal thickness is

sometimes used as a surrogate marker for cardiovascular risk 35.
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Abdominal and peripheral vascular disease

Due to the close anatomic proximity, coexistent disease of the abdominal aorta
is commonly seen with ARVD. In a series of consecutive patients investigated
with aortography for either abdominal aortic aneurysm (n=109) or aorto-
occlusive disease (n=21), 38% and 33% of patients respectively had a RAS in
excess of 50% 36. Comparable figures can be found in other angiographic
series which report RAS >50% in 24% of patients with an abdominal aortic
aneurysm 37 and in 26% of patients investigated for aorto-iliac disease 38.
Many studies have sought to determine the co-existence of RAS with peripheral
vascular disease (PVD), and RAS > 50% can be found in 30 - 40% of patients
with symptomatic claudication; the larger studies are detailed in table 1.1.3 36.
39-43, As is the case with ARVD and CAD, the presence of significant RAS in
patients with PVD is associated with an increased risk for major cardiovascular
events and death during follow up. Hence in a study of 483 patients with
symptomatic PVD, those with severe RAS (15.6% of all PVD patients had =
60% RAS) had a 2.5-fold increased risk for occurrence of any of myocardial
infarction, stroke, amputation and death and a 2.9-fold increased risk for death,
compared to patients without RAS 3° over a median follow up time of 15

months.
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Table 1.1.3 - Major studies examining the co-morbid presence of aorto-iliac and PVD with ARVD

Author Year of Number of Type of study Prevalence of significant RAS Factors associated with RAS
publication patients
Amighi J et 2009 487 Peripheral angiography ~ 15.6% had RAS = 60%

al 39

Androes 2007
MP et al 40

Leertouwer 2001
TCetal ¢

Iglesias JI 2000
et al 38

Swartbol P 1992
et al 42

OlinJW et 1990
m_ 36

Salmon P et1990
N_ 43

200

386

201

405

395

374

followed by renal
angiography

Peripheral angiography
followed by renal
angiography

PVD suspected

Aorto-iliac

Peripheral angiography

PVD/ AAA

Peripheral angiography
followed by renal
angiography

12% had RAS =50%

32.6 % had RAS =50%, 22.8%
bilateral

26.4% had RAS >50%
49.1%, 117 moderate, 14 severe
RAS

33-39% had RAS >50%, 13%
bilateral

13.9% had RAS = 50%, 5.9%
bilateral

Hypertension, CAD, female, DM,
aorto-iliac disease, age >60 years,
multiple levels of PVD

Not analysed

Not analysed

Hypertension, age >70 yrs, smoking,

pathological ECG

Hypertension, worse renal function

Qualifications -
studies
performed within
the last two
decades
considering over
200 patients

Abbreviations:
CAD - coronary
artery disease.
PVD - peripheral
vascular
disease. AAA -
abdominal aortic
aneurysm. DM -
diabetes mellitus
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1.1.4 Risk factors for development of ARVD

Age

Although it is clear that prevalence of ARVD increases with age, a finding that
has not altered in over 50 years 44, conflicting data exist regarding the role of
‘classical’ vascular risk factors in the natural history of the condition. In our own
local renovascular database, which comprises over 900 patients with ARVD
referred from a 1.5 million population over 20 years, the median age of the
population at ARVD diagnosis is 69.6 years and 8.6%, 29%, and 45.5% are
made up of patients in their fifth, sixth and seventh decades, respectively;

87.1% of patients are aged > 60 years at study entry.

Smoking

Although high proportions of patients entered into interventional studies in
ARVD have a smoking history. Within the Angioplasty and Stenting for Renal
Artery Lesions trial (ASTRAL) 20% were current smokers and 50% ex-smokers
10), there is no direct evidence that smoking per se increases risk for ARVD
development. Data from our centre assessing 249 consecutive patients referred
for diagnostic renal angiography did not show a significant difference in smoking
history between patients with normal and abnormal renal vessels (55.4% vs.
68.7%) despite significantly higher levels of non-renal (and renal) atheromatous
disease in the ARVD patients 45. In contrast, a smaller study of 48 hypertensive
patients investigated for RAS found significantly higher rates of smoking in
patients with positive studies (19/21 vs. 16/27, p=0.04) 46. It may have been
important that the overwhelming majority of smokers with RAS in this study had
a greater than 25 pack-year history. This finding has been replicated in a study
of 45 incident dialysis patients investigated for possible ARVD. Here, 10
patients had a positive study, with a significantly greater pack year history than
those patients with normal renal vessels (37 vs. 17 pack years, p=0.016) 20.
These data support a cumulative risk for development of ARVD. Equally, given
the adverse effects of smoking on renal plasma flow, it is probable that (even in
the absence of a direct effect on the physical stenosis), smoking could further
complicate the already compromised intra-renal haemodynamics 47,

predisposing to greater renal dysfunction.
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Diabetes mellitus

Analysis of Medicare claims data suggests a link between diabetes and ARVD,
with higher rates of diabetes seen in patients with ARVD (32.5% vs. 17.9% in
patients without ARVD) and diabetic patients 1.3 time more likely to be
diagnosed with ARVD 7:8. These figures are comparable to the 30% diabetes
prevalence in patients recruited into ASTRAL. In the Medicare data, it is
possible that higher rates of CKD in the ARVD patients were a relevant
confounding factor. However, a systematic review of risk factors has shown a
pooled prevalence of ARVD of 20% in patients with diabetes and hypertension

6, making it likely that diabetes is a risk factor for development of ARVD.

Hyperlipidaemia

Little data exist to specifically link hyperlipidaemia with the development of
ARVD, although as in the case with smoking, strong links with other
atheromatous conditions make the relationship likely. Our own data showed a
slightly higher prevalence of hyperlipidaemia (serum total cholesterol
>5.2mmol/l) in patients found to have ARVD (61% vs. 48% in those without) 45.
Lipid profiles in ARVD patients follow the same pattern as in patients with
coronary or carotid atheroma, with significantly reduced apolipoprotein A1 levels
48, Other studies have shown increased levels of free-fatty acids (glycerol-
glyceride) in patients with ARVD 49, though this may have more important
implications for mortality than development of atheroma 50. However,
intervention with statins has been shown to prevent anatomical progression of
RAS in a retrospective study, which provides some support to the pathogenic

effect of hypercholesterolaemia in renal atherogenesis 51.

Hypertension

Of all the classical risk factors for the development of atherosclerosis,
hypertension is the hardest to link to ARVD due to potential cause and effect
relationships with both RAS and CKD. However, it is clear that elevated blood
pressure is a major determinant of CKD in ARVD as it is associated with more
severe histological intra-renal damage in ARVD 52, with greater rates of eGFR
loss, and with the development of renal atrophy 53. As such hypertension is an
important risk factor for ischaemic nephropathy development despite the

absence of direct causal evidence in RAS progression.
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Novel risk factors

Several other circulating markers of cardiovascular risk have been evaluated
regarding their relationship to ARVD e.g. Fibrinogen, highly sensitive C-reactive
protein (hs-CRP), homocysteine, and lipoprotein(a) %4. A positive relationship
between both hs-CRP and homocysteine and ARVD have been shown in
univariate analysis, but these associations have not been sustained in
multivariate analysis, and so currently available data cannot inform us as to

whether the elevated levels are a cause or result of ARVD 55.

1.1.5 Pathogenesis of Ischemic Nephropathy and development of renal
parenchymal damage

Animal and human studies have shown that reduction in renal blood flow and
activation of the RAAS typically occur only when RAS are high grade
(>70-80%), and yet reductions in eGFR are observed with RAS of all degrees
(i.e. minimal through to high-grade). It follows that the aetiology of renal
impairment in ARVD is a multifactorial process, and not simply due to the
‘ischaemic’ effects of reduced blood flow within the kidney. Indirect confirmation
of this hypothesis can be drawn from several studies which have failed to
demonstrate an association between degree of RAS and level of renal function
56, Importantly in ARVD, the amount of proteinuria (another marker of renal
dysfunction and prognosis) does not relate to degree of RAS, although it is
linked to level of renal function 57. This suggests that damage to the

‘substance’ or parenchyma of the kidney is the main arbiter of renal dysfunction.

Whole organ factors

It is likely that a large proportion of the functional loss observed in ARVD relates
to organ damage mediated by “whole organ factors” such as hypertensive
damage and microembolisation. In samples taken from kidneys
nephrectomised due to severe RAS mediated hypertension, evidence of
atheroembolic damage was observed in 39% (though this may have in part
been related to prior vascular instrumentation), with hypertensive damage seen
in 52% 52, In this series of 62 patients, severe tubulointerstitial atrophy was a
near universal finding (94%), although advanced glomerulosclerosis was not a

common finding.
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Animal models

This histological pattern of disease can be readily induced in animal model of
RAS suggesting that local factors may play an important role. Indeed, animal
models have recently shown the fascinating natural history of how renal
damage beyond a RAS unfolds, but it should be remembered that these
represent relatively short-term changes in uncomplicated, ‘pure’ RAS —in
humans, the pathogenesis is complicated by years of prior hypertension and
atherosclerosis, and other contributing injurious factors including family history,

smoking and medication.

Local endothelial factors

Hence in porcine models tubulointerstitial fibrosis develops rapidly following
induction of RAS 5%8. This occurs in conjunction with a marked thinning of the
small blood vessels within the renal tissues - microvascular rarefaction 9 - a
recognised factor in progression of kidney disease 0. These changes are
thought to relate to local down-regulation of vascular endothelial growth factor
production and increased oxidative stress (shown by reduced levels of
superoxide dismutase) in stenosed kidneys ¢'. As these microvascular
alterations occur within a short space of time after RAS formation, this may

represent an early point in the natural history of the disease.

Renin angiotensin aldosterone system

Chronic stimulation of the RAAS is a well recognised feature of ARVD, with
experimental data stretching back almost 80 years 2. In addition to
haemodynamic effects, angiotensin Il contributes to the development of renal
damage by enhancing expression of pro-fibrotic cytokines and growth factors,
thus promoting tubulointerstitial fibrosis 3. As such RAAS activation in ARVD
likely has direct damaging effects as well as increasing vulnerability to acute
changes in renal function precipitated by volume shifts. Increased levels of
brain natriuretic peptide (released predominantly by cardiac myocytes, but also
by glomerular epithelial and mesangial cells) may offer some protection from
this by antagonising the RAAS 64,
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Effects of ARVD on the contralateral kidney

As the majority of ARVD patients have a unilateral stenosis, the question of why
S0 many patients have an overall reduction in renal function (defined by the
crude measure of eGFR in clinical practice) is frequently raised. The most
pertinent observation is that non-stenosed contralateral organs often do not
have a preserved GFR, and can have the same degree of functional impairment
(measured by isotope GFR) as the diseased organ 65. In a series of 60 patients
with unilateral stenosis (including cases of <50% stenosis and patients with
fiboromuscular disease), a significant difference in GFR between diseased and
non-diseased sides was only observed where there was complete arterial
occlusion on one side. When and how this reduction in function of the organ
with the patent blood supply occurs is therefore a matter of clinical importance.
Human histological studies have shown changes in non-stenotic organs which
are very similar to those seen in RAS kidneys, and the effects of systemic
hypertension on the contralateral organ function is thought to play a pre-
eminent role 66. Additionally, microvascular pressure mediated injury may be
relevant in damage of the non-stenosed organ. This hypothesis is based on
data from a series of 50 patients in whom magnetic resonance measurements
of renal cortical volume were performed. Here there was a suggestion of
compensatory hypertrophy in kidneys contralateral to a moderate / severe
stenosis 67, which conceivably is a marker of glomerular hyperfiltration, and this
is increasingly recognised as a long term risk factor for loss of renal function 8.
As with systemic hypertension, the pro-atherosclerotic milieu will also contribute
to contralateral renal damage. In pig models, atheroma has been shown to
exacerbate the effects of an induced physical stenosis and to associate with
worse findings on histological examination 69.70. With evidence of intra-renal
atherosclerotic disease in the majority of ARVD patients it is likely that the

reduction in renal function is also related to the atheromic environment.

Identification of at-risk organs earlier in the natural history

As described above, the parenchymal damage associated with ARVD is
believed to be the main arbiter of renal dysfunction in ischaemic nephropathy. It
has been understood for some time that as the burden of parenchymal damage
increases, renal volume is lost 7. Complimentary to this is the concept of

“hibernating parenchyma’ - renal tissue which has reduced function as a direct
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result of the reduced blood flow associated with RAS, but which has not yet
suffered irreversible histological damage 7'. Imaging studies suggest that it may
be possible to identify kidneys with hibernating parenchyma before tissue is
irretrievably damaged; one technique involves examining the ratio of
parenchymal volume (measured by MRI) with isotope single kidney GFR values
72 (a high parenchymal volume:GFR signifying a kidney capable of improving its
function with renal revascularisation). In the future such techniques may help
identify patients in the early and potentially modifiable stages of the natural

history of their disease.

1.1.6 Progression of disease in ARVD

The epidemiology of ARVD has changed over the last few decades. Many early
reports detailing the natural history of atherosclerotic RAS were limited by either
small patient numbers, consideration of specific disease presentations, and,
importantly, they were generated in an era when vasculoprotective

pharmacotherapy (particularly statins) was unavailable.

Progression of stenosis

Historically the received wisdom was that ARVD was a progressive disease in
terms of both degree of stenosis and loss of renal function. As discussed
above, it is now evident that the absolute degree of RAS has limited value in
determination of GFR; equally it is now clear that rates of RAS progression are
much lower than previously thought — once the patient is under treatment. One
of the earliest serial arteriographic studies was reported in 1984 and showed
the progression of RAS (defined as > 75% stenosis) to be 44%, with
progression to renal artery occlusion (RAO) seen in 16% of 85 patients over 52
months mean follow up up 73. A study of 1189 patients a decade later showed
significant RAS progression in 11.1% of patients during a mean interval of 2.6
years between angiographic studies 74. Reports in the early 1990’s observed
significant progression of RAS in 35% of patients at 3 years and 51% of patients
at 5 years 75. This was associated with renal atrophy (>1cm shrinkage on
ultrasound) in 21% of patients with significant RAS (>60%) compared to 5.5% in
patients without RAS 53. These figures are only of historical interest in the
current era of statin therapy. Although available data are retrospective, in a

study of 79 patients with ARVD, statin treated patients (n=40) were much less
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likely to suffer progression of stenosis at 3-years (odds ratio 0.28, p=0.01) than

non-statin treated patients 51, figure 1.1.2. Here evidence of RAS progression

was observed in 6% of the statin group vs. 30% of the non-statin treated group.

As such, and excluding acute luminal occlusions, rate of progression of RAS is

now considered to be minimal if appropriately treated.

Figure 1.1.2 - Cumulative incidence of renal artery disease progression

stratified according to treatment with or without statin therapy
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Reproduced from Cheung et al 5 with permission
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Progression of renal dysfunction

Just as there have been changes in the rate of RAS progression as the medical
management of ARVD has improved, several cohort and trial data sets suggest
that modern therapeutic regimes may be having a positive influence on rate of
loss of renal function over time. The key pharmacotherapies include statins and
angiotensin blockade which are now readily utilised. Large scale RCT data
have shown an average rate of eGFR loss in the region of 1-2ml/min/1.73m2/
year 10 - figures comparable to most other causes of CKD 76. However, it is
recognised that sub-groups of patients exist who lose function at a faster rate.
Although it is not yet clear what patient phenotype are at highest risk from this,
there is a view that this group may represent a distinct disease sub-type 77. In
parallel with a lower rate of loss of renal function has been a reduction in rates
of progression to end stage kidney disease (ESKD). Between 1996 and 2000
in the United States the proportion of incident dialysis patients with a primary
diagnosis of ARVD fell slightly from 5.5% to 4.7% - despite an increased rate of
investigation for and diagnosis of ARVD 1°. Our own single centre data that
includes 809 ARVD patients diagnosed between 1990 and 2009 has shown a
stepwise reduction in the proportion of patients progressing to renal
replacement therapy depending upon year of diagnosis. Between 1995 and
2000, 3.5% of patients diagnosed with ARVD progressed to ESKD, whilst
comparable figures were 2.3% in patients diagnosed between 2000-2005 and

only 0.8% of patients diagnosed after 2005 44.

Development of non-renal vascular disease

There are extremely strong associations between ARVD and other
macrovascular diseases. Importantly this is an on-going relationship, with
higher rates of newly diagnosed vascular pathology seen in ARVD populations
compared to their non-ARVD counterparts as evidenced by Medicare data from
a decade ago - annual stroke rate 18 vs. 5%, congestive cardiac failure 20 vs.
6%, peripheral vascular disease 26 vs. 5% and ischaemic heart disease 30%
vs. 7% 7. The two most recently published RCT (both in the era of modern
pharmacotherapy) have both observed an approximate 10% annual incidence
of major cardiovascular events (ASTRAL data shown in Figure 3) 1078, Given
the links between CAD and ARVD, a relationship with other cardiac structural /

functional parameters is to be expected. In a cross-sectional echocardiographic
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analysis, structural or functional abnormalities were observed in 95% of ARVD
patients (n=79), with greater rates of left ventricular hypertrophy (78.5% vs.
46%), diastolic dysfunction (40.5% vs. 12%), and mass index (183 =74 vs. 116
+33g/m2) present when compared to age and eGFR matched controls 7. When
echocardiography was repeated in 51 ARVD patients at 12-months, a significant
increase in left ventricular dilatation was observed with a concurrent increase in
the degree of eccentricity in left ventricular hypertrophy 89; there were no
patients at this time point described as having a normal heart by

echocardiographic criteria.

1.1.7 Clinical presentations of ARVD

Many cases of ARVD are clinically silent, existing as part of a spectrum of
diffuse vascular and / or chronic kidney disease. However, recognisable clinical
presentations (or at least clinical scenarios in which ARVD should be

considered) exist.

Chronic congestive heart failure

Chronic RAAS over activity (as found in ARVD) is a recognised factor in the
development of abnormal left ventricular remodelling and dysfunction. With at
least 30% of elderly CHF patients having demonstrable evidence of RAS 31.32,
and over 13% of patients in ASTRAL requiring admission for fluid overload /
heart failure over a median follow-up period of 33 months 10, it is important to
determine if ARVD is merely associated with CHF (perhaps playing a role in an
ischaemic aetiology of heart failure), or if a causal relationship exists. Although
there are some non-systematic data to suggest that renal artery
revascularisation can control symptoms of heart failure 81, the only published
RCT that assessed the effects of intervention on cardiac structural parameters
did not examine cardiac failure as an end-point 82, Given the healthcare costs

associated with CHF, this is an important field for further study.

Acute cardiac failure

Better defined is the syndrome of acute pulmonary oedema associated with
ARVD - a presentation often termed “flash pulmonary oedema (FPO)”. This is
classically defined to be symptoms of acute left ventricular failure in the

presence of preserved ventricular function. Whilst high grade, bilateral RAS (or
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high grade stenosis to a single functioning kidney) is recognised as a typical
cause for this dramatic presentation (with 5-7% of ARVD patients presenting in
this manner 83), other potential causes include cardiac ischaemia or acute mitral
valve dysfunction. In ARVD the postulated mechanism for development of FPE
relates to excess aldosterone secretion. This leads both to volume expansion,
but also to increased vascular permeability. Where this occurs in the presence
of the increased vascular stiffness and left ventricular diastolic dysfunction
associated with CKD and hypertension, abrupt physiological decompensation
can result 8. In the setting of a unilateral RAS the non-diseased kidney is able
to suppress its own renin secretion so as to balance the aldosterone excess
emanating from the stenosed side; however, this cannot occur as readily where
disease is bilateral. Despite the frequency of cardiac abnormalities seen in
ARVD, reductions in left ventricular systolic function are less frequent in
comparison to the prevalence of diastolic abnormalities; hence is it likely our
understanding of FPE will increase as more light is shed on the syndrome of

‘Heart failure with preserved ejection fraction’ 85.

Renovascular hypertension

ARVD is a recognised cause of secondary hypertension, accounting for 8% of
patients with uncontrolled blood pressure (>180mmHg systolic and/or
100mmHg diastolic), which compares with 14% of such patients having primary
or secondary hyperaldosteronism 17. Although no specific data exist, it is likely
that a higher prevalence of ARVD would be found if patients with treatment
resistant (or refractory) hypertension were to be systematically screened for
RAS. Given the extensive cardiovascular morbidity seen in ARVD, some
patients actually have reduced blood pressure as a result of other health issues
(e.g. CHF). This somewhat clouds the question of screening and suggests that
alternative markers of vascular health (e.g. vascular stiffness or brain natriuretic
peptide assay) are as important as blood pressure when considering the clinical
impact of ARVD.

Rapid loss of renal function
As detailed previously, the overall rate of progressive eGFR loss in ARVD is
slow when considering large cohorts or study populations as a whole. However,

a proportion of patients present with more rapid loss of renal function - within
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ASTRAL 97 patients (12%) had seen an increase in serum creatinine in excess
of 1.13mg/dl (100umol/L) or of 20% from baseline in the 12-months prior to
randomisation 10. Further analyses of the outcome and phenotypic
characteristics of this sub-group are warranted as it is currently uncertain
whether or not these patients had initially presented with acute kidney injury
(AKI), or whether they continued to lose renal function at a faster rate than the
remainder of the study population during extended follow-up. One hypothesis
would be that these patients represent a sub-group in whom the ‘hydraulic’
effects of the RAS are more critical than parenchymal damage in determining
renal dysfunction, and theoretically at least, a positive response to

revascularisation might be anticipated.

Acute kidney injury

The incidence of AKI, either as a presenting feature or as a disease
complication, is difficult to estimate in patients with ARVD. In our local data that
involved 819 patients, we estimate that the rate of AKI as a presenting feature
in ARVD is low - less than 2% of the overall population. In the context of
chronic ARVD, modest AKI typically develops where an acute insult reduces
perfusion pressure in the renal circulation to the point where parenchymal
viability is compromised. Anuric presentations are limited to scenarios in which
there is acute vascular occlusion preceding collateral development 86. This is
typically in the context of high-grade bilateral disease, or stenosis of a single
functioning kidney, and such patients would be at increased risk of flash

pulmonary oedema.

Intolerance of renin-angiotensin blockade

There is evidence that angiotensin blockade (with angiotensin converting
enzyme inhibitors or angiotensin receptor blockers) confers prognostic benefit in
patients with ARVD 87. However, as much as this is accepted, there is no doubt
that these agents are under prescribed in ARVD due to concerns regarding their
potential to cause rapid decline in renal function. This is despite the
accumulating evidence that patients are able to tolerate careful introduction of
these agents even in the context of bilateral disease 8889, In a series of 621
patients with ARVD managed in this centre, a documented history of renal

dysfunction related to angiotensin blockade was present in 71 (11%). Of these



patients, 40 were subsequently successfully re-challenged with angiotensin
blockade (13 following revascularisation) without acute decline in renal function
table 1.1.4 88_ [f patients who underwent a percutaneous interventional
procedure are excluded, this still suggests that the true incidence of intolerance
of ARVD patients to these agents is under 7%. The Cardiovascular Outcomes in
Renal Artery Lesions (CORAL) trial 8 encouraged angiotensin |l receptor
blockade for first line anti-hypertensive therapy within the study and should offer
further evidence regarding the tolerability of these agents in a high-risk

population.

Table 1.1.4 - Number of patients exposed to renin angiotensin blockade

therapy, including tolerability on retrospective and prospective follow-up

Total who were Retrospective Prospective intolerance
prospectively on intolerance or side or side effect to RAB
RAB effect to RAB
n= 378 n=74 n= 21
Age in years 71.4+9.3 70.8+9.9 72.948.7)
mean=SD [42-92] [46-87] [54-91]
[range]
Unilateral RAS >60%, 148 (39.2%) 25 (33.8%) 9 (42.9%)
n (%)
Bilateral RAS >60%, 77 (20.4%) 13 (17.6%) 5 (23.8%)
n (%)

Abbreviations: RAB renin angiotensin blockade. RAS - renal artery stenosis
Adapted from Chrysochou et al 90
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1.1.8 Prognosis in ARVD

The presence of ARVD has significant prognostic implications.

Cardiovascular morbidity

As we have described earlier, patients with ARVD suffer increased rates of
macrovascular events and progressive disturbance in cardiac structure and
function. Importantly, this increased risk exists even in patients with a <50%
stenosis, reflecting the systemic nature of this condition. In prospective follow-
up of 300 patients with varying degrees of ARVD (using essential hypertension
as a control group), patients with >50% RAS had a hazard ratio for
cardiovascular events of 2.8 and patients with a <50% RAS a hazard ratio of
2.3 (p for both <0.05) ?0. In ASTRAL, new macrovascular events occurred at a

rate of 10% per year during 5 years of follow-up, figure 1.1.3 10.

Figure 1.1.3 - Time for first major cardiovascular event in ASTRAL
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Event defined as myocardial infarction, stroke, death from cardiovascular cause, hospitalization
for angina, fluid overload or cardiac failure, coronary-artery revascularization or another
peripheral arterial procedure. Hazard ratio for event in revascularization group 0.94 [95% CI
0.75-1.19], p=0.61. Reproduced from Wheatley et al '° with permission.
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Mortality

As expected, given the high rates of vascular disease at baseline and

cardiovascular events that subsequently occur during follow-up, mortality is high

in ARVD. Medicare data from 2001 showed that the chance of death was over
6 times that of progression to ESKD 7. Whilst is it likely that in the current era
risk for death is lower (e.g. annual mortality rate in this Medicare data 16% vs.
8% in ASTRAL (figure 1.1.4), data analysed in 2008), ARVD mortality is still
considerably higher than in the general population (e.g. United Kingdom 2008
mortality rate for age group 65-69 years was approximately 2%) and was
comparable with the 11% annual age-adjusted mortality in prevalent UK dialysis
patients over the same time period. Limited historical data (again pre-statins)
has suggested that the risk of death in ARVD is greater than in patients with
most other causes of CKD, perhaps with the exception of diabetes. Also, there
have not been any comparisons of outcome between different clinical
presentations of ARVD. What is known is that adverse prognostic markers for
mortality in ARVD include lower levels of baseline renal function (with marked
increases in mortality where creatinine clearance, the forerunner of eGFR, at
diagnosis is <25ml/min) 91, proteinuria in excess of 1g/24 hours 57, and extra-
renal arterial disease (discussed below). Despite identification of these risk
factors, the direct mechanism by which ARVD increases risk for death is not
defined. The syndromes of diffuse vascular disease and disturbed cardiac
structure are doubtless relevant, with the effects of chronic RAAS activation
almost certainly playing a significant role, although separating out the
contributions of these factors would be near impossible because of their inter-

dependency.

Mortality in association with other macrovascular disease

An increased burden of extra-renal macrovascular disease is associated with
increased risk for death in ARVD irrespective of how the relationship is
examined. In a single centre study of patients under follow-up for ARVD,
mortality was increased in those who also had CAD or PVD, and highest in
patients who had both additional co-morbidities (percentage mortality over 50
months being 22% for ARVD alone, 37% for ARVD with PVD, 55% with CAD
and 64% for ARVD with CAD and PVD) °2. A reflection of this finding can be

seen where patients with non-renal arterial disease are investigated for ARVD.
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In this setting, patients found to have significant RAS have a significantly
increased risk for death: 2.9x risk for death for PVD with ARVD vs. PVD alone
39; CAD with ARVD vs. CAD alone 89% vs. 57% 4-year mortality 29.

Figure 1.1.4 - Kaplan Meier curves for overall survival in ASTRAL
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Of 806 enrolled patients, 103 in the revascularization group and 106 in the medical therapy
group died during the 5-year study period. Hazard ratio for death in the revascularization group
0.90 [95% CI 0.69-1.18], p=0.46. Reproduced from Wheatley et al 10 with permission.

Mortality of ARVD patients receiving dialysis

Reverse epidemiology is frequently observed in dialysis patients, with ARVD
providing another example of where findings in the pre-dialysis setting do not
directly transfer to the renal replacement therapy population. In an analysis of
over 146,000 incident dialysis patients registered in the US-RDS between 1996
and 2001, those with a diagnosis of ARVD (9% of all patients - though ARVD
was only defined as the primary cause of ESKD in 5%) had a significantly lower
risk for death (HR 0.94, p<0.0001) than patients without ARVD despite them
having higher risks for developing CAD, CHF, PVD or cerebrovascular disease
19, This finding is in contrast with an earlier single centre report of 683 dialysis
patients in which ARVD was associated with a markedly reduced median
survival time (27 vs. 51-months for non-ARVD patients) 93. It is most likely that
the difference between these studies is representative of either unmeasured

confounding or potential survivor bias.



Conclusion
ARVD remains a common but still under-diagnosed condition with significant
prognostic implications. Better recognition of the associated clinical syndromes

may increase diagnostic sensitivity and allow targeted therapy.
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Preface

Methods for diagnosing ARVD have altered significantly over the past decade,
with changes largely been driven by increased adoption of tools such as
computed tomography and magnetic resonance imaging into clinical practice.
Intra-arterial renal digital subtraction angiography remains the gold-standard
investigation for ARVD, however this is rarely used in a diagnostic context due
to the risk of procedural complications. Although a broad range of options for
non-invasive diagnostic imaging exist, each method has limitations that should
be considered. In this section the benefits and limitations of the most frequently
used diagnostic approaches for ARVD are reviewed and future imaging

techniques, currently under investigation, discussed.
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1.2.1 Laboratory tests

The widespread availability of diagnostic imaging has largely rendered

biochemical assessments of possible renovascular hypertension meaningless.

Renin

At population level elevated plasma renin levels are associated with increased
risk for cardiovascular death 1. Although it is intuitive and true that plasma renin
activity may be particularly increased in patients with renal artery disease 2, this
observation is of limited value as renin levels often decrease over time and
elevated levels do not distinguish renal artery stenosis from other causes of
hypertension 3. Although renin measurements made in relation to
administration of captopril are more sensitive for identification of renal artery
stenosis, the specificity of this approach is low at 55% 4. Directly measurement
of renal vein renin levels by cannualtion of the inferior vena cava and
comparison between left and right sides was investigated as an approach to
select patients who would receive a blood pressure benefit from
revascularisation. Even though 90% patients with a ratio of >1.5 between
stenosed and non-stenosed organs saw a blood pressure benefit, over 60% of

patients with a “negative” test also received benefit 3 limiting any clinical utility.

Other markers of cardiovascular risk

As the majority of cases of renovascular hypertension relate to ARVD,
assessment of lipid profile is appropriate. Recent advances in the
understanding of the pathogenesis of atherosclerosis have highlighted the role
of inflammation, often measured by hs-CRP 5, with increased levels predictive
of worse outcome 6. Although increased levels of hs-CRP are observed in
patients with ARVD compared to non-atherosclerotic controls 7, the presence of
ARVD does not increase the value of hs-CRP in predicting major adverse
cardiovascular events 8. As such measurement of hs-CRP offers meaning in

relation to overall prognosis, but not specifically in relation to ARVD.
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1.2.2 Diagnostic imaging

Digital subtraction angiography

Intra-arterial renal digital subtraction angiography is considered the gold
standard investigation to which other techniques for the assessment of renal
artery stenosis are compared. This, however, is rarely a first line investigation
due to reasons of cost @ and risk of complications, including arterial dissection
10.11 " AKI (though this risk may be mitigated by use of lower contrast volumes
and iso-osmolar agents) 2 and death 10. Furthermore, digital subtraction
angiography provides only 2D images and inter-observer agreement for
detection of significant stenosis is imperfect, ranging from 0.65 to 0.78 3. The
calculation used for estimation of degree of stenosis following angiographic

assessment is shown below.

Minimum lumen diameter ) 00

% stenosis = ( ,
Reference vessel diameter

A potential advantage of invasive angiography is the opportunity to measure the
pressure gradient across the stenosis, with current suggesting that
haemodynamic significance is associated with trans-lesional gradients in
excess of 20mmHg 4. A body of data suggest that use of pressure gradient
measures performed at the time of interventional angiography may identify the
patients in whom target blood pressures will be achieved following intervention
15,16, A study of 53 consecutive patients undergoing renal artery
revascularisation to treat hypertension found that a dopamine induced
hyperaemic gradient in excess of 48mmHg may an important threshold value,
with an area under the curve of 0.75 (95% confidence interval 0.61-0.88) for a
>20mmHg reduction in systolic blood pressure following revascularisation 7. It
should be noted, however, that all of these data consider only patients with mild
renal impairment with average baseline creatinine values of approximately

100umol/L and no study has considered a medical control group.

A final consideration is regarding the opportunity to preform screening
angiography for renal artery disease during other diagnostic or angiographic
procedures, so called “drive by angiography”. Justification for this approach

comes from the frequent co-existence of renal artery stenosis with peripheral
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18,19 and coronary arterial disease 20. Although imaging of renal vessels
following coronary angiography requires only a small extra volume of contrast
and does not increase procedural morbidity or mortality 21 it is unlikely to
significantly alter management 22. As such, our position on opportunistic renal
angiography stands in opposition to American guidelines that support this

practice where there is a suspicion of concomitant renal artery disease 23.

Computed tomography angiography

Computed tomography angiography (CTA) is a widely available tool in which
overlapping transaxial images are obtained during delivery of a timed bolus of
iodinated contrast 24, figure 1.2.1. Modern scanners permit identification of
vessels as small as 0.5mm 25 and the speed of image capture allows all data to
be obtained in single breath hold, eliminating artefact from respiratory
movement 26, Compared to intra-arterial digital subtraction angiography, CTA
has an overall sensitivity and specificity of 94% and 93% respectively for the
detection of renal artery stenosis 27 and when directly compared to magnetic
resonance imaging in patients with renal impairment is a more accurate test 28.
Despite this the regional calcification commonly found in atherosclerotic
renovascular disease 29 can make interpretation of CTA images challenging 30
and reduce inter-observer agreement 3. Importantly CTA studies reporting the
highest sensitivity and specificity values for diagnosis of renal artery stenosis
have focused on patients with atheromatous disease. When significant
numbers of patients with fiboromuscular disease are included the reported
sensitivity falls to 64% 13, reflecting the reduced accuracy of CTA in describing

distal arterial segments 31.

The risk for developing contrast induced nephropathy (CIN) is considered a
major limitation of CTA although the potential for anaphylactic reaction and
increased malignancy risk due to radiation exposure (especially in young
patients) should not be discounted 32. There are no data to define the precise
incidence of CIN following investigation for renal artery stenosis and overall
incidence is falling due to better implemented risk prevention measures 33. In
the ASTRAL trial approximately 10% of patients suffered a potential CIN

following interventional angiography 34. As modern CTA protocols use a lesser
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volume of contrast than interventional procedures, the incidence of CIN

following CTA can be presumed to be lower.

Figure 1.2.1 - Reconstructed computed tomography angiogram in treated

atherosclerotic renovascular disease.
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Segmented

The left renal artery is patent and the right renal artery is patent following percutaneous
stenting. Image courtesy of Professor Jonathan Moss, Gartnavel Hospital, Glasgow.
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Magnetic resonance angiography

The high level of soft tissue contrast provided by magnetic resonance imaging
(MRI) makes it an excellent tool for visualising the kidneys especially with the
increased availability of high-field scanners and use of diffusion-weighted
techniques 35. Early methods to detect renal artery stenosis on MRI by flow
visualisation, using time of flight or phase contrast sequences were susceptible
to artefact due to the long acquisition times 36. These methods have been
superseded by magnetic resonance angiography (MRA) performed using
gadolinium as a paramagnetic contrast agent 37, figure 1.2.2. This technique
allows sequences to be performed in a single breath hold, allows visualisation
of the renal arteries independent of flow effects 38, consequently increasing
specificity and positive predictive value 36, Compared to intra-arterial digital
subtraction angiography, gadolinium enhanced MRA has a sensitivity of 96%
and specificity of 93% for the diagnosis of renal artery stenosis 27. However, in
the setting of mild to moderate renal impairment MRA is less sensitive and
specific than CTA 28 and, especially at lower levels of stenosis, can
overestimate the degree of luminal loss 39.

Magnetic resonance angiography may also be less useful in diagnosis of non-
atheromatous renal artery disease. Where comparison has been made
between MRA and digital subtraction angiography images in patients with
known fibromuscular disease, MRA had high sensitivity and specificity for
identification of aneurysmal changes (sensitivity 100%, specificity 93%) and
string of beads appearance (sensitivity 95%, specificity 93%), but appeared less

suited to identifying stenoses (sensitivity 68%, specificity 94%) 40.
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Figure 1.2.2 - Magnetic resonance angiogram demonstrating left sided ostial

renal artery stenosis

Image supplied by Dr James Lay, Royal Bolton Hospital.

Nephrogenic systemic fibrosis

Although previously MRI and MRA have been considered safe tools due to the
lack of exposure to ionising radiation and iodinated contrast media 4!, a causal
link has recently been identified between exposure to gadolinium based
contrast agents and the development of nephrogenic systemic fibrosis (NSF)
4243 This is a condition of systemic fibrosis of the skin and internal organs
(figures 1.2.3 and 1.2.4), typically presenting first in the legs, with a high

associated mortality 44.
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Figure 1.2.3 - Patterned cutaneous plaques in nephrogenic systemic fibrosis

' 4 SRS
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Plagues can be seen to be red to purple coloured, thin and fixed. Reproduced from Girardi et al
J Am Acad Dermatol (2011) 65;6:1095-1106 with permission.

Figure 1.2.4 - Scleral plaques in nephrogenic systemic fibrosis

Yellow-white plaques and dilated capillary loops are visible. Reproduced from
Girardi et al J Am Acad Dermatol (2011) 65,6:1095-1106 with permission.

Nephrogenic systemic fibrosis appears to occur exclusively in patients with a
liver transplant, acute kidney injury, chronic renal impairment with an eGFR
<30ml/min/1.73m?2, or those on dialysis, with an estimated prevalence of 3% to
7% in patients with CKD 4 & 5 exposed to gadodiamide (Omniscan) one of the
first contrast agents developed 45-47. Inconsistent approaches to clinical and

histological diagnosis when the condition was first reported, and deaths before
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diagnosis may mean the true prevalence is higher than this. As a response to
this concern, standardised clinical and pathological diagnostic criteria have
been developed 48, table 1.2.1. Using this system, a score of three or greater
on both the histological and clinical criteria is considered diagnostic, figure
1.2.5. Given the seriousness of development of nephrogenic systemic fibrosis,
the uncertainty over the exact causal mechanism and the fact that signs of
disease can develop over a period of days to years, there has been a great deal
of caution in exposing patients with renal impairment to gadolinium containing
agents. There is now a greater understanding that the level of risk for
development of NSF varies both with the chemical structure of contrast agent
used and the patient’s level of renal function. The chance of developing NSF
seems minimal in patients with stable stage 4 CKD, and appears to be
exclusively related to the use of linear gadolinium agents 49, with no cases
reported following the isolated use of the newer cyclical agents. Current
recommendations contraindicate the use of linear agents in patient with an
eGFR <30ml/min/1.73m2 or on dialysis, and advise caution in the use of cyclical

agents patients with CKD stage 4 or 5 %0,

In the absence of a defined cause for the development of NSF, optimal
treatment strategies remain ill defined. Ultraviolet-A phototherapy appears to be
of benefit for cutaneous lesions 51.52, with some data suggesting potential roles
for rapamycin 53, sodium thiosulphate 54 and plasma exchange %5 to treat other

complications.

65



Table 1.2.1 - Diagnostic criteria for nephrogenic systemic fibrosis

Major clinical criteria Minor clinical criteria Clinical score Histological criteria
Patterned plaques Puckering / linear 4 >1 major Increased dermal
banding criterion cellularity (Score +1)
Joint contractures Superficial plaque / 3 1 Major criterion CD34+ cells with tram
patch tracking (Score +1)
“Cobblestoning” Dermal papules 2 1 Minor criterion Thick and thin collagen
bundles (Score +1)
Marked induration / Scleral plaques 1 =1 or no minor Septal involvement
Peau d’orange (age<45 years) criteria (Score +1)
0 NSF excluded Osseous metaplasia
(Score +3)

Preserved elastic fibers
(Score -1 if absent)

Figure 1.2.5 - Diagnosis and reporting grid for suspected nephrogenic systemic

fibrosis
Pathology Clinical Score
Score 0 1 2 3 4
0
1
2
3
;

Clinical and histological scores are defined in table 2.2.1. Reproduced from Girardi et al J Am
Acad Dermatol (2011) 65;6:1095-1106 with permission.
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Colour duplex ultrasonography

Colour duplex ultrasonography permits two different approaches to the
evaluation of renal vasculature, assessment of the main renal artery and
assessment of the intra-renal arteries. Due to the non-invasive nature of the
technique, the lack of ionising radiation or contrast, the wide availability of
equipment, and (in the presence of a single renal artery) the high sensitivity and
specificity offered 56, this is seen by many as the ideal tool with which to
diagnose renal artery stenosis. However, full assessment is operator
dependent and can be time consuming 5. The quicker indirect method that
assesses intra-renal arterial waveforms in the main renal artery searching for
evidence of the “tardus-parvus” phenomenon is the least sensitive and specific
method %8, likely due to variation in arterial compliance modulating this finding
59, Use of direct Doppler parameters significantly increases sensitivity and
specificity with measurement of the renal-aortic ratio 60 and renal-renal ratio 61
offering a greater degree of discrimination than the oft quoted parameter of a
peak systolic velocity >200cm/s with associated post-stenotic turbulence ©2.
These measures are best suited to the diagnosis of atherosclerotic
renovascular disease, where the majority of stenoses are single and ostial 6364,
Where the pattern of disease in the artery is irregular, such as in vasculitic or
fibromuscular causes all of these measures have reduced utility 65. Ultrasound
studies can fail due to obese body habitus or distended bowel gas pattern,
however it is likely that the widely quoted failure rates of 10-20% are over-

estimates if appropriate bowel preparation is offered.

Assessment of the intra-renal intralobar arteries to calculate the renal resistive
index has been suggested to improve the diagnostic accuracy of duplex
ultrasound in the diagnosis of unilateral renal artery stenoses 66. However,
renal resistive index can be modulated by other factors, including age, presence
of renal parenchymal disease 7 and heart rate 8. Consequently current
practice dues not advocate the use of threshold values of renal resistive index
in the diagnosis of renal artery stenosis. Instead a comparative approach is
used, with a side to side difference of >0.05 being the most commonly adopted
parameter. This has a sensitivity and specificity of at least 77% and 94% for the
diagnosis of >70% stenosis 86:69, |nitial enthusiasm for widespread adoption of

measurement of resistive index to guide decisions regarding the need for
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revascularisation followed publication of a retrospective study of 131 patients 7°.
In these data a resistive index >0.8 appeared to identify patients who would not
receive a benefit in renal function or blood pressure control following
revascularisation. Subsequent studies failed to validate this finding 7-73 and it is
uncertain as to whether the original data considered the stenotic or non-stenotic
kidney 74.

Novel ultrasound methodologies

Limited hilar analysis measuring acceleration time has been proposed as a
method by which ultrasonographic evaluation of renal artery stenosis may be
simplified 7> however this technique lacks both sensitivity and specificity 76.
Intravascular ultrasound using blood flow velocity measurement to assess distal
vascular disease has been assessed, but the invasive nature of this technique

limits its use to research settings 77.

Captopril renography

Captopril renography only offers high levels of diagnostic sensitivity and
specificity where there is preserved renal function and a unilateral stenosis.
The overall results of this test are inferior to CTA and MRA and it is no longer

used in routine clinical practice 78.

Novel MRI techniques

Following the controversy surrounding complications related to gadolinium
exposure, MRI methods that do not require injection of these agents are under
investigation. These typically require high field strength scanners (3-Tesla and

above) and currently have limited availability.

Blood oxygen level dependent magnetic resonance imaging

Blood oxygen level dependent magnetic resonance imaging (BOLD-MRI), figure
1.2.6, exploits the fact that deoxyhemoglobin is paramagnetic and
oxyhemoglobin diamagnetic 79. Paramagnetic substances cause microscopic
variations in the local magnetic field and consequently impact the MRI signal €0.
This signal loss can be measured and utilised to provide a measure of renal
tissue deoxyhemoglobin, quantified by an R2* value 8'. Human data suggest

that BOLD-MRI may be able to identify kidneys in which tissue oxygenation is
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preserved despite significant stenosis 82 and that combining these data with
isotopic GFR measurements may select patients in whom renal function may
improve following revascularisation 83. Although these data are promising
further studies are required to better understand the effects of other disease

states and medications on R2* measurements 84,

Figure 1.2.6 - Blood oxygen level dependent magnetic resonance imaging in a

patient with normal renal arteries

Dark blue and purple areas represent regions of increasing hypoxaemia. Here the cortices of
both kidneys are well oxygenated. Image supplied by Dr Constantina Chrysochou, Salford
Royal Hospital.
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Arterial spin labeling

Arterial spin labeling uses magnetically labelled endogenous blood water as a
tracer 8. Currently most published data have utilised this technique to assess
renal perfusion 86.87 however in a single small study arterial spin labelling has
been shown to be able to reliably identify renal artery stenosis >70% &8. With
very recent data suggesting this method could be adapted to estimate single
kidney GFR 89 there is potential for this approach to describe both structural and

functional renal parameters in the future.

Non-contrast magnetic resonance imaging

Unlike BOLD-MRI and arterial spin labeling, non-contrast MRI can be performed
using more widely available 1.5-Tesla scanners. Inversion pulses are applied
during imaging to increase contrast between areas of static and non-static
magnetisation thus enhancing the appearance of the blood signal 2. Use of
non-contrast MRI provides results generally comparable to computed
tomography angiography 9! and contrast enhanced MRI °2 in identifying the
existence of a stenosis but can provide false positive results and may

overestimate degree of luminal loss 9.
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Despite numerous studies comparing medical therapy with revascularisation in
ARVD, what constitutes optimal medical therapy is poorly defined. Treatment is
prioritised at modifiable vascular risk factors. In addition to lifestyle
interventions such as smoking cessation and rigorous control of glycaemia in
diabetic patients, blood pressure control must be optimised and consideration
given to the use of anti-platelet and lipid lowering medications. Figure 1.3.1

describes a pragmatic treatment algorithm.

Figure 1.3.1 - Medical treatment of patients with atherosclerotic renovascular

disease

Assess potential indications for

revascularization
Flash pulmonary oedema, rapidly declining renal function,
severe uncontrolled hypertension

/\

Indication present ‘ ’ No indication present
Initiate medical management > Address vascular risk

Smoking cessation; weight loss; diabetic control

|

Discuss revascularization with local Treat blood pressure to
specialist <130/70mmHg

Angiotensin blockade as first line therapy.
Recheck renal function after initiation / dose
titration.

Beta-blocker as second line therapy.
Third line therapy calcium channel blocker or
diuretic if symptoms of heart failure

4

Other vascular risk management
Aspirin 75mg
Statin therapy
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1.3.1 Angiotensin blockade

Angiotensin blockade is considered first line therapy in CKD due to benefits on
rate of loss of renal function exceeding what would be expected by the
reduction in blood pressure alone . Historically there has been underuse of
these agents in patients with renal artery stenosis due to concerns regarding
reduced glomerular filtration pressure 2. Whilst a reduction in GFR can be
precipitated by initiation of angiotensin blockade in ARVD, multiple other
reasons exist for reductions in renal function following initiation of these agents
(table 1.3.1) and any reductions in GFR can be reversed upon withdrawal of the
agent 3. Current data suggest that angiotensin blockade is better tolerated in
ARVD then is generally believed. In a series of 36 patients with ARVD (26
revascularised, 10 medically managed), use of angiotensin blockade was not
associated with a reduction in eGFR over a median follow up period of 88
months 4. Another observational study has described 71 patients, previously
angiotensin blockade naive, in whom renal artery stenosis had been diagnosed
following an increase in serum creatinine following initiation of one of these
agents 5. Forty of these patients were subsequently recommenced on
angiotensin blockade (thirteen following revascularisation), without detriment to
renal function. Unfortunately data are not available to describe if the remaining
31 patients failed re-introduction of therapy or were not further exposed to
angiotensin blockade. Despite this it is noteworthy that although angiotensin
blockade is well tolerated in the chronic stable state, ARVD patients prescribed
these agents have an increased risk for hospitalisation with acute kidney injury
during intercurrent ilinesses (hazard ratio 1.87 [95% CI 1.05-3.33], p=0.04),
though this is lower than the risk associated with loop diuretics (hazard ratio
1.98 [95% CI 1.01-3.88], p=0.04) 6. Despite this, angiotensin blockade can be
considered first line therapy in ARVD due to significant reductions in risk for
death and non-fatal cardiovascular events with two studies describing an almost
50% risk reduction for mortality associated with these agents 56. The
mechanism of this risk reduction is uncertain, but recent data from porcine
models suggest angiotensin blockade my reduce renal fibrosis and aid
preservation of the microvasculature 7. There are no data to support the use of

dual angiotensin blockade in ARVD.
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Table 1.3.1 - Causes of reduced renal function after initiation of angiotensin

blockade

Causes of reduction in glomerular filtration rate associate with use of angiotensin
blockade

Mean arterial pressure insufficient for adequate renal perfusion
Poor cardiac output
Low systemic vascular resistance

Volume depletion

Concurrent use of vasoconstrictor agents
Non steroidal anti-inflammatory drugs
Cyclosporin

Renal vascular disease
Bilateral renal artery stenosis
Stenosis to single functioning kidney
Afferent arteriolar disease
Diffuse small vessel atherosclerosis without focal ostial stenosis

1.3.2 Beta blockade

In addition to excess renin angiotensin aldosterone activity, patients with renal

artery stenosis have sympathetic over activity and elevated serum
noradrenaline concentrations 8. In conjunction, the arterial baroreflex response
to elevated sympathetic activity is reset upwards and becomes less sensitive °.
Survival benefits associated with beta-blockade are well described in essential
hypertension, congestive heart failure and following myocardial infarction 011,
phenotypes all commonly observed in the context of renal artery disease.

There are no data to suggest that beta-blockade results in better blood pressure
control in the setting of renovascular hypertension. Indeed the American Society
of Hypertension define pairing of a beta-blocker with angiotensin blockade as a
relatively ineffective combination to treat hypertension 2. However in a series of
40 patients undergoing medical treatment for atherosclerotic renal artery
stenosis use of beta blockers as second line therapy was associated with a
greater proportion of patients exhibiting stabilisation in degree of stenosis
compared to those using calcium channel blockers or dual angiotensin
blockade (75% vs. 54% vs. 50%) 3. Other data suggest a potential benefit in
renal function in revascularised patients treated with nebivolol in addition to

angiotensin blockade post procedure 4. Given the relationship between renal
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function and blood pressure and degree of renal artery stenosis and blood

pressure, these data would argue for a second line role for beta-blockade.

1.3.3 Other anti-hypertensive medications

Due to the salt and water retention caused by excess activity of the renin
angiotensin aldosterone system, a mechanistic argument for the use of diuretic
therapy can be made for patients with ARVD. Use of these agents is
considered key in the management of resistant hypertension 5. Although
diuretics are one of the least well tolerated classes of anti-hypertensive,
tolerability is improved when used in combination with other agents 2. In
addition, diuretics result in a fully additive blood pressure reduction when used
as part of a combined management strategy 6. Specific data regarding the use
of diuretics in ARVD is anticipated from CORAL, where diuretics are specified
as second line therapy 7. Calcium channel blockers result in an additive blood
pressure reduction when combined with all classes of anti-hypertensive
medications other than alpha blockers 2. Few specific data exist regarding their
use in ARVD.

1.3.4 Anti-platelet medications
Anti-platelet therapy is accepted as a standard treatment in ARVD due to the

significant extra-renal burden of atheroma 8. In chronic stable disease there
are no data to compare outcome between different classes of anti-platelet
agents. In CKD aspirin therapy is generally considered efficacious and safe 1s,
though debate is on going 20. Despite this uncertainty, aspirin is seen as a first
line treatment due to the reduced activity and increased bleeding risk observed
in CKD patients prescribed clopidogrel 2'. Current research into anti-platelet
therapy in ARVD is focused on optimal treatment 2223 around time of

percutaneous revascularisation.

1.3.5 Statin therapy

Statin therapy is a rational choice in ARVD given the burden of systemic
vascular disease and the associations between these agents and reduced rates
of loss of renal function 2425 and cardiovascular events in CKD patients 26. In

addition to this, statins retard progressive loss of renal luminal diameter 27 and
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are associated with reduced renal fibrosis in pig models of RAS 28. Risk for
death and ESKD associated with statin therapy was analysed in a cohort of 104
ARVD patients in which hyperlipidaemia patients (n=68, mean cholesterol
5.2mmol/L) were treated with a statin and patients without hyperlipidaemia
(n=36, mean cholesterol 4.7mmol/L) were not. In this study, statin treated
patients had a reduced risk for ESKD (hazard ratio 0.2 [95% CI 0.1-0.6],
p=0.006) and death (hazard ratio 0.13 [95% CI 0.04-0.4], p=0.001) 2°. A similar
reduction in risk for death has been described in revascularised patients
(hazard ratio 0.71 [95% CI1 0.53-0.95], p=0.02) %°. In a series of 91 patients who
underwent percutaneous renal artery angioplasty and stenting, statin use was
significantly associated with a reduced risk for re-stenosis (HR 0.35 [95% ClI
0.16-0.74], p=0.006) 3.
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Abstract

ASTRAL and the four randomized control trials that preceded it have shown that
unselected revascularization in atherosclerotic renovascular disease is not an
appropriate intervention. Despite this, there are clinical situations where renal
artery revascularization is of great patient benefit. In this review we discuss the

different presentations of ARVD and the effects of revascularization for each.

Introduction

ARVD is an endemic condition that presents the clinician with challenging
treatment decisions. ASTRAL ' was a landmark prospective trial comparing
standard medical therapy to standard medical therapy and renal
revascularization in 806 patients with ARVD. Its main findings were that there
was no difference between the two arms in terms of renal functional, blood
pressure, cardiovascular event or mortality outcomes. Given that over 6% of
patients suffered a significant complication during revascularisation, the trial
results have been important in minimising patient exposures to potentially
harmful procedures. However, they have increased uncertainty amongst
clinicians as to when revascularization is appropriate. In this article we set out
to highlight the different ways in which ARVD can present and discuss the

arguments for revascularization in each clinical situation.

Clinical presentations and arguments to revascularize
The often silent nature of ARVD makes exact comment on its incidence hard to

pass. A large study of Medicare patients aged over 65 years found an
incidence of 0.5% or 3.7 per 1000 patient years 2; this is likely to be an
underestimate because disease screening would only have been undertaken in
symptomatic or other selected patients, and community Doppler ultrasound
screening has shown a 7% prevalence in the elderly US population 3 whereas
United Kingdom Registry data defines ARVD as the primary disease in over

10% of incident dialysis patients 4.
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Given the heterogeneous renal artery anatomy, renal parenchymal damage and
extra-renal vascular associations of ARVD a variety of clinical syndromes are
observed, each of which carries its own arguments for and against

revascularization. These are:

* Hypertension

o Refractory hypertension
* Facilitation of RAAS blockade
* Chronic kidney disease

o Rapidly declining renal function
* Acute kidney injury

o Dialysis dependent ARVD
* Flash pulmonary edema
* Congestive cardiac failure
* Severe anatomical ARVD
* Incidental ARVD

1.4.1 Hypertension

Over 95% of patients with ARVD will have hypertension and up to 2% of all
hypertensives will have RAS, but a causal association is unlikely in the majority
5. Indeed, the role of revascularization for hypertension is a contentious area.
RAS reduces perfusion to the kidney, triggering activation of the RAAS and
resulting in marked vasoconstriction with salt and water retention and other
detrimental effects. As well as increasing blood pressure this contributes to

ongoing renal functional deterioration and other target organ damage.

Prior to commencement of ASTRAL there had been three small RCT which
compared revascularization to medical therapy and assessed blood pressure
outcomes in ARVD 6. The Dutch Renal Artery Stenosis Intervention
Cooperative (DRASTIC) study demonstrated a reduction in systolic blood
pressure at twelve months in the angioplasty group, though this was only seen
when blood pressure was checked with an automated machine, not replicated
when a sphygmomanometer was used 7. DRASTIC also reported improved
blood pressures in the patient population who crossed over from the medical

arm to revascularization because of refractory hypertension at three months.
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These benefits were not seen in the other RCTs, though the Essai
Multicentrique Medicaments vs. Angioplastie (EMMA) trial ¢ and DRASTIC both
suggested a minor reduction in the need for oral anti-hypertensive medications
following revascularization. Meta-analysis of these trials was limited due to their
heterogeneity and did not support renal revascularization to treat hypertension
9. The Dutch led Stent Placement in Patients With Atherosclerotic Renal Artery
Stenosis and Impaired Renal Function (STAR) study recruited 140 patients and
was published just prior to ASTRAL. Patients were randomized between
percutaneous revascularization and medical therapy and no differences were
observed in terms of blood pressure control 19. Over a median follow up period
of 34 months in ASTRAL, the homogeneity of blood pressure in each arm was
confirmed with no difference in the systolic or diastolic blood pressures in either
limb of the trial, figure 1.4.1. Patients enrolled into ASTRAL did have lower
baseline systolic blood pressures (150/76mmHg compared to 162/68mmHg in
STAR) than those in the other trials but were on comparable numbers of anti-

hypertensive agents.

In light of the available data, it would seem that the idea of undertaking renal
revascularization for most cases of hypertension has been rebuffed. However,
two areas remain for discussion — refractory hypertension and revascularization

to facilitate renin angiotensin blockade.

Figure 1.4.1 - Mean change in systolic blood pressure over time in ASTRAL
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Reproduced from Wheatley et al ' with permission.
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Refractory hypertension

Refractory hypertension is defined as uncontrolled blood pressure (greater than
160/90mmHg) despite the use of three or more different anti-hypertensive
medications. Treatment can present serious challenges to the clinician with
past decisions escalating as far as nephrectomy to control blood pressure.
Thankfully this approach is now rarely considered, but use of renal
revascularization for resistant hypertension is a poorly understood area with no
specific trial data. When the patient groups in STAR 10 and ASTRAL are taken
as a whole, neither fits the above definition making it difficult to draw
conclusions. However, some patients did fit the criteria and post-hoc analysis of
these trials in collaboration with results from CORAL may further enlighten us in
the future. Until then, the best information can be drawn form the DRASTIC 7
data in which the baseline demographics meet the definition for resistant
hypertension. As mentioned above, revascularization did not improve blood
pressure control, but did reduce the number of anti-hypertensive medications
required in this study. Until there is more data, many clinicians will feel obliged
to attempt revascularization when RAS exists in association with multi drug
resistant hypertension, or when drug-related renal dysfunction limits therapeutic

options as discussed below.

One final point of interest on this topic is the potential role of biomarkers. Brain
natriuretic peptide (BNP) is one biomarker with promising data. A small single
centre prospective study in patients with ARVD and resistant hypertension
found that patients with serum BNP levels of >80pg/ml prior to intervention were
much more likely to benefit from revascularization . In animal models, BNP
synthesis and release is stimulated by release of angiotensin Il 2. BNP
antogonises the RAAS and promotes natriuresis. Therefore, it may be that the
elevated BNP levels are a marker of an overactive RAAS, a marker of cardiac
strain secondary to chronic atrial overstretch, or a combination of these and
other factors. This pilot data is interesting but more investigations are needed

to validate its significance.
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1.4.2 Renin angiotensin aldosterone blockade

Effective blockade of the RAAS is one of the most significant advances of
recent years with effective blood pressure control, anti-proteinuric effects and
benefits to cardiac function all available as results of treatment. Angiotensin
converting enzyme inhibitors (ACEi) and angiotensin receptor blockers (ARB)
are excellent treatments for renovascular driven hypertension, but there are
widely held reservations about their use in the setting of ARVD, especially in
patients with bilateral significant disease. It cannot be disputed that ACEi or
ARB use can precipitate a fall in GFR; however in the setting of unilateral RAS
with a normally functioning contralateral kidney most patients avoid this fate.
However, experience of use of RAAS blockade in the setting of significant

bilateral ARVD, without detriment to renal function, is now growing 3.

Despite this general tolerance to therapy there are some patients who cannot
tolerate RAAS blockade without significant reduction in renal function. In view
of the high prevalence of CKD and proteinuria in ARVD, these patients will be
missing out on the specific renoprotective effects of these medications, as well
as potential benefits of reduced cardiovascular events and mortality, and
reduced chronic dialysis initiation 4. Hence, the indication of renal
revascularization to permit ACEi or ARB use is an attractive one. The Renal
Atherosclerotic Revascularization Evaluation (RAVE) study 15 is a single centre
randomized prospective pilot study comparing revascularization over standard
medical therapy. One of three specified secondary objectives is a comparison
of blood pressures and type of anti-hypertensive agents used between each
arm of the trial. Though only a pilot study with a target of 20 patients enrolled,
this may provide prospective data regarding anti-hypertensive tolerance after
revascularization. Until the results are available we are reliant on retrospective
data, which shows that revascularization can safely permit RAAS blockade in
significant bilateral ARVD in those patients who were intolerant prior to the

procedure 13.16,

We would, therefore, advocate consideration of revascularization when patients
with RAS have a strong clinical need for and yet biochemical proof of

intolerance to RAAS blockade.



1.4.3 Chronic kidney disease

Before ASTRAL was published over 15% of patients with a new diagnosis of
ARVD in the US were undergoing revascularization procedures 2. Prior to
ASTRAL, previous RCTs had significant shortcomings which limited the quality
of evidence provided - small patient groups, short follow up periods, and high
cross-over rates from the conservative therapy arm. In the STAR study only
60% of patients in the interventional arm truly underwent revascularization 10.
ASTRAL enrolled 806 patients with an average age of 70 years and eGFR of
40ml/min at baseline. The primary end point of progressive loss of renal
function was common to all of these studies. Neither ASTRAL nor any of the
other RCTs has demonstrated a significant difference in renal function between
arms of optimal medical therapy (OMT) or OMT and revascularization. CORAL
7is ongoing and it will be some time before results are available, so present
advice is built upon the available information. Hence, there is no evidence that
renal revascularization is indicated in ARVD with otherwise asymptomatic stable
CKD.

Again, however, there are subtleties which merit discussion. For example,
increased levels of proteinuria are predictive of poor outcomes in ARVD-related
CKD 18, and this is likely to be a major marker of parenchymal injury. A one size
fits all approach to intervention is rarely if ever appropriate and patient selection
must be considered. [f intervening in stable CKD is not beneficial overall then
the question of intervening in the sub-group of patients with more rapid loss of

function must be considered as a separate issue.

1.4.4 Rapidly declining function

ASTRAL pre-specified a secondary analysis of a sub-group of patients with
rapidly declining renal function (defined as a 20% or 100 umol/l increase in
creatinine within the previous year), and there were 96 patients who eventually
fulfilled these criteria. At one year patients in the revascularization arm had a
reduction in their serum creatinine, but confidence intervals were wide and the
result not statistically significant, figure 1.4.2. There will be CORAL patients who
fit this clinical category but it may take a meta-analysis drawn from CORAL,
ASTRAL and STAR to provide a reliable answer regarding benefit of
revascularization in this clinical setting. Until then, the decision will remain
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discretionary, but given the prognostic, financial and emotional costs of dialysis,

revascularization may seem appropriate for this patient group.

Figure 1.4.2 - Mean change in serum creatine at twelve months in ASTRAL,

stratified by rapid increase in serum creatinine
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1.4.5 Acute Kidney Injury
Despite a lack of firm evidence and the impossibility of undertaking a

meaningful trial, there is a consensus view that the occurrence of oligo-anuric
AKI in patients with significant ARVD is a strong indication for renal
revascularization and this is supported by case reports of patient rescue from
dialysis 9. Most case reports and series describe patients with bilateral ARVD
or with a chronic unilateral occlusion and a high grade contralateral lesion 2. In
a chronic setting, as renal blood flow drops below that of the kidney’s ability to
regulate glomerular flow, function is reduced but viability of renal parenchyma
preserved by development of collateral circulation (e.g. from the lumbar and
capsular vessels). Should another insult subsequently compromise perfusion
further the system decompensates and AKI follows. This is a different
physiological process to acute renal artery occlusion, where acute renal

parenchymal ischemia is the predominant process.

The key questions in the setting of AKI are patient selection and investigation.
The rate of decline in kidney function has been shown to be a predictor of

success following revascularization, whilst there is conflicting data over the
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usefulness of renal size and baseline creatinine 2. This may be a reflection of
the different pathophysiological processes involved (i.e. severity of ischemia vs.
chronic parenchymal damage) and its applicability to clinical practice is

uncertain.

Options for investigation for underlying severe RAS in the patient with AKI
appear very limited as MRA is not a safe tool because of risk of nephrogenic
systemic fibrosis and there are justifiable concerns regarding the repeated use
of iodinated contrast in acute renal impairment. In skilled hands, Doppler
ultrasound is the best option, providing reliable information about both kidney
size and blood flow non-invasively. MAG3 nuclear scans have also been used

to detect potentially viable tissue.

Timing of revascularization is the final issue, and naturally the earliest possible
intervention seems most logical. The differentiation between acute vascular
occlusion (which would require immediate intervention) and an acute insult
developing on the background of chronic ischaemia and a collateral supply
(there are reports of recovery from dialysis up to 42 days after loss of renal
perfusion) 22, can sometimes be made in light of clinical history (e.g. acute loin

pain, prior angiography) but this will not always be the case.

Consensus advocates consideration of renal artery revascularization in the

setting of AKI in the presence of known or new bilateral ARVD.

1.4.6 Revascularization to escape dialysis

There are also reports in the literature of chronic haemodialysis patients
becoming independent of dialysis following renal revascularization. Although
anecdotal, these cases have occurred when intervention was undertaken
primarily to try to assist with uncontrolled hypertension, or when preserved renal
volume (see below) was an important factor in predicting dialysis
discontinuation 23. These reports are interesting but they almost certainly
describe a minority of patients who commence chronic dialysis without prior

investigation for RAS.

94



1.4.7 Flash pulmonary oedema

The complex interplay between the heart and the kidneys is well recognized
and ARVD provides a clear clinical environment for this interconnection to
occur, as it is commonly associated with increased ventricular stiffness and left
ventricular hypertrophy, with 95% of patients with ARVD having abnormalities of
cardiac structure or function 24 and little physiological reserve to adjust to

changes in the circulating volume.

AVRD drives hypertension primarily through RAAS activation. In addition to
pertubations in salt and water homeostasis, with reduced natruresis, excess
RAAS stimulation increases pulmonary capillary permeability and mediates
endothelial dysfunction, with potential consequences of salt and water retention
and cardiac dysfunction. In some cases of unilateral RAS, a normally
functioning contralateral kidney can suppress its own renin secretion so acting
as a homeostatic safety valve. When disease is bilateral, or if there is only a
single functioning kidney, this escape route is lost and acute pulmonary edema
can occur. Almost 95% of patients with ARVD who present with FPO have

bilateral disease 25.

There are no prospective randomized data to inform our treatment of FPO in the
setting of ARVD. Several case reports or series describing successful
treatment have been published ® and these are summarized in table 1.4.1. In
one retrospective series of 207 patients who underwent renal revascularization,
39 patients with recurrent episodes of heart failure requiring hospital admission
were identified. All of these latter patients had bilateral disease and, if both
kidneys were considered viable, underwent bilateral revascularization.
Admissions to hospital for symptomatic pulmonary edema reduced from 2.4 to

0.3 admissions per year over a 21 month average follow up 26.

There is clear current consensus to advocate renal revascularization for
recurrent pulmonary edema in the setting of significant bilateral ARVD, as the

procedure can be life-saving for some 27.
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Table 1.4.1 - Reports of revascularization for acute and chronic heart failure

Authors and

Acute or Number CAD

Left ventricular RAS degree CCF end

publication chronic of cases systolic point
year dysfunction
Weatherford et Acute 5 2/5 cases No 1 severe No FPO
al 1997 47 bilateral, 4  during a mean
severe 57 month
unilateral to  follow up
SFK
Messina et al Acute 17 1117 6/17 cases Severe No FPO
1992 48 cases bilateral during mean
follow up of
2.4 years
Pickering et al  Acute 11 5/11 cases No 7 bilateral, 2 10/11 no
1998 49 unilateral to  further FPO
SFK, 2
unilateral
Bloch et al 1999 Both 19 acute, 15/25 4/25 cases 22 bilateral, 3 18/25 no
50 6 chronic cases unilateral recurrence, 3
FPO and 4
CCF at 1 year
Gray et al 2002 Both 39 Unknown Unknown 18/39 severe Reduction in
26 bilateral, hospitalization
21/39 severe for heart
unilateral to  failure
SFK
Kane et al 2009 Chronic 163 65%-74% LV ejection >70% Reduction in
51 of subjects fraction stenosis hospitalization
47%-49% and NYHA
class in those
who were
revascularized
Missouris et al Chronic 9 Unknown Unknown 4 severe Echo
2000 52 bilateral, 5 normalized in
severe one, free from
unilateral heart failure in
another
Khosla et al Chronic 28 24/28 22/28 patients  >70% 16/28
1997 58 patients stenosis, 8  improvement
unilateral, 20 in NYHA class
bilateral
Meissner etal Chronic 6 Yes Yes Severe Undefined
1988 54 bilateral or  clinical
unilateral to  improvement
SFK

Adapted from Chrysochou et al 5 with permission.
Abbreviations: SFK - single functioning kidney. FPO - Flash pulmonary oedema. CCF -

Chronic congestive cardiac failure. NYHA - New York Heart Association. RAS - Renal artery
stenosis. CAD - Coronary artery disease.
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1.4.8 Chronic congestive cardiac failure

Chronic RAS activation and the neurohormonal repercussions have been
shown to contribute to left ventricular remodeling and dilatation leading to
symptoms of CCF. As up to 30% of patients with CCF have been shown to
have some degree of ARVD 28, a mechanistically attractive proposition is to

reduce RAAS stimulation and activity by revascularising this patient population.

Published trials do not provide any evidence to support renal revascularization
in patients with more chronic heart failure, although case reports and
retrospective series (table 1.4.1) again highlight potential benefit, but these risk
positive reporting bias. Two sub-studies of ASTRAL using cardiac MRI and
echocardiography (still due to report) have been designed to assess the impact
of revascularization on cardiac structure and function, as has an Italian
echocardiographic study, RASCAD (Stenting of Renal artery Stenosis in
Coronary Artery Disease) 2°. These will provide the first firm data, which may
be supplemented by CORAL, which has specified hospitalization for CCF as a

primary end point.

Until then the most robust RCT data is available from ASTRAL’s secondary end
point of major cardiac events. One of these was hospitalization for fluid
overload and or heart failure, and this occurred in 12% of the revascularized

patients and 15% of those medically treated (p=0.22) *.

We feel that the issue of renal artery revascularization for patients with chronic
heart failure is worthy of RCT investigation in the future, but at the current time
there is little evidence to support intervention except in potentially life-

threatening situations (e.g. acute decompensation).

1.4.9 Severe anatomical ARVD

Severe stenosis is a difficult term to define, as outside of animal models the
relationship between degree of RAS and alteration of flow or perfusion to the
kidney has been poorly characterised. Lesions which could be considered mild
or moderate at <50-60% may have an impact on mortality 30, giving them

clinical significance. However, in patients with co-existent CAD mortality does
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relate to the grade of RAS, with patients having RAS lesions > 75% having a

significantly higher mortality than lesions under 75%.

So is renal revascularization indicated simply because a patient has a high
degree of RAS, irrespective of clinical presentation? The DRASTIC study did
not find a difference in the blood pressure outcomes for the revascularization
arm when stenosis of >70% was compared to that of 50%-70% 7. This finding
was further studied in a post hoc analysis of ASTRAL. Here cases of bilateral
stenosis >70%, or stenosis >70% in a single functioning kidney, were assessed
and no difference in renal function or mortality was seen between the two

randomized arms in a total of 163 patients with this anatomy, figure 1.4.3.

Figure 1.4.3 - Mean change in serum creatinine in sub-set of ASTRAL patients

with severe anatomical disease
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Severe anatomical disease defined as bilateral >70% stenosis or stenosis >70% to a single
functioning kidney. Criteria for inclusion in this analysis satisfied by 163 patients. Reproduced
from Wheatley et al ' with permission.

Accepting the limitations highlighted in critiques of these studies, which correctly
suggest that there may have been over estimation of RAS severity in some
cases, it is still difficult to recommend revascularization based on an

angiographic finding alone. The increased mortality with increasing grade of
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stenosis is interesting but does not prove a causal relationship, as, for example,
more severe RAS is known to occur in patients with greater CAD burden 31.
Hence, ARVD forms part of a systemic process and this diffuse disease process
is more likely to be the cause of increased mortality than the grade of stenosis

alone.

In the absence of specific clinical complications we do not recommend
revascularization based on the grade of stenosis alone. The possible caveat to
this is preservation of functional renal mass in patients who can be shown to

have a ‘functionally significant’ RAS, as discussed below.

1.4.10 Preservation of renal mass

Historically, many renal revascularization procedures were undertaken with the
aim of preserving functioning renal mass.The term ‘hibernating parenchyma’
has been applied to describe kidneys that show functional improvement after
revascularization, supposedly indicative of renal tissue that has not yet
undergone permanent damage 32. In these situations the hypothesis is that the
haemodynamic consequence of a given RAS is the cause of renal dysfunction
and that irreversible parenchymal injury has yet to occur. As such, the term

‘functionally significant stenosis’ may be a suitable alternative term.

Renal bipolar length, though a widely used measurement, has been shown to
be poor at predicting remaining parenchymal volume (PV), but MRI studies
have shown that the latter is the best predictor of single kidney glomerular
filtration rate (SK-GFR) 33. Recently the assessment of the ratio of kidney
volume to function (PV:SK-GFR) by MRI scanning has demonstrated that
patients with a high ratio and significant ARVD are significantly more likely to
have renal functional benefit from revascularization compared to those with low
PV:SK-GFR 34.

We hypothesise that the above findings are explained by a disproportionately
low GFR for a given PV being reflective of a reduced plasma flow caused by a
functionally significant stenosis. Further insights are gleaned from the finding
that chronically ischaemic kidneys have higher renal vein oxygen saturations

when compared to non stenosed contralateral kidneys. This could suggest that
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oxygen uptake is more reduced than renal blood flow in these situations, but
whether this is a cause or effect of renal injury is unknown 35, BOLD provides
measurements that correlate with tissue deoxyhaemoglobin levels. Although
this is not a specific marker for renal ischaemia in AVRD, it provides
reproducible data in both native kidneys and allografts and provides both
structural and functional information. Studies have demonstrated BOLD
imaging can distinguish between potentially viable kidneys with ARVD (>70%
stenosis) and non-viable kidneys 36, and there is hope that BOLD imaging may
help in selecting patients most likely to benefit from revascularization. Until
then, assessments of parenchymal or cortical volume in relation to individual
kidney function in kidneys with RAS may help clinicians in the decision making
process, especially when the clinical presentation is not compelling in favour of

intervention.

1.4.11 Incidental ARVD

Vascular disease is a systemic process and significant ARVD is highly prevalent

in those patients undergoing investigations for disparate disease (e.g. for CAD
and PVD). Between 15% and 29% of patients being investigated by coronary
angiography have ARVD discovered, with 5% of the total number having
bilateral disease 37. The incidence is even higher in patients being investigated
for lower limb arterial disease or aortic disease, with around 40% of patients
being found to have significant ARVD 38. Retrospective data has shown
incidental ARVD in the setting of PVD to be a significant, independent, predictor
for mortality, though this does not inform us as to whether it is a cause or

marker of poor outcomes 39.

The justification for further assessment and treatment of incidentally discovered
RAS has little evidence-based support. In one retrospective case review in
which 124 patients noted to have ARVD during an alternative angiographic
procedure underwent formal imaging of the renal vessels this demonstrated a
>70% stenosis in 78 patients. Of these, 58 underwent percutaneous
revascularization (38 followed up for 12 months). Renal function did not
significantly alter between the groups, and the suggestion that revascularization
may have improved blood pressures was only noted in the group who

underwent increases in pharmacotherapy 40.
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The strongest evidence again derives from ASTRAL. Many of the 806 patients
within the study were asymptomatic, and it is likely that a high proportion of
cases were incidentally diagnosed. The results clearly showed that unselected
revascularization for patients with RAS in whom there were no compelling
clinical reasons for intervention provided no overall health benefit. Therefore, in
the absence of other indications, we would view incidental ARVD as an

indication for standard medical therapy, not revascularization.

1.4.12 Complications of renal artery revascularization
When recommending any interventional procedure, one must balance the risks

and benefits for the individual patient. The technical success of renal
revascularization by percutaneous angioplasty and stenting is high with initial
angiographic success of 94 -100% 4!. This applies irrespective of whether the
definition for success is a post-revascularization residual stenosis of <10% or
<50%. However, renal artery revascularization is not without complications.
Even in the experienced hands of the skilled operator, almost 3% of patients
have a major vascular complication and meta-analysis suggests an overall
mortality of 1% 41. In ASTRAL there was a 6.8% risk of serious adverse events
in patients receiving intervention 1. Lesser complications such as groin
haematoma, puncture site trauma or minor renal dysfunction associated with

contrast agents are much more common at up to 10% 41.

An additional issue that must be considered is the long term procedural
success. In one study of follow up with duplex ultrasound following renal
intervention, restenosis free survival was 50% at twelve months and 40% at
eighteen months 42. Further, use of drug eluting stents may improve long term
patency but they have not been validated to the extent that has occurred with
their use in treatment of CAD 43. Another measure which must be considered is
how best to utilize anti-platelet agents. Aspirin has a historical perspective in
treatment of ARVD, and most RCTs allow anti-platelet use in line with local
policy. This lack of standardization may confound some of the published data

and warrants further consideration when future trials are designed.
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There is also developing interest in the use of embolic protection devices
(EPDs) to accompany stenting, aiming to capture the atheromatous fragments
which may be dislodged during the procedure and cause subsequent
downstream occlusions and parenchymal damage. Complete EPDs capture
more of this debris, but have not demonstrated superior results to partial
devices 44. Some prospective trials have suggested that EPD use is more likely
to lead to improved renal function post-procedure 45, however this is not a
consistent finding and some results suggest EPD in conjunction with
glycoproteinllb/llla inhibition may be a superior approach 46. Theoretically here,
the EPD collects large particles, whilst the glycoprotein inhibitor attenuates the
effects of the particles too fine to be trapped figure 1.4.4. A proportion of

patients in CORAL have used EPDs and this may add further information.

Figure 1.4.4 - Percentage change in eGFR following percutaneous renal artery
revascularization between controls, EPD alone, abciximab alone and EPD with

abciximab

A

Control Angioguard Abciximab Angioguard
Only Only and Abciximab
(n=26) (n=21) (n=21) (n=23)

Reproduced from Cooper et al 46 with permission

102



Conclusions

In conclusion, despite a landmark randomized control trial, decisions to
undertake revascularization in certain clinical presentations of ARVD remain
contentious. Definitive advice to revascularize patients is still largely based
upon consensus opinion. ASTRAL has helped steer clinicians away from
undertaking carte blanche intervention in those patients with RAS and stable
CKD, moderate hypertension and especially in largely asymptomatic patients or
those with incidentally discovered disease. This is highly important given the
significant risks that can accompany revascularization. However, some patients
undoubtedly benefit from revascularization and more investigation is merited to

help identify the patient sub-sets who will potentially benefit.

Currently, compelling support for renal revascularization is apparent when high-
grade RAS co-exists with:

* Severe or dialysis dependent AKI

* acute pulmonary edema

* patients with very resistant hypertension

* facilitation of RAAS blockade in patients who need therapy but in whom

renal functional intolerance is present

Other potential areas merit further study. Most clinicians would feel
uncomfortable not intervening in a patient with RAS and rapidly declining renal
function, and until a possible meta-analysis of STAR, ASTRAL and CORAL is
available, this remains a reasonable rationale for revascularization. Further
information from ASTRAL and RASCAD on the effects of revascularization on
cardiac structure and function will be available in the near future, but until then,
and until a randomized trial on the clinical effects of intervention on RAS in CCF
is undertaken, revascularization for chronic heart failure has little evidence

base.

Most new data over the next few years will likely address the role of biomarkers
in patient selection, or the issue of determining which kidneys have hibernating
parenchyma associated with functionally significant stenoses. Available
evidence does not support revascularization based on stenosis severity, but in

the future we will learn more about the importance of renal volumes and how to
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select patients who have not yet developed downstream irreversible renal

parenchymal damage.
The final message is that screening for ARVD in asymptomatic CKD patients or

in those with treatable hypertension will add little to their care and only increase

therapeutic uncertainty.
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CHAPTER 2 - AIMS AND OBJECTIVES OF THIS
RESEARCH PROJECT

Important knowledge gaps exist in the ARVD literature. As this research project
is based on analysis of established cohort data (described in detail in Chapter
3), research questions that would maximise the value of these resources were
identified.

The first questions relate to patient outcomes in ARVD. Previous studies that
have considered prognosis in patients with ARVD have used the general
population as a referent group and only adjusted crudely for the presence of
CKD. Given the increased risks for death and dialysis seen in patients with
renal impairment of any cause, it cannot be assumed that ARVD has the same
prognostic relevance in the context of CKD. This issue is relevant as many of
the studies that describe patient benefit from PTRAS have been performed in
populations with relatively preserved renal function, and the ‘negative’ RCT
performed in patients with more advanced CKD.

The second aspect of the question of prognosis in ARVD relates to clinical
presentation. International guidelines support PTRAS for selected phenotypes

(often designed ‘high-risk’ presentations) of ARVD. However the evidence base

for doing so is weak and there is a lack of evidence that these presentations are

actually associated with a worse clinical outcome. Hence the first two

objectives of this project are to:

1 To define the prognostic significance of ARVD in comparison with other
causes of CKD.
Null hypothesis (Ho) - The presence of ARVD does not confer a worse

prognosis than other causes of CKD.

2 To consider if clinical phenotype has a relationship with prognosis or
response to percutaneous revascularization in ARVD.
Ho - Clinical presentation of ARVD is not associated with a difference in

outcome or treatment response.
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A further knowledge gap relates to identification of ARVD patients with the
greatest risk for progression to ESKD. In ASTRAL the observed annual rate of
loss of renal function was approximately 10 times slower than had been
expected based on previous data. As the primary study end-point related to
loss of renal function, this may have masked any benefit from revascularisation.
The importance of this is dependent on whether all ARVD patients have a
similar risk for progression to ESKD or if certain patients have an increased risk.
Hence the third objective of this project is to describe the characteristics of

ARVD patients who progress to ESKD and:

3 To develop a risk stratification system to allow early identification of ARVD
patients with the greatest risk for progression to end stage kidney disease.

Ho - Risk for progression to ESKD in ARVD cannot be predicted.

The final identified research question relates to medical therapy in ARVD.
Beyond angiotensin blockade and statin use, data regarding other drug
therapies is limited, with substantial variation existing in medications usage
between RCT. As rates of PTRAS for ARVD have fallen since ASTRAL it is
imperative optimal medical therapy is accurately defined to standardise and

improve patient care. The fourth aim of this project is therefore:

4  To improve the evidence as to what constitutes optimal medical therapy in
ARVD.
Ho - Prognosis in ARVD is not affected by pharmacotherapy.

A final theme of this project, found in each results chapter, is to explore
alternative statistical methodologies beyond the standard regression models
commonly applied to cohort studies. The aim of this is to limit confounding, and

provide results that are both statistically accurate and clinically meaningful.
As this thesis is presented in the alternative format, the aim of each results

chapter, and it’s position in relation to these aims and objectives, is restated at

the start of each chapter.
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CHAPTER 3 - METHODOLOGY

Preface

This chapter describes the cohort studies analysed in each results chapter. As
this thesis is presented in the alternative format, sections of this chapter will
overlap with the methods text in the results chapters. This chapter, however,
provides a greater level of detail regarding study design and conduct, ethical

approval, data capture and event verification.

As a range of analytical approaches have been used throughout this thesis, this
chapter provides a summary of the most commonly used statistical
methodologies. Descriptions of analyses specific to each chapter are presented

in the methods section of that chapter.
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3.1 Ethical Approval and Funding

Data for this thesis have been obtained from two studies both of which have
received approval from the Wrightington Wigan and Leigh Research Ethics
Committee. These studies are the Salford Renovascular Databases (SRVD),
REC 07/Q1410/33, and the Chronic Renal Insufficiency Standards
Implementation Study (CRISIS), REC 05/Q1404/187.

Funding support for this work has been received from the Renal Research Fund
(Salford Royal NHS Foundation Trust).

3.2 Rationale for the SRVD and CRISIS

RCT can provide the highest quality of evidence but have historically been under-

represented in nephrology compared to other medical specialties, figure 3.1 1. As
a consequence, practice has often been dictated by trials performed in the general
population or by robust observational studies. The SRVD and CRISIS were
established to provide a board range of longitudinal patient level phenotypic data
that could be interrogated to accurately describe the natural history of patients
with ARVD and CKD. These studies have led to publications relating to the use of
statin therapy and angiotensin blockade in ARVD 23 and factors affecting

progression of CKD 45.

Figure 3.1 - Number of randomized controlled trials performed in nephrology

and 12 other specialities of internal medicine

3500
@ e Nervous system
K.} —— Cardiovascular
& 3000 - Cancer
3 Nutrition
o 2500 Infectious disease
€ —— Immunology
8 ~— Respiratory Medicine
3 2000 — Gastroenterology
N ~— Musculoskeletal
1500 — Dermatology
§ —— Endocrinology
e e Hematology
« 1000
o
2
§ .
4
(N .

1966 1970 1974 1978 1982 1986 1990 1994 1998 2002 2006 2010

Year
Reproduced from Samuels et al !

112



3.3 Study design, inclusion and exclusion criteria

3.3.1 Salford Renovascular Database

The Salford Renovascular Database is an open-ended prospective observational
study of outcomes in ARVD. The study was established in 1995 with recruitment
ongoing since this point (969 patients recruited as of December 2013). Screening
is performed by electronically identifying all patients referred for MRA, CTA or
renal digital subtraction angiography. Patients are recruited from Salford Royal
NHS Foundation Trust although diagnostic imaging may have occurred at a
different site. All patients with a new diagnosis of ARVD are considered for
enroliment into the SRVD. Patients are approached by their normal health-care
provider and provided with an approved patient information sheet. After a
minimum period of 24 hours (usually 1 to 3 months) informed consent is taken
from those prepared to participate by an appropriately trained research doctor.
Due to the observational nature of the SRVD, participation is not affected by

enrollment to other clinical trials.

Inclusion criteria
* Atherosclerotic renal artery stenosis of any degree unilaterally or bilaterally
* Age over 18-years
* Able to provide informed consent

Exclusion criteria

* Non-atheromatous RAS (fibromuscular disease, vasculitic or other)

3.3.2 Chronic Renal Insufficiency Standards Implementation Study

The Chronic Renal Insufficiency Standards Implementation Study is an open-
ended prospective observational study of outcome in a referred non-dialysis CKD
population (2728 patients recruited as of December 2013). The study was
established in 2002 with recruitment ongoing since this point. Screening for
recruitment is performed on patients attending nephrology clinics at Salford Royal
NHS Foundation Trust. The approach to recruitment is as for the SRVD with the
addition of specifically trained research nurses aiding in obtaining information

consent.
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Inclusion criteria
* Referred for or under follow up for management of CKD
* Non-dialysis CKD
* Age over 18 years
* Able to provide informed consent
Exclusion criteria
* Expectation of death or progression to dialysis within six-months of
recruitment
* Treatment with maintenance hemodialysis or CKD due to failing kidney

transplant

3.4 Recorded information
3.4.1 Salford Renovascular Database
Information are collected at enroliment and then annually as follows:
* Demographic information (age, gender, ethnicity).
* Clinical presentation and recruitment to any RCT of ARVD.
* Angiographic information (type and date of study, degree of renal artery
stenosis, revascularization procedures and clinical indication).
* Co-morbid data (macrovascular history, diabetic status, smoking history).
* Medication data (number and type of anti-hypertensive medications, use of
anti-platelet and statin therapy).
* Blood pressure (mean value of two readings taken seated after 5 minutes
of rest).

* Laboratory data (creatinine, proteinuria, total cholesterol).

3.4.2 Chronic Renal Insufficiency Standards Implementation Study
Information are collected at enrollment and then annually as follows:
* Demographic information (age, gender, ethnicity, height, weight,
employment status, marital status, functional status)
* Coded primary cause of CKD
* Co-morbid data (macrovascular disease history, history of heart failure,
diabetic status, smoking status, alcohol consumption)
* Medication data (number and type of anti-hypertensive medications, use of
anti-platelet and statin therapy are all coded for. All other prescribed

medications are recorded in free text form).
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* Blood pressure (mean value of two readings taken seated after 5 minutes
of rest).

* Laboratory data (full renal profile, cholesterol profile, inflammatory markers,
haemoglobin and haematinics, proteinuria, stored samples for future DNA

and biomarker analyses).

3.4.3 Sources of information
All records are updated annually by trained clinicians or research nurses.
Information are obtained using a structured data collection pro-forma with

reference to clinical records where appropriate.

3.5 Patient management
Patient management is not altered by recruitment to either the SRVD or to

CRISIS. All patients are treated in line with contemporaneous national and
international guidelines 6-8. Revascularisation procedures in the SRVD have been
performed for indications defined by published guidelines 8 or due to recruitment

to a randomised trial 210. In all cases percutaneous angioplasty with bare metal

stenting has been performed. No cases of surgical revascularisation are included.

Revascularisation procedures have not been documented on an intention to treat
basis. Technical success of revascularisation is defined in line with international
standards for practice as a residual stenosis of <80% or a trans-lesional pressure

gradient of less than 10mmHg .

3.5.1 Impact on patient care

Although direct management is not affected by recruitment to either study annual
visits are longer to allow complete data collection and any supplementary
investigations specified below. All additional laboratory tests are performed
synchronously with routine clinic bloods to mitigate the need for additional
venesection. Both studies have been regularly discussed with the Hope Kidney
Patient Association and their views addressed. Alternations to the study protocols
are again discussed with patient representatives and recruited patients are

informed of any changes both in writing and verbally at their next study visit.
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3.5.2 Data protection

All researchers are trained in Good Clinical Practice and renew this training on at
least a three yearly basis. Patient data are handled in accordance with the Data
Protection Act of 1998 and the University of Manchester Data Protection Policy as

required by the Code of Research Conduct (http://documents.manchester.ac.uk/

display.aspx?DoclD=2804). Patients are assigned a study identifier that is only
linked to their NHS number. Any laboratory samples processed at a site other
than Salford Royal NHS Foundation Trust are only labeled with their study

identifier.

3.6 Event definition and verification
3.6.1 Death

Cause and date of death were obtained from electronic patient records or contact

with primary care providers. Verification of these data was made using data
obtained from the Office for National Statistics.

3.6.2 Renal Replacement Therapy and End Stage Kidney Disease

In the SRVD and in CRISIS the date of initiation of chronic renal replacement
(RRT) therapy, defined as start of haemodialysis, peritoneal dialysis or
transplantation is recorded. All case records were reviewed to ensure all chronic
RRT events were and to verify that no episodes of acute dialysis were coded as
chronic RRT (eight cases identified in the SRVD, six cases identified in CRISIS).

There are no published UK data to describe the proportion of patients who opt for
supportive care in preference to RRT. In Australia a ratio of approximately 1:1
exists 12. As this would represent a patient group in whom kidney disease had
progressed to the same point as those who opted to commence e.g. dialysis, a
composite end-point of ESKD was defined. This included patients commencing
RRT and patients with an eGFR <10ml/min/1.73m2 who did not commence RRT.
An eGFR of <10ml/min/1.7m2 was selected as being representative of the median
eGFR beneath which dialysis is commenced in the United Kingdom '3 and
consistent with European consensus opinion on when dialysis treatment should
be initiated 4. To identify the date of first eGFR <10ml/min/1.73mz2, all available
laboratory data were reviewed to identify the first recorded date of eGFR <10 ml/

min/1.73m2. To ensure that AKI were not included in this definition, a second out-
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patient eGFR value <10 ml/min/1.73m2 or an eGFR trajectory consistent with

progressive loss of renal function was required to assign a label of ESKD.

3.6.3 Cardiovascular Events

In the SRVD the date and type of the first recorded cardiovascular event after
diagnosis is recorded as a pre-specified end-point. In CRISIS cardiovascular
event data are updated on an annual basis however date values are not recorded.
As such cardiovascular event data within the SRVD were considered in Cox
regressions, and in CRISIS were considered in logistic regressions.

Cardiovascular events were defined as:

* Myocardial infarction or acute coronary syndrome

* New onset angina pectoris

* Coronary revascularisation procedure for known angina pectoris
* Hospitalisation for pulmonary oedema or arrhythmia

* Stoke (ischaemic or haemorrhagic)

* Transient ischaemic attack

For all patients, case records were reviewed to verify documented events and to
identify any further events. Where possible events were verified by clinical
records — cardiac enzyme rise, electrocardiogram or chest X-ray changes for
coronary events, neurological imaging for stroke and procedural records for
revascularisation procedures. When these data were not available due to events
being treated at a different hospital, coded diagnoses on clinical letters were

utilised. These were verified by reference to primary care records.
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3.7 Laboratory Analyses

Standard biochemical and haematological parameters are recorded from samples
processed at clinic visits. All blood samples are collected by trained phlebotomy,

nursing or medical staff.

3.7.1 Renal function

Since 12th June 2007 all measurements of serum creatinine have been
performed in a standardized manner on a Roche Modular P analyzer using a
blank rated and compensated Jaffe reaction. Results are aligned to the Isotope
Dilution Mass Spectrometry (IDMS) method. These measurements are subject to
internal quality control and participation in the National External Quality
Assessment Scheme. Prior to this measurements were made using using an
uncompensated kinetic Jaffe method on Roche Integra and Modular P

analyzers. An offset of -18umol/L was applied to these measurements to account
for reaction due to non-creatinine chromogens and standardize creatinine values
between time periods 5. Based on the standardized serum creatinine values, the
CKD Epidemiology Collaboration (CKD-EPI) equation 16 was used to generate

validated estimates of GFR values using the formula:

sCr \%
eGFR = 141 X min (T, 1)
SCr -1.209
X max (—, 1)
K

x 099349¢
X 1.018 [if female]
x 1.159 [if black]

Where sCr = serum creatinine in mg/dL (calculated as pmol/L/88.4), a = -0.329

if female and -0.411 if male, k = 0.7 if female and 0.9 if male; min = the

minimum of sCr/ K or 1 and max = the maximum of sCr/ K or 1.

The CKD-EPI formula was chosen in preference to the 4-variable MDRD equation
as the majority of patients in the SRVD and CRISIS had an eGFR in excess of
30ml/min/1.73m?2 at baseline and the CKD-EPI formula has been shown less likely
to misclassify patients with higher measured GFR values as having low eGFR

values 17.
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3.7.2 Proteinuria

Measurement of proteinuria has changed over the lifetime of the SRVD and
CRISIS. Prior to October 2006 measurement of 24-hour urinary protein was
routine local practice with spot urine protein creatinine ratios adopted from this
point. To standardize values, spot measurements were converted into 24-hour
values by dividing the concentration of protein by the concentration of creatinine.
This approach has been shown to provide well correlated results where eGFR is
in excess of 15ml/min/1.73m?2 18, Where urine creatinine concentrations were not

reported, age and gender appropriate population average values were substituted
19

3.7.3 Additional samples

In addition to routinely measured parameters patients in each study provide a
single sample of deoxyribonucleic acid (DNA) and baseline and annual plasma
and serum samples (maximum 15ml). DNA samples are taken to the Clinical
Sciences Building at Salford Royal NHS Foundation Trust on the day of collection
for storage. Samples are labeled by study identifier and transferred in batches to
the Centre for Integrated Genomics Medical Research at the University of
Manchester for DNA extraction. Serum and plasma samples are transferred to
the Clinical Sciences Building at Salford Royal NHS Foundation Trust within four
hours of being taken and frozen at -80°C in the Salford Biological Repository.
Responsibility for the care of these samples lies with the renal department at
Salford Royal NHS Foundation Trust.

3.7.4 Investigations specific to CRISIS

In addition to the above samples, patients recruited to CRISIS are invited to
participate in evaluation of arterial stiffness. This is assessed using a
Syphgmocor or Vicorder device by measurement of pulse wave velocity and

augmentation index.
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3.8 Summary of Statistical Methodology

All statistical analyses have been performed in SAS version 9.2 (SAS Institute,
Cary, NC) under license to the University of Manchester or in R version 3.0.1
(http://www.R-project.org). As this thesis is presented in the alternative format
detailed information of the methodology used for each analysis is presented within
the relevant results chapter. A summary of the most commonly used techniques

is given below.

Continuous data were visualized using scatterplots, histograms and quantile-
quantile plots to identify outlying data points and to assess the distribution of the
data. Where a non-parametric distribution existed either a non-parametric
methodology was used in analysis or a transformation applied to approximate
normality (natural log transformation for positively skewed data, square-root or
natural log transformation for negatively skewed data). Parametric continuous
data are presented as meanzstandard deviation, non-transformed non-
parametric data are presented as median [interquartile range] and categorical
data as number [percentage]. Continuous data were compared between groups
using either ANOVA or t-test and categorical data compared using Chi-squared
test.

Survival analyses were performed using Cox proportional hazards regression with
results presented as hazard ratio (HR) with 95% confidence interval (Cl) in
brackets. In all cases proportionality of hazard was initially assessed visually
using Kaplan-Meier curves. For the final model a test of proportionality was
applied to the log-time interaction variables to assess Ho, proportional risk, versus
H;1, non-proportional risk. Here a non-significant alpha value was taken as
evidence that the null hypothesis was not rejected and proportionality accepted.
In addition, for the SRVD, the effect of year of diagnosis of ARVD (grouped into
1995-2000; 2000-2005 and 2005 onwards) was also considered as an interaction
term with the independent variables in exploratory Cox regressions. In all cases
the alpha value was non-significant. This was taken as evidence that year of
angiography did not influence the effect of the independent variable on outcome.
Results of Cox regressions are presented as hazard ratio [95% confidence
interval]. Where appropriate, these analyses are complimented by presentation of

absolute event rates and relative risk for event. Event rates were manually
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calculated and presented as number of events per 100 patient-years follow-up.

Relative risk for events was calculated in a Poisson regression.

Details of any other novel statistical methodologies are provided in the relevant
results chapters. Unless otherwise specified statistical significance was defined

as an alpha value of <0.05.

Table 3.1 - Interaction of time with event free survival in relation to renal artery

revascularisation

Parameter Standard error p
estimate
Death
1995 - 2000 Referent
2000 - 2005 0.56 0.32 0.18
2005 - 2010 -0.07 0.44 0.87
End stage kidney disease
1995 - 2000 Referent
2000 - 2005 0.26 0.60 0.66
2005 - 2010 1.02 0.58 0.08
Cardiovascular event
1995 - 2000 Referent
2000 - 2005 1.68 1.13 0.14
2005 - 2010 1.80 1.12 0.10

Table shows parameter estimates (adjusted for patient age, estimated glomerular filtration rate,
blood pressure and degree of proteinuria) for the effect on year of diagnosis of ARVD on risk for
outcome in relation to percutaneous renal artery revascularisation. Where results do not reach
statistical significance this is taken as evidence that risk for outcome is not related to year of
diagnosis.

Cardiovascular event defined as myocardial infarction / acute coronary syndrome;
hospitalisation for pulmonary edema or dysrhythmia; stroke or transient ischaemic attack; new
onset of symptomatic angina or deterioration of existing angina requiring interventional
procedure.

End stage kidney disease defined as initiation of chronic renal replacement therapy,
transplantation or estimated glomerular filtration rate <10ml/min/1.73m?
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CHAPTER 4.1

Risks for Mortality and Renal Replacement Therapy in Atherosclerotic
Renovascular Disease Compared to Other Causes of Chronic Kidney

Disease

Ritchie J, Green D, Alderson HV, Chiu D, Sinha S, Kalra PA

Preface

Given the negative results from trials of percutaneous revascularisation current
treatment for ARVD does not meaningfully differ from general care of the patient
with CKD. Given the commonality in treatment, it has been suggested that

there may be limited value in defining ARVD as a specific disease entity.

In this analysis we consider if clinically significant differences in patient outcome
exist between ARVD and other forms of chronic kidney disease to support

ARVD being defined as a disease process in its own right.

Ho - The presence of ARVD does not confer a worse prognosis than
other causes of CKD.
Hi - The presence of ARVD does confer a worse prognosis than other

causes of CKD, supporting its position as a specific disease entity.

125



Abstract

Background

Patients with ARVD have an increased risk for death and RRT compared to the
general population. No data exist to describe prognosis in ARVD compared to

other causes of CKD.

Methods

Patients were selected from two prospective observational studies of outcome
in ARVD and CKD. Multivariate Cox regression was used to compare risk for
RRT and death (both prior to and following initiation of RRT) between patients
with ARVD and other causes of CKD.

Results

Of 1472 patients (563 [38%] ARVD, 909 [62%] non-ARVD), 242 [16%)]
progressed to RRT and 640 [44%] died over a median follow-up period of 4.1
[IQR 2.4-5.6] years. Patients with ARVD had an increased risk for death (HR
1.5 [95% CI 1.2-1.8], p<0.001) but not for RRT (HR 1.0 [95% CI 0.7-1.4],
p=0.9). The largest increase in risk for death was observed relative to renal
limited diseases e.g. pyelonephritis (HR 2.4 [95% CI 1.3-4.5], p=0.004) and
interstitial/infiltrative disease (HR 2.2 [95% CI 1.3-4.5], p=0.02). No difference
in risk for death existed between ARVD and diabetic nephropathy (HR 1.0 [95%
C10.8-1.3], p=0.8). Following initiation of RRT, patients with ARVD had a
significantly increased risk for death compared to patients without ARVD (HR
3.3 [95% CI 2.2-5.0], p<0.001).

Conclusions
Patients with ARVD as a cause of CKD have an increased risk for death both
prior to and following initiation of RRT. Further work should seek to identify

modifiable risk factors relevant to prognosis.
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Introduction

Prospective studies have demonstrated that ARVD is associated with increased

risk for vascular morbidity and mortality ', with strong supporting data found in
retrospective analyses of the Medicare 5% denominator files. Here a 1.5x to
2.3x increased risk for death was found in prevalent ARVD patients 2 with a
similar level of risk described in incident ARVD patients 3. Studies describing
risk for progression to RRT in ARVD are more scarce. In another analysis of
Medicare data, incident ARVD patients were found to have significantly
increased risk for initiation of RRT 3. However, interpretation of this finding is
confounded by several factors. Firstly the coded data do not define whether
ARVD was the primary cause of CKD in these patients. Although renal artery
disease has been found in over a quarter of elderly patients with end stage
kidney disease 4, the proportion of incident dialysis patients where ARVD is
defined as the primary renal disease varies from 2% to 27% 56. A further
confounding issue in the Medicare analyses for both mortality and RRT is that,
although adjusted for the effect of coded for CKD on outcome, the referent
group was formed by the general population. As such these studies cannot
inform us as to how risk differs between patients with CKD secondary to ARVD
and CKD due to other specific causes. Finally, despite the increased mortality
risk associated with ARVD in the pre-dialysis population, studies considering
survival in ARVD patients following initiation of RRT are few and conflicting. A
single center analysis of 683 haemodialysis patients described a significantly
increased risk for death in patients with ARVD compared to patients with other
causes of end stage kidney disease 7. In contrast, registry analysis of over
146,000 incident US dialysis patients found a reduced risk for death in patients

in whom ARVD was their primary cause of renal failure, when compared against

other cause of ESKD 8.
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This study aims to:

1 — compare risk for death and progression to RRT between patients with ARVD
as their primary cause of renal failure and patients with other defined causes of
CKD.

2 — compare prognosis following initiation of RRT between patients with ARVD

and patients with other causes of ESKD.
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Subjects and methods

Patient population and management

Patients were selected from two well-established observational studies, the
Salford Renovascular Database ° and the Chronic Renal Insufficiency
Standards Implementation Study 0. The SRVD and CRISIS are both
prospective observational studies of outcome in CKD and have received
approval from the regional ethics committee. The SRVD was established in
1995 to prospectively include all patients diagnosed with ARVD referred for
management at our nephrology center (catchment population 1.5 million).
CRISIS was established in 2002, with the majority of referred patients aged
over 18 years and an eGFR under 60ml/min/1.73m2 (not requiring immediate
referral for dialysis) approached for consent in an unselected fashion. Both
studies record baseline demographic (age, gender, ethnicity), co-morbid
(smoking status, previous and incident macrovascular events, medications) and
clinical data (blood pressure, serum urea, creatinine, proteinuria). Nephrology
residents and trained research nurses update patient records on an annual
basis. Pre-defined end-points for both studies are all-cause mortality and
progression to chronic RRT, defined as initiation of chronic haemodialysis,
peritoneal dialysis or transplantation. Where possible, information is obtained
from local electronic health records, with patient-reported data used when this is

not available.

All patients are treated independently of recruitment to the SRVD or CRISIS.
Management is in accordance with national guidelines 13, with a number of
ARVD patients treated with percutaneous renal artery angioplasty and stenting
in line with prevailing clinical consensus 4, and a proportion revascularised

following recruitment to randomised trials 1.15.
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Inclusion criteria and assignment of primary cause of CKD

Patients were considered suitable for inclusion in this analysis where there were
complete baseline co-morbid, blood pressure and renal biochemical data, and a
defined primary cause of CKD. Imaging records for patients recruited to
CRISIS were reviewed to identify any cases of ARVD not captured in the SRVD.
Patients were defined as having ARVD as their primary renal disease where
there was a minimum 50% unilateral stenosis and no other primary cause of
CKD documented by a consultant nephrologist. Patients with ARVD and <50%
stenosis, or ARVD and an alternative documented primary cause of CKD were
excluded from analysis. In patients without evidence of ARVD, primary renal
disease was assigned following a review of the clinical notes made by the
patient’s consultant nephrologist. Where more than one possible diagnosis
existed the case was discussed by three nephrologists and the most probable
dominant cause assigned (e.g. based upon the presence or absence of
retinopathy or neuropathy when diabetes co-existed with hypertension). Where
a quorum could not be reached, or no clearly documented cause of CKD
existed, the patient was excluded from analysis. Causes of CKD within CRISIS

were grouped into 8 categories:

Diabetic nephropathy — including type | and type Il diabetes mellitus.
Pyelonephritis — including reflux nephropathy.

Interstitial and infiltrative renal disease — interstitial nephritis,
myelomatous disease, amyloid and sarcoid.

Structural disease — congenital urinary tract abnormalities, obstructive
uropathy, renal stone disease and traumatic or surgical loss of kidney.
Cystic renal disease — polycystic kidney and medullary cystic disease
Vasculitic glomerulonephritis — ANCA related conditions, Goodpasture’s
disease, IgA nephropathy, membranoproliferative and lupus nephritis
(acute presentations excluded).

Other glomerulonephritis — membranous nephropathy and focal
segmental glomerulosclerosis.

Hypertensive renal disease — including cases of malignant hypertension
(with ARVD excluded).
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Statistical methodology

Normally distributed continuous data are presented as meanz+standard
deviation and non-parametric data as median [interquartile range]. Categorical
data are presented as number [percentage]. Comparisons between continuous
variables were made using ANOVA methodology appropriate to the distribution
of the data; comparisons between categorical baseline variables were made
using Chi-squared test and factorial logistic regression. Survival analyses were
performed using Cox proportional hazards regression with multivariate models
constructed using co-variates with a clinically plausible relationship to outcome.
For end-points of death and RRT time zero was defined as date of recruitment
with censoring occurring at date of end-point or most recent clinical follow-up.
For the end-point of death following initiation of RRT, time zero was defined as
date of first chronic RRT with censoring occurring at death or most recent
clinical follow-up. Results are presented as hazard ratio [95% confidence
interval] with statistical significance defined as an alpha value of <0.05 unless
otherwise stated. Time averaged rates of change in blood pressure and renal
function were calculated using unconditional growth models with an
unstructured covariance matrix. Risk for end-points associated with these
values were compared non-parametrically using restricted cubic splines
(adjusted for clinically relevant covariates) between ARVD and non-ARVD
groups 6. All analyses were performed in SAS version 9.2 (SAS Institute, Cary,

NC, USA) under license to the University of Manchester.
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Results

Study population

A total of 2541 patient records (SRVD = 819; CRISIS = 1722) were considered.
From CRISIS, 60 patients were excluded due to ARVD co-existing with another
documented primary cause of CKD, with a further 753 excluded due to
incomplete baseline data, or no documented cause of CKD, giving a CRISIS
population of 909 patients. From the SRVD, 166 patients were excluded due to
<50% stenosis, with 90 further patients excluded due to incomplete baseline
data, giving a SRVD population of 563 patients. The total population for
analysis therefore comprised of 1472 patients with a median follow-up time of
4.1 [IQR 2.4-5.6] years, figure 4.1.1. Average follow-up times were comparable

for each disease group table 4.1.1.

Figure 4.1.1 - Patient selection and summary outcomes.

CRISIS SRVD
Assessed for eligibility Assessed for eligibility
(n=1722) (n=819)

Excluded (n=813)

Significant ARVD with Excluded (n=256)

::;eer;:;nz:_péloTary renal Bilateral stenosis <50% or likely
n alternative primary disease

€ (n=166) €

Mixed or not coded primary

disease (n=270) Missing baseline proteinuria or

eGFR data (n=90)

Missing baseline proteinuria or
eGFR data (n=483)

Study
Included in analysis (n=909) population Included in analysis (n=563)
Did not reach Reached Did not reach Reached
RRT RRT RRT RRT
(n=756) (n=153) (n=474) (n=89)
Survived Died Survived Died Survived Died Survived Died
(n=490) (n=266) (n=117) (n=36) (n=208) (n=266) (n=17) (n=72)

Abbreviations: CRISIS — Chronic Renal Insufficiency Standards Implementation Study. SRVD —
Salford Renovascular Database. RRT — renal replacement therapy
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Table 4.1.1 - Median follow up time divided by primary disease group

Group Median follow-up time in years

[interquartile range]

Diabetic nephropathy

Pyelonephritis

Interstitial / infiltrative

Structural renal disease

Cystic renal diseases

Vasculitic glomerulonephritis

Other glomerulonephritis
Hypertensive renal disease
Atherosclerotic renovascular disease
All non-ARVD patients combined

4.0 [2.6-5.5]
4.7[3.2-7.2]
4.4[3.2-6.2]
4.7 [3.2-7.1]
4.7 [3.5-6.1]
4.5[3.3-7.1]
4.4[3.1-7.3]
4.0[2.7-5.2]
4.0[1.7-5.8]
4.2 [3.0-5.6]

Abbreviations — ARVD: atherosclerotic renovascular disease

Primary renal disease was defined as diabetic nephropathy in 210 [14.3%)]

patients, pyelonephritis in 67 [4.5%)], interstitial disease in 44 [3.0%)], structural

renal disease in 41 [2.8%)], cystic disease in 58 [3.9%], vascuitic

glomerulonephritis in 109 [7.4%)], other glomerulonephritis in 61 [4.1%],
hypertensive disease in 319 [21.7%] and ARVD in 563 [38.3%], figure 4.1.2.

401 ARVD

Diabetic

Percentage of patients
N
<}

Vasculitic GN

Pyelonephritis Structural
Intersitital

Cystic

Other GN

Figure 4.1.2
Distribution of
primary
diseases within
study
population.

Abbreviations:
ARVD
Atherosclerotic
renovascular
disease

GN
glomerulonephritis
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Baseline demographics

When non-ARVD causes of CKD were considered together (n=909 [61.8%)]),
patients with ARVD were older (70.0+9 vs. 64.6+14 years, p<0.001), more
proteinuric (0.64 [IQR 0.2-1.2] vs. 0.2 [IQR 0.1-0.6] g/24 hours, p<0.001), and
with a greater burden of macrovascular co-morbidity (myocardial infarction 30%
vs. 17%; cerebrovascular disease 37% vs. 17%, peripheral vascular disease
39% vs. 17%, p<0.001 for all). Mean baseline eGFR was 33ml/min/1.73m2 in
both groups, table 4.1.2.

Similar demographic differences were observed when comparison was made
between patients with ARVD as their primary cause of CKD and other individual
causes of CKD. Patients in the pyelonephritis and cystic disease groups were
youngest (54.8+18 and 56.2+14 years respectively); patients with diabetic
nephropathy had the lowest baseline eGFR (30.7+15ml/min/1.73m2). Patients
with ARVD as their primary cause of CKD had the highest baseline blood
pressure of any group, even when compared to those coded as having
hypertensive renal disease (157+30/81+16mmHg vs. 139+21/71+12mmHg,
p<0.05), table 4.1.3.
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Table 4.1.2 - Baseline demographics of ARVD and non-ARVD populations.

ARVD Non-ARVD CKD

n=563 n=909 p
Age 70+/-9.2 64.6+/-14.2 <0.001
Male 319 (56.7%) 579 (63.7%) 0.007
eGFR 33+/-17.9 33.5+/-15.2 0.5
24 hour proteinuria 0.64 (0.2-1.2) 0.2(0.1-0.62) <0.001
Systolic blood pressure  157.5+/-29.7 135.9+/-21.5 <0.001
Diastolic blood pressure 80.9+/-16.3 72.9+/-11.6 <0.001
Maximum unilateral
stenosis 77.3+/-19.3 na -
Patency score 92.3+/-40.7 na -
Diabetes mellitus 165 (29.3%) 335 (36.9%) 0.003
Myocardial infarction 169 (30%) 157 (17.3%) <0.001
Stroke/TIA 207 (36.8%) 150 (16.5%) <0.001
Peripheral vascular
disease 218 (38.8%) 156 (17.2%) <0.001
Statin 287 (51.5%) 577 (63.5%) <0.001
Angiotensin blockade 267 (47.4%) 584 (64.2%) <0.001
Revascularisation 129 (23%) na -
Current smoker § 93 (31.8%) 123 (13.5%) <0.001
Ex-smoker 131 (44.9%) 496 (54.6%) 0.004
Never smoked 68 (23.3%) 290 (31.9%) 0.005

Abbreviations; eGFR - estimated glomerular filtration rate (CKD-EPI); TIA — transient ischaemic
attack. Patency score defined as combined left and right renal artery patency, where a score of
200 represents bilateral 0% stenosis and a score of 0 represents bilateral 100% stenosis.
Angiotensin blockade defined as use of either / or angiotensin converting enzyme inhibitor or
angiotensin receptor blocker. § smoking data in the SRVD available for 52% of patients.
Current smoking defined as smoking at time of recruitment or cessation of smoking within 1-
year of recruitment. Ex-smoker defined as having stopped smoking for >1-year prior to

recruitment.
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Table 4.1.3 - Baseline demographics of ARVD and specific non-ARVD groups.

ARVD Diabetes * PN Interstitial n=44 Structural n=41 Cystic Vasculitic GN  Other GN n=61 Hypertensive p

n=563 n=210 n=67 n=58 n=109 n=319
Age 70+4/-9.2 64.7+/-12.2**  54.8+/-18.3**  62.6+/-13** 62.5+/-14.5**  56.2+/-14.4**  58.2+/-14.8**  59.2+/-14.2**  71.9+/-9.9* <0.001
Male 319 (56.7%) 144 (68.6%)* 30 (44.8%)* 23 (52.3%) 26 (63.4%) 24 (41.4%)* 77 (70.6%)* 37 (60.7%) 218 (68.3%)" <0.001
eGFR 33+/-17.9 30.7+/-15 35.3+/-17.7 34.1+/-14.9 32.5+/-14.6 35.9+/-17.1 36.1+/-16.8 37.4+/-17.3* 33+/-13.1 0.05
Proteinuria 0.9+/-1.2 0.9+4/-1.4 0.5+4/-0.7* 0.5+/-0.8* 0.7+4/-0.9 0.2+4/-0.4** 1.1+/-1.5 1.6+/-2** 0.3+/-0.6™ <0.001
SBP 157.5+/-29.7 136.7+/-22.6** 129.24/-16.9** 130.6+/-20.3** 135.8+/-21.3** 131.7+4/-20.6** 135.8+/-21.4** 134.6+/-22.9** 138.7+/-21.3** <0.001
DBP 80.9+/-16.3 70.4+/-11** 75.1+/-9.8* 74.6+/-10.6* 77.3+/-10.7 77+-12* 76.3+/-11.8* 75.24/-11.4* 71+/-11.8* <0.001
Unilateral stenosis 77.3+/-19.3
Patency score 92.3+/-40.7 . . . . . . . .
Diabetes 165 (29.3%) 210 (100%)** 7 (10.4%)* 7 (15.9%) 9 (22%) 4 (6.9%)* 11 (10.1%)** 10 (16.4%) 80 (25.1%) <0.001
Mi 169 (30%) 44 (21%)* 4 (6%) 5 (11.4%) 4 (9.8%) 5 (8.6%) 6 (5.5%)* 4 (6.6%) 85 (26.6%)** <0.001
Stroke/TIA 207 (36.8%) 37 (17.6%) 7 (10.4%) 6 (13.6%) 4 (9.8%) 10 (17.2%) 6 (5.5%)* 7 (11.5%) 73 (22.9%)* <0.001
PVD 218 (38.8%) 45 (21.4%)* 8 (11.9%) 6 (13.6%) 5(12.2%) 3 (5.2%) 7 (6.4%)* 5 (8.2%) 77 (24.1%)* <0.001
Statin 287 (51.5%) 155 (73.8%)** 25 (37.3%)* 19 (43.2%) 17 (41.5%) 27 (46.6%) 59 (54.1%) 43 (70.5%)* 232 (72.7%)** <0.001
A2B 267 (47.4%) 159 (75.7%)** 39 (58.2%) 19 (43.2%)* 13 (31.7%)** 43 (74.1%)* 79 (72.5%)* 48 (78.7%)* 184 (57.7%) <0.001
Revascularisation 129 (23%)
Current smoker § 93 (31.8%) 26 (12.4%)** 13 (19.4%) 8 (18.2%) 4 (9.8%)** 5 (8.6%)** 14 (12.8%)** 11 (18%)* 42 (13.2%)** <0.001
Ex-smoker 131 (44.9%) 117 (55.7%)* 25 (37.3%) 21 (47.7%) 21 (561.2%) 28 (48.3%) 59 (54.1%) 28 (45.9%) 197 (61.8%)** 0.001
Never smoked 68 (23.3%) 67 (31.9%)* 29 (43.3%)** 15 (34.1%) 16 (39%)* 25 (43.1%)* 36 (33%) 22 (36.1%)* 80 (25.1%) 0.003

Quoted p-value is for overall between group comparison. Statistically significant differences between ARVD and individual groups are shown for each variable (*p<0.05; **p<0.001).
Ain the diabetic nephropathy group, 177 [84%] have type Il and 33 [16%)] have type | diabetes mellitus. § smoking data in the SRVD available for 52% of patients.
Abbreviations; PN — pyelonephritis; GN — glomerulonephritis; eGFR - estimated glomerular filtration rate (CKD-EPI equation); SBP — systolic blood pressure; DBP — diastolic blood pressure; M| —

myocardial infarction; TIA — transient ischaemic attack; PVD — peripheral vascular disease; A2B - angiotensin blockade defined as use of either / or angiotensin converting enzyme inhibitor or

angiotensin receptor blocker. Patency score defined as combined left and right renal artery patency, where a score of 200 represents bilateral 0% stenosis and a score of 0 represents bilateral 100%

stenosis. Current smoking defined as smoking at time of recruitment or cessation of smoking within 1-year of recruitment. Ex-smoker defined as having stopped smoking for >1-year prior to

recruitment.
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Risk for death

Over the observed period, 640 [43.5%)] patients died. The greatest proportion
of patient deaths occurred in the ARVD group [60.0%]. Diabetic and
hypertensive renal disease had the next highest proportions (42.9% and 40.4%
respectively), with the lowest proportion of deaths in the pyelonephritis group
[16.4%]. In other disease groups, between 20 and 30% of patients died
(structural 29.3%, other glomerulonephritis 24.6%, vasculitic glomerulonephritis
22.0%, cystic 20.7%, interstitial 20.5%). In univariate analysis, ARVD patients
had a significantly increased risk for death compared to all non-ARVD causes of
CKD combined (HR 1.80 [95% CI 1.5-2.1], p<0.001; figure 4.1.3). This
association persisted in multivariate analysis (HR 1.47 [95% CI 1.2-1.8],
p<0.001), adjusted for age, gender, eGFR, proteinuria, systolic blood pressure,
diabetes and macrovascular history (composite of previous myocardial
infarction, stroke, transient ischaemic attack or peripheral vascular disease),
with the greatest risk for death observed in patients with ARVD and stage 5
CKD at baseline (HR 2.01 [95% CI 1.3-3.0], p=0.001). When ARVD was
compared to other individual causes of CKD, a statistically significant increased
risk for death was observed in univariate and multivariate analysis compared to
patients with pyelonephritis (HR 2.44 [95% CI 1.3-4.5], p=0.004), interstitial
renal disease (HR 2.22 [95% CI 1.2-4.4], p=0.02), vasculitic glomerulonephritis
(HR 1.96 [95% CI 1.3-3.0], p=0.003), other vasculitis (HR 1.72 [95% CI 1.0-3.3],
p=0.05) and hypertensive renal disease (HR 1.43 [95% CI 1.2-1.8], p=0.001).
For cystic and structural disease, a statistically significant increase in risk was
observed in univariate analysis but not in multivariate analysis (HR 1.73 [95%
Cl11.0-3.3], p=0.07 and HR 1.61 [95% CI 0.9-3.2], p=0.1 respectively). When
patients with ARVD were compared to patients with diabetic nephropathy no
alteration in risk for death was observed (HR 1.03 [95% CI 0.8-1.2], p=0.8),
table 4.1.4.

As no significant difference in risk for mortality existed between patients with
ARVD and diabetic nephropathy, risk for death associated with the presence of
diabetes was considered. In non-ARVD patients the presence of diabetes was
associated with a significantly increased risk for death (HR 1.63 [95% ClI
1.3-2.1], p<0.001), however this finding was not observed in ARVD patients (HR
1.01 [95% CI 0.8-1.3], p=0.9).
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Figure 4.1.3 - Kaplan Meier survival curves for ARVD and non-ARVD causes of CKD
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Table 4.1.4 - Risk for death in atherosclerotic renovascular disease compared
to other causes of chronic kidney disease.

Univariate Multivariate
HR (95% CI) P HR (95% CI) P
All non-ARVD CKD

ARVD vs. CKD 1.8 (1.54-2.11) <0.001 1.47 (1.23-1.76) <0.001

Stage 3 1.79 (1.39-2.29) <0.001 1.31 (1-1.73) 0.05

Stage 4 1.51 (1.16-1.95) 0.002 1.26 (0.96-1.64) 0.1

Stage 5 2.42 (1.65-3.56) <0.001 2.01 (1.34-3.03) 0.001

Specific causes

Diabetes 1.28 (1.02-1.60) 0.035 1.03 (0.76-1.25) 0.8
Pyelonephritis 417 (2.27-7.69) <0.001 2.44 (1.33-4.54) 0.004
Interstitial 3.13 (1.59-5.88) 0.001 2.22 (1.15-4.35) 0.02
Structural 2.33 (1.30-4.17) 0.004 1.61 (0.90-3.21) 0.1
Cystic 3.23(1.82-5.88) <0.001 1.73 (1.01-3.33) 0.07
Vasculitic 3.03 (2.01-4.54) <0.001 1.96 (1.25-3.01) 0.003
glomerulonephritis
Other 2.70 (1.61-4.54) <0.001 1.72 (1.01-3.33) 0.05
glomerulonephritis
Hypertensive 1.33 (1.09-1.64) 0.006 1.43 (1.15-1.79) 0.001

Multivariate analysis adjusted for age, gender, eGFR, proteinuria, systolic blood pressure,
diabetes and macrovascular history (composite of myocardial infarction, cerebrovascular event
or peripheral vascular disease).

All hazard ratios represent risk for death in patients with ARVD.

Abbreviations: ARVD — atherosclerotic renovascular disease; CKD — chronic kidney disease

Risk for renal replacement therapy
Overall 242 (16.4%) patients progressed to RRT. The greatest proportion was

seen in patients with cystic disease (39.7%). This was followed by structural
disease (24.4%), other glomerulonephritis (21.3%), diabetic nephropathy
(20.0%), and then vasculitic glomerulonephritis (19.3%). The sixth greatest
proportion of patients progressing to RRT was seen in patients with ARVD
(15.8%), followed by pyelonephritis (14.9%), interstitial disease (11.4%) and
finally hypertensive renal disease (9.1%). No significant difference in risk for
RRT was observed between ARVD and non-ARVD CKD. When compared with
individual causes of CKD, the only group in which a significant difference in risk
for RRT was observed compared to ARVD was cystic kidney disease (HR 3.93
[95% CI 2.3-6.7], p<0.001), table 4.1.5.
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Table 4.1.5 - Risk for renal replacement therapy.

Univariate Multivariate
HR (95% CI) p HR (95% CI) p
All non-ARVD CKD

ARVD vs. CKD 0.93 (0.71-1.22) 0.601  1.01(0.73-1.39) 0.9

Stage3 1.05(0.57-1.95) 0.872 1.63(0.77-3.44) 0.2

Stage 4 0.64 (0.4-1.02) 0.063 0.8 (0.48-1.34) 0.4

Stage5 0.79(0.51-1.21) 0.272 0.97 (0.6-1.56) 0.9

Specific causes

Diabetes 1.36 (0.93-1.99) 0.114 1.05 (0.7-1.59) 0.8
Pyelonephritis 0.91 (0.47-1.75) 0.77 0.73 (0.35-1.52) 0.4
Interstitial 0.69 (0.28-1.69) 0.412 0.65 (0.26-1.65) 0.4
Structural 1.49 (0.77-2.87) 0.239 0.73 (0.35-1.54) 0.4
Cystic 2.66 (1.67-4.24) <0.001  3.93 (2.32-6.68) <0.001
Vasculitic 1.18 (0.73-1.9) 0.51 0.84 (0.49-1.43) 0.5
glomerulonephritis
Other 1.29 (0.72-2.32) 0.394 0.98 (0.5-1.73) 0.8
glomerulonephritis
Hypertensive 0.57 (0.37-0.88)  0.011 0.79 (0.5-1.26) 0.3

Multivariate analysis adjusted for age, gender, eGFR, proteinuria, diabetes, systolic blood
pressure, macrovascular history.

Upper rows describe risk for renal replacement therapy in patients with ARVD compared to all
other causes of CKD.

Lower rows (specific causes) describe risk for RRT in specific groups of CKD causes compared
to patients with ARVD. Abbreviations: ARVD — atherosclerotic renovascular disease; CKD —
chronic kidney disease

Risk for death following initiation of renal replacement therapy

In multivariate analysis (adjusted for age, gender and presence of diabetes at
start of RRT), patients with ARVD had a significantly increased risk for death
following initiation of RRT (HR 3.31 [95% CI 2.2-5.0], p<0.001) compared to
non-ARVD CKD, with a 50% survival probability at 16 months (figure 4.1.4).
When considered against individual causes of CKD patient numbers were
small, but signals to increased risk were seen relative to each other disease
category, reaching statistical significance when ARVD patients were compared
to those with diabetic nephropathy (HR 2.22 [95% CI 1.2-4.2], p=0.01), cystic
disease (HR 2.56 [95% CI 1.0-6.7], p=0.05), and vasculitic glomerulonephritis
(HR 7.69 [95% CI 1.8-32.2], p=0.004), table 4.1.6. As the SRVD only records
the first macrovascular event occurring after diagnosis and not subsequent
events it was not possible to adjust this analysis for co-morbid burden at the
time of initiating RRT. This may have introduced unmeasured confounding into

this analysis.
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Figure 4.1.4 - Kaplan Meier survival curves for ARVD and non-ARVD causes of ESKD after initiation of renal replacement therapy
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Table 4.1.6 - Risk for death in atherosclerotic renovascular disease patients
following initiation of renal replacement therapy compared to other causes of

chronic kidney disease.

Univariate Multivariate

HR (95% CI) o] HR (95% CI) p
Non-ARVD CKD 4.03 (2.69-6.04) <0.001 3.31 (2.19-5.01) <0.001
(n=153)
Diabetes 3.00 (1.64-5.56) <0.001 2.22 (1.18-4.17) 0.01
(n=42)
Pyelonephritis 7.69 (1.89-33.3) 0.005 4.00 (0.97-16.7) 0.06
(n=10)
Interstitial 2.86 (0.69-11.1) 0.147  4.17 (0.98-16.6) 0.05
(n=5)
Structural 3.22 (1.0-10.0) 0.05 2.56 (0.81-8.33) 0.1
(n=10)
Cystic 4.35 (1.79-10.5) 0.001 2.56 (1.0-6.67) 0.05
(n=23)
Vasculitic GN 12.5 (3.13-49.9) <0.001 7.69 (1.88-32.2) 0.004
(n=21)
Other GN 5.56 (1.39-24.8) 0.017  3.57(0.86-14.2) 0.08
(n=13)
Hypertensive 2.38 (1.15-5.0) 0.02 1.85 (0.87-3.85) 0.1
(n=29)

Multivariate analysis adjusted for age, gender and diabetic status. GN - glomerulonephritis

Rate of change in blood pressure and renal function
The median rate of change in eGFR within the study population was -1.0 [IQR

-3 to 1] ml/min/1.73m?2/year. In both ARVD and non-ARVD causes of CKD
higher rates of annual eGFR loss associated with significantly increased risk for
death. A U-shaped risk for death was observed in non-ARVD causes of CKD
with significantly increased risk for death seen in patients with an annual rate of
eGFR increase in excess of 4ml/min/1.73mz2/year compared to the median rate
of loss of approximately 1.5ml/min/1.73m2/year. This finding was not observed
in ARVD patients, figure 4.1.5.

When risk for death in relation to rate of change in systolic blood pressure was
considered, a U-shaped mortality curve was observed for ARVD but not in non-
ARVD causes of CKD. In both groups a significantly increased risk for death
was associated with high annual reductions in systolic blood pressure (ARVD
>9mmHg/year reduction; non-ARVD >6mmHg/year reduction). An increased
risk for death was also associated with annual increases in blood pressure in

excess of 5mmHg/year in ARVD patients, figure 4.1.6.
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Figure 4.1.5 - Adjusted hazard ratio for death in relation to annual rate of eGFR change
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Figure 4.1.6 - Adjusted hazard ratio for death in relation to annual rate of systolic blood pressure change
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Discussion

Previous analysis of claims data from the United States general population has
demonstrated an increased risk for death in patients coded as having ARVD
compared to the general population 3. Our data add to this; firstly by
demonstrating that this elevated risk exists in a population with moderate to
advanced CKD, where the uremic milieu may have been expected to be a
competing and potentially dominant prognostic factor compared to the
presence/absence of ARVD 7. Secondly we have shown that the increased
mortality risk associated with ARVD spans stages of CKD, and exists relative to
most other groups of primary renal disease. As cause of death data were not
universally available, cause-specific mortality was not considered in this
analysis. However, where this information was documented, cardiovascular
causes accounted for the greatest proportion of deaths, consistent with other
reports of ARVD and CKD 1'.17. Whilst the presence of ARVD is considered as a
relevant prognostic factor in some cardiovascular assessment guidelines 18,
many commonly utilised risk stratification tools such as the Framingham score
perform poorly in CKD 19, We therefore interpret our findings as suggestive of a
pathophysiological divergence in the development of vascular risk between
causes of CKD. Given the frequent coexistence of non-renal atheroma in
ARVD 20.21 it is credible that these patients are exposed to a compounded
vascular risk; initially a classical atherosclerotic insult, with nephrological
factors such as uremia, anemia and increased vascular stiffness accumulating
latterly 2223, This hypothesis would be consistent with our observation that the
greatest difference in mortality risk was found between ARVD and renal-limited
diseases such as pyelonephritis and glomerulonephritis, and that no significant
difference existed in comparison with either diabetic or hypertensive
nephropathy. As both diabetes and hypertension have causal and prevalent
relationships with systemic atheroma 24, their vascular risk profile is more likely
to mirror ARVD then glomerulonephritis. However, we note that the relative risk
between ARVD and diabetic / hypertensive patients may also have been
affected both by undiagnosed cases of ARVD and the fact that diabetes and
hypertension have been linked to the development of ARVD 2526, Studies in the
general population aged over 65 years have shown a 6.8% prevalence of ARVD
27, As the mean baseline age in CRISIS patients was 64 years, a lower

population prevalence may be anticipated in our cohort. However, as we were
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only able to identify ARVD in 3.5% of recruited patients it is possible that a
number of patients in the comparator groups had undiagnosed disease.
Alternatively the lower than expected number of cases may represent our local
interest in ARVD, with the majority of identified patients managed in a specialist
clinic from which they are targeted for recruitment to the SRVD. We also accept
that hypertensive renal disease may be both a cause and effect of ARVD, with
over 50% of ARVD patients having renal histological changes consistent with

hypertensive renal disease 2.

Another possible explanation for the difference in risk for death between ARVD
and non-ARVD patients is suggested by the analysis of blood pressure data. In
both groups, large annual reductions in systolic blood pressure associated with
increased risk for death. Although interpretation of these results is limited by a
lack of information regarding cardiac function (as neither study protocoled
echocardiographic investigation), this may represent a surrogate marker of
accumulating cardiovascular structural and functional abnormalities 28.29,
However, in ARVD a statistically significant increased risk for death was also
associated with rises in systolic blood pressure of >65mmHg/year. This may
represent cases in which stenosis has progressed, with greater burdens of

luminal loss previously associated with increased risk for death.

When ARVD patients with/without diabetes mellitus were considered we did not
identify an increased risk for death in diabetic patients. To our knowledge this is
a novel finding, and in contrast to the increased mortality risk associated with
diabetes in the general and CKD populations 3031, In a previous study from our
center, mortality risk was considered in 98 ARVD patients, of whom 14 had
diabetic nephropathy (defined as proteinuria >1g/24 hours or 0.3g/24hours with
evidence of non-renal microvascular disease). Here, no increased risk for
death was seen in patients with ARVD and diabetic nephropathy (relative risk
1.04, p=0.9) 32. Our finding is novel in that we have considered diabetes as a
co-morbid disease, not an alternative cause of CKD. Whilst we are unable to
comment on clinically relevant confounding factors such as glycemic control
and duration of diabetes, we interpret this finding as suggesting that the
presence of ARVD is such a dominant risk factor for death that other clinical

influences become relatively less important.
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Our finding of reduced survival in ARVD following initiation of RRT is consistent
with an early report of outcomes in 683 dialysis patients 7, but contrasts with
results from a registry analysis of 146,973 incident dialysis patients where a
reduced risk for death was noted in the 5.2% of patients with ARVD as their
primary cause of ESKD 8. The authors of this study highlighted the unexpected
nature of their finding and noted several possible confounding issues including
disparities between claims and coding data. We also suggest that our criteria
for defining ARVD as a primary cause of CKD are potentially more stringent,
with no minimum percentage stenosis required by the Medicare coding system.
Consequently our study population could be seen to have had more ‘severe’
disease. This suggestion is supported by the greater co-morbid burden seen in
our ARVD study population compared to registry data with cerebrovascular
disease in 46% vs. 15%, and peripheral vascular disease in 38% vs. 30%. As
the burden of co-morbidities described in our population is more consistent with
that seen in RCT ' we believe that this may have been an important

confounding issue in the Medicare data.

In our cohort the average annual proportion of ARVD patients progressing to
RRT was 3.95%, close to the figure of 4.4% seen in ASTRAL 1. Though it may
have been anticipated that the excess risk for death in ARVD would result in a
reduced risk for RRT compared to other causes of CKD, this was not the overall
case. In our data, dependent on level of proteinuria, the mean rate of eGFR
loss in ARVD patients was between 1 and 2ml/min/1.73m2/year. Almost
identical figures were observed in the non-ARVD study population, consistent
with eGFR trajectories seen in other studies of CKD 33. As the mean baseline
eGFR in our study cohort was 35ml/min/1.73m2 a greater duration of follow-up
would be required to demonstrate any separation between groups. This is
supported by the increased risk for progression to RRT seen in patients with
cystic renal disease, a population in which more rapid progression of CKD has

previously been described 34.

In all causes of CKD an increased risk for death was associated with more rapid
rates of loss of renal function, consistent with previous reports 35 . However, in

non-ARVD patients, a statistically significantly increased risk was also
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associated with increases in eGFR in excess of 4ml/min/1.73m?2/year/.
Potentially this finding may relate to a number of patients who were
inappropriately referred for management of CKD when they in fact had severe
AKI, a presentation associated with increased long-term mortality risk 36. An
alternative explanation is that this represents patients in whom GFR was not
rising, but eGFR values increased due to weight loss and reduced muscle
mass, markers of protein-energy malnutrition and poor prognosis 37. Potentially
this pattern was not observed in ARVD due the increased risk associated with
artifactual increases in eGFR being balanced by genuine cases of improved

renal function related to revascularisation or optimised angiotensin blockade °.

Finally, we must consider the limitations of this study beyond the previously
discussed possibility that undiagnosed cases of ARVD may have been included
within comparator groups, as only a minority of the latter patients underwent
renal angiography. We acknowledge the limitations of using eGFR values and
of using clinic rather than ambulatory measurements of blood pressure. Further
to this, our diagnostic groups were arbitrarily assigned, and based on a clinical
rather than histological assessment. At our center it is not routine practice to
undertake renal biopsy for cases of suspected diabetic or hypertensive
nephrosclerosis. Consequently, although our findings are an accurate
representation of local practice, an element of uncertainty exists in our
assignment of CKD causes. Finally, we have only been able to describe
prognosis from date of diagnosis or recruitment. This fails to account for a run-
in period of risk in which e.g. ARVD, hypertension, diabetes or indeed CKD may
have been present but undiagnosed, introducing the possibility of lead-time

bias.

In conclusion, this work has confirmed the widely held believe that, relative to
other causes of CKD, ARVD is associated with increased risk for death both

prior to and following initiation of renal replacement therapy.
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Preface

Current international guidelines support the use of percutaneous transluminal
angioplasty and stenting (PTRAS) in ARVD for specific clinical presentations,
often referred to as ‘high-risk presentations’ (level of evidence: B). These
guidelines are based on uncontrolled case series and important questions
remain. Firstly, does prognosis vary with presentation of ARVD? Secondly,
given the negative findings of randomised studies of PTRAS in stable patients
with ARVD, are there any specific presentations of ARVD in which PTRAS may

improve prognosis.

This analysis builds on the previous chapter, where evidence was presented to
support ARVD being classified as a specific disease, by questioning whether

ARVD is a homogeneous or heterogeneous disease. We consider if ‘high-risk’
presentations are associated with a worse prognosis and if these presentations

may exhibit a more favorable response to PTRAS.

Ho - Clinical presentation in ARVD is not associated with a difference in
patient outcome or response to revascularisation.

H: - Specific clinical presentations of ARVD are associated with worse
prognosis or different response to PTRAS. As such, ARVD should not be

considered as a single homogeneous disease state.
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Abstract

Background

Current trial data may not be directly applicable to patients with the highest risk
presentations of ARVD, including flash pulmonary oedema (FPO), rapidly
declining renal function (RDF) and refractory hypertension (RH). We consider
the prognostic implications of these presentations and response to

percutaneous revascularisation.

Study design

Single-center prospective cohort study; retrospectively analysed

Setting and patrticipants
467 patients with ARVD >50%, managed according to clinical presentation and

physician/patient preference.

Predictors
Presentation with FPO (n=37, 7.8%), RH (n=116, 24.3%), or RDF (n=46. 9.7%)
compared to low-risk presentation with none of these phenotypes (n=230,

49%). Percutaneous revascularisation.

Outcomes
Death, cardiovascular event (CVE), ESKD.

Results

During a median follow-up of 3.8 (IQR 1.8-5.8) years, 55% died, 33% suffered a
CVE and 18% reached ESKD. Revascularisation was performed in 32% of
FPO, 28% of RDF, and 28% of RH patients. In medically managed patients,
FPO associated with increased risk for death (HR 2.2 [95% CI 1.4-3.5],
p<0.001) and CVE (HR 3.1 [95% CI 1.7-5.5], p<0.001) but not ESKD when
compared to the low-risk phenotype. No increased risk for any end-point was
observed in patients presenting with RDF or RH. Compared to medical
management, revascularisation associated with reduced risk for death (HR 0.4
[95% CI 0.2-0.9], p=0.01) but not CVE or ESKD in patients presenting with
FPO. Revascularisation was not significantly associated with reduced risk for

any end-point in RDF or RH. When these presentations were present in
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combination (n=31), revascularisation associated with reduced risk for death
(HR 0.15[95% CI 0.02-0.9], p=0.04) and CVE (HR 0.23 [0.1-0.6], p=0.02).

Limitations

Observational study; retrospective analysis; potential treatment bias.

Conclusions

This analysis supports guidelines citing FPO as an indication for renal artery
revascularisation in ARVD. Presentation with a combination of RDF and RH
may also benefit from revascularisation. This may represent a sub-group

worthy of further investigation in more robust trials.

154



Introduction

Atherosclerotic renovascular disease affects significant patient numbers, and
associates with increased morbidity and mortality . Until publication of
ASTRAL in 2009 2, 16% of incident ARVD patients in the US underwent renal
artery revascularisation 3, despite a lack of clear evidence for benefit, and with
some risk of complications 4. ASTRAL demonstrated that for patients with
ARVD and largely stable chronic kidney disease, revascularisation did not offer
any overall benefits versus medical therapy, a finding mirrored in clinical
practice 5. There has been a subsequent fall in the number of renal
revascularisation procedures, with United Kingdom hospital episode statistics
showing a 70% reduction between 2006 and 2010 6.

A limitation which reduced the generalisability of ASTRAL’s findings is that it
included a higher proportion of stable and lower-risk patients than might be
typical of those referred for revascularisation in clinical practice. Despite limited
evidence supporting the practice, patients have historically been revascularised
to treat FPO, refractory hypertension and rapidly declining renal function, with
published guidelines endorsing this approach 7. Clinical consensus and
physician preference resulted in many of these patients being revascularised
outside of ASTRAL and thus excluded from analysis. For example, at the
highest recruiting center for ASTRAL there were 283 patients eligible for
randomisation during the period of the trial, and of these 71 (25%) underwent
randomisation, with 24 (8.5%) revascularised outside of the study. It is likely
that these were patients considered to have a ‘definite’ clinical indication for
intervention. As ASTRAL and other smaller randomised controlled trials have
effectively ended the practice of revascularisation for RAS in clinically stable
patients, it can be reasonably assumed that most revascularisation procedures
performed outside of a trial setting are now for one of the above indications.
However, although for each presentation there are case reports describing
improved clinical status following revascularisation 8-, none of these clinical
sub-groups have been robustly studied in a controlled trial, and no study has
included a medical control group or assessed major clinical end-points such as
death. Until such data are available, interrogation of high-quality non-

randomised cohort data can provide important guidance.
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This study aims to consider:

1 — if presentation with FPO, refractory hypertension or rapidly declining
renal function is associated with an increased risk for death,
cardiovascular event or progression to ESKD compared to presentation

without any of these phenotypes.

2 — the effect of revascularisation compared to medical management for

each high-risk presentation.

3 — if the effect of revascularisation compared to medical management

differs in patients with two or more high-risk presentations.

156



Methods

Description of the cohort and inclusion criteria

Since 1995, all patients referred to our tertiary renal center (catchment
population 1.55 million) diagnosed with ARVD (either by intra-arterial digital
subtraction angiography or computed tomography / magnetic resonance
angiography) have been entered into a prospectively populated database.
Each patient record is updated annually by nephrology residents and contains
details of imaging results, clinical presentation, co-morbidities, cardiovascular
events, prescribed medications, blood pressure and laboratory measurements
(eGFR calculated using CKD-EPI '2). Baseline details are defined at the time of

diagnostic imaging.

Inclusion criteria for this analysis were complete baseline data and a minimum
50% unilateral RAS on biplane measurement. Patients with a unilateral
occlusion and insignificant contralateral stenosis were excluded, as this pattern
of disease was felt unlikely to benefit from percutaneous revascularisation.

Approval was granted by the regional ethics committee.

Management

All patients have been managed in accordance with published guidelines for
vascular protective therapies and UK Renal Association blood pressure targets
13, Patients have undergone revascularisation either due to prevailing beliefs of
managing clinicians or after entry into a randomised trial (ASTRAL n=35,
CORAL n=2) rather than because of a definitive departmental protocol. All renal
revascularisation procedures were performed in accordance with standard
protocols for angioplasty coupled with bare metal stenting and standard anti-
platelet therapy. Embolic protection devices have not been deployed; no

surgical bypass procedures were performed.
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Definition of exposures
High-risk presentations were identified by retrospective review of the database
and medical notes by two independent observers. Where disparity of opinion

existed, cases were discussed to reach consensus.

Flash pulmonary oedema was defined clinically. All patients with at least
one episode of rapid onset acute decompensated heart failure '# were
considered and medical records and echocardiographic data reviewed.
Where there was evidence of an alternative etiology (e.g. acute
myocardial infarction or arrhythmia) or documented chronic congestive
cardiac failure / left ventricular ejection fraction <40%, patients were not

defined as having FPO.

Refractory hypertension was defined in accordance with European
Society for Hypertension/European Society of Cardiology guidelines as
blood pressure above target (>140mmHg systolic and/or >90mmHg
diastolic) despite use of three or more different classes of anti-

hypertensive agents (including a diuretic) 15.
Rapidly declining renal function was defined as in ASTRAL as serum
creatinine at angiography >1.2x or 100umol/L (1.14 mg/dl) higher than a

baseline reading within the previous six-months.

Patients with none of the above presentations were classified as low-risk.
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Follow-up, definition and ascertainment of outcomes
Time zero was defined as date of diagnostic angiography. Censoring occurred
at the earliest of 31st July 2011, death, or last patient encounter. Pre-defined

study end-points were:

Death - date and, where available, cause of death.

First documented cardiovascular event - defined as myocardial
infarction / acute coronary syndrome; hospitalisation for pulmonary edema
or dysrhythmia; stroke or transient ischaemic attack; new onset of
symptomatic angina or deterioration of existing angina requiring
interventional procedure. Date of index event or diagnostic procedure is

recorded.

End-stage kidney disease - defined as the earliest documented
occurrence of chronic dialysis, transplantation, or eGFR<10ml/min/1.73m?2

(the level beneath which dialysis is typically initiated in the UK).

Statistics

Normally distributed values are presented as mean + standard deviation, with
non-normal data presented as median (interquartile range). Baseline
continuous variables were compared using analysis of variance methods
appropriate to distribution of data, with categorical variables compared using

Chi-squared test.

Survival analysis was performed using Cox proportional hazards weighted by
inverse probability of treatment assignment 6. Probability of treatment was
calculated by logistic regression using clinically relevant variables with an alpha
value of <0.1 in univariate analysis. Age, eGFR, proteinuria, blood pressure
and burden of stenosis were entered into the model, table 4.2.1. As the
majority of patients had a degree of bilateral disease, a patency score was
calculated, with a score of 200 representing 0% stenosis bilaterally, and a score
of 0 representing bilateral 100% stenosis 7. Cox models were adjusted for
presence of diabetes mellitus, and baseline use of angiotensin blockade where

appropriate. Individual models were constructed for each disease presentation.

159



Unadjusted event rates were manually calculated, with relative rates calculated
using Poisson regression adjusted for the above co-variates. Predicted time to
death for different values of continuous baseline variables were assessed

graphically by negative binomial regression.

Time averaged rate of change in renal function was calculated using an

unconditional linear growth model (unstructured covariance matrix) to allow for

variation in eGFR within subjects. Differences in annual blood pressure records

were compared between groups using repeated measures analysis of variance.

Statistical significance was defined as an alpha value of <0.05.

Analyses were performed to compare the effect of putative high-risk
presentations on outcome (using low-risk patients as referent group), and the
effect of revascularisation vs. medical therapy within each high-risk group.
Hence the first comparisons were between patients with an individual high-risk
presentation and low risk patients (e.g. patients with refractory hypertension as
an isolated presentation vs. patients with no high-risk presentation). The
second comparison was between treatments within each presentation (e.g.
revascularised patients with refractory hypertension vs. medically managed
patients with refractory hypertension). Refractory hypertension and rapid loss
of function were considered in isolation. Due to limited patient numbers, all
patients with FPO were considered (i.e. including those with FPO and another

high-risk presentation).

All analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC,

USA) licensed to the University of Manchester.
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Table 4.2.1 - Results of logistic regression for probability of revascularisation

Parameter p
estimate
(standard error)
Age (years) -0.39 0.001
(0.01)
Estimated glomerular 0.002 0.3
filtration rate (0.006)
(ml/min/1.73m?2)
Systolic blood pressure 0.007 0.04
(mmHg) (0.004)
Proteinuria (g/24 hours) -0.08 0.4
(0.1)
Patency score -0.01 <0.001
(0.002)
c-statistic 0.67

Patency score describes an overall assessment of patency of dominant renal artery, where a
maximum score of 200 represents bilateral 0% stenosis and a minimum score of 0 represents

bilateral 100% stenosis. c-statistic describes overall model fit.
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Results

A total of 819 patient records were reviewed, with 109 excluded due to
incomplete baseline data, 144 excluded due to RAS <50%, and 99 excluded
due to unilateral occlusion with stenosis <50% on the contralateral side. Data
from 467 patients were analysed with a median follow-up of 3.8 (IQR 1.8-5.8)

years.

One or more high-risk presentation was exhibited by 237 (51%) patients, 58
(24%) of which received revascularisation; 230 (49%) of patients were classified
as low-risk, with 69 (30%) of these receiving revascularisation. Overall, 37
patients had FPO (12 [32%] revascularised), 83 had rapidly declining renal
function (27 [33%] revascularised) and 158 refractory hypertension (47 [30%]
revascularised). The patients presenting in only one high-risk group were FPO
23 (7 [30%] revascularised); rapidly declining function 46 (13 [28%)]
revascularised) and refractory hypertension 116 (33 [28%] revascularised).
Multiple high-risk presentations were identified in 45 patients (42 having 2
presentations, 3 having all 3). Of these patients, 16 (36%) were revascularised.

Patient selection and distribution is described in figure 4.2.1.

Across the entire cohort revascularised patients were significantly younger than
medically managed patients (68 vs. 71 years), with lower patency scores (79 vs.
96) and higher blood pressures (163/83mmHg vs. 155/79mmHg). Co-
morbidities were evenly matched, with the exception of a higher rate of previous
myocardial infarction in the revascularisation group (39 vs. 30%). For each
individual high-risk presentation, patient characteristics were evenly matched,
although revascularised patients were younger in the FPO group and had a
lower patency score in the refractory hypertension group. Complete baseline
data are presented in table 4.2.2 and 4.2.3 with summary outcome data
presented in tables 4.2.4 and 4.2.5. Baseline demographics of excluded

patients are presented in table 4.2.6.
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Figure 4.2.1 - Patient selection and distribution between clinical presentations.

‘ Assessed for eligibility (n=819) ‘

A 4

Excluded (n=352)

Missing baseline data (n=109)
Bilateral stenosis <50% (n=144)
Unilateral occlusion and contralateral stenosis <50%

(n=99)
‘ Included in analysis (n=467) ‘
J
Low risk High risk
(n=230) (n=237)
[
) FPO RDF RH

Medical PTRAS
(n=161) (n=69)

Al patients with high risk | n=25 || n=12 | | n=s6 || n=27 | | n=111 || n=4a7 |
presentation | | | | | |
High risk presentation in isolation ‘ n=16 ‘ ‘ n=7 ‘ ‘ n=33 ‘ ‘ n=13 ‘ ‘ n=83 ‘ ‘ n=33 ‘

| Medical || PTRAS |

| Medical || PTRAS |

| Medical || PTRAS |

PTRAS — percutaneous renal artery angioplasty and bare metal stenting. FPO — flash
pulmonary oedema. RDF — rapidly declining renal function. RH — refractory hypertension
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Table 4.2.2 - Baseline demographics for all patients, and low-risk and flash

pulmonary edema subgroups

All patients Low risk patients FPO
n=467 n=237 n=37
Medical PTRAS o] Medical PTRAS o] Medical PTRAS o]
n=340 n=127 n=179 n=58 n=25 n=12
Age 7149 68+9 <0.001 719 68+9 <0.001 719 68+9 <0.001
eGFR 3520 37+21 0.5 35+20 37+21 0.5 3520 37+21 0.5
24 hour urinary 0.8+1.1 0.820.8 0.8 0.8+1.1 0.8+0.8 0.8 0.8+1.1 0.8+0.8 0.8
protein
Systolic blood 155+30 16330 0.01 155+30 163+30 0.01 155+30 163+30 0.01
pressure
Diastolic blood 79+17 83+16 0.03 79+17 83+16 0.03 79+17 83+16 0.03
pressure
Number of 25+1.3 2.8+1.4 0.1 25+1.3 2.8+1.4 0.1 25+1.3 2.8+1.4 0.1
blood pressure
medications
Total 174+46 182+46 0.2 174+46 182+46 0.2 174+46 182+46 0.2

cholesterol

Left stenosis 53+32 62+31 0.01 53+32 62+31 0.01 53+32 62+31 0.01
(%)

Right stenosis 51+32 60+34 0.01 51+32 6034 0.01 51+32 6034 0.01
(%)

Patency score 96+44 79+45 <0.001 96+44 79+45 <0.001 96+44 79+45 <0.001

Angina 114 50 0.3 114 50 0.3 114 50 0.3
(34%)  (39%) (34%)  (39%) (34%)  (39%)
Myocardial 101 49 0.07 101 49 0.07 101 49 0.07
infarction (30%)  (39%) (30%)  (39%) (30%)  (39%)
Stoke / TIA 128 54 0.3 128 54 0.3 128 54 0.3
(38%)  (43%) (38%)  (43%) (38%)  (43%)
Peripheral 129 55 0.3 129 55 0.3 129 55 0.3
vascular (38%)  (43%) (38%)  (43%) (38%)  (43%)
disease
Diabetes 112 39 0.7 112 39 0.7 112 39 0.7
(33%) (31%) (33%) (31%) (33%) (31%)
Smoking 60 23 0.9 60 23 0.9 60 23 0.9
history (18%)  (18%) (18%)  (18%) (18%)  (18%)
Angiotensin 162 66 0.4 162 66 0.4 162 66 0.4
blockade (48%)  (52%) (48%)  (562%) (48%)  (562%)
Aspirin 178 77 0.1 178 77 0.1 178 77 0.1
(53%)  (61%) (53%) (61%) (53%) (61%)
Statin 189 69 0.8 189 69 0.8 189 69 0.8
(56%)  (55%) (56%)  (55%) (56%)  (55%)

Abbreviations: PTRAS - percutaneous renal artery angioplasty and bare metal stenting. eGFR
- estimated glomerular filtration rate (CKD-EPI). TIA - transient ischaemic attack.

Units: eGFR - ml/min/1.73mé; proteinuria - grams per 24 hours; blood pressure mmHg;
cholesterol mg/dL.

Patient groups for individual presentations are mutually exclusive. Patients with rapid loss of
renal function and refractory hypertension have a single disease presentation and do not
feature in any other group. The flash pulmonary edema group contains patients with flash
pulmonary edema as a lone presentation and patients with flash pulmonary edema in
combination with either refractory hypertension or rapid loss of renal function; none of these
patients are represented in other groups. Patients in the low risk group are those without flash
pulmonary edema, refractory hypertension or rapid loss of renal function and represent a single
category of patients.
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Table 4.2.3 - Baseline demographics for subgroups of patients with rapidly

declining renal function, refractory hypertension or these presentations in

combination
Rapidly declining renal Refractory hypertension Rapidly declining renal
function n=116 function and refractory
n=46 hypertension
n=31
Medical PTRAS p Medical PTRAS ¢] Medical PTRAS ¢]
n=33 n=13 n=83 n=33 n=20 n=11
Age 7416 72+4 0.3 7110  68+11 0.2 7248 717 0.7
eGFR 29+13 29+15 0.9 38+20 35+20 0.4 31+12  35+22 0.5
24 hour urinary 0.7+0.6 0.5+0.5 0.4 0.8+0.9 0.7+0.6 0.8 0.8+0.8 0.7+#0.5 0.7
protein
Systolic blood 147+27 141+24 0.5 165+24 175+25 0.06 161£17 177+21 0.03
pressure
Diastolic blood 77+16  75+9 0.7 79+14 87+18 0.01 83+16 86+14 0.6
pressure
Number of 22+1.4 2.4+0.7 0.7 3.6+1.1 3.5+1.5 0.9 3.6+1 42+1.1 0.1
blood pressure
medications
Total 17042 159135 0.3 174+46 201+43 0.01 174446 16650 0.7
cholesterol
Left stenosis 49+32 60+32 0.3 53+33 65+32 0.08 53+36 62+33 0.5
(%)
Right stenosis 48+29 52+23 0.6 44+34  65+33 <0.001 62+21 7028 0.4
(%)
Patency score 103+37 88+32 0.2 10342 70+41 <0.001 85+43 68+47 0.3
Angina 14 8 0.2 24 13 0.3 6 4 0.7
(42%)  (62%) (29%)  (39%) (30%)  (36%)
Myocardial 12 7 0.3 20 11 0.3 4 3 0.6
infarction (36%)  (54%) (24%)  (33%) (20%)  (27%)
Stoke / TIA 12 5 0.9 29 18 0.05 14 3 0.02
(36%)  (39%) (35%)  (55%) (70%)  (27%)
Peripheral 8 6 0.2 36 13 0.7 5(25%) 3 0.9
vascular (24%)  (46%) (43%)  (39%) (27%)
disease
Diabetes 14 6 0.8 28 8 0.3 6(30%) 7 0.07
(42%)  (46%) (34%)  (24%) (64%)
Smoking 5 2 0.9 17 6 0.8 2 2 0.5
history (15%)  (15%) (20%)  (18%) (10%)  (18%)
Angiotensin 17 6 0.7 51 19 0.7 13 9 0.3
blockade (52%)  (46%) (61%)  (58%) (65%)  (82%)
Aspirin 9 11 <0.001 54 21 0.9 10 7 0.5
(27%)  (85%) (65%)  (64%) (50%)  (64%)
Statin 22 11 0.2 58 14 0.01 16 11 0.1
(67%)  (85%) (70%)  (42%) (80%)  (100%)

Abbreviations: PTRAS - percutaneous renal artery angioplasty and bare metal stenting. eGFR
- estimated glomerular filtration rate (CKD-EPI). TIA - transient ischaemic attack.

Units: eGFR - ml/min/1.73m?; proteinuria - grams per 24 hours; blood pressure mmHg;
cholesterol mg/dL.

Patient groups for individual presentations are mutually exclusive. Patients with rapid loss of
renal function and refractory hypertension have a single disease presentation and do not
feature in any other group. The flash pulmonary edema group contains patients with flash
pulmonary edema as a lone presentation and patients with flash pulmonary edema in
combination with either refractory hypertension or rapid loss of renal function; none of these
patients are represented in other groups. Patients in the low risk group are those without flash
pulmonary edema, refractory hypertension or rapid loss of renal function and represent a single
category of patients.
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Table 4.2.4 - Summary event data for overall study population and low risk and

flash pulmonary oedema subgroups

All patients Low risk patients  Flash pulmonary
oedema

All Medical PTRAS All Medical PTRAS All Medical PTRAS
n=467 n=340 n=127 n=237 n=179 n=58 n=37 n=25 n=12

Death 255 189 66 135 104 31 26 19 7
(55%) (56%) (52%) (57%) (58%) (53%) (50%) (76%) (58%)

Cardiovascular 155 110 45 71 54 17 17 12 5
event (33%) (32%) (35%) (30%) (30%) (29%) (46%) (48%) (41%)
End stage 83 60 23 43 32 11 9 6 3

kidney disease (18%) (18%) (18%) (18%) (18%) (19%) (24%) (24%) (25%)

Table 4.2.5 - Summary event data for subgroups of patients with rapidly
declining renal function, refractory hypertension or these presentations in

combination

Rapidly declining Refractory Rapidly declining
renal function hypertension renal function and
refractory

hypertension

All Medical PTRAS All Medical PTRAS All Medical PTRAS
n=46 n=33 n=13 n=46 n=33 n=13 n=46 n=33 n=13

Death 21 15 6 21 15 6 21 15 6
(46%) (45%) (46%) (46%) (45%) (46%) (46%) (45%) (46%)

Cardiovascular 14 9 5 14 9 5 14 9 5
event (B0%) (28%) (38%) (30%) (28%) (38%) (30%) (28%) (38%)
End stage 7 5 2 7 5 2 7 5 2

kidney disease (15%) (15%) (15%) (15%) (15%) (15%) (15%) (15%) (15%)

Abbreviations: PTRAS — percutaneous renal artery angioplasty and bare metal stenting.
Cardiovascular event defined as myocardial infarction / acute coronary syndrome;
hospitalisation for pulmonary edema or dysrhythmia; stroke or transient ischaemic attack; new
onset of symptomatic angina or deterioration of existing angina requiring interventional
procedure.

End stage kidney disease defined as initiation of chronic renal replacement therapy,
transplantation or estimated glomerular filtration rate <10ml/min/1.73m?

166



Table 4.2.6 - Comparison of baseline demographics of included and excluded

patients
Included in Excluded from p
analysis analysis
n=467 n=343
Age 70.2+9.1 69.3+10.4 0.2
(years)
eGFR (ml/min/1.73m?) 35.4+20.1 40+24.7 <0.001
24 hour urinary protein 0.8+1.1 0.7+1.3 0.3
(9/24 hours)
Systolic blood pressure 156.7+29.9 153.7+28.1 0.2
(mmHg)
Diastolic blood pressure 80.3+16.6 80.3+14.9 0.9
(mmHg)
Number of antihypertensive 2.6+x1.3 2.3+x1.3 <0.001
agents
Total cholesterol (mg/dL) 174+46 178154 0.6
Patency score 92.4+44.3 125.6+41.3 <0.001
Angina 164(35.2%) 121(34.5%) 0.8
Myocardial infarction 150(32.1%) 89(25.4%) 0.04
Stoke / transient ischaemic 182(39%) 113(32.1%) 0.04
attack
Peripheral vascular disease 184(39.4%) 115(32.8%) 0.05
Diabetes 151(32.3%) 102(29%) 0.3
Smoking history 83(17.8%) 44(12.5%) 0.04
Angiotensin blockade 228(48.8%) 158(44.9%) 0.3
Aspirin 255(55.3%) 184(52.9%) 0.5
Statin 258(56%) 170(48.9%) 0.04

Abbreviations: eGFR — estimated glomerular filtration rate (CKD-EPI)

Patency score describes an overall assessment of patency of dominant renal artery, where a
maximum score of 200 represents bilateral 0% stenosis and a minimum score of 0 represents
bilateral 100% stenosis.

Normally distributed continuous variables expressed as mean + standard deviation. Non-
parametric continuous variables expressed as median (interquartile range). Categorical
variables expressed as number (percentage).

Patients excluded from analysis due to missing baseline data or bilateral stenosis <50% on
biplane measurement.
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Medically managed patients with FPO had an increased hazard ratio for death

and cardiovascular event compared to low-risk medically managed patients -
death HR 2.2 [95% CI 1.4-3.5]; cardiovascular event HR 3.1 [95% CI 1.7-5.5],
p<0.001 for both; but not for ESKD HR 1.9 [95% CI 0.8-4.4], p=0.1. No

significantly increased risk for any end-point was observed in patients with

rapidly declining renal function or refractory hypertension, table 4.2.7.

Table 4.2.7 - Associations between high-risk presentations and risk for end-

point in medically managed patients

FLASH PULMONARY RAPIDLY DECLINING REFRACTORY
OEDEMA RENAL FUNCTION HYPERTENSION

Hazard p Hazard p Hazard o]
ratio (95% ratio (95% ratio (95%
confidence confidence confidence

interval) interval) interval)

Death 2.19 <0.001 0.69 0.1 0.82 0.2
(1.39-3.47) (0.42-1.12) (0.59-1.14)

Cardiovascular 3.07 <0.001 0.77 04 1.1 0.9
event (1.71-5.51) (0.41-1.48) (0.67-1.62)

End stage kidney 1.89 0.1 0.72 0.5 0.82 0.5
disease (0.81-4.43) (0.381-1.69) (0.45-1.51)

Cardiovascular event defined as myocardial infarction / acute coronary syndrome;

hospitalisation for pulmonary edema or dysrhythmia; stroke or transient ischaemic attack; new

onset of symptomatic angina or deterioration of existing angina requiring interventional

procedure.

End stage kidney disease defined as initiation of chronic renal replacement therapy,
transplantation or estimated glomerular filtration rate <10ml/min/1.73m?

In the whole cohort, 127 (27%) patients were revascularised with a 93%

documented technical success rate and 4.8% major complication rate. Median

time from diagnosis to revascularisation was 5.1 (IQR 2.7-10.4) months. The

effects of revascularisation were analysed on an intention to treat basis. When

low-risk patients were considered alone, revascularisation was not associated

with any significant change in hazard ratio for any major end-point (HR death

0.8 [95% CI 0.7-1.2]; cardiovascular event 1.0 [95% CI 0.8-1.2]; ESKD 1.0 [95%

C1 0.7-1.4)).
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In patients with FPO, revascularisation was associated with a significant
reduction in risk for death (HR 0.43 [95% CI 0.2-0.9], p=0.01, figure 4.5.2) with
a corresponding reduction in event rate (deaths/100 patient years:
revascularisation 14, medical 37, p=0.02). This survival benefit was observed
across all levels of baseline eGFR, figure 4.2.3. Although no reduction in
hazard ratio for cardiovascular event or ESKD was observed in revascularised
FPO patients (HR 1.1 [95% CI 0.4-3.0] and 1.4 [95% CI 0.4-5.2] respectively, p
for both >0.7), a non-significant trend towards lower cardiovascular event rates
was seen in revascularised patients, revascularisation 14, medical 32/100

patient years, p=0.2.

No difference in risk for death or ESKD was observed in revascularised patients
who presented with rapidly declining renal function or refractory hypertension.
However, non-significant increases in risk for cardiovascular events were seen
in revascularised patients in both of these groups; rapidly declining renal
function HR 1.76 [95% CI 0.8-3.8], p=0.2, refractory hypertension HR 1.3 [95%
Cl1 0.8-1.9], p=0.3. The same trend was observed when event rates were
considered for these presentations (medical vs. revascularisation); rapidly
declining renal function 9 vs. 12/100 patient years, p=0.4, refractory
hypertension 9 vs. 12/100 patient years, p=0.3. Complete data are presented in
table 4.2.8.

Limited patient numbers precluded meaningful assessment of combined FPO
and rapidly declining renal function (8 patients, 3 revascularised), or FPO and
refractory hypertension (8 patients, 2 revascularised). However, sufficient
patients presented with refractory hypertension and rapid loss of renal function
(31 patients, 11 revascularised) for analysis. In this patient group, medical
treatment was associated with an increased risk for cardiovascular events and
ESKD (HR 2.1 [95% CI 1.2-3.8] and 2.4 [95% CI 1.3-3.9] respectively, p for both
<0.02), but not death (HR 1.2 [95% CI 0.8-2.0], p=0.4). Revascularisation was
associated with significant reductions both in risk for death (HR 0.12 [95% CI
0.02-0.77], p=0.03, figure 4.2.4) and cardiovascular event (HR 0.28 [95% CI
0.1-0.6], p<0.001). Insufficient end-points existed (8 in medical group, 1 in
revascularisation group) to meaningfully comment on risk for progression to

ESKD, table 4.2.8.
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Figure 4.2.2 - Kaplan Meier survival plot for patients presenting with flash pulmonary oedema
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Figure 4.2.3 - Predicted time to death by eGFR and treatment type in patients

presenting with flash pulmonary oedema

40 H

30+
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Figure shows survival time for patients presenting with flash pulmonary oedema who died
during follow-up period divided by treatment type.

X-axis — estimated glomerular filtration rate at time of diagnostic angiography (ml/min/1.73m?)
Y-axis — time to death from diagnostic angiography (months)

Solid line — medically treated patients

Dashed line — patients treated with percutaneous renal angioplasty and bare metal stenting
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Table 4.2.8 - Effect of revascularisation on risk for and rate of end-points
divided by clinical presentation for patients presenting with flash pulmonary

oedema or rapidly declining renal function

FLASH PULMONARY OEDEMA RAPIDLY DECLINING RENAL
FUNCTION
HR p ER RR p HR p ER RR p
(95% Cl) (95% CI) (95%Cl) (95% Cl) (95% CIl) (95%Cl)
Death 043  0.01 37(23-57) 0.36 0.02 0.8 05 11(7-18) 091 0.9
(0.20-0.91) vs.  (0.16-0.8) (0.43-1.43) vs.  (0.37-2.3)
14 (7-29) 10 (4-20)
CVE 1.13 0.8 31(18-52) 044 02 1.76 02 9(5-15) 154 04
(0.41-3.01) vs.  (0.16-1.26) (0.84-3.81) vs.  (0.52-4.3)
14 (6-32) 12 (5-28)
ESKD 1.36 0.7 12 (5-27) 060 05 0.76 06 4(2-10) 0.84 08
(0.35-5.2) vs.  (0.15-2.41) (0.36-2.17) vs.  (0.18-4.1)
7 (2-22) 3 (1-14)

Table 4.2.9 - Effect of revascularisation on risk for and rate of end-points
divided by clinical presentation for patients presenting with refractory

hypertension in isolation or in combination with rapidly declining renal function

REFRACTORY HYPERTENSION RAPIDLY DECLINING RENAL
FUNCTION AND REFRACTORY
HYPERTENSION
HR p ER RR p HR(95% p ER RR p
(95% CI) (95% CI) (95%Cl) Cl) (95% CI) (95%Cl)
Death 1.09 0.6 12(8-19) 1.05 0.8 0.15 0.04 18 (11-30) 0.14  0.01
(0.77-1.55) VvS. (0.62-1.80) (0.02-0.94) vs.  (0.01-0.99)
12 (8-16) 2 (0.3-16)
CVE 1.30 0.3 9(6-13) 1.43 0.3 0.28 0.02 19 0.4 0.1
(0.79-1.9) vs. (0.75-2.8) (0.1-0.79) (10-32) (0.11-1.4)
12 (8-21) VS.
8 (2-24)
ESKD 1.25 0.3 4 (3-7) 1.10 0.8 Insufficient end-points
(0.71-2.26) VvS. (0.41-2.97)
4 (2-9)

Abbreviations: PTRAS - percutaneous renal artery angioplasty and bare metal stenting. Cl -
confidence interval. CVE - cardiovascular event. ESKD - end stage kidney disease.

Results are expressed as hazard ratio, event rate per 100 patient years or relative rate with
95% confidence interval in parenthesis.

Poisson model adjusted for age, renal function, proteinuria, blood pressure, overall renal artery
patency, gender, presence of diabetes and use of angiotensin blockade.

Cox model adjusted for presence of diabetes and use of angiotensin blockade where
appropriate with weighting for inverse probability of treatment calculated from age, renal
function, blood pressure, proteinuria and overall real artery patency score.
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Figure 4.2.4 - Kaplan Meier survival plot for patients presenting with rapidly declining renal function and refractory hypertension
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Within the entire cohort, the median rate of loss of renal function was 2ml/min/
1.73mz2/year with no significant difference between medically managed and
revascularised patients. No difference in rate of eGFR loss was observed
between medically treated and revascularised patients in any high-risk sub-
group. Systolic and diastolic blood pressures fell in both medically treated and
revascularised patients within each group. No significant differences in blood
pressure reductions between medical and revascularisation groups was
observed for any high-risk presentation, with the exception of a greater
reduction in diastolic blood pressure in revascularised patients with refractory

hypertension at baseline, table 4.2.10.
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Table 4.2.10 - Annual differences in blood pressure and renal function between

treatment groups

Year 0 Year 1 Year 2 Year 3

p within p between

group  groups
Flash pulmonary oedema
Number of Medical 25 16 12 9 - -
patients with — prpss 12 10 6 3 - -
available data
Systolic blood  Medical 152+31 137+28 138+34 132+19 0.2 0.1
pressure PTRAS  171s21 15517 142+25 144x21 0.05
(mmHg)
Diastolic blood Medical 78+17 7313 7317 7148 0.4 0.2
pressure PTRAS  83+12  81x11 7548 868 0.5
(mmHg)
Median annual  Medical 0.0 (-3.9 to +0.01) 0.3
eGFRchange  prpag 0.1 (-4.8 t0 +0.7)
(ml/min/1.73m2)
Rapidly declining renal function
Number of Medical 33 29 25 18 - -
patients with — prpgs 43 13 12 9 - -
available data
Systolic blood  Medical 151+28 14424 142425 147+34 0.3 0.1
pressure PTRAS  139+22 141+33 131+16 139+23 0.8
(mmHg)
Diastolic blood Medical 79+16 76+15 75+14 75+15 0.4 0.02
pressure PTRAS 7419 69+14  66x11 63+13  0.07
(mmHg)
Median annual  Medical -0.38 (-3.1 t0 0.0) 0.3
eGFR change  prpag -2.2 (-3.7 0 0.0)
(ml/min/1.73m?2)
Refractory hypertension
Number of Medical 83 72 53 43 - -
patients with — prpss 33 29 24 20 - -
available data
Systolic blood Medical 16623 158425 152423 147+24 <0.001 0.5
pressure PTRAS  175+24 15629 148427 155421 <0.001
(mmHg)
Diastolic blood Medical 80+14  78+13  77+13  73+14  <0.001 0.3
pressure PTRAS 87+17  80+13  76x12  79+14  0.001
(mmHg)
Median annual  Medical -2.6 (-5.81t0 0.1) 0.5

eGFR change PTRAS
(ml/min/1.73m2)

-1.2 (-4.9 10 0.0)

Rapidly declining renal function and refractory hypertension

Number of Medical
patients with PTRAS
available data

Systolic blood  Medical

pressure PTRAS
(mmHg)
Diastolic blood Medical
pressure PTRAS
(mmHg)

Median annual  Medical
eGFR change PTRAS
(ml/min/1.73m2)

20 18 16 13
11 10 9 6

15719 15727 147+24  157+29
17721  150+17  146+17 132427

81+16 74+12 73x11 769
86+13 7014 74+13 7019

-3.2 (-1 t0 0.5)
-2.2 (-6.7 10 1.0)

0.3
0.001

0.03
0.03

0.6

0.8

0.3
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Discussion

This cohort of 467 patients, with an overall 27% revascularisation rate —
comparable to that seen in Medicare claims data 3, includes the largest series of
patients with FPO, and the only series of FPO patients to include a medical
comparator group. These data, representing over 15 years of clinical practice,
reflect the findings of ASTRAL and other randomised trials in a “real-life” setting
- that for an unselected population of ARVD patients, revascularisation does not
alter any hard clinical outcome. This top-line finding is because low-risk
patients do not benefit. With the most recent trials describing the potential for
serious complications of revascularisation 218, acceptance of this is vital to
prevent exposure of patients to unnecessary risks. However, this study
emphasises that a significant proportion of patients with ARVD (51% in this
cohort) present in a manner that could be considered higher-risk based upon

current guidance.

We have demonstrated that of these three putative high-risk presentations, only
FPO can be considered to be an adverse prognostic marker, with significantly
increased risks for death and cardiovascular events associated with this
presentation in medically managed patients. As importantly, we have shown an
association between revascularisation and a reduced risk for death for this
presentation. While Cox analysis did not demonstrate a reduction in risk for
cardiovascular events in revascularised FPO patients, a result in contrast with
existing data8, there was a trend towards reduced event rates. We would,
therefore, suggest the apparent lack of benefit from revascularisation in terms of
cardiovascular events could be a function of improved survival in a high-risk
patient group. Our findings provide support for current guidelines 7 citing FPO
as an indication for revascularisation. This is important as the guidelines are
largely based upon consensus opinion as underpinning data has predominantly
derived from case-series 81920, Previous reports have demonstrated
revascularisation for FPO can significantly reduce the rate of hospitalisation with
decompensated heart failure 8. Potentially, revascularisation may also improve
the structural cardiac changes seen in ARVD as described in case reports 21.22,
It remains to be seen whether cardiac imaging sub-studies of ASTRAL provide

further pathophysiological insights 23.
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No association with increased risk for any end-point, nor any reduction in risk
associated with revascularisation, was observed in patients presenting with
rapidly declining function or refractory hypertension. However, there was a
suggestion that these phenotypes may be important when presenting in
combination. Although patient numbers were small, significant reductions in risk
for death and cardiovascular event were associated with revascularisation in
patients with both of these phenotypes at baseline. This combination could
conceivably be a clinical manifestation of a specific anatomical pattern
amenable to revascularisation e.g. high-grade anatomical stenosis with
preserved renal parenchymal volume 24, However, due to the range of
diagnostic imaging methods and timeframe over which data were acquired,
estimation of renal volume could not be performed. Further study is required,
but our findings would suggest that when the clinician is faced with an ARVD

patient with this combination, revascularisation could be considered.

An important question raised by these results is whether either rapid loss of
renal function or refractory hypertension truly represents a high-risk clinical
presentation of ARVD. We would suggest that refractory hypertension by the
definition employed here does not. This may partly relate to the blunt nature of
clinic blood pressure as a marker of cardiovascular health with e.g. left
ventricular dysfunction confounding by “masking” hypertension. Alternatively
this may reflect the fact that significantly elevated blood pressure is found even
in ‘low-risk’ ARVD patients, or that successful treatment of hypertension can be
achieved by pharmacological methods in this patient group. Given the
established effects of uncontrolled blood pressure in CKD 25 it would be patently
false to claim that no risk is associated with extreme values of blood pressure in
ARVD. However, our analysis suggests that there may be value in
reconsidering where the threshold for increased risk lies in this patient group.
The assessment of rapid loss of renal function is again uncertain. Our data
conflict with the sub-group analysis of patients with rapidly declining renal
function within ASTRAL where revascularised patients showed a trend to
reduced loss of renal function at 12-months. In another study that compared
medically managed patients from the United Kingdom, with revascularised
patients managed at a German center, a benefit in renal function at one year

was seen in revascularised patients with CKD stage 4/5 26. The disparity in
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outcomes may be explained by the longer follow up period in our study (i.e. a
non-sustained improvement in eGFR), or a difference in practice between
countries in the twin center study 26, with approximately 50% of revascularised
patients with rapidly declining renal function in our cohort classified as CKD
stage 3 at baseline. Patient-level analysis of existing randomised trials,
examining different definitions of rapidly declining function and refractory

hypertension may be of value.

Although the findings were non-significant, the trends towards increased
cardiovascular risk in revascularised patients with rapid loss of renal function
and (to a lesser extent) refractory hypertension, merit consideration. This may
reflect unmeasured differences between treatment groups, which although well
matched for overall cardiovascular history at baseline may have had important

differences in e.g. burden of coronary atheroma.

In this study, the average rate of loss of renal function across all groups was
2ml/min/1.73m?2/year, only double that which might be accepted with aging 27, a
fact of importance for the design of future trials. This suggests limited utility in
future studies considering progression to ESKD as an end-point. With an
overall baseline eGFR of 33ml/min/1.73m?2 in this study (and similar values in
published trials), a prolonged follow-up period would be required to observe any

difference in renal functional outcomes.

These analyses have been performed in a patient cohort where detailed clinical
and laboratory data have been prospectively and studiously collected over 15
years. Whilst the single center patient management, rigor of data collection,
and real-life setting are strengths of the work, there are still important limitations
of what is a retrospective analysis — primarily a lack of randomisation of patients
and the likelihood of selection bias. Although analyses were weighted for
probability of receiving treatment, statistical techniques cannot account for
unmeasured or intangible clinical factors, and uncontrolled confounding must be
considered a possibility. Patient and event numbers limiting our ability to adjust
within Cox models may have compounded this. Furthermore it is inappropriate
to claim that weighting by a selection of clinical measurements can completely

reflect the complexity of making a treatment decision. That only 25% of
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potentially high-risk patients were revascularised may imply an unspecified
selection bias (e.g. with only the most unwell patients undergoing intervention),
but this may also reflect the difficulty of the decision making process based
upon currently available data and known risks of intervention. Although
intervention at time of diagnostic angiography is performed by many centers,
this has not been a standard practice at our center. As our dataset records only
those interventions that were actually undertaken as opposed to planned, it is
possible that a small number of patients referred for revascularisation may have
died prior to receiving treatment. As patients were analysed by treatment
received this should be considered as a possible confounding issue. However,
review of the notes of medically managed FPO patients identified only one such
patient who died waiting for revascularisation. Interventional procedures for
FPO also occurred over a shorter time frame with median time to
revascularisation 1.6 [IQR 0.3-5.9] months. Other relevant limitations of our
study should also be highlighted. Stenosis grade was assessed in biplane
measurement only (without measurement of renal resistive index or pressure
gradient), and no information regarding rationale for investigation of ARVD was
available (with variation in approach to diagnostic testing potentially influencing
results). In addition, 32% of cases were diagnosed using magnetic resonance
angiography, which may overestimate degree of stenosis 28. Medication type,
but not dosage is not recorded, and the models used do not account for
longitudinal changes in therapy or blood pressure. In addition clinical
presentation was defined at the time of diagnostic angiography. Although local
practice is to review the indication for intervention immediately prior to
revascularisation, we cannot account for any change in status between
diagnosis and intervention. Finally, although our revascularisation rate is
comparable to Medicare data, the rate of intervention for FPO is lower than
might be anticipated, suggesting either a treatment bias or a limitation of our
definition. With 40% of FPO patients in this series having bilateral stenosis
>50%, we believe we successfully identified patients with a significant burden of
renal arterial disease. As such, the lower than anticipated intervention rates
may reflect the time period over which these data have been recorded and the

variation in access to revascularisation services.
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In summary, although this study has limitations we believe that it provides
strong data confirming FPO as a risk factor for adverse outcomes in ARVD and
supporting revascularisation for this presentation. The data regarding
management of refractory hypertension and rapidly declining function are less
clear - in part due to imprecision of definition of the conditions, and in part due
to other confounders (e.g. changes in medications), which were not available for
analysis. Although medically managed patients with sole rapidly declining
function or refractory hypertension did not have increased risk for end-points,
the observed benefits from revascularisation in the sub-group where refractory
hypertension and rapidly declining function co-existed warrant further study to

confirm the results and elucidate potential mechanisms.
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CHAPTER 4.3

Predicting Progression to End Stage Kidney Disease in Atherosclerotic

Renovascular Disease

Ritchie J, Foley R, Green D, Chrysochou C, Kalra PA

Preface

It is recognized that in ARVD the risk for death exceeds that for progression to
ESKD. However, each year in ASTRAL approximately 4% of patients reached a
renal end-point. Although case reports of improvement in renal function
following PTRAS are widely available, randomised studies have not
demonstrated an overall benefit in terms of reduced progression to ESKD
following revascularisation. It is appropriate to question if these negative

findings have been biased by patients at low risk for ESKD being randomised.

The previous results chapters have demonstrated that ARVD should be
considered as a specific cause of CKD, and that there is prognostic value in
further classifying ARVD by clinical phenotype. This analysis complements
these findings by attempting to identify what, if any, are the common
characteristics between ARVD patients progressing to ESKD, and thus define a

further high-risk sub-type.
Ho - Risk for progression to ESKD in ARVD cannot be reliably predicted.

H: - Patients with ARVD and the greatest risk for progression to ESKD

can be identified at an early stage of disease.
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Abstract

Currently there are limited data to describe which patients with ARVD have the
greatest risk for progression to ESKD. In this study we consider 565 patients
with ARVD =50% of whom 113 (20%) progressed to ESKD over a median
follow-up time of 14.8 [IQR 5.4-34.5] months. Cox regression and classification
tree methodologies were used to identify threshold values of standard clinical
measurements with the greatest sensitivity and specificity for predicting
progression to ESKD. Results of these analyses were used to generate an
ordinal scoring system, grouping patients into low, intermediate and high risk for
progression to ESKD. Compared to the low risk group, patients of intermediate
risk had a hazard ratio for ESKD of 2.7 (95% CI 1.0-7.5), p=0.06 and patients
in the high risk group a HR of 20.4 (95% CI 7.4-56.2), p<0.001. This increased
risk persisted when death was considered as a competing end-point; HR 1.5
(95% Cl 1.1-2.2), p=0.02 and HR 2.1 (95% CI 1.3-3.2), p=0.002 respectively.
When compared to previously described markers of risk for ESKD in ARVD
(eGFR <25ml/min/1.73m2 and proteinuria >1g/24 hours), our proposed scoring
system increased area under the curve from 0.66 to 0.76 with a net
reclassification index of 0.66, p=0.02. Although our proposed model requires
external validation, this appears to be a promising method to identify ARVD

patients with the greatest risk for progression to ESKD.
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Introduction

Atherosclerotic renovascular disease can be identified in 6% of asymptomatic
adults aged over 65 ' and in over 20% of patients with other vascular diseases
23, Although risk for death in ARVD outweighs that for progression to end stage
kidney disease, 4% of patients progress to requiring renal replacement therapy
each year 4. This figure may underestimate the true burden of ESKD
associated with ARVD, as it does not consider patients who opt for conservative
care. Despite randomised trials now having considered in excess of 1200
ARVD patients 5, no analysis has considered if there are common or defining
characteristics in the patients who progressed to ESKD. Although degree of
renal artery stenosis does not correlate with renal function 8, level of proteinuria
does 7, with more rapid loss of eGFR described in patients with a greater
degree of proteinuria, a marker of renal parenchymal injury 8. In addition an
increased risk for progression to RRT has been associated with an eGFR of
between 10 and 25 ml/min at time of diagnosis 7. As such, current opinion
holds that markers of renal parenchymal health or damage are the most
important arbiters of renal prognosis °.

This study aims to
1 — describe the prognostic value of a range of routinely measured clinical
parameters in predicting progression to ESKD in ARVD and their relative

importance.

2 — use this information to develop a risk stratification system for predicting
progression to ESKD in ARVD.

3 — compare the predictive value of this system between patients with and

without ARVD as their primary cause of their renal failure.
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Methods

Study populations and clinical data

Patients were selected from two prospective observational studies based at our
center, the SRVD and CRISIS 1911, The SRVD is a prospectively populated
database containing details of all patients referred to our renal center since
1995 diagnosed with ARVD by digital subtraction angiography, non-invasive
angiography (computed tomography and magnetic resonance angiography), or
duplex ultrasound. CRISIS is a prospective observational study of outcome in
an all-cause referred CKD population established in 2002. In both studies
baseline demographic information (age, ethnicity, gender, height, weight),
details of co-morbid conditions (diabetes, previous macrovascular events),
blood pressure, medication and laboratory data (creatinine, eGFR, proteinuria,
cholesterol) are recorded and annually updated by nephrology residents and
trained research nurses. In addition the SRVD records details of clinical
presentation and revascularisation procedures, and CRISIS records details of
primary renal diagnosis defined by ICD-10 criteria. Degree of renal artery
stenosis is recorded as percentage stenosis to the dominant artery of the most
affected kidney and also as a combined renal artery patency score ¢, where a
maximum score of 200 represents bilateral 0% stenosis and a minimum score
of O bilateral renal artery occlusion. Specific presentations defined in the SRVD
include refractory hypertension (defined as blood pressure >140mmHg systolic
and/or 90mmHg diastolic despite use of three or more different classes of
antihypertensive agents of which one was a diuretic 12), and rapidly declining
renal function (defined as serum creatinine at time of diagnosis of ARVD >1.2x
or 100mol/L higher than a baseline value obtained in the previous six-months 4).
The regional ethics committee granted approval for both studies, with written

consent obtained for all patients recruited to CRISIS.

Patients in both studies are managed in accordance with published guidelines
13,14 A proportion of patients in the SRVD have undergone percutaneous
angioplasty and bare metal stenting due to enrollment in randomised trials 4.1
or due to physician / patient preference in line with prevailing clinical consensus

and with reference to international guidelines 1.
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Time zero and study end points

Time zero for patients recruited to the SRVD is defined as date of diagnostic
angiography. Time zero for patients recruited to CRISIS is defined as date of
consent. Progression to ESKD was the primary study end-point. This was
defined as the earliest documented occurrence of initiation of chronic dialysis or
transplantation or of an eGFR <10ml/min/1.73m2. This value was selected as it

is the level beneath which dialysis is typically initiated in the United Kingdom.

Study and analysis inclusion criteria

Patients are eligible for inclusion in the SRVD if is evidence of any degree of
renal artery stenosis. All patients aged over 18 years, able to provide informed
consent and with evidence of CKD are approached for recruitment to CRISIS.
Exclusion criteria for recruitment include previous renal transplantation and
predicted patient or renal survival of less than six months.

Patients from the SRVD were included in this analysis if they had complete
baseline data and ARVD defined as their primary cause of CKD (minimum 50%
unilateral stenosis with no other documented primary cause of renal failure).
For comparative analyses, patients from CRISIS with complete baseline data

were included.
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Statistical analysis

For baseline variables parametric continuous data are presented as mean +
standard deviation, non-parametric continuous data as median [interquartile
range] and categorical data as number [percentage]. Comparisons between
baseline variables were made using ANVOA and Chi-squared tests. Univariate
survival analyses were performed on the SRVD using Cox proportional hazards
regression. Multivariate analysis was performed using stepwise selection of

variables with a clinically plausible relationship to progression to ESKD.

To identify key threshold values of variables associated with progression to
ESKD, a classification tree analysis was performed using the methodology
described by Foley et al 7. Here, all continuous variables were divided into
whole number categorical variables (e.g. age greater than or less than 60
years). For all values of all variables, sensitivity (exposure in those progressing
to ESKD) and specificity (non-exposure in those not progressing to ESKD) were
calculated and combined into a single vector of Maxsn+sp. This combined value
was chosen to value both positive and negative predictive accuracy. For each
threshold value, logistic regression was performed to assess the significance of
that value in relation to risk for progression to ESKD. Any threshold value with
an alpha value in excess of 0.05 was deemed to not be statistically significant,
and discounted. The same process was performed for baseline categorical
variables. All statistically significant results were aggregated and ranked by
Maxsn+sp. The threshold value of the variable with the highest Maxsn.sp formed
the first node of a classification tree, and was used to dichotomise the study
population into two groups. The above process was repeated within both groups
to identify further nodes. Division of each group continued until statistical
significance was exhausted. Two classification trees were generated; one in
which dichotomising variables were retained in subsequent analyses (i.e. eGFR
could feature as both the first and third node), and one in which they were

excluded from subsequent analysis.

Cox regression was used to assess the relative risk for ESKD between each
terminal node of the classification tree. Subsequently threshold values from the

classification tree were assigned to an ordinal scoring system, which was again
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assessed using a Cox model. The fit of this scoring system was assessed
using receiver operating curve (ROC) analysis with results presented as area
under the curve (AUC) values. To consider the benefits of using the ordinal
scoring system instead of established measures of risk, two assessments were
made: change in AUC (AAUC) and net reclassification index (NRI [standard

error]), Pencina equation 8 18,
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Results

Demographics

A total of 819 patients with ARVD were represented in the SRVD; 110 were
excluded due to incomplete baseline biochemical data and a further 144
excluded due to <50% renal artery stenosis, giving a population of 565 patients
for analysis. At the time of diagnostic angiography, mean patient age was 70+9
years, eGFR 35+20ml/min/1.73m2 and proteinuria 0.6 [IQR 0.2-1.2] g/24hours.
Mean stenosis to the dominant artery of the most affected kidney was 78+19%,
with 182 [32%] of patients having a unilateral occlusion and 224 [40%] of
patients having bilateral >50% stenosis. Over a median follow period of 39.6
[IQR 15.6-69.6] months, 113 patients progressed to ESKD. Median time to
ESKD in these patients was 14.8 [IQR 5.4-34.5] months. Compared to patients
who did not reach ESKD (due either to death or non-progression), patients who
reached ESKD were significantly younger (68.0+9.4 vs. 70.6+8.8 years,
p=0.006), with a lower eGFR (20.0+13.4 vs. 39.2+19.8ml/min/1.73m?2, p<0.001),
greater level of proteinuria (0.96 [IQR 0.6-1.8] vs. 0.55 [IQR 0.2-1.1] g/24hours)
and with fewer patients prescribed angiotensin blockade or statin therapy (32.7
vs. 51.1% and 38.4 vs. 54.9% respectively). Although mean renal artery
stenosis did not statistically significantly differ between patients who progressed
or did not progress to ESKD (81% vs. 77%, p=0.1), a greater proportion of
patients who progressed to ESKD had a unilateral renal artery occlusion (44%
vs. 29%, p=0.002). Overall, 131 [23%)] of patients underwent percutaneous
renal artery revascularisation, with no significant difference in rate of
intervention between patients who progressed and did not progress to ESKD
(21% vs. 24%, p=0.6). Complete demographic data are presented in table
4.3.1.

Of the patients who progressed to ESKD, 52 [46%] commenced RRT before
having a recorded eGFR <10ml/min/1.73m?2 within the database. Of the 61
patients defined as reaching ESKD due to an eGFR <10ml/min/1.73m2, 32
[52%] subsequently commenced RRT and 29 [48%] did not, figure 4.3.1.
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Table 4.3.1 - Baseline demographics of the Salford Renovascular Database

All patients Did not Progressedto p

progress to ESKD
ESKD
N=565 N=452 N=113
Age (years) 70.119 70.6+8.8 68+9.4 0.006
Male 242 (42.9%) 197 (43.7%) 45 (39.8%) 0.5
eGFR (mI/min/1.73m?2) 35.4+20.2 39.2+19.8 20+13.4 <0.001
Proteinuria (g/24 hours) 0.63 (0.2-1.2) 0.55(0.2-1.1) 0.96 (0.6-1.8) <0.001
Systolic blood pressure (mmHg) 157.2+29.7 157.8+30 154.8+28.5 0.3
Diastolic blood pressure (mmHg) 80.8+16.4 81.2+16.8 80x14 0.6
Total cholesterol (mmol/L) 4.6+1.2 4.6x1.2 4.6+1.3 0.8
Co-morbidities
Diagnosed hypertension 490 (86.7%) 391 (86.5%) 99 (87.6%) 0.8
Angina 195 (34.6%) 155 (34.4%) 40 (35.4%) 0.8
Myocardial infarction 171 (30.3%) 137 (30.4%) 34 (30.1%) 0.9
Stroke or transient ischaemic attack 208 (36.8%) 156 (34.5%) 52 (46%) 0.02
Peripheral vascular disease 219 (38.8%) 176 (39%) 43 (38.1%) 0.8
Diabetes mellitus (type Il) 167 (29.6%) 127 (28.1%) 40 (35.4%) 0.1
Smoking history 225 (39.8%) 194 (42.9%) 31 (27.4%) 0.004
Intolerance of angiotensin blockade 61 (10.8%) 52 (11.6%) 9 (8%) 0.3
Medications
Angiotensin blockade 268 (47.4%) 231 (51.1%) 37 (32.7%) <0.001
Aspirin 304 (54.5%) 248 (55.6%) 56 (50%) 0.3
Statin 288 (51.6%) 245 (54.9%) 43 (38.4%) 0.002
Number of antihypertensive 2.5+1.5 2.5+1.5 2.5+1.5 0.6
medications
Renal artery parameters and clinical presentation

Maximum unilateral stenosis 78.3+18.9 77.4+18.9 81+20.7 0.1
Patency score 91.2+41.6 91.2+40.8 91.2+43.2 0.9
Unilateral >70% stenosis 360 (63.7%) 286 (63.3%) 74 (65.5%) 0.7
Unilateral renal artery occlusion 182 (32.2%) 132 (29.2%) 50 (44.2%) 0.002
Bilateral >50% stenosis 224 (39.6%) 185 (40.9%) 39 (34.5%) 0.2
Bilateral >70% stenosis 73 (12.9%) 56 (12.4%) 17 (15%) 04
Renal artery revascularisation 131 (23.2%) 107 (23.7%) 24 (21.2%) 0.6
Rapid loss of renal function 93 (16.5%) 75 (16.6%) 18 (15.9%) 0.9
Refractory hypertension 187 (33.1%) 151 (33.4%) 36 (31.9%) 0.7

Abbreviations: ESKD - end stage kidney disease (defined as chronic renal replacement therapy
or eGFR <10ml/min/1.3m2). eGFR - estimated glomerular filtration rate (CKD-EPI equation).
Definitions: Angiotensin blockade - prescription of angiotensin converting enzyme inhibitor or
angiotensin receptor blocker. Rapid loss of renal function - serum creatinine at the time of
diagnostic angiography greater than 1.2x or 100umol/L higher than a baseline reading from the
previous six-months. Refractory hypertension - blood pressure >140mmHg systolic and/or
>90mmHg diastolic despite use of three or more different classes of anti-hypertensive
medications, one of which was a diuretic. Patency score - combined left and right renal artery
patency, where a score of 200 represents bilateral 0% stenosis and a score of 0 represents
bilateral 100% stenosis. Smoking history - current or previous smoking.
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Figure 4.3.1 - Patient selection and outcomes from the Salford Renovascular

Database
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Abbreviations: eGFR - estimated glomerular filtration rate (ml/min/1.73m2). ESKD - end stage
kidney disease (defined as initiation of chronic renal replacement therapy or eGFR <10ml/min/

1.73m2).
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Variables associated with progression to ESKD

In univariate analysis, an association with altered risk for progression to ESKD
was observed for nine baseline variables. Increased risk was associated with
proteinuria, diabetes mellitus, and unilateral renal artery occlusion. Reduced
risk for ESKD was associated with increasing age and eGFR, smoking history,
angiotensin blockade and statin therapy. When adjusted for baseline age,
eGFR and proteinuria, reduced risk for ESKD was also associated with higher

diastolic blood pressures, and aspirin use, table 4.3.2).

In stepwise multivariate analysis, the greatest risk for progression to ESKD was
associated with unilateral renal artery occlusion (HR 1.6 [95% CI 1.1-2.4],
p=0.02 figure 4.3.2) and increasing proteinuria (HR 1.2 [95% CI 1.1-1.3],
p<0.001 for every 1g/24hour increase). Significant reductions in risk were
associated with angiotensin blockade (HR 0.6 [95% CI 0.4-0.9], p=0.04) and
positive smoking history (HR 0.55 [95% CI 0.3-0.9], p=0.03). Other variables
retained in the model were age (HR 0.96 [95% CIl 0.94-0.99], p=0.001 for every
1-year increase), eGFR (HR 0.92 [95% CI 0.90-0.94], p<0.001 for every 1ml/
min/1.73m2 increase) and diastolic blood pressure (HR 0.99 [95% CI 0.97-1.0],
p=0.04). Renal artery revascularisation was not associated with any significant

change in risk in any analysis.
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Table 4.3.2 - Associations of baseline variables with progression to end stage

kidney disease

Univariate analysis Multivariate analysis (age,
eGFR, proteinuria adjusted)
Hazard ratio p Hazard ratio p
(95% (95%
confidence confidence
interval) interval)
Age (years) 0.98 (0.96-1) 0.09 0.97 (0.95-0.99) 0.01
Male 0.90 (0.61-1.32) 0.6 1.00 (0.68-1.48) 0.9
eGFR (ml/min/1.73m2) 0.92 (0.9-0.94) <0.001 0.92 (0.9-0.94) <0.001
Proteinuria (g/24 hours)* 1.02 (1.01-1.03) <0.001 1.02 (1.01-1.03) <0.001
Systolic blood pressure (mmHg) 1(0.99-1) 0.2 1 (0.99-1) 0.1
Diastolic blood pressure (mmHg) 0.99 (0.98-1) 0.1 0.99 (0.98-1) 0.03
Total cholesterol (mmol/L)* 0.99 (0.97-1.01) 0.5 1 (0.97-1.02) 0.7
Co-morbidities
Diagnosed hypertension 0.77 (0.44-1.36) 04 0.97 (0.55-1.72) 0.9
Angina 1.04 (0.7-1.54) 0.8 0.88 (0.59-1.32) 0.5
Myocardial infarction 0.99 (0.66-1.49) 0.9 1.11 (0.74-1.68) 0.6
Intolerance of angiotensin blockade 0.76 (0.37-1.56) 0.4 0.95 (0.46-1.96) 0.9
Stroke or transient ischaemic 1.25 (0.85-1.82) 0.3 1.19 (0.81-1.75) 0.38
attack
Peripheral vascular disease 0.99 (0.67-1.46) 0.9 1(0.67-1.5) 0.9
Diabetes mellitus (type II) 1.41 (0.95-2.1) 0.09 1.01 (0.67-1.52) 0.9
Smoking history 0.49 (0.32-0.75) 0.001 0.47 (0.28-0.66) <0.001
Medications
Angiotensin blockade 0.57 (0.39-0.86) 0.007 0.62 (0.41-0.93) 0.02
Aspirin 0.78 (0.54-1.14) 0.2 0.72 (0.49-1.06) 0.1
Statin 0.55 (0.37-0.81) 0.002 0.53 (0.36-0.79) 0.002
Number of antihypertensive 0.99 (0.85-1.16) 0.9 0.98 (0.84-1.14) 0.8
medications
Renal artery parameters and clinical presentation

Maximum unilateral stenosis 1.01 (1-1.02) 0.1 1.01 (1-1.02) 0.1
Patency score 1(0.99-1) 0.7 1(1-1) 0.9
Unilateral >70% stenosis 1.1 (0.74-1.64) 0.6 1.21 (0.8-1.83) 0.4
Unilateral occlusion 1.78 (1.22-2.62) 0.003 1.74 (1.18-2.57) 0.005
Bilateral >50% stenosis 0.83 (0.56-1.24) 0.4 0.78 (0.52-1.17) 0.2
Bilateral >70% stenosis 1.37 (0.8-2.33) 0.2 1.25 (0.73-2.15) 0.4
Renal artery revascularisation 0.75 (0.47-1.20) 0.2 0.71 (0.44-1.22) 0.2
Rapid loss of renal function 1.02 (0.62-1.7) 0.9 1.13 (0.68-1.89) 0.6
Refractory hypertension 1.03 (0.69-1.54) 0.9 0.97 (0.64-1.45) 0.9

Abbreviations: eGFR — estimated glomerular filtration rate (CKD-EPI equation).

Definitions: patency score — combined renal artery patency where a maximum score of 200
represents bilateral 0% stenosis and a minimum score of 0 represents bilateral 100% stenosis.
Angiotensin blockade — prescription of angiotensin converting enzyme inhibitor or angiotensin
receptor blocker. Rapid loss of renal function — serum creatinine at the time of diagnostic
angiography greater than 1.2x or 100umol/L higher than a baseline reading from the previous
six-months. Refractory hypertension — blood pressure >140mmHg systolic and/or >90mmHg
diastolic despite use of three or more different classes of anti-hypertensive medications, one of
which was a diuretic. Patency score — combined left and right renal artery patency, where a
score of 200 represents bilateral 0% stenosis and a score of 0 represents bilateral 100%
stenosis. Smoking history — current or previous smoking.

Quoted hazard ratios are for the presence of a binary variable and for single unit increases in
continuous variables unless marked by a * where hazard ratios are for a 0.1 unit increase in
continuous variables.
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Figure 4.3.2 - Kaplan Meier survival plots for patients with and without renal artery occlusion
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Threshold value analysis

When variables were ranked by Maxsn+sp, an eGFR £26ml/min/1.73m?2 was the
most discriminatory measure for identifying patients at greatest risk for
progression to ESKD (sensitivity 0.75, specificity 0.73, odds ratio 8.3 [95% CI
5.2-13.3], p<0.001). This was followed in descending order by proteinuria
20.3g/24 hours (sensitivity 0.93, specificity 0.39), age <51 years (sensitivity
0.92, specificity 0.04), systolic blood pressure 2112mmHg, statin use,
angiotensin blockade, previous cerebrovascular event and unilateral renal
artery occlusion. In this threshold value analysis, the high odds ratios for e.g.
eGFR £26ml/min/1.73m2 compared to the hazard ratio for eGFR in the
multivariate Cox model are representative of this variable being considered in a

categorical rather than a continuous form.

As an eGFR £26ml/min/1.73m?2 had the greatest Maxsn.sp for predicting
progression to ESKD this formed the first classification tree node and
dichotomised the study population into those with an eGFR >26ml/min/1.73m?2
(n=358) and those with an eGFR <26ml/min/1.73m2 (n=207). In the second
round of analysis for patients with an eGFR £26ml/min/1.73m?2 an eGFR of
£14ml/min/1.73m2 had the greatest Maxsn+sp (sensitivity 0.60, specificity 0.73).
In the second round of analysis for patients with an eGFR >26ml|/min/1.73m?
the variable with the greatest Maxsn.+sp was proteinuria 20.3g/24 hours
(sensitivity 0.89, specificity 0.40). Complete data are presented in table 4.3.3
with the final classification tree shown in figure 4.3.3.

When variables already used in the classification tree were not retained in
subsequent rounds of analysis, proteinuria 20.3g/24 hours had the greatest
Maxsn+sp both for patients with an eGFR >26ml/min/1.73m?2 (sensitivity 0.89,
specificity 0.40) and for patients with an eGFR £26ml/min/1.73m2 (sensitivity
0.94, specificity 0.34). Complete data are presented in table 4.3.4 and figure
4.3.4.
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Table 4.3.3 - Threshold values for discriminating between progression and non-

progression to end stage kidney disease ranked by combined sensitivity plus

specificity (previously identified variables retained in subsequent analyses)

Age adjusted
Unadjusted analysis analysis
Odds ratio Odds ratio
Threshold Sens + ESKD (95% ESKD (95%
Variable value Sens Spec spec Cl) p Cl) p
Overall population
26ml/min/ 8.28 9.15
eGFR 1.73m2 75.2 73.2 148.4 (5.15-13.32) <0.001 (5.61-14.95) <0.001
8.29 7.94
Proteinuria 0.39/24 hours 92.9 38.7 131.6 (3.94-17.44) <0.001 (3.77-16.72) <0.001
Age 51 years 92 3.5 95.6 0.43(0.18-0.99) 0.047 - -
Systolic blood
pressure 112 90.2 4.8 95 0.47 (0.22-1)  0.05 0.45(0.21-0.96) 0.04
Statin use Yes 38.4 54.9 93.3 0.51(0.33-0.78) 0.002 0.52(0.34-0.8) 0.003
Angiotensin
blockade Yes 32.7 51.1 83.8  0.47 (0.3-0.72) 0.001 0.44 (0.28-0.69) <0.001
Stoke or TIA Yes 46 34.5 80.5 1.62(1.07-2.46) 0.024 1.62 (1.06-2.47) 0.025
Unilateral renal
artery occlusion Yes 44.2 29.2 73.5 1.92(1.26-2.94) 0.002 1.89 (1.23-2.89) 0.003
eGFR <26ml/min/1.73m?2
14ml/min/
eGFR 1.73m2 60 72.7 132.7 4 (2.22-7.22) <0.001 4.32 (2.35-7.95) <0.001
7.78
Proteinuria 0.39/24 hours 941 34.4 128.5 8.4 (3.16-22.33) <0.001 (2.91-20.79) <0.001
Cholesterol 3.8mmol/L 81 41 121.9 2.95(1.22-7.15) 0.017 2.97 (1.20-7.18) 0.018
Age 54 90.6 0.8 91.4 0.08 (0.01-0.65) 0.018 - -
Statin Yes 35.3 52.9 88.2 0.49(0.27-0.86) 0.013 0.47 (0.26-0.85) 0.012
Angiotensin
blockade Yes 28.2 52.5 80.7 0.36 (0.2-0.64) 0.001 0.31(0.16-0.57) <0.001
Stroke / TIA Yes 43.5 29.5 73 1.84 (1.03-3.29) 0.039 1.84 (1.02-3.32) 0.042
eGFR >26ml/min/1.73m?
5.63 5.19
Proteinuria 0.3g/24 hours 89.3 40.3 129.6 (1.66-19.01) 0.005 (1.53-17.63) 0.008
36ml/min/
eGFR 1.73mz2 571 68.5 125.6 2.9(1.32-6.34) 0.008 4.01 (1.74-9.27) 0.001
Age 44 years 92.9 0.9 93.8 0.12(0.02-0.75) 0.023 - -
Systolic blood
pressure 116mmHg 85.7 4.7 90.4  0.3(0.09-0.97) 0.044 0.24(0.07-0.8) 0.02
Cholesterol 2.5mmol/L 88.2 1.2 89.4 0.09 (0.01-0.59) 0.012 0.06 (0.01-0.56) 0.005
eGFR <26ml/min/1.73m? and eGFR <14ml/min/1.73m?2
Proteinuria 0.89/24 hours 74.5 471 121.6 2.6 (1.03-6.53) 0.042 2.39 (0.94-6.08) 0.068
Angiotensin
blockade Yes 17.6 441 61.8 0.27(0.1-0.73) 0.01 0.26 (0.09-0.74) 0.011
eGFR <26ml/min/1.73m? and eGFR >14ml/min/1.73m?
10.56 9.75
Proteinuria 0.3g/24hours 941 39.8 133.9 (2.38-46.92)  0.002 (2.18-43.63) 0.003
3.63 3.75
Cholesterol 3.9mmol/L 76.2 53.1 129.3 (1.19-11.09) 0.024 (1.21-11.15)  0.023
Age 61 years 73.5 11.4 84.9 0.36(0.13-0.97) 0.044 - -
Stroke / TIA Yes 52.9 31.8 84.8 2.41(1.07-5.41) 0.033 2.44 (1.07-5.6) 0.034

continued over
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eGFR <26ml/min/1.73m? and proteinuria =0.39/24 hours

43ml/min/
eGFR 1.73m2 84 49.8 133.8 5.2(1.73-15.67) 0.003 7.4 (2.31-23.75) 0.001
9.04
Proteinuria 0.27g/24hours 16 98.1 1141 9.86 (2.3-42.33) 0.002 (2.09-39.14) 0.003
Systolic blood
pressure 110mmHg 88 3 91 0.22 (0.05-0.96) 0.044 0.14 (0.03-0.65) 0.012
Cholesterol 2.5mmol/L 86.7 2 88.7 0.13(0.02-0.87) 0.035 0.08 (0.02-0.76) 0.014
Age 64 years 60 21.3 81.3 0.41(0.17-0.97) 0.042 - -
eGFR >26ml/min/1.73m? and proteinuria <0.3g/24 hours
Limit of statistical significance
eGFR <26ml/min/1.73m? and eGFR <14ml/min/1.73m? and proteinuria =0.89/24 hours
14 19.24
Cholesterol 3.7mmol/L 93.3 50 143.3 (1.06-185.46) 0.045 (1.35-195.50) 0.052
Bilateral >50%
stenosis Yes 39.5 72.2 111.7 0.25(0.07-0.85) 0.026 0.26 (0.08-0.93) 0.038
Patency score 20 10.5 66.7 77.2 0.24 (0.06-0.98) 0.047 0.2 (0.04-0.95) 0.037
Bilateral >70%
stenosis Yes 15.8 44.4 60.2 0.23 (0.07-0.84) 0.026 0.23 (0.06-0.91) 0.037
Peripheral vascular 5.82 4.95
disease Yes 421 1.1 53.2 (1.17-28.96) 0.032 (0.97-25.18) 0.054
Angiotensin
blockade Yes 13.2 38.9 52 0.24 (0.06-0.9) 0.035 0.2 (0.05-0.91) 0.037
eGFR <26ml/min/1.73m?2 and eGFR <14ml/min/1.73m? and proteinuria <0.8g9/24 hours
Patency 120 46.2 12.5 58.7 0.12(0.02-0.77) 0.025 0.12(0.02-0.76) 0.026
eGFR <26ml/min/1.73m? and eGFR >14ml/min/1.73m?2 and proteinuria =0.3g/24 hours
3.86 3.84
Cholesterol 3.9mmol/L 75 56.3 131.3 (1.13-13.19)  0.031 (1.12-13.14)  0.035
Age 60 years 75 71 82.1 0.23 (0.06-0.84) 0.026 - -
eGFR <26ml/min/1.73m? and eGFR >14ml/min/1.73m? and proteinuria <0.39/24 hours
Number of
antihypertensive 31 23.05
medications 5 50 96.9 146.9 (1.02-940.92) 0.049 (0.63-847.93) 0.088
Age 57 years 50 3.1 53.1 0.03 (0-0.98)  0.049 - -
eGFR >26ml/min/1.73m?2 and proteinuria =0.39/24 hours and eGFR <43ml/min/1.73m?
Stoke / TIA Yes 61.9 32.5 944 3.38(1.29-8.84) 0.013 3.45(1.25-9.53) 0.017
Age 44 years 90.5 0.9 91.3 0.08 (0.01-0.95) 0.045 - -
Systolic blood
pressure 119mmHg 81 4.5 85.5 0.2 (0.05-0.83) 0.026 0.14 (0.03-0.63) 0.01
eGFR >26ml/min/1.73m? and proteinuria =0.39/24 hours and eGFR >43ml/min/1.73m?
31 28.86
Proteinuria 0.78g/24hours 25 98.9 123.9 (1.54-623.14) 0.025 (1.41-591.17) 0.029
Cholesterol 2.5mmol/L 75 1.5 76.5 0.05(0-0.92) 0.044 0.03(0-0.89) 0.036
Rapidly declining 10.75 10.86
renal function Yes 50 8.5 58.5 (1.33-86.88) 0.026  (1.33-88.59) 0.026

Abbreviations: Sens - sensitivity. Spec - specificity. ESKD - end stage kidney disease (defined as initiation of chronic
renal replacement therapy or eGFR <10ml/min/1.73m?2). eGFR - estimated glomerular filtration rate. TIA - transient
ischemic attack. Patency score defined as the total percentage bilateral reduction in diameter of renal arteries, where a
maximum score of 200 represents bilateral 0% stenosis and a minimum score of 0 represents bilateral 100% stenosis.
Angiotensin blockade defined as prescription of angiotensin converting enzyme inhibitor and / or angiotensin Il receptor
blocker at time of diagnostic angiography. Rapidly declining renal function defined as a serum creatinine level greater
than 1.2x or 100pmol/L increased compared to a baseline reading taken in the six months prior to diagnostic
angiography. Value for sensitivity is the percentage of patients with the risk factor who progressed to ESKD. Value for
specificity is the percentage of patients without the risk factor who did not progress to ESKD. Threshold values for age,
eGFR, and blood pressure were considered in 1-unit intervals. Threshold values for proteinuria and cholesterol were
considered in 0.1-unit intervals.
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Figure 4.3.3 - Classification tree with variables retained
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0.50/0.97
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0.62/0.33

Proteinuria 20.78
0.25/0.99

Abbreviations and units: eGFR -
estimated glomerular filtration rate (ml/
min/1.73m2). Proteinuria - 24 hour
urinary protein excretion (g/24hours).
Cholesterol - total serum cholesterol
(mmol/L). Patency - combined renal
artery patency score (where a score of
200 represents bilateral 0% occlusion
and a score of 0 represents bilateral
100% occlusion). Medications - number
of different classes of antihypertensive
medications. Stroke/TIA - history of
stroke or transient ischaemic attack.
Sens - sensitivity. Spec - specificity.

Each node represents the value of the
variable with the greatest combined
sensitivity and specificity for predicting
progression to end stage kidney
disease. At each division subgroups are
defined by dividing the study population
in relation to the defined variable. In this
analysis variables used at a parent node
are considered in subsequent analyses.
Complete data for each node are
presented in supplementary table 4.3.3.
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Table 4.3.4 - Threshold values for discriminating between progression and non-

progression to end stage kidney disease ranked by combined sensitivity plus

specificity (previously identified variables not retained in subsequent analyses)

Age adjusted
Unadjusted analysis analysis
Odds ratio Odds ratio
Threshold Sens + ESKD (95% ESKD (95%
Variable value Sens Spec spec Cl) p Cl) p
Overall population
26ml/min/ 8.28 9.15
eGFR 1.73m2 75.2 73.2 148.4 (5.15-13.32) <0.001 (5.61-14.95) <0.001
8.29 7.94
Proteinuria 0.3g/24 hours 92.9 38.7 131.6 (3.94-17.44) <0.001 (3.77-16.72) <0.001
0.43
Age 51 years 92 3.5 95.6 (0.18-0.99) 0.047 - -
Systolic blood 0.45
pressure 112 90.2 4.8 95 0.47 (0.22-1)  0.05 (0.21-0.96) 0.04
0.51
Statin use Yes 38.4 54.9 93.3 (0.33-0.78) 0.002 0.52 (0.34-0.8) 0.003
Angiotensin 0.44
blockade Yes 32.7 51.1 83.8  0.47 (0.3-0.72) 0.001 (0.28-0.69) <0.001
1.62 1.62
Stoke or TIA Yes 46 34.5 80.5 (1.07-2.46) 0.024 (1.06-2.47)  0.025
1.92 1.89
Unilateral occlusion Yes 44.2 29.2 73.5 (1.26-2.94) 0.002 (1.23-2.89) 0.003
eGFR <26ml/min/1.73m2
8.4 7.78
Proteinuria 0.39/24 hours 94.1 34.4 128.5 (3.16-22.33) <0.001 (2.91-20.79) <0.001
2.95
Cholesterol 3.8mmol/L 81 41 121.9 (1.22-7.15) 0.017 2.971.23-7.17) 0.018
0.08
Age 54 90.6 0.8 91.4 (0.01-0.65) 0.018 - -
0.49 0.47
Statin Yes 35.3 52.9 88.2 (0.27-0.86) 0.013 (0.26-0.85) 0.012
Angiotensin 0.31
blockade Yes 28.2 52.5 80.7 0.36 (0.2-0.64) 0.001 (0.16-0.57) <0.001
1.84 1.84
Stroke / TIA Yes 43.5 29.5 73 (1.03-3.29) 0.039 (1.02-3.32) 0.042
eGFR >26ml/min/1.73m?
5.63 5.19
Proteinuria 0.3g/24 hours 89.3 40.3 129.6 (1.66-19.01)  0.005 (1.53-17.63) 0.008
0.12
Age 44 years 92.9 0.9 93.8 (0.02-0.75) 0.023 - -
Systolic blood
pressure 116mmHg 85.7 4.7 90.4  0.3(0.09-0.97) 0.044 0.24(0.07-0.8) 0.02
0.09 0.06
Cholesterol 2.5mmol/L 88.2 1.2 89.4 (0.01-0.59) 0.012 (0.01-0.51)  0.005
eGFR =26ml/min/1.73m? and proteinuria =0.39/24 hours
3.16
Cholesterol 3.8mmol/L 82.1 40.4 122.5 3.1(1.14-8.47) 0.027 (1.18-8.52)  0.028
0.11
Age 54 years 90.1 1.2 91.3 (0.01-0.89) 0.039 - -
0.48
Patency score 115 67.9 18.6 86.5 (0.24-0.99) 0.047 0.5(0.29-1.0) 0.057
Angiotensin 0.33
blockade Yes 27.2 48.8 76 0.39 (0.2-0.75) 0.004 (0.17-0.66)  0.002
continued over
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eGFR =26ml/min/1.73m? and proteinuria <0.39/24 hours
0.08 0.07
Statin Yes 25 80.6 105.6 (0.01-0.89) 0.04 (0.01-0.85)  0.037

eGFR >26ml/min/1.73m? and proteinuria =0.39/24 hours

Systolic blood 0.22 0.14
pressure 110mmHg 88 3 91 (0.05-0.96) 0.044 (0.03-0.65) 0.012
0.13 0.08
Cholesterol 2.5mmol/L 86.7 2 88.7 (0.02-0.87) 0.035 (0.01-0.81) 0.014
0.41
Age 64 years 60 21.3 81.3 (0.17-0.97) 0.042 - -

eGFR >26ml/min/1.73m? and proteinuria <0.3g/24 hours
Limit of statistical significance

eGFR <26ml/min/1.73m?2 and proteinuria =0.39/24 hours and serum cholesterol =3.8mmol/L
Angiotensin 0.32 0.23
blockade Yes 24.2 50 74.2 (0.11-0.93) 0.037 (0.07-0.74) 0.014

eGFR =26ml/min/1.73m? and proteinuria =0.39/24 hours and serum cholesterol <3.8mmol/L

Angiotensin 0.41

blockade Yes 29.2 48.2 77.4 0.44 (0.2-1) 0.049 (0.17-0.95) 0.037
2.14

Stoke/ TIA Yes 47.9 28.6 76.5 2.3(1.02-5.17) 0.044 (0.94-4.86) 0.069
0.09

Smoking history Yes 2.1 17.9 19.9 0.1 (0.01-0.8) 0.03 (0.01-0.76) 0.027

eGFR >26ml/min/1.73m? and proteinuria =0.39/24 hours and systolic blood pressure =110mmHg

0.16

Age 44 years 90.9 1.5 924 (0.02-0.99) 0.048 - -
0.14 0.09

Cholesterol 2.5mmol/L 86.7 21 88.8 (0.02-0.92) 0.04 (0.01-0.89) 0.017

Abbreviations: Sens - sensitivity. Spec - specificity. ESKD - end stage kidney disease (defined as initiation of chronic
renal replacement therapy or eGFR <10ml/min/1.73m?2). eGFR - estimated glomerular filtration rate. TIA - transient
ischemic attack.

Patency score defined as the total percentage bilateral reduction in diameter of renal arteries, where a maximum score
of 200 represents bilateral 0% stenosis and a minimum score of 0 represents bilateral 100% stenosis. Angiotensin
blockade defined as prescription of angiotensin converting enzyme inhibitor and / or angiotensin Il receptor blocker at
time of diagnostic angiography. Smoking history defined as current or previous cigarette smoking at time of diagnostic
angiography.

Value for sensitivity is the percentage of patients with the risk factor who progressed to ESKD. Value for specificity is
the percentage of patients without the risk factor who did not progress to ESKD. Threshold values for age, eGFR, and
blood pressure were considered in 1-unit intervals. Threshold values for proteinuria and cholesterol were considered in
0.1-unit intervals.
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Figure 4.3.4 - Classification tree with variables not retained
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Abbreviations and units: eGFR -
estimated glomerular filtration rate (ml/
min/1.73m?2). Proteinuria - 24 hour
urinary protein excretion (g/24hours).
Cholesterol - total serum cholesterol
(mmol/L). Statin - prescription of statin
therapy at time of diagnostic
angiography. SBP - systolic blood
pressure (mmHg). Ang. Blockade -
prescription of angiotensin blockade at
time of diagnostic angiography
(angiotensin converting enzyme inhibitor
and / or angiotensin receptor blocker).
Age - calendar age in years. Sens -
sensitivity. Spec - specificity.

Each node represents the value of the
variable with the greatest combined
sensitivity and specificity for predicting
progression to end stage kidney
disease. At each division subgroups are
defined by dividing the study population
in relation to the defined variable. In this
analysis variables used at a parent node
are excluded from subsequent analyses.
Complete data for each node are
presented in supplementary table 4.3.4.
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Relative hazard for progression to ESKD

When the terminal branch of each classification tree was considered in a Cox

model (using the lowest risk branch as the referent group), a progressive

increase in risk for ESKD was noted with the greatest increase in risk

associated with the highest branch of the classification tree (HR 102 [95% CI

31-338], p<0.001), table 4.3.5.

Table 4.3.5 - Risk for end stage kidney disease by terminal nodes of classification trees

Variables retained

Variables not retained

HR p
(95% ClI)

Description n HR p Description n
(95% CI)

Node 1 eGFR >26, 122 Referent eGFR >26, 122
proteinuria <0.3 proteinuria <0.3

Node 2 eGFR >43, 109 1.45 0.629 eGFR >26, 218
proteinuria =0.3 (0.3-6.5) proteinuria =0.3,
SBP >110

Node 3 eGFR 26-43, 127 9.6 <0.001 eGFR >26, 18
proteinuria = 0.3 (2.9-32.2) proteinuria =0.3,
SBP <110

Node 4 eGFR <26, eGFR 34 3.26 0.196 eGFR =26, 30
>14, proteinuria <0.3 (0.5-19.5) proteinuria <0.3,
statin prescribed

Node 5 eGFR <26, eGFR 88 24.7 <0.001 eGFR <26, 10
>14, proteinuria =0.3 (7.5-80.9) proteinuria <0.3,
statin not prescribed

Node 6 eGFR <14, 29 32.28 <0.001 eGFR <26, 104
proteinuria <0.8 (9.1-115) proteinuria =0.3,
cholesterol <3.8

Node 7 eGFR <14, 56 102.48 <0.001 eGFR <26, 63
proteinuria =0.8 (31.1-338. proteinuria =0.3,
2) cholesterol =3.8

Referent

4.79
(1.4-16) 0.011

8.16
(1.6-40.5)  0.01
1.87

(0.2-18) 0.589

15.16

(3.1-75.2) 0.001

38.34
(11.9-123.8) <0.001

35.94
(11-117.9) <0.001

Abbreviations and units: HR — hazard ratio. 95% CIl — 95% confidence interval. eGFR — estimated glomerular filtration rate,

(ml/min/1.73m2). Proteinuria — 24 hour urinary protein excretion (g/24 hours). SBP — systolic blood pressure (mmHg).
Referent node (node 1) is the lowest branch of the classification tree.
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To increase clinical utility and account for factors identified as important in the
Cox models, threshold values from the classification tree and variables from the
multivariate Cox analysis were used to develop an ordinal scoring system with a
range of possible scores from 0 (lowest risk) to 8 (greatest risk). As the aim of
this was aid clinicians in making predictions of risk for individual patients,
threshold eGFR values were rounded to more easy to remember numbers.

Details of the scoring system are presented in table 4.3.6.

Table 4.3.6 - Proposed ordinal scoring system

Score 0 Score 1 Score 2
eGFR (mI/min/1.73m2) >45 25-45 <25
Proteinuria (g/24 hours) <0.3 0.3-0.8 >0.8
Angiotensin blockade Yes No -

Statin Yes No -
Unilateral renal artery No Yes -
occlusion

Smoking history Yes No -

Abbreviations and definitions: eGFR — estimated glomerular filtration rate (CKD-EPI equation). Unilateral
renal artery occlusion — 100% unilateral stenosis or single functioning kidney. Angiotensin blockade —
prescription of angiotensin converting enzyme inhibitor or angiotensin receptor blocker. Smoking history —
current or previous smoking.

The scoring system was applied to the study population and patients then
aggregated into three categories where hazard ratios were comparable within
each group: low-risk (score 0,1,2 n=85, 15.1%); intermediate-risk (score 3,4,5
n=325, 57.5%) and high-risk (score 6,7,8 n=155, 27.4%). Using the low-risk
group as the referent category, unadjusted and age adjusted hazard ratios for
progression to ESKD were calculated. Adjusted for age, patients in the
intermediate-risk group did not have a statistically significantly increased risk for
ESKD (HR 2.7 [95% CI 1.0-7.5], p=0.06), but patients in the high-risk group did
(HR 20.4 [95% CI 7.4-56.2], p<0.001). Complete data are presented in table
4.3.7 with ESKD free survival curves presented in figure 4.3.5. As many of the
identified variables are associated with risk for death as well as ESKD, these
end-points were considered as competing risks in a cause specific Cox model.
Here an increased risk for ESKD was associated with both the medium risk
group (HR 1.5[95% CI 1.1-2.2], p=0.02) and the high-risk group (HR 2.1 [95%
Cl 1.3-3.2], p=0.002).
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Table 4.3.7 - Risk for end stage kidney disease associated with groups of

ordinal risk score

Frequency Number Events per Unadjusted model Age adjusted model
reaching 100
ESKD patient Hazardratio p Hazard ratio p

years (95% CI) (95% CI)
Low risk 85 4 (5%) 1.0 Referent Referent
(score 0,1,2) (0.3-2.6)
Intermediate 325 37 (11%) 2.4 2.59 0.071 2.67 0.062
risk (1.7-3.3) (0.9-7.3) (1-7.5)
(score 3,4,5)
High risk 155 73 (47%) 23 19.23 <0.001 20.4 <0.001
(score 6,7,8) (18-29) (7-52.9) (7.4-56.2)

Abbreviations: ESKD - end stage kidney disease (chronic renal replacement therapy or eGFR
<10ml/min/1.73m2). 95% CI - 95% confidence interval.

Frequency describes number of patients in each risk group. Results of two Cox models are
presented, the first containing risk group as a sole exploratory variable, and the second
adjusted for patient age.

Figure 4.3.5 - Kaplan Meier ESKD free survival plots divided by groups of

ordinal risk score

o
091 1 e
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0.21

0.1- —_— Low risk ~ ===== Intermidate risk
: — High risk

0.0+

0 10 20 30 40 50 60 70

Number at Risk Follow up (months)

Low risk 84 81 74 63 47 32
Intermidate risk 324 277 237 199 163 17
High risk 148 80 49 34 27 22

Risk groups defined using the ordinal scoring system described in table 4.3.6 and divided by
groups described in table 4.3.7. Solid line represents patients low risk group; dashed line
represents intermediate risk group; interrupted solid line represents high-risk group.

y-axis shows probability of ESKD free survival; x-axis shows time in months from date of
diagnostic angiography.
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To consider if results of the proposed risk scoring system were specific to
patients with ARVD, the ordinal scoring system was applied to 1198 patients all-
cause CKD patients from the Chronic Renal Insufficiency Standards
Implementation Study (CRISIS). Here the majority of patients were classified
as low-risk (n=576, 48%) or intermediate-risk (n=586, 49%), with very few
patients classified as high-risk (n=36, 3%). This was despite 4% of CRISIS
patients having a diagnosis of ARVD (of whom 15% had a renal artery
occlusion) and there being limited differences in baseline characteristics from
the SRVD, table 4.3.8. Overall 104 [8.7%] patients in CRISIS progressed to
ESKD, of whom 81 [78%] were in the intermediate risk group. In CRISIS being
in the intermediate risk group associated with an increased risk for ESKD (HR
5.7 [95% CI 3.2-10.1], p<0.001) with too few events in the high-risk group (n=9)

to meaningfully comment on risk in these patients.

206



Table 4.3.8 - Comparison of baseline characteristics between Salford

Renovascular Database and Chronic Renal Insufficiency Standards

Implementation Study

SRVD CRISIS
N=565 N=1198 p
Age (years) 70.1+/-9 65+/-14 <0.001
Male
eGFR (ml/min/1.73m?) 35.4+/-20.2 34+/-15.4 0.1
Proteinuria (g/24 hours) 0.63 (0.2-1.2) 0.20 (0.1-0.6) <0.001
Systolic blood pressure (nmHg)157.2+/-29.7 135.9+/-21.6 <0.001
Diastolic blood pressure
(mmHg) 80.8+/-16.4 72.8+/-11.6 <0.001
Total cholesterol (mmol/L) 4.64/-1.2 4.6+1.3 0.8
Co-morbidities
Angina 195 (34.6%) 100 (8.6%) 0.8
Myocardial infarction 171 (30.3%) 208 (18%) 0.9
Stroke or transient ischaemic
attack 208 (36.8%) 185 (16%) 0.02
Peripheral vascular disease 219 (38.8%) 206 (17.8%) 0.9
Diabetes mellitus (type Il) 167 (29.6%) 396 (34.2%) 0.2
Smoking history 225 (39.8%) 792 (68.4%) 0.4
Medications
Angiotensin blockade 268 (47.4%) 742 (64.1%) <0.001
Aspirin 304 (54.5%) 493 (42.6%) 0.3
Statin 288 (51.6%) 725 (62.6%) 0.002
Number of antihypertensive
medications 2.5+/-1.5 2.5+/-1.5 0.2
Renal artery parameters™
ARVD diagnosed 565 (100%) 46 (4.0%)
Maximum unilateral stenosis  78.3+/-18.9 68.4+/-22.5 0.002
Patency score 91.2+/-41.6 105.6+/-41.6 0.02
Unilateral >70% stenosis 360 (63.7%) 25 (54.3%) 0.7
Unilateral renal artery occlusion 182 (32.29%) 7 (15.2%) 0.002
Bilateral >50% stenosis 224 (39.6%) 16 (34.8%) 0.2
Bilateral >70% stenosis 73 (12.9%) 4 (8.7%) 0.5

Abbreviations: SRVD - Salford Renovascular Database. CRISIS - Chronic Renal Insufficiency
Standards Implementation Study. eGFR - estimated glomerular filtration rate.
Definitions: Angiotensin blockade - prescription of angiotensin converting enzyme inhibitor or
angiotensin receptor blocker. Patency score - combined left and right renal artery patency,
where a score of 200 represents bilateral 0% stenosis and a score of 0 represents bilateral
100% stenosis. Smoking history - current or previous smoking.

* values for renal artery parameters are presented only for patients with an angiographic

diagnosis of atherosclerotic renovascular disease
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Sensitivity / specificity analysis

The utility of the ordinal scoring model was assessed against previously
described prognostic cut off values for eGFR (above and below 25ml/min/
1.73m2 7) and proteinuria (above and below 1g/24 hours 8, reduced to 0.8g/24
hours to allow more direct comparison), table 4.3.9. Compared to a baseline
eGFR of <25ml/min/1.73m2 as the predictor variable (AUC 0.62), addition of
remainder of the scoring system increased AUC to 0.77 (AAUC 0.15), with a net
reclassification index of 0.58 [0.09], p<0.0001. Compared to a high baseline
level of proteinuria (>0.89/24 hours, AUC 0.62), addition of the remainder of the
scoring system increased AUC to 0.79 (AAUC 0.16) with a NRI of 0.75 [0.09],
p<0.0001. When baseline risk was defined by eGFR <25ml/min/1.73m2 and
proteinuria >0.8g9/24 hours, addition of the remainder of the scoring system
gave a AAUC of 0.17 with a NRI of 0.51 [0.08], p<0.0001. When the scoring
system was applied to the CRISIS population, AUC was 0.70.

Table 4.3.9 - Sensitivity and specificity analyses for the proposed ordinal

scoring system

Following addition of other components of ordinal scoring
system

Established Areaunder Areaunder Change in area Net p
risk factor  curve for curve under curve reclassification
the index (standard
established error)
risk factor
alone
eGFR <25ml/ 0.62 0.77 0.15 0.58 <0.0001
min/1.73m?2 (0.09)
Proteinuria 0.62 0.79 0.16 0.75 <0.0001
>0.89/24 (0.09)
hours
eGFR <25 0.59 0.75 0.17 0.51 <0.0001
and (0.08)
proteinuria
>0.8
eGFR <25 or 0.66 0.76 0.10 0.66 0.02
proteinuria (0.06)
>0.8

Abbreviations: eGFR — estimated glomerular filtration rate (CKD-EPI equation).

Markers of risk described in previous studies are presented in the left hand column with
associated area under the curve from ROC analysis. The following columns describe results of
ROC analysis following addition of other components of the proposed ordinal scoring system.
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Outcome in patients not progressing to ESKD

Of the 452 patients who did not progress to ESKD, 208 [46%] were alive at time
of censoring and 244 [54%] dead. Survivors were younger (69.3+9.5 vs.
71.7+8.1 years, p=0.004), with a lower burden of stenosis (74+18 vs. 80+20%,
p<0.001) and had a markedly higher baseline eGFR (44+21 vs. 35+17ml/min/
1.73m2, p<0.001). Median rate of loss of eGFR did not significantly differ
between survivors and non-survivors (1.87ml/min/1.73mz2/year vs. 1.24ml/min/

1.73mz2/year reduction, p=0.7), table 4.3.10.
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Table 4.3.10 - Baseline characteristics in patients not progressing to end stage

kidney disease divided by mortality status at censoring

Alive Dead p

N=208 N=244
Age (years) 69.3+/-9.5 71.7+/-8.1 0.004
Male 86 (41.5%) 111 (45.5%) 0.4
eGFR (ml/min/1.73mz2) 44.4+/-21.2 34.8+/-17.4 <0.001
eGFR slope (ml/min/1.73m2%year) -1.87 (-3.9-0.4) -1.24 (-5.5-0.1) 0.7
Proteinuria (g/24 hours) 0.42 (0.1-1.0) 0.61 (0.2-1.2) 0.2
Systolic blood pressure (mmHg) 157.2+/-27.9 158.7+/-32.1 0.6
Diastolic blood pressure (mmHg) 80.4+/-14.8 81.6+/-18.4 0.4
Total cholesterol (mmol/L) 4.6+/-1.1 4.6+/-1.3 0.9

Co-morbidities

Diagnosed hypertension 192 (92.3%) 199 (81.6%) 0.001
Angina 63 (30.4%) 92 (37.9%) 0.1
Myocardial infarction 58 (27.9%) 79 (32.5%) 0.3
Stroke or transient ischaemic 70 (33.7%) 86 (35.2%) 0.7
attack
Peripheral vascular disease 75 (36.1%) 101 (41.6%) 0.2
Diabetes mellitus (type Il) 59 (28.4%) 68 (27.9%) 0.9
Smoking history 119 (57.2%) 75 (30.7%) <0.001
Intolerance of angiotensin 15 (7.2%) 37 (15.2%) 0.008
blockade

Medications
Angiotensin blockade 124 (59.6%) 107 (43.9%) 0.001
Aspirin 122 (59.2%) 126 (52.5%) 0.2
Statin 142 (68.9%) 103 (42.9%) <0.001
Number of antihypertensive 2.5+/-1.5 2.5+/-1 0.01
medications

Renal artery parameters and clinical presentation

Maximum unilateral stenosis 73.8+/-18 80.1+/-19.8 <0.001
Patency score 96.8+/-40 86.4+/-40.8 0.005
Unilateral >70% stenosis 117 (56.3%) 169 (69.3%) 0.004
Unilateral renal artery occlusion 37 (17.8%) 95 (38.9%) <0.001
Bilateral >50% stenosis 82 (39.4%) 103 (42.2%) 0.5
Bilateral >70% stenosis 20 (9.6%) 36 (14.8%) 0.1
Renal artery revascularisation 54 (26%) 53 (21.7%) 0.3
Rapid loss of renal function 41 (19.7%) 34 (13.9%) 0.1
Refractory hypertension 75 (36.1%) 76 (31.1%) 0.3

Abbreviations: eGFR - estimated glomerular filtration rate.

Definitions: Angiotensin blockade - prescription of angiotensin converting enzyme inhibitor or
angiotensin receptor blocker. Patency score - combined left and right renal artery patency,
where a score of 200 represents bilateral 0% stenosis and a score of 0 represents bilateral
100% stenosis. Smoking history - current or previous smoking. Rapid loss of renal function -
serum creatinine at the time of diagnostic angiography greater than 1.2x or 100umol/L higher
than a baseline reading from the previous six-months. Refractory hypertension - blood pressure
>140mmHg systolic and/or >90mmHg diastolic despite use of three or more different classes of
anti-hypertensive medications, one of which was a diuretic.
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Discussion

The primary goal of this analysis was to identify the baseline characteristics
most strongly associated with risk for progression to ESKD in surviving ARVD
patients. As with previous studies, we have demonstrated that eGFR and
proteinuria are the key influences on prognosis, a finding consistent with other
studies of loss of renal function in CKD 19 and aligned with the concept that in
ARVD measures of parenchymal health are more important than anatomical
parameters. By utilising a classification tree methodology we have added to the
understanding of the hierarchical importance of these markers and shown that
eGFR is the feature most dominantly associated with increased risk.
Importantly we have also found that the eGFR threshold for this increased risk
may be set at a lower level of renal function than in other causes of CKD. In our
cohort the greatest risk for ESKD was found in well established CKD stage 4
(eGFR =26ml/min/1.73m2) compared to other studies of all-cause CKD
populations which have described significantly increased risk from CKD stage
3a and below 29, In a recent meta-analysis of data from the Chronic Kidney
Disease Prognosis Consortium a non-linear relationship between mortality risk
and eGFR was described, with the hazard ratio for death only exceeding 1.5 as
patients approached stage 4 CKD 2!. By comparison, risk for death in ARVD
increases at higher eGFR values with a 40% mortality rate seen at 3-years in
patients with ARVD and an eGFR >50mI/min/1.73m2 7. As in a previous
analysis of the SRVD we have demonstrated an average annual rate of loss of
renal function of 2ml/min/1.73m2 we hypothesize that the lesser risk for
progression to ESKD in ARVD patients with more preserved renal function at
time of diagnosis is representative of the excess mortality associated with this
condition, with this effect demonstrated by the reduced (though still significant)
risk for ESKD seen in the competing risks analysis. Importantly, our proposed
model does not distinguish between reasons for patients not reaching ESKD.
This may explain the counter-intuitive finding of reduced risk for ESKD
associated with smoking, a factor more strongly associated with increased risk

for death 22 rather than progression of CKD 23,

The pattern of risk for ESKD associated with increasing levels of proteinuria is
consistent with other studies in the general CKD population. In our multivariate

model, a 1g/24hour increase in urinary protein excretion was associated with a
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22% increase in risk for progression to ESKD. This is comparable to other
studies of CKD that have described 8-50% increases in risk for comparable
elevations in urinary protein excretion 1124, As with other studies, our data also
show that whilst large increases in proteinuria associate with increased risk for
progression to ESKD, smaller elevations also have prognostic significance with
the classification tree highlighting increased risk where proteinuria exceeds
0.3g/24hours. Although our data do not inform us as to whether this is a
modifiable risk as is the case in other causes of CKD 25 the reduced risk for
RRT seen when ARVD patients are treated with angiotensin blockade suggests
that it may be 10. The modifiable nature of proteinuria as a risk factor, and the
greater quantity of urinary protein excretion required to increase risk at lower
eGFR values may explain the dominance of baseline eGFR in determining
prognosis. In predictive models generated in other CKD cohorts, proteinuria is

not a significant prognostic factor in multivariate analysis 26.

To be adopted into clinical practice, a risk stratification system must be both
clinically useful and economically viable. In sensitivity / specificity analysis, the
AUC of our proposed scoring system exceeded 0.75, a value that compares
favorably to the median AUC of 0.74 (range 0.50-0.83) reported for the widely
utilised Framingham Cardiovascular Risk score 27. Furthermore when the
scoring system was compared to threshold eGFR and proteinuria values
previously associated with increased risk for ESKD in ARVD 78 AUC was
notably increased, with NRI values that would be considered strong evidence
for improved classification 28. As such we believe the proposed system passes
the test of clinical utility. Although we acknowledge that there is potential for the
addition of further parameters to increase the AUC and/or further improve
discrimination, we feel that this study demonstrates the prognostic value of
routinely performed clinical measurements, something that must be optimised
before the usefulness of novel markers (currently under investigation 29) can be
fully assessed. Given that our system mandates no investigations beyond
those performed in a standard nephrology clinic we also believe our proposed

system passes the test of cost effectiveness.

The comparable AUC value of 0.70 found when the scoring system was applied
to the CRISIS CKD population highlights the commonality of eGFR and
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proteinuria as risk factors for ESKD across the spectrum of renal disease.
However, in ARVD patients, risk for ESKD was focused in the highest risk
category, whereas in CRISIS risk clustered in the intermediate risk category.
Again we suggest that increased mortality in ARVD patients compared to other
forms of CKD 30 is the most likely explanation for this difference and believe that
this information may have value in relation to service delivery. With only one
observed ESKD event per 100 patient years in ARVD patients in the low risk
category, and 2.4 events in the intermediate risk category, the low probability of
requiring RRT may allow management of these patients to be safely returned to
primary care. Conversely, newly diagnosed ARVD patients classified as high-

risk could be prioritized for closer monitoring, and dialysis planning as required.

Based on published trial data 45, it is unsurprising that renal artery
revascularisation did not feature in either the Cox model or the classification
tree as a prognostically relevant variable. Whilst reports do exist of
improvements in renal function following revascularisation, this benefit is most
likely to be observed in highly selected patient populations 31 that systematically
differ from patients represented in the SRVD. As a previous cross-sectional
analysis had not described a difference in creatinine clearance between
patients with unilateral stenosis, bilateral stenosis or unilateral renal artery
occlusion ¢ it was also anticipated that degree of stenosis would not be of
prognostic importance. Although this was the case when luminal loss was
considered as a continuous variable (both as percentage stenosis to the most
affected kidney and as a combined patency score 6), we report the novel finding
of unilateral renal artery occlusion being independently associated with
increased risk for progression to ESKD. In a 2002 series of 25 patients with
renal artery occlusion (n=14) or >50% unilateral stenosis (n=11) more rapid
annual loss of eGFR was observed in patients with occlusive disease (-8.2 vs.
-4.9ml/min/1.73m?2/year) 7. In patients with unilateral non-occlusive renal artery
stenosis compensatory hypertrophy of the non-stenosed organ can occur to
balance reductions in the function of the diseased kidney 3233, The worse
prognosis observed in our study in patients with occlusive disease may
represent the end-point of this adaptive response and a rapid functional loss
similar to that seen following the compensatory hyperfiltration phase of incipient

diabetic nephropathy 34.
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This study has several limitations. Firstly we have defined a precise level of
renal function where risk is greatest, this is based on eGFR measurements, the
limitations of which have been broadly discussed and we fully acknowledge 35.
We would, however, stress that the aim of this study was to produce a risk
stratification system based upon readily available clinical data and that direct
measurements of GFR are rarely available in real-life practice. Secondly, our
definition of ARVD as a primary cause of CKD is somewhat arbitrary. In many
studies ‘significant’ renal artery stenosis is defined as 70% or greater loss of
luminal diameter. As the authors consider ARVD to be part of a systemic
condition we do not feel that our acceptance of a lesser degree of stenosis is
incorrect, but we do accept that some of the biplane diagnostic methods utilised
(most notably magnetic resonance angiography) may have over estimated the
burden of stenosis 36. We also accept that hypertension can be both a cause
and effect of renal artery stenosis and as such overlap exists between
hypertensive nephrosclerosis and ischaemic nephropathy 37. Equally without
biopsy data it is possible that other glomerular diseases may also be present in
patients with an otherwise incidental renal artery stenosis. As such we cannot
be certain that there are no cases where we have defined CKD as being due to
ARVD as opposed to an alternative undiagnosed pathology. Finally we must
address the question of practical application. As a number of studies have
demonstrated that revascularisation does not reduce risk for RRT or slow rate
of loss of renal function in ARVD 4 it is appropriate to ask what practical benefit
our proposed system could offer to clinicians and patients. A major criticism of
recent trial design has been that the unselected nature of patients recruited into
the RCT may have reduced the probability of observing a treatment benefit. We
would suggest that one possible use of our proposed system is to aid future
study design by identifying the patients at greatest risk for ESKD — especially
when renal function is to be considered a key end-point. Although it may be
counterintuitive to consider revascularisation in patients with very advanced
CKD, a dual center study has previously suggested that the greatest probability
of renal functional improvement following revascularisation is seen in patients

with more advanced CKD 38.
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In conclusion this study has shown that through use of readily available clinical
data it is possible to select ARVD patients with low and high probabilities of
progressing to ESKD. Although external validation is required, our proposed

system aid future study design and allow more efficient service delivery.
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Preface

Randomised controlled trials provide the gold standard of evidence. However
the cost of performing such studies, especially in topics that have previously
been the subject of randomised study, limits the number performed. In addition,
randomised trials are poor tools for the study of rare diseases or distant end-
points. Observational study can overcome some of these limitations. However,
to produce valid results, care must be taken to ensure that confounding effects

are minimised.

This chapter aims to introduce, demonstrate and validate a novel statistical
methodology, doubly robust regression. This methodology benefits the analysis
of observational data as it allows simultaneous, independent, consideration of

the effect of co-variates on exposure and outcome.

As this methodology is not in routine use and is applied in chapter 4.5, this
analysis is included to provide evidence that application of this technique to the

SRVD and CRISIS databases produces accurate results.
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Abstract

Background

Randomised controlled trials are the gold standard test of interventions. Due to
limitations including cost, delay and generalizability, observational study is a
popular alternative. The doubly robust estimator (DRE) is an analytical
methodology combining outcome and probability of treatment regressions. This
theoretically protects against model misspecification. We consider its utility in

real-life studies.

Methods

Inclusion and exclusion criteria from two RCT (ASTRAL and SHARP) were
applied to two observational studies of kidney disease, the Salford
Renovascular Database and the Chronic Renal Insufficiency Standards
Implementation Study. Cox regressions adjusted for outcome and inverse
probability of treatment weighting (IPTW) were made and compared to DRE
results. End-points were as for the original RCT. Analyses were repeated with

intentional model misspecifications.

Results

Baseline characteristics in the SRVD (n=508) and CRISIS (n=406) were similar
to published RCT. Revascularisation occurred in 14% of patients (SRVD); 55%
were statin treated (CRISIS). Correctly specified regression models estimated
treatment effects comparable to RCT results although with a lower level of
statistical significance. Where models were incorrectly specified, treatment
effect estimates from the DRE remained stable, those from Cox models varied —
e.g. risk for death associated with renal artery revascularisation vs. medical
therapy: fully specified DRE relative risk (RR) 0.99 [95%CI 0.8-1.3], p=0.9, fully
specified Cox IPTW regression hazard ratio (HR) 0.89 [95%CI 0.9-1.2], p=0.9.
Misspecified model; DRE RR 0.95 [95%CI 0.7-1.2], p=0.7, Cox IPTW model HR
0.86 [95%CI 0.7-1.0], p=0.05.

Conclusions
In real-world studies the DRE provides stable estimates of treatment effect even

when one regression model is incorrectly specified.
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Introduction

When considering the role of a therapeutic intervention on patient outcome,
RCT are the gold standard. However, large disparities exist in the number of
RCT performed by different medical specialties, and substantial variability exists
in the quality of studies performed 1. Historically, nephrology compares poorly
to other fields with only 1.15% of citations prior to 2004 being RCT 2. There is a
resultant tendency for nephrologists to extrapolate results from trials performed
in the general population, or to rely on non-randomised studies. Consequently
many guidelines for the management of patients with chronic kidney disease
are based, at least in part, on the results of observational studies 3, with recent
years seeing a rapid expansion in such research 47. Although the results of
observational studies can align with RCT data 8, the tendency for non-
randomised data to overstate treatment effects, often due to selection bias or
confounding is well described 9. Selection bias arises as individual subjects
cannot be compared against themselves (a counterfactual outcome) and must
therefore be compared to a similar but non-identical patient. If exacting thought
is not given to study design and selection of patient groups for analysis,
systemic differences can occur and reduce the validity of results. Confounding
occurs when variables affecting probability of treatment or risk for outcome are
not equally distributed between groups (figure 4.4.1). Confounding can be
controlled for by use of propensity scores 19-12 and outcome regression analysis
13, However, these approaches are typically performed independently of each
other and require that all relevant variables are included in the model and in the
correct format. Where a regression model is not correctly specified, results may

lack validity.

The doubly robust estimator (DRE) is a novel methodology that simultaneously
combines outcome regression with propensity score weighting so the effect of
baseline covariates on treatment assignment and patient outcome are
simultaneously considered. In this methodology, models for both probability of
treatment and observed outcome are specified separately, allowing the effects
of a measured covariate to be considered in one or both models with variable
specification and form able to vary between models 415, Initially, two distinct
models are generated - one modeling the effects of covariates on outcome for

each treatment assignment (a classical multivariate regression), and one
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modeling treatment assignment as a function of covariates (a propensity score).
Combining these models generates an output that is a function of both
observed outcome and predicted outcome (weighted by propensity score).
Assessment of the bias term in each of these models allows one correct model
to take precedence over, or zero out the other 5. The standard error of the
final model can then be calculated based on the sandwich estimator (equation
21 Lunceford and Davidian) 6. The DRE therefore provides a valid estimate of
treatment effect when one or both models are correctly specified, providing

protection against misspecification in one of the models 15.

Figure 4.4.1 - Confounding in observational data

Baseline covariate
e.g. Prior myocardial infarction

Can affect Can affect
probability of probability of
treatment observed

allocation outcome

Treatment s Observed outcome
e.g. Statin therapy e.g. Cardiovascular death

Prior myocardial infarction affects the chance of both a patient receiving statin therapy and
reaching the end-point of cardiovascular death. These effects cannot be assumed to be equal.

This paper aims to demonstrate how use of the DRE may contribute to reporting
of observational data by comparing results from the DRE to more commonly
utilised regression techniques. Analyses are initially performed with fully
specified models and then repeated with deliberately introduced errors in model
specification to consider how results of each methodology can vary under these
conditions. To aid interpretation by the reader these comparisons are made in

relation to the findings of published RCT.
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Subjects and methods

Patient population

The population for analysis was drawn from two previously described
observational studies, CRISIS 17.18 and the SRVD 1920, Respectively, these are
prospective observational studies of outcome and progression of renal failure in
an all-cause CKD and ARVD population. Both studies have approval from the
regional ethics committee with written consent obtained from participants.
Clinical and demographic information, including details of co-morbidities, are
recorded at time of recruitment and annually thereafter. Pre-specified end-
points for both studies are death (data obtained from electronic patient records
or the United Kingdom Office of National Statistics via the National Health
Service Medical Research Information Service) and initiation of chronic RRT,

defined as haemodialysis, peritoneal dialysis or transplantation.

Selection of randomised controlled trials for comparison

Studies for comparison were selected from major nephrology RCT where a
parallel interest existed in our research databases. Any study whose findings
had become an accepted standard of care by the time of initiating recruitment
for our observational studies was not considered (e.g. RCT showing the benefit
of renin angiotensin blockade in diabetic nephropathy) 2122, nor was any trial
based in the pediatric or transplantation population, nor any trial considering a

novel interventional device or investigational medical product.

Analytical technique

Populations for analysis were identified from the SRVD and CRISIS by applying
inclusion and exclusion criteria for enroliment into the original RCT. Average
baseline demographics are described in the same format as the original RCT.
For each study, regression models for probability of treatment and probability of
outcome were separately defined using any recorded baseline variable where a
documented relationship or clinically plausible link existed. For continuous
variables linearity was assessed using restricted cubic splines. Where a non-
linear relationship existed an appropriate transformation was made. Using fully
specified models, three regression analyses were performed. Firstly a Cox
model adjusted for effects of baseline variables on outcome, secondly a Cox

model weighted by inverse probability of treatment (IPTW), and thirdly the DRE
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was applied using the methodology described by Funk et al 5. To demonstrate
the effects of misspecification within each regression model the above analyses
were repeated with the outcome model and subsequently the IPTW model
incorrectly designated. Results from Cox models are presented as hazard ratio
with 95% confidence intervals in brackets. Results from the DRE are presented
as both predicted percentage of events in each group (control vs. intervention)
and as relative risk RR with 95% confidence interval in brackets. For all
analyses time zero was defined as date of recruitment with censoring occurring
at the maximum follow-up time reported in the original RCT. Analyses were
performed in SAS version 9.2 (SAS institute, Cary, NC, USA) licensed to the
University of Manchester.
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Results

Study and patient selection

The two RCT identified for comparison were ASTRAL 23 and the Study of Heart
and Renal Protection (SHARP) 24. An overview of these studies is presented in
table 4.4.1. Comparison with ASTRAL was made from patients in the SRVD,
where data were available on 819 patients. In total 253 subjects were excluded
from the SRVD based on RCT inclusion / exclusion criteria, table 4.4.2; 89 due
to incomplete baseline data, and 164 due to <50% stenosis or presentation with
a high-risk clinical phenotype. A further 58 patients were excluded due to
revascularisation occurring >1year after diagnostic angiography giving a
population for analysis of 508. Comparison with SHARP was made using
patient data from CRISIS. Of 2252 enrolled patients, 634 were excluded due to
incomplete baseline data or failure to satisfy inclusion criteria, with a further
1212 removed due to satisfying one or more exclusion criteria (almost
universally a history of myocardial infarction or coronary revascularisation

procedure), giving a population for analysis of 406.

Table 4.4.1 - Randomised trials selected for comparison

Study and year Description Primary end-points Secondary end-points
suitable for suitable for
comparison comparison

ASTRAL (2009) Revascularisation vs. Rate of change in renal All-cause mortality
optimal medical therapyfunction (reciprocal of Progression to end-
for atheromatous serum creatinine) stage kidney disease
renovascular disease

SHARP (2011) Assessment of Major atherosclerotic ~ All-cause mortality
combination therapy  events (composite of
with simvastatin and  non-fatal myocardial  Non-fatal myocardial
ezetimibe in a chronic infarction or stroke, infarction
kidney disease (and  arterial
dialysis) population revascularisation or
cardiac death)

Abbreviations: ASTRAL - Angioplasty and stenting for renal artery lesions trial. SHARP - Study
of heart and renal protection
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Table 4.4.2 - Details of application of randomised trial inclusion / exclusion criteria to observational data

RandomisED TRIAL INCLUSION CRITERIA

STUDY CRITERIA METHOD OF MATCHING FROM SRVD / CRISIS
ASTRAL Substantial anatomical renal artery stenosis potentially suitable Only patients with focal stenosis of >50% (by direct
for endovascular revascularisation angiography/CTA/MRA) included
Uncertainty if there is a worthwhile clinical benefit from Patients with flash pulmonary edema, or rapidly declining renal
revascularisation function in combination with refractory hypertension excluded.

Nb — intervention in ASTRAL was angioplasty and stenting. This practice was fully adopted locally after 1999 therefore
patients revascularised before this date were excluded from analysis.
SHARP Age over 40 years with a serum creatinine of at least 150 umol/Matched directly for these criteria
L in men and 130 mol/L in women
Nb — in SHARP treatment arm was simvastatin 20mg plus ezetimibe 10mg. Here groups were defined by statin treated / not
statin treated.

RandomisED TRIAL EXCLUSION CRITERIA

STUDY CRITERIA METHOD OF MATCHING FROM SRVD / CRISIS
ASTRAL Nonatheromatous cardiovascular disease Data not available
Previous revascularisation for renal artery stenosis Patients previously revascularised excluded
SHARP Definite history of myocardial infarction or coronary All patients with previous myocardial infarction and / or
revascularisation coronary revascularisation (percutaneous or surgical) excluded
Functioning renal transplant Matched for directly
History of chronic liver disease Data not available

Alanine aminotransferase or aspartate aminotransferaseOnly data for alanine aminotransferase available — matched for

greater than 1.5x upper limit of normal directly by this

Active inflammatory muscle disease or creatine kinase greaterData not available
than 3x upper limit of normal

Definite contraindication to statin therapy Data not available
Pre-menopausal women not using reliable method ofNot matched for as all appropriate counseling prior to initiation
contraception of treatment is a local standard of care

Uremic emergency within 2 months Not matched for

Abbreviations:
ASTRAL - Angioplasty
and stenting for renal
artery lesions trial.
SHARP - Study of
heart and renal
protection. CRISIS -
Chronic renal
insufficiency standards
implementation study.
eGFR - estimated
glomerular filtration
rate. CTA - computed
tomography
angiography. MRA -
magnetic resonance
angiography
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Baseline patient characteristics

Of the 508 patients selected from the SVRD, 14% (n=73) underwent
percutaneous renal artery angioplasty and bare metal stenting (PTRAS), with
the remaining patients 86% of patients (n=435) forming the medical control
group. Patient characteristics in both treatment groups were similar to those in
ASTRAL for age, gender, presence of diabetes and degree of stenosis.
However, patients in ASTRAL had a higher baseline eGFR (SRVD vs. RCT —
33.8 vs. 40.3ml/min/1.73m?2 in PTRAS group; 34.3 vs. 39.8ml/min/1.73mZ2 in
medical group), and lower blood pressures (159/80 vs. 149/76mmHg in PTRAS
group; 155/80 vs. 152/76mmHg in medical group).

Of the 406 patients selected from CRISIS, 55% (n=224) were statin treated
from recruitment to censoring and 45% (n=182) statin naive from recruitment to
censoring. Baseline characteristics were similar between patients in CRISIS
and those in SHARP the only notable disparity being in the proportion of
patients with diabetes. In SHARP 23% of patients in each arm were diabetic
whereas in CRISIS 33% of statin treated patients were diabetic compared to
11% in the non-statin group. Complete baseline data are presented in table
4.4.3. Median follow-up for patients in the SRVD was 44 months [IQR 20-59]
compared to 24 months in ASTRAL, and 4.7 years [IQR 2.7-5.0] for patients in
CRISIS compared to 4.9 years in SHARP.
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Table 4.4.3 - Comparison of baseline characteristics between randomised trials and observational data

ASTRAL* SHARP **
Revascularisation Medical therapy Lipid lowering Control
RCT SRVD RCT SRVD RCT CRISIS RCT CRISIS
(n=403) (n=73) (n=403) (n=435) (n=4560) (n=224) (n=4620) (n=182)
Age 70 69 71 70 62 67 62 66
[42-86] [42-83] [43-88] [40-92] (12) (11) (12) (12)
Male (%) 63 60 63 60 63 61 62 59
eGFR 40.3 33.8 39.8 34.3 26.6 30.6 26.6 32.0
(ml/min/1.73m?) [5-124] [6-90] [7-122] [4-95] (13) (13) (13) (15)
Systolic blood pressure (mmHg) 149 159 152 155 139 138 139 140
[87-270] [95-230] [90-241] [90-240] (22) (22) (22) (22)
Diastolic blood pressure (mmHg) 76 80 76 80 79 74 79 77
[45-120] [56-130] [46-130] [40-140] (13) (12) (13) (12)
Diabetes (%) 31 32 29 27 23 33 23 12
Degree of renal artery stenosis 76 78 75 77 - -
[40-100] [50-100] [20-99] [50-100]

Abbreviations: ASTRAL - Angioplasty and stenting for renal artery lesions trial. SHARP - Study of heart and renal protection. RCT -Randomised controlled trial.

SRVD - Salford renovascular database. CRISIS - Chronic renal insufficiency standards implementation study. eGFR - estimated glomerular filtration rate

* continuous variables presented as mean value [range].
** continuous variables presented as mean (standard deviation).
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Identification of covariates for inclusion in regression models

From the SRVD patient age, systolic blood pressure, eGFR, proteinuria and
degree of renal artery stenosis were selected for estimation of likelihood of
revascularisation. Both age and proteinuria had non-linear relationships and
were therefore converted into categorical format (age = or < 75 years and
proteinuria = or <1g/24 hours). Within CRISIS, age, urinary protein to creatinine
ratio, diabetes mellitus, history of macrovascular disease (prior myocardial
infarction, stroke or transient ischaemic attack and peripheral vascular disease)
and cholesterol to high-density lipoprotein ratio were selected for estimation of
likelihood of receiving statin therapy. Again age had a non-linear relationship
and was converted into a categorical variable (= or < 62 years).

Co-variates identified for inclusion in the outcome models were generally
common between study end-points although optimal form (i.e. continuous or
categorical) varied. In the analyses considering the effects of revascularisation,
age was considered as a continuous variable in relation to death and
cardiovascular events, but as a categorical variable (= or <75 years) in relation
to initiation of renal replacement therapy. Complete details of each model are

presented in table 4.4.4.
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Table 4.4.4 - Details of regression model specifications

ASTRAL
Probability of treatment Outcome
Variable Parameter p Death Cardiovascular  Renal replacement
estimate event therapy
(SE)
Age <75 years 0.33 0.2 Age (years) Age (years) Age <75 years
(0.3)
Systolic blood 0.03 0.4 Systolic blood Estimated glomerular Estimated glomerular
pressure (mmHg) (0.004) pressure (mmHg) filtration rate (ml/min/ filtration rate <25ml/
1.73m?2) min/1.73m?2
Estimate 0.001 0.3 Cerebrovascular Cerebrovascular Proteinuria (g/24
glomerular filtration (0.007) event, myocardial event, myocardial hours)
rate (ml/min/ infarction, peripheral infarction, peripheral
1.73m?2) vascular disease vascular disease
Renal artery 0.61 <0.001 Angiotensin blockade Proteinuria >1g/24  Diabetes mellitus
stenosis >80% (0.3) hours
Proteinuria >1g/24 -0.27 0.3 Estimated glomerular Diabetes mellitus Angiotensin blockade
hours (0.2) filtration rate (ml/min/
1.73m2)
C-statistic for 0.62 Proteinuria (g/24
probability of hours)
treatment model Diabetes mellitus
Degree of stenosis
(%)
SHARP
Probability of treatment Outcome
Variable Parameter Jo) Death Major Non-fatal
estimate atherosclerotic myocardial
(SE) cardiovascular infarction
event
Age >62 years  -0.37 0.08  Age >62 years Age (years) Age (years)
(0.2)
Proteinuria (g/24 0.01 0.08  Haemoglobin (g/dL) Systolic blood Systolic blood
hours) (0.001) pressure (mmHg) pressure (mmHg)
Diabetes mellitus 1.37 <0.001 Estimated glomerular Aspirin Aspirin
(0.3) filtration rate (ml/min/
1.73m2)
Cholesterolto  0.42 <0.001 Smoking history Estimated glomerular Estimated glomerular
high density (0.1) filtration rate (ml/min/ filtration rate (ml/min/
lipoprotein ratio 1.73m?2) 1.73m?2)
(mmol/L)
Cerebrovascular 0.37 0.2 Diabetes mellitus Diabetes mellitus Diabetes mellitus

event, myocardial(0.3)
infarction,
peripheral
vascular disease
C-statistic for 0.73 Cerebrovascular

Myocardial infarction Cerebrovascular

probability of
treatment model

event, myocardial

event, myocardial

infarction, peripheral infarction, peripheral

vascular disease

Cerebrovascular Smoking history

vascular disease
Smoking history

event

Variables listed are those identified for inclusion in regression models. Where continuous
variables are presented without a threshold value e.g. age (years), risk is linear and variable
was best modeled in a continuous form. Where continuous variables are presented with a
threshold value e.g. age >62 years, risk was non-linear and categorical transformation made.
Definitions: Angiotensin blockade defined as prescription of angiotensin converting enzyme
inhibitor and/or angiotensin Il receptor blocker. Cerebrovascular event defined as stoke or
transient ischaemic attack. Smoking history defined as current or previous tobacco smoking.
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Results from the SRVD

Summary event data from the SRVD are presented in table 4.4.5. Where
regression models were fully specified the DRE and both Cox models described
treatment effects consistent with published RCT data. In ASTRAL mortality was
40% in the revascularisation arm and 43% in the medical therapy arm, HR 0.9
[95% CI1 0.7-1.2]. Analysis of the SRVD using the DRE predicted 46% mortality
in both treatment groups (RR 0.99 [95% CI 0.8-1.3], p=0.9), with non-significant
reductions in risk described in the Cox outcome regression HR 0.77 [95% ClI
0.5-1.2], p=0.2 and the Cox IPTW regression HR 0.89 [0.9-1.2], p=0.9. For
cardiovascular events (ASTRAL: 51% vs. 49%, HR 1.05 [95%CI 0.9-1.2]), fewer
events occurred in the SRVD but with a comparable difference in risk between
treatment groups. The DRE predicted events in 35% of medically treated
patients and in 36% of revascularised patients (RR 1.03 [95% CI 0.9-1.1],
p=0.9). Cox regression adjusted for outcome described a HR 1.01 [95% CI
0.7-1.6], p=0.9, and Cox IPTW regression a HR of 1.11 [95% CI 0.9-1.3], p=0.2.
For progression to end stage kidney disease (ASTRAL 8% vs. 8%, HR 0.97
[95% CI1 0.7-1.4]) the DRE predicted events in 20% of medically treated patients
and in 23% of revascularised patients (RR 1.18 [95% CI 0.8-1.8], p=0.4), with
Cox outcome regression describing a HR of 0.91 [95% CI 0.8-1.8], p=0.7 and
Cox IPTW regression a HR of 1.11 [95% CI 0.5-1.6], p=0.3.

When regression models were deliberately misspecified (with only patient age
retained as a co-variate), results of the DRE did not meaningfully alter — e.g.
death (medical vs. revascularisation): correctly specified models 46 vs. 46%;
outcome regression misspecified 45 vs. 43%; IPTW regression misspecified 46
vs. 43%. The Cox outcome regression remained stable for all end-points when
incorrectly specified. However when the IPTW model was incorrectly specified,
the Cox model became unstable and generated results inconsistent with RCT
findings — death HR 0.86 [0.7-1.0], p=0.05; cardiovascular event HR 1.13 [95%
C10.9-1.3], p=0.1. Complete results are presented in table 4.4.6.
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Table 4.4.5 - Absolute event numbers in the Salford Renovascular Database

Death Cardiovascular event Renal replacement
therapy
Medical Therapy 183 132 76
n=435 [42%] [30%)] [17%]
PTRAS 29 29 17
n=73 [40%)] [40%)] [23%)]

Results are presented as number of events [percentage].

Table 4.4.6 - Results of regression analyses in the Salford Renovascular

Database
Results from Doubly robust estimator Cox regressions
ASTRAL Hazard ratio (95% CI)
Event rate Event rates RR Outcome IPTW
(medical vs. (medical vs.  (95% Cl) regression
PTRAS) PTRAS)
Death
Fully specified 43 vs. 40% 46 vs. 46% 0.99 0.77 0.89
model HR 0.90 (0.8-1.3) (0.5-1.2) (0.9-1.2)
(95%CI 0.69-1.18) p=0.9 p=0.2 p=0.9
Intentional 45 vs. 43% 0.95 0.88
misspecification - (0.7-1.3) (0.6-1.3) -
(outcome) p=0.7 p=0.5
Intentional 46 vs. 43% 0.95 0.86
misspecification - (0.7-1.2) - (0.7-1.0)
(IPTW) p=0.7 p=0.05
Cardiovascular event
Fully specified 49 vs. 51% 35 vs. 36% 1.03 1.01 1.11
model HR 0.94 (0.9-1.1) (0.7-1.6) (0.9-1.3)
(95%CI 0.75-1.19) p=0.9 p=0.9 p=0.2
Intentional 35vs. 37% 1.08 1.13
misspecification - (0.8-1.5) (0.8-1.7) -
(outcome) p=0.7 p=0.6
Intentional 34 vs. 35% 1.03 1.13
misspecification - (0.9-1.1) - (0.9-1.3)
(IPTW) p=0.9 p=0.1
End stage kidney disease
Fully specified 22 vs. 22% 20 vs. 23% 1.18 0.91 1.11
model HR 0.97 (0.8-1.8) (0.5-1.6) (0.9-1.4)
(95%CI 0.67-1.40) p=0.4 p=0.7 p=0.3
Intentional 19 vs. 23% 1.17 1.06
misspecification - (0.7-1.9) (0.6-1.8) -
(outcome) p=0.5 p=0.8
Intentional 19 vs. 21% 1.08 1.15
misspecification - (0.7-1.7) - (0.9-1.4)
(IPTW) p=0.7 p=0.2

Results for analyses with fully specified models are adjusted for variables presented in table
4.4.4. For intentionally misspecified models only patient age is retained in the model listed in
the left hand column. As the doubly robust estimator specifies a regression model for both
probability of treatment and for outcome, in misspecified models one regression is appropriately
specified and one misspecified.

Results of the doubly robust estimator are presented as percentage of patients predicted to
each the end-point (control vs. interventional group) and as a relative risk. Results of Cox
regressions are presented as hazard ratios with 95% confidence intervals in parentheses.
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Results from CRISIS

Summary event data from CRISIS are presented in table 4.4.7. Where both
regression models were fully specified, application of the DRE to CRISIS
predicted treatment effects consistent with RCT findings although with greater
numbers of patients suffering an event. In SHARP 13.4% of control patients
and 11.3% of treated patients suffered a major atherosclerotic cardiovascular
event (MACE) (RR 0.83 [95% CI 0.7-0.9], p=0.002), with 24% of patients in
each treatment group dying (RR 1.02 [95% CI 0.9-1.1], p=0.63). For MACE in
CRISIS the DRE predicted events in 23% vs. 18% of patients (RR 0.79 [95% ClI
0.4-1.5], p=0.5), and death in 33% of control vs. 30% of statin treated patients
(RR 0.88 [95% CI 0.6-1.3], p=0.9). Occurrences of non-fatal myocardial
infarction were very similar in SHARP (3.4% vs. 2.9%, p=0.12) and in the DRE
results from CRISIS (3.4% vs. 2.3%, p=0.7). None of the results from the DRE
meaningfully altered in response to misspecification in either the outcome or

IPTW regression model.

The fully specified Cox outcome regressions for non-fatal myocardial infarction
and all-cause mortality estimated similar effect sizes as seen in the RCT (HR
0.85 [95% CI 0.2-3.8], p=0.8 and HR 0.86 [95% CI 0.6-1.2], p=0.4 respectively),
with little difference in results noted with misspecification of the regression
model. For MACE, the fully specified Cox outcome regression did not describe
a significant reduction in risk (HR 0.86 [95% CI 0.5-1.5], p=0.6). However,
when the regression model was misspecified the alpha value moved towards
statistical significance (HR 0.7 [95% CI 0.4-1.1], p=0.1). For all-cause mortality,
Cox IPTW regression produced results consistent with the original RCT.
However, for MACE and, to a lesser extent non-fatal myocardial infarction, the
IPTW model produced more extreme results with large differences generated
by model misspecification (MACE — fully specified IPTW model HR 0.30 [95%
Cl1 0.2-0.7], p=0.004; misspecified model HR 0.68 [95% CI 0.3-1.4], p=0.3).

Complete data are presented in table 4.4.8.
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Table 4.4.7 - Absolute event numbers in the CRISIS database

MACE Non-fatal myocardial  Death (all-cause)
infarction
No statin group 30 3 61
n=182 [16%] [1.6%] [33%]
Statin group 38 4 65
n=224 [17%] [1.8%] [29%]

Results are presented as number of events [percentage].

Table 4.4.8 - Results of regression analyses in the CRISIS Database

Results from Doubly robust estimator Cox regressions
SHARP Hazard ratio (95% CI)
Event rate Event rates RR Outcome IPTW
(control vs. lipid  (control vs. (95% Cl) regression
lowering) statin)
Major atherosclerotic cardiovascular events
Fully specified 13.4vs. 11.3% 23 vs. 18% 0.79 0.86 0.30
model RR 0.83 (0.4-1.5) (0.5-1.5) (0.2-0.7)
(95%CI 0.74-0.94) p=0.5 p=0.6 p=0.004
Intentional 22 vs. 18% 0.83 0.7 -
misspecification - (0.4-1.6) (0.4-1.1)
(outcome) p=0.6 p=0.1
Intentional 18 vs. 18% 0.98 - 0.68
misspecification - (0.6-1.5) (0.3-1.4)
(IPTW) p=0.9 p=0.3
Non fatal myocardial infarction
Fully specified 3.4 vs. 2.9% 3.4 vs. 2.3% 0.68 0.85 0.10
model RR 0.92 (0.1-3.5) (0.2-3.8) (0.01-2.6)
(95%CI 0.76-1.11) p=0.7 p=0.8 p=0.2
Intentional 3.0 vs. 2.0% 0.60 0.58 -
misspecification - (0.1=4.3) (0.1-2.3)
(outcome) p=0.6 p=0.4
Intentional 2.3vs. 2.2% 0.94 - 0.60
misspecification - (0.3-4.0) (0.1-4.2)
(IPTW) p=0.9 p=0.6
All cause mortality
Fully specified 24.1vs 24.6% 33 vs. 30% 0.88 0.86 0.86
model RR 1.02 (0.6-1.3) (0.6-1.2) (0.6-1.2)
(95%CI 0.94-1.11) p=0.6 p=0.4 p=0.4
Intentional 32 vs. 28% 0.83 0.91 -
misspecification - (0.5-1.3) (0.6-1.3)
(outcome) p=0.4 p=0.6
Intentional 34 vs. 31% 0.90 - 0.91
misspecification - (0.7-1.2) (0.7-1.2)
(IPTW) p=0.5 p=0.5

Results for analyses with fully specified models are adjusted for variables presented in table
4.4.4. For intentionally misspecified models only patient age is retained in the model listed in
the left hand column. As the doubly robust estimator specifies a regression model for both
probability of treatment and for outcome, in misspecified models one regression is appropriately
specified and one misspecified.

Results of the doubly robust estimator are presented as percentage of patients predicted to
each the end-point (control vs. interventional group) and as a relative risk. Results of Cox
regressions are presented as hazard ratios with 95% confidence intervals in parentheses.
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Discussion

These analyses present several findings relevant to those involved in the
analysis, reporting and interpretation of observational data. Firstly we have
demonstrated that, provided that the observational dataset is sufficiently large,
application of RCT inclusion and exclusion criteria can generate patient groups
with measured characteristics closely resembling published studies. Given that
the broad range of patients entered into observational studies will often limit the
validity of unselected comparison with RCT findings, this is a timely reminder for
researchers to design focused analyses when working with large registries.
Secondly, we have shown that although the DRE does not exactly duplicate
RCT findings, most likely due to unmeasured heterogeneity between RCT and
observational study populations, the estimates of average treatment effect
consistently align with published results. Whilst the fully specified outcome and
IPTW regression models also generated findings common with RCT the fact
that the DRE provides percentage values for events in addition to a measure of
relative risk means the results can be more easily interpreted by clinicians and
patients with a narrower grounding in the nuance of statistical analysis.
Although we acknowledge that we are introducing our own bias, the authors
believe that the reporting of such percentage values would be helpful in aiding
readers to consider both clinical effect size and level of statistical significance
(accepting of course many other ways of doing so already exist). Thirdly, we
have demonstrated that the resilience of the DRE to model misspecification
previously shown in simulated datasets 25 extends, as expected, to real-life
data. Whilst in essence a “proof of concept” finding, we feel that such a
demonstration may offer clinicians a degree of conviction in the methodology

that no amount of algebraic proof can provide.

The accuracy and stability of the DRE confer it broad suitability for analysis of
observational data. As analysis of any observational data is dependent upon
the fields recorded, we postulate that the DRE may offer a degree of protection
from imperfect study design. Given the time lag between inception and maturity
of observational studies, clinical knowledge may often evolve to the point
where, at time of analysis, documentation of an additional covariate may be
seen to be desirable. If this covariate is thought (but not confirmed) to have

relevance only to treatment assignment or outcome then DRE may limit
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concerns about inadequate specification of the regression model. The authors,
however, emphasize that no statistical methodology can salvage a poorly
designed study and note that where both regression models in the DRE are
incorrect the level of error is magnified 5> . A further consideration is that even
in a carefully considered analysis the decision between modeling for outcome or
probability of treatment can be difficult. Whilst both regressions can be
performed and model fit statistics considered to select the “optimum” analysis, it
is uncommon for such detailed information on model building to be presented in
the medical literature 26. If uncertainty exists regarding the suitability of either
model specification, it is conceivable that reporting of the DRE in addition to the
regression models could function as a ‘deciding vote’. For the example of
MACE in CRISIS, the Cox outcome regression did not describe any significant
difference in risk associated with use of statins, whereas the IPTW model
described a significantly reduced risk. Given that the DRE is stable in the
setting of one model being incorrectly specified and its results are comparable
to the Cox outcome regression it becomes clear that in this setting the IPTW
model is the less valid analysis. Presentation of DRE findings in addition to
outcome and IPTW regressions may help distinguish the best fitting model from
merely the “most statistically significant” which may be more likely to be
considered for publication 2728, Finally there is no reason to limit use of the
DRE to observational studies. Differences between patient groups can occur in
smaller RCT 22 and the DRE could be applied where an imbalance exists in
clinically relevant variables. Alternatively, the DRE could be used to help define

the external validity of published RCT, or aid design of randomised study.

The goal of this paper has been to introduce the DRE and its utility to a general
audience, not to claim that well considered regression models are in any way
inadequate. As with other methodologies, the DRE functions best when the
regression equations are carefully considered. The DRE is not a technique that
replaces careful study and analysis design, but it can function as a safety net
where unintentional errors occur. As such, limitations of this methodology are
common with any approach to analyzing observational data. The most
important of these is that results of the DRE are only as valid as the population
and dataset from which they are drawn. Without the benefit of randomisation,

unmeasured covariates may play an important confounding role. A further
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limitation is the size and maturity required of observational studies to apply the
techniques described. In SHARP, 78% of screened patients were recruited
(though this does not account for pre-screen exclusions), a figure that compares
very favorably to the 18% of patients in CRISIS suitable for analysis, figure
442,

Figure 4.4.2 - Flow diagram describing patient selection into SHARP from trial

and observational data.

RCT | | CRISIS |
¥ v
11792 patients | 2252 eligible for DRR |
screened
. 634 fail inclusion criteria
2354 screen fails, 168 L s| 1212 meet exclusion
not re-randomized - " criteria
\ 4 ) 4
9270 (78%) entered to 406 (18%) entered
final analysis into DRR
1 | | l | |
Treatment Cohtrol Treatment Coﬁtrol
4650 4620 224 182

Abbreviations: SHARP - Study of Heart and Renal Protection, RCT — randomised controlled
trial, CRISIS — Chronic Renal Insufficiency Standards Implementation Study

This low “recruitment rate” resulted in a study population from the observational
data approximately 1/15t that of SHARP’s and may explain why the 5%
reduction in MACE in the statin group in CRISIS did not attain the level of
statistical significance associated with the 2.1% reduction seen in SHARP. With
a final number needed to treat in excess of 40 to prevent a MACE in SHARP,
large-scale collaboration would have been needed to provide more data — an
approach we hope will develop as other studies such as the Chronic Renal
Insufficiency Cohort mature 5. Joint efforts such as this could also facilitate the
study of more rare conditions (e.g. calciphylaxsis) or treatments where ethical
consensus precludes randomised study (e.g. renal artery revascularisation for

acute decompensated heart failure 39). This type of coordinated approach may
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partially mitigate the financial burden of maintaining high-quality observational
studies, which although cheaper than RCT, can still carry a significant cost. A
final limitation worthy of emphasis is that observational study will never be
placed to describe effects of novel treatments, nor able to provide the same
quality of safety data as randomised study. Due to the design of our SRD
database, we can report a 4% serious complication rate following renal artery
revascularisation (comparable to other series 31), but are unable to offer
information regarding e.g. myopathy or hepatic derangement secondary to

statin therapy.

In conclusion we believe that use of the DRE may aid reporting and
interpretation of observational studies. Reporting of this methodology in parallel
with more established regression techniques may encourage more critical

discussion of the statistical models used to report observational data.
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CHAPTER 4.5

Effects of Anti-Platelet Therapy and Beta-Blockade on Prognosis in

Atherosclerotic Renovascular Disease

Ritchie J, Green D, Alderson HV, Chiu D, Sinha S, Kalra PA

Preface

Randomised trials of PTRAS in ARVD have considered the effects of this
treatment in comparison to optimal medical therapy (OMT). However, data to
define OMT in ARVD are limited, with many treatments offered due to their
historical perspective. Given the potential for adverse events with even well
established pharmacotherapies this represents an important gap in our

knowledge.

Results chapters 4.1-4.3 have aimed to better define ARVD as a disease and
provide information regarding specific scenarios where PTRAS may be of
clinical benefit. This has reinforced that for the vast majority of ARVD patients,
revascularisation is not an appropriate intervention. This final chapter
acknowledges that for most patients with ARVD, OMT should be considered as
the treatment of choice and therefore attempts to improve our understanding of
what this is. As the definition of OMT has varied over time, confounding effects
on treatment assignment and patient outcome are important. We therefore use
the technique of doubly robust regression introduced in chapter 4.4 to consider

two commonly prescribed medications.

Ho - Treatment with anti-platelet and / or beta-blocker therapies does not
improve prognosis in ARVD.

Hi - Treatment with anti-platelet and / or beta-blocker therapies is
associated with improved prognosis in ARVD. This information can be
used to better define OMT.
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Abstract

Background

Angiotensin blockade and statin therapy are established as first line treatments
in ARVD. However, the effects of other therapies are less well defined. We
consider the prognostic effects of anti-platelet therapy and beta-blockade in

relation to death, non-fatal cardiovascular events and dialysis.

Design
Retrospective analysis of 529 patients with =50% renal artery stenosis.
Separate analyses were performed on patients not prescribed either anti-

platelet therapy or beta-blockade at time of diagnosis.

Results

There were 226 patients [42%)] not prescribed anti-platelet therapy at time of
diagnosis (62 started on treatment within 1-year of diagnosis) and 318 patients
[60%)] not prescribed a beta-blocker at time of diagnosis (29 started on
treatment within 1-year). In multivariate Cox regression, both treatments were
associated with a reduced risk for death before initiation of dialysis although this
only achieved statistical significance in anti-platelet treated patients (HR death
0.53 [95% CI 0.32-0.86], p=0.01; in beta-blocker treated patients HR 0.52 [95%
Cl1 0.25-1.09], p=0.09). No alteration in risk for non-fatal cardiovascular events
was observed in Cox regression, but an increased risk for dialysis was
associated with both therapies (anti-platelet HR 2.67 [95% CI 1.12-6.33],
p=0.03; beta-blocker HR 4.18 [95% CI 1.48-11.79], p=0.01) despite no

difference in rate of eGFR loss.
Conclusions

In ARVD treatment with anti-platelet therapy and beta-blockade may reduce risk

for death. This survivor effect may increase risk for progression to dialysis.
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Introduction

A series of randomised controlled trials have compared the effects of optimal
medical therapy and percutaneous renal artery angioplasty and stenting on
patient outcomes in ARVD 1-5. These trials, which considered unselected
patients, failed to demonstrate a clear treatment benefit from PTRAS, with this
finding borne out in meta-analysis 6. An important confounding issue when
comparing these trials and applying their findings to clinical practice is the lack
of a consensus definition of optimal medical therapy in ARVD. Whilst there is
now convincing (though non-randomised) evidence to support the use of
angiotensin blockade 7:8 and statin therapy 9 as first line medical therapies,
substantial variability exists in how these and other medications were used in
published RCT, table 4.51.

The inequality in anti-platelet use between studies may relate to a lack of clear
evidence of benefit associated with these drugs in patients with CKD 10 and
concerns regarding bleeding risk . However, given the significant burden of
vascular co-morbidity associated with ARVD 1214 it is plausible that these drugs
may have beneficial effects were defined as a first line therapy in the recently
published CORAL trial 5. Despite this, research has focused on their effects

around the time of PTRAS 16.17, the rate of which is declining 18.

Beyond angiotensin blockade, optimal anti-hypertensive therapy in ARVD is ill-
defined. In an all-cause CKD population with heart failure, beta-adrenergic
blockade has been shown to reduce mortality 1. Sympathetic overactivity is
recognised in ARVD 20, as is the near universal presence of cardiac structural or
functional abnormality 2122, As such, it is credible to consider if this class of

medication may be associated with improved prognosis in ARVD.

In this study we perform an analysis of outcomes in relation to anti-platelet and

beta-blocker use in a referred ARVD cohort.
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Table 4.5.1 - Medication usage in published randomised controlled trials

EMMA SNRASCG DRASTIC STAR ASTRAL
Anti-platelet agent Aspirin 100mg Numbers and Aspirin 300mg daily Aspirin 75-100mg 72% prescribed
daily specified dose not in angioplasty daily specified in antiplatelet at
in study specified but group. Not  protocol for all  baseline (67%
protocol. aspirin specified in patients. prescribed
recommended for  treatment group. aspirin)
all patients able
to tolerate the
drug.
Angiotensin blockade Data not 0% Data not specified. 56% 35%
Beta blocker specified. Data not 15% of patients Data not 46%
Diuretic specified but 2 of prescribed a specified. 64%
atenolol, combination of

bendrofluazide
calcium channel
blocker
recommended as
first line therapy.

atenolol and
amlodipine; 21% of
patients prescribed
a combination of
enalapril and
hydrochlorthiazide.
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Aims and objectives

This study aims to

1 — describe the associations between treatment with anti-platelet agents and
beta-blockers and risk for the end-points of death, dialysis and cardiovascular
events in an ARVD population complicated by CKD

2 — describe the tolerability of these agents

3 — consider if these agents may have prognostic benefit in addition to
angiotensin blockade and statin therapy, medications previously shown to

improve outcomes in ARVD.

Methods and materials

Study population and selection criteria

Patients were identified from the SRVD. This study has received approval from
the regional ethics committee and has been described previously 23. In brief the
SRVD is a prospective observational study of all patients referred for
management of ARVD at our secondary care nephrology unit. Baseline
demographic, clinical, co-morbid and renal laboratory data are captured and
annually updated by nephrology residents. Data are obtained from patient

interviews and local electronic health records.

Inclusion criteria for analysis were =50% stenosis to either kidney, complete
baseline data, and no documented prescription of the medication under
consideration at time of diagnosis of ARVD. This design was adopted to limit
analyses to patients where therapies were potentially initiated in response to
the diagnosis of ARVD. Patients were excluded from analysis if they had a
documented intolerance or allergy to the medication in question or a definite
indication for renal artery revascularisation, e.g. flash pulmonary edema 23.24,
The latter exclusion was adopted to remove patients in whom medical therapy

could be considered inappropriate.

Treatment
Patient care is not affected by recruitment to the SRVD. All patients are treated
in line with national guidelines 2526, A proportion of patients have undergone

PTRAS according to the view of their treating clinician and with reference to
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contemporaneous international guidelines 24, or as part of a randomised study

5,15

Definition of exposures

Two separate analyses were performed to consider medication effects. The
first was for anti-platelet medications (a composite of aspirin, dipyridamole and
clopidogrel) and the second for beta-blockers (bisoprolol, atenolol, carvidolol,
nebivolol, propanolol). No distinction was made between single and dual anti-
platelet therapy or class of beta-blocker (i.e. B 1, B2, or non-selective). For
each analysis, patients prescribed the class of drug in question at time of
diagnostic angiography were excluded. Two study groups were identified from
the remaining patients, those commenced on the drug within 12-months of

diagnosis (and maintained on the drug) and those not commenced on the drug.

End-points

End-points identified from the SRVD for this study were death, initiation of renal
replacement therapy (defined as chronic dialysis or transplantation) and first
non-fatal cardiovascular event (defined as myocardial infarction or acute
coronary syndrome, cerebrovascular event or transient ischaemic attack, new

onset angina pectoris or coronary revascularisation procedure).

Statistical analysis

The distribution of all continuous variables was visually assessed using
probability-probability plots. Normally distributed continuous variables are
presented as meanzstandard deviation and were compared between treatment
groups using Student’s t-test. Non-parametric continuous variables were
compared using the Kruskal-Wallis test and are presented as median

[interquartile range].

For survival analyses, time zero was defined as the date of diagnostic
angiography with censoring occurring at most recent clinical follow-up.
Exploratory univariate survival analysis was performed using Cox proportional
hazards regression with results presented as hazard ratio [95% confidence
interval]. Multivariate survival analysis was performed using the doubly robust

estimator described by Funk et al 27. The DRE simultaneously considers the
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effect of co-variates on probability of receiving treatment and on outcome with
the estimate of treatment effect remaining unbiased even if one of these models
is specified incorrectly. As the DRE is based on a logistic model, events within
5-years of diagnosis were considered for these analyses with results presented
as percentage of patients predicted to reach the end point in question [95%
confidence interval]. Rate of change in renal function was estimated using a
fixed and random effects model with results presented as parameter estimate

[standard error].

Finally, based on the results of these analyses and previous data, an optimal
combination of baseline treatments was defined and patient outcomes
assessed in relation to this in a series of Cox regressions. For these analyses
time zero was defined as date of diagnostic angiography. In addition for optimal
therapy, changes in risk over time were assessed graphically by plotting the log-
time interaction between prescribed baseline therapy and days from diagnostic
angiography (adjusted for patient age, renal function and proteinuria) 28.
Analyses were performed in SAS version 9.2 (SAS Institute, Cary, NC, USA)
under license to the University of Manchester and R version 3.0.1 using the

simPH package 2.
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Results

At the time of analysis 819 patients were represented in the SRVD. One
hundred and sixty five were excluded due to <50% renal artery stenosis, 88
excluded due to incomplete baseline data, and 37 due to presentation with flash
pulmonary edema giving a possible study population of 529 patients. Of these
226 (43%) were not prescribed an anti-platelet agent and 318 (60%) were not
prescribed a beta-blocker at time of angiography, figure 4.5.1. Median follow-up
time for the 226 patients not prescribed an anti-platelet at baseline was 3.8
years [IQR 1.5-5.8], with 62 patients (27%) commenced on one of these agents
within 12-months of diagnosis and 164 (73%) not. Median follow-up time for the
318 patients not prescribed a beta-blocker at baseline was 3.6 years [IQR
1.5-6.0], with 29 patient (9%) commenced on beta-blockade within 12-months of
diagnosis and 289 (91%) not. Beyond 12-months use of beta-blockade
remained largely consistent between groups, however 18% of patients
prescribed an anti-platelet agent had discontinued treatment, a figure similar to

previous studies of anti-platelet therapy in CKD 30 - table 4.5.2.

Figure 4.5.1 - Patient selection and distribution

Assessed for eligibility
(n=819)

Excluded (n=254)
<50% renal stenosis (n=165)
Incomplete baseline data (n=88)
Flash pulmonary edema (n=37)

Possible study population

(n=529)

‘ Anti-platelet analysis ‘ ‘ Beta blocker analysis ‘
Not prescribed at baseline Not prescribed at baseline
(n=226) (n=318)

A A
[ | [ \
Started Not started Started Not started
(n=62) (n=164) (n=29) (n=289)
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Table 4.5.2 - Changes in medication usage over time

Angiography 1-year 2-years 3-years 4-years
n % n % n % n % n %
Beta- 29 0% 29 100% 26 100% 23 96% 19 90%

blocker
No beta- 289 0% 234 0% 191 52% 160 56% 121 5.0%
blocker

Anti- 62 0% 60 82% 49 76% 45 68% 37 73%
platelet
No anti- 164 0% 124 9% 103 13% 86 20% 67 20%
platelet

Abbreviations: n - number of patients still alive at this point. % - percentage of surviving
patients prescribed either beta-blocker of anti-platelet therapy.

Baseline demographics

Patients commenced on an anti-platelet agent after diagnosis were younger
than those not started on this therapy (67+11 vs. 70+10 years, p=0.04), with a
higher mean eGFR at diagnosis (38+19 vs. 31+19ml/min/1.73m2, p=0.01), lower
level of proteinuria (0.7+0.6 vs. 0.9+0.8 g/24 hours, p=0.04), and a greater
proportion of patients prescribed a beta-blocker (47% vs. 26%, p<0.001).
Patients started on a beta-blocker after diagnosis had a higher baseline systolic
blood pressure (174+27 vs. 155+28mmHg, p<0.001) and a higher eGFR (43+16
vs. 33+19ml/min/1.73m?2, p<0.001) than patients not started on a beta-blocker.

Detailed baseline patient characteristics are presented in table 4.5.3.
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Table 4.5.3 - Baseline patient demographics

Anti-platelet therapy Beta-blocker therapy
Started after Not started p Started after Not started p
diagnosis n=164 diagnosis n=289
n=62 n=29
Demographics and renal function
Age (years) 67.3+/-10.5 70.4+/-9.9 0.04 71+/-6.3 71.2+/-8.9 0.89
Male 33(53.2%) 86(52.4%) 0.92 15(51.7%) 172(59.5%) 0.42
eGFR (ml/min/1.73m2) 37.7+/-18.7 30.8+/-19 0.01 43.4+/-15.7 33+/-18.9 <0.001
Proteinuria (g/24 hours) 0.7+/-0.6 0.9+/-0.8 0.04 0.9+/-0.8 0.9+/-1.4 0.92
Renal artery disease and clinical presentation

Percentage stenosis 80 [70-100] 82.5 [60-100] 0.6 70 [65-90] 80 [60-100] 0.01
Patency score 90.9+/-36.5 91.7+/-44.8 0.9 87.9+/-44 95+/-39.5 0.37
PTRAS 17(27.4%) 28(17.1%) 0.08 7(24.1%) 58(20.1%) 0.6
Rapidly declining renal 9(14.5%) 26(15.9%) 0.8 7(24.1%) 50(17.3%) 0.36
function

Refractory hypertension 25(40.3%) 37(22.6%) 0.01 11(37.9%) 75(26%) 0.17

Blood pressure and medications

Systolic blood pressure 163.1+/-26.8 161.3+/-31.9 0.7 174+/-26.6 154.8+/-28.2 <0.001
(mmHg)

Diastolic blood pressure 83.7+4/-12 83.8+/-17.9 0.95 86.6+/-16.5 80.7+/-15.8 0.06
(mmHg)

Number of blood pressure 3 [2-4] 2[1-3] <0.001 2[1-3] 2[1-3] 0.9
medications

Angiotensin blockade 32(51.6%) 67(40.9%) 0.15 15(51.7%) 140(48.4%) 0.74
Beta-blocker / anti-platelet 28(46.7%) 41(25.8%) <0.001 21(72.4%) 162(56.1%) 0.09
Statin 25(41.7%) 51(31.9%) 0.17 18(64.3%) 142(49.8%) 0.14

Co-morbidities

Myocardial infarction 9(14.5%) 29(17.8%) 0.56 8(27.6%) 80(27.8%) 0.98
Cerebrovascular event 20(32.3%) 49(29.9%) 0.73 13(44.8%) 97(33.6%) 0.22
Peripheral vascular disease 26(41.9%) 47(28.8%) 0.06 15(51.7%) 14(39.6%) 0.2
Diabetes mellitus 15(24.2%) 42(25.6%) 0.83 11(37.9%) 86(29.8%) 0.36

Abbreviations and definitions — Percentage stenosis is percentage loss of lumen to the most affected kidney. Patency score defined as (200-left side stenosis-right side stenosis), where a score of
200 therefore represents bilateral 0% stenosis and a score of 0 represents bilateral 100% stenosis. PTRAS — percutaneous renal artery angioplasty and stenting. Cerebrovascular event defined as
previous stroke or transient ischaemic attack. Angiotensin blockade defined as prescription of angiotensin converting enzyme inhibitor and / or angiotensin Il receptor blocker. Rapidly declining
renal function defined as serum creatinine at time of angiography greater than 1.2x or yp100 mol/L (1.14mg/dL) greater than a baseline reading taken within the previous six-months. Refractory
hypertension defined as blood pressure above 140mmHg and / or 90mmHg despite use of three or greater different classes of antihypertensive medications, one of which is a diuretic.
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Event free survival

In the anti-platelet analysis 145 (64%) of patients died, 34 (15%) progressed to
RRT and 67 (30%) suffered a non-fatal cardiovascular event. In the beta-
blocker analysis 200 (63%) of patients died, 43 (14%) progressed to RRT, and
107 (34%) suffered a non-fatal cardiovascular event. In univariate analysis both
anti-platelet and beta-blocker therapy were associated with a reduced risk for
all-cause mortality (HR 0.60 [95% CI 0.4-0.9] and HR 0.47 [95% CI 0.3-0.8]
respectively, p for both =0.01), figures 4.5.2 and 4.5.3. No statistically
significant difference in risk for renal replacement therapy or cardiovascular
event was associated with either treatment, table 4.5.4. In multivariate analysis
adjusted for the effect of baseline co-variates on probability of treatment and on
outcome using the DRE, a lower proportion of deaths before dialysis were
predicted for anti-platelet and beta-blocker treated patients. In addition, a
reduction in overall mortality was also predicted for both treatments (proportion
of deaths treated vs. not treated: anti-platelet 33% [95% CI 20-46%)] vs. 51%
[95% CI 43-59%], p=0.02; beta-blocker 21% [95% CIl 5-38%] vs. 46% [95% CI
40-53%], p=0.005).

Table 4.5.4 - Univariate survival analyses

Anti-platelet Beta-blocker
HR (95% CI) o] HR (95% CI) o]

Death 0.6 0.01 0.47 0.01
(0.4-0.9) (0.26-0.85)

Renal replacement 1.28 0.5 1.11 0.82
therapy (0.62-2.65) (0.44-2.84)

Cardiovascular event 0.88 0.65 1.01 0.97
(0.52-1.51) (0.57-1.81)

Hazard ratios are for patients prescribed anti-platelet therapy / beta-blocker. Referent group is patient not prescribed
these agents. Renal replacement therapy defined as initiation of chronic haemodialysis, peritoneal dialysis or
transplantation. Cardiovascular event defined as myocardial infarction, acute coronary syndrome, stroke, transient
ischaemic attack, new onset angina or coronary revascularisation.

Results of the DRE for progression to renal replacement therapy described an
increased risk in anti-platelet and in beta-blocker treated patients (anti-platelet
23% [95% CI 13-33%] vs. 12 [95%ClI 7-17%], p=0.05; beta-blocker 38% [95%
Cl 29-47%] vs. 9% [5-13%], p<0.001). No statistically significant alteration in
risk for cardiovascular event was associated with anti-platelet therapy, however
a reduction in risk was associated with beta-blocker (21% [95% Cl 16-25%] vs.
9% [95% CI 5-13%], p=0.02). Complete results of the multivariate regressions

are shown in table 4.5.5.
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Figure 4.5.2 - Kaplan Meier survival curve for all-cause mortality in anti-platelet

treated and not treated patients
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Table 4.5.5 - Results of doubly robust regressions

Antiplatelet No antiplatelet o] Relative risk p
group events group events (95% confidence
(95% confidence (95% confidence interval)
interval) interval)
Death 33.4% 50.9% 0.02 0.66 0.05
(20-46%) (43-59%) (0.43-0.99)
Renal 22.8% 11.8% 0.05 1.91 0.03
replacement (13-33%) (7-17%) (1.08-3.40)
therapy
Non-fatal 26.1% 23.7% 0.7 111 0.71
cardiovascular (11-37%) (17-31%) (0.65-1.86)
event
Death before 22.5 42.9%  0.003 0.52 0.02
dialysis (11-34%) (35-51%) (0.31-0.89)
Beta-blocker No beta-blocker p Relative risk p
group events group events (95% confidence
(95% confidence (95% interval)
interval) confidence
interval)
Death 21.3% 46.2%  0.005 0.46 0.04
(5.1-37.5%) (39.9-52.5%) (0.21-0.99)
Renal 38.1% 8.9% <0.001 4.27 <0.001
replacement (28.8-47.4%) (5.4-12.5%) (2.75-6.62)
therapy
Non-fatal 20.5% 27.8% 0.02 0.74 0.003
cardiovascular (15.7-25.4%) (22.4-33.5%) (0.60-0.90)
event
Death before 17.6% 39.0%  0.004 045 0.04
dialysis (4.5-30.8%) (32.8-45.2%) (0.21-0.97)

Results from the doubly robust estimator are presented as percentage of patients predicted to
reach end-point in a five-year period with bootstrapped 95% confidence interval in parenthesis.
Renal replacement therapy defined as initiation of chronic haemodialysis, peritoneal dialysis or
transplantation. Cardiovascular event defined as myocardial infarction, acute coronary
syndrome, stroke, transient ischaemic attack, new onset angina or coronary revascularisation.
Probability of treatment model in all cases calculated for age, eGFR, patency score, systolic
blood pressure, myocardial infarction, and history of cerebrovascular disease.

Mortality outcome analysis adjusted for age, eGFR, proteinuria, statin therapy, anti-platelet
therapy

RRT outcome analysis adjusted for age, eGFR, blood pressure and proteinuria

CVE outcome analysis adjusted for age, eGFR, proteinuria, statin therapy, anti-platelet therapy,
and macrovascular history
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Rate of change in renal function

In a mixed and random effects model for rate of change in eGFR the parameter

estimate for annual rate of change in log eGFR was -0.06 [SE 0.02], equivalent

to a 6% annual reduction in eGFR (or approximately 2ml/min/1.73m?2/year from

a baseline eGFR of 35ml/min/1.73m2). No significant alteration in rate of loss of

eGFR was associated with anti-platelet use (parameter estimate 0.01 [SE 0.03],

p=0.8) or with beta-blocker use (parameter estimate -0.01 [SE 0.03], p=0.8).

Full results of the mixed effects model are presented in table 4.5.6.

Table 4.5.6 - Results of fixed and random effects model for rate of change in

estimated glomerular filtration rate

Anti-platelet therapy

Beta-blocker therapy

Parameter Standard p Parameter Standard p
estimate error estimate error
Fixed effects

Intercept 0.42 0.07 <0.001 0.48 0.06 <0.001
Treatment group 0.04 0.03 0.161 0.02 0.04 0.622
Baseline log 0.89 0.02 <0.001 0.87 0.02 <0.001
eGFR

Proteinuria -0.04 0.02 0.017 -0.02 0.01 0.041

Random effects

Annual change in -0.06 0.02 <0.001 -0.07 0.01 <0.001
log eGFR

Interaction of 0.01 0.03 0.821 -0.01 0.03 0.791

annual rate of
change in eGFR
with treatment

group

Abbreviations: eGFR — estimated glomerular filtration rate.
As natural log transformation applied to eGFR values the parameter effects for annual change
in eGFR can be considered in terms of percentage annual change. A parameter estimate of

-0.06 is therefore equivalent to a 6% annual reduction in eGFR.
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Complications

As the recruitment period for the SRVD preceded local adoption of electronic
health records, detailed bleeding event data could only be obtained from a
retrospective notes review for 165 (73%) of patients. Of these 49 were anti-
platelet treated and 116 were not antiplatelet treated (71% and 70% of each
group respectively). No significant difference in overall bleeding events was
observed between groups (29% in anti-platelet group vs. 28% in non anti-
platelet group, p=0.9). When subdivided by major bleeding episodes,
occurrences of haemoglobin <10g/dL and occurrences of haemoglobin <8g/dL

the same pattern was observed, table 4.5.7.

Table 4.5.7 - Bleeding complications

Anti-platelet treated Not anti-platelet treated p
Major bleeding event 5.4% 9.6% 0.40
Haemoglobin <10g/di 19.6% 17.3% 0.75
Haemoglobin <8g/dl 9% 15% 0.30
Composite of any event 29% 28% 0.96

Major bleeding event defined as hospitalisation for blood loss resulting in a reduction in
haemoglobin or hospital stay where length of admission was extended by bleeding
complications.

Optimal medical therapy

Based on the above findings and previously published data, optimal medical
therapy was defined as angiotensin blockade, statin therapy, anti-platelet
therapy and beta-blockade. At baseline 44 (9%) patients were prescribed all
four of these agents, 136 (26%) were prescribed 3, 162 (31%) were prescribed
two, 118 (23%) were prescribed one and 55 (10%) were prescribed zero.
Patients prescribed all four medications were younger, with lower blood
pressures, and higher eGFRs but a greater burden of cardiovascular co-
morbidities, table 4.5.8.
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Table 4.5.8 - Baseline patient demographics divided by number of optimal medications prescribed

Total number of prescribed “optimal” baseline medications

0 1 2 3 4
n=55 n=118 n=162 n=136 n=44
Demographics and renal function
Age (years) 73.3+/-8.6* 69+/-10.3 69.7+/-8.9 70.7+/-8.8 68.3+/-9.9 0.028
Male 31 (56.4%) 65 (55.1%) 88 (54.3%) 87 (64%) 25 (56.8%) 0.509
eGFR (ml/min/1.73m2)  31+/-21 33.14/-20.4 33.4+/-16.9 35.6+/-16.9 32.2+/-12.8 0.527
Proteinuria (9/24 hours) 1+/-0.8 0.9+/-0.9 1+/-1.4 0.8+/-1.4 0.7+/-1 0.455
Renal artery disease and clinical presentation
Percentage stenosis 95 [60-100] 90 [60-100] 75 [60-99] 70 [60-90] 75 [60-95] 0.013
Patency score 86.7+/-45.9 93+/-41 93.8+/-40.1 96.3+/-36.8 89.2+/-45.4 0.614
PTRAS 7 (12.7%) 20 (16.9%) 44 (27.2%) 31 (22.8%) 14 (31.8%) 0.06
Rapidly declining renal 8 (14.5%) 10 (8.5%)* 28 (17.3%) 31 (22.8%)* 10 (22.7%) 0.04
function
Refractory 7 (12.7%)* 25 (21.2%)* 56 (34.6%) 68 (50%)** 20 (45.5%) <0.001
hypertension
Blood pressure and medications
Systolic blood pressure 165.9+/-29.9* 159.8+/-28.7 158.8+/-30 152.3+/-28.9 151.6+/-30.8 0.025
(mmHg)
Diastolic blood 88.9+/-18.1** 83.5+/-14.7** 82+/-15.9* 77.3+/-15.6 73.5+/-16.3 <0.001
pressure (mmHg)
Number of blood 1[1-2] * 1[1-3]** 1[1-3]** 3 [2-4]* 4 [3-4] <0.001
pressure medications
Angiotensin blockade 0 (0%) 35 (29.7%)** 71 (43.8%)** 103 (75.7%)** 44 (100%) <0.001
Anti-platelet 0 (0%)** 39 (33.1%)** 110 (67.9%)** 119 (87.5%)* 44 (100%) <0.001
Statin 0 (0%)** 18 (15.3%)** 87 (63.7%)** 122 (89.7%)* 44 (100%) <0.001
Beta-blocker 0 (0%)** 26 (22%)** 56 (34.6%)** 64 (47.1%)** 44 (100%) <0.001
Co-morbidities
Myocardial infarction 12 (21.8%)* 26 (22%)* 43 (26.5%) 51 (37.5%) 23 (52.3%) 0.001
Cerebrovascular event 13 (23.6%)* 43 (36.4%) 61 (37.7%) 47 (34.6%) 22 (50%) 0.112
Peripheral vascular 17 (30.9%) 43 (36.4%) 59 (36.4%) 63 (46.3%) 19 (43.2%) 0.228
disease
Diabetes mellitus 11 (20%) 29 (24.6%) 43 (26.5%) 54 (39.7%)* 15 (34.1%) 0.022

Abbreviations and definitions — Patency
score defined as (200-left side stenosis-
right side stenosis), where a score of
200 therefore represents bilateral 0%
stenosis and a score of 0 represents
bilateral 100% stenosis. PTRAS —
percutaneous renal artery angioplasty
and stenting. Cerebrovascular event
defined as previous stroke or transient
ischaemic attack. Angiotensin blockade
defined as prescription of angiotensin
converting enzyme inhibitor and / or
angiotensin Il receptor blocker. Rapidly
declining renal function defined as
serum creatinine at time of angiography
greater than 1.2x or u100 mol/L
(1.14mg/dL) greater than a baseline
reading taken within the previous six-
months. Refractory hypertension
defined as blood pressure above
140mmHg and / or 90mmHg despite use
of three or greater different classes of
antihypertensive medications, one of
which is a diuretic.

P value presented in the table is for
overall trend between groups. Direct
comparisons are also made between
patients prescribed all four medications
and smaller numbers. Here results are
presented in the table, with *
representing p<0.05 and ** representing
p<0.001 compared to patients
prescribed all four agents. For
continuous variables, overall comparison
and between group comparisons made
using ANOVA. For categorical variables
comparisons made using factorial
logistic regression.
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In multivariate Cox regression (adjusted for age, proteinuria and eGFR), no
statistically significant increase in risk for RRT was associated with being
prescribed less than all four medications. However, compared to patients
prescribed all four of these medications, a trend towards increasing risk for
overall mortality was observed as the number of prescribed medications fell
(three medications, HR death 1.4 [95% CI 0.8-2.5], p=0.3; two medications HR
1.7 [95% CI 0.9-2.9], p=0.08, one medication HR 2.0 [95% CI 1.1-3.6], p=0.02,
zero medications HR 1.8 [95% CI 0.97-3.3], p=0.06), figure 4.5.4. For death
before dialysis, a statistically significant increase in risk was associated with
being prescribed fewer than all four medications (3 medications HR 1.6 [95% CI
0.8-3.1], p=0.1, 2 medications HR 1.9 [95% CI 1.01-3.6], p=0.05, 1 medication
HR 2.4 [95% CI 1.3-4.6], p=0.01, 0 medications HR 2.2 [95% CI 1.1-4.4],
p=0.03). In contrast a trend towards reduced risk for cardiovascular events was
observed in patients prescribed fewer medications although this reached
statistical significance in patients prescribed none of the four optimal
medications (HR 0.4 [95% CI 0.2-0.7], p<0.001). Complete results are
presented in table 4.5.9.
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Figure 4.5.4 - Kaplan Meier survival curve for all-cause mortality divided by number of ‘optimal’ baseline medications
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Table 4.5.9 - Cox survival analysis for optimal baseline medications

Death Renal replacement Cardiovascular Death before
therapy event dialysis
HR p HR p HR p HR p
(95% CI) (95% CI) (95% ClI) (95% CI)
4 Meds Referent Referent Referent Referent
n=44
3 Meds 1.41 0.25 0.76 0.61 0.64 0.1 1.62 0.15
n=136 (0.79-2.53) (0.27-2.16) (0.38-1.09) (0.84-3.1)
2 Meds 1.67 0.08 1.09 0.85 0.72 0.2 1.90 0.05
n=162 (0.95-2.93) (0.43-2.78) (0.44-1.19) (1.01-3.58)
1 Med 2.02 0.02 1.68 0.27 0.58 0.05 2.40 0.01
n=118 (1.14-3.57) (0.67-4.25) (0.34-0.99) (1.26-
4.57)
0 Meds 1.80 0.06 1.13 0.84 0.35 <0.001 219 0.03
n=55 (0.97-3.33) (0.34-3.69) (0.17-0.71) (1.1-4.35)
Age 1.03 <0.001 0.96 <0.001 1.02 0.04 1.03<0.001
(1.02-1.04) (0.94-0.98) (1-1.04) (1.02-1.05)
eGFR 0.98 <0.001 0.93 <0.001 0.99 0.21 0.98<0.001
(0.97-0.98) (0.91-0.95) (0.99-1) (0.97-0.98)
Proteinuria 1.1 0.01 1.25 <0.001 1.06 0.3 1.04 0.51
(1.02-1.21) (1.13-1.38) (0.95-1.19) (0.92-1.18)

Optimal medications defined as angiotensin blockade (angiotensin converting enzyme inhibitor
and / or angiotensin Il receptor blocker), statin, beta-blockade and anti-platelet therapy (aspirin,
clopidogrel or dipyridamole). Referent group for comparison is patients prescribed all four of
these medications at time of diagnostic angiography. Hazard ratios for continuous variables are
for one unit increases.

Renal replacement therapy defined as initiation of chronic haemodialysis, peritoneal dialysis or
transplantation. Cardiovascular event defined as myocardial infarction, acute coronary
syndrome, stroke, transient ischaemic attack, new onset angina or coronary revascularisation.

When the effect of time on risk for death before dialysis was considered, a
reduction in the degree of risk associated with being prescribed fewer
medications was observed as time from diagnostic angiography increased,
figure 4.5.5. By 400 days from date of diagnosis of ARVD, the risk associated
with being on zero or one medications compared to all four remained
statistically significantly increased relative to patents prescribed all four
medications at time of diagnosis, but had reduced by a factor of approximately
20. By 500 days all confidence intervals overlapped suggesting there was no
significant difference in risk related to baseline medications in patients who had

survived to this point.
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Figure 4.5.5 - Effect of time on risk for death divided by number of optimal

baseline medications

80 -

60 -
°
o
N
©
T

©  40-
=
©
)
i

20 -

o_

X-axis shows time in days from diagnostic angiography. Y-axis shows risk for death. Solid lines
represents estimated hazard ratios, shaded areas represent 95% confidence intervals. Red line
represents patients prescribed all four optimal medications at time of angiography and forms the

referent group.

I
200

I
400

Time in Days

I
600

Number of
absent medications

-— 0

260



Discussion

The primary finding of these analyses is a reduced risk for death before dialysis
in ARVD patients who are commenced on anti-platelet therapy. This risk is
independent of other factors known to associate with risk for mortality in CKD
such as age, eGFR and proteinuria 31.32, This finding is consistent with the
results of studies of patients with atherosclerotic disease in the general
population 33:34, However, it contrasts with results of a sub-group meta-analysis
of 31 studies including 11701 patients with CKD, where no clear mortality
benefit was observed 9. This disparity may relate to differences in the study
populations, with the meta-analysis having considered patients with stable or no
cardiovascular disease — a stark contrast to the multi-morbid patients in the
SRVD. As the presence of CKD due to ARVD could be considered evidence of
end organ damage, our study has addressed secondary rather than primary
prevention. Other hypotheses for a mechanism of benefit from anti-platelets
therapy in ARVD can also be postulated. Potentially patients with ARVD have a
vascular risk profile determined more by atheroma than by medial vascular
calcification 3 and therefore more amenable to modification via anti-platelet
mechanisms. Measurement of surrogate markers of vascular stiffness by pulse
wave velocity or augmentation index is not routinely performed at our center
leaving us unable to address this question directly. Alternatively the interaction
between inflammation and development of atheroma may be relevant 36. In
ARVD high degrees of inflammation and oxidative stress exist, and are linked to
risk for cardiovascular mortality 37 and in the general population the benefits of
aspirin therapy have been shown to be greatest in patients with the most
elevated CRP levels 38. These data were not available for analysis in the SRVD
to further consider this hypothesis. That the association between anti-platelet
therapy and reduced risk for death only reached statistical significance in the
pre-dialysis time frame is an interesting observation. Whilst this may be a
consequence of competing risk factors in the complex metabolic environment of
dialysis 39, efficacy of anti-platelet agents in this context can also be considered.
Greater degrees of aspirin resistance are reported as eGFR falls 40 as is an
increased risk for death in haemodialysis patients treated with aspirin and/or
clopidogrel 41. As such we believe these results suggest a possible role for anti-
platelet therapy in the pre-dialysis phase but advocate caution in their use
beyond this point.
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We interpret the increased risk for progression to RRT in anti-platelet treated
patients as a survivor effect. This is supported by the fact that rate of loss of
eGFR was not modulated by treatment with these agents, consistent with other
reports of aspirin use in advanced CKD 42. Hence, whilst the increased risk for
RRT does not represent a safety issue, there may be implications for service
planning and delivery. In relation to other side-effects of treatment, we did not
identify an increased risk for major bleeding episodes in anti-platelet treated
patients. However due to the retrospective nature of this analysis and the
available data in electronic health records, we are unable to directly comment
on minor bleeding episodes. Given that almost one in five patients initiated on
anti-platelet therapy had discontinued treatment twelve-months later, this may
be an important issue. In a post-hoc analysis of 18,597 CKD patients from the
Hypertension Optimal Treatment (HOT) trial an overall increased risk for any
bleeding event in aspirin treated patients (HR 1.52 [95% CI 1.1-2.08]), although
this only reached statistical significance in patients with an eGFR <60ml/min/
1.73m2 11, A meta-analysis of anti-platelet treated CKD patients with stable
cardiovascular disease did not replicate this overall finding but did identify an
increased risk for minor bleeding (HR 1.70 [95%CI 1.44-2.02) 10. Although
direct comparison between studies is limited by the range of definitions applied

to minor and major bleeding events this appears to be a relevant issue.

We acknowledge the potential confounding issue of considering anti-platelets
as a single class of medication given their different modes of actions and
efficacy in clinical practice 4344, However we do not believe this will have had a
meaningful impact on our results as 92% of patients in the anti-platelet group
were prescribed aspirin mono-therapy. We accept that use of dual therapy
(predominantly aspirin and clopidogrel) may be a further confounder, with
different outcomes associated with this strategy in primary prevention 45 and
specific secondary prevention settings 4647, A final limitation is a lack of data
regarding concomitant medications other than anti-hypertensive agents.
Although debate still continues regarding the interaction between clopidogrel
and proton pump inhibitors this was an effect we could not consider in our

models 48.

262



A secondary finding of this work is the reduction in risk for death in beta-blocker
treated patients. There are few published data to place this result in context. In
a three way study comparing ramipril, metoprolol and amlodipine as first line
anti-hypertensive agents in a CKD population there was no difference in eGFR
slope or a composite end-point of ESRD/death between ramipril and metoprolol
treated patients 49. However, this was a trial of first-line anti-hypertensive
therapy and over 75% of patients in our beta-blocker analysis were prescribed
at least one additional anti-hypertensive medication (with the majority of these
prescribed angiotensin blockade). The strongest data to support beta blockade
in CKD are derived from a meta-analysis of eight randomised controlled trials.
Here a statistically significant reduction in risk for death was identified in
patients with CKD and left ventricular systolic failure, but insufficient evidence
was identified to comment on their role in patients without heart failure 9. In
ARVD cardiac structural and functional abnormalities are almost universal 21. It
is plausible that beta-blockade may improve mortality by improving these
changes e.g. by reducing left ventricular mass index 5'. Further study
incorporating echocardiographic measurements may be of use. An alternative
hypothesis for a mechanism of benefit is that beta-blockade may reduce
proteinuria, a key arbiter of prognosis in ARVD and CKD 5. In rat models
treatment with nebivolol has been shown to reduce proteinuria and confer
structural benefits to podocytes 52. This effect has also been demonstrated in
small scale human studies 53. Due to variations in local practice over time,
proteinuria data were not available to analyse in a longitudinal manner; however
where data existed, a signal to reduced proteinuria after 12-months of beta-
blocker therapy was noted (baseline vs. 12-months, beta-blocker treated 0.59
vs. 0.48g/24 hours; non beta-blocker treated 0.58 vs. 0.57g/24 hours).

As with anti-platelet therapy, we interpret the increased risk for RRT associated
with beta-blocker therapy as a survivor effect. However, unlike for anti-platelet
therapy, a reduction in risk for non-fatal cardiovascular events was associated
with beta-blocker therapy. Studies in the general population have demonstrated
an overall reduction in risk for cardiovascular events in beta-blocker treated
patients, but this overall reduction in risk has been driven by a lower stroke rate
rather than a reduction in coronary artery disease 54. Due to limited patient and

event numbers we cannot meaningfully comment on whether this pattern was

263



replicated within our cohort and larger scale analysis would be required. Given
the small number of patients and events we are cautious in interpreting these

finding with any certainty.

An attempt was made to review available electrocardiograms performed on
patients included in this analysis to identify conduction abnormalities that may
have arisen as a consequence of beta-blocker therapy. However, due to the
time period over which data were collected few traces were available for review
on our electronic records. This compounded by the fact that contemporaneous
baseline readings were even less readily available, means that we are unable
to comment on beta-blocker side effects beyond noting that only a minority of
patients discontinued these agents. A more important limitation in regards our
analysis of beta-blockade is a lack of pulse rate data. This information may
have provided a valuable insight into distinguishing between a renal or a
cardiac mechanism for improved survival given the expanding body of literature

defining heart rate as a treatment target in patients with heart failure 55.

Although our attempt to define and assess optimal therapy in ARVD is
simplistic, this was the only approach that could yield appropriately sized
comparator groups. In addition, we accept that more thoughtful consideration of
other agents is required before optimal medical therapy can be accurately
defined. However we note that agents such as calcium channel blockers may
be considered a less viable therapy due to issues of tolerance 56 progression of
stenosis 57, and limited utility in the setting of heart failure. Despite these
important limitations, we believe that this analysis offers some of the clearest

guidance currently available.

Although we were not able to assess the relative impact of specific
combinations of groupings of drugs, the increased risk for death when patients
were prescribed only zero to two of these four agents seems clear and credible.
Whilst the reduced risk for cardiovascular events in patients prescribed fewer
medications at first seems counter-intuitive, we believe this is representative of
the increased mortality observed in patients prescribed fewer of these drugs,
and we stress that this analysis considered non-fatal cardiovascular events (as

cause of death data were not universally available). As such the increased risk
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for cardiovascular events in patients prescribed fewer medications is interpreted
as a survivor effect. Future analyses should consider cause specific mortality.
Finally we must consider the alteration in risk pattern over time in relation to the
number of optimal prescribed baseline. We believe this is a plausible finding as
it is not credible to suggest that a (modifiable) baseline risk factor will have the
same influence after two or more years follow-up. This changing risk will relate
to survivor effect, alterations in prescribed medications and accrual of other risk

factors.

Whilst limitations specific to each analysis have been considered above, the
more general limitations of this retrospective study must also be addressed.
Whilst our electronic health records are comprehensive for events occurring at
our hospital we cannot be certain that adverse events occurring at other sites
have been fully documented. Whilst it is standard practice to update clinic
letters with a summary of major inter-current ilinesses, the level of detail cannot
be expected to match that of a complete admission record. In addition due to
the study design neither the indication for, nor the dose of the medication was
available. Indication for treatment is likely to have the greatest importance in
relation to beta-blocker therapy and will have a confounding role in the analysis
of medication efficacy over time. Whilst maintenance doing for anti-platelet
therapies is consistent across the United Kingdom, this is not the case for beta-
blockers and equivalence in dosing regimes for different agents cannot be
presumed %8. Here we have assumed that treatments were commenced in
response to the diagnosis of ARVD. Whilst we suggest that this is likely for the
majority of cases, we cannot be certain that treatments were not introduced in
response to a vascular event near to the time of diagnostic angiography. Given
the variable risk associated with time from e.g. myocardial infarction this may
have again introduced unmeasured confounding %°. Finally, although a notes
review was performed to identify patients with a documented allergy or previous

intolerance the possibility of selection bias persists.

In conclusion, this analysis has demonstrated that treatment with anti-platelet
therapy and beta-blockade can, reduce risk for mortality in ARVD. Further work

is required to consider effects on cause-specific mortality and drug side effects,
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but these agents could now be considered appropriate treatment following

initiation of angiotensin blockade and statin therapy.
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This series of observational studies of ARVD presents a series of clinically

relevant findings.

The first theme of this thesis has been to better define ARVD as a specific
disease. The first two results chapters demonstrated that it is correct to
consider ARVD as a disease process that differs from other causes of CKD in
terms of major outcomes, and also that ARVD is not a homogeneous condition.
This theme of disease sub-classification was expanded in the third chapter
where, using standard clinical measurements, a patient phenotype with the
greatest risk for ESKD was identified. By considering the difference in ESKD
outcomes associated with this phenotype in ARVD and CKD populations, the
value of defining ARVD as a unique cause of CKD was reinforced. Thus, ARVD
has been defined as a disease in terms of its clinical and biochemical

characteristics.

The second theme of this thesis has been the treatment of ARVD. Here, two
clinical scenarios (FPO and rapid loss of renal function in combination with
refractory hypertension), where PTRAS is associated with clinical benefit have
been identified. This finding is complemented by novel information regarding
how the remaining majority of ARVD patients should be medically treated. The
finding that both anti-platelet medications and beta-blockers are associated with
clinical benefit has the potential to improve outcomes for large numbers of
ARVD patients.

A final, non-clinical, theme woven through this thesis has been that of robust
statistical analyses. Established methodologies such as Cox regression are
superb tools. However, with the exponential growth in available data from
observational studies and other sources, there is a need to consider novel
methodologies that will allow maximal benefit to be obtained from these
resources. Throughout these analyses every attempt has been taken to
present data in such a way that statistical and clinical significance are linked,
with novel analytical approaches undertaken for this purpose rather than for
their own sake. The focus on the need for both positive and negative predictive

value to be considered is also drawn from this view.
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5.1 Key results

Risks for mortality and renal replacement therapy in atherosclerotic
renovascular disease compared to other causes of chronic kidney disease
This research project began one year after the publication of ASTRAL 1.
Although at the time this RCT represented the largest study of treatment in
ARVD, publication had generated more debate than consensus. One important
question raised was whether the patients recruited to ASTRAL (and previous
RCT) could be considered sufficiently unwell to have warranted consideration
for PTRAS. Many editorials and review articles suggested ASTRAL had been
biased against PTRAS by recruiting patients who were too ‘well’ 23 and that
many of these patients could instead have been viewed as part of a generic
CKD continuum. As previous comparative studies of outcome in ARVD had
focused on the general non-CKD population, this study was designed to
consider what prognostic differences exist between patients with ARVD and

other causes of renal disease across the spectrum of CKD.

This analysis demonstrated an increased risk for death, but not RRT in patients
with ARVD and similar baseline characteristics to those seen in ASTRAL. This
finding supports the suggestion that ARVD can be considered as a distinct
condition from CKD based on its prognosis, even where patients and disease
are clinically stable. Importantly, however, this analysis also demonstrated a
low annual rate of eGFR loss of approximately 1.5ml/min/1.73m?2/year in
patients with ARVD. This rate of change, also seen in ASTRAL, was markedly
lower than previous reports describing an annual 4-5ml/min/1.73m? fall in eGFR
4. Hence whilst our results support defining ARVD as a specific disease even at
levels of stenosis where renal haemodynamics may not be affected, they also
question the utility of considering progression to ESKD as a clinical end-point in
RCT of ARVD. Importantly in relation to this point, the follow-up period for
ASTRAL has now been extended to 10-years. This will allow accurate
assessment of long term renal outcomes, a relevant question given data
demonstrating variability in patient trajectories to ESKD in the general CKD

population 5.

273



High-risk Clinical Presentations in Atherosclerotic Renovascular Disease:
Prognosis and Response to Renal Artery Revascularisation

This is the first study to consider in detail the clinical presentations of ARVD that
are accepted as indications for PTRAS in published guidelines 6. Previous
reports of revascularisation for FPO, refractory hypertension and rapidly
declining renal function exist, however none of these has accurately defined
prognosis in relation to other presentations of ARVD, nor included a medical

comparator group when considering the effects of PTRAS.

This analysis has validated FPO being considered as a high-risk presentation,
with significantly increased risks for death and cardiovascular event associated
with this phenotype of ARVD. The validity of treating rapidly declining renal
function and refractory hypertension with PTRAS has, however, been called into
question. Whilst the findings in this study may be explained by how these latter
two presentations have been defined, this highlights the danger of transposing

arbitrary definitions into clinical practice without strong evidence for doing so.

Based on the available data it has been impossible to suggest a mechanistic
cause for the improved survival seen in patients with FPO treated with PTRAS.
Our data show that, consistent with RCT of PTRAS in ARVD 7, the benefit is not
a function of improved blood pressure control or a reduced rate of eGFR loss. It
is tempting, therefore, to speculate that the improved survival relates to
improvement in cardiac structural and functional parameters. Whilst this is
credible 8, the hypothesis is inconsistent with RCT data from clinically stable
ARVD patients °. In addition, the aetiology of FPO is multifactorial, involving
some or all of increased capillary permeability 19, excess RAAS activation 1,

impaired sodium handling 12, and sympathetic over activation 13.

The finding of improved survival in patients who presented with the combination
of rapid loss of renal function and refractory hypertension was unexpected.
Although the limited patient and event numbers for this clinical category mean
that this result should be interpreted with caution it may still represent an
important finding. In the discussion of chapter 4.2, it was hypothesised that
presentation with rapid loss of renal function and refractory hypertension in
combination may represent the clinical phenotype of patients with renal
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impairment in the setting of preserved renal volume 4. Subsequently a
preliminary analysis of previous work from this center has been performed. In
this study radioisotopic assessments of GFR (iGFR) were made in 16 patients
using measurement of 5'Cr-Ethylenediaminetetraacetic acid clearance, and
99mTc-dimercaptosuccinic acid scintigraphy both prior to, and four months after
PTRAS. These measurements were related to MRl measurements of renal
parenchymal volume. In a post-hoc evaluation of this work, the combination of
RDF and RH was identified in 31% of patients, with significantly higher baseline
PV:skGFR values in this group (55.6+107 vs. 9.4+5.6, p=0.02) and significantly
greater percentage increases in iGFR following PTRAS (363+483 vs.
50.7+39%, p=0.02).

Predicting Progression to End Stage Kidney Disease in Atherosclerotic
Renovascular Disease

Accurate prognostication presents a challenge even to experienced clinicians.
The existing literature describing which factors have the greatest prognostic
impact on risk for ESKD in ARVD is limited, with little consideration given to the
interaction of GFR and proteinuria. In addition much of these data are drawn
from small patient populations and pre-date widespread adoption of angiotensin
blockade in ARVD 1516, The study reported is unique in that by using a
classification tree, it provides information regarding the hierarchical importance
of routinely measured vascular risk factors and places them in context with

medical and interventional therapies.

We believe that the improved positive and negative classification provided by
this model (evidenced by the NRI of between 0.6 and 0.75) provides clear
evidence of its clinical utility in accurately ascribing low and high-risk groupings.
As the suggested model had an area under the curve of approximately 0.8
there is potential for improvement, perhaps by the addition of biomarkers such
as CD40 and soluble CD40 ligand, markers of platelet activation that have been
shown to associate with loss of renal function in ARVD 17. However, the fact
that the current model uses standard clinical measurements means that this
system the potential to rapidly translate into clinical practice. Additionally, given

the existing level of sensitivity and specificity, any new marker would need a

275



remarkably strong association with ESKD in ARVD to meaningfully increase the

c-statistic of this model 18.

Comparing Doubly Robust Regression with Randomized Controlled Trials
in Nephrology

Confounding remains an ever present bias in observational research, and
debate regarding optimal analytical approaches persist in the statistical
literature 1920, A key attraction of the doubly robust estimator lies in its ability to
simultaneously model for probability of treatment and outcome. This can be
achieved by means that any researcher familiar with developing regression
models would be able to apply. When this research project began, the DRE
had been demonstrated only in theoretical data sets. Subsequently it has
appeared in a small number of medical publications 2122, The aim of this
analysis was to explore the methodology and introduce it in real-world studies to

support its use in chapter 4.5.

Effects of Anti-Platelet Therapy and Beta-Blockade on Prognosis in
Atherosclerotic Renovascular Disease

Despite the fact that RCT have unequivocally demonstrated parity between
optimal medical therapy and PTRAS in unselected patients with ARVD there
has been minimal research interest in defining what constitutes optimal medical
therapy. This hypothesis generating study aimed to identify any associations
between anti-platelet treatment and beta-blocker therapy and clinical outcomes
in patients with ARVD. These drugs were selected due to their common usage
and biologically plausible mechanisms of benefit in this patient group. The
significant mortality benefits and, in the case of beta-blockers, reduction in
cardiovascular events suggests that there is indeed an optimal medical
treatment strategy in ARVD. This has bearing not only for patient care, but also
for RCT design and analysis. In a further, limited assessment of the SRVD
patients who had been prescribed <2 of the 4 optimal medications at
angiography (statin, anti-platelet, beta-blockade, angiotensin blockade) had a
signal towards reduced mortality associated with PTRAS (HR 0.7 [95% CI
0.5-1.0], p=0.06) whilst patients prescribed =3 optimal medications did not (HR
0.7 [95% CI1 0.4-1.3], p=0.2). This demonstrates the potential for bias within

and between RCT due to variation in medication usage.
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The consideration of the interaction between time from angiography and effect
of medical therapy is an important facet to this analysis. Where this is not
considered the effect of baseline therapy on prognosis can be overstated and

patients / clinicians unintentionally misled 23.

By beginning to define an optimal treatment strategy for hypertension in ARVD,
this chapter makes a contribution that may be of use to nephrology community.
Current guidelines place a focus on blood pressure goals 24 with little
information on the optimal approach for achieving this. In the general
hypertension literature, significant effort has been directed towards comparative
analyses of antihypertensive agents to define optimal treatment strategies. 2526,
This chapter suggests a need for this approach to be translated into the renal

community.

5.2 Limitations

Although each separate study has considered limitations specific to the analysis
therein, it is appropriate to acknowledge other general limitations of these

works.

All data were collected in a prospective, protocoled manner; however, these
analyses were retrospectively designed. As a consequence potentially
desirable data such as echocardiographic parameters are not available. This
has at times restricted our ability to provide a mechanistic insight to complement

the clinical findings.

Although patients were recruited to both the SRVD and CRISIS from Salford
Royal NHS Foundation Trust and affiliated satellite units, these projects are to
all intents and purposes single center studies. As such, the fallacy of constant
risk (the assumption that relevance of a disease or intervention does not
change between populations of time periods) 27 is an important consideration if
the findings of this work are to be applied at other centers. This is particularly
relevant in relation to PTRAS, where clinical practice and accepted indications
may vary between regions. A pooled analysis including data from other centers

to consider any effect of geographic location in relation to outcomes following
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PTRAS would be desirable to substantiate the findings presented within this

thesis.

The SRVD was reviewed prior to analysis to identify and remove any patients in
whom ARVD was not coded as their primary cause of renal disease. Although
absolute numbers of patients with a more likely cause of CKD were small, a
range of other pathologies including diabetic renal disease (h=14) and IgA
nephropathy (n=2) were identified. Potentially other undiagnosed cases of
these and other primary renal diseases may have co-existed with ARVD in the
SRVD.

The time period over which data have been collected (especially for the SRVD,
established 14 years before the start of this project) is a strength and a
limitation of the data. Although the long follow-up period is beneficial in relation
to end-point analyses, standards of care are constantly evolving. No significant
interactions with time were observed in exploratory analyses of key independent
variables (revascularisation, clinical phenotype), however this issue may have
greater relevance in relation to intercurrent events such as myocardial infarction
with a reduction in absolute events numbers and improved survival observed

nationally over the study period 28.

5.3 Strengths of this research project

Despite the above limitations, these studies are derived from one of the largest
non-registry, non-RCT ARVD populations to be reported in the literature. The
single center basis permitted meticulous verification of events, providing a

robust data set.

Synchronous recruitment to ARVD and CRISIS provided a unique resource to
compare disease types within the same patient population, managed by the
same clinicians. As such, a minimum of bias will exist in the comparative

analyses between these study populations.

Statistical analyses have been designed with care to consider confounding
effects on both treatment assignment and on patient outcome, either by

probability of treatment weighting or use of the doubly robust estimator. In
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addition efforts have been made to present results in a clinically meaningful
manner, with event rates or proportions of patients affected presented alongside
hazard ratios.

For the risk stratification score positive and negative predictive value have been
valued throughout, both in identifying threshold values using sensitivity and
specificity, and in assessing the use of the score by using a net reclassification

index rather than area under the curve in isolation.

5.4 Response to CORAL
In the weeks directly preceding the submission of this thesis, the results of the

CORAL trial were published. CORAL was a randomised controlled trial of
medical therapy compared to medical therapy with PTRAS in ARVD with

several key differences compared to ASTRAL.

- The primary study end-point in CORAL was the occurrence of a major
cardiovascular or renal event (defined as “a composite of death from
cardiovascular or renal causes, stroke, myocardial infarction, hospitalization
for congestive heart failure, progressive renal insufficiency, or the need for
permanent renal replacement therapy”). In ASTRAL the primary study end-
point was rate of change in renal function, with cardiovascular and renal

events considered as secondary end-points.

- In CORAL, diagnostic angiograms of patients considered suitable for
recruitment were reviewed at a core laboratory using a standardised
analysis program. This feature was designed to specifically address
criticism of ASTRAL that patients with “insignificant” stenoses may have
been recruited.

- In ASTRAL, medical therapy was defined by local protocols, whereas in
CORAL treatment was in line with a study protocol (candesartan +

hydrochlorthiazide with amlodipine and atorvastatin).
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At baseline, mean age and systolic blood pressures were similar in both
ASTRAL and CORAL (age 70 years, systolic blood pressure 150mmHg), with
similar proportions of patients having diabetes mellitus (33% vs. 30%).
Investigator reported degrees of RAS were similar between studies (ASTRAL
75%, CORAL 73%), though the mean stenosis as measured by the reference
laboratory for CORAL was 67%. A more even gender balance was seen in
CORAL (51% male vs. 63% male in ASTRAL), and patients in CORAL had
more preserved renal function at recruitment (eGFR 58ml/min/1.73m2 vs. 40ml/
min/1.73m2 in ASTRAL)

Over a 5-year period, 5322 patients were screened and 947 randomised to
CORAL (480 medical therapy, 476 medical therapy plus PTRAS). Sixteen
patients were withdrawn from the study due to issues of scientific integrity at
one site, giving a final study population of 931 patients (472 medical therapy,
459 medical therapy plus PTRAS). Over a median follow-up period of 43
months [IQR 31-55], 35% of patients in each treatment group reached the
primary composite end-point, figure 5.1. No significant difference in outcome
between treatment groups was observed when components of the primary end-
point were analysed individually. In analyses of secondary end-points (including
death and progression to RRT), there was no significant difference in outcome
between groups. The authors ultimately concluded that “...renal-artery stenting
did not confer a significant benefit with respect to the prevention of clinical
events when added to comprehensive, multifactorial medical therapy in people
with atherosclerotic renal-artery stenosis and hypertension or chronic kidney

disease.”
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Figure 5.1 — Kaplan Meier survival curves for the composite primary outcome of

major cardiovascular or renal event in CORAL

Stent plus medical therapy

Medical therapy alone

Event-free Survival (%)
w1
o
1

Hazard ratio with stenting, 0.94 (95% Cl, 0.76-1.17)
20+ P=0.58 by log-rank test

0 T T T T 1
0 1 2 3 4 5

Years from Enrollment

No. at Risk

Medical therapy 472 371 314 214 115 40
alone

Stent plus medi- 459 362 318 224 131 59
cal therapy

Reproduced with permission from NEJM Cooper et al, 2013. Copyright Massachusetts Medical
Society

The results of CORAL do not alter the conclusions of this work. A key
conclusion in this thesis is that it is important to consider the clinical
presentation of a patient with ARVD rather than making an assessment based
on the degree of RAS seen on imaging. As with ASTRAL and the four
preceding RCT, recruitment to CORAL was unselected. Hence in the light of
the results presented in this thesis the overall probability of a treatment benefit
being observed in CORAL was low. Importantly, however, of the patients who
were screened but not recruited to CORAL, only 210 patients [5%)] were
excluded due to physician preference. As such there may be a number of
patients in CORAL with a high-risk clinical presentation suitable for a future

analysis. This is discussed further in chapter 6.

In CORAL only 24 patients [2.5%)] progressed to requiring chronic RRT and 166
patients [17.8%)] had a 30% or greater reduction in their eGFR. Although no
data are presented on the average rate of loss in renal function, this is
consistent with our finding that loss of eGFR in ARVD is slow at <2ml/min/
1.73m2/year. Additionally this supports the finding from the classification tree
analysis that a low eGFR (<26ml/min/1.73m?2) at time of diagnosis is the factor

most strongly associated with risk for progression to ESKD.
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284



Many of the findings in this thesis have the potential for rapid translation into

clinical practice, however clear opportunities for further study exist.

Flash pulmonary edema

Although the presented data have provided evidence of benefit from PTRAS in
patients with ARVD and FPO, we have been unable to offer a mechanistic
insight. Although neither the cardiac MRI sub-study of ASTRAL 1, nor the
RASCAD trial 2 have demonstrated any cardiac structural changes associated
with PTRAS, both of these studies have been performed in low-risk populations.
In contrast, reports detailing dramatic changes cardiac structure following
PTRAS in patient with ARVD and FPO exist 3. Given the relative scarcity of
acute presentations of ARVD with FPO, a protocol driven study to define a
mechanism of benefit is unlikely to be able to recruit significant patient numbers
over a realistic timeframe. As such, we suggest that a clinical registry would be

the best way to advance knowledge in this setting.

Rapid loss of renal function and refractory hypertension in combination

Given the limited patient and event numbers with this clinical presentation in the
SRVD there is a need to validate these findings. Collaborative work with other
centers 4 and post-hoc analysis of patient level RCT data from ASTRAL and

CORAL 56 are the two most promising avenues.

As noted in chapter 5, preliminary analysis of a separate study of ARVD from
our center appears supportive of the suggestion that this presentation may be a
clinical phenotype of patients with a preserved PV:skGFR ratio and a more
detailed analysis of these data is planned. However, given the limited patient
numbers contained in this MRI / isotope GFR study, further work will be needed.
This clinical phenotype could also be assessed against other potential markers
of success following PTRAS. These include preserved renal parenchymal

oxygenation, assessed by BOLD-MRI 7, and elevated serum BNP levels 8.
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Sub-group analyses of RCT data

As suggested above, there is the potential to attempt to use patient level RCT
data to validate the findings from this thesis regarding patients with high-risk
clinical presentations of ARVD. In addition to this, a pooled analysis of RCT
and SRVD data could be undertaken to consider if common characteristics exist
between patients who die or reach ESKD. This approach could be extended to
describe any common characteristics of patients in whom there was clinical
improvement following revascularisation and would add to our understanding of

patient phenotypes in ARVD.

External validation of the ordinal risk scoring system derived from the
classification tree analysis

External validation is required for the risk stratification system presented in
chapter 4.3. There are a number of possible resources in which this could
occur, and discussions have been opened with the Birmingham Trials Clinical
Unit to undertake this in the ASTRAL dataset. In a preliminary analysis of the
155 SRVD patients categorised into the high-risk group, a signal towards
reduced risk for ESKD associated with revascularisation has been noted (HR
0.54 [95% CI1 0.24-1.19], p=0.12). A post-hoc analysis of data from ASTRAL
and/or CORAL to consider the effect of revascularisation in the high-risk

patients represented in these RCT could be of value.

Expansion of the classification tree / risk assessment methodology

In chapter 4.3, the potential value of identifying patients with the greatest risk for
progression to ESKD was framed in terms of service planning and predicting
future RRT requirements. Clearly the potential exists for this approach to be
applied to other specific causes of CKD. These results could then be

extrapolated to local CKD populations to aid planning of dialysis services.

A second extension of this approach could be to better consider the competing
risks of death and ESKD. Although the assessment of the scoring system
considered death as an overall competing risk, it would be desirable to extend
the classification tree methodology to handle this issue at each node. By
defining the relative risk for death and ESKD at each point, a greater quantity of

information regarding the interactions between clinical risk factors would be
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made available and a more accurate picture of the natural history of ARVD
would begin to emerge. Further extending this to consider changes in risk over
time, e.g. incorporating newly started medical therapies, would add to our

knowledge of where and how risk can be modified.

Optimal medical therapy

The attempt to standardise medical treatment in CORAL will, if successfully
undertaken, provide further valuable information regarding the role of
angiotensin blockade, anti-platelet therapy, and statin use in ARVD. However
the question as to what represents optimal second line anti-hypertensive
therapy will remain unanswered. Whilst post-hoc analyses may again provide
useful information, this is a question that goes beyond ARVD as a specific
disease. The use of angiotensin blockade in CKD has become an oft-repeated
manta, transcending its evidence base of diabetic and proteinuric disease °.
We are currently designing an analysis of CRISIS to generate further
preliminary data regarding different classes of anti-hypertensive drugs in CKD
but believe that this will prove to be a question worthy of specific prospective

study.
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