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 This is an exciting time for those working in the fi eld of kidney vascular injury 
and repair. Despite, or perhaps partly because of, major advances in imaging 
diagnosis and therapy, large vessel occlusive disease of the renal arteries con-
tinues to pose major clinical challenges and can be a major source of confu-
sion. In the United States and most western countries, atherosclerosis is the 
major cause of renovascular disease (RVD) and has been recognized as a 
major contributor to the development of renovascular hypertension for more 
than 80 years. Atherosclerotic RVD increases in prevalence with age and is a 
common incidental fi nding in the aging US and European populations. In 
recent years, clinical reports repeatedly implicate atherosclerotic RVD as a 
major contributor to resistant hypertension, refractory or sudden congestive 
heart failure, and parenchymal renal injury. Occasionally, RVD is associated 
with end-stage renal disease (ESRD). Widespread introduction of non-inva-
sive methods for identifi cation of RVD using ultrasound, CT, and MR imaging 
allows more facile identifi cation of these syndromes than ever before. 

 Recent data suggest that the manifestations of RVD are far more complex 
than previously understood. The unique complexity of the kidney circulation 
and the regional metabolic requirements render it particularly susceptible to 
disturbances of both macro- and microvascular compartments. Hemodynamic 
processes affecting the main renal arteries are capable of initiating multiple 
responses, including stimulation of endocrine, paracrine, neurogenic, infl am-
matory, and fi brogenic pathways. Once fully activated, many of these pro-
cesses become self-propagating and no longer depend on the original 
hemodynamic effects of the vascular disease. Hence, atherosclerotic RVD is 
characterized by a gradual transition from a primarily hemodynamic limit to 
kidney perfusion to an active infl ammatory and fi brotic injury that fails to 
reverse after simply restoring vessel patency. See Fig.  1 .

   Importantly, both surgical and endovascular procedures aimed at restoring 
main renal artery patency alone regularly have proven ambiguous, if not actu-
ally disappointing. While individual case reports and selected series unequiv-
ocally establish “proof of principle” that renal revascularization sometimes 
can reverse accelerated hypertension and restore kidney function, these cases 
are exceptional. As with many procedures, their clinical value depends heav-
ily upon careful patient selection. Wider application of revascularization and 
several prospective, randomized trials over the past two decades indicate only 
occasional benefi t in groups of patients enrolled primarily on the basis of 
anatomically identifi ed atherosclerotic RVD. How best to recognize the 
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 viability of kidneys beyond vascular occlusion and how to augment repair 
and restoration of function remain major challenges. 

 Nevertheless, substantial progress made over the past decade warrants 
revisiting the current status of the pathogenesis and treatment of atheroscle-
rotic RVD. For example, our perception of the contribution of renal ischemia 
to the pathophysiology of the disease, recognition of microvascular remodel-
ing evolving distal to the stenosis as determinants of reversibility of kidney 
injury, and novel treatment platforms all provide new and exciting opportuni-
ties in this fi eld. 

 This book was undertaken with the goal of providing an accessible, cur-
rent summary of renovascular disease. Few texts have addressed these disor-
ders specifi cally. Perhaps the most recent publication in the USA was provided 
in 1996 by Drs. Novick, Scoble, and Hamilton. Much of that book was 
focused upon imaging and technical issues related to developments regarding 
renal revascularization pioneered by its authors. Since then, our understand-
ing of RVD has evolved substantially, including current perspectives regard-
ing the epidemiology of atherosclerotic RVD, its clinical manifestations, and 
the interaction with injury pathways related to the kidney. Our goal with this 
current text has been to provide comprehensive overviews of the clinical 
paradigms that are emerging, both as regards RVD and its role in chronic 
kidney disease (CKD), cardiovascular risk, and the cardiorenal syndromes. 
We have invited distinguished contributors to share their work which better 
defi nes our understanding of kidney oxygenation and metabolism. Sections 
addressing infl ammatory vasculitides such as Takayasu’s arteritis and fi bro-
muscular dysplasias expand the perspective of large vessel disturbances and 
their effect on kidney function. Importantly, basic research directed at the 
mechanisms of kidney injury in both experimental models of RVD and clini-
cal investigation is included here. These studies are providing truly novel 
paradigms that we believe will lead to “adjunctive” measures that may either 

Progression over time

Transitions in Renovascular Disease

Inflammatory injury
and Fibrosis

Critical Renal Artery
Stenosis: reduced blood
flow and perfusion

  Fig. 1    Schematic illustration depicting the gradual transition from a purely hemodynamic 
limitation on blood fl ow ( far left ) induced by critical levels of renovascular occlusion to a 
state of parenchymal infl ammation that stimulates tissue injury and eventual fi brosis within 
the kidney. Factors regulating the pace and degree of this transition are poorly understood. 
Restoration of large vessel patency can allow recovery of kidney function at some stages 
(likely at the  far left ), but at some point has little effect upon mechanisms that produce 
progressive kidney damage ( far right ). Although restoring kidney perfusion may be impor-
tant, additional measures to abrogate infl ammatory pathways may be necessary for recov-
ery of function at more advanced stages       
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supplant or add to restoring blood fl ow in allowing recovering of renal micro-
vascular injury and restoring kidney function. 

 It is our hope that assembling these materials will provide a useful resource 
for both clinicians and investigators willing to tackle the challenges of RVD. 
We believe that much of the confusion regarding clinical consequences and 
management of renal artery stenosis may be reduced by better understanding 
the varied stages and pathways that participate in cardiovascular and renal 
injury in this disorder. 

 Rochester, MN  Lilach O. Lerman, MD, PhD 
 Rochester, MN  Stephen C. Textor, MD  
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  Abbreviations 

   AKI    Acute kidney injury   
  ARVD    Atherosclerotic renovascular disease   
  CAD    Coronary artery disease   
  CHF    Chronic heart failure   
  CKD    Chronic kidney disease   
  DUS    Doppler ultrasound   
  FPE    Flash pulmonary edema   

  PVD    Peripheral vascular disease   
  RAAS    Renin angiotensin aldosterone system   
  RAS    Renal artery stenosis   
  RCT    Randomized controlled trial   
  USRDS    United States Renal Data System   

          Introduction 

 The term atherosclerotic renovascular disease 
(ARVD) describes both partial and total athero-
matous occlusions of the renal arteries. These 
luminal narrowings often occur in conjunction 
with macrovascular disease in other organ sys-
tems, 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 het-
erogeneous condition.  

        J.   Ritchie ,  MB, ChB     •     P.  A.   Kalra ,  MD     (*) 
  Department of Renal Medicine , 
 Salford Royal NHS Foundation Trust , 
  Stott Lane ,  Salford   M6 8HD ,  UK   
 e-mail: jpritchie@mac.com; philip.kalra@srft.nhs.uk  

  1      Atherosclerotic Renovascular 
Disease: Epidemiology 
and Clinical Manifestations 

           James     Ritchie       and     Philip     A.     Kalra     

    Abstract  

  Atherosclerotic renovascular disease (ARVD) is a frequently occurring 
condition, most commonly observed in patients with other macrovascular 
diseases. The presence of ARVD is associated with a signifi cantly increased 
risk for cardiovascular morbidity and mortality. Although factors associ-
ated with systemic atheroma are implicated in the development of ARVD, 
the subsequent evolution of hypertension and renal impairment is more 
complex, with both whole organ and local factors playing important roles.  

  Keywords  

  Atherosclerotic renovascular disease   •   Epidemiology   •   Presentation   • 
  Prevalence   •   Prognosis   •   Progression   •   Renal artery stenosis   •   Risk factors  
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    How Is ARVD Defi ned? 

    Anatomical Defi nition 

 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 ischemia and kid-
ney 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 defi nes an anatomically “signifi cant” athero-
sclerotic 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 “signifi -
cant.” 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 aldoste-
rone system (RAAS) [ 1 ]. Hence one could ques-
tion the value of reports where RAS has been 
defi ned as <50 % – although an easy counterpoint 
to this argument would be the increased mortality 
seen with even low degrees of RAS [ 2 ], presum-
ably largely due to extra-renal vascular disease 
including organ injury related to the systemic 
infl ammatory state of atherosclerosis. Secondly, 
such absolute defi nitions fail to consider possible 
compound effects of bilateral disease; for exam-
ple, is a unilateral 50 % stenosis of greater clinical 
signifi cance than bilateral 40 % stenoses?  

    Syndromic Defi nition 

 Given that ARVD can be associated with pertur-
bations 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 “signifi cance” 
of disease. As such we would suggest that a ste-
nosed renal artery, where there is associated evi-
dence of either one or more of renal parenchymal 

damage, altered neuro-hormonal state or cardiac 
structural or functional change (with no alterna-
tive explanation), should be considered to be of 
clinical signifi cance 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 structural defi nitions. Hence 
(unless otherwise specifi ed), we have taken 
>50 % focal RAS as being of clinically signifi -
cance. The term “Ischemic Nephropathy” is now 
also widely utilized 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 col-
lateral vessels supplying the diseased kidney to 
maintain parenchymal viability. Typically these 
collateral vessels form from lumbar arteries with 
inferior mesenteric, testicular/ovarian and supra-
renal arteries also recognized as potential sources 
[ 3 ]. These vessels are able to contribute over 50 % 
of basal renal blood fl ow. Animal models suggest 
that this collateral circulation begins to develop 
when main vessel stenosis exceeds 40–50 % [ 4 ].   

    Prevalence of ARVD 

    Unselected Populations 

 ARVD is often an asymptomatic disease, as it 
sometimes may be diagnosed only during investi-
gation for other vascular pathology, or investiga-
tion of CKD. Despite the morbidity and mortality 
associated with the condition widespread screen-
ing is not justifi ed for ARVD and as such limited 
data exist to describe the true population preva-
lence. 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 ves-
sels, with an incidental RAS in excess of 60 % 
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identifi ed in 6.8 % of patients (with 12 % of these 
being bilateral). Of note, patients with a positive 
investigation had signifi cantly higher systolic 
blood pressures (142 vs. 134 mmHg, p = 0.007) 
[ 5 ]. This study is complimented by a review of 
over 1,900 computed tomography angiograms 
performed in potential renal transplant donors, 
where evidence of atherosclerotic RAS (severity 
not specifi ed) was found in 5 % of patients; with 
a strong relationship to increasing age [ 6 ].  

    Registry Data 

 Further information can be gleaned from analysis 
of claims data obtained from the Medicare random 
5 % denominator fi le and from coded diagnoses 
found in the reports of the US Renal Data System 
(USRDS). In an analysis of Medicare claims data 
from 1999 to 2001 (>1.1 million patients aged 
over 67 years), the prevalence of ARVD diagnosed 
in this elderly population was 0.54 % with an 
annual incidence for new diagnoses between 2000 
and 2001 estimated at 3.7 cases per 1,000 patient 
years [ 7 ]. A subsequent study examining Medicare 
claims data from in excess of 16 million patients 
between 1992 and 2004 described a similar inci-
dence (3.09 cases per 1,000 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 ] (Fig.  1.1 ). Although 

these analyses have not been repeated in more 
recent years within Medicare, data from the 
USRDS suggest a reversal in this trend with 
reports between 2004 and 2009 describing falls in 
the overall prevalence (1.0–0.7 %) and incidence 
(1.7–1.3 %) of ARVD as a cause of end-stage kid-
ney disease in the US dialysis population [ 9 ]. The 
most likely explanation for this biphasic pattern is 
increased enthusiasm for investigation during the 
1990s (with heightened physician awareness, 
improved access to diagnostic tools and ready 
availability of interventional treatment tech-
niques), which has been tempered more recently in 
light of negative randomized controlled trials 
(RCT) into percutaneous intervention [ 10 ].

       Ethnic Variation 

 There is apparent substantial worldwide variabil-
ity in the primary cause of RAS, which in itself 
may represent variations in chronic disease bur-
dens 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 
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  Fig. 1.1    Relative annual 
prevalence of ARVD in 
Medicare population 
between 1992 and 2004, with 
1992 as comparator group 
(Adapted with permission 
from Kalra et al. [ 8 ])       
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investigation (OR 1.5, p = 0.07) [ 11 ] and in the 
community based screening study by Hansen 
et al. ethnic distribution was identical between 
groups with positive and negative DUS investiga-
tions (23 % African-American, 77 % Caucasian) 
[ 5 ]. When comparison has been made between 
non-Caucasian populations investigated for 
ARVD, no signifi cant difference in the propor-
tion of positive investigations was noted between 
African-American and Hispanic patients [ 12 ]. No 
comparative studies have specifi cally addressed 
the Asian population; however, a single centre 
study of 202 Japanese patients with risk fac-
tors for ARVD found evidence of RAS >50 % 
in 20 % of patients investigated using magnetic 
resonance angiography [ 13 ]. In a Japanese popu-
lation of 729 patients with known cardiac or cere-
brovascular disease ARVD was present in 5.2 % 
of patients [ 14 ].  

    Prevalence 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 
defi nition of true “renovascular hypertension” 
 necessitates cure or substantial improvement 
in hypertension after dilatation of RAS [ 15 ]. 
Although there has not been a specifi c study 
addressing the prevalence of RAS in the general 
hypertensive population, a fi gure of 2 % is widely 
quoted. Systematic review of angiographic stud-
ies of patients where renovascular hypertension 
was clinically suspected (e.g. 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 (>180 mmHg systolic 
and/or 100 mmHg diastolic) were screened for 
causes of secondary hypertension, signifi cant 
RAS was identifi ed in 8.1 % of patients [ 17 ]. 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 posi-
tive 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 fi ltration rate 
[eGFR] <60 ml/min/1.73 m 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 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 22–41 % have been 
reported in smaller studies that screened sequen-
tial patients at initiation of dialysis [ 20 ,  21 ] (with 
bilateral disease present in 11–16 % of patients).  

    Prevalence in Patients with Other 
Macrovascular Disease 
 ARVD is very commonly associated with athero-
matous disease in other vascular beds and these 
associations are emphasized in Medicare data 
analyses (Table  1.1 ) [ 7 ]. ARVD is frequently 
identifi ed 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 dif-
ferent disciplines including cardiology, vascular 
surgery, stroke medicine and hypertension. As a 
consequence there have been many studies under-
taken in selected groups of patients with cardio-
vascular disease, and these populations are likely 
to be enriched with patients with ARVD.

     Coronary Artery Disease 
 There are strong links between ARVD and coro-
nary artery disease (CAD), with evidence of RAS 
(>50 %) found in 15 % of patients referred for 
diagnostic coronary angiography (with approxi-
mately one third of these patients having signifi -
cant bilateral disease) [ 22 ,  23 ]. These fi gures have 
remained  constant over the last two decades 
despite increased awareness of modifi able vascu-
lar risk factors over this time. Table  1.2  shows the 
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more recent larger studies that have examined the 
comorbid presence of RAS in patients undergoing 
investigation for CAD [ 22 ,  24 – 30 ]. That the rela-
tionship between CAD and ARVD is most prob-
ably a marker of overall atheromatous burden has 
been highlighted by there being a signifi cant rela-
tionship between the number of diseased coro-
nary 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 ].

      Heart 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 
series 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 [ 31 ,  32 ]. In a 
CHF population in Northern England patients with 
signifi cant 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 “fl ash” heart failure can be life-threaten-
ing and may be the fi rst 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 ven-
tricular failure. Patients with bilateral signifi cant 
RAS or a solitary functioning kidney are those 
at greatest risk of this condition. Many of these 
patients with ARVD and heart failure have pre-
served left ventricular function, highlighting the 
relevance of diastolic parameters and measures of 
ventricular eccentricity.  

   Cerebral Vascular Disease 
 RAS can often be identifi ed in patients who have 
suffered a stroke, with the highest rates observed in 
patients who also have signifi cant carotid stenosis. 
In a post-mortem series of 346 patients with clini-
cal evidence of stroke, RAS >75 % could be identi-
fi ed in 10.4 % of all patients (12.1 % of patients 
with ischaemic stokes), with over four 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 vas-
cular disease is considered, associations have been 
noted between the presence of ARVD and increased 
carotid-intimal thickness in patients with type II 
diabetes [ 34 ]. Although no data exist to describe 
progression to overt carotid vessel disease, carotid-
intimal thickness is commonly used as a surrogate 
marker for cardiovascular risk.  

   Table 1.1    Prevalence of ARVD in the US medicare population along with macrovascular risk factors   

 Prevalence 

 No ARVD (n = 10,85,250)  ARVD (n = 5,875)  ARVD AHR (95 % CI)   P  

 AKI (%)  0.8  10.3  1.59 (1.43–1.77)  <0.0001 
 CKD  2.3  24.6  4.61 (4.27–4.98)  <0.0001 
 Hypertension  53.4  90.8  4.31 (3.93–4.73)  <0.0001 
 DM  17.9  32.5  0.89 (0.84–2.61)  0.0001 
 CAD  24.9  66.8  2.45 (2.3–2.61)  <0.0001 
 CCF  13.6  37.6  1.01 (0.94–1.07)  0.9 
 CVD/TIA  12  36.9  1.58 (1.49–1.67)  <0.0001 
 PVD  12.7  56  3.96 (3.74–4.2)  <0.0001 
 Mesenteric  0.2  1.9  2.38 (1.93–2.93)  <0.0001 
 Ischemia 
 AAA  0.5  6.4  3.38 (3.0–2.81)  <0.0001 

  Adapted with permission from Kalra et al. [ 7 ] 
  AAA  indicates abdominal aortic aneurysm,  CI  confi dence interval,  DM  diabetes mellitus,  CCF  congestive cardiac failure, 
 TIA  transient ischemic attack  AHR  adjusted hazard ratio,  CKD  chronic kidney disease,  DM  diabetes mellitus,  CAD  coro-
nary artery disease,  PVD  peripheral vascular disease,  CVD/TIA  cerebrovascular disease / transient ischemic attack,  AKI  
acute kidney injury  

1 Atherosclerotic Renovascular Disease: Epidemiology and Clinical Manifestations
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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 dis-
ease (n = 21), 38 and 33 % of patients respectively 
had a RAS in excess of 50 % [ 35 ]. Comparable 
fi gures can be found in other angiographic series 
which report RAS >50 % in 24 % of patients with 
an abdominal aortic aneurysm [ 36 ] and in 26 % of 
patients investigated for aortoiliac disease [ 37 ]. 
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  1.3  [ 35 ,  38 – 42 ]. 
As is the case with ARVD and CAD, the presence 
of signifi cant RAS in patients with PVD is associ-
ated with an increased risk for major cardiovascu-
lar 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 [ 38 ] 
over a median follow up time of 15 months.

          Risk Factors for Development 
of ARVD 

    Age 

 Although it is clear that prevalence of ARVD 
increases with age, a fi nding that has not altered in 
over 50 years [ 43 ], confl icting 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 patients in their fi fth, sixth 

   Table 1.3    Major studies which have examined the co-morbid presence of both aorto-iliac/peripheral vascular disease 
and ARVD (qualifi cation: >200 patients; study within the last two decades)   

 Author 
 Year 
of publication 

 Number 
of patients  Type of study 

 Prevalence of 
signifi cant RAS 

 Factors associated 
with RAS 

 Amighi 
et al. [ 38 ] 

 2009  487  Peripheral 
angiography followed 
by renal angiography 

 15.6 % had RAS 
≥60 % 

 Androes 
et al. [ 39 ] 

 2007  200  Peripheral 
angiography followed 
by renal angiography 

 12 % had RAS 
≥50 % 

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

 Leertouwer 
et al. [ 40 ] 

 2001  386  PVD suspected  32.6 % had RAS 
≥50, 22.8 % 
bilateral 

 Not analyzed 

 Iglesias 
et al. [ 37 ] 

 2000  201  Aorto-iliac  26.4 % had RAS 
>50 % 

 Not analyzed 

 Swartbol 
et al. [ 41 ] 

 1992  405  Peripheral 
angiography 

 49.1 %, 117 
moderate, 14 
severe RAS 

 Hypertension, age 
>70 years, smoking, 
pathological ECG 

 Olin 
et al. [ 35 ] 

 1990  395  PVD/AAA  33–39 % had RAS 
>50, 13 % 
bilateral 

 Hypertension, worse 
renal function 

 Salmon 
et al. [ 42 ] 

 1990  374  Peripheral 
angiography followed 
by renal angiography 

 13.9 % had RAS 
≥50, 5.9 % 
bilateral 

   CAD  coronary artery disease,  PVD  peripheral vascular disease,  AAA  abdominal aortic aneurysm,  DM  diabetes mellitus  

1 Atherosclerotic Renovascular Disease: Epidemiology and Clinical Manifestations
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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 his-
tory (within ASTRAL 20 % were current smokers 
and 50 % ex-smokers [ 10 ]), there is no direct evi-
dence 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 signifi cant difference in 
smoking history between patients with normal and 
abnormal renal vessels (55.4 % vs. 68.7 %) despite 
higher levels of non- renal (and renal) atheromatous 
disease in the ARVD patients [ 44 ]. In contrast, a 
smaller study of 48 hypertensive patients investigated 
for RAS found higher rates of smoking in patients 
with positive studies (19/21 vs. 16/27, p = 0.04) [ 45 ]. 
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 fi nding has 
been replicated in a study of 45 incident dialysis 
patients investigated for possible ARVD. Here, ten 
patients had a positive study, with a signifi cantly 
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 devel-
opment of ARVD. Equally, given the adverse effects 
of smoking on renal plasma fl ow, 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 hemodynamics 
[ 46 ], predisposing to greater renal dysfunction.  

    Diabetes 

 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 fi gures 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 system-
atic review of risk factors has shown a pooled 
prevalence of ARVD of 20 % in patients with dia-
betes and hypertension [ 16 ], making it likely that 
diabetes is a risk factor for development of ARVD.  

    Hyperlipidemia 

 Little data exist to specifi cally link hyperlipid-
emia 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 hyperlipidemia (serum total choles-
terol >5.2 mmol/l) in patients found to have 
ARVD (61 % vs. 48 % in those without) [ 44 ]. 
Lipid profi les in ARVD patients follow the same 
pattern as in patients with coronary or carotid ath-
eroma, with signifi cantly reduced apolipoprotein 
A1 levels [ 47 ]. Other studies have shown increased 
levels of free-fatty acids (glycerol- glyceride) in 
patients with ARVD [ 48 ], though this may have 
more important implications for mortality than 
development of atheroma [ 49 ]. However, inter-
vention with statins has been shown to prevent 
anatomical progression of RAS in a retrospective 
study, which provides some support to the patho-
genic effect of hypercholesterolemia in renal ath-
erogenesis [ 50 ].  

    Hypertension 

 Of all the classical risk factors for the develop-
ment of atherosclerosis, hypertension is the hard-
est 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 [ 51 ], with greater rates of 
eGFR loss, and with the development of renal 
atrophy [ 52 ]. As such hypertension is an impor-
tant risk factor for ischemic nephropathy devel-
opment despite the absence of direct causal 
evidence in RAS progression.  

J. Ritchie and P.A. Kalra
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    Novel Risk Factors 

 Several other circulating markers of cardiovascu-
lar risk have been evaluated regarding their rela-
tionship to ARVD e.g. Fibrinogen, highly 
sensitive C-reactive protein (hs-CRP), homocys-
teine, and lipoprotein(a) [ 53 ]. A positive relation-
ship between both hs-CRP and homocysteine and 
ARVD has 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 [ 54 ].   

    Pathogenesis of Ischemic 
Nephropathy 

 Animal and human studies have shown that reduc-
tion in renal blood fl ow 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 etiology 
of renal impairment in ARVD is a multifactorial 
process, and not simply due to the “ischemic” 
effects of reduced blood fl ow within the kidney. 
Indirect confi rmation 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 [ 55 ]. 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 [ 56 ]. This suggests that 
damage to the “substance” or parenchyma of the 
kidney is the main arbiter of renal dysfunction. 

    Development of Renal Parenchymal 
Damage in ARVD 

    Whole Organ Factors 
 It is likely that a large proportion of the func-
tional loss observed in ARVD relates to organ 
damage mediated by “whole organ factors” such 
as hypertensive damage and microembolization. 
In samples taken from kidneys nephrectomized 

due to severe RAS mediated hypertension, evi-
dence of atheroembolic damage was observed in 
39 % (though this may have in part been related 
to prior vascular instrumentation), with hyperten-
sive damage seen in 52 % [ 51 ]. In this series of 
62 patients, severe tubulointerstitial atrophy was 
a near universal fi nding (94 %), although 
advanced glomerulosclerosis was not a common 
fi nding.  

    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 fascinat-
ing 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 con-
tributing injurious factors including family his-
tory, smoking and medication.  

    Local Endothelial Factors 
 In porcine models tubulointerstitial fi brosis 
develops rapidly following induction of RAS 
[ 57 ]. This occurs in conjunction with a marked 
thinning of the small blood vessels within the 
renal tissues – microvascular rarefaction [ 58 ] – a 
recognized factor in progression of kidney dis-
ease [ 59 ]. 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 [ 60 ]. As these 
microvascular alterations occur within a short 
space of time after RAS formation, this may rep-
resent an early point in the natural history of the 
disease.  

    Renin Aldosterone Angiotensin System 
(RAAS) 
 Chronic stimulation of the RAAS is a well recog-
nized feature of ARVD, with experimental data 
stretching back almost 80 years [ 61 ]. In addition 
to haemodynamic effects, angiotensin II contrib-
utes to the development of renal damage by 
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enhancing expression of pro-fi brotic cytokines 
and growth factors, thus promoting tubulointer-
stitial fi brosis [ 62 ]. 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 
antagonizing the RAAS [ 63 ].  

    Effects of ARVD on the Contralateral 
Kidney 
 As the majority of ARVD patients have a unilat-
eral stenosis, the question of why so many 
patients have an overall reduction in renal func-
tion (defi ned by the crude measure of eGFR in 
clinical practice) is frequently raised. The most 
pertinent observation is that non-stenosed contra-
lateral 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 [ 64 ]. In a series of 60 patients 
with unilateral stenosis (including cases of <50 % 
stenosis and patients with fi bromuscular disease), 
a signifi cant 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 [ 65 ]. 
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  contralat-
eral  to a moderate/severe stenosis [ 66 ], which 
conceivably is a marker of glomerular hyperfi l-
tration, and this is increasingly recognized as a 
long term risk factor for loss of renal function 

[ 67 ]. As with systemic hypertension, the pro- 
atherosclerotic milieu will also contribute to con-
tralateral renal damage. In pig models, atheroma 
has been shown to exacerbate the effects of an 
induced physical stenosis and to associate with 
worse fi ndings on histological examination [ 68 , 
 69 ]. 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.  

    Identifi cation of At-Risk Organs 
Earlier in the Natural History 
 As described previously, the parenchymal dam-
age associated with ARVD is believed to be the 
main arbiter of renal dysfunction in ischemic 
nephropathy. It has been understood for some 
time that as the burden of parenchymal damage 
increases, renal volume is lost [ 66 ]. 
Complimentary to this is the concept of “ hiber-
nating parenchyma ” – renal tissue which has 
reduced function as a direct result of the reduced 
blood fl ow associated with RAS, but which has 
not yet suffered irreversible histological damage 
[ 70 ]. Imaging studies suggest that it may be pos-
sible to identify kidneys with hibernating paren-
chyma before tissue is irretrievably damaged; 
one technique involves examining the ratio of 
parenchymal volume (measured by MRI) with 
isotope single kidney GFR values [ 71 ] (a high – 
volume:GFR signifying a kidney capable of 
improving its function with renal revasculariza-
tion). In the future such techniques may help 
identify patients in the early and potentially mod-
ifi able stages of the natural history of their 
disease.    

    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, consid-
eration of specifi c disease presentations, and, 
importantly, they were generated in an era when 
vasculoprotective pharmacotherapy (particularly 
statins) was unavailable. 
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    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 func-
tion. As discussed previously, 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 (defi ned 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 [ 72 ]. A 
study of 1,189 patients a decade later showed 
signifi cant RAS progression in 11.1 % of 
patients during a mean interval of 2.6 years 
between angiographic studies [ 73 ]. Reports in 
the early 1990s observed signifi cant progression 
of RAS in 35 % of patients at 3 years and 51 % 
of patients at 5 years [ 74 ]. This was associated 
with renal atrophy (>1 cm shrinkage on ultra-
sound) in 21 % of patients with signifi cant RAS 
(>60 %) compared to 5.5 % in patients without 
RAS [ 52 ]. These fi gures 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 likely to suffer 
progression of stenosis at 3-years (odds ratio 
0.28, p = 0.01) than non-statin treated patients 
[ 50 ] (Fig.  1.2 ). Here evidence of RAS progres-
sion 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 lower than before if 
appropriately treated.

       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 infl uence on rate of loss 

of renal function over time. The key pharmaco-
therapies include statins and angiotensin block-
ade which are now readily utilized. Large scale 
RCT data have shown an average rate of eGFR 
loss in the region of 1–2 ml/min/1.73 m 2 /year 
[ 10 ] – fi gures comparable to most other causes 
of CKD [ 75 ]. However, it is recognized 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 [ 76 ]. 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 diagno-
sis of ARVD [ 19 ]. Our own single centre data 
that includes 809 ARVD patients diagnosed 
between 1990 and 2009 have shown a stepwise 
reduction in the proportion of patients progress-
ing to renal replacement therapy depending upon 
year of diagnosis. Between 1995 and 2000, 
3.5 % of patients diagnosed with ARVD pro-
gressed to ESKD, whilst comparable fi gures 
were 2.3 % in patients diagnosed between 2000 
and 2005 and only 0.8 % of patients diagnosed 
after 2005 [ 43 ].  
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  Fig. 1.2    Cumulative incidence of renal artery disease 
progression stratifi ed according to treatment with or with-
out statin therapy (Adapted with permission from Cheung 
et al. [ 50 ])       

 

1 Atherosclerotic Renovascular Disease: Epidemiology and Clinical Manifestations



14

    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 pathol-
ogy 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 
Fig.  1.3 ) [ 10 ,  77 ]. Given the links between CAD 
and ARVD, a relationship with other cardiac 
structural/functional parameters is to be expected. 
In a cross-sectional echocardiographic 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 ± 33 g/

m 2 ) present when compared to age and eGFR 
matched controls [ 78 ]. When echocardiography 
was repeated in 51 ARVD patients at 12-months, 
a signifi cant increase in left ventricular dilatation 
was observed with a concurrent increase in the 
degree of eccentricity in left ventricular hypertro-
phy [ 79 ]; there were no patients at this time point 
described as having a normal heart by echocar-
diographic criteria.

        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, recognizable 
clinical presentations (or at least clinical scenarios 
in which ARVD should be considered) exist. 

    Heart Failure 

 The near universal prevalence of cardiac struc-
tural and functional disturbance found in ARVD 
has previously been discussed. This can translate 
into two clinical scenarios. 
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  Fig. 1.3    ASTRAL Time to 
the fi rst major cardiovascular 
event, which was defi ned as 
myocardial infarction, 
stroke, death from cardiovas-
cular causes, hospitalization 
for angina, fl uid overload or 
cardiac failure, coronary-
artery revascularization, or 
another peripheral arterial 
procedure. Such events 
occurred in 141 patients in 
the revascularization group 
and in 145 patients in the 
medical-therapy group 
(hazard ratio, 0.94; 95 % CI, 
0.75–1.19; P = 0.61) 
(Adapted with permission 
from ASTRAL Investigators 
et al. [ 10 ])       
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    Chronic Heart Failure (CHF) 
 Chronic RAAS over activity (as found in ARVD) 
is a recognized factor in the development of 
abnormal left ventricular remodeling and dys-
function. 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 fl uid overload/heart fail-
ure 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 ischemic etiology of heart failure), or if 
a causal relationship exists. Although there are 
some non-systematic data to suggest that renal 
artery revascularization can control symptoms of 
heart failure [ 80 ], the only published RCT that 
assessed the effects of intervention on cardiac 
structural parameters did not examine cardiac 
failure as an end-point [ 81 ]. Given the healthcare 
costs associated with CHF, this is an important 
fi eld for further study.  

    Acute Cardiac Failure 
 Better defi ned is the syndrome of acute pulmo-
nary edema associated with ARVD – a presenta-
tion often termed “fl ash pulmonary edema (FPE).” 
This is classically defi ned to be symptoms of 
acute left ventricular failure in the presence of 
preserved ventricular function. Whilst high grade, 
bilateral RAS (or high grade stenosis to a single 
functioning kidney) is recognized as a typical 
cause for this dramatic presentation (with 5–7 % 
of ARVD patients presenting in this manner [ 82 ]), 
other potential causes include cardiac ischemia or 
acute mitral valve dysfunction. In ARVD the pos-
tulated 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 [ 83 ]. 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 ste-
nosed side; however, this cannot occur as readily 
where disease is bilateral. Despite the frequency 
of cardiac abnormalities seen in ARVD, reduc-
tions in left ventricular  systolic function are less 

frequent in comparison to the prevalence of dia-
stolic abnormalities; hence is it likely our under-
standing of FPE will increase as more light is shed 
on the syndrome of “Heart failure with preserved 
ejection fraction” [ 84 ].   

    Renovascular Hypertension 

 ARVD is a recognized cause of secondary hyper-
tension, accounting for 8 % of patients with 
uncontrolled blood pressure (>180 mmHg sys-
tolic and/or 100 mmHg diastolic), which com-
pares with 14 % of such patients having primary 
or secondary hyperaldosteronism [ 17 ]. Although 
no specifi c data exist, it is likely that a higher 
prevalence of ARVD would be found if patients 
with treatment resistant (or refractory) hyperten-
sion 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 alterna-
tive markers of vascular health (e.g. vascular 
stiffness or BNP assay) are as important as blood 
pressure when considering the clinical impact of 
ARVD.  

    Loss of Renal Function 

    Rapid Loss of Function 
 As detailed previously, the overall rate of progres-
sive 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 ASTRAL 
97 patients (12 %) had seen an increase in serum 
creatinine in excess of 1.13 mg/dl or of 20 % from 
baseline in the 12-months prior to randomization 
[ 10 ]. Further analyses of the outcome and pheno-
typic characteristics of this sub-group are war-
ranted 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 remain-
der of the study population during extended follow-
up. One hypothesis would be that these patients 
represent a sub-group in whom the “hydraulic” 
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effects of the RAS are more critical than parenchy-
mal damage in determining renal dysfunction, and 
theoretically at least, a positive response to revas-
cularization might be anticipated.  

    Acute Kidney Injury (AKI) 
 The incidence of AKI, either as a presenting fea-
ture or as a disease complication, is diffi cult 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 collat-
eral development [ 85 ]. This is typically in the con-
text of high-grade bilateral disease, or stenosis of a 
single functioning kidney, and such patients would 
be at increased risk of fl ash pulmonary edema.  

    Intolerance of Renin-Angiotensin 
Blockade 
 There is evidence that angiotensin blockade 
(with angiotensin converting enzyme inhibi-
tors or angiotensin receptor blockers) confers 
prognostic benefi t in patients with ARVD [ 86 ]. 
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 [ 86 ,  87 ]. 
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 revascular-
ization) without acute decline in renal function 
(Table  1.4 ) [ 87 ]. If patients who underwent a per-
cutaneous interventional procedure are excluded, 
this still suggests that the true incidence of intol-
erance of ARVD patients to these agents is under 
7 %. The CORAL trial [ 88 ] encouraged angio-
tensin II receptor blockade for fi rst line anti- 
hypertensive therapy within the study and should 
offer further evidence regarding the tolerability 
of these agents in a high-risk population.

         Prognosis in ARVD 

 The presence of ARVD has signifi cant prognos-
tic 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, refl ect-
ing the systemic nature of this condition. In pro-
spective 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) [ 89 ]. In ASTRAL, new 
 macrovascular events occurred at a rate of 10 % per 
year during 5 years of follow-up (Fig.  1.3 ) [ 10 ].  

   Table 1.4    Number of patients exposed to renin angiotensin blockade (RAB) therapy including tolerability on retro-
spective and prospective follow-up   

 Total who were 
prospectively on RAB 
 n = 378 

 Retrospective intolerance 
or side effect to RAB 
 n = 74 

 Prospective intolerance 
or side effect to RAB 
 n = 21 

 Age (mean (SD), range) (years)  71.4 (9.3), 42–92  70.8 (9.9), 46–87  72.9 (8.7), 54–91 
 Unilateral RAS >60 %, n (%)  148 (39.2)  25 (33.8)  9 (42.9) 
 Bilateral RAS >60 %, n (%)  77 (20.4)  13 (17.6)  5 (23.8) 

  Adapted with permission from Chrysochou et al. [ 87 ]  
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    Mortality 

 As expected, given the high rates of vascular dis-
ease 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 six 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 (Fig.  1.4 ), data analyzed 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) 
have 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 out-
come between different clinical presentations of 
ARVD. What is known is that adverse prognostic 

markers for mortality in ARVD include lower lev-
els of baseline renal function (with marked 
increases in mortality where creatinine clearance, 
the forerunner of eGFR, at diagnosis is <25 ml/
min) [ 90 ], proteinuria in excess of 1 g/24 h [ 56 ], 
and extra- renal arterial disease (discussed next). 
Despite identifi cation of these risk factors, the 
direct mechanism by which ARVD increases risk 
for death is not defi ned. The syndromes of diffuse 
vascular disease and disturbed cardiac structure 
are doubtless relevant, with the effects of chronic 
RAAS activation almost certainly playing a sig-
nifi cant role, although separating out the contribu-
tions 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 
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patients who had both additional co-morbidities (% 
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) [ 91 ]. A 
refl ection of this fi nding can be seen where patients 
with non- renal arterial disease are investigated for 
ARVD. In this setting, patients found to have sig-
nifi cant RAS have a signifi cantly increased risk for 
death: 2.9× risk for death for PVD with ARVD vs. 
PVD alone [ 38 ]; CAD with ARVD vs. CAD alone 
89 % vs. 57 % 4-year mortality [ 29 ].  

    Mortality of ARVD Patients Receiving 
Dialysis 
 Reverse epidemiology is frequently observed in 
dialysis patients, with ARVD providing another 
example of where fi ndings in the pre-dialysis set-
ting 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 defi ned as the primary cause of ESKD in 5 %) 
had a signifi cantly 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 
fi nding is in contrast with an earlier single centre 
report of 683 dialysis patients in which ARVD was 
associated with a markedly reduced median sur-
vival time (27 vs. 51-months for non-ARVD 
patients) [ 92 ]. 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 signifi cant prognostic 
implications. Better recognition of the associ-
ated clinical syndromes may increase diagnos-
tic sensitivity and allow targeted therapy.     
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        Introduction 

 Fibromuscular dysplasia (FMD) of the renal arter-
ies is an idiopathic, non-infl ammatory arteriopathy 
associated with proliferation of medial smooth 
muscle cells and fi brous tissue and is the second 
most common cause of renovascular hypertension 
after atherosclerotic renal artery stenosis (FRAS). It 
was fi rst described in 1938 by Leadbetter and 

Burkland [ 1 ], and the name was fi rst applied by 
McCormack et al. [ 2 ] that same year. In FMD, 
abnormalities of the structure of the arterial wall of 
medium and large vessels manifest as aberrancies in 
the vascular lumen with pathognomonic angio-
graphic characteristics. This chapter will review the 
epidemiology, vascular distribution, angiographic 
and histological phenotypes, clinical presentations, 
and response to treatment of renal vascular FMD.  

    Epidemiology 

 FMD has been diagnosed in patients of all 
ages but is most commonly identifi ed when 
patients between the ages of 15–50 present with 
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 hypertension. There is currently an active and 
growing United States registry of adult patients 
with FMD encompassing cases from nine insti-
tutions. A recent interim report on this cohort 
shows the mean age at diagnosis was 51.9 years, 
with a broad range from 5 to 80 years [ 3 ]. The 
mean age of onset of hypertension was 43 years. 
Most of the patients currently in the registry data 
are white with less than 5 % Asian, Hispanic 
or black. The oldest age at diagnosis of FMD 
reported in the literature is 83 years, so this dis-
order can be missed for many years. In children, 
infantile cases have been reported with the range 
spanning all ages. There is a female predilection 
with up to 91 % of cases seen in women. 

 The prevalence of renovascular FMD has his-
torically thought to be about 4 in 1,000 [ 4 ]. 
However, a review of 1,860 arteriograms of poten-
tial kidney donors identifi ed FMD in 3.8 % [ 5 ]. In 
a smaller series of 716 potential kidney donors, 
6.6 % were found to have angiographic evidence 
of FMD [ 6 ]. Therefore, the true prevalence is 
higher and this disorder is likely underdiagnosed.  

    Etiology and Pathogenesis 

 Little is known about the pathogenesis of FMD. 
Though FMD is thought to be idiopathic, familial 
associations are reported in 7–11 % of cases. In one 
cohort of 104 patients with renal artery FMD, the 
familial cases were more likely to be multifocal 
and bilateral within the renal vasculature; familial 
cases were defi ned by having one fi rst degree rela-
tive known to have the disorder [ 7 ]. In another 
report of 13 cases of FMD found in six families, 
carotid duplex ultrasound was used to look for 
associated carotid artery abnormalities in 47 family 
members vs. 47 controls with no known family his-
tory of FMD. Using a quantitative scoring method 
for carotid abnormalities, the authors identifi ed sig-
nifi cantly higher scores among family members of 
patients with FMD than controls and segregation 
analysis suggested an autosomal dominant trans-
mission pattern [ 8 ]. Similarly, Mettinger and 
Ericson reported on 37 cases of stroke in patients 
with cerebrovascular FMD and noted a high preva-
lence of stroke among fi rst degree relatives again 

suggesting an autosomal dominant pattern with 
reduced male penetrance [ 9 ]. Though proven 
familial FMD is rare, the presence of family history 
of stroke, cerebral aneurysms, and sudden death 
are reported in 54, 24 and 20 % of cases. 

 There have been a number of reports associat-
ing the presence of renovascular FMD with vari-
ous genetic, congenital, and collagen vascular 
disorders. These are listed in Table  2.1 .

   Based on evidence of familial clustering and 
clinical associations, several candidate genes 
have been studied in association with FMD. 
Polymorphisms in the alpha-1-antitrypson gene 
were investigated in patients and families with 
FMD using duplex echo tracking evidence of 
carotid abnormalities; no association was found. 
Other genetic associations studied in FMD 
include the angiotensin I converting enzyme 
allele found in a higher frequency in patients with 
multi-focal FMD than age-matched controls, the 
elastin gene based on association between FMD 
and Williams’ syndrome, and mutations of 

   Table 2.1    Associations with renal fi bromuscular 
dysplasia   

 Alagille’s syndrome 
 Alpha-1 antitrypsin defi ciency 
 Alport’s syndrome 
 Ask-Upmark kidney 
 Atherosclerotic renovascular disease 
 Celiac disease 
 Cigarette smoking 
 Coarctation of the aorta 
 Cocaine exposure-intrauterine 
 Collagen III glomerulopathy 
 Crohn’s disease 
 Cystic medial necrosis 
 Ehlers-Danlos syndrome 
 Ergotamine preparations/methylsergide 
 Homocystinuria 
 Infantile myofi bromatosis 
 Macrophagic myofasciitis 
 Marfan’s syndrome 
 Medullary sponge kidney 
 Neurofi bromatosis 
 Pheochromocytoma 
 Renal agenesis/dysgenesis 
 Tuberous sclerosis 
 William’s syndrome 
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JAGGED1 which encodes for a ligand for Notch 
receptors in FMD associated with Alagille’s syn-
drome [ 10 – 14 ]. Familial syndromes of FMD and 
other congenital cardiac abnormalities have been 
reported [ 15 ]. Thus far, evidence for a unifying 
genetic association is inconclusive. 

 FMD has also been linked to a number of col-
lagen vascular disorders including Alport’s syn-
drome, Ehlers-Danlos syndrome and Marfan’s 
[ 16 – 18 ]. This supports the hypothesis that the angi-
ographic and histologic fi ndings in FMD actually 
comprise the fi nal common end points for a num-
ber of different pathogenetic processes leading to 
disordered collagen deposition and fi brosis in and 
around the arterial wall. The vascular form of 
Ehlers-Danlos syndrome, type IV, represents a 
genetic disease due to mutations in the gene for 
collagen III, COL 3A1. Abnormal secretion, fi bril-
logenesis, and deposition of collagen III lead to 
vascular fragility and laxity of joints and skin. Both 
familial and sporadic cases have been reported. 
Support for the concept that FMD represents a true 
collagen vascular disease comes from studies dem-
onstrating abnormal vascular matrix collagen III 
expression and stability of procollagen III, the pre-
cursor of collagen type III, in arterial walls of cere-
bral aneurysms [ 19 ]. Genetic mutations in COL3A1 
have also been associated with the development of 
abdominal aortic aneurysms without other features 
of Ehlers-Danlos syndrome. Olin et al. have 
reported ongoing study of the presence of COL 
3A1 gene defects in patients with medial FMD and 
aneurysms or dissection [ 20 ]. We have a case of 
cerebral aneurysms associated with biopsy proven 
collagen III glomerulopathy in a 16 year old girl 
whose mother has angiographically proven FMD 
of the renal arteries. 

 Other clinical associations suggest that FMD 
may be due to abnormalities of fi broblast func-
tion. One example is the fi nding of angiographic 
lesions consistent with FMD in patients with 
infantile myofi bromatosis, a rare disorder which 
is characterized by spindle cell tumors of the 
skin, soft tissues and viscera [ 21 ]. 

 Finally, environmental, hormonal, and ana-
tomic risk factors have been implicated in the 
pathogenesis of FMD. A history of cigarette smok-
ing is present in 37 % of reported cases and is 

associated with more severe renal artery FMD 
manifestations than found in nonsmokers [ 22 ]. 
The female predominance among patients with 
FMD suggests a potential role for hormonal fac-
tors in the pathogenesis. Sixty-nine percent of the 
recently described registry cohort had been treated 
with hormonal therapy, either oral contraceptives 
or post-menopausal hormone replacement therapy 
[ 3 ]. Last, vascular trauma or stretching of the renal 
artery with resultant alterations in lumen and arte-
rial wall structure has also been proposed as a 
potential pathophysiologic mechanism. This latter 
theory has little evidence basis but remains a 
hypothesis based on observations that FMD is 
more common in the right kidney where ptosis 
may lead to stretching of the vessel.  

    FMD in Children 

 FMD is the most common cause of renovascular 
hypertension reported in children. Between 11 
and 60 % of pediatric cases of FMD are associ-
ated with genetic syndromes. In childhood cases 
of renovascular hypertension, bilateral abnormali-
ties are seen in 53–78 % of cases with intrarenal 
vascular disease alone seen in 44 % of cases. 
However, most non-syndromic FMD in children 
is associated with a single branch artery stenosis. 
These children often have concomitant extrarenal 
disease and midaortic syndrome should be ruled 
out in all of them [ 23 ]. In childhood cases of reno-
vascular hypertension due to renal vascular dis-
ease, other disorders should be considered 
depending on demographics and clinical presen-
tation, including Takayasu arteritis, which will be 
discussed in Chap.   3    . Blood pressure response to 
renal artery interventions in children with FMD is 
excellent. In three reported series, the cure rates 
were 67, 88 and 100 % [ 24 – 26 ]. The remainder of 
this chapter will focus on FMD in adults.  

    Vascular Distribution 

 In adults, FMD most often involves the renal and 
extracranial carotid arteries. The renal arteries are 
involved in 65–80 % of cases. Lesions of FMD are 
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most often identifi ed in the middle and distal por-
tions of the main renal arteries and can involve 
branch vessels in many cases. In 25–35% of cases, 
FMD is bilateral in the renal circulation. In addi-
tion, FMD can involve a number of extrarenal vas-
cular beds including carotid and vertebrobasilar, 
coronary, mesenteric, celiac, splenic, brachial, and 
the limb peripheral vasculature. At least two vas-
cular beds are involved in about a third of patients 
with FMD, and when multiple vascular beds are 
imaged in individuals with FMD, about 20 % have 
three beds involved and 10 % have four. Among 
patients with renovascular FMD, about 65 % have 
concomitant extracranial carotid or vertebrobasilar 
involvement [ 3 ,  27 ,  28 ]. There are reports of 
involvement of the arch of the aorta and descend-
ing thoracic aorta with FMD presenting as coarc-
tation [ 29 ,  30 ]. The frequency of involvement of 
the various vascular beds is outlined in Table  2.2 .

       Histologic Classifi cation and 
Angiographic Phenotypes 

 The structure of the arterial wall is shown in 
Fig.  2.1 . The intima of the vascular wall consists 
of the endothelium, the internal elastic lamina, 

and a layer of connective tissue cells. The media 
consists of layers of smooth muscle cells, elastic 
fi bers and collagen fi bers. The external elastic 
lamina separates the media from the adventitia. 
The adventitia is comprised of predominantly 
collagen and adventitial cells. Fibrous structural 
proteins, adhesive glycoproteins and macromol-
ecules such as proteoglycans and hyaluronic 
acid, are among the components responsible for 
normal extracellular matrix homeostasis of blood 
vessels and their surrounding adventitia and 
interstitium.

   Based on the site of structural abnormality, the 
three types of renovascular FMD are classifi ed as 
medial, intimal, and adventitial. Medial FMD is 
most common accounting for 85–100 % of cases 
in various series. There are three histologic sub-
types of medial FMD: medial fi broplasia, peri-
medial fi broplasia and medial hyperplasia. 
Figure  2.2  demonstrates a cross section of an 
artery with medial FMD; compared to the histol-
ogy of a normal renal artery there is disorganiza-
tion and thickening of the wall structure. Medial 
fi broplasia, the most common histologic subtype, 
is characterized by alternating areas of thin and 
thick ridges of collagen with areas of homoge-
neous deposition of elastic tissue leading to areas 
of stenosis interspersed with areas of aneurismal 
sections characterized by fragmented internal 
elastic lamina. The loss of elastic structural integrity 

   Table 2.2    Fibromuscular dysplasia: vascular distribution   

 Vascular bed 
involved 

 % of 
total 
N = 374 

 Number 
imaged 

 % of 
patients 
imaged 

 Renal artery  78.6  369  79.7 
 Extracranial carotid 
artery 

 67.1  338  74.3 

 Intracranial carotid 
artery 

 9.3  206  35 

 Vertebral artery  21.9  224  36.6 
 Coronary artery  NR  NR  NR 
 Mesenteric artery  13.9  198  26.3 
 Lower extremity 
artery a  

 11.2  70  60 

 Upper extremity 
artery a  

 2.7  63  15.9 

 Aorta b   <1  145  <1 

  Adapted with permission from Olin et al. [ 3 ] 
  a Only a small number of patients in the registry underwent 
imaging of the extremities guided by clinical symptoms of 
claudication or ischemia 
  b Aortic aneurysms were found in 15 patients but no angio-
graphic evidence of FMD of the aorta  

  Fig. 2.1    The     blue arrow  is indicates the tunica intima. 
The  black bracket  represents the tunica media and the 
 green bracket  is the tunica adventitia. This is the wall of a 
normal muscular artery at 400× (Photo by Theresa 
Carrera; labeled by Janowski-Bell [ 71 ])       
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leads to ballooning or beading of the vessels such 
that the diameter of the beaded segment is larger 
than the diameter of the artery lumen. The classic 
angiographic appearance of medial fi bromuscu-
lar dysplasia is a “string of beads” appearance 
with ballooning and beading of the lumen alter-
nating with areas of constriction associated with 
bands or webbing of tissue within the lumen 
(Fig.  2.3 ). In perimedial fi broplasia, the diameter 

of the beads is smaller than that of the normal 
arterial segments. True smooth muscle hyperpla-
sia occurs in the medial hyperplastic form of 
FMD and the angiographic equivalent is a con-
centric smooth narrowing of the lumen. A similar 
angiographic picture is seen with intimal fi bro-
plasia, a much rarer form of FMD. The lumen 
narrowing in intimal fi broplasia is due to concen-
tric deposition of collagen in the intima with 
fragmentation and duplication of the internal 
elastic lamina leading to elongated smooth 
 luminal narrowing. Adventitial or periarterial 
FMD is the rarest histologic variant. Here, dense 
collagen replaces the normal fi brous tissue in the 
adventitia and may extend into the surrounding 
interstitium, but the remainder of the arterial wall 
layers remains intact. Angiographically, adventi-
tial FMD manifests as severe luminal narrowing 
and may involve a long segment of the vessel 
[ 31 ] (Fig.  2.4a–c ). Finally, renal artery aneu-
rysms may also be seen in FMD and were identi-
fi ed in 5.6 % of the patients in the US registry. 
When present, 17 % of patients with aneurysm at 
any vascular site had more than one vascular site 
involved, up to four aneurysms [ 3 ].

     The relationship between the histologic type of 
FMD and its angiographic correlate is shown in 
Table  2.3  [ 20 ,  32 ]. It is somewhat artifi cial to 
defi ne separate types based on histology. In con-
temporary practice, there is rarely a pathologic 

  Fig. 2.2    Fibromuscular 
dysplasia: medial fi broplasia 
type with areas of thickening 
of the media with disorgani-
zation of smooth muscle cell 
layers (arrow) alternating 
with areas of media thinning 
and loss of internal elastic 
lamina (With permission 
from Paner [ 72 ])       

  Fig. 2.3    Digital subtraction angiogram demonstrating 
the “string of beads” appearance of medial fi broplasia 
form of renal artery fi bromuscular dysplasia       
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specimen available to ascertain the exact type as 
most cases are not treated surgically. In addition, 
there is histologic overlap present in many cases. 
Alimi et al. examined histologic sections in 33 
cases of FMD and found more than one wall layer 
involved in two thirds of the cases [ 33 ]. ARAS 
may co-exist with FMD, particularly in older 
patients.

       Natural History 

 The natural history of FMD is not known. Meaney 
et al. in 1968 reported on a cohort of 48 patients 
with renal artery FMD followed with clinically 
driven serial arteriograms ranging from 6 months 
to 10 years following angioplasty [ 34 ]. Three of 
these patients had both atherosclerotic renovascu-

lar disease and FMD. Forty of the patients were 
women. At follow-up arteriography, nine of the 
48 patients demonstrated either progression of the 
lesion identifi ed initially or development of new 
lesions in a previously unaffected renal artery. 
Age was an important predictor of progression: 
none of those over the age of 40 at initial diagno-
sis had new disease on later evaluation. Schreiber 
et al. reported on 66 patients with medial fi bropla-
sia involving the renal arteries who had subse-
quent arteriograms over a 20 year period. The 
pathology was confi rmed at surgery or autopsy 
[ 35 ]. However, a large number of these had mixed 
ARAS and FMD lesions. Progression of the FMD 
was identifi ed in up to 27 % of cases at follow-up 
angiography as far out as 3 years from the initial 
study. The mean age of these patients was 41 
years. In this study, angiographic progression of 

a b c

  Fig. 2.4    ( a ) A renal arteriogram demonstrating n example 
of adventitial fi bromuscular dysplasia causing near- 
occlusive stenosis of the mid-right renal artery. ( b ) Residual 

stenosis and dissection of the renal artery following angio-
plasty. ( c ) Angiography of the same vessel after stent 
deployment (With permission from Weiner et al. [ 70 ])       

   Table 2.3    Fibromuscular dysplasia: histologic classifi cations and angiographic phenotypes   

 Type  Frequency %  Histology  Angiographic appearance 

  Medial   85–100 
 Medial fi broplasia  Most common  Collagen ridges/loss of elastic 

membrane 
 “String of beads” bead diameter 
larger than lumen 

 Perimedial fi broplasia  Rarer  Smooth muscle hyperplasia  “String of beads” bead diameter 
smaller than lumen 

 Medial hyperplasia  Rarest  Smooth stenosis without beads 
  Intimal   <10  Circumferential deposition of collagen 

in intima; fragmented or duplicated 
internal elastic lamina 

 Smooth stenosis, elongated and 
concentric 

  Adventitial   <1  Dense collagen replaces fi brous tissue 
in adventitia and surrounding tissue 

 Smooth stenosis or diffuse 
attenuation of vessel lumen 

  Adapted with permission from Vuong et al. [ 32 ]  
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the luminal changes was not associated with sig-
nifi cant changes in creatinine or renal size. 
However, in another small sequential angiogra-
phy cohort, 37 % of patients had angiographic 
progression associated with reduction in renal 
length and cortical atrophy in 63 % of untreated 
post-stenotic kidneys [ 36 ]. Progression is gener-
ally not associated with loss of kidney function in 
any of these studies. 

 Our understanding of the natural history of FMD 
is limited by the lack of sensitivity of angiography 
to detect endoluminal changes. Indeed, even fol-
lowing successful angioplasty, the angiographic 
picture following the procedure may not appear 
much different than before intervention. In addition, 
many studies evaluating the natural history of dis-
ease failed to examine other vascular beds for the 
presence of new lesions or aneurysms. Therefore, 
given the current state of knowledge regarding natu-
ral history, patients with FMD should be followed 
periodically with imaging as guided by clinical 
parameters for detection of new lesions, particularly 
when symptoms or bruits arise.  

    Clinical Presentations 

 The most common clinical presentations of FMD 
are hypertension, headaches, dizziness and pulsa-
tile tinnitus. In one study of 84 patients with pulsa-
tile tinnitus, 42 % were found to have a vascular 
etiology, commonly FMD, arteriovenous fi stulae, 
or intracranial aneurysms [ 37 ,  38 ]. Bruits over the 
carotids, epigastric, fl ank or abdominal regions or 
femoral arteries are common. About 5 % of 
patients will have no signs or symptoms with the 
arterial lesions found incidentally at the time of 
imaging for other indications. The relative fre-
quency of clinical presentations as reported from 
the registry data is shown in Table  2.4 . Stroke, 
transient ischemic attack, or amaurosis fugax 
related to cerebrovascular FMD occur in about 
25 % of patients. The exact prevalence of intracra-
nial aneurysms among those patients with cerebro-
vascular involvement with FMD is unclear with 
reports ranging from 7.3 % up to 50 % depending 
on the population screened [ 39 ]. Aneurysms are 
more common in the renal arteries than other beds.

   While hypertension is the leading manifesta-
tion of renovascular FMD, some patients present 
with fl ank pain due to segmental or whole kidney 
renal infarction. Infarction may result either from 
dissection of a main or branch renal artery or from 
embolism to a segmental vessel by clot from a 
proximal aneurysm. Patients with renal infarction 
often have leucocytosis, elevated serum levels of 
lactate dehydrogenase, and microhematuria. 
Severe accelerated or malignant hypertension 

    Table 2.4    Clinical presentations of fi bromuscular dysplasia   

 Carotid 
  Headaches 
  Asymptomatic bruit 
  Aneurysm or dissection 
  Transient ischemic attack 
  Cerebrovascular accident 
  Pulsatile tinnitus 
  Horner’s syndrome 
 Vertebrobasilar 
  Neck pain 
  Dizziness 
  Imaging fi nding of aneurysm or dissection 
  Amaurosis fugax 
 Coronary 
  Myocardial infarction 
  Chest pain 
  Shortness of breath 
 Renal 
  Hypertension 
  Abdominal bruit 
  Renal infarction 
  Imaging fi nding of aneurysm or dissection 
  Retroperitoneal bleed 
  Azotemia 
 Mesenteric 
  Post-prandial abdominal pain 
  Weight loss 
  Bruit 
  Celiac artery aneurysm 
  Hepatic artery aneurysm/rupture 
  Hemobilia 
 Brachial 
  Arm fatigue with exertion 
 Iliac-popliteal 
  Claudication 
  Bruit 
  Aneurysm 
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may be a consequence of the infarction. Acute 
kidney injury is usual when renal infarction 
occurs. Flank pain can also represent rupture of a 
renal artery aneurysm with retroperitoneal bleed-
ing and anemia and even hypovolemic shock. 

 The diagnosis of FMD should be considered 
in patients with early onset of hypertension, par-
ticularly in women with onset hypertension 
before 40 years of age. The diagnosis of FMD 
should also be considered in patients with resis-
tant hypertension, epigastric bruits, severe 
migraine headaches, pulsatile tinnitus, the pres-
ence of cervical bruits, history of transient isch-
emic attack, stroke or subarachnoid hemorrhage 
under the age of 60, the fi nding of vascular aneu-
rysms in the aorta, cerebral or visceral arteries, 
renal infarction, or dissection of a renal, vertebro-
basilar or carotid artery. Table  2.4  outlines the 
common clinical presentations of FMD.  

    Imaging Tests 

 The gold standard in terms of imaging for identi-
fi cation of renal artery FMD is conventional digi-
tal subtraction arteriography which provides 

visualization of the distal and branch vasculature 
of the kidney with greatest sensitivity and speci-
fi city of all screening modalities. Selective renal 
angiograms are necessary along with multiple 
views in order to adequately visualize the branch 
and intrarenal arteries. Angiography can detect 
the luminal abnormalities but is not accurate at 
estimating hemodynamic signifi cance of an FMD 
lesion. This is true for all of the imaging screen-
ing modalities. Catheter angiography provides an 
opportunity to perform intravascular ultrasound 
(IVUS) which can provide important additional 
information on endovascular structural abnor-
malities and their effects on turbulence of blood 
fl ow. IVUS provides virtual histology with char-
acteristic endoluminal fi ndings including the 
presence of collagen-rich bands of tissue in 
ridges, spiral folds, and web-like membranes 
(Fig.  2.5a, b ) [ 40 ]. At angiography, measurement 
of pressure gradients across the involved area can 
provide additional guidance to focus endovascu-
lar treatment to the areas of greatest hemody-
namic signifi cance and ensure all areas have been 
adequately treated. Systolic pressure gradients of 
10–20 mmHg exist across even elongated areas 
of involvement and post-angioplasty measure-

a b

  Fig. 2.5    Intravascular Ultrasound of Renal Artery 
Demonstrating a Fibrous Web. ( a ) Intravascular ultrasound 
image of intraluminal web/band in a renal artery with medial 
fi broplasia form of FMD. ( b ) Intravascular ultrasound 

image with virtual histology analysis of web/band demon-
strating primarily fi brous tissue in the band. Color code: 
green-fi brous tissue; light green-fi brofatty tissue; red-lipid; 
white-calcium (With permission from Prasad et al. [ 40 ])       
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ment can be used to assess effi cacy of the balloon 
dilatation before completion of the study. Unlike 
with ARAS, post- treatment imaging in FMD 
may not look dramatically different from pre-
treatment images particularly with the “string of 
beads” variant [ 41 ].

   Computed tomography angiography (CTA) 
represents the second best imaging test for 
identifi cation of FMD. In adults, CTA with 
multiplanar reconstructions has been shown to 
be nearly 100 % accurate and less invasive than 
conventional angiography. CTA requires proper 
post- imaging software to create three-dimen-
sional reconstructions and requires between 
100 and 150 cc of intravenous contrast. False 
positive “string of beads” fi ndings have been 
reported due to pulsation and stair-step artifacts 
as well as overlapping structures (renal paren-
chyma or vein) [ 42 ]. Magnetic resonance angi-
ography (MRA), though less sensitive for 
detecting abnormalities in the distal and small 
branch vessels than CTA, is often proposed as a 
preferred screening modality in children where 
avoidance of exposure to radiation is a priority. 
However, the gold standard for defi nitively rul-
ing out FMD and other renal artery causes of 
renovascular hypertension in children is digital 
subtraction angiography which can detect small 
branch vessel abnormalities, atretic vessels, 
small aneurysms, and distal disease in small or 
accessory vessels which may be missed by 
MRA [ 25 ,  42 ]. 

 Doppler ultrasonography is a good screening 
test for the presence of ARAS, which usually 
involves the ostium or proximal vessel. In non-
atherosclerotic renovascular disease, particularly 
FMD, the lesions more often involve middle, dis-
tal, or even branch vessels and may be elongated 
with areas of both webbed stenosis and dilata-
tions of the lumen leading to turbulence of blood 
fl ow without discrete focal stenosis. Whereas 
thresholds for duplex ultrasound parameters such 
as peak  systolic velocity have been shown to be 
sensitive and specifi c predictors of the presence 
of >60 % luminal diameter narrowing in athero-
sclerotic disease, these parameters have not been 
stringently evaluated in the diagnosis of FMD. In 
addition, FMD can involve branch vessels not 

usually interrogated when these techniques are 
used. Similarly, polar accessory arteries are often 
missed by ultrasound. Furthermore, it is often 
diffi cult to visualize all segments of the main 
renal artery due to obesity, bowel gas, and other 
patient related and technical factors. In nonath-
erosclerotic renovascular disease such as FMD or 
Takayasu arteritis, the patients are younger with 
better preserved intrarenal vascular compliance 
and structure. Li et al. reported on differences in 
tardus-parvus wave forms from the interlobar 
arteries in patients with atherosclerotic and non-
atherosclerotic renovascular disease. They found 
no signifi cant differences in acceleration time but 
found signifi cantly lower resistive indices in the 
nonatherosclerotic group consistent with the con-
cept of preserved compliance in these younger 
patients. Their results suggest that analysis of the 
tardus-parvus waveform and identifi cation of a 
drop off in resistive index beyond the stenotic 
segment may be more sensitive for detection of 
FMD than other indices [ 43 ]. The use of duplex 
ultrasound to follow patients after angioplasty 
has been proposed with initial post-treatment 
ultrasound obtained as baseline for later compari-
son at 6 and 12 months and yearly thereafter [ 44 , 
 45 ]. Table  2.5  summarizes the considerations and 
caveats of the various imaging tests when screen-
ing for FMD.

       Treatment of Renovascular 
Fibromuscular Dysplasia 

    Medical Therapy 

 Renovascular hypertension due to FMD can be 
treated medically in many cases. Unilateral renal 
artery involvement usually responds well to 
blockade of the renin-angiotensin-aldosterone 
system but additional agents are often needed 
when the hypertension is resistant. When the 
FMD is bilateral, there is a risk of acute kidney 
injury when angiotensin converting enzyme 
inhibitors or angiotensin receptor blockers are 
used. In most cases, this is reversible upon 
 discontinuation of the antihypertensive agent. As 
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FMD is rarely associated with loss of renal func-
tion, medical therapy is a reasonable option, par-
ticularly for those patients who are older with 
longer duration of hypertension. 

 However, in younger patients with recent onset 
hypertension, there is a signifi cant chance of cure of 
hypertension when endovascular treatment is 
undertaken. Therefore, the standard of care for these 
patients is consideration of percutaneous translumi-
nal angioplasty (PTRA) or surgery depending on 
the anatomy of the renal artery lesions.  

    Renal Artery Angioplasty: No Stent 

 The endovascular treatment of choice for FMD is 
PTRA without stenting. The usual indication for 
intervention is renovascular hypertension with a 
goal of cure of hypertension in younger patients 
with shorter duration of hypertension. Other indi-
cations include renovascular hypertension resis-
tant to medical therapy, intolerance of medical 
therapy, noncompliance with medical therapy, 
renal impairment or cortical loss from ischemia 
[ 46 ]. Percutaneous angioplasty should be per-
formed by experienced interventionalists. With 
angioplasty, the vessel wall collagen webs are dis-
rupted with the goal of reduced luminal narrowing 
and turbulence of blood fl ow. Experience is needed 
to determine the force and degree of dilatation 
required to adequately disrupt the fi brosis without 

rupturing the vessel. The technical aspects of 
endovascular treatment of FMD have been 
reviewed elsewhere [ 47 ]. In cases with multiple 
webs across a long segment of the vessel, multiple 
areas need to be treated. A common cause of poor 
response is inadequate treatment of the lesion. 
Angiographic visual inspection alone is not ade-
quate to determine procedural success and is a 
poor surrogate for assessing the hemodynamic sig-
nifi cance of lesions in FMD [ 48 ]. Finally, the rate 
of restenosis following endovascular treatment of 
renal artery FMD may be as high as 34 % (range 
7–34) and may require repeat intervention. In a 
meta-analysis of treatment outcomes in FMD, the 
string of beads angiographic phenotype associated 
with medial hyperplasia had a worse response to 
intervention than non- medial disease [ 49 – 55 ]. 
This refl ects the diffi culty in determining hemody-
namic signifi cance of the angiographic abnormal-
ity in this disease where multiple areas of webbing 
and stenosis are present, the risk of insuffi cient 
treatment in this setting, as well as possible reste-
nosis post-angioplasty.  

    Indications for Stents or Surgery 
in Renovascular Fibromuscular 
Dysplasia 

 Renal artery stenting in FMD is reserved for 
treating complications of angioplasty such as 

   Table 2.5    Considerations in imaging renal artery fi bromuscular dysplasia   

 Imaging modality  Advantages  Disadvantages 

 Angiography  “Gold standard”  Invasive 
 Can do IVUS and measure  Radiation   ++ a  
 Systolic pressure gradient  Contrast++ 

 Computed tomographic angiography  Excellent imaging sensitivity and 
specifi city 

 Radiation+++ 
 Contrast+++ 

 Magnetic resonance angiography  Gadolinium vs. iodinated contrast; 
no radiation 

 Limited visualization of distal and 
branch vessels 
 Breathing and movement artifacts 

 Duplex ultrasonography  Inexpensive  Thresholds for hemodynamic 
signifi cance unclear for FMD of 
various type 
 Miss accessory and distal and branch 
vessel disease 

  + to +++ refer to the amount of contrast or radiation exposure 
  a Refers to radiation exposure during angiography, which depends upon the duration of the fl uoroscopic procedure  
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rupture or dissection of the renal artery [ 56 ]. 
Covered stents have also been used in cases with 
aneurysms to exclude the neck of the aneurysm 
from the renal circulation either prophylactically 
or in the setting of acute rupture. 

 Traditional indications for surgical approach 
to FMD include the presence of large renal artery 
aneurysms at locations not amenable to endovas-
cular treatment with covered stents and resistant 
or complex stenoses which have failed endovas-
cular approaches.   

    Treatment Outcomes 

 Favorable outcomes in terms of improvement or 
cure of hypertension are reported in 75–90 % of 
series. Technical success is common ranging 
from 68 to 100 % with the caveat that success is 
often defi ned by post-treatment angiographic 
visual inspection. A recent meta-analysis of 70 
series reporting outcomes on 1,616 patients with 
FMD treated by PTRA and 1,014 treated surgi-
cally identifi ed signifi cant variability among 

reports in terms of defi nition of cure or improve-
ment. Overall, the cumulative cure rate across 
studies was 45.7 % and improvement 86.4 % for 
patients treated by PTRA, with wide variability 
(Fig.  2.6 ). When the defi nition of cure used was 
blood pressure <140/90 on no medications, the 
cure rate for angioplasty is only 36 % and for sur-
gical revascularization 55 % [ 57 ]. Signifi cant 
factors predicting cure of hypertension include 
age at treatment, duration of hypertension and 
publication year, with later publications having 
lower cure rates (Fig.  2.7 ). In cases of unilateral 
FMD, a high negative predictive value of a cap-
topril renogram has been reported [ 56 ]. The low 
cure rate reported has been attributed to the like-
lihood of nonhemodynamically signifi cant 
lesions coexisting with essential hypertension, 
inadequate treatment of all signifi cant areas, and 
restenosis. In one series of 35 older than average 
(mean age 61.9 years) patients with FMD treated 
with angioplasty and followed for a mean of 4.8 
years, freedom from recurrent hypertension was 
seen in 93, 75 and 41 % at 1, 5 and 8 years respec-
tively [ 58 ]. Analysis of outcomes in surgically 
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  Fig. 2.6    Meta-analysis of hypertension cure rates following angioplasty (Adapted with permission from Trinquart 
et al. [ 57 ])       
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treated patients showed similar variability in defi -
nition of hypertension cure and improvement, an 
overall cure rate of 57.5 % and combined cure 
and improvement of 88.3 % [ 20 ,  56 ,  59 – 67 ].

        Complications of Renal 
Interventions 

 Complications of interventions to treat FMD 
occur in 12 % treated by endovascular approaches 
(range 0–48 %) with about half of these major 
complications. Analysis of complications among 
patients treated surgically was 17 % with a range 
of 5–28 %. These were predominantly major 
complications. Mortality related to treatment has 
been reported as 0.9 % following angioplasty and 
1.2 % for surgery.  

    Summary: Management of Patients 
with Renovascular Fibromuscular 
Dysplasia 

 Patients with FMD in the renal arteries and hyper-
tension should be treated medically with agents 
which block the renin-angiotensin system. Those 
younger in age, with short duration of hyperten-

sion, resistant hypertension, medical intolerance 
or noncompliance should be evaluated as candi-
dates for PTRA. Patients older or with longer 
duration of hypertension should be counseled as 
to the risks of PTRA and the potential for 
improved hypertension control on fewer medica-
tions in order to make informed decisions regard-
ing whether to embark on endovascular therapy. 
When PTRA has been performed, the re- 
occurrence of hypertension should prompt clini-
cians to consider repeat angiography with a view 
to assessment for inadequate treatment or recur-
rent stenosis requiring further endovascular or 
surgical therapy. When renal artery aneurysms are 
present, the risk/benefi t ratio of conservative sur-
veillance vs. either endovascular therapy with a 
covered stent or surgical repair should be under-
taken. Women of childbearing age with renal 
artery aneurysms who plan future pregnancy 
should be treated before pregnancy. Patients with 
symptoms of pulsatile tinnitus, headaches, or 
other transient neurologic symptoms should 
undergo screening for the presence of intracranial 
or extracranial cerebrovascular involvement with 
FMD or aneurysms. Since the natural history of 
FMD is not fully elucidated, patients with FMD 
identifi ed in any vascular territory should be fol-
lowed long-term and screening imaging should be 
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  Fig. 2.7    Relationship between probability of hyperten-
sion cure and treatment age and vintage. meta-regression 
analyses assessing the relationship between the 

 hypertension cure rate after angioplasty and mean age at 
treatment, publication year (Adapted with permission 
from Trinquart et al. [ 57 ])       
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performed based on clinical symptoms and course 
of blood pressure control. The ideal screening test 
will need to be patient specifi c; for some, repeat 
angiography will be required, for others, CTA 
may be able to identify new or recurrent stenoses; 
duplex ultrasound should be checked post-proce-
dure in patients as a potential noninvasive func-
tional test of recurrent stenosis [ 56 ].  

    Segmental Arterial Mediolysis 

 Segmental arterial mediolysis (SAM) is a rare 
vascular disorder presenting as hemorrhagic 
infarctions in the kidney, or sometimes cata-
strophic hemorrhages in the brain, abdominal 
cavity or retroperitoneum. In this disorder, medi-
olysis results from disruption of smooth muscle 
cell membrane by cytoplasmic vacuoles which 
usually involves segments of the arterial medial 
wall. These lesions can result in aneurismal dila-
tations initially and then luminal irregularities 
during the later healed phase. The segmental 
nature of the disorder can lead to a sting of beads 
appearance not unlike that of FMD due to inter-
vening normal segments of artery. Dissections 
and thromboses of vessels may ensue. Most 
often, it is a time limited disease occurring at one 
point in time usually involving one vascular terri-
tory. The reparative vascular sequelae may 
remain long-term, including aneurysms and 
luminal abnormalities. Slavin et al. have pro-
posed that subclinical presentations of SAM may 
account for later development of FMD, that in 
some cases this disorder may evolve into FMD or 
isolated aneurysms [ 68 ,  69 ]. The renal arteries 
are not uncommonly involved with SAM and 
gross hematuria due to renal infarction has also 
been reported. Angiographically, SAM can 
mimic polyarteritis nodosa.     
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        Introduction 

 In addition to the fi bromuscular dysplasias, reno-
vascular hypertension can be caused by congenital 
abnormalities of vascular development and infl am-
matory disorders affecting the aorta and renal 

arteries. The most common cause of congenital 
renovascular hypertension is coarctation of the 
aorta. Takayasu arteritis is the most common 
infl ammatory disorder affecting the aorta and renal 
arteries. This chapter will provide an overview of 
vascular morphogenesis and angiogenesis as a 
background for discussion of the major congenital 
and infl ammatory arteritides. We emphasize pro-
totypical disorders that cause renovascular hyper-
tension, aortic coarctation, Takayasu arteritis, 
renal artery aneurysms, and radiation arteritis.  

    Normal Vascular Development 

 Arterial development during embryogenesis 
occurs by vasculogenesis followed by angiogene-
sis. Vasculogenesis involves the differentiation of 
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endothelial cells from mesodermal cells to form a 
primary vascular plexus in the yolk sac. Endothelial 
cells derived from the paraxial mesoderm migrate 
to colonize cephalic vessels, vessels of the dorsal 
aorta, kidneys, limbs and body wall. Endothelial 
cells from the splanchnopleural mesoderm migrate 
to colonize the vessels of the visceral organs, and 
fl oor of the dorsal aorta. A subgroup of neural 
crest cells differentiates to form a mass of vascular 
smooth muscle cells responsible for the branch 
development of the carotids, subclavians, ductus 
arteriosus, and pulmonary arteries [ 1 ]. 

 Angiogenesis involves a cascade of temporally 
and spatially overlapping events to meet the meta-
bolic demands and oxygen needs of tissues and 
organisms. Normal vascular development involves 
coordination of a number of events from endothelial 
cell activation, proliferation and migration of a vari-
ety of cell types, to tube formation, branching, 

 pruning, and distal anastomoses. Growth of vessels 
is led by specialized endothelial cells called tip cells 
which, via extensions known as fi lopodia, respond 
to ambient levels of vascular endothelial growth fac-
tor (VEGF) released by developing tissues under 
hypoxic conditions associated with increasing meta-
bolic demand. The development of the vessel lumen 
and its diameter is determined by endothelial cell 
proliferation in response to local VEGF concentra-
tions along with other regulatory factors [ 1 ] 
(Fig.  3.1 ). Normal expression of VEGF is critical to 
aortic development and VEGF allele knockout in 
mice leads to abnormal aortic development [ 2 ]. A 
process known as intussusceptive branching remod-
eling is responsible for the development of highly 
reproducible, organ-specifi c branching patterns. 
Regulatory factors and hemodynamic factors 
including blood fl ow and shear stress induced angio-
genic signals mediate this process [ 3 ] (Fig.  3.2 ).

VEGFR-2 VEGFR-2 VEGF
Neuropilins
Hedgehog
Fibronectin
avβ3 integrin
VE-cadherin

PDGF-B
TGFβ-1
Ang-1/Tie-2
N-cadherin
Connexins

TGFβ-1
Eph-B2
Eph-B4
NRP-1
NRP-2
Notch

VEGF-2
VEGF

Smooth muscle cell
recruitment and differentiation

Pericyte recruitment
and differentiation

Mesoderm Angioblasts

Endothelial cell tube

Arteriols and Venules Capillary

  Fig. 3.1    Schematic of processes and factors involved in 
vascular morphogenesis. Vascular morphogenesis involves 
the recruitment and differentiation of cells from the meso-
derm to form endothelial cell tube with subsequent recruit-
ment of pericytes and smooth muscle cells involved in 
creating structural support and development of the vascu-
lar lumen. These processes are regulated by a number of 

sequential and overlapping regulatory processes mediated 
by fi broblast growth factor ( FGF ), vascular endothelial 
growth factor ( VEGF ), vascular endothelial ( VE ) and N–
cadherin, platelet derived growth factor ( PDGF ), trans-
forming growth factor-β ( TGF-ß ), angiopoietin-1 ( Ang-1 ), 
( Tie-2 ), ephrins ( Eph ), Notch, neurophilins ( NRP ) and oth-
ers (Adapted with permission from Ribatti et al. [ 1 ])       
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  Fig. 3.2    Schematic diagram of sequence of vascular morphogenesis (Adapted with permission from Roca and Adams [ 120 ])       
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    Embryologic development of the aorta origi-
nates from the truncus arteriosus, which ends in 
the aortic sac. Paired aortic arch arteries arise 
from the aortic sac and lead to paired dorsal 
aortas which fuse during the fourth week of 
gestation. These six paired aortic arches con-
necting the ventral and dorsal aortae give rise 
to the aortic arch and its major branch vessels 
[ 4 ] (Fig.  3.3a–c ). VEGF signaling directs the 
migration of cells to populate these vessels. 
In addition to VEGF, a number of factors and 
regulatory pathways have been shown to be 
essential to normal vascular morphogenesis and 
remodeling. Among these, the Notch pathway 
includes a set of transmembrane ligands and 
receptors which participate as mediators of the 
differentiation of neural crest cells into vascular 
smooth muscle cells during the formation of the 
aortic arch. VEGF has been shown to induce the 
expression of both Notch ligand and receptors 
including Delta-like (D) and Jagged receptors, 
which, via cell-cell interactions, result in down-
stream effects regulating cell differentiation, 
arteriovenous specifi cation, and homeostasis 
of vasculature in development and maturity 
(Fig.  3.4 ). Abnormal Notch signaling has been 
implicated as a cause of the very common con-
genital abnormality, patent ductus arteriosum, 
as well as the rare Alagille syndrome, a heri-
table multisystem disease characterized by bile 
duct insuffi ciency and cardiovascular abnor-
malities including coarctation of the aorta. In 
Alagille syndrome, defects in the Notch recep-
tor Jagged 1 explain 95 % of cases [ 5 ].

    The causes of most congenital and developmen-
tal vascular anomalies in humans are still unclear. 
A better understanding of the processes determin-
ing normal vascular development and homeostasis 
will likely improve our understanding of the patho-
genesis of developmental abnormalities of the 
aorta and renal arteries. The long term goal of these 
efforts would be to impact the management of 
renovascular hypertension and its resultant cardio-
vascular morbidity and mortality.  

    Congenital Arteritides of the Aorta 
and Renal Arteries 

    Coarctation of the Aorta 

 Coarctation of the aorta is a congenital defor-
mity of the aortic media and intima at the seg-
ment of aorta between the origin of the left 
subclavian artery and the ductus arteriosus. The 
coarctation is due to an obstructing membrane 
opposite the ductus or ligamentum arteriosum 
which results in narrowing of the lumen of the 
aorta at this site, medial retraction of the lesser 
curvature of the aorta, and often secondary dila-
tation of the arch (Fig.  3.5 ). Rarely, infants can 
present with pre- ductal coarctation and adults 
with post-ductal coarctation. Coarctation may be 
associated with aneurysms near the site of 
coarctation.

   Localized aortic coarctation is often present 
independent of other congenital cardiac anom-
alies. However, a recent report of over 500 
pediatric and adult patients with coarctation 
of the aorta screened with magnetic resonance 
imaging (MRI) and chart review identifi ed 
concomitant cardiac abnormalities in 83 % of 
cases. The most common associated anomaly 
is the presence of a bicuspid aortic valve pres-
ent in 59.6 % of this cohort with a range in 
the literature of 23–85 % of coarct cases [ 6 ]. 
Patent ductus arteriosus has been reported in 
15–34 % of patients with coarctation. Eleven 
percent of infants with coarctation have a VSD. 
Other cardiac anomalies seen in patients with 
coarctation include subaortic stenosis, arch 
hypoplasia, quadricuspid aortic valves with 
regurgitation, transposition of the great vessels, 
aberrant subclavian artery and other arch ves-
sel anomalies, left superior vena cava, mitral 
valve abnormalities, double outlet right ven-
tricle, and atrial and ventricular septal defects, 
among others. This supports the concept that 
coarctation represents a diffuse developmental 
vascular disorder.  
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  Fig. 3.3    ( a – c ) Formation of the aortic 
arch and major branches from arch 
vessels (Adapted with permission 
from Barry [ 121 ])       
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    Etiology 

 The cause of coarctation is an area of contro-
versy. The fi brous tissue from the ligamentum 
arteriosum extends into the aorta. Based on this 

anatomic observation, one theory regarding 
coarctation is that stricture and closure of the 
ductus arteriosum results in tethering or kinking 
of the aorta at this site. Arguments against this 
concept include the location of the fi brous ridges 

Defective aorta, AV shunt
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Disrupted circulation
Defective AV marker expression

Increased sprouting/defective tubulogenesis
Altered expression/activation of VEGFR

Angioblasts

Assembly
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Arterialvenous
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of flow direction
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  Fig. 3.4    Role of Notch in the normal and abnormal 
development of the dorsal aorta the Notch pathway is 
critical for normal formation of the dorsal aorta and cir-
culatory connections. In zebrafi sh and mice, mutations 

in the Notch pathway result in abnormal branch pattern-
ing leading to abnormalities in circulation and blood 
fl ow (Adapted with permission from Roca and Adams 
[ 120 ])       
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in coarctation on the opposite wall of the aorta 
from the ligamentum arteriosum [ 7 ]. The second 
theory derives from our understanding of the 
importance of hemodynamics and blood fl ow on 
normal vascular morphogenesis as discussed pre-
viously. Abnormalities in blood fl ow during fetal 
development may impede the normal process of 
intussusceptive branching remodeling and lead to 
luminal abnormalities. In addition, gene dele-
tions which might infl uence early fetal angiogen-
esis have been implicated in abnormal fetal aortic 
development based on animal studies. Syndromic 
and genetic disorders associated with coarctation 
of the aorta support the idea that coarctation 
likely represents the fi nal outcome of a variety of 
mishaps which can occur in the complex process 
of normal aortic development [ 8 ].  

    Epidemiology 

 Partly because of advances in the management of 
patients with congenital heart disease, the 
American College of Cardiology and American 
Heart Association estimate that 1 in 150 adults 
over the next decade will have congenital heart 

disease. Coarctation of the aorta accounts for 
5–10 % percent of all congenital cardiovascular 
abnormalities. The prevalence of coarctation is 1 
in 2,500 births or 1 in 1,550 as reported from 
autopsy studies [ 9 ]. It is more common in whites 
than other races and has a 2:1 male to female 
predilection. Most cases of coarctation are 
thought to be sporadic. However, familial cases 
have been reported [ 10 ]. One study reported a 
fi vefold increase in bicuspid aortic valves in fi rst 
degree relatives of patients with coarctation and 
a 4 % incidence of congenital heart disease 
among offspring [ 11 ]. This supports the concept 
of genetic determinants of coarctation. The con-
genital and genetic syndromes which are associ-
ated with coarctation of the aorta are listed in 
Table  3.1 .

       Clinical Presentations 

 Coarctation of the aorta accounts for one third of 
hypertension in neonates and infants. In neo-
nates, coarctation may go unnoticed during the 
fi rst 7–10 days of life until closure of the patent 
ductus arteriosus which occurs in healthy infants 
between 48 and 96 h after birth [ 12 ]. A murmur 

  Fig. 3.5    Schematic representation of aortic coarctation 
drawing demonstrating the most common location of aor-
tic coarctation at the level of The ligamentum arteriosum. 
Dilated collateral intercostal vessels are demonstrated on 
the right side of the fi gure (Adapted with permission from 
Brickner [ 51 ])       

   Table 3.1    Congenital and genetic disorders associated 
with aortic coarctation   

 Bicuspid aortic valve 
 Intracranial aneurysms 
 Alagille’s syndrome 
 Turner syndrome 
 Williams syndrome 
 Dandy-Walker Malformation 
 Trisomy 13,18, 21 
 Shone complex 
 Noonan syndrome 
 Sturge-Weber syndrome 
 Scimitar syndrome 
 PHACE syndrome 
 Neurofi bromatosis 
 CHARGE condition 
 Phenylketonuria 
 Andersen’s syndrome 
 Mutations in KCNJ2 inward-rectifying potassium 
channel Kir2.1 
 In utero exposure to teratogens: arsenic, budesonide, 
anti-epileptic medications 
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will be heard best over the posterior thorax. 
Hypertension may be mild. Cyanosis most nota-
ble in the lower extremities will be evident. When 
the patent ductus closes, the presentation may 
change dramatically. Because of inadequate time 
for collateral development, the infant will become 
more acutely hypertensive and display signs and 
symptoms of hypoxia and or hypoperfusion. 
Commonly, poor feeding with associated grunt-
ing, chest retractions, and diaphoresis with effort 
will be observed. Overt left sided congestive 
heart failure may develop due to the high after 
load presented by the coarctation. Peripheral cya-
nosis due to hypoperfusion below the coarct may 
be evident and more profound vascular insuffi -
ciency can result in renal failure or ischemic 
bowel evolving to necrotizing enterocolitis. 
Common physical examination fi ndings and clin-
ical presentations in neonates with coarctation 
are listed in Table  3.2 .

   Only 35 % of isolated coarctation cases 
 present during the fi rst year of life [ 13 ]. 
Coarctation may go undiagnosed in infancy par-
ticularly when there is a milder degree of aorta 
narrowing and better fetal collateral develop-
ment. Hypertension is present in up to 90 % of 
cases identifi ed in childhood. However, it can 
come to clinical attention because of cardiovas-
cular sequelae such as aortic dissection or  rupture, 

as listed in Table  3.3 . Differential arm and leg 
blood pressures, defi ned as a greater than or equal 
to 20 mmHg difference, is present in only 39 % 
of cases of coarctation. More sensitive physical 
examination fi ndings include a radial-femoral 
pulse delay and differential in pulse oximetry 
saturation between fi ngers and toes.

   Because of extensive collateral development 
and increased fl ow in intercostal arteries, adults 
with coarctation may have palpable pulses in the 
intercostal spaces. This dilatation of the collaterals 
may present incidentally as a radiographic fi nding 
of notching of the ribs where the dilated vessels 
over time have affected rib cortical contour. Other 
plain fi lm clues to coarctation include the “classic 
3” sign of the confi guration of the aortic region, an 
“E sign” esophagram, and in infants, cardiomegaly 
and pulmonary congestion. Murmurs of coarcta-
tion may be absent in up to 50 % of children and 
adults. When present, the murmur is heard best in 
the left sternal area and radiates to the posterior 
thorax at the mid- scapular region. The quality of 
the murmur is usually harsh, loud, and blowing and 
may extend into diastole because of continuous 
fl ow in the aorta. Patients may have carotid bruits 
due to high fl ows. A report from the Mayo Clinic 
found a fi vefold increase in cerebral aneurysms 
among 100 adults with coarct compared to age 
matched healthy adults [ 14 ]. Therefore the authors 
recommended that these patients be screened for 
the presence of cerebral aneurysms with computed 
tomographic angiography (CTA) or MRA [ 15 ].  

   Table 3.2    Clinical presentation and physical fi ndings in 
infants with coarctation   

 Hypertension with differential arm and leg blood 
pressure 
 Lower body cyanosis 
  Diminished femoral pulses 
  Differential pulse oximetry 
 Congestive heart failure 
  Tachypnea 
  Respiratory grunting 
  Diaphoresis with effort, feeding 
  Hypoxia 
 Cardiac examination abnormalities 
  Precordium visibly active 
  Left ventricular heave 
  Interscapular posterior thoracic murmur 
 Shock 
 Necrotizing enterocolitis 

   Table 3.3    Cardiovascular complications of coarctation 
in adults and older children   

 Renovascular hypertension 
 Aortic dilatation and rupture 
 Aortic dissection 
 Aortic insuffi ciency 
 Left ventricular hypertrophy 
 Congestive heart failure 
 Myocardial infarction 
 Claudication 
 Cerebral and intracranial aneurysms 
 Cerebral hemorrhage 
 Ischemic stroke 
 Infective endocarditis 
 Necrotizing enterocolitis/ischemic bowel 
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    Diagnostic Testing 

 In neonates and infants, the diagnostic screening 
test of choice is echocardiography with doppler 
fl ow analysis and special attention to the aortic arch 
[ 16 ]. Measurement of the diameter at the isthmus in 
comparison to the diameter of the arch of the aorta 
and the descending aorta may provide improved 
diagnostic accuracy as a refl ection of pre- and post-
coarctation dilatation. Lu et al. found that the com-
bination of arm differential blood pressures along 
with visualization of a posterior shelf and a low 
ratio of the diameters of the isthmus to descending 
aorta of <0.6 provided a sensitivity and positive pre-
dictive value of 91.7 % for the presence of coarcta-
tion and a negative predictive value of 99.3 % [ 17 ]. 
Fetal ultrasound may detect coarctation in up to 
71 % of cases. Findings on prenatal echocardiogra-
phy suggestive of coarctation include disproportion 
between the right and left ventricles and, in severe 
coarctation cases, disproportion of the sizes of the 
aorta and pulmonary artery [ 18 ]. Limitations of 
echocardiography include operator dependency, 
obstacles presented by chest wall deformities, and 
variable image quality based on equipment. 

 The gold standard for evaluation of coarctation 
of the aorta in children and adults is arteriography 
[ 19 ]. However, because of the invasive risks of 
angiography, computed tomographic angiography 
(CTA) and magnetic resonance angiography 
(MRA) or the aorta are more often used and pro-
vide excellent diagnostic accuracy. CTA requires a 
large contrast load and radiation exposure. The use 
of MRA and clinical assessment has been shown to 
be more cost-effective than CTA in the diagnosis of 
coarctation [ 20 ]. Since movement and breathing 
can cause motion artifacts, MRA performed in chil-
dren may require anesthesia. Emerging techniques 
using three-dimensional, time-resolved, and three-
directionally velocity-sensitive MRI have been able 
to detect hemodynamic alterations and wall shear 
stresses at the site of coarctation or repair and up 
and down-stream from the stenosis. Using MRA 
acquired velocity data, this technology allows for 
accurate derivation of the pressure gradient across 
the coarctation segment [ 21 ,  22 ]. MRI imaging in 
patients with coarctation should include evaluation 
of the arch, lower aorta and the heart and mediasti-

nal vessels to screen for other associated abnormal-
ities. Figure  3.6  shows an MRA on a 32 year-old 
adult female with late diagnosis of coarctation 
associated with an adjacent aneurysm.

       Treatment of Coarctation in 
Neonates and Infants 

 Untreated, patients with coarctation of the aorta 
generally do not survive beyond the age of 50 
years. The most common causes of death include 
ischemic stroke, intracranial hemorrhage, myo-
cardial infarction, congestive heart failure, aortic 
rupture or dissection, and other complications. 
Neonatal aortic coarctation is most often surgi-
cally treated urgently or within the fi rst 3 months 
of life. Since catastrophic events can occur 

  Fig. 3.6    Magnetic resonance image of aortic coarctation 
this magnetic resonance angiogram demonstrates aortic 
coarctation in a 32 years old woman with renovascular 
hypertension. There is a large aneurysm adjacent to the 
area of coarctation fed by collateral intercostal vessels 
which are markedly dilated       
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 following closure of the patent ductus arteriosus, 
attempts to maintain ductus patency and relax the 
area of coarctation with administration of prosta-
glandin E1 can sometimes stabilize the clinical 
picture before surgery and allow time for prepara-
tions for surgery. This is less effective beyond 2–4 
weeks of life. The preferred surgical approach, 

when feasible, is resection of the stenotic segment 
with end-to-end aortic anastomosis [ 23 – 25 ]. 
Aortic bypass graft insertion may be needed when 
the stenotic segment is too long for end-to end 
closure. The types of surgical repair of coarctation 
are shown schematically in Fig.  3.7 . Complications 
of surgical coarctation repair include restenosis, 

Resection with end-to-end repair Patch aortoplasty

Subclavian flap Dacron tube replacement

  Fig. 3.7    Schematic diagram of surgical approaches to aortic coarctation (Adapted with permission from Morris [ 7 ] 
Chap. 276)       
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the development of aneurysms at the site of repair, 
and the rare occurrence of paralysis due to disrup-
tion of spinal perfusion [ 7 ].

       Treatment in Older Children 
and Adults 

 Indications for treatment of coarctation in adults 
as defi ned by the American College of Cardiology/
American Heart Association (ACC/AHA) in 2008 
include an angiographically determined peak sys-
tolic pressure gradient across the coarct of at least 
20 mmHg, or a gradient less than 20 mmHg asso-
ciated with imaging evidence of coarctation and 
the presence of signifi cant collateral fl ow [ 26 ]. 
Guidelines from the European Society of 
Hypertension published in 2010 defi ned indica-
tion for intervention as arm and leg blood pressure 
difference of at least 20 mmHg determined nonin-
vasively associated with upper limb hypertension 
defi ned as blood pressure greater than 140/90, 
pathologic blood pressure response to exercise, or 
the presence of left ventricular hypertrophy [ 27 ]. 
These guidelines are summarized in Table  3.4 .

   The ACC/AHA guidelines recommend that the 
choice of treatment of coarctation with surgery 
versus percutaneous catheter interventions should 
be determined following multispecialty consulta-
tion with a team of cardiologists, interventionalists, 

and surgeons specializing in the treatment of adult 
congenital heart diseases. There are currently 
insuffi cient data guiding the optimal therapeutic 
approach in patients with coarctation [ 28 ]. 
Endovascular repair has become the preferred 
approach to treatment of older children and adults 
with coarctation and has a lower risk of paralysis 
and complications compared to surgery. Balloon 
angioplasty alone provides good short term results 
but with the disadvantage of restenosis rates as 
high as 50 % [ 29 ]. Predictors of poor outcome after 
balloon angioplasty include residual post-proce-
dure systolic pressure gradient across the lesion, 
diameter of the aortic isthmus, and concomitant 
aortic hypoplasia. In addition, there is a signifi cant 
risk of later development of aneurysms at the site 
of angioplasty. Therefore, aortic stenting is the pre-
ferred endovascular approach to both native and 
recurrent coarctation in older children and adults 
[ 30 ]. The mean age of patients who have under-
gone correction of coarctation using balloon-
expandable or self-expanding bare metal stents 
varies from 19 to 33 years, with a range from 4 to 
49 years in published series [ 31 ]. Limitations of 
primary stenting for the treatment of aortic coarcta-
tion in smaller children are based on the limits 
of expandable stents to address the continued 
growth of the aortic lumen. In addition, primary 
stenting requires a large sheath with potential for 
vascular damage. The stent alters distensibility and 

   Table 3.4    Guidelines: indications for the treatment of coarctation in adults   

 Indication  Class  Level 

  American College of Cardiology/American Heart Association  
 Peak-peak coarct gradient ≥20 mmHg  I  C 
 Peak-peak coarct gradient <20 mmHg in the presence of anatomic imaging evidence of 
signifi cant coarct with radiologic evidence of collateral fl ow 

 I  C 

  European Society of Cardiology      
 Non-invasive pressure difference >20 mmHg between upper and lower limbs, regardless of 
symptoms but with upper limb hypertension (>140/90 mmHg in adults), pathological blood 
pressure response during exercise, or signifi cant LVH  

 I  C 

 Independent of the pressure gradient, hypertensive patients with ≥50 % aortic narrowing 
relative to the aortic diameter at the diaphragm level (on CMR, CT, or invasive angiography)  

 IIa  C 

 Independent of the pressure gradient and presence of hypertension, patients with ≥50 % 
aortic narrowing relative to the aortic diameter at the diaphragm level (on CMR, CT, or 
invasive angiography) 

 IIb  C 

  Adapted with permission from Warnes et al. [ 26 ] and Baumgartner et al. [ 27 ]  
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compliance of the proximal aorta. Often, based on 
the degree of aortic stenosis at the site of coarcta-
tion, staged procedures are required which include 
both pre-dilation before stenting and subsequent 
repeated balloon dilatations. There are currently no 
stents approved by the FDA for the treatment of 
coarctation. Ideally, a stent used to treat coarct 
would be self- expanding within the range of 
growth of the aorta from childhood to adult size. 
There is an ongoing prospective single arm trial 
evaluating the effectiveness and safety of the 
Cheatham-Platinum stent used widely outside of 
the United States [ 32 ]. Antiplatelet therapy is rec-
ommended for 3–6 months following endovascu-
lar placement of an aortic stent, usually as dual 
therapy with both aspirin and clopidogrel, until 
endothelialization is complete [ 33 ]. 

 Historically, complications of endovascular 
repair of coarctation were reported in as many as 
35 % of cases and included ruptured balloons, 
stent migration, aortic intimal tears, dissections, 
femoral artery pseudoaneurysm formation, athe-
roembolism, and stroke, with death reported 
infrequently [ 34 ]. However, complication rates 
have decreased over the past decade. The 
Congenital Cardiovascular Study Consortium 
published comparative outcomes on over 350 
patients from 36 institutions treated for coarcta-
tion between 2002 and 2010. The early compli-
cation rate in the subgroup of 217 patients with 
mean age 16.6 years treated by percutaneous 
angioplasty or stenting was only 9.8 and 2.3 %, 
respectively. Late complications, including dis-
section, aneurysm development, and restenosis 
occurred in 43.8 % of angioplasty cases but only 
12.5 % of stented cases. Older age at time of 
repair is associated with higher complication 
rates [ 35 ]. 

 Though surgical repair of coarctation is 
associated with higher complication rates, it is 
still indicated for elongated descending aortic 
stenosis and complex lesions including aneu-
rysms. Among 72 patients treated surgically, 
the Consortium reported restenosis or late 
aneurysm development in 25 % [ 35 ]. Surgical 
mortality rates have also improved, reported at 
less than 1 %. Morbidity includes early post-
operative paradoxical hypertension syndrome, 

phrenic nerve paralysis, laryngeal nerve paraly-
sis, subclavian steal, and, rarely, spinal cord 
ischemia with paraplegia and mesenteric isch-
emia [ 36 ]. 

 The ideal medical treatment prior to repair of 
coarctation is based entirely on expert opinion 
[ 26 ,  37 ]. Medical treatment of the hypertension 
associated with coarctation prior to defi nitive 
endovascular or surgical treatment should include 
beta-blockers which reduce the force experienced 
by the ascending aorta before the coarctation, and 
blockade of the renin-angiotensin-aldosterone 
system with close attention to renal function 
and peripheral perfusion. Pregnancy in female 
patients with coarctation of the aorta is associ-
ated with a high risk of pregnancy associated 
hypertension reported in up to 24 % of cases. In 
addition, women with a diagnosis of coarctation 
were more likely to have adverse cardiovascular 
outcomes after pregnancy, delivery by caesarean 
section, longer hospital stays and incur greater 
cost of hospitalization [ 38 ]. Yet, patients with 
residual arm-leg pressure gradients less than 
20 mmHg usually fare well during pregnancy, 
can be delivered safely vaginally, and have out-
comes similar to women without coarctation. 
For female patients during pregnancy in whom 
angiotensin-converting enzyme inhibitors are 
contraindicated, beta blockers such as labetolol 
can be used to manage hypertension associated 
with coarctation.  

    Treatment Outcomes 

 There is a high rate of cure of hypertension fol-
lowing surgical and endovascular repair of 
coarctation of the aorta. Success rates range 
between 69 and 80 % depending on patient age 
at follow- up. Patients treated surgically at a 
young age have the greatest chance of cure with 
those treated between the ages of 2 and 9 years 
having the same age-related incidence of devel-
oping late hypertension as the general population 
[ 39 ]. Early repair is associated with better blood 
pressure and vascular outcomes. The prevalence 
of late hypertension among patients treated for 
coarctation relates directly to the age of repair 
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and has been reported as 7 % among infants 
repaired in the fi rst year of life, 16 % among 
those repaired at a mean of 8 years of age, and 
48 % for adults treated at a mean of 35 years of 
age [ 40 ]. The development of hypertension in a 
patient treated for coarctation should prompt a 
search for restenosis. Yet, even in the absence of 
recurrent stenosis, coarctation of the aorta is 
associated with a high risk of hypertension at 
long-term follow-up with 30 % of those treated 
in infancy developing hypertension in adoles-
cence and up to 55 % of patients having hyper-
tension in mid-life. Risk factors include not only 
age at treatment of coarctation, use of prosthetic 
material in the repair, residual brachial-ankle 
blood pressure differences, and age at follow-up 
[ 41 ]. 

 The pathophysiology of late hypertension 
among patients treated for coarctation is thought 
to relate to either inborn or acquired aortic non-
compliance due to a number of factors, including 
contributions from reduced barorector sensitivity 
in the aortic arch, increased after load and aortic 
stiffness, abnormalities in aortic geometry, and 
early renal injury with sustained activation of the 
renin-angiotensin-aldosterone system [ 42 ]. The 
type of surgical repair infl uences the develop-
ment of late hypertension, with the requirement 
for prosthetic grafts conferring higher risk [ 43 ]. 
Hypotheses regarding the mechanism explaining 
differences in outcome include residual aortic 
stiffness, impaired elastic properties of the aorta, 
collagen deposition in adjacent aortic segments, 
and higher gradients at the aorta-graft anastomo-
ses [ 44 ,  45 ]. 

 Pulse wave velocity measurements in patients 
following treatment for coarctation usually dem-
onstrate abnormalities in upper but not lower 
limbs. Studies of endothelial function in patients 
treated for coarctation demonstrate impaired 
 vascular reactivity and mechanical properties as 
measured by fl ow mediated dilation especially in 
upper extremity conduit arteries [ 46 ]. This usu-
ally occurs independent of the timing of repair, 
suggesting impaired vascular function is deter-
mined early by abnormal hemodynamics or 
more diffuse vascular abnormalities in the vas-
culature. Similar fi ndings of arterial stiffness 

have been reported in normotensive adults who 
underwent childhood surgery for coarctation. In 
one cohort of adults (mean age 30 years), higher 
pulse wave velocity augmentation indices and 
abnormal fl ow mediated vasodilatation were 
present independent of the time interval from 
coarctation surgery [ 47 ]. Abnormal baroreceptor 
sensitivity has also been reported in infants with 
coarctation as compared to healthy controls [ 42 , 
 48 ,  49 ] However, in one study pulse wave veloc-
ity was found to be normal in infants treated 
before 4 months of age yet elevated in patients 
treated later in infancy [ 50 ]. 

 Treatment of coarctation improves survival 
but it remains below expected for age. The sur-
vival among children followed for 22 years and 
adults followed 6.8 years after repair of coarcta-
tion is over 87 %. Survival is best in patients 
treated before the age of 10 years. The relation-
ship between age at treatment and survival sug-
gests that those treated after the age of 40 have a 
50 % 15 year survival and those treated between 
the ages of 20 and 40 have an expected 25 year 
survival of 75 % [ 51 ,  52 ]. These patients are at 
higher risk than the general population for a num-
ber of cardiovascular complications including 
restenosis at the level of the coarct segment, aor-
tic aneurysm formation, aortic dissection, proxi-
mal aortic dilatation, cerebrovascular accidents 
premature atherosclerosis, endocarditis and aor-
tic valve stenosis.  

    Post-coarctectomy Hypertension 
Syndrome 

 A syndrome of post-operative hypertension can 
occur within the fi rst 2 days following repair 
of aortic coarctation. The pathophysiology is 
thought to involve activation of both the sympa-
thetic nervous system and the renin-angioten-
sin-aldosterone system. Marked elevations in 
catecholamine release have been documented 
in some cases which return to normal within 
3–4 days [ 53 – 55 ]. The mechanism of this surge 
in sympathetic activity is unclear. One hypoth-
esis is that baroreceptor sensitivity has been 
reset by the presence of coarctation leading to 
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a surge in feedback when blood pressure drops 
initially post-operatively. However, early drops 
in blood pressure have not been documented 
in most cases of post-coarctation hyperten-
sion syndrome. Another theory proposed by 
Pickering in 1977 is the activation of spinal 
sympathetic refl exes initiated by sudden high 
pressures in the descending aorta following 
repair of coarctation [ 56 ,  57 ]. It is thought that 
the later elevation in plasma renin activity seen 
during days 3–5 in these patients is mediated 
by this early surge in sympathetic activation. 
Transient post- coarctation hypertension has 
been reported to respond to a number of agents 
including angiotensin- converting enzyme 
inhibitors, nicardipine, nipride, clonidine, and 
esmolol [ 58 ].  

    Long Term Management of Patients 
with Coarctation 

 Patients treated for coarctation are at risk for late 
complications and should be monitored long 
term by a cardiovascular specialist. Complications 
include late restenosis and aneurysms at the site 
of repair or in the cerebrovascular circulation. 
Abnormal endothelial function also increases 
their risk of hypertension and premature athero-
sclerotic complications. Guidelines for the long- 
term clinical and imaging follow-up of patients 
treated early in life for coarctation are shown in 
Table  3.5 .

        Non-atherosclerotic Renal Artery 
Aneurysms 

 Renal artery aneurysms have been reported in 
0.1 % of the general population and are a rare 
cause of renovascular hypertension. Occurring 
90 % of the time in the extraparenchymal regions 
of the renal vasculature, they are usually saccu-
lar aneurysms with a predilection for the branch 
points, most commonly the renal artery bifurca-
tion (Fig.  3.8 ). Solitary aneurysms are most 

   Table 3.5    Guidelines for the long term follow-up of patients with coarctation   

 Recommendation  Class  Level 

 Lifelong cardiology follow-up  I  C 
 Consultation with cardiologist with expertise in adult congenital heart disease  I  C 
 Yearly follow-up of surgical or endovascular repaired patients  I  B 
 Late postoperative thoracic aortic imaging to assess for aortic dilatation or aneurysm 
formation at intervals of 5 years or less 

 I  C 

 Close monitoring for resting or exercise-induced arterial hypertension  I  B 
 Hypertension should prompt evaluation for recoarctation  I  B 
 Hypertension should be treated aggressively  I  B 
 Routine exercise testing should be performed at intervals determined after consultation with 
an adult congenital heart disease expert 

 IIb  C 

  Used with permission from Warnes et al. [ 26 ]  

  Fig. 3.8    Renal artery aneurysm digital subtraction renal 
arteriogram image showing a sacular renal artery aneu-
rysm in a 45 years old Hispanic man presenting with 
accelerated hypertension       
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 common, and more often affect the right kidney 
than the left. There is an apparent female predi-
lection. They may be bilateral in up to one-third 
of cases. Most often, renal artery aneurysms are 
found incidentally by arteriography or other vas-
cular imaging modalities for other indications. 
The mean age of patients identifi ed with renal 
artery aneurysms in a large cohort form the 
University of Michigan was 51 years [ 59 ]. The 
most common reported cause of renal artery 
aneurysms is fi bromuscular dysplasia; other 
causes include atherosclerosis, idiopathic and 
congenital or associated with aortic coarctation, 
polyarteritis nodosa, other infl ammatory disor-
ders, neurofi bromatosis, Ehlers-Danlos syn-
drome, Marfan’s syndrome, post-traumatic or 
following dissection, and pregnancy [ 60 ].

   Hypertension is present in about 75 % of 
patients with renal artery aneurysms. The mecha-
nisms of hypertension in patients with aneurysms 
is speculated to include a number of pathophysi-
ologic processes including concomitant renal 
artery stenosis reported in as many as 70 % of 
surgical cases, kinking or torsion of the renal 
artery, distal embolization due to thrombus, or 
arteriovenous fi stula formation. Whether aneu-
rysms develop as a consequence of arterial hyper-
tension is unclear. In patients with fi bromuscular 
dysplasia of the renal arteries, renovascular 
hypertension is often present. These patients can 
have associated renal artery aneurysms. 

 Rupture is the most dreaded complication of 
renal artery aneurysms though this occurs rarely. 
Patients with renal artery aneurysm rupture may 
present with Wunderlick syndrome: spontane-
ous renal hemorrhage confi ned to the subcapsu-
lar and perinephric space [ 61 ]. Clinically, these 
patients present with fl ank pain, hypovolemic 
shock, abdominal pain, a palpable fl ank mass 
and, often, hematuria. The size of the aneurysm 
has been implicated as a major risk factor for 
rupture with those greater than 2.5 cm proposed 
to have a higher risk of rupture; yet there are few 
data to support this. The indications for repair 
of renal artery aneurysms are still controversial 
with most recommending repair of symptomatic 
aneurysms (those associated with hypertension) 

over 2.0 cm. There are many case reports of 
rupture occurring during pregnancy with asso-
ciated high maternal mortality rate [ 62 ]. This 
is thought to be due to the increase in blood 
volume and intra- abdominal pressure, Valsalva 
during delivery, and alterations in arterial 
wall characteristics due to hormonal changes. 
Therefore, consideration should be given to 
treating these aneurysms in women of child-
bearing age prior to pregnancy. Other potential 
complications of renal artery aneurysms include 
renal artery thrombosis, distal embolization and 
renal infarction, and arteriovenous fi stula for-
mation. Though uncomplicated aneurysms are 
generally asymptomatic, they may also cause 
fl ank pain or hematuria. 

 Both surgical and endovascular techniques 
have been employed in the treatment of renal 
artery aneurysms. Endovascular approaches 
include exclusion stent grafts, coil embolization, 
stent-coiling using bare metal stents across the 
neck of the aneurysm, and coil occlusion of the 
artery for distal aneurysms [ 63 ,  64 ]. Surgery 
involves aneurysmectomy and primary repair or 
bypass. In complex cases with intraparenchymal 
or multiple aneurysms, ex-vivo repair may be 
required. Reports of the effect of endovascular or 
surgical intervention on hypertension control are 
disappointing, with under 40 % demonstrating 
improvement [ 65 ].  

    Infl ammatory Arteritides: 
Takayasu Arteritis 

 Infl ammatory renovascular diseases are uncom-
mon causes of renovascular hypertension that 
can lead to ischemia, focal infarctions and renal 
artery aneurysms (major disorders listed in 
Table  3.6 ). Clinicians should be aware of these 
disorders because without treatment they can 
lead to end stage renal disease and cardiovascular 
death. The remainder of this section focuses on 
the most common large and medium vessel vas-
culitis in children and young adults, Takayasu 
arteritis.
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      Defi nition and Prevalence 

 Takayasu arteritis (TA) is an infl ammatory, gran-
ulomatous arteritis involving the aorta and its 
fi rst order branches. Alternative terms occasion-
ally found in older literature include idiopathic 
arteritis and nonspecifi c aortoarteritis. TA was 
fi rst described by Giovanna Battista Morgagni in 
1761 [ 48 ] The disease is named for a Japanese 
ophthalmologist, Mikito Takayasu, who 
described retinal arteriovenous arcades associ-
ated with absent upper extremity pulses in 1908 
[ 49 ]. Shimazu and Sano reintroduced the disease 
to Western literature and coined the term “pulse-
less disease” in 1951 [ 51 ]. 

 The prevalence of TA varies with geography 
from as high as 1 in 3,000 in Japan to only 2.6 
cases per million in the United States. It is more 
common in women than men with a female to 
male ratio of 8:1 in North America and 2:1 in 
India and South Africa. It is the most common 
large vessel vasculitis in adolescents and has 
been reported to be the most common cause of 
renovascular hypertension in parts of Asia.  

    Clinical Presentation 

 TA is differentiated from the more common dis-
orders temporal (giant cell) arteritis (GCA) and 
atherosclerosis by clinical presentation and age 
of onset. TA can present in childhood but the 

 average age of onset ranges from 25–41 years. In 
a large series of 272 cases described from South 
Africa, the mean age at diagnosis was 25 (range 
14–66) [ 52 ]. In Europe, the median age of onset 
has been reported to be older at 41 years [ 53 ]. In 
contrast, the incidence of atherosclerosis and 
giant cell arteritis increases with age. 
Atherosclerosis is associated with traditional risk 
factors. Persons over age 50 years are primarily 
affected by both disorders. 

 Hypertension from proximal renal artery ste-
nosis (RAS) or aortic coarctation is the most 
common presenting clinical feature in some case 
series, present in up to 93 % of patients. In the 
cohort of 272 South African patients with TA, 
40 % had renal artery stenosis, 20 % had coarcta-
tion and 11 % had both [ 54 ]. Hypertension may 
be the sole manifestation in some cases. In the 
South African cohort, 142 of 272 patients had 
subclavian involvement, with a higher predilec-
tion for the left then right subclavian artery. In 
that series, stenoses also predominated in the 
renal arteries, and aneurysms were identifi ed in a 
smaller subgroup [ 56 ]. However, in the Cleveland 
Clinic series, only 28 % had hypertension. In that 
series absent, diminished or asymmetric periph-
eral pulses were the most common presenting 
fi nding [ 57 ]. Thus, TA should be suspected in 
any child or young adult with abdominal, subcla-
vian or carotid artery bruits in the setting of 
hypertension. 

 When malignant hypertension occurs, pro-
teinuria and hematuria may be present. Nephrotic 
range proteinuria has been reported in patients 
with TA and found to be due to either secondary 
amyloidosis or focal segmental glomerulosclero-
sis associated with ischemic injury [ 60 ]. 

 Arterial stenosis or embolism in the cervico-
cranial vasculature can present as stoke, acute 
visual loss, and arm or leg claudication. 
Occasionally aortic valve insuffi ciency second-
ary to ascending aortic dilatation may present as 
congestive heart failure. TA presents in about 
50 % of patients with a prodrome characterized 
by low-grade fever, malaise, weight loss, night 
sweats, and fatigue. Nausea, headache and 
arthralgias may also be reported during this 
phase.  

   Table 3.6    Causes of infl ammatory renal arteritis   

 Takayasu arteritis 
 Giant cell arteritis 
 Idiopathic aortitis in children 
 Connective tissue diseases 
  Systemic lupus erythematosis 
  Behçet’s disease 
  Rheumatoid arthritis 
  Relapsing polychondritis 
 Classic medium vessel polyarteritis nodosa 
 Kawasaki disease 
 Radiation arteritis 
 Antibody mediated rejection intimal arteritis in renal 
transplant 
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    Diagnosis 

 The diagnostic criteria for TA proposed by 
Ishikawa et al. [ 66 ] were derived from observa-
tions in Japanese patients with TA. They include 
age less than 40 years at diagnosis or onset of 
signs and symptoms, involvement of the mid- 
subclavian artery as major criteria, and raised 
erythrocyte sedimentation rate (ESR), carotid 
artery tenderness, hypertension, aortic regurgita-
tion, pulmonary artery lesions and involvement 
of the common carotid, brachiocephalic, descend-
ing thoracic or abdominal aorta as minor criteria. 
The presence of two major criteria, or one major 
and two or more minor criteria, or four minor cri-
teria constitute the criteria for TA. 

 Subsequently, several modifi cations to the 
Ichikawa criteria for diagnosing TA have been 
made because of the differences in manifestations 
of disease in part based on disease phenotype 
[ 67 ]. The American College of Rheumatology 
suggest six criteria, including specifi c angio-
graphic fi ndings, to classify patients with TA 
and are shown in Table  3.7  [ 65 ]. The presence 
of three or more fi ndings is reported to provide a 
sensitivity of 90.4 % and specifi city of 97.8 % for 
the diagnosis of TA as compared to other vasculi-
tides. However, the use of these criteria may have 

a lower specifi city particularly in differentiating 
fi bromuscular dysplasia (FMD) from TA.

   The use of these criteria may be problematic in 
the setting of possible fi bromuscular dysplasia 
(FMD) or the non-infl ammatory entity of segmen-
tal arterial mediolysis (SAM). Particularly in chil-
dren, FMD can present without the typical 
angiographic “string of beads” appearance of 
medial FMD and mimic TA. Because of the overlap 
of diagnostic criteria with other arteritides, a con-
sensus conference focused on childhood vasculitis 
was held in 2005. In conjunction with the European 
League against Rheumatism (EULAR) and the 
Pediatric Rheumatology European Society (PRES), 
criteria for TA were proposed which included the 
presence of childhood hypertension. MRA, posi-
tron emission tomography (PET) scanning, CTA or 
intravascular ultrasound may identify evidence of 
thickening or edema of the vascular wall associated 
with the infl ammation in TA [ 68 ]. The sensitivity 
and specifi city of the new criteria reached 100 and 
99 %, respectively, when angiographic criteria were 
included in a select cohort of 1,056 children [ 69 ]. 

 The defi nition of disease activity is indicated by 
the development or worsening of at least two of the 
following: (1) systemic signs or symptoms includ-
ing fever and arthralgias not attributable to another 
disorder, and (2) elevation of acute-phase reactants 
including C-reactive protein (CRP) and ESR in the 
absence of infection or malignancy, and (3) onset 
of signs or symptoms of vascular insuffi ciency 
(unequal or absent pulses, claudication, hyper-
tension), and (4) vascular lesions in previously 
uninvolved territories detected on serial imaging 
[ 70 – 72 ]. Nonspecifi c biomarkers of infl ammation 
including CRP and ESR are frequently elevated. 
Normocytic normochromic anemia, hypergam-
maglobulinemia, hypoalbuminemia and elevated 
transaminases are common. Fields et al. found that 
elevation of the sedimentation rate correlated with 
pathologic activity in operative vascular samples 
from patients undergoing surgery for TA with a 
sensitivity of 36 % and specifi city of 83 % [ 58 ]. 
However, without pathologic tissue it is diffi cult to 
differentiate active and inactive phases of disease. 
Indeed, patients with TA not infrequently have 
extended periods of disease inactivity with peri-
odic episodes of disease recurrence. 

   Table 3.7    The American College of Rheumatology 
1990 criteria for the classifi cation of Takayasu arteritis *    

 1. Development of symptoms or fi ndings related to 
Takayasu arteritis at age <40 years 
 2. Development and worsening of fatigue and 
discomfort in muscles of one or more extremities while 
in use, especially the upper extremities 
 3. Decreased pulsation of one or both brachial arteries 
 4. Difference of >10 mmHg in systolic blood pressure 
between arms 
 5. Bruit audible on auscultation over one or both 
subclavian arteries or abdominal aorta 
 6. Arteriographic narrowing or occlusion of the entire 
aorta, its primary branches, or large arteries in the 
proximal upper or lower extremities, not due to 
arteriosclerosis, fi bromuscular dysplasia, or similar 
causes; changes usually focal or segmental 

  Adapted with permission from Arend et al. [ 122 ] 
  *    For purposes of classifi cation, a patient shall be said to 
have Takayasu arteritis if at least three of these six criteria 
are present. The presence of any three or more criteria 
yields a sensitivity of 90.5 % and a specifi city of 97.8 %  

3 Congenital and Infl ammatory Arteritides



56

 The distribution of vascular involvement and 
clinical syndromes appears to vary between Asian 
and North American cohorts. The ascending aorta 
and the aortic arch are commonly involved in 
Japanese cases while most North American series 
describe involvement of the descending thoracic 
and abdominal aorta and branches. In the NIH 
report, 38 % of patients had renal artery involve-
ment [ 71 ]. Renal vascular lumen abnormalities 
including elongated stenoses, occlusions, and 
aneurysms result in renovascular hypertension 
(Fig.  3.8 ). Renal artery thrombosis can present as 
renal infarction or asymptomatic renal atrophy. 
Bilateral renal artery involvement is not unusual. 
In this setting, abdominal and renal artery bruits 
are commonly present. 

 Because of the systemic features of TA, the 
differential diagnoses for patients with TA 
includes other vasculitides and endovascular 
infections such as endocarditis and mycotic 
aneurysms, syphilis, tuberculosis, HIV, leprosy, 
neurofi bromatosis, Marfan’s and Ehlers-Danlos 
type IV syndromes, radiation arteritis, Behçets 
and Kawasaki disease, SAM and FMD.  

    Pathophysiology 

 The pathogenesis of TA is an area of active inves-
tigation. TA has been reported occasionally in 
patients with pre-existing auto-immune disorders 
including rheumatoid arthritis, systemic lupus 
erythematosis, amyloidosis, Crohn’s disease and 
ulcerative colitis [ 71 ,  73 ]. In some cases of TA, 
the presence of antineutrophil cytoplasmic anti-
bodies, positive rheumatoid factor, and elevated 
von-Willebrand factor-related antigen have been 
reported, supporting an adaptive immune 
response [ 74 ]. Elevated serum levels of Il-6, 
Il-12, Il-18 and metalloproteinase-9 have been 
associated with disease activity [ 7 ]. Chauhan 
et al. reported the presence of circulating anti- 
endothelial cell antibodies in patients with TA 
directed against heat shock proteins [ 75 ]. Sera 
from patients with TA has been shown to cause 
aortic endothelial cell apoptosis in vitro [ 76 ]. 
Recently, the Notch signaling pathway was found 
to be active in infi ltrating T cells from patients 

with large vessel arteritis. Inhibition of this path-
way in a humanized mouse model resulted in 
down regulated Th17 and Th1 responses [ 77 ]. 
Pending reports of a disease specifi c pathway 
amenable to immunologic modulation, these data 
collectively support a therapeutic strategy of ini-
tially broad immunosuppression. 

 An association between TA and mycobacte-
rium tuberculosis (TB) in select populations has 
been postulated based on clinical data. First, in a 
series from South Africa, 91 % of pediatric cases 
of TA with average age at diagnosis of 8 years 
had positive Mantoux tests without active TB 
compared to a 5 % rate of positive skin test in the 
general pediatric population [ 78 ]. Twenty-two 
percent of these cases were either exposed to TB 
earlier in life or treated previously for TB. Among 
Japanese reports of cases of TA, 5–25 % had 
prior or active clinical tuberculosis as did 48 % of 
a cohort from Mexico [ 79 ]. Second, Morrison 
et al. demonstrated the presence of mycobacte-
rium-like protein on the surface of spindle cells 
in pathologic sections of the aorta in patients with 
TA [ 80 ]. Finally, CD8 positive T-lymphocytes 
infi ltrate the vessel wall in TA suggesting a host 
response similar to that associated with tubercu-
losis infection [ 81 ]. It has been postulated that a 
hypersensitivity to the purifi ed protein derivative 
(PPD) in some of these patients may represent a 
type IV immunologic response to heat shock pro-
tein-65 which is one antigen associated with vas-
cular infl ammation in TA [ 82 ]. However, in a 
recent study from South Africa, the rate of latent 
TB infection in TA patients measured with QFT 
was similar to the rate in controls [ 83 ].  

    Histology 

 Pathologic specimens from patients with TA 
demonstrate granulomatous infl ammation 
involving all layers of the vessel wall with 
Langerhans cells and central necrosis early in the 
disease. The infl ammation results in later fi brosis 
leading to vascular stenoses, thrombosis, occlu-
sions and aneurysm formation. The granuloma-
tous reaction is patchy and segmental involving 
all three layers of the arterial wall. It is thought to 
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be induced by T cells leading to monocyte adher-
ence to the vessel wall and differentiation to mac-
rophages with subsequent generation of a 
granulomatous reaction. Immunoglobulin G and 
M deposition and properdin have been identifi ed 
in sections taken from vasculature of patients 
with TA. Glomerular pathology reported in asso-
ciation with TA is consistent with ischemia due to 
more proximal involvement of the renal arteries, 
with nonspecifi c glomerular involution and base-
ment membrane wrinkling. Several case reports 
of TA with concomitant glomerular processes 
including IgA nephropathy, crescentic glomeru-
lonephritis, membranoproliferative or mesangio-
proliferative glomerulonephritis, focal segmental 
glomerulosclerosis, and secondary amyloidosis 
have been published [ 84 – 87 ]. A histologic sec-
tion from a patient with TA is shown in Fig.  3.9 .

       Genetic Susceptibility 

 A number of associations of TA with major histo-
compatability complex HLA antigens and reports 
of TA in monozygotic twins support a genetic 
susceptibility to TA. A recent Japanese study of 
96 TA subjects revealed a signifi cant association 
of a novel locus HLA-B67 (P = 0.00024, odds 
ratio [OR] = 4.94) and B52 (P < 0.0001; 
OR = 3.35), a conventional locus, with TA [ 88 ]. 
In older studies from Japan and Korea, TA has 

been associated with HLA 9 and 10, B5, BW40 
and DR2. In a South African cohort, associations 
with DR4, DR7, DW3 and 12, DQW1 and BW52 
have been reported. In the US, TA has been asso-
ciated with HLA B22. In India associations with 
HLA B5 and B21 have been found [ 89 ,  90 ].  

    Imaging 

 MRA or CTA have largely replaced conventional 
angiography as the preferred imaging techniques 
for the diagnosis and monitoring of TA. A com-
monly used classifi cation of types of TA based on 
angiographic fi ndings was fi rst published in 1996 
[ 91 ] (Fig.  3.10 ). More recently, arteriographic 
lesions were identifi ed in 145 patients with TA 
and 62 patients with GCA. Arterial involvement 
was contiguous in the aorta and usually symmet-
ric in paired branch vessels for both TA and GCA. 
There was signifi cantly more left carotid 
(p = 0.03) and mesenteric (p = 0.02) artery disease 
in TA and more left and right axillary (p < 0.01) 
artery disease in GCA. However, classifi cation 
schemes that attempted to distinguish TA from 
GCA based solely on angiography, misclassifi ed 
most of the subjects. These data support the 
importance of a composite clinic, serologic, and 
imaging approach to TA diagnosis [ 84 ].

   MRA has certain advantages over CTA as an 
imaging modality for TA because of adequate 

  Fig. 3.9    Histologic section 
of a innominate artery with 
Takayasu Arteritis (Image 
provided courtesy of Dr. 
William D. Edwards, MD, 
Mayo Clinic)       
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spatial resolution for the majority of lesions that 
involve the proximal portion of aortic branch ves-
sels and the descending aorta. MRA does not 
deliver ionizing radiation. Tissue characteriza-
tion with T2-weighted short inversion recovery 
images may identify and track changes in the aor-
tic and pulmonary artery wall thickness and cor-
relate with active infl ammation and edema of the 

vessel wall. In the late phase of the disease, MRA 
may demonstrate aortic arch dilatation and steno-
sis of the more distal aorta and proximal portions 
of the renal and other branch arteries (Fig.  3.11a, 
b ). Computed tomography may provide more 
accurate quantifi cation of wall thickness and 
quantifi cation of vascular stenoses with a sensi-
tivity and specifi city for luminal changes of 93 

Type I IIa IIb III IV V

  Fig. 3.10    Angiographic classifi cation of Takayasu Arteritis (Adapted with permission from Hata et al. [ 91 ])       

a b

  Fig. 3.11    ( a ,  b ) CT angiogram demonstrates aortorenal 
involvement in a 37 years old woman with Takayasu 
Arteritis ( a ) before and ( b ) after revascularization of both 
renal and superior mesenteric arteries with a supraceliac 

trifurcated Dacron bypass graft. Separate limbs are seen 
to the left renal artery, the right renal artery, and the supe-
rior mesenteric artery       
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and 98 % respectively. In some cases, arterial 
wall delayed enhancement may indicate active 
disease or fi brosis [ 92 ].

    18 FDG-PET has been used to determine activ-
ity of vascular involvement with TA. In a study of 
28 TA patients from Japan that used a visual 
grade for  18 FDG uptake in the vessel wall, uptake 
was observed in 18 of 24 patients with active dis-
ease and in only 5 of 14 patients with inactive 
disease. There was a signifi cant association 
between clinical disease activity and disease 
activity judged by FDG-PET (P = 0.008). Visual 
grade, standard uptake value intensity, and the 
number of vascular lesions with active  18 FDG 
uptake correlated with the ESR and CRP levels 
[ 93 ]. 

 In a recent paper of 39 TA patients (median 
age, 30 years)  18 FDG-PET uptake was quantifi ed 
by maximum standardized uptake value (max 
SUV). Disease activity gold standard was defi ned 
by the National Institutes of Health criteria. The 
maximal SUV was signifi cantly higher in active 
disease (maximal SUV was 2.7 compared to 1.9 
in those with inactive TA 1.9 and normal control 
subjects 1.8; p < 0.001 each). At a maximum SUV 
cutoff of 2.1, the positive and negative predictive 
values of FDG-PET were respectively 96.2 and 
84.6 %. In this study, the max SUV was actually 
superior to CRP (p < 0.05) and ESR (p < 0.05) 
[ 94 ]. 

 Carotid artery duplex ultrasonography remains 
useful to quantify carotid stenosis by blood 
velocity. A velocity or wall thickness may indi-
cate disease activity or response to therapy [ 70 ]. 
Echocardiography is helpful primarily in identi-
fying aortic insuffi ciency which may be associ-
ated with aortic root dilatation. Patients with TA 
may have a dilated cardiomyopathy due to myo-
carditis or the long term impact of untreated 
hypertension [ 95 ].  

    Natural History 

 TA is a devastating disease which can result in 
death due to stroke, cerebral hemorrhage, aneu-
rysm rupture, renal failure, myocardial infarction 
and congestive heart failure. The natural history 

probably varies with geography and ethnicity. The 
large South African reported a natural history 
characterized by an initial active disease period 
followed by a “burned-out” inactive phase with no 
further progression of arteritis [ 75 ]. The location 
of vascular involvement changed little over the 5 
year follow up. However, data from other centers 
suggest some patients have recurrence of activity 
of disease superimposed on older vascular lesions. 
Signifi cant morbidity with reduced functional sta-
tus from the disease as well as the immunosup-
pressive therapy occurs in a substantial fraction of 
patients; a 3–4 % fi ve year mortality rate has been 
reported in one young adult cohort [ 96 – 99 ].  

    Treatment 

 Most patients achieve symptomatic and biochemi-
cal remission with steroids at the core of immuno-
suppressive regimens. In a series from the National 
Institutes of Health, prednisolone or prednisone 
was used for 1–3 months with tapered or alternate 
day dosing schedules, starting at 1 mg/kg/day 
[ 100 ]. However, many patients require treatment 
for 1–2 years or longer and develop steroid related 
adverse effects. In the South African cohort, 
patients received oral prednisone 1 mg/kg for 1 
month; the dose was gradually tapered according 
to symptoms to a maintenance dose which was 
continued for 2 years [ 101 ]. Of the 182 patients in 
the South African cohort who received steroids, 
infl ammatory markers normalized, but none 
regained lost pulses or achieved angiographic 
reversal of arteritis. 

 Investigators at the Cleveland Clinic reported 
results of a treatment protocol which started with 
prednisone at similar dosages, tapering according 
to clinical response. Methotrexate was used if 
relapse occurred during the steroid taper at which 
time the dose of steroid was also increased to 
10 mg above the last effective dose. Methotrexate 
was used at a dose of 15 mg/week up to 25 mg/
week, day with folic acid 1 mg/day and double 
strength trimethoprim-sulfamethoxazole three 
times per week for prophylaxis against 
Pneumocystic jiroveci pneumonia. In cases of 
intolerance of methotrexate, alternative therapy 
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with azathioprine 2 mg/kg/day or mycophenolate 
mofetil at 1.5 g twice daily, or an anti-TNF agent 
was used. Oral cyclophosphamide was used in 
one patient at a dose of 2 mg/kg/day. In this 
cohort, 93 % of 30 patients followed longitudi-
nally achieved remission. However, only 28 % 
achieved sustained remission using this protocol, 
with the remainder requiring additional and some-
times alternate, immunosuppressive therapies. Of 
the patients who achieved remission, 96 % 
relapsed, most while still on immunosuppressive 
therapy. Seventy percent of these patients required 
vascular interventions for localized ischemic dis-
ease [ 102 ]. Limited data from other centers sug-
gest cyclophosphamide may also induce remission 
of disease in patients with potentially life threat-
ening manifestations of TA [ 103 ]. 

 Anti-tumor necrosis factor (TNF) therapies 
have been tried in patients with TA that remains 
active despite conventional immunosuppression. 
Strategies have included etenercept and infl ix-
imab in conjunction with steroids with promising 
results in a small number of patients [ 104 ]. In a 
recent series from the Mayo Clinic 20 patients 
with refractory TA (19 women, 17 white, 33 ± 10.2 
years), seventeen patients (85 %) received infl ix-
imab, 2 patients (10 %) received adalimumab, and 
1 patient (5 %) received etanercept. The median 
disease duration prior to the use of TNF inhibitors 
was 15.9 months before the use of TNF inhibitors. 
All 20 patients received prednisone. Other medi-
cation use included methotrexate (18 patients), 
azathioprine (5 patients), mycophenolate mofetil 
(3 patients), and cyclophosphamide (3 patients). 
The median duration of treatment with TNF 
inhibitors was 23.0 months (range 8.7–38.9 
months). Treatment with TNF inhibitors resulted 
in disease remission in 18 (90 %) of 20 patients 
and sustained remission in 10 patients (50 %). Ten 
(83 %) of 12 patients were able to taper predni-
sone below 10 mg and 7 patients discontinued 
prednisone. However, 6 of the 18 patients achiev-
ing remission experienced relapse while receiving 
TNF inhibitors. Thus despite short-term benefi t in 
many patients with refractory TA, one third of 
patients will relapse while receiving TNF inhibi-
tors and a fi fth will discontinue treatment because 
of adverse events [ 105 ]. 

 Similar results were recently reported in a series 
of fi fteen patients [median age 41 (range 17–61) 
years; 13 women] with active TA despite conven-
tional immunosuppression. At initiation of infl ix-
imab therapy, 14 of 15 patients were treated with 
corticosteroids [prednisone; median dose 20 (range 
5–35) mg/day], methotrexate (7) or azathioprine 
(4). Infl iximab was used at median 5 (range 3–5) 
mg/kg at a median of every 6 (range 4–8) weeks. 
Only 13 (87 %) had a good or even partial response. 
By 1 year of follow up the steroid dose could be 
substantially lowered. Only one patient was still 
steroid-dependent after 12 months as compared to 
8 before infl iximab. As in the Mayo case series, 
adverse effects were common and sometimes 
severe, including two infusion-related reactions, 
one case of each of pulmonary tuberculosis, severe 
bacterial infection and Ebstein Barr Virus reactiva-
tion [ 106 ]. 

 Because of the less than universal benefi t and 
high adverse event rates from conventional immu-
nosuppression and anti-TNF biologics, several 
novel immunomodulatory therapies have been 
explored. A prospective open-label study of 15 TA 
patients (mean age 36.2 years) with active disease 
despite therapy with corticosteroids and immuno-
suppressive agents received lefl unomide 20 mg/day 
for at least 6 months and were followed up for a 
mean of 9.1 months. One of the 15 patients received 
lefl unomide due to intolerance to current treatment. 
The frequency of patients with active TA decreased 
(93 % vs. 20 %, p = 0.002), and the mean daily dose 
of prednisone (34.2 vs. 13.9 mg, p < 0.001) and in 
the median values of ESR (29.0 vs. 27.0 mm/h, 
p = 0.012) and CRP (10.3 vs. 5.3 mg/L, p = 0.012). 
However, two patients (13.3 %) developed new 
angiographic lesions and 3 patients (20 %) experi-
enced mild adverse events [ 107 ]. 

 Minocycline has been tried as adjunctive to 
steroid therapy with some success in reducing 
activity of disease; the rationale is based on 
effects on minocycline to inhibit metalloprotein-
ase activity in patients with TA [ 108 ]. Finally, 
one paper has described the use of an IL-6 recep-
tor inhibitor tocilizumab in patients with refrac-
tory large-vessel vasculitis [ 109 ]. 

 Surgery is sometimes required to manage 
symptomatic localized vascular insuffi ciency 
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once medical therapy has been optimized. 
Common indications for surgery in patients with 
TA include refractory renovascular hypertension, 
end organ or peripheral limb ischemia, cerebral 
ischemia, enlarging aneurysms, and severe aortic 
valve insuffi ciency [ 110 ]. In a Mayo Clinic series 
of TA patients, 17 % required revascularization 
for occlusive disease. Of these, 19 % had renovas-
cular hypertension as the major indication for sur-
gery. There were no deaths in this series. 
Twenty-six percent required graft revision over 
the mean follow-up period of 6.7 years. The risk 
of graft failure correlated with active disease, and 
no patients with quiescent disease required revi-
sion for graft failure. These data were confi rmed 
in a retrospective multicenter study of 79 consec-
utive patients with TA (median age, 39 years; 
79.7 % women) who underwent 166 vascular pro-
cedures (surgery (62.7 %) or endovascular repair, 
(37.3 %). After an average follow-up of 6.5 years, 
70 complications were observed, including reste-
nosis (n = 53), thrombosis (n = 7), bleeding (n = 6), 
and stroke (n = 4). The 10-year arterial complica-
tion-free survival rate was only 45 %. 37.5 % of 
surgical and 50 % of endovascular procedures had 
a post procedural complication. Patients who 
experienced complications had higher ESR 
(P < 0.001) and CRP (P < 0.001) and fi brinogen 
(P < 0.005) serum levels compared with those 
without complications. In multivariate analysis, 
infl ammation at the time of revascularization was 
independently associated with the occurrence of 
arterial complications after the vascular proce-
dure [ 111 ]. 

 Approaches to treating renal artery involve-
ment include aortorenal bypass, which is associ-
ated with a risk of occlusion if the disease is 
active at the time of surgery. Other procedures 
rely on fi nding other vessels with less involve-
ment with arteritis to provide renal perfusion. 
These include renal autotransplantation to the 
iliac vessels, extra-anatomic repair using the 
splenic or hepatic arteries and nephrectomy in 
cases of renal atrophy and severe hypertension. 
Ideally, surgery should be deferred until disease 
activity is quiescent, though success in treating 
patient s with active, life or limb threatening dis-
ease has also been reported.   

    Middle Aortic Syndrome 

 Renovascular hypertension can be due to middle 
aortic syndrome characterized by segmental or 
elongated narrowing of the abdominal or distal 
descending aortic. The segmental aortic stenoses 
may occur at the level of the renal arteries or 
superior or inferior to them. Congenital coarcta-
tion involving the abdominal aorta and leading to 
middle aortic syndrome is rare, accounting for 
about 2 % of all coarctation, and has been attrib-
uted to impaired fusion of the two dorsal aortae. 

 When this type of coarctation occurs, proxi-
mal renal artery stenosis may occur in up to 80 % 
of cases and the mesenteric arteries may be 
involved in 25 % of cases [ 112 ]. Renal artery 
atresia, hypoplasia or dysplasia may accompany 
congenital midaortic syndrome or present as iso-
lated causes of renovascular hypertension. There 
are numerous etiologies of this syndrome, the 
most common being TA. Other etiologies of mid-
dle aortic syndrome include congenital, Williams 
syndrome, neurofi bromatosis, retroperitoneal 
fi brosis, mucopolysaccharidosis, fi bromuscular 
dysplasia, giant cell arteritis, radiation exposure, 
or in utero infections such as rubella virus, syphi-
lis, tuberculosis, rheumatic fever, and radiation 
therapy [ 113 ]. Overall, renal arteries are involved 
63 % of the time and renal artery aneurysms may 
be present. 

 Hypertension is a common presenting fi nding 
with lower limb claudication, headache, easy 
fatigue, and stroke also reported presenting fi nd-
ings. Left untreated, most patients do not live 
beyond the age of 40 years. Historically, surgical 
revascularization had been the mainstay of ther-
apy for midaortic syndrome. Procedures involv-
ing the renal arteries often require branch renal 
artery exposure and reconstruction and can pro-
vide excellent long term patency rates [ 114 ]. In 
one series representing the largest published sur-
gical cohort, the median age at operation was 11 
years. At an average of 10 years follow-up most 
patients remained normotensive with normal sex-
ual function and good quality of life. Surgical 
bypass is required in most cases, sometimes with 
ex-vivo reconstruction of renal arteries and renal 
auto-transplantation [ 23 ]. 
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 Endovascular approaches to the treatment of 
middle aortic syndrome depending on the etiol-
ogy have also been encouraging [ 115 – 117 ].  

    Radiation-Induced Renovascular 
Disease 

 Renovascular hypertension is an uncommon 
complication of abdominal radiation. The inci-
dence among patients undergoing radiation to the 
retroperitoneum is not known. However, the 
onset of hypertension in one series ranged from 4 
years to 20 years following exposure to at least 
25 Gy of radiation. The median blood pressure 
was 171/102 in this cohort of predominantly 
male patients with median age of onset of delayed 
referral for hypertension at 39 years. 

 Radiation-induced renovascular disease should 
be considered when hypertension develops even 
decades following abdominal radiation. Patients 
may have received radiation for Hodgkin’s dis-
ease, retroperitoneal lymphoma, seminoma, or 
nephroblastoma. Angiographically, the lesions 
looked similar to those of  atherosclerotic RAS 
with the exception that the fi ndings were limited to 
the treated region and not associated with diffuse 
aortic atherosclerosis. The proximal segments of 
the renal arteries are most often involved, but ste-
notic lesions involving the mid-vessel, vessel 
occlusion and hypoplastic renal arteries are also 
reported. Clues associated with radiation-induced 
RAS include associated segmental renal atrophy, 
particularly in those patients who had undergone 
radiation to the spleen or those with occluded 
arteries. Other fi ndings consistent with radiation 
injury include retroperitoneal fi brosis, hepatic 
fi brosis, intestinal stenosis, and focal aortic calcifi -
cations in the zone of radiation [ 118 ]. 

 Three primary types of lesions have been 
reported associated with radiation-induced RAS. 
These include myointimal proliferation consist-
ing of intimal deposition of myofi broblasts, and 
collagen and fi brin with periarterial or adventitial 
fi brosis. The third histologic form of radiation- 
induced RAS is accelerated focal areas of athero-
sclerosis. In animal models of radiation, 
hypertension or hyperlipidemia are necessary 

concomitant risk factors for the development of 
radiation-induced RAS. Radiation predisposes 
the vessel wall to these insults partly by impair-
ing focal nitric oxide and prostaglandin release 
which predisposes to segmental increases in 
shear stress and subsequent fi brosis [ 119 ]. 

 Radiation-induced RAS responds to endovas-
cular treatment and both angioplasty and stents 
have been employed successfully. Multiple insuf-
fl ations may be necessary to achieve angio-
graphic success using angioplasty. The risk of 
aneurysm at the site of treatment is apparently 
higher than with atherosclerotic disease. 
Successful surgical revascularization of 
radiation- induced RAS including aortorenal 
bypass, aortic implantation, and extra- anatomic 
approaches has been reported. Blood pressure 
response to treatment with endovascular and sur-
gical revascularization is reportedly good with 
some cases of normalization of blood pressure.     

   References 

      1.    Ribatti D, Nico B, Crivellato E. Morphological and 
molecular aspects of physiological vascular morpho-
genesis. Angiogenesis. 2009;12:101–11.  

    2.    Holderfi eld MT, Hughes CC. Crosstalk between vas-
cular endothelial growth factor, notch, and transform-
ing growth factor-beta in vascular morphogenesis. 
Circ Res. 2008;102:637–52.  

    3.    Iruela-Arispe ML, Davis GE. Cellular and molecular 
mechanisms of vascular lumen formation. Dev Cell. 
2009;16:222–31.  

    4.    Barry A. The aortic arch derivatives in human adult. 
Anat Rec. 1951;111:221–38.  

    5.    Anderson LM, Gibbons GH. Notch: a mastermind of 
vascular morphogenesis. J Clin Invest. 2007;117:
299–302.  

    6.    Teo LL, Cannell T, Babu-Narayan SV, Hughes M, 
Mohiaddin RH. Prevalence of associated cardiovas-
cular abnormalities in 500 patients with aortic coarc-
tation referred for cardiovascular magnetic resonance 
imaging to a tertiary center. Pediatr Cardiol. 2011;
32:1120–7.  

       7.    Morris M. Coarctation of the aorta. In: McMillan J, 
Feigin R, DeAngelis C, Jones M, editors. Oski’s 
pediatrics. Philadelphia: Lippincott Williams & 
Wilkins; 2006.  

    8.    Kenny D, Hijazi ZM. Coarctation of the aorta: from 
fetal life to adulthood. Cardiol J. 2011;18:487–95.  

    9.    Rosenthal E. Coarctation of the aorta from fetus to 
adult: curable condition or life long disease process? 
Heart. 2005;91:1495–502.  

B.A. Greco and L.T. Cooper



63

    10.    Wessels MW, Berger RM, Frohn-Mulder IM, Roos- 
Hesselink JW, Hoogeboom JJ, Mancini GS, 
Bartelings MM, Krijger R, Wladimiroff JW, 
Niermeijer MF, Grossfeld P, Willems PJ. Autosomal 
dominant inheritance of left ventricular outfl ow tract 
obstruction. Am J Med Genet A. 2005;134A:171–9.  

    11.    Lewin MB, McBride KL, Pignatelli R, Fernbach S, 
Combes A, Menesses A, Lam W, Bezold LI, Kaplan N, 
Towbin JA, Belmont JW. Echocardiographic evalua-
tion of asymptomatic parental and sibling cardiovascu-
lar anomalies associated with congenital left ventricular 
outfl ow tract lesions. Pediatrics. 2004;114:691–6.  

    12.    Gittenberger-de Groot AC, Bartelings MM, Deruiter 
MC, Poelmann RE. Basics of cardiac development 
for the understanding of congenital heart malforma-
tions. Pediatr Res. 2005;57:169–76.  

    13.    Kuehl KS, Loffredo CA, Ferencz C. Failure to diag-
nose congenital heart disease in infancy. Pediatrics. 
1999;103:743–7.  

    14.    Cohen M, Fuster V, Steele PM, Driscoll D, McGoon 
DC. Coarctation of the aorta. Long-term follow-up 
and prediction of outcome after surgical correction. 
Circulation. 1989;80:840–5.  

    15.    Connolly HM, Huston 3rd J, Brown Jr RD, Warnes 
CA, Ammash NM, Tajik AJ. Intracranial aneurysms 
in patients with coarctation of the aorta: a prospec-
tive magnetic resonance angiographic study of 100 
patients. Mayo Clin Proc. 2003;78:1491–9.  

    16.    Holloway B, Rosewarne D, Jones R. Imaging of tho-
racic disease. Br J Radiol. 2011;84:S338–54.  

    17.    Lu CW, Wang JK, Chang CI, Lin MT, Wu ET, Lue 
HC, Chen YS, Chiu IS, Wu MH. Noninvasive diag-
nosis of aortic coarctation in neonates with patent 
ductus arteriosus. J Pediatr. 2006;148:217–21.  

    18.    Pascal CJ, Huggon I, Sharland GK, Simpson JM. An 
echocardiographic study of diagnostic accuracy, pre-
diction of surgical approach, and outcome for fetuses 
diagnosed with discordant ventriculo-arterial con-
nections. Cardiol Young. 2007;17:528–34.  

    19.    MacNeil B, Rosenfeld K. Peripheral intervention. 
In: Bau D, editor. Grossman’s cardiac catheteriza-
tion, angiography and intervention. Philadelphia: 
Lippincott, WIlliams, and Wilkins; 2006.  

    20.    Muzzarelli S, Meadows AK, Ordovas KG, Higgins 
CB, Meadows JJ. Usefulness of cardiovascular mag-
netic resonance imaging to predict the need for inter-
vention in patients with coarctation of the aorta. Am 
J Cardiol. 2012;109:861–5.  

    21.    Frydrychowicz A, Schlensak C, Stalder A, Russe M, 
Siepe M, Beyersdorf F, Langer M, Hennig J, Markl 
M. Ascending-descending aortic bypass surgery in 
aortic arch coarctation: four-dimensional magnetic 
resonance fl ow analysis. J Thorac Cardiovasc Surg. 
2007;133:260–2.  

    22.    Maksimowicz-McKinnon K, Clark TM, Hoffman 
GS. Limitations of therapy and a guarded prognosis 
in an American cohort of Takayasu arteritis patients. 
Arthritis Rheum. 2007;56:1000–9.  

     23.    Barral X, de Latour B, Vola M, Lavocat MP, Fichtner 
C, Favre JP. Surgery of the abdominal aorta and its 

branches in children: late follow-up. J Vasc Surg. 
2006;43:1138–44.  

   24.    Ebels T, Maruszewski B, Blackstone EH. What is 
the preferred therapy for patients with aortic coarcta-
tion–the standard gamble and decision analysis ver-
sus real results? Cardiol Young. 2008;18:18–21.  

    25.    Vriend JW, van Montfrans GA, Romkes HH, 
Vliegen HW, Veen G, Tijssen JG, Mulder BJ. 
Relation between exercise-induced hypertension 
and sustained hypertension in adult patients after 
successful repair of aortic coarctation. J Hypertens. 
2004;22:501–9.  

       26.    Warnes CA, Williams RG, Bashore TM, Child JS, 
Connolly HM, Dearani JA, del Nido P, Fasules JW, 
Graham Jr TP, Hijazi ZM, Hunt SA, King ME, 
Landzberg MJ, Miner PD, Radford MJ, Walsh EP, 
Webb GD. Acc/aha 2008 guidelines for the manage-
ment of adults with congenital heart disease: a report 
of the American College of Cardiology/American 
Heart Association Task Force on Practice Guidelines 
(writing committee to develop guidelines on the 
management of adults with congenital heart dis-
ease). Circulation. 2008;118:e714–833.  

     27.    Baumgartner H, Bonhoeffer P, De Groot NM, de 
Haan F, Deanfi eld JE, Galie N, Gatzoulis MA, 
Gohlke-Baerwolf C, Kaemmerer H, Kilner P, 
Meijboom F, Mulder BJ, Oechslin E, Oliver JM, 
Serraf A, Szatmari A, Thaulow E, Vouhe PR, Walma 
E. Esc guidelines for the management of grown-up 
congenital heart disease (new version 2010). Eur 
Heart J. 2010;31:2915–57.  

    28.    Padua LM, Garcia LC, Rubira CJ, de Oliveira 
Carvalho PE. Stent placement versus surgery for 
coarctation of the thoracic aorta. Cochrane Database 
Syst Rev. 2012;5:CD008204.  

    29.    Cowley CG, Orsmond GS, Feola P, McQuillan L, 
Shaddy RE. Long-term, randomized comparison of bal-
loon angioplasty and surgery for native coarctation of 
the aorta in childhood. Circulation. 2005;111:3453–6.  

    30.    Wheatley 3rd GH, Koullias GJ, Rodriguez-Lopez 
JA, Ramaiah VG, Diethrich EB. Is endovascular 
repair the new gold standard for primary adult coarc-
tation? Eur J Cardiothorac Surg. 2010;38:305–10.  

    31.    Forbes TJ, Garekar S, Amin Z, Zahn EM, Nykanen 
D, Moore P, Qureshi SA, Cheatham JP, Ebeid MR, 
Hijazi ZM, Sandhu S, Hagler DJ, Sievert H, Fagan 
TE, Ringewald J, Du W, Tang L, Wax DF, Rhodes J, 
Johnston TA, Jones TK, Turner DR, Pedra CA, 
Hellenbrand WE. Procedural results and acute com-
plications in stenting native and recurrent coarcta-
tion of the aorta in patients over 4 years of age: a 
multi-institutional study. Catheter Cardiovasc Interv. 
2007;70:276–85.  

    32.    Ringel RE, Gauvreau K, Moses H, Jenkins KJ. 
Coarctation of the aorta stent trial (coast): study 
design and rationale. Am Heart J. 2012;164:7–13.  

    33.    Butera G, Manica JL, Chessa M, Piazza L, Negura 
D, Micheletti A, Arcidiacono C, Carminati M. 
Covered-stent implantation to treat aortic coarcta-
tion. Expert Rev Med Devices. 2012;9:123–30.  

3 Congenital and Infl ammatory Arteritides



64

    34.    Chessa M, Carrozza M, Butera G, Piazza L, Negura 
DG, Bussadori C, Bossone E, Giamberti A, 
Carminati M. Results and mid-long-term follow-up 
of stent implantation for native and recurrent coarc-
tation of the aorta. Eur Heart J. 2005;26:2728–32.  

     35.    Forbes TJ, Kim DW, Du W, Turner DR, Holzer R, 
Amin Z, Hijazi Z, Ghasemi A, Rome JJ, Nykanen D, 
Zahn E, Cowley C, Hoyer M, Waight D, Gruenstein D, 
Javois A, Foerster S, Kreutzer J, Sullivan N, Khan A, 
Owada C, Hagler D, Lim S, Canter J, Zellers T. 
Comparison of surgical, stent, and balloon angioplasty 
treatment of native coarctation of the aorta: an obser-
vational study by the CCISC (congenital cardiovascu-
lar interventional study consortium). J Am Coll 
Cardiol. 2011;58:2664–74.  

    36.    Egan M, Holzer RJ. Comparing balloon angioplasty, 
stenting and surgery in the treatment of aortic coarcta-
tion. Expert Rev Cardiovasc Ther. 2009;7:1401–12.  

    37.    Hager A. Hypertension in aortic coarctation. 
Minerva Cardioangiol. 2009;57:733–42.  

    38.    Krieger EV, Landzberg MJ, Economy KE, Webb GD, 
Opotowsky AR. Comparison of risk of hypertensive 
complications of pregnancy among women with ver-
sus without coarctation of the aorta. Am J Cardiol. 
2011;107:1529–34.  

    39.   Doshi A, Rao S. Coarctation of the aorta- 
management options and decision-making. Pediatr 
Ther. 2012;S5:006. doi:  10.4172/2161-0665.S5-006    .  

    40.    Horlick EM, McLaughlin PR, Benson LN. The adult 
with repaired coarctation of the aorta. Curr Cardiol 
Rep. 2007;9:323–30.  

    41.    Hager A, Kanz S, Kaemmerer H, Schreiber C, Hess 
J. Coarctation long-term assessment (coala): signifi -
cance of arterial hypertension in a cohort of 404 
patients up to 27 years after surgical repair of isolated 
coarctation of the aorta, even in the absence of reste-
nosis and prosthetic material. J Thorac Cardiovasc 
Surg. 2007;134:738–45.  

     42.    Polson JW, McCallion N, Waki H, Thorne G, Tooley 
MA, Paton JF, Wolf AR. Evidence for cardiovascu-
lar autonomic dysfunction in neonates with coarcta-
tion of the aorta. Circulation. 2006;113:2844–50.  

    43.    Duara R, Theodore S, Sarma PS, Unnikrishnan M, 
Neelakandhan KS. Correction of coarctation of aorta 
in adult patients–impact of corrective procedure on 
long-term recoarctation and systolic hypertension. 
Thorac Cardiovasc Surg. 2008;56:83–6.  

    44.    Kuhn A, Baumgartner D, Baumgartner C, Horer J, 
Schreiber C, Hess J, Vogt M. Impaired elastic proper-
ties of the ascending aorta persist within the fi rst 3 
years after neonatal coarctation repair. Pediatr Cardiol. 
2009;30:46–51.  

    45.    Kuhn A, Vogt M. Ascending aortic distensibility is 
impaired before and after surgical “repair” of coarc-
tation. Ann Thorac Surg. 2006;81:2341; author reply 
2341–2342.  

    46.    de Divitiis M, Pilla C, Kattenhorn M, Zadinello M, 
Donald A, Leeson P, Wallace S, Redington A, 
Deanfi eld JE. Vascular dysfunction after repair of 
coarctation of the aorta: impact of early surgery. 
Circulation. 2001;104:I165–70.  

    47.    Trojnarska O, Szczepaniak-Chichel L, Mizia-Stec 
K, Gabriel M, Bartczak A, Grajek S, Gasior Z, 
Kramer L, Tykarski A. Vascular remodeling in adults 
after coarctation repair: impact of descending aorta 
stenosis and age at surgery. Clin Res Cardiol. 
2011;100:447–55.  

     48.    Kenny D, Polson JW, Martin RP, Caputo M, Wilson 
DG, Cockcroft JR, Paton JF, Wolf AR. Relationship 
of aortic pulse wave velocity and baroreceptor refl ex 
sensitivity to blood pressure control in patients with 
repaired coarctation of the aorta. Am Heart J. 2011;
162:398–404.  

     49.    Kenny D, Polson JW, Martin RP, Paton JF, Wolf AR. 
Hypertension and coarctation of the aorta: an inevi-
table consequence of developmental pathophysiol-
ogy. Hypertens Res. 2011;34:543–7.  

    50.    Szczepaniak-Chichel L, Trojnarska O, Mizia-Stec 
K, Gabriel M, Grajek S, Gasior Z, Kramer L, 
Tykarski A. Augmentation of central arterial pres-
sure in adult patients after coarctation repair. Blood 
Press Monit. 2011;16:22–8.  

      51.    Brickner ME, Hillis LD, Lange RA. Congenital 
heart disease in adults. First of two parts. N Engl 
J Med. 2000;342:256–63.  

     52.    Pillutla P, Shetty KD, Foster E. Mortality associated with 
adult congenital heart disease: trends in the us population 
from 1979 to 2005. Am Heart J. 2009;158:874–9.  

     53.    Choy M, Rocchini AP, Beekman RH, Rosenthal A, 
Dick M, Crowley D, Behrendt D, Snider AR. 
Paradoxical hypertension after repair of coarctation 
of the aorta in children: balloon angioplasty versus 
surgical repair. Circulation. 1987;75:1186–91.  

    54.    Horigome H, Miyauchi T, Takahashi-Igari M, Maeda 
S, Matsui A. Increased plasma level of endothelin-1 
following percutaneous balloon dilatation of aortic 
coarctation in children. Eur J Pediatr. 2003;162:543–4.  

    55.    Serfontein SJ, Kron IL. Complications of coarcta-
tion repair. Semin Thorac Cardiovasc Surg Pediatr 
Card Surg Annu. 2002;5:206–11.  

     56.    Johnson D, Perrault H, Vobecky SJ, Trudeau F, Delvin 
E, Fournier A, Davignon A. Resetting of the cardio-
pulmonary barorefl ex 10 years after surgical repair of 
coarctation of the aorta. Heart. 2001;85:318–25.  

     57.    Pickering T. Parodoxical hypertension in post-op 
coarctation patients. Circulation. 1977;56:135–6.  

     58.    Nakagawa TA, Sartori SC, Morris A, Schneider DS. 
Intravenous nicardipine for treatment of postcoarc-
tectomy hypertension in children. Pediatr Cardiol. 
2004;25:26–30.  

    59.    Henke PK, Cardneau JD, Welling 3rd TH, Upchurch 
Jr GR, Wakefi eld TW, Jacobs LA, Proctor SB, 
Greenfi eld LJ, Stanley JC. Renal artery aneurysms: a 
35-year clinical experience with 252 aneurysms in 
168 patients. Ann Surg. 2001;234:454–62; discus-
sion 462–463.  

     60.    Eskandari MK, Resnick SA. Aneurysms of the renal 
artery. Semin Vasc Surg. 2005;18:202–8.  

    61.    Katabathina VS, Katre R, Prasad SR, Surabhi VR, 
Shanbhogue AK, Sunnapwar A. Wunderlich syn-
drome: cross-sectional imaging review. J Comput 
Assist Tomogr. 2011;35:425–33.  

B.A. Greco and L.T. Cooper

http://dx.doi.org/10.4172/2161-0665.S5-006


65

    62.    Hwang PF, Rice DC, Patel SV, Mukherjee D. Successful 
management of renal artery aneurysm rupture after 
cesarean section. J Vasc Surg. 2011;54:519–21.  

    63.    English WP, Pearce JD, Craven TE, Wilson DB, 
Edwards MS, Ayerdi J, Geary RL, Dean RH, Hansen 
KJ. Surgical management of renal artery aneurysms. 
J Vasc Surg. 2004;40:53–60.  

    64.    Reiher L, Grabitz K, Sandmann W. Reconstruction 
for renal artery aneurysm and its effect on hyperten-
sion. Eur J Vasc Endovasc Surg. 2000;20:454–6.  

     65.    Morita K, Seki T, Iwami D, Sasaki H, Fukuzawa N, 
Nonomura K. Long-term outcome of single institu-
tional experience with conservative and surgical 
management for renal artery aneurysm. Transplant 
Proc. 2012;44:1795–9.  

    66.    Ishikawa K. Diagnostic approach and proposed cri-
teria for the clinical diagnosis of Takayasu’s arteri-
opathy. J Am Coll Cardiol. 1988;12:964–72.  

    67.    Sharma BK, Jain S, Suri S, Numano F. Diagnostic 
criteria for Takayasu arteritis. Int J Cardiol. 1996;
54(Suppl):S141–7.  

    68.    Marks SD, Tullus K. Do classifi cation criteria of 
Takayasu arteritis misdiagnose children with fi bro-
muscular dysplasia? Pediatr Nephrol. 2010;25:989–
90; author reply 991–992.  

    69.    Ozen S, Pistorio A, Iusan SM, Bakkaloglu A, Herlin 
T, Brik R, Buoncompagni A, Lazar C, Bilge I, Uziel 
Y, Rigante D, Cantarini L, Hilario MO, Silva CA, 
Alegria M, Norambuena X, Belot A, Berkun Y, 
Estrella AI, Olivieri AN, Alpigiani MG, Rumba I, 
Sztajnbok F, Tambic-Bukovac L, Breda L, Al-Mayouf 
S, Mihaylova D, Chasnyk V, Sengler C, Klein-
Gitelman M, Djeddi D, Nuno L, Pruunsild C, Brunner 
J, Kondi A, Pagava K, Pederzoli S, Martini A, Ruperto 
N. EULAR/PRINTO/PRES criteria for Henoch-
Schonlein purpura, childhood polyarteritis nodosa, 
childhood wegener granulomatosis and childhood 
Takayasu arteritis: Ankara 2008. Part ii: fi nal classifi -
cation criteria. Ann Rheum Dis. 2010;69:798–806.  

     70.    Freitas DS, Camargo CZ, Mariz HA, Arraes AE, de 
Souza AW. Takayasu arteritis: assessment of 
response to medical therapy based on clinical activ-
ity criteria and imaging techniques. Rheumatol Int. 
2012;32:703–9.  

     71.    Hoffman GS. Takayasu arteritis: lessons from the 
American national institutes of health experience. 
Int J Cardiol. 1996;54(Suppl):S99–102.  

    72.    Tann OR, Tulloh RM, Hamilton MC. Takayasu’s 
disease: a review. Cardiol Young. 2008;18:250–9.  

    73.    Li XM, Ye WL, Wen YB, Li H, Chen LM, Liu DY, 
Zeng XJ, Li XW. Glomerular disease associated 
with Takayasu arteritis: 6 cases analysis and review 
of the literature. Chin Med Sci J. 2009;24:69–75.  

    74.    Cong XL, Dai SM, Feng X, Wang ZW, Lu QS, Yuan 
LX, Zhao XX, Zhao DB, Jing ZP. Takayasu’s arteri-
tis: clinical features and outcomes of 125 patients in 
China. Clin Rheumatol. 2010;29:973–81.  

     75.    Chauhan SK, Tripathy NK, Nityanand S. Antigenic 
targets and pathogenicity of anti-aortic endothelial 
cell antibodies in Takayasu arteritis. Arthritis 
Rheum. 2006;54:2326–33.  

    76.    O’Neil KM. Progress in pediatric vasculitis. Curr 
Opin Rheumatol. 2009;21:538–46.  

    77.    Piggott K, Deng J, Warrington K, Younge B, Kubo 
JT, Desai M, Goronzy JJ, Weyand CM. Blocking the 
notch pathway inhibits vascular infl ammation in 
large-vessel vasculitis. Circulation. 2011;123:
309–18.  

    78.    Watts R, Al-Taiar A, Mooney J, Scott D, Macgregor 
A. The epidemiology of Takayasu arteritis in the Uk. 
Rheumatology (Oxford). 2009;48:1008–11.  

    79.    Arnaud L, Haroche J, Limal N, Toledano D, 
Gambotti L, Costedoat Chalumeau N, Le Thi Huong 
Boutin D, Cacoub P, Cluzel P, Koskas F, Kieffer E, 
Piette JC, Amoura Z. Takayasu arteritis in France: a 
single-center retrospective study of 82 cases com-
paring white, North African, and black patients. 
Medicine (Baltimore). 2010;89:1–17.  

    80.    Maksimowicz-McKinnon K, Clark TM, Hoffman 
GS. Takayasu arteritis and giant cell arteritis: a spec-
trum within the same disease? Medicine (Baltimore). 
2009;88:221–6.  

    81.    Fields CE, Bower TC, Cooper LT, Hoskin T, Noel 
AA, Panneton JM, Sullivan TM, Gloviczki P, Cherry 
Jr KJ. Takayasu’s arteritis: operative results and 
infl uence of disease activity. J Vasc Surg. 2006;43:
64–71.  

    82.    Hoffman GS, Ahmed AE. Surrogate markers of dis-
ease activity in patients with Takayasu arteritis. A 
preliminary report from the international network 
for the study of the systemic vasculitides (inssys). 
Int J Cardiol. 1998;66 Suppl 1:S191–4; discussion 
S195.  

    83.    Karadag O, Aksu K, Sahin A, Zihni FY, Sener B, 
Inanc N, Kalyoncu U, Aydin SZ, Ascioglu S, Ocakci 
PT, Bilgen SA, Keser G, Inal V, Direskeneli H, 
Calguneri M, Ertenli I, Kiraz S. Assessment of latent 
tuberculosis infection in Takayasu arteritis with 
tuberculin skin test and quantiferon-tb gold test. 
Rheumatol Int. 2010;30:1483–7.  

     84.    Grayson PC, Maksimowicz-McKinnon K, Clark TM, 
Tomasson G, Cuthbertson D, Carette S, Khalidi NA, 
Langford CA, Monach PA, Seo P, Warrington KJ, 
Ytterberg SR, Hoffman GS, Merkel PA. Distribution 
of arterial lesions in Takayasu’s arteritis and giant cell 
arteritis. Ann Rheum Dis. 2012;71:1329–34.  

   85.    Kerr GS, Hallahan CW, Giordano J, Leavitt RY, 
Fauci AS, Rottem M, Hoffman GS. Takayasu arteri-
tis. Ann Intern Med. 1994;120:919–29.  

   86.    Koide K. Takayasu arteritis in Japan. Heart Vessels. 
1992;7(Suppl):48–54.  

    87.    Soto ME, Espinola N, Flores-Suarez LF, Reyes PA. 
Takayasu arteritis: clinical features in 110 mexican 
mestizo patients and cardiovascular impact on sur-
vival and prognosis. Clin Exp Rheumatol. 2008;26:
S9–15.  

    88.    Takamura C, Ohhigashi H, Ebana Y, Isobe M. New 
human leukocyte antigen risk allele in Japanese 
patients with Takayasu arteritis. Circ J. 2012;76:
1697–702.  

    89.    Heo JH, Kim M. Familial Takayasu’s arteritis in 
female siblings. Rheumatol Int. 2011;31:815–8.  

3 Congenital and Infl ammatory Arteritides



66

    90.    Lv N, Dang A, Wang Z, Zheng D, Liu G. Association 
of susceptibility to Takayasu arteritis in Chinese han 
patients with HLA-DPB1. Hum Immunol. 2011;72:
893–6.  

     91.    Hata A, Noda M, Moriwaki R, Numano F. 
Angiographic fi ndings of Takayasu arteritis: new 
classifi cation. Int J Cardiol. 1996;54(Suppl):S155–63.  

    92.    Kissin EY, Merkel PA. Diagnostic imaging in 
Takayasu arteritis. Curr Opin Rheumatol. 2004;16:
31–7.  

    93.    Lee KH, Cho A, Choi YJ, Lee SW, Ha YJ, Jung SJ, 
Park MC, Lee JD, Lee SK, Park YB. The role of (18) 
f-fl uorodeoxyglucose-positron emission tomography 
in the assessment of disease activity in patients with 
Takayasu arteritis. Arthritis Rheum. 2012;64:866–75.  

    94.    Tezuka D, Haraguchi G, Ishihara T, Ohigashi H, Inagaki 
H, Suzuki J, Hirao K, Isobe M. Role of FDG PET-CT in 
takayasu arteritis: sensitive detection of recurrences. 
JACC Cardiovasc Imaging. 2012;5:422–9.  

    95.    Pfi zenmaier DH, Al Atawi FO, Castillo Y, 
Chandrasekaran K, Cooper LT. Predictors of left 
ventricular dysfunction in patients with Takayasu’s 
or giant cell aortitis. Clin Exp Rheumatol. 
2004;22:S41–5.  

    96.    Bredemeier M, Rocha CM, Barbosa MV, Pitrez EH. 
One-year clinical and radiological evolution of a 
patient with refractory Takayasu’s arteritis under 
treatment with tocilizumab. Clin Exp Rheumatol. 
2012;30:S98–100.  

   97.    Kusunose K, Yamada H, Tomita N, Nishio S, Niki T, 
Yamaguchi K, Koshiba K, Yagi S, Taketani Y, Iwase 
T, Soeki T, Wakatsuki T, Akaike M, Sata M. Serial 
imaging changes during treatment of Takayasu arte-
ritis with pulmonary artery stenosis. Int J Cardiol. 
2011;148:e47–50.  

   98.    Ogino H, Matsuda H, Minatoya K, Sasaki H, Tanaka 
H, Matsumura Y, Ishibashi-Ueda H, Kobayashi J, 
Yagihara T, Kitamura S. Overview of late outcome 
of medical and surgical treatment for Takayasu arte-
ritis. Circulation. 2008;118:2738–47.  

    99.    Ohigashi H, Haraguchi G, Konishi M, Tezuka D, 
Kamiishi T, Ishihara T, Isobe M. Improved prognosis of 
Takayasu arteritis over the past decade–comprehensive 
analysis of 106 patients. Circ J. 2012;76:1004–11.  

    100.    Wang H, Ma J, Wu Q, Luo X, Chen Z, Kou L. 
Circulating b lymphocytes producing autoantibodies 
to endothelial cells play a role in the pathogenesis of 
Takayasu arteritis. J Vasc Surg. 2011;53:174–80.  

    101.    Arnaud L, Cambau E, Brocheriou I, Koskas F, 
Kieffer E, Piette JC, Amoura Z. Absence of myco-
bacterium tuberculosis in arterial lesions from 
patients with Takayasu’s arteritis. J Rheumatol. 
2009;36:1682–5.  

    102.    Arnaud L, Haroche J, Mathian A, Gorochov G, 
Amoura Z. Pathogenesis of Takayasu’s arteritis: a 
2011 update. Autoimmun Rev. 2011;11:61–7.  

    103.    Henes JC, Mueller M, Pfannenberg C, Kanz L, 
Koetter I. Cyclophosphamide for large vessel vascu-
litis: assessment of response by PET/CT. Clin Exp 
Rheumatol. 2011;29:S43–8.  

    104.    Castillo-Martinez D, Amezcua-Guerra LM. Self- 
reactivity against stress-induced cell molecules: the 
missing link between Takayasu’s arteritis and tuber-
culosis? Med Hypotheses. 2012;78:485–8.  

    105.    Schmidt J, Kermani TA, Bacani AK, Crowson CS, 
Matteson EL, Warrington KJ. Tumor necrosis factor 
inhibitors in patients with Takayasu arteritis: experi-
ence from a referral center with long-term followup. 
Arthritis Care Res (Hoboken). 2012;64:1079–83.  

    106.    Mekinian A, Neel A, Sibilia J, Cohen P, Connault J, 
Lambert M, Federici L, Berthier S, Fiessinger JN, 
Godeau B, Marie I, Guillevin L, Hamidou M, Fain 
O. Effi cacy and tolerance of infl iximab in refractory 
Takayasu arteritis: French multicentre study. 
Rheumatology (Oxford). 2012;51:882–6.  

    107.    de Souza AW, da Silva MD, Machado LS, Oliveira 
AC, Pinheiro FA, Sato EI. Short-term effect of lefl u-
nomide in patients with Takayasu arteritis: an obser-
vational study. Scand J Rheumatol. 2012;41:
227–30.  

    108.    Chirinos JA, Corrales VF, Lichtstein DM. Anca- 
associated large vessel compromise. Clin Rheumatol. 
2006;25:111–2.  

    109.    Salvarani C, Magnani L, Catanoso MG, Pipitone N, 
Versari A, Dardani L, Pulsatelli L, Meliconi R, 
Boiardi L. Rescue treatment with tocilizumab for 
Takayasu arteritis resistant to TNF-α blockers. Clin 
Exp Rheumatol. 2012;30:S90–3.  

    110.    Ma J, Luo X, Wu Q, Chen Z, Kou L, Wang H. 
Circulation levels of acute phase proteins in patients 
with Takayasu arteritis. J Vasc Surg. 2010;51:
700–6.  

    111.    Saadoun D, Lambert M, Mirault T, Resche-Rigon 
M, Koskas F, Cluzel P, Mignot C, Schoindre Y, 
Chiche L, Hatron PY, Emmerich J, Cacoub P. 
Retrospective analysis of surgery versus endovascu-
lar intervention in Takayasu arteritis: a multicenter 
experience. Circulation. 2012;125:813–9.  

    112.    Saif I, Seriki D, Moore R, Woywodt A. Midaortic 
syndrome in neurofi bromatosis type 1 resulting in 
bilateral renal artery stenosis. Am J Kidney Dis. 
2010;56:1197–201.  

    113.    Delis KT, Gloviczki P. Middle aortic syndrome: 
from presentation to contemporary open surgical 
and endovascular treatment. Perspect Vasc Surg 
Endovasc Ther. 2005;17:187–203.  

    114.    Piercy KT, Hundley JC, Stafford JM, Craven TE, 
Nagaraj SK, Dean RH, Hansen KJ. Renovascular 
disease in children and adolescents. J Vasc Surg. 
2005;41:973–82.  

    115.    Gimenez-Roqueplo AP, Tomkiewicz E, La Batide- 
Alanore A, Moreau I, Paul JF, Raynaud A, Plouin 
PF. Stent treatment for pseudocoarctation and refrac-
tory hypertension in an elderly patient with 
Takayasu’s arteritis. Nephrol Dial Transplant. 2000;
15:536–8.  

   116.    Sharma S, Bahl VK, Saxena A, Kothari SS, Talwar 
KK, Rajani M. Stenosis in the aorta caused by non- 
specifi c aortitis: results of treatment by percutaneous 
stent placement. Clin Radiol. 1999;54:46–50.  

B.A. Greco and L.T. Cooper



67

    117.    Shim BJ, Youn HJ, Kim YC, Kim WT, Choi YS, Lee 
DH, Park C, Oh YS, Chung WS, Kim JH, Choi KB, 
Hong SJ, Jung SE, Hahn ST. Takayasu’s arteritis 
treated by percutaneous transluminal angioplasty 
with stenting in the descending aorta. J Korean Med 
Sci. 2008;23:551–5.  

    118.    Fakhouri F, La Batide AA, Rerolle JP, Guery B, 
Raynaud A, Plouin PF. Presentation and revasculariza-
tion outcomes in patients with radiation-induced renal 
artery stenosis. Am J Kidney Dis. 2001;38:302–9.  

    119.    Sugihara T, Hattori Y, Yamamoto Y, Qi F, Ichikawa 
R, Sato A, Liu MY, Abe K, Kanno M. Preferential 

impairment of nitric oxide-mediated endothelium- 
dependent relaxation in human cervical arteries after 
irradiation. Circulation. 1999;100:635–41.  

     120.    Roca C, Adams RH. Regulation of vascular morpho-
genesis by Notch signaling. Genes Dev. 2007;21:
2511.  

    121.    Barry A. The aortic arch derivatives in the human 
adult. Anat Rec. 1951;111:221.  

    122.    Arend WP, Michel BA, Bloch DA, et al. The 
American College of Rheumatology 1990 criteria 
for the classifi cation of Takayasu arteritis. Arthritis 
Rheum. 1990;33(8):1129–34.      

3 Congenital and Infl ammatory Arteritides



69L.O. Lerman, S.C. Textor (eds.), Renal Vascular Disease, 
DOI 10.1007/978-1-4471-2810-6_4, © Springer-Verlag London 2014

        Introduction 

 Management of diseases of the aorta and its 
branches has greatly evolved during the last 
decade. Recent technological developments have 
allowed less invasive approaches to treat arterial 
stenoses and aneurysms in different vascular beds 
using catheter-directed and hybrid interventions. 
Prior to the advent of endovascular technology, 
renal artery occlusive disease was treated primar-
ily by open revascularization. Trans-aortic renal 

 endarterectomy and renal artery bypass were the 
most frequently utilized techniques, and inadver-
tent iatrogenic injury was relatively uncommon and 
immediately treated once recognized at the time of 
the initial intervention. The risk of kidney loss was 
low, typically resulting from technical problems 
such as dissection of the native artery or graft kink. 
Deterioration of renal function under these condi-
tions correlated with prolonged warm ischemia 
or technical complications encountered during 
the procedure. The most frequent complications, 
including graft thrombosis, atheroemboli leading 
to infarction, hematoma formation, and infection 
could be minimized by meticulous surgical tech-
nique and treated promptly once recognized. 

 In the more recent era, endovascular 
approaches to treat renal and aortic vascular 
lesions have been shown to reduce morbidity and 
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mortality as compared to open repair. Nonetheless, 
these interventions require catheter and guide- 
wire manipulations that pose new risks, not pre-
viously encountered with open surgery. 
Atheroemboli, infarction and acute thrombosis 
can occur with any endovascular or open inter-
vention; arterial dissection and perforation can 
result from excessive dilatation, catheter or 
sheath manipulation and multiple guide-wire 
exchanges. These lesions are notoriously more 
common in patients with excessively calcifi ed, 
eccentric renal artery lesions, or when aggressive 
angioplasty and stenting is performed with over-
sized balloons and stents. The interventionalist 
needs to be aware of the risks of endovascular 
treatment, utilize clinical judgment on selection 
of ideal anatomical lesions, and most importantly 
have fi nesse when performing these procedures, 
avoiding excessive catheter manipulations in 
order to minimize the frequency and sequelae of 
these complications. 

 In addition to the inherent risks of renal artery 
interventions, the kidney is subjected to potential 
risk of injury during endovascular procedures 
performed in many other vascular beds, because 
of its central location. Aortic interventions for 
aneurysmal and occlusive disease are typically 
performed in close proximity to the renal arteries. 
Other invasive procedures such as kidney biopsy, 
renal pelvic decompression, and interventions for 
nephrolithiasis may result in injury to the kidney 
parenchyma and renal artery, including arteriove-
nous fi stula, pseudoaneurysm, or frank hemor-
rhage. This chapter summarizes the risk factors, 
management and long-term consequences of iat-
rogenic renal artery disease associated with renal 
artery and aortic endovascular interventions.  

    Renal Artery Interventions 

 Since the fi rst description of renal artery angio-
plasty by Gruentzig and associates in 1978 [ 1 ], 
the procedure gained widespread acceptance with 
many short-term advantages over open revascu-
larization, including less morbidity, blood loss 
and recovery time [ 2 ,  3 ]. It became evident from 
the initial experience that angioplasty of ostial 
lesions had a tendency for elastic recoil to occur, 

leading to vessel re-narrowing almost immedi-
ately after the intervention [ 4 ]. To prevent elastic 
recoil associated with angioplasty, Palmaz and 
associates developed balloon-expandable stents in 
1987 [ 5 ,  6 ]. Subsequently, single-center reports 
and a prospective randomized study confi rmed 
the superiority of renal artery stenting over angio-
plasty alone, with lower rates of restenosis and 
improved patency rates [ 2 ,  7 ,  8 ]. Currently, pri-
mary renal artery angioplasty has become the 
standard-of-care for treatment of atherosclerotic 
lesions, whereas angioplasty alone is used in 
select cases (small vessels, bifurcation lesions) 
and in patients with fi bromuscular dysplasia. 

 Endovascular technology has improved with 
smaller profi le balloons, catheters, guide-wires, 
drug-eluting and covered stents, and embolic pro-
tection devices. The original angioplasty balloons 
and hand-mounted stents were constructed on a 
larger platform (0.038-in.), with less fl exible, more 
rigid material that was more prone to cause vessel 
trauma. Stent dislodgement due to poor balloon 
retention, a known complication of fi rst-genera-
tion hand-mounted stents, are rare with current 
technology. Today most renal artery interventions 
are performed using a small profi le (0.014 or 
0.018-in.) system. Specially designed guiding 
catheters with rapid-exchange have facilitated 
these procedures, optimizing technology to the 
patient anatomy in order to minimize complica-
tions from excessive manipulation [ 9 ]. Despite 
these technological improvements, periprocedural 
complications during renal angioplasty and stent-
ing can be problematic and a challenge to treat. 
The most frequent renal artery complications 
include dissection or perforation, rupture, emboli-
zation and contrast-induced nephropathy (CIN). 

    Dissection, Perforation, or Rupture 

 A spectrum of renal artery injuries can occur with 
any catheter-based manipulation. The incidence 
of renal artery dissection and rupture in large sin-
gle-center reports and in the prospective studies 
are summarized in Table  4.1  [ 9 – 13 ]. Renal artery 
rupture is infrequent and is typically treated by 
gentle prolonged balloon infl ation or placement 
of a covered stent. Guide-wire  perforations should 
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be immediately treated by coil embolization once 
recognized. If left untreated in the revascularized 
kidney, continued bleeding can lead to massive 
intraparenchymal or subcapsular hematomas 
which are aggravated by anticoagulation and anti-
platelet therapy (Fig.  4.1a–d ).

    Renal artery dissection is one of the most fre-
quent iatrogenic complications that occur during 
endovascular interventions. The cumulative inci-
dence of renal artery dissection is <4 % [ 11 ]. 
Certain anatomical features associated with risk 
of dissection or vessel rupture include heavily cal-
cifi ed plaques, eccentric plaques and branch 
involvement by fi bromuscular dysplasia, espe-
cially in patients who present with evidence of 
focal renal artery dissection. Focal dissections can 
be treated by repeat balloon dilatation or more 
frequently by placement of a second stent. 
Extensive dissections that involve small branches 
may be impossible to treat by endovascular 
means. In patients with complex dissections, open 
repair can be attempted using ex vivo surgical 
techniques, but prognosis is poor due to intoler-
ance of the kidney to warm ischemia (Fig.  4.2a–d ).

   In contemporary reports, renal artery occlu-
sion rates range from 1 to 3 %, almost invariably 
resulting from inadvertent renal artery dissection 
during angioplasty and stenting [ 13 ].  

    Embolization 

 Embolization or micro-embolization of athero-
emboli is a recognized risk with catheter-based 
interventions. This can be problematic with renal 
artery interventions, particularly in the presence 

of a diseased aorta. Atheroembolism occurs with 
each one of the steps required to place stents in 
the renal arteries. It is most noticeable during the 
manipulation of the catheter that is required to 
select, engage and advance a guide-wire, catheter 
and stent into renal artery [ 14 ]. Infl ation of a bal-
loon or stent can also dislodge atheroemboli. 
Embolic protection devices have been designed 
to minimize risk of clinically signifi cant emboli 
during coronary and carotid interventions. These 
devices have been successfully applied in the 
renal arteries [ 15 ,  16 ]. 

 The anatomy of the renal artery can be unfavor-
able for use of embolic protection devices because 
of short length of the main renal artery or pres-
ence of early branch bifurcation [ 17 ]. Computed 
tomography angiography can be used to plan these 
interventions and improve selection of a specifi c 
embolic protection device. Some devices (Spider 
Rx, Angioguard, Accunet) have wider applica-
tion in the renal arteries by better adapting to 
anatomical requirements, including vessel diam-
eter (4–8 mm) and length before the renal artery 
bifurcation. Reports of renal artery interventions 
indicate that atherosclerotic debris is retrieved in 
60–80 % of the patients using embolic protection 
[ 15 ,  18 ]. Most of these studies indicate stabiliza-
tion or improvement of renal function in 90–99 % 
of the patients, with variable rates of embolic 
debris captured by the device. Nonetheless, routine 
use of embolic protection remains controversial, 
adds to the cost of these interventions, and may be 
potentially associated with iatrogenic complica-
tions including vessel spasm, dissection and per-
foration. The only prospective, randomized trial 
of renal artery stenting with or without embolic 

   Table 4.1    Renal artery angioplasty and stent interventions carry associated risk factors that are few in number, but 
carry signifi cant comorbidity   

 Renal artery angioplasty and stenting technical complications 

 Article 
 Arteries 
treated  Dissection (%) 

 Occlusion 
(main or branch vessel) (%)  Perforation (%) 

 Permanent 
hemodialysis (%) 

 Ivanovic et al. [ 11 ]  179  NR  2.8  NR  2.8 
 Nolan et al. [ 9 ]  96  NR  NR  1  1 
 Beek et al. [ 12 ]  61  5  1.6  1.6  1.6 
 Morris et al. [ 13 ]  308  1  2  1.6  0.33 
 Bonelli et al. [ 10 ]  396  5.6  0.9  1.6  0.25 

  Listed in this table are representative reviews demonstrating the accepted rates of renal artery complications 
  NR  not reported  
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protection showed no  difference in renal function 
outcomes [ 19 ]. Another argument against use of 
embolic protection is the observation that athero-
emboli continue to occur days or weeks after renal 
artery angioplasty and stent placement, long after 
removal of embolic protection devices [ 20 ].  

    Renal Function Deterioration 

 Renal artery revascularization has been shown to 
stabilize or improve renal function in 40–55 % of the 
patients and deterioration of renal function occurs in 
14–30 % of the patients after percutaneous renal 

a

c d

b

     Fig. 4.1    ( a ) Successful renal artery stent is confi rmed on 
post deployment renal angiogram. ( b ) Computed tomog-
raphy evaluation obtained for severe back pain post angio-
gram demonstrates large retroperitoneal hematoma with 

active extravasation ( arrow ). ( c ) Repeat selective angio-
gram demonstrates active extravasation from a branch 
vessel ( arrow ), which was controlled successfully with 
coiling ( d )       
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a

c d

b

  Fig. 4.2    ( a ) A renal artery stent was deployed in the proxi-
mal renal artery leading to more distal luminal irregularity. 
( b ) Attempt at angioplasty led to dissection with loss of 
 distal branch fi lling ( arrow ). ( c ) Ex vivo repair of the branch 

dissection was the only option available for renal salvage. 
( d ) Intraoperative ultrasound ( arrow ) confi rms adequate 
fl ow post repair       
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interventions [ 21 ]. The known causes for the decline 
are multi-factorial, including progression of chronic 
kidney disease, embolization, contrast-induced 
nephropathy and renal artery complications. 

 Reports on the impact of renal function second-
ary to endovascular intervention are quite variable 
throughout the literature making generalization 
diffi cult. Indications for intervention differ 
between studies and varying defi nitions of postop-
erative renal insuffi ciency and time periods to 
recovery prevent uniform reporting across spe-
cialty and procedure. A recent meta-analysis 
attempted to describe the impact of renal artery 
intervention on renal function; however, this study 
was unable to show improvement in renal function 
based largely on the above [ 22 ]. Timing of inter-
vention before or after objective evidence demon-
strates onset of renal dysfunction may have a direct 
impact on creatinine clearance, with studies sup-
porting both early and late intervention [ 23 ,  24 ]. 

 The impact of renal function deterioration 
secondary to renal artery intervention was dem-
onstrated by Davies et al. In this large retrospec-
tive review, 20 % of patients had persistent 
increase in serum creatinine of >0.5 mg/dL. An 
eGFR under 30 mL/min/1.73 m 2 , an unrepaired 
abdominal aortic aneurysm, diabetes, ipsilateral 
nephrosclerosis, and contralateral renal artery 
disease were associated with functional injury. 
This was found by multivariate analysis to be a 
negative predictor of survival with progression to 
renal failure, dialysis and death [ 25 ]. It is clear 
that more stringent guidelines for renal artery 
intervention need to be established and centered 
upon evidence based expected benefi t before 
exposing patients to the real risk of intervention.   

    Non-vascular Renal Interventions 

 Invasive non-vascular related interventions carry 
inherent risks of injury to the kidney parenchyma 
and collecting system. Most common procedures 
include nephrostomy tube placement, nephroli-
thotomy, and kidney biopsies. Inadvertent injury 
to the renal artery branches can lead to intra- 
parenchymal or subcapsular hematoma, pseudoa-

neurysm, arterio-venous fi stula or persistent 
hematuria. Development of clot within the col-
lecting system can lead to obstruction and dete-
rioration of renal function [ 26 ,  27 ].  

    Endovascular Aortic Aneurysm 
Repair 

 Current estimates indicate that up to 15,000 
abdominal aortic aneurysms may rupture annu-
ally [ 28 ]. Open repair offers durable results, but 
morbidity is signifi cant and operative mortality 
averages 3–5 % in the largest reports [ 29 ,  30 ]. 
Endovascular aortic aneurysm repair (EVAR) has 
gained widespread acceptance and is currently 
the fi rst option to treat infrarenal aortic aneu-
rysms with suitable anatomy. Prospective ran-
domized studies have confi rmed that EVAR 
reduces operative time, blood loss, transfusion 
requirements, hospital stay, morbidity and mor-
tality compared to open surgical repair [ 31 ,  32 ]. 
A critical requirement for successful aneurysm 
exclusion in EVAR is the presence of suffi cient 
length of normal aorta (e.g., aortic neck) to pro-
vide adequate fi xation to the endograft and to seal 
the aneurysm sac. Enlarging diameter throughout 
the course of neck length (tapering), short total 
length, angulation, and the presence of thrombus 
or calcium all limit the ability to obtain an ade-
quate seal to exclude the aneurysm. To optimize 
fi xation and seal, many of the stent grafts are 
placed in close proximity to the origins of the 
renal arteries, with potential hazard regarding 
development of renal artery obstruction. In some 
patients with short infrarenal necks or more 
extensive aneurysms, the renal arteries may be 
deliberately included in the repair with provision 
for placement of a protective renal artery stents 
through fenestrations or side cuffs, which are 
customized to the patient’s anatomy. 

 Preservation of renal artery patency during 
EVAR is of critical importance for several rea-
sons. Decline in renal function has been shown to 
be one of the most important predictors of mortal-
ity after open and endovascular aneurysm repair 
[ 33 ,  34 ]. Although there is modest decline in renal 
function after EVAR (1 ml/min/1.73 m 2  per year), 
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signifi cant deterioration in renal function has been 
associated with inadvertent renal artery occlusion, 
renal artery complications (stenosis, plaque dis-
lodgement or dissection) and use of fenestrated 
endografts [ 35 ,  36 ]. Haddad and associates 
reported that 23 of 72 patients (32 %) treated by 
fenestrated endografts for juxtarenal aneurysms 
had greater than 30 % decline in GFR, although 
the majority recovered by 6 months [ 36 ]. In 
another prospective non-randomized study of 287 
patients treated by fenestrated endografts, renal 
function deterioration occurred in 20 % and was 
associated with presence of renal artery stenosis 
or kidney infarcts due to intra- procedural emboli-
zation or coverage of early branch bifurcations or 
accessory renal arteries by the stent graft [ 37 ]. 

 Several factors account for the decline in renal 
function observed in some patients undergoing 
EVAR. Repeated doses of contrast agents during 
pre-operative diagnostic studies, implantation of 
stent grafts, and follow up surveillance are known 
to be nephrotoxic, particularly when adminis-
tered to poorly hydrated patients or in those with 
chronic kidney disease. Endovascular instrumen-
tation carries risk of atheroembolization, 
 particularly in those patients with complex aneu-
rysms and thrombus involving the renal arteries 
or who need adjunctive renal artery stenting. And 
fi nally, implantation of fenestrated endografts, 
which require placement of renal artery stents, 
can be technically challenging. These grafts are 
associated with higher rates of renal artery dis-
section and/or perforations compared to renal 
artery stent placement performed alone for occlu-
sive disease [ 36 – 38 ]. Factors that contribute to 
renal artery complications during fenestrated 
repair are small renal artery diameter (<4 mm), 
tortuosity, occlusive disease, and need to use 
large profi le platform and stiff guide-wire system 
to deliver side branch stents. 

    Inadvertent Renal Artery Coverage 

 Newer aortic stent graft designs allow reposition-
ing the stent graft prior to complete deployment, 
ensuring protection of the renal artery and opti-
mal seal during the deployment sequence. Other 

stent grafts have suprarenal fi xation, which is an 
uncovered stent that extends above the renal 
arteries and is designed to improve fi xation into 
the normal aorta and prevent migration of the 
stent. The presence of a suprarenal fi xation stent 
may complicate placement of renal artery stents 
because of single or multiple stent struts crossing 
the renal artery ostia, assuming various confi gu-
rations of encroachment that may impact blood 
fl ow or the cross-sectional luminal area [ 39 – 42 ]. 
Despite theoretical concerns regarding the poten-
tial negative impact of suprarenal fi xation on 
renal function, experimental studies and clinical 
reports have compared infrarenal versus suprare-
nal fi xation stents during EVAR with little to no 
difference between both stent designs [ 39 – 42 ]. 
Nevertheless, suprarenal fi xation notably makes 
placement of renal stents more challenging in 
some patients because of diffi culties in selective 
catheterization of the renal arteries, advancement 
of the sheath or guide catheter, and expansion of 
the stent which can be partially compressed by 
the suprarenal stent [ 43 ,  44 ]. 

 Inadvertent coverage of the renal arteries is 
described in 0–6 % of patients undergoing EVAR 
[ 31 ,  32 ,  35 ,  41 ,  43 ,  44 ] (Fig.  4.3a, b ).

   In the prospective study that evaluated the 
Cook Zenith stent graft (Bloomington, IN), 
which has a suprarenal fi xation stent, nine of 351 
patients (2.5 %) had graft material impinging on 
renal ostia [ 41 ]. When noted and treated immedi-
ately by placement of a renal stent, this resulted 
in no sequela. However, as described previously, 
placement of renal stents in patients with supra-
renal fi xation can be diffi cult and may require use 
of stiff guide-wire system and large platform to 
provide enough support [ 43 ]. If renal artery 
impingement was not promptly recognized and 
treated, renal artery occlusion was a frequent 
complication [ 41 ] (Fig.  4.4a–c ).

   Technical diffi culties may account for dif-
ferences in outcomes of renal artery interven-
tions during EVAR compared to renal 
interventions performed in the absence of 
EVAR. Hiramoto and associates reported the 
outcomes of 31 renal artery stents in 29 patients 
who had partial or complete renal artery cover-
age by the endograft [ 43 ]. In that report, there 
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were two renal artery complications (6.5 %), 
including a stent occlusion and a renal artery 
dissection, potentially attributed to the use of 
stiffer guidewire system and larger platform 
[ 43 ]. Protrack and associates compared out-
comes adjunctive renal artery stents in 51 
patients who had EVAR with 362 patients who 
had renal artery stents without EVAR [ 44 ]. In 
the EVAR group, patients were more likely to 
have acute occlusions of the renal artery (4 % 
versus 0 %) and more likely to develop a rise in 
serum creatinine level (33 % versus 17 %). 
Excluding these early occlusions, late out-
comes of restenosis and renal function deterio-
ration were similar in both groups. 

 Placement of renal artery stents prior to EVAR 
can affect suitability for treatment of the aneu-
rysm using endografts. Because renal artery stent 
is typically placed a few millimeters into the 
aorta, aortic stent grafts with suprarenal fi xation 
or fenestrated stent grafts that extend above the 
renal arteries may no longer be adequately 
implanted in the patient’s anatomy. These are 
important considerations when deciding the tim-
ing and sequence of repair in patients who have 
aortic aneurysms and renal artery disease 
 warranting revascularization.  

    Renal Alignment During Fenestrated 
and Branched Endografts 

 Complex aortic aneurysms involving the renal 
and mesenteric arteries are technically more 
challenging to repair because of need to incorpo-
rate side branches into the repair. The minimal 
anatomic requirement for EVAR is the presence 
of an infra-renal aortic neck of at least 15 mm in 
length, without signifi cant thrombus, calcifi ca-
tion or angulation. Aneurysms encroaching the 
renal and mesenteric arteries are not suited for 
endovascular repair with standard endografts. 
Traditionally, these patients have been treated by 
open surgical repair, with an average operative 
mortality of 4 % in the largest reports [ 45 ]. Open 
repair carries higher morbidity and mortality 
because of more extensive exposure and dissec-
tion that is required when dealing with complex 
aneurysm and the visceral ischemia during aortic 
cross-clamp needed for more reconstruction of 
the visceral arteries [ 45 ]. It is logical to speculate 
that the advantages achieved with endovascular 
repair of infra-renal aneurysms pale in compari-
son to the potential for reduction in morbidity 
and mortality for treatment of more complex 
aneurysms that involve the visceral segment. 

a b

  Fig. 4.3    ( a ) Post operative computed tomography after 
endovascular aortic repair shows compromised renal fl ow 
with poor contrast opacifi cation ( arrow ). ( b ) Selected angi-

ography after renal artery access demonstrates encroach-
ment of the renal orifi ce ( arrow ) that required stenting       
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 Recent technological advancements in stent 
graft design led to the development of fenestra-
tions and branches, which allow incorporation of 
aortic side branches to treat patients with com-
plex aneurysms using total endovascular tech-
nique. Fenestrated stent grafts (Fig.  4.5 ) utilize 
reinforced fenestrations or side holes, whereas 
branched stent grafts have pre-sewn cuffs.

   Both designs require placement of bridging 
stents to align and provide seal by covering the 
connection gap between aortic stent graft and the 
target renal artery. A variety of complex anatomy 

has been successfully treated by these techniques. 
Renal and visceral ostia are accessed and bridg-
ing stents are placed to provide seal by covering 
the space between aortic stent graft and the target 
renal artery. Beyond the risk of deploying the 
aortic stent graft near renal artery ostia, these new 
grafts are deliberately constructed to incorporate 
the renal arteries into the repair, which is per-
formed using catheter-based techniques, similar 
to what has already been described for treatment 
of renal occlusive lesions. Therefore, compared 
to simpler infrarenal aortic aneurysms, patients 

a c

b

  Fig. 4.4    ( a ) Bilateral renal artery fi lling is impaired on 
the post endovascular aortic graft deployment angiogram 
( arrow ). ( b ) Access “up and over” the fl ow divider was 

obtained to assist with repositioning the aortic graft to a 
level below the renal arteries ( arrow ). ( c ) Post reposition-
ing angiogram shows adequate renal artery fi lling       
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  Fig. 4.5    Fenestrated aortic grafts utilize side holes that 
allow access to the renal arteries from within the graft. 
Stents are placed to bridge the gap between the aorta and 

renal artery leading to adequate fi lling after deployment 
( Upper Right Image : By permission of Mayo Foundation 
for Medical Education and Research. All rights reserved)       
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undergoing fenestrated repair are at increased 
risk of iatrogenic renal artery injury due to cath-
eter manipulation, more complex anatomy, and 
use of larger doses of contrast media. All of these 
are associated with potentially higher rates of 
renal artery dissection or perforations compared 
to renal artery stent placement performed for 
occlusive disease [ 36 – 38 ]. 

 Renal artery stenting is routinely performed 
during fenestrated repair to optimize seal and to 
avoid occlusion of the renal artery, which results 
from misalignment of the fenestration. Several 
single-center reports have demonstrated that 
patency of renal stents for this indication is supe-
rior to the results reported for patients with occlu-
sive disease, averaging >95 % at 5 years [ 46 – 51 ]. 
Pooled results from the literature estimate a 6 % 
rate of renal artery occlusion in patients undergo-
ing fenestrated endografts, but early reports had a 
number of patients with unstented fenestrations, 
a know factor associated with late renal artery 
occlusion [ 47 ]. A prospective multicenter study 
of 30 patients with 55 renal arteries treated by 
fenestrated endografts for juxtarenal aortic 
 aneurysms has shown no operative deaths, acute 
occlusions or dialysis [ 52 ]. During follow up 
there were eight renal events, including renal 
artery stenosis in four patients, occlusion in two 
and segmental renal infarcts in two. 

 Long-term complications of renal artery stents 
include development of in-stent stenosis, similar 
to what occurs for renal stents placed for occlu-
sive lesions, and kinks. Most frequently, covered 
stents are used during fenestrated repair, which 
differs from the standard treatment of renal 
occlusive lesions. Interestingly, covered stents 
have been shown to have superior patency rates 
compared to bare metal stents when used for 
renal alignment during fenestrated endovascular 
aortic repair. Mohabbat et al. reviewed the out-
comes of 518 renal arteries treated by alignment 
stents during fenestrated endovascular repair. 
Freedom from stenosis at 3-years was signifi -
cantly higher for covered stents (95 %) than for 
bare metal stents (89 %). Renal artery stent 
occlusion rate was 5 % for uncovered and 2 % for 

covered stents, and cumulative incidence of new 
permanent dialysis was 2 % for the entire cohort 
[ 37 ]. Similar to other reports, most renal artery 
occlusions resulted from technical issues encoun-
tered during the initial procedure (e.g., dissec-
tions, kinks), or to anatomical limitations because 
of concomitant occlusive disease small vessel 
diameter (<4 mm) [ 36 ,  37 ]. An interesting fi nd-
ing of the study was the difference in the location 
of restenosis observed with the two types of 
stents. Whereas restenosis associated with bare 
metal stents affected primarily the proximal 
stented segment, those with covered stents tended 
to occur distal to the stent edge. A possible expla-
nation for restenosis in the proximal stent may be 
the over-dilatation or fl are that is required during 
fenestrated repair, which may cause intimal and 
medial injury and a late hyperplastic response 
and restenosis. Conversely, graft coverage of this 
injured segment may impede in growth of tissue 
either by acting as a barrier or rendering the arte-
rial wall ischemic. 

 Follow up of patients treated by fenestrated 
endografts is typically performed using computed 
tomography angiography and duplex ultrasound 
to evaluate for endoleaks, stent migration and 
branch vessel stent patency. Endoleaks at the 
attachment sites of the fenestration with the bridg-
ing stent has been reported in 1–3 % of the patients 
[ 36 ,  37 ,  46 – 52 ]. Migration is a rare occurrence 
given that these customized endografts have 
excellent fi xation and are designed to be implanted 
in the normal aorta [ 36 ,  37 ,  46 – 52 ].   

    Conclusion 

 Iatrogenic renal artery injury and renal func-
tion deterioration in the setting of endovascu-
lar interventions are an important entity to 
understand. Variability exists in the popula-
tion at risk for this unfortunate event and the 
procedures that carry increased risk. Clinicians 
must be aware so they can appropriately 
inform the individuals considering treatment, 
identify and manage events when they occur, 
and tailor treatment strategies in an effort to 
limit risk as much as possible.     
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        Introduction 

 Heart failure has emerged as the major cause of 
cardiovascular expenditure in the United States 
with a current prevalence of 5.7 million in the 
adult population, rising to a projected 10 million 

by the year 2030 [ 1 ,  2 ]. The high burden of dis-
ease represents a signifi cant health and economic 
strain with major utilization of inpatient and out-
patient services exceeding $25 billion annually 
[ 3 – 5 ]. Heart failure is now understood not to rep-
resent an isolated disorder of myocardial dysfunc-
tion but rather a complex systemic disease with 
dysregulation of hormonal, biochemical and 
pathophysiologic processes of the heart, kidney 
and vascular bed. With many shared regulatory 
mechanisms, and given that dysfunction of the 
heart so frequently leads to renal dysfunction and 
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    Abstract  

  Atherosclerotic renal artery stenosis commonly co-exists with systolic and/
or diastolic heart failure and is an unfavorable prognostic indicator. The 
morbidity and mortality relates to a complex neurohormonal interplay 
whereby renal ischemia activates the renin angiotensin aldosterone axis 
resulting in sodium retention, arterial vasoconstriction, and accelerated end-
organ damage. In a subset of patients, particularly with bilateral renal artery 
stenosis, acute episodes of severe hypertension may lead to “fl ash” pulmo-
nary edema. Often sharing a common pathophysiology renal artery stenosis 
is especially common amongst heart failure patients with a 31 % incidence 
in those who undergo renal artery revascularization. The best course of treat-
ment of renal artery stenosis in the setting of heart failure remains unclear. 
Although renal artery stenting has no effect on mortality, revascularization 
may lead to improved control of heart failure as evidenced by a reduction in 
hospital admissions and improvement in NYHA heart failure class.  
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vice versa, management of the heart failure patient 
requires focus on the cardiorenal axis. Indeed the 
major advances in medical therapy for heart fail-
ure share targets that impact cellular regulation in 
broad tissue beds through focusing on systems 
such as the renin-angiotensin- aldosterone hor-
monal axis and the sympathetic nervous system. 

 Atherosclerosis and systemic hypertension, 
pathognomonic features of renal artery stenosis, 
are common causes of heart failure [ 6 – 8 ]. Renal 
artery stenosis is strongly associated with cardio-
vascular morbidity and mortality in patients with 
atherosclerotic disease [ 9 ,  10 ] and may impact the 
pathogenesis and control of heart failure. Renal 
artery stenosis has been associated with frequent 
abnormalities in left ventricular structure and 
function and acute episodes of left ventricular 
failure, often mediated through labile systemic 
hypertension and exacerbation of myocardial 
ischemia [ 11 – 14 ]. The presence of renal artery 
stenosis may also limit options for heart failure 
pharmacotherapy, such as the use of modulators 
of the renin–angiotensin-aldosterone system in 
patients with global renal ischemia (caused by 
either bilateral renal artery stenosis or stenosis to 
a solitary kidney), due to their potential to cause a 
simultaneous fall in glomerular fi ltration rate. 
Progressive renal artery stenosis may contribute 
to chronic kidney disease, a major  determinant of 
outcome in patients with heart failure [ 14 ,  15 ]. 

 In this chapter we will describe the central 
role of the cardiorenal axis in the syndrome of 
heart failure and focus our discussions on the 
archetypical cardiorenal syndrome, that of renal 
artery stenosis and heart failure.  

    Cardiorenal Syndromes 

 Renal disease and heart failure commonly coex-
ist. The intricate interplay between the heart and 
kidneys is well documented with proper function 
of one organ dependent on homeostatic balance 
of the other. Risk factors for the development of 
heart failure include hypertension, obesity, 
hyperlipidemia, coronary artery disease, left ven-
tricular dysfunction, tobacco use, diabetes melli-
tus, and chronic kidney disease [ 16 ,  17 ]. In a 

large registry of patients hospitalized for acute 
decompensated heart failure the most frequent 
co-morbidities were hypertension (72 %), coro-
nary artery disease (58 %), diabetes mellitus 
(44 %), and renal dysfunction (29 %) [ 18 ]. 
Patients with renal disease and a marked reduc-
tion in glomerular fi ltration rate (creatinine 
≥2 mg/dl) were more likely to be treated with 
intravenous vasoactive agents and had increased 
in-hospital mortality [ 18 ]. The development of 
acute kidney injury during hospital admission is 
a poor prognostic indicator in the setting of heart 
failure [ 14 ,  19 ] and advanced chronic kidney dis-
ease predicts future hospitalization [ 19 ,  20 ]. 
Furthermore, patients with chronic kidney dis-
ease are less likely to have reduced percutaneous 
coronary intervention success [ 21 ], and receive 
less optimal cardiac care due to impaired renal 
function [ 22 ,  23 ]. All of these perpetuate a 
vicious cycle of cardiac and renal impairment. 

 Recognized for decades but vaguely defi ned, 
cardiorenal syndromes were classifi ed at a recent 
consensus conference [ 24 ]. The conference 
included experts in nephrology, cardiology, criti-
cal care, and cardiac surgery to defi ne and clas-
sify cardiorenal syndromes, identify diagnostic 
biomarkers, and outline prevention and treatment 
strategies. Cardiorenal syndromes represent a 
group of “disorders of the heart and kidneys 
whereby acute or chronic dysfunction in one 
organ may induce acute or chronic dysfunction of 
the other [ 24 ].” Cardiorenal syndromes consist of 
fi ve subtypes refl ecting the sequence of events 
that leads to cardiac and renal dysfunction and 
bi-directional relationship between the two organ 
systems (Table  5.1 ). Despite concrete defi nitions, 
patients may transition between one subtype and 
another at different points in time.

      Acute Cardiorenal Syndrome (Type 1) 

 Acute decompensated heart dysfunction in the 
form of acute heart failure or acute coronary syn-
drome, which causes acute kidney injury 
(Fig.  5.1 ). Acute heart failure may consist of 
hypertensive pulmonary edema with preserved 
ejection fraction, acute decompensated chronic 
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   Table 5.1    Cardio-Renal syndromes   

 Process  Typical scenario  Contributing features 

  Type 1   Acute heart failure 
leads to 

 Acute decompensated heart 
failure or coronary syndrome 

 Renal arterial hypoperfusion, 
contrast 

 Acute cardio-renal  2° kidney injury  Exposure, renal venous 
hypertension 

  Type 2   Chronic heart disease 
leads 

 Chronic heart failure (both 
systolic and diastolic) 

 As above, neurohumoral 
activation 

 Chronic cardio-renal  To 2° kidney injury 
  Type 3   Acute renal failure  Acute severe decline in renal 

functions 
 Electrolyte abnormalities, 
sodium and fl uid 

 Acute reno-cardiac  Leads to 2° cardiac 
injury 

 overload, hypertension 

  Type 4   Chronic kidney 
disease 

 Progressive renal dysfunction  As above, infl ammatory and 
oxidative injury 

 Chronic reno-cardiac  Leads to 2° cardiac 
injury 

 Anemia, metabolic 
abnormalities 

Hemodynamically mediated damage
Acute heart disease
or procedures
Acute decompensation
Ischemic insult
Coronary angiography
Cardiac surgery

Decreased
CO

Exogenous factors
Contrast media
ACE inhibitors

Diuretics

Toxicity
Vasoconstriction

Sympathetic
activation

Humorally mediated damage

RAA activation
Na + H2O retention

vasoconstriction

BNP
Hormonal

factors

Natriuresis

Cytokine
secretion

Caspase
activation
Apoptosis

Endothelial
activation

Immune
mediated
damage

Monocyte
activation

Humoral
signaling

Caspase
activation
Apoptosis

Increased
venous

pressure

Decreased
perfusion

Acute renal injury

Biomarkers:
KIM-1
Cystatin-C
N-GAL
Creatinine

Acute hypoperfusion
Reduced oxygen delivery
Necrosis/apoptosis
Decreased GFR
Resistance to ANP/BNP

  Fig. 5.1    Cardiorenal syndrome type 1. Pathophysiological 
interactions between heart and kidney in the setting of 
acute cardiac decompensation leading to acute kidney 
injury.  ACE  angiotensin-converting enzyme,  ANP  atrial 
natriuretic peptide,  BNP  B-type natriuretic peptide,  CO  

cardiac output,  GFR  glomerular fi ltration rate,  KIM  kid-
ney injury molecule,  N-GAL  neutrophil gelatinase-associ-
ated lipocalin,  RAA  renin angiotensin aldosterone (With 
permission from Ronco et al. [ 24 ])       
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heart failure, cardiogenic shock, or right ventric-
ular failure. The precipitating factor for heart 
failure may include myocardial infarction, pro-
longed hypotensive episodes related to surgery or 
medication administration, and other prolonged 
ischemic episodes. Acute kidney injury accom-
panies acute ST elevation myocardial infarction 
approximately 10 % of the time [ 25 ]. The pres-
ence of acute kidney injury on admission to the 
hospital for heart failure is common, occurring in 
29 % of this population [ 14 ] but up to 70 % in the 
setting of cardiogenic shock [ 26 ]. The develop-
ment of acute kidney injury during admission for 
heart failure strongly predicts worse outcome 
with increased in-hospital mortality [ 14 ,  27 ,  28 ], 
hospital readmission [ 19 ], 1 year mortality [ 25 ], 
and prolonged hospitalization [ 19 ,  29 ].

   Krumholz et al. [ 29 ] investigated hemody-
namically stable patients admitted with heart fail-
ure who did not undergo percutaneous coronary 
intervention, or coronary artery bypass surgery. 
The investigators identifi ed 1,681 patients over 
the age of 65 years and noted 28 % had a signifi -
cant deterioration in renal function (defi ned in 
this study as a worsening in creatinine >0.3 mg/dl 
during hospitalization). The creatinine rise 
occurred within the fi rst 7 days in 90 % of 
patients. Factors that were associated with the 
development of worsening renal function 
included: male gender, pulmonary congestion, 
systemic hypertension, tachycardia and advanced 
chronic kidney disease on admission. The pres-
ence of one of these risk factors equated to a 
16 % risk of acute kidney injury with the risk ris-
ing to greater than 50 % if all were present. Acute 
renal injury was related to an increased length of 
hospital stay (by average of 2.3 days) and an 
increased fi nancial cost approaching $2000. 
Moreover, inpatient (7 % vs. 3 %) and long-term 
mortality was worse (30 day 10 % vs. 6 %, and 6 
month mortality 20 % vs. 17 %). 

 The development of acute kidney injury occurs 
frequently in patients with baseline chronic kidney 
disease but can also occur in those with “normal” 
baseline renal function. While the decline in glo-
merular fi ltration may be transient as demonstrated 
by Logeart et al. [ 19 ], it is often a marker for future 
events as illustrated in a study of 416 patients 

 hospitalized for acute heart failure. After exclusion 
for cardiogenic shock, inotrope use, exposure to 
nephrotoxic agents, surgery, and severe chronic 
kidney disease (Cr >2.6 mg/dL), more than one-
third of patients developed worsening renal func-
tion during admission. The mean increase in serum 
creatinine was 0.6 mg/dl and was related to similar 
risk factors as previously described with the addi-
tion of anemia and precipitating factors of either 
hypertensive crisis (15 % in worsening renal func-
tion vs. 8 % without worsening renal function) or 
acute coronary syndrome (17 % worsening renal 
function vs. 10 % without worsening renal func-
tion, p = 0.03). Deterioration of renal function was 
transient in two-thirds of patients who recovered to 
their baseline glomerular fi ltration rate prior to dis-
charge. Despite early recovery of renal function, 
the 6-month event rate for death or heart failure 
hospital admission was 38 % and was more fre-
quent in those patients who had had transient renal 
dysfunction. This study highlights that even after 
excluding hemodynamically unstable patients and 
those patients who received potential renal insults 
(nephrotoxic agents or surgery), renal impairment 
is common, often transient, yet still poses a high 
risk for patients admitted for heart failure. 

 Several factors are thought to contribute to the 
development of type 1 cardiorenal syndrome 
including inadequate renal perfusion secondary to 
cardiac output impairment, increased central 
venous pressure secondary to volume overload and 
right heart failure leading to renal venous conges-
tion, ascites and increased intra- abdominal pres-
sure and diuretic resistance. The disrupted milieu 
that regulates vascular tone, renal blood fl ow, and 
central venous pressure results in excess produc-
tion of vasoconstrictive mediators (e.g., epineph-
rine, endothelin, angiotensin) and resistance to and 
diminished release of endogenous vasodilatory 
agents (e.g., natriuretic peptide, nitric oxide).  

    Chronic Cardiorenal Syndrome 
(Type 2) 

 This syndrome refl ects chronic heart failure or 
coronary disease that results in chronic kidney 
disease (Fig.  5.2 ). Chronic heart disease is a 
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broad term that includes chronic heart failure by 
any mechanism. This includes systolic heart fail-
ure, (both ischemic and non-ischemic) and heart 
failure with a preserved ejection fraction (dia-
stolic heart failure). At risk characteristics of car-
diorenal syndrome type 2 mirror those of type 1 
and include older age, diabetes mellitus, acute 
coronary syndrome, simple and complex congen-
ital heart disease, and systemic hypertension. 
These risk factors share a common thread as they 
predispose to development of generalized athero-
sclerosis, chronic low cardiac output, venous 
congestion, and in certain instances of congenital 
heart disease, chronic hypoxia. Atherosclerosis 

occurs on a micro and macrovascular level 
including the renal arterial bed resulting in 
chronic reduced renal perfusion, maladaptive 
neurohormonal activation resulting in further 
renal impairment.

   Coexistent chronic kidney disease in patients 
with chronic heart failure is very common (rang-
ing between 45 and 64 % [ 30 ,  31 ]). In a large 
cohort of patients with adults with congenital heart 
disease, Dimopoulos and colleagues [ 32 ] demon-
strated chronic kidney disease to be highly preva-
lent at 50 % with the presence and severity of renal 
dysfunction being a highly predictive marker of 
higher mortality (Fig.  5.3 ). A reduction in renal 

Chronic
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disease

Anemia
Na + H2O retention
Uremic solute retention
Ca and Phos abnormalities
Hypertension

Genetic risk factors
Acquired risk factors
low cardiac output (CO)

Low cardiac output (CO)
Subclinical inflammation
Endothelial dysfunction
Accelerated atherosclerosis

Chronic hypoperfusion
Increased renal vascular resistance
Increased venous pressure
Embolism

Anemia, hypoxia
RAA and sympathetic activation
Na = H2O retention
Ca and Phos abnormalities
Hypertension

Sclerosis
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Insult and
initiation of
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Chronic hypoperfusion
Apoptosis

Increased
susceptibility
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Progression
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Na + H2O retention
Uremic solute retention
Ca and Phos abnormalities
Hypertension

  Fig. 5.2    Cardiorenal syndrome type 2. Pathophysiological 
interactions between heart and kidney in the setting of 
chronic abnormalities in cardiac function, e.g., chronic heart 

failure) leading to progressive chronic kidney disease ( CKD ). 
 LVH  left ventricular hypertrophy,  RAA  Renin Angiotensin 
Aldosterone (With permission from Ronco et al. [ 24 ])       

 

5 Cardiorenal Syndromes: Renal Artery Disease and Congestive Heart Failure



88

clearance was related to age and the presence of 
cyanosis, left ventricular systolic dysfunction, 
diuretic use, and worse heart failure functional 
class. The 6-year mortality rate was fi ve times 
higher in the group with chronic kidney disease.

       Acute Renocardiac Syndrome 
(Type 3) 

 This syndrome involves acute kidney injury lead-
ing to abrupt heart injury, disease, or dysfunction 
(Fig.  5.4 ). The main mechanism of acute heart 
failure in these settings results from the interac-
tion of acute volume overload, hypertension, 
endothelial dysfunction, electrolyte derange-
ments, sympathetic and renin-angiotensin- 
aldosterone system activation and myocardial 
ischemia. Examples of primary cardiac dysfunc-
tion include uremic pericarditis, acidemia- induced 
vasoconstriction/ischemia, and hyperkalemia-
induced arrhythmia or cardiac arrest secondary to 
acute kidney injury. Epidemiologically, cardiore-
nal syndrome type 3 is more fl uid and defi ning 
this subtype presents a challenge because of 

 different criteria for acute kidney injury, variable 
subclinical cardiac disease at baseline, and het-
erogeneity of the precipitating renal conditions.

        Renal Artery Stenosis: Archetypical 
Cardiorenal Syndrome 

 The estimated incidence of atherosclerotic renal 
artery stenosis (RAS) (Fig.  5.5 ) is 3–4 per 1,000 
patient-years but is higher in patients with systemic 
hypertension (2–5 %), patients over the age of 65 
years of age (5–20 %), and in patients with coronary 
artery disease (33 %). Atherosclerotic RAS may 
affect 50 % or more of patients with heart failure 
[ 33 – 35 ]. Rihal and colleagues [ 9 ] demonstrated 
the commonality of incidental unilateral or bilat-
eral renal artery stenosis in hypertensive patients 
undergoing clinically indicated coronary angiog-
raphy. Of 297 patients with systemic hyperten-
sion undergoing coronary angiography, 28 % had 
renal artery stenoses <50 % while 7 % of patients 
had a fl ow-limiting narrowing >70 % (Fig.  5.6 ). 
Although serum creatinine did not correlate with 
the presence of atherosclerotic RAS, stroke/ 
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  Fig. 5.3    Renal dysfunction associated with poor out-
come in adult congenital heart disease. Unadjusted 
(Kaplan–Meier) cumulative mortality curves according to 
Glomerular fi ltration group ( GFR ) group. Patients with 

moderate or severe GFR reduction (<60 mL min −1  
1.73 m −2 ) had a fi vefold increased unadjusted mortality 
risk, which was apparent even from the fi rst year of fol-
low-up (With permission from Dimopoulos et al. [ 32 ])       
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transient ischemic attack and antihypertensive 
medication use was associated.

    In a retrospective review of Medicare claims 
data, Kalra et al. [ 34 ] identifi ed a prevalence of ath-
erosclerotic RAS disease of 0.5 % in the general 
population but up to 5.5 % in those with chronic 
kidney disease. More recent data [ 35 ] indicate the 
incidence of atherosclerotic RAS diagnosis is ris-
ing (Fig.  5.7 ) as hazard ratios for diagnosis 
increased from 1.00 in 1992 to 4.71 in 2003.

       Signifi cance of RAS in Patients 
with Heart Failure 

 In patients with heart failure, the presence of ath-
erosclerotic RAS is an unfavorable prognostic 
indicator for morbidity and mortality. The trend 
may be due to increased burden of disease and/or 
improved detection as imaging techniques 
evolved. In a European study of 366 patients with 
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  Fig. 5.4    Cardiorenal syndrome type 3. Pathophysiological 
interactions between heart and kidney in the setting of 
abrupt worsening of renal function, (e.g., acute kidney 
failure or glomerulonephritis) causing acute cardiac 

 disorder (e.g., heart failure, arrhythmia, pulmonary 
edema).  MPO  myeloperoxidase; other abbreviations as in 
Fig.  5.1  (With permission from Ronco et al. [ 24 ])       

  Fig. 5.5    Bilateral proximal atherosclerotic renal artery 
stenosis on renal angiography       
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left ventricular systolic dysfunction (left ventric-
ular ejection fraction less than 50 %), 112 (31 %) 
had evidence of renal artery stenosis on magnetic 
resonance including 41 patients with bilateral 
disease (11 %) [ 36 ]. The presence of renal artery 
stenosis was associated with systemic hyperten-
sion, reduced glomerular fi ltration rate and older 
age. Over a median follow up of 33 months, heart 
failure patients with renal artery stenosis had 
more vascular admissions and an increased 
length of stay. Patients with renal artery stenosis 
had a higher all-cause mortality (48 % vs. 22 %, 
P = 0.01) as well as greater cardiovascular mortal-
ity (33 % vs. 12 %, P = 0.002) compared to heart 
failure patients without renal artery stenosis 
(Fig.  5.8 ). The true incidence and disease burden 
of atherosclerotic RAS may be underestimated 

because patients may be asymptomatic for years 
to decades. In fact, concomitant atherosclerotic 
RAS may often go undiagnosed. Unrecognized 
ante-mortem, at autopsy the prevalence of ath-
erosclerotic RAS was 29 % in patients with 
chronic kidney disease who died [ 37 ].

   Atherosclerotic RAS results in a complex neu-
rohormonal interplay whereby renal ischemia 
triggers renin release, angiotensin production and 
aldosterone release; thereby resulting in a host of 
detrimental processes including arterial vasocon-
striction, sodium retention, sympathetic nervous 
system activation, renal and myocardial fi brosis. 
Renal ischemia, renin-angiotensin-aldosterone 
system activation, and sodium retention ulti-
mately cause an arterial pressure increase that 
accelerates end organ damage (left ventricular 
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hypertrophy, accelerated atherosclerosis, and 
predisposition to stroke) [ 38 ]. Renal artery steno-
sis is a rare but well-recognized cause of resistant 
hypertension, hypertensive urgency/emergency, 
and fl ash pulmonary edema with new or recurrent 
heart failure exacerbations. 

 In 1988, Thomas Pickering fi rst described 
fl ash pulmonary edema in the setting of hemody-
namically signifi cant, typically bilateral, renal 
artery stenosis. In a fi rst series of 11 patients, 
seven had bilateral disease and on average had 
2.3 episodes of fl ash pulmonary edema before a 
RAS diagnosis was confi rmed [ 39 ]. Following 
surgical or percutaneous revascularization, 10 
patients had no further episodes of fl ash pulmo-
nary edema over a 6-month period. A subsequent 
series in 55 patients with RAS, pulmonary edema 
was documented in 23 % of patients and was 
associated with the presence of coronary artery 
disease, bilateral RA disease, or unilateral RA 
disease to a solitary kidney. Interestingly, in a 
separate case series of nine patients presenting 
with hypertensive emergency, fl ash pulmonary 
edema, and acute decompensated heart failure, 
levels of atrial natriuretic peptide approached 14 
times the upper normal limits [ 40 ]. Following 
renal revascularization, atrial natriuretic peptide 
levels fell signifi cantly (120 ± 63 pg/ml baseline, 
48 ± 20 pg/ml post-revascularization) with 
improvement in heart failure symptoms. 

 A systematic review of 30,092 patients with 
atherosclerotic RAS demonstrated a prevalence 

of atherosclerotic RAS (>50 % stenosis) in 8.0 % 
of patients undergoing coronary angiography 
with an indication of coronary artery disease 
[ 41 ]. Bilateral disease was common, occurring in 
one-fi fth of patients. Sporadic episodes of fl ash 
pulmonary edema in the presence of bilateral 
renal artery stenosis have since been named the 
“Pickering Syndrome.” Of 87 cases in the litera-
ture, heart failure and left ventricular hypertro-
phy were diagnosed 40 and 50 % respectively. 

 An acute rise in left ventricular end diastolic 
pressure, the pressure at which the left ventricle 
fi lls, is one of the major driving forces that fl ood 
the alveolar space with fl uid sometimes severe 
enough to be life-threatening. Three factors 
appear to cause fl ash pulmonary edema in the set-
ting of bilateral renal artery stenosis: impaired 
diuresis, diastolic dysfunction with elevated 
blood pressure, and incompetence of the alveolar- 
capillary interface (Fig.  5.9 ). Chronic systemic 
hypertension with atherosclerotic RAS is associ-
ated with renin-angiotensin-aldosterone system 
activation, sympathetic activation, fl uid and 
sodium retention, concentric left ventricular 
hypertrophy, accelerated atherosclerosis, and 
decreased arterial compliance. Under normal 
conditions, the aorta is distensible and accommo-
dates each systolic wave of blood fl ow. However, 
as the aorta stiffens, the pulse wave refl ects back-
ward towards the heart thereby further increasing 
left ventricular systolic after load. The early 
adaptive myocardial hypertrophy gives way to 
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progressive fi brotic change causing ventricular 
noncompliance that requires higher ventricular 
fi lling pressures leading to backpressure in the 
left atrium and resultant pulmonary venous 
hypertension. Fluid permeates through the 
alveolar- capillary interface once pulmonary cap-
illary pressure acutely exceeds 20–25 mmHg 
with subsequent pulmonary edema [ 12 ].

   Society guidelines for renal artery revascular-
ization were proposed in 2005 [ 42 ] and updated 
in 2011[ 43 ] after the publication of the ASTRAL 
trial [ 44 ]. Indications for renal artery revascular-
ization have remained unchanged and include the 
following conditions outlined in Table  5.2 . 
Percutaneous renal artery revascularization 
remains a recommended intervention in RAS 
associated with acute cardiogenic pulmonary 

edema or acute decompensated heart failure and 
carries a Class I indication from the American 
Heart Association [ 42 ] yet the evidence remains 
observational [ 45 ,  46 ].

   Review of the Mayo Clinic experience in 
patients with atherosclerotic RAS referred for 
percutaneous renal artery revascularization dem-
onstrates the presence of systolic or diastolic 
heart failure in 31 % (50/163) of patients [ 11 ]. All 
patients had a creatinine ≥2.0 mg/dl and concom-
itant hypertension. The two groups were similar 
in patient characteristics with few exceptions. 
The group with heart failure had an increased use 
of antihypertensive medications but had similar 
frequency of coronary artery disease and diabetes 
as well as similar left ventricular ejection frac-
tion. However, patients with heart failure had a 
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  Fig. 5.9    The Pickering syndrome. Three main patho-
physiological mechanisms contribute to the development 
of fl ash pulmonary edema: defective pressure natriuresis 
with sodium and fl uid retention, increased left ventricular 
end- diastolic pressure associated with left ventricular 

hypertrophy and stiffening, and failure of the pulmonary 
capillary blood–gas barrier.  RAAS  renin–angiotensin–
aldosterone system,  SNS  sympathetic nervous system, 
 Na   +   sodium,  AII  angiotensin II,  ET-1  endothelin-1,  NO  
nitric oxide (With permission from Messerli et al. [ 41 ])       
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larger left atrial size and also higher left ventricular 
fi lling pressures as indicated by an E/e’ >15 on 
transthoracic echocardiography, structural and 
functional markers typical for heart failure, sug-
gesting in this cohort more likely diastolic heart 
failure. In patients undergoing renal artery stent-
ing, the presence of heart failure was associated 
with worse outcome with 1- and 5-year mortality 
rates of 23 and 73 % respectively compared to 8 
and 35 % in those without heart failure (Fig.  5.10 ) 
[ 11 ]. Even after adjusting for age, sex, and the 
degree of renal dysfunction, heart failure was sig-
nifi cantly associated with death as well as pro-
gression to dialysis or renal transplant.

   In this study, the 50 patients with atheroscle-
rotic RAS and heart failure undergoing percuta-
neous transluminal renal angioplasty and 
stenting were matched 1:1 with patients medi-
cally managed [ 11 ]. Despite similar patient char-
acteristics with the exception of age (slightly 
younger in the revascularized group), renal 
artery stenting was associated with improved 
blood pressure control and use of less antihyper-
tensive medications. While renal outcomes were 
similar, more patients in the revascularized group 
were able to start an ACE inhibitor for left ven-
tricular systolic dysfunction (EF <40 %) due to 
improved renal function (20 % increase in glo-
merular fi ltration rate). Renal artery stenting was 
not associated with a reduction in mortality but 
was associated with better heart failure control 
and a fi vefold reduction in hospital admissions 
(Fig.  5.11a–c ) [ 11 ]. The effect on hospitaliza-
tions was seen early after the procedure and per-
sisted for 3 years of follow up. After adjustment 
for age, sex, renal function, and heart failure 
functional class, the strongest predictor of hospi-
tal admission was whether or not the patient 
received renal artery stenting with a benefi t seen 
in the stented group. The study highlights several 
important points regarding heart failure and ath-
erosclerotic RAS. Heart failure is common in the 
setting of RAS and RA revascularization appears 
to lead to improved control of heart failure as 
evidenced by a reduction in hospital admissions 
and improvement in NYHA heart failure class.

   Table 5.2    Indications for renal artery revascularization: 
hemodynamically signifi cant renal artery stenosis   

 1. With systemic hypertension that is: 
  (a) Accelerated 
  (b) Malignant 
  (c)  In the setting of an unexplained unilateral small 

kidney 
  (d) Intolerant to medication 
 2.  Which is atherosclerotic, bilateral and associated 

with progressive chronic kidney disease 
 3.  Which is atherosclerotic, unilateral to a solitary 

functioning kidney and associated with progressive 
chronic kidney disease 

 4.  Which is atherosclerotic and associated with 
recurrent unexplained heart failure or sudden 
unexplained pulmonary edema 

 5.  Which is atherosclerotic and associated with 
unstable angina 
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  Fig. 5.10    Signifi cance of 
heart failure in the setting of 
renal artery stenosis ( RAS ). 
In a cohort of patients with 
atherosclerotic RAS 
undergoing percutaneous 
renal artery revasculariza-
tion, heart failure is 
associated with increased 
long- term mortality 
(P < 0.0001) (With 
permission from Kane 
et al. [ 11 ])       
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   These data are further supported by a recent 
systematic review where van den Berg et al. 
suggested a benefi t towards percutaneous renal 
revascularization in patients with congestive heart 
failure or fl ash pulmonary edema [ 47 ]. The study 
included 19 case reports and six single center case 
series and retrospective studies, although did not 
include the Mayo Clinic data (Table  5.3 ) [ 47 ]. A 
total of 79 patients who had both renal artery ste-
nosis and fl ash pulmonary edema were included 
in analysis. The majority of patients (85 %) had 
bilateral stenosis or stenosis to a solitary kid-
ney. Following percutaneous RA revasculariza-
tion, 72 % of patients (54/75) had no recurrence 
of fl ash pulmonary edema. In most episodes of 
recurrent fl ash pulmonary edema, RA restenosis 
was documented. Studies of revascularization of 
renal artery stenosis in heart failure patients are 
limited. Kane et al. [ 11 ] investigated the largest 
cohort to date while Gray et al. [ 72 ] identifi ed 39 
patients who received percutaneous renal artery 
stenting for  recurrent fl ash  pulmonary edema 

and heart failure symptoms. Revascularization 
led to a dramatic decrease in heart failure func-
tional class and hospitalizations. According to 
the Grading of Recommendations Assessment, 
Development, and Evaluation (GRADE) system 
[ 73 ], the quality of the evidence is low and the 
strength of recommendation is weak in favor of 
renal artery revascularization for patients with 
fl ash pulmonary edema and atherosclerotic RAS 
and in patients with heart failure and atheroscle-
rotic RAS [ 47 ]. Ideally, a randomized clinical 
trial would be designed for patients who present 
with heart failure and fl ash pulmonary edema 
in the setting of renal artery stenosis where 
patients would randomize to percutaneous renal 
artery revascularization versus medical manage-
ment. The ASTRAL study failed to address this 
topic. The Cardiovascular Outcomes in Renal 
Atherosclerotic Lesions (CORAL) trial may par-
tially help answer this question in a study of up 
to 1,080 patients with ≥60 % stenosis of the renal 
artery [ 74 ].
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   The majority of patients with atherosclerotic 
RAS have abnormal left ventricular structure 
and function compared to age and sex matched 
controls with chronic kidney disease. In a study 
of 79 patients with atherosclerotic RAS, only 
4 (5.1 %) patients were free of systolic or dia-
stolic dysfunction, regional wall motion abnor-
malities, or left ventricular hypertrophy [ 13 ]. 
In the cohort, 77 % of patients had congestive 
heart failure with echocardiographic evidence of 
diastolic dysfunction demonstrated in 75 % of 
patients. Diminished glomerular fi ltration rate, 
bilateral atherosclerotic RAS, high 24-h systolic 
blood pressure, and mean high 24-h mean arterial 
pressure predicted the presence of left ventricu-
lar hypertrophy. Those patients with diabetes 
and atherosclerotic RAS also were more likely 
to have dilated left ventricles, left ventricular 
hypertrophy, and a greater prevalence of diastolic 
dysfunction. Furthermore, patients with bilateral 
atherosclerotic RAS had a greater likelihood of 
clinically signifi cant heart failure compared with 
unilateral disease (68 % of bilateral disease ver-
sus 37 % unilateral disease). Longitudinal fol-
low-up in 51 of the patients (65 %) demonstrated 
progression to left ventricular hypertrophy in 
(eccentric > concentric) in a small proportion of 
patients (72 % at baseline, 81 % at 1-year). Left 
ventricular dimensions increased over time. The 
presence of left ventricular hypertrophy with 
worsening hypertrophy over time likely repre-
sents a maladaptive process from chronic expo-
sure to high blood pressure and contributes to 
development of diastolic heart failure [ 75 ]. 

 Data suggest that RA revascularization may 
regress left ventricular mass in men and women 
over time [ 76 ]. In 84 patients with either unilateral 
or bilateral renal artery stenosis of >60 %, balloon 
angioplasty and/or renal artery stenting resulted in 
a reduction of systolic blood pressure by 6 mmHg 
and a reduction in left ventricular mass (179 ± 49 g 
baseline versus 141 ± 31 g at 1-year follow up). 
Similarly, a smaller study of 20 patients with 
renovascular disease and pre/post-operative echo-
cardiograms underwent renal artery revascular-
ization [ 77 ]. Left ventricular systolic dysfunction 
(EF <50 %) was present in 2 of 20 patients at 
baseline while diastolic dysfunction was more 

commonly seen in 15 of 20 patients after exclu-
sion of patients with signifi cant mitral regurgita-
tion. Post-revascularization follow up occurred 
over 6–12 months and demonstrated a marked 
reduction in left ventricular mass index but no 
change in diastolic function. Both studies demon-
strated the presence of signifi cant and pathologic 
left ventricular remodeling in patients with ath-
erosclerotic RAS but also highlight reversibility 
to some degree. Whether the change translates to 
fewer patients progressing to overt systolic or dia-
stolic heart failure and future heart failure hospital 
admissions is yet to be determined. 

 The pathophysiology of RAS varies depend-
ing on the presence of unilateral or bilateral dis-
ease. In unilateral disease, renal hypoperfusion 
causes increased renin release from the ischemic 
kidney. Renin then converts angiotensinogen 
to angiotensin I which is subsequently cleaved 
to angiotensin II by angiotensin-converting 
enzyme. Given angiotensin II-induced vasocon-
striction and aldosterone release ensue along 
with a cascade of cardiovascular changes as a 
result of increased arterial pressure, increased 
sodium and fl uid retention. The unaffected kid-
ney attempts to compensate for the volume over-
load by stimulated pressure diuresis but is most 
often unsuccessful (Fig.  5.12 ). The mechanism 
of hypertension in bilateral renal artery stenosis 
or stenosis in the setting of a solitary kidney is 
classically volume-dependent. Sodium and fl uid 
retention suppresses renin activity over time 
as the body lacks a compensatory mechanism 
(i.e., unaffected kidney) [ 78 ,  79 ]. However, with 
excessive diuresis, bilateral renal artery stenosis 
can convert to a renin-dependent hypertension 
with diuretic resistance which is commonly seen 
in patients treated for heart failure exacerbations. 
Underlying mechanisms of acute and chronic 
heart dysfunction implicate renin-angiotensin- 
aldosterone system activation, sympathetic acti-
vation, electrolyte derangements, endothelial 
dysfunction, hypertension, and pathologic car-
diovascular maladaptation (e.g., medial vascular 
and cardiac myocyte hypertrophy and acceler-
ated atherosclerosis).

   In summary, renal artery stenosis commonly 
co-exists with systolic and/or diastolic heart 
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 failure (a form of cardiorenal syndrome). The 
presence of both heart failure and renal artery ste-
nosis portends a poor prognosis and is responsible 
for resistant hypertension, left ventricular hyper-
trophy, accelerated atherosclerosis, fl ash pulmo-
nary edema, symptom exacerbations, and frequent 
heart failure hospitalizations. The pathophysiol-
ogy relates to sympathetic activation, renin-
angiotensin- aldosterone system activation, fl uid 
and sodium retention, angiotensin-dependent 
vasoconstriction with often unsuccessful pressure 
diuresis from the unaffected kidney, and diuretic 
resistance. Although renal revascularization 
reduces admissions for heart failure, optimal 
long-term treatment remains controversial owing 
to the lack of robust randomized controlled stud-
ies involving renal revascularization versus medi-
cal therapy.     
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    Abstract  

  Renal artery stenosis, often associated with multiple atherosclerotic risk 
factors, is a common cause of secondary hypertension, exacerbates cardio-
vascular disease, and leads to chronic renal failure. Therefore, it is criti-
cally important to elucidate the mechanisms responsible for disease 
progression and develop effective therapeutic strategies to treat these 
patients. Animal models have been extensively used as an experimental 
platform to mimic many features of human renovascular disease, and pro-
vide valuable information to probe its pathophysiology and downstream 
kidney injury. This chapter summarizes different methods used to develop 
and evaluate animal models of renovascular disease, often applying the 
Goldblatt two-kidney one-clip hypertension (2K1C) model in murine to 
large animal models, such as swine and canine. Finally, this chapter will 
examine different methods to monitor pathophysiological changes in 
renovascular hypertensive animal models and the use of therapeutic inter-
ventions, such as renal revascularization.  
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        Introduction 

 Renovascular disease is a progressive condition 
characterized by the narrowing or occlusion of 
one or both renal arteries, mainly due to athero-
sclerosis. Importantly, renal artery stenosis 
(RAS) can accelerate hypertension and renal fail-
ure, increasing cardiovascular morbidity and 
mortality [ 1 ]. Therefore, extensive experimental 
and clinical studies are important to elucidate the 
mechanisms underlying disease progression. 

 Animals have been used for many years as 
models of human disease, particularly for hyper-
tension [ 2 ]. The use of animal models to mimic 
human renovascular disease allows the analysis 
of disease characteristics and its complications, 
facilitating development of novel therapeutic 
strategies. The purpose of this chapter is to sum-
marize the main methods used to develop reno-
vascular disease in different animal species, their 
features and their importance.  

    Two Kidney, One Clip Model 

 The fi rst animal model to study hypertension was 
described by Goldblatt and coworkers in 1934 by 
partially constricting one or both renal arteries in 
dogs using a small adjustable silver clamp [ 3 ]. 
In 1938, Pickering and Prinzmetal evolved the 
clamps into clips to constrict the arteries in rabbit 
[ 4 ] and 1 year later this technique was adapted for 
use in rats by Wilson and Byron [ 5 ]. Since then, 
models of renal artery lesions have been success-
fully reproduced in a wide array of animals. Rats 
are by far the most popular species given the low 
cost and convenience of achieving large sample 
sizes in a short period of time because of their 
short gestation periods. 

 Generally, experimental models of renovascu-
lar hypertension can be established in three 
forms:
    1.    Two-kidney one-clip hypertension (2K1C) 

models, in which one renal artery is con-
stricted, while the contralateral kidney 
increases sodium excretion as a functional 
response to hypertension;   

   2.    One kidney one-clip hypertension (1K1C) 
models, in which one renal artery is  constricted 

while the contralateral kidney is removed. Due 
to absence of compensatory increases in sodium 
and water excretion from the contralateral kid-
ney, fl uid is retained and the blood pressure is 
more dependent on sodium-fl uid volume-
expansion. The compensatory increase in 
sodium excretion from the contralateral kidney 
distinguishes the mechanism of hypertension in 
2-kidney model from the 1-kidneys model;   

   3.    Two-kidney two-clip hypertension (2K2C), 
which involves constriction of two renal arter-
ies or the aorta above them. All of these exper-
imental models have offered ample data on 
the mechanisms of development of renovascu-
lar hypertension and end-organ damage.     
 The unilateral RAS model (2K1C) remains 

fundamental for secondary form of experimental 
hypertension. The roles of renin-angiotensin sys-
tem have been elucidated during renal artery 
obstruction as well as by pharmacologic block-
ade of the action or formation of angiotensin II. 
Increased release of renin and consequent forma-
tion of angiotensin II accounts for a large part of 
the hypertension in 2K1C. Circulating plasma 
renin activity (PRA) and aldosterone levels are 
increased most notably in the early phase of 
hypertension [ 6 ]. Blood pressure in experimental 
models of 2K1C rises gradually as a chronic 
response and approaches a plateau at 2 weeks 
after surgery. Concretely, development and 
 persistence of hypertension in 2K1C can be sepa-
rated into three theoretical temporal phases: 
Phase I, or the acute phase (which occurs 2–4 
weeks after clipping the renal artery), and phase 
II, or the moderate phase (which occurs 5–9 
weeks after clipping the renal artery), are both 
renin-dependent phases characterized by an ele-
vation of PRA, thus indicating its prominent role 
in raising blood pressure. Phase III, or the chronic 
phase (usually observed 9 weeks or more after 
clipping the renal artery), is known as the volume- 
dependent phase during which PRA returns to 
normal, and hypertension is maintained by a rise 
in plasma volume, the action of local renin angio-
tensin aldosterone system (RAAS), or both [ 7 ] 
(Fig.  6.1 ). This dynamic pattern of renin- 
angiotensin system activation varies among spe-
cies. Systemic PRA increases faster in rabbits 
than in rats or mice, but sustains longer in mice 
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[ 8 ]. In dogs, the PRA elevates quicker, but rapid 
formation of collateral circulation makes this 
species more suitable for short duration of hyper-
tension [ 9 ], in contrast to other species that may 
exhibit hypertension for many months [ 10 – 13 ].

   Importantly, in these models, an immediate 
fall on renal blood fl ow (RBF) and markedly 
reduced glomerular fi ltration rate (GFR) charac-
terize the affected ischemic kidney. As changing 
the clip diameter could produce different degrees 
of hypertension, the 2K1C model may also 
exhibit a variety of immediate renal hemodynam-
ics changes given different grade of renal artery 
obstruction [ 14 ] that facilitates elucidating the 
pathophysiological alterations in RAS.  

    Genetic Mouse Models 

 Exploration of engineered genetic mouse models 
has added great value to the understanding of the 
roles of specifi c candidate system in the develop-
ment of many forms of kidney disease. However, 
how precisely these components contribute to the 
pathogenesis of renovascular hypertension, 
 particularly the downstream kidney pathology, 

remains to be defi ned, possibly due to the techni-
cal diffi culty in performing surgery in small ani-
mals as well as the limited amount of sample 
harvested. Nevertheless, mouse models have pro-
vided critical information on the temporal 
 evolution of kidney injury in RAS. Hitherto, few 
studies have implemented 2K1C in genetically 
modifi ed models (gene addition or deletion). 
Genetic manipulation of vasoactive systems pro-
vided important information about the regulation 
of renovascular hypertension. Ang II type 1 
receptor defi cit has been shown to lower blood 
pressure in 2K1C mice compared to clipped wild 
type, while pharmacologic blockade of the AT2 
receptor does not modify hypertension [ 15 – 17 ]. 
On the other hand, genetic disruption of the bra-
dykinin B 2  receptor accelerates development of 
renovascular hypertension and superimposes 
arrhythmia [ 15 – 17 ], that bradykinin might pro-
tect against hypertension and its consequence. In 
addition, the patho-physiological role of oxida-
tive stress have been assessed by manipulating 
the expression of different subunits of the reac-
tive oxygen species forming enzyme, NAD(P)H 
oxidase. Gp91phox-knockout mice cause less 
severe hypertension, accompanied by increased 
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  Fig. 6.1    Pathophysiological alteration during different 
courses of renovascular hypertension. Development of 
hypertension in 2K1C can be separated into three phases: 
Phase I, or the acute phase, occurs 2–4 weeks after clip-
ping the renal artery, phase II, or the moderate phase, 
occurs 5–9 weeks after clipping the renal artery, and 
Phase III, or the chronic phase, usually observed 9 weeks 

or more after clipping the renal artery. Phase I and II are 
both renin-dependent and characterized by an elevation of 
plasma renin activity ( PRA ). Phase III is volume-depen-
dent; PRA returns to normal during this phase, and hyper-
tension is maintained by a rise in plasma volume resulted 
from local renin-angiotensin- aldosterone system ( RAAS )       
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endothelium-dependent relaxation to acetylcho-
line and vessel relaxation to nitric oxide [ 18 ]. P47 
phox gene deletion additionally augments endo-
thelial progenitor cells mobilization from the 
bone marrow to the kidney for tissue remodeling 
and repair [ 19 ]. Hence, the NAD(P)H oxidases 
not only aggravate hypertension, but also are 
linked to endothelial function and tissue repair in 
the post-stenotic kidney. Development of fi brosis 
in the clipped kidney has also been assessed 
using smad3 knockout, which dramatically alle-
viates renal fi brosis and atrophy (9 % reduction 
in weight) as compared to sclerotic wild-type 
kidneys (50 % reduction in weight) [ 20 ]. 
Interestingly, in a recent study using apolipopro-
tein E knockout mice model, establishment of 
2K1C also promoted the formation of atheroma 
plaque in the muscular arteries (aorta and carotid 
artery) and upregulated monocyte chemotactic 
protein-1 expression in the atheroma area. As 
summarized in Fig.  6.2 , these data have under-
scored the devastating effects and the potential 

pathways of renovascular hypertension. However, 
extensive studies are greatly warranted to explore 
the interaction of other injury factors with Ang II, 
including angiogenic and infl ammatory factors, 
as well as tissue remodeling involving various 
target organs such as heart and brain.

       Dog Models 

 Following the pioneering 2K1C dog model, sev-
eral canine models of RAS have been described. 
For example, Andrei and colleagues have shown 
that unilateral constriction of the renal artery can 
be produced in the dog by progressive plication 
of the vessel wall with vascular sutures [ 21 ]. This 
process is repeated over a period of several hours 
until a predetermined reduction of RBF (mea-
sured with an electromagnetic fl owmeter) is 
achieved. In contrast to other large animal  models 
[ 22 ], optimal reduction in RBF results in a sus-
tained increase in mean arterial pressure. 
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  Fig. 6.2    Application of genetic engineering in two- 
kidney one-clip (2K1C) models. Target genes that have 
been explored in 2K1C are marked in  orange . Proposed 
candidate genes for future investigation are marked in 
 blue . As shown, genetic modifi cation of the Angiotensin 
II receptor 1 ( AT1R ), NAD(P)H oxidase and Smad3 
have exhibited their association with establishment of 

 renin-angiotensin-aldosterone system ( RAAS ) associated 
hypertension, tissue damage and scarring. The roles of 
other relevant infl uencing genes, such as vascular endo-
thelial growth factor ( VEGF ) and hypoxia-inducible factor 
( HIF )-1α, as well as tumor necrosis factor ( TNF )-α and 
monocyte chemoattractant protein ( MCP )-1 need to be 
clarifi ed in future experiments.  TGF  tissue growth factor       
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 Similarly, unilateral RAS can be developed in 
dogs by placing an infl atable cuff around the 
renal artery, subsequently infl ated in a series of 
steps over 90 min. Initially, the cuff is infl ated to 
achieve a lower distal renal artery pressure of 
60 mmHg, and further decreased to 40 mmHg 
over a period of 30 min. After 30 min, distal pres-
sure is again lowered to 20 mmHg, and the cuff 
tubing fi rmly clamped. One day later, the cuff is 
further infl ated to reduce RBF by an amount 
equivalent to 20 % of the value previously mea-
sured [ 23 ]. In this model, MAP is abruptly 
increased, remaining constantly elevated over a 
25-day study period.  

    Swine Models 

 A model of unilateral RAS in swine has been 
achieved by placing an irritant coil in the main 
renal artery using fl uoroscopy, which produces 
gradual proliferative neointimal and luminal 
narrowing [ 24 ]. Therefore, in this model, the 
development of hypertension within 5–10 days 
is a direct consequence of the progressive con-
striction of the renal artery, which produces 
chronic under perfusion of the renal paren-
chyma, developing multiple physiological char-
acteristics of human renovascular hypertension. 
Importantly, the anatomy and physiology of the 
renal and cardiovascular system in the domestic 
pig are  comparable to humans [ 25 ], allowing 
rapid translation into clinical studies. 
Comparable to other animal models, only a tran-
sient increase in PRA is observed, but systemic 
and renal oxidative stress remain elevated to 
sustain hypertension, infl uencing ischemic and 
hypertensive parenchymal renal injury [ 26 ]. 
Furthermore, hypertensive vascular changes, 
infl ammation, fi brosis and other injurious path-
ways in the experimental ischemic kidney are 
similar to those reported in patients with severe 
renovascular disease [ 27 ]. Therefore, experi-
ments using this model bear relevance and may 
shed light on the mechanisms underlying irre-
versible renal injury, helping the development of 
targeted interventions to preserve the stenotic 
kidney.  

    Swine Atherosclerotic RAS 
(ARAS) Model  

 Atherosclerosis is responsible for as many as 
90 % of all cases of renovascular disease [ 28 ] and 
the presence of disseminated atherosclerosis pro-
duces additional detrimental effects that 
 accelerate irreversible renal injury and scarring. 
Moreover, hypercholesterolemia and hyperten-
sion are major risk factors for coronary athero-
sclerosis [ 29 ] and their coexistence have 
important clinical implications for the pathogen-
esis of cardiovascular disease [ 30 ]. 

 In 2002, superimposition of atherosclerosis on 
the swine RAS model was achieved by placing 
domestic pigs on a diet of 2 % cholesterol and 
15 % lard initially at the time of RAS induction 
[ 31 ], and subsequently starting 6 weeks earlier. 
This diet increases total cholesterol, high-density 
lipoprotein, and low-density lipoprotein levels 
compared to animals fed regular pig chow [ 32 ]. 

 Using this model, Chade and colleagues 
showed that coexistence of atherosclerosis and 
renal hypoperfusion was associated with greater 
renal functional impairment, compared with each 
condition alone [ 31 ]. Moreover, these fi ndings 
were accompanied by elevated systemic and tis-
sue oxidative stress levels, as well as proinfl am-
matory and profi brotic changes in the stenotic 
kidney, suggesting a key role of atherosclerosis in 
accelerating and magnifying renal injury beyond 
the stenotic lesion. Similarly, the combination of 
hypercholesterolemia and hypertension accentu-
ated myocardial [ 33 ] and contralateral kidney 
[ 34 ] microvascular dysfunction in this model, 
which were associated with alterations in sys-
temic and myocardial tissue oxidative stress [ 33 ]. 
Therefore, concurrent atherosclerosis and RAS in 
this model facilitates identifi cation of distinct det-
rimental effects on function and structure of the 
ARAS kidney as well as target organ injury.  

    Obesity and Metabolic Syndrome 

 Obesity is generally recognized as a chronic dis-
ease defi ned by excessive accumulation of fat 
stores in adipocytes and is frequently linked to 
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infl ammation in adipose tissue and insulin resis-
tance in peripheral tissues. To date, obesity and 
the associated chronic infl ammation and insulin 
resistance are among the most prevalent diseases 
in developed countries and impose enormous 
health detriments and economic burdens on the 
U.S. and global economies. 

 Importantly, obesity complicates kidney dis-
ease and may lead to poor outcomes of reno-
vascular disease. Therefore, experimental 
models combining obesity and RAS may 
accentuate development of hypertension and/or 
target organ injury, providing closer simulation 
of the human disease. Availability of obesity-
prone swine models may allow interrogating 
the complex interaction between obesity and 
RAS. For example, ossabaw pigs fed a 12–16 
weeks high-fat/high-fructose diet leads to vis-
ceral adiposity (increased fat cell volume) and 
insulin resistance. Furthermore, we have 
recently shown that obesity and RAS synergis-
tically increase renal infl ammation, aggravate 
microvascular remodeling, and accelerates glo-
merulosclerosis [ 35 ]. These observations estab-
lish obesity as an important factor aggravating 
kidney damage in RAS, and suggest prevention 
of obesity and its consequence as an important 
strategy to combat kidney injury during chronic 
ischemia.  

    Revascularization 

 With the frequent use of renal revascularization 
in an attempt to restore renal function in RAS 
patients [ 36 ], an animal model amenable to 
angioplasty would be critical to assess this proce-
dure. In recent years, the swine RAS model has 
been refi ned by implementing the use of percuta-
neous transluminal renal angioplasty and stenting 
(PTRA) to restore vessel patency (Fig.  6.3 ). In 
this model, restoration of blood fl ow is achieved 
by engaging a balloon catheter (on which a stent 
is mounted) in the proximal-middle section of the 
renal artery under fl uoroscopic guidance, which is 
subsequently infl ated, resulting in expansion of a 
tantalum stent to full balloon diameter. Then, the 
balloon is defl ated and removed, leaving the stent 
embedded in the vascular wall. Although this 
model succeeds in decreasing blood pressure to 
normal levels after revascularization, renal struc-
tural and functional outcomes vary between the 
RAS and ARAS models. While PTRA leads to 
GFR recovery in non-atherosclerotic RAS pigs, 
it partially restores the renal microvascular net-
work and fails to prevent renal scarring in the 
post-ischemic kidney [ 37 ]. Furthermore, when 
atherosclerosis is superimposed on RAS, micro-
vascular rarefaction, tubulointerstitial injury, 
and renal dysfunction persist 4 weeks after 

  Fig. 6.3    Representative renal angiography from a pig 
with renal artery stenosis showing successful restoration 

of renal artery patency after revascularization ( arrow ). 
 PTRA  percutaneous transluminal renal angioplasty       
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 revascularization [ 32 ]. These observations cor-
relate with data from large randomized clinical 
trials that showed no differences in renal function 
at follow- up between ARAS patients treated with 
PTRA combined with medical therapy and those 
treated with medical therapy alone, underscoring 
the clinical relevance of this experimental model.

       Other Models of Renovascular 
Disease 

 Less common models of renovascular hyperten-
sion have been described in cats, rabbits, and 
monkeys. Perinephric compression of the renal 
parenchyma, fi rst described by Page in 1939, 
may also lead to hypertension associated with 
increased activity of the renin-angiotensin aldo-
sterone system, although extrinsic compression 
of the renal parenchyma represents a rare cause 
of secondary hypertension [ 38 ]. This model, 
known as “Page Kidney,” is achieved by wrap-
ping the kidney in cellophane or silk, leading to 
perinephritis and subsequent renal parenchymal 
compression. Furthermore, this model in dogs 
mimics many of the structural and functional 
characteristics observed in human heart failure 
(hypertrophy, fi brosis, and impaired relaxation), 
and has contributed to our understanding of tar-
get organ injury secondary to RAS [ 39 ]. Likewise, 
Nguyen et al. induced pressure overload in dogs 
by gradual constriction of one renal artery and 
studied changes in hemodynamics, cardiac 
dimensions, contractility indices, and circumfer-
ential wall stress over a period of 12 weeks. They 
found that end diastolic circumferential wall 
stress increased after renal artery constriction, 
but returned to baseline values as the heart hyper-
trophied, suggesting that hypertrophy normalizes 
end-diastolic, not peak-systolic wall stress [ 40 ].  

    Monitoring Pathophysiological 
Changes in Animal Models of RAS 

 Various methods have been utilized to detect 
decreased renal function in rodents. RBF can be 
measured by rotameter, electronic magnetic 
fl ow-meter, gamma scintillation probe, and more 

recently ultrasound and magnetic resonance 
imaging. Renal function can be evaluated by 
employing standard clearance techniques of cre-
atinine clearance, fl uorescein iso-thiocyanate 
conjugated inulin clearance or aminohippurate 
clearance, which in conjunction with urine col-
lection through each ureter enables determination 
of split renal function [ 41 ]. 

 In large animal models, physiological imaging 
techniques allow studying the single-kidney 
function and structure in vivo. These high resolu-
tion imaging tools provide a unique opportunity 
to assess and quantify renal tissue injury beyond 
the stenotic lesion, as well as target organ dam-
age in these models. For example, multi-detector 
computer tomography (MDCT) is an ultra-fast 
scanner that can provide visualization of the ste-
notic kidney (Fig.  6.4 ), as well as quantifi cations 
of single kidney volume, regional perfusion, 
RBF, GFR, and tubular function. Furthermore, 
rescanning the animals 10 min after infusion of 
acetylcholine or sodium nitroprusside allows 
testing endothelium-dependent or independent 
vascular reactivity, an important determinant of 
renal outcomes after vascular intervention [ 42 ]. 
Indeed, MDCT allowed uncovering impaired 
urine concentration capacity in ARAS compared 
to RAS, probably due to greater tubular injury in 
these kidneys [ 31 ].

   Similarly, blood oxygen level dependent MRI 
(BOLD-MRI) allows measurement of oxygen-
ation in medullary and cortical regions of the kid-
ney [ 43 ] (Fig.  6.5 ). The rationale for its use is 
supported by the fact that oxyhemoglobin is dia-
magnetic and has no effect on T2*, while deoxy-
hemoglobin is paramagnetic and decreases tissue 
T2*. Therefore, when the echo time of the gradi-
ent echo MRI acquisition increases, the MRI sig-
nal attenuation increases with increased 
concentration of deoxyhemoglobin. In addition, 
the change in oxygenation after systemic infu-
sion of furosemide) can be used as a measure of 
oxygen-dependent tubular function. Furthermore, 
fractional kidney hypoxia determined by BOLD- 
MRI is directly related to chronically reduced 
blood fl ow and GFR in human subjects with 
essential and renovascular hypertension, reveal-
ing a unique potential of BOLD-MRI for assess-
ing the severity of vascular occlusive kidney 
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disease, and potentially predicting renal func-
tional response [ 44 ]. Indeed, BOLD-MRI has 
shown that despite unchanged arteriovenous oxy-
gen gradient across stenotic kidneys, severe RAS 
does decrease intrarenal oxygenation and impairs 
tubular function [ 43 ,  45 ].

   Micro-computed tomography (MCT) allows 
quantitative and qualitative analysis of the micro-
vascular architecture of the kidney (Fig.  6.6 ). 
This technique involves of scanning at 0.5° angu-
lar increments at 6–18 μm resolution renal tissue 
sections previously perfused with an intravascu-
lar contrast agent [ 46 ]. Therefore, it allows 
assessment of the spatial density (number of ves-
sels per tissue area), average diameter, and tortu-
osity (an index of angiogenesis) of microvessels 
(diameters <500 μm) in the renal cortex and 
medulla [ 32 ,  45 ]. Microvascular loss and 
increased tortuosity shown by MCT [ 46 ] lead to 
development of strategies tailored to restore the 
microcirculation [ 45 ].

   Blood pressure measurements in small ani-
mals are often acquired indirectly by a tail-cuff 
method, but direct methods such as catheteriza-
tion or telemetry transmitters are more accurate. 
The tail cuff method is commonly used for mea-
suring blood pressure and pulse in rodents. In this 
method, tail pulse is detected by passing a tail- 

cuff sensor attached to an amplifi er through the 
tail. Then, the tail is immobilized and heat trans-
fer improved by passage of the tail through a 
 narrow glass cylinder. Blood pressure measure-
ments are obtained by manual infl ation of the tail 
cuff to greater than 200 mmHg and release of the 
pressure. The amplifi ed pulse is recorded and 
stored in a computer program that provides two 
tracings that start and stop at the same time. 
While the upper trace channel plots cuff systolic 
blood pressure, the lower trace channel monitors 
pulse pressure [ 47 ]. If used in conscious animals, 
it is important to fi rstly acclimatize them to the 
device, to prevent “white coat hypertension.” 

 In addition, direct intra-arterial blood pressure 
can be monitored in rats and mice by placing a 
catheter in the left iliac artery, which is subse-
quently threaded to the level of the junction with 
the abdominal aorta. Then, the catheter is tun-
neled subcutaneously to exit the mouse at the 
nape. One day after surgery, the distal end of the 
catheter is connected to a transducer that records 
blood pressure. The amplitude and quality of the 
waveform trace obtained by this method permit 
the assessment of both systolic and diastolic 
pressures. Finally, blood pressure can also be 
monitored using a telemetry transmitter in small 
[ 48 ] and large [ 46 ] animal models of RAS 

Normal

Renal artery stenosis

Contralateral kidney Stenotic kidney

  Fig. 6.4    Three-dimensional image obtained by multi-
detector computer tomography ( MDCT ) from a normal pig 
( left ) and a pig with unilateral renal artery stenosis ( right ), 

demonstrating high-grade renal-artery stenosis (left kid-
ney) after coil implantation ( arrow ). In addition, the post-
stenotic kidney shows increased collateral formation       
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(Fig.  6.7 ). In pigs this device is implanted in the 
femoral artery at the time of RAS induction, 
allowing continuous daily measurement of mean 
arterial pressure for the duration of the study. 

Blood pressure can be recorded at short intervals 
(e.g., 5 min), and examined for diurnal variation, 
or averaged for more extended temporal 
patterns.
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  Fig. 6.5    Blood Oxygen Level-Dependent (BOLD) 3 T 
magnetic resonance imaging from a normal pig ( left ) and 
a pig with unilateral renal artery stenosis ( right ) showing 
hypoxic regions. The use of parametric maps ( scale ) 
allows quantifi cation of R2* (level of deoxyhemoglobin). 

Low cortical R2* ( blue ) can be observed in the normal 
kidney, while the stenotic kidney shows areas of cortical 
and medullary deoxygenation ( red ). The medulla is physi-
ologically more hypoxic ( green ,  yellow ) than the cortex in 
normal kidneys       
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  Fig. 6.6    Representative 3-dimensional tomographic 
images of the cortical microcirculation from a normal 
( left ) and stenotic ( right ) swine kidney showing loss of 
cortical and medullary microvessels in the latter. The 

number of interlobar, arcuate, interlobular arteries, and 
small arterioles is reduced in the stenotic compared to the 
normal pig kidney       
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       Summary 

 Animal models of renovascular hypertension 
have provided powerful data that enriched our 
understanding of the mechanisms involved in the 
development and progression of the disease. 
Advantages of rodent models include the poten-
tial to explore the pathogenesis of RAS in geneti-
cally engineered animals, and practicality of 
using a large number of animals. However, lim-
ited tissue availability in small animal models 
may limit the extent of tissue studies oriented to 
evaluate the pathogenesis of the disease. In con-
trast, large animal models, like the dog or swine, 
mimic the chain of events and mechanisms of tis-
sue injury observed in human RAS. Furthermore, 
these models have the potential to mimic myo-
cardial injury secondary to RAS, representing 
unique research tools for the evaluation of the 
pathophysiology of renovascular disease and the 
development of adequate treatment strategies. 
Nevertheless, caution is mandated whenever 
translating results of studies performed in ani-
mals for implementation in humans, who, after 
all, constitute the optimal model of human 
disease.     
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    Abstract  

  Atherosclerotic renal vascular disease (ARVD) is the most common cause 
of renal artery stenosis. Endothelial dysfunction is a systemic disorder and 
a critical element in the pathogenesis of atherosclerotic lesions. Endothelial 
dysfunction leads to ARVD, and in turn, ARVD exacerbates systemic 
endothelial function, establishing a vicious circle. Intravascular ultrasound 
demonstrates that renal artery plaques have a wide variety of atheroscle-
rotic phenotypes including vulnerable plaque features. The plaque charac-
teristics of the renal artery are associated with the mode of arterial 
remodeling. With a more detailed understanding of the pathophysiology 
of the renal atherosclerotic plaque, the treatment strategies for atheroscle-
rotic renal artery disease will continue to develop.  
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        Endothelial Function 

    Endothelial Dysfunction 

 At one time endothelial cells were regarded as 
merely a passive barrier lining the lumen of the 
vascular beds. However, the endothelium is now 
recognized as the largest organ in the body that 

serves a number of important physiological func-
tions. The endothelium participates in regulation 
of vascular smooth muscle tone, vascular perme-
ability, leukocyte adhesion, lipid oxidation, 
infl ammatory and immune responses, cell prolif-
eration, angiogenesis, thrombosis, and platelet 
adhesion and aggregation. The endothelium regu-
lates these processes by producing autocrine and 
paracrine factors such as nitric oxide (NO), pros-
taglandins, angiotensin II, endothelin, and other 
regulatory factors. These mediators provide a bal-
ance between vasodilation and vasoconstriction 
and thrombus and anticoagulation. NO produced 
by endothelial NO synthase (eNOS) or NOS III is 
the most potent vasodilator in the body and 
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directly causes the underlying smooth muscle to 
relax. The endothelium synthesizes and releases 
NO in response to a variety of stimuli. Potent 
vasoconstrictors, such as angiotensin II and endo-
thelin, antagonize the actions of NO to provide 
another mechanism of balance and control to 
endothelial modulation of vascular function [ 1 ]. 
The concept of endothelial vasodilator dysfunc-
tion arises from variations in blood fl ow observed 
in patients with atherosclerosis compared to 
healthy subjects. In healthy subjects, activation of 
eNOS causes vasodilation in both muscular con-
duit vessels and resistance arterioles. In contrast, 
in those with atherosclerosis, similar stimulation 
yields attenuated vasodilation in peripheral ves-
sels and causes paradoxical vasoconstriction in 
coronary arteries, thus indicating a decrease in the 
bioavailability of NO [ 2 ]. Endothelial dysfunction 
occurs in the presence of risk factors of cardiovas-
cular disease in the absence of atherosclerosis. 
Therefore, endothelial dysfunction represents a 
prodromal phase in the atherosclerosis process. 

 Development of endothelial dysfunction 
involves a decrease in the bioavailability of NO 
and an increase in production of vasoconstric-
tors such as such as angiotensin II, leading to an 
environment favorable for thrombosis and devel-
opment of atherosclerosis. The endothelium pro-
duces chemokines, cytokines, and transcription 
factors such as nuclear factor-κB and activator 
protein-I that attract infl ammatory cells including 
lymphocytes and macrophages. Decreased NO 
increases the tendency for lesion progression by 
enhancing vascular smooth muscle proliferation 
and migration, augmenting platelet activation, 
thrombosis, and pathological neovascularization, 
leading to formation of histologically identifi able 
atherosclerotic lesions. Once lesions have devel-
oped, atherosclerosis may result in a self-perpet-
uating process, which leads to progression of the 
atherosclerotic lesion and culminates in plaque 
rupture with arterial thrombosis.  

    Risk Factors for Endothelial 
Dysfunction 

 Atherosclerotic renal vascular disease (ARVD) 
and endothelial dysfunction share common risk 

factors. Given the profound involvement of 
endothelial dysfunction in the pathogenesis of 
atherosclerotic disease, most risk factors for car-
diovascular disease were also found to be associ-
ated with endothelial dysfunction. These risk 
factors are associated with overproduction of 
reactive oxygen species or increased oxidative 
stress. These reactive oxygen species may reduce 
vascular NO bioavailability and promote cellular 
damage. Hence, increased oxidative stress is con-
sidered a major mechanism involved in the 
pathogenesis of endothelial dysfunction and may 
serve as a common pathogenic mechanism of the 
effect of risk factors on the endothelium [ 3 ].  

    ARVD as a Cause of Endothelial 
Dysfunction 

 Not only risk factors for atherosclerosis but also 
ARVD per se cause endothelial dysfunction. 
Previous studies showed that both experimental 
[ 4 ] and human renovascular hypertension [ 5 ] dete-
riorate endothelial dysfunction through production 
of oxidative stress [ 6 ]. ARVD leads to stimulation 
of the renin-angiotensin system and increased 
production of angiotensin II. Angiotensin II does 
not only cause vasoconstriction but also activate 
NAD(P)H oxidase, a major enzymatic source of 
reactive oxygen species that inactivate eNOS [ 7 ] 
as described previously. Therefore, ARVD leads 
to lower NO bioavailability and endothelial dys-
function. Endovascular revascularization for 
ARVD was demonstrated to lower oxidative stress 
and thereby improve NO bioavailability, leading 
to the improvement of endothelial function [ 8 ]. 
Accordingly, ARVD can exacerbate systemic 
endothelial function as well as renal dysfunction.  

    Special Considerations in View 
of ARVD 

 Indeed, the pathophysiology of endothelial func-
tion in ARVD is multifactorial and complex. 
ARVD is the most common disease of the renal 
arteries and associated with ischemic nephropa-
thy, promoting chronic kidney disease progres-
sion. A previous study demonstrated that 
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endothelial dysfunction assessed by an impaired 
endothelium-dependent vasodilatory response is 
associated with renal dysfunction in essential 
hypertensive patients [ 9 ]. Endothelial dysfunc-
tion, in turn, was associated with more rapid 
decline in glomerular fi ltration rate in patients 
with untreated hypertension and normal renal 
function at baseline even after adjustment for the 
known adverse effects of elevated systolic blood 
pressure [ 10 ]. This association could establish a 
vicious circle, which promotes the progression of 
both renal and vascular damage. This postulation 
is supported by the observation that robust micro-
vascular endothelial function correlated with 
renal functional improvement after revascular-
ization of a stenotic renal artery [ 11 ].   

    Renal Artery Remodeling 

 As the plaque develops, the entire vessel can 
enlarge or shrink in size. This is often referred to 
as vascular remodeling and plays a critical role in 
determining the luminal patency. In a postmortem 
study of coronary arteries, Glagov [ 12 ] originally 
described compensatory remodeling as an out-
ward displacement of the arterial wall that com-
pensates for the enlarging atheroma. This concept 
was confi rmed by in vivo studies using intravas-
cular ultrasound (IVUS) analysis. Once the 
plaque enlarges to accommodate more than 40 % 
of the vessel area, the vessel no longer enlarges 
and the lumen narrows as the plaque enlarges 
(Fig.  7.1 ). Likewise, all medium-sized arteries in 
peripheral arteries including renal, carotid, and 
iliac have been shown to remodel as well.

      Plaque Morphology and Remodeling 
Pattern in ARVD 

 Histopathological studies demonstrated that pos-
itive remodeling is associated with infi ltration of 
infl ammatory cells, expression of pro- 
infl ammatory cytokines, and increased protease 
activity [ 13 ], features which are recognized as 
major determinants of plaque vulnerability. On 
activation by interferon-gamma, macrophages 
within atheromatous plaques release proteolytic 
enzymes capable of degrading both the collagen 
and the muscular media, weakening the plaque 
fi brous cap and favoring plaque rupture. 
Interferon-gamma, produced by T-lymphocytes, 
may also contribute to the thinning of the fi brous 
cap by halting vascular smooth muscle cell col-
lagen synthesis [ 14 ]. Plaques with positive 
remodeling are composed of lower collagen and 
smooth muscle cell content. In contrast, negative 
remodeling is associated with a stable fi brous 
plaque phenotype although it may aggravate nar-
rowing of the lumen. 

 Recently, clinical interest has been focused 
on arterial remodeling in the peripheral arteries 
with the advent of IVUS imaging for endovascu-
lar revascularization. IVUS is the gold standard 
for characterization of atherosclerotic plaque on 
the arterial wall (Figs.  7.2  and  7.3 ). Conventional 
grayscale IVUS provides unique insight into the 
underlying substrate of atherosclerotic disease, 
and classical studies for the coronary artery 
have suggested the association of plaque echo-
genicity with histological composition despite 
the limitation to elucidate precise plaque com-
ponents. Recently, advanced imaging techniques 

Negative remodeling Positive remodeling

Normal vessel

  Fig. 7.1    Schematic illustration of arterial remodeling in 
the renal artery. In early atherosclerosis, artery size 
enlarges in response to the development of atherosclerotic 
plaques (positive remodeling). Therefore, lumen size is 
initially not affected by plaque growth until the lesion 

reaches 40 % area stenosis. Beyond this limit, a further 
increase in plaque decreases lumen area. A failure of the 
process of positive remodeling leading to shrinkage of 
arteries is referred to as negative remodeling       
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such as virtual histology IVUS (VH-IVUS) has 
been developed and widely used for plaque tis-
sue characterization. This technique uses not 
only the envelope amplitude of the refl ected 
radiofrequency- signals, as undertaken with gray-
scale IVUS, but also the underlying frequency 
content to analyze the tissue components present 
in coronary plaques. This combined informa-
tion is processed using autoregressive models 
and thereafter in a classifi cation tree that deter-
mines four plaque tissue components: fi brous tis-
sue (dark green), fi brofatty tissue (light green), 

necrotic core (red) and dense calcium (white) 
[ 15 ]. Plaques were classifi ed by phenotype; fi bro-
atheroma (further subclassifi ed as thin-capped 
and thick-capped), fi brocalcifi c plaque and path-
ological intimal thickening (Fig.  7.4 ) [ 16 ].

     Arterial remodeling in response to plaque 
accumulation has been observed in the renal 
arteries in vivo in humans. Arterial remodeling 
was defi ned by IVUS as the ratio of the external 
elastic membrane (EEM) area at the lesion site to 
the EEM area at a control reference site. Vessel 
area (EEM) was signifi cantly associated with 

Media

Plaque

IVUS catheter

Lumen

Adventitia

  Fig. 7.2    A typical IVUS image of mild atherosclerotic 
plaque. A plaque with atherosclerotic change demon-
strates three-layered appearance. The intima is identifi ed 
if there is intimal hyperplasia ( plaque ). Media is made of 

homogeneous smooth muscle cells and does not refl ect 
ultrasound ( dark ), and adventitia is collagen-rich refl ect-
ing ultrasound ( bright ).  IVUS  indicates intravascular 
ultrasound       

EEM area Lumen area Plaque area

  Fig. 7.3    Defi nition of IVUS parameters. Plaque area is 
determined by planimetry of the intimal leading edge and 
external elastic membrane (EEM) area. Plaque area is cal-
culated as the difference between EEM area and lumen 

area; and plaque burden as plaque area divided by EEM 
area.  EEM  indicates external elastic membrane, and  IVUS  
intravascular ultrasound       
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plaque area. The degree of arterial remodeling of 
slices with plaque burden >40 % was attenuated 
compared with that seen with slices with plaque 
burden ≤40 %, suggesting that, in the renal 
artery, arterial remodeling delays luminal nar-
rowing, similar to the previous observations in 
the coronary circulation [ 17 ]. 

 Regarding arterial remodeling in the renal 
artery, VH-IVUS provides useful information on 
both anatomical variables and plaque tissue char-
acteristics. Pre-intervention VH-IVUS imaging 
in ARVD patients demonstrated that plaques with 
positive remodeling had more phenotypes of ath-
eromatous plaque than those with intermediate/
negative remodeling (42 % vs. 4 %, p = 0.01) in a 
pattern similar to the coronary and carotid arteries 
(Fig.  7.5 ) [ 18 ]. In addition, percent necrotic area 
in the minimal lumen area was positively related 

to the degree of arterial remodeling [ 17 ]. These 
fi ndings suggest that the arterial remodeling pro-
cess in the renal artery is closely linked to the ath-
erogenesis in renal plaques presented as plaque 
morphology, similar to the coronary artery.

       Specifi c Lesion Morphology 
in the Renal Artery 

    Post-stenotic Dilatation in ARVD 
 Post-stenotic dilatation of greater than 20 % in 
diameter is often seen with modest to severe renal 
artery stenosis (Fig.  7.6 ) [ 19 ]. When the renal 
artery lumen narrows, blood fl ow accelerates to 
maintain the same volume across a  narrower 
cross-sectional area. Accelerated jet fl ow tends to 
impact the artery wall distal to the stenosis, 

VH-TCFA

VH-FA

VH-ThCFA VH-FC VH-PIT

  Fig. 7.4    VH-IVUS phenotype classifi cation of renal 
artery plaques. Typical examples of VH-IVUS phenotype 
are shown. Renal plaques were classifi ed as: (1) 
Fibroatheroma ( VH-FA ): plaque burden >40 %, confl uent 
necrotic core >10 % plaque cross-sectional area, all for 
three consecutive frames; (2) Thin-capped fi broatheroma 
( VH-TCFA ): fi broatheroma with the confl uent necrotic 
core (>10 % of plaque cross-sectional area) in contact 
with vessel lumen for three consecutive frames; (3) Thick-
capped fi broatheroma ( VH-ThCFA ): fi broatheroma 
(>10 % of confl uent necrotic core for three consecutive 

frames) not fulfi lling VH-TCFA criteria; (4) Fibrocalcifi c 
plaque ( VH-FC ): plaque with dense calcium >10 % 
plaque cross-sectional area in three consecutive frames, 
not meeting VH-FA defi nition; and (5) Pathological inti-
mal thickening ( VH-PIT ): plaque not meeting VH-FA or 
VH-FC defi nitions and predominantly fi brous tissue. 
VH-IVUS display with four color code:  dark green  for 
fi brous tissue,  light green  for fi bro-fatty tissue,  red  for 
necrotic core, and white for dense calcium. VH-IVUS 
indicates virtual histology intravascular ultrasound       
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 eventually producing post-stenotic dilatation 
[ 20 ]. Theoretically, it is related to the magnitude 
of the pressure gradient through the stenosis. 
However, it may not be present in the most severe 
and nearly occlusive stenoses that do not allow 
enough jet-fl ow through the lumen. Variations in 
vessel geometry, compliance, and vessel remod-
eling may determine the actual extent of post- 
stenotic dilatation. For this reason, post-stenotic 
dilatation should not be relied on as a primary 
indicator of hemodynamic signifi cance.

       Renal Artery Aneurysm 
 Renal artery aneurysm is a rare entity with an 
estimated incidence of 0.09 % [ 21 ]. The renal 
artery aneurysms may be congenital or degen-
erative, and may occur secondary to trauma, 
infection, vasculitis, neurofi bromatosis, and 
Kawasaki’s disease. Renal artery aneurysms are 

commonly located in extraparenchymal and in 
the mid and distal third of the renal artery, espe-
cially at the bifurcation of the main renal artery. 
The pathogenesis is the degeneration of elastic 
fi bers and mediolysis leading to weakening of 
arterial wall and expansion of the artery from 
high intraluminal pressure [ 22 ]. Progressive 
renal dysfunction may occur secondary to 
embolization from thrombus in the aneurysm 
sac.    

    Renal Artery Plaque 

    Etiology of Renal Artery Stenosis 

 Renal artery stenosis is caused by a heteroge-
neous group of conditions, including athero-
sclerosis, fi bromuscular dysplasia, vasculitis, 
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  Fig. 7.5    IVUS images of arterial remodeling in the renal 
artery. Grayscale IVUS images ( top ,  middle ) show a 
lesion with positive remodeling and larger plaque burden 
(84 %). The vessel size ( EEM ) in the lesion is larger than 
that in the reference. Arterial narrowing occurs as a conse-
quence of plaque growth beyond the point of compensa-

tion for plaque accumulation. The corresponding 
VH-IVUS ( top ,  right ) demonstrates thick-capped fi bro-
atheroma. A lesion with intermediate/negative remodel-
ing ( bottom ,  middle ) demonstrates the shrinkage of the 
vessel with the phenotype of pathological intimal thicken-
ing ( bottom ,  right )       
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 neurofi bromatosis, congenital bands, pheochro-
mocytoma, extrinsic compression, emboli, aortic 
dissection, and radiation [ 23 ]. ARVD accounts 
for as much as 90 % of all cases of renovascular 
disease [ 24 ] and much attention has been focused 
on this disease entity.  

    Risk Factors Predicting for ARVD 

 Risk factors play an important role in initiating 
and accelerating the complex process of athero-
sclerosis in ARVD. Identifi cation of risk factors 
that predispose to ARVD is crucial for the devel-
opment of prevention strategies. 

 Most data were derived by extrapolation from 
large population studies primarily focusing on 
coronary heart disease [ 25 – 27 ], demonstrating 
that the risk factors for ARVD are generally simi-
lar to coronary artery diseases. However, given 
the higher prevalence of RAS in patients with 
peripheral artery disease (PAD) than in those 
with coronary artery disease, it may be reason-
able to consider that cardiovascular risk factors 
have different impact on different arterial ter-
ritories [ 28 ] and atherosclerosis may proceed 
through different pathophysiological pathways 
heterogeneously. 

    Traditional Risk Factors 
 There are limited and inconsistent data available. 
Factors associated with a higher risk of signifi -
cant renal artery stenosis among 843 patients 
referred for cardiac catheterization include: older 
age, female sex, higher creatinine levels, 
 hypertension, three-vessel coronary artery dis-
ease, PAD, diabetes, and the number of cardio-
vascular drugs [ 29 ]. Another study showed that 
old age and hypertension were closely associated 
with signifi cant ARVD in 629 PAD patients [ 30 ]. 
These differences may result from dissimilar 
study population and screening methods.  

    Non-traditional Risk Factors 
 Recently, several emerging risk factors have been 
proposed as predictors of ARVD, namely creati-
nine, homocysteine, fi brinogen, C-reactive pro-
tein and lipoprotein (a). Previous study has 
demonstrated that creatinine and C-reactive pro-
tein seem to be the most promising predictors of 
ARVD, whereas the prognostic value of homo-
cysteine, lipoprotein (a) and fi brinogen is not yet 
fully determined [ 31 ]. The establishment of a 
defi nite role for these emerging risk factors would 
result in earlier recognition and better manage-
ment of ARVD.  

    Genetic Risk Factors 
 There has been compelling evidence indicates 
that atherosclerosis is, at least partially, geneti-
cally determined from several lines of research 
for PAD as well as coronary artery disease. 
Despite much of the research effort, there has 
been paucity data regarding genetic abnormali-
ties contributing to the pathogenesis of ARVD. 
The current understanding of genetic risk factors 
for ARVD embodies extrapolation of information 
derived from new genetic mechanisms of PAD. 
Unlike monogenic vascular disease manifesting a 
Mendelian inheritance pattern, atherosclerotic 
PAD likely results from dozens or hundreds of 
genes interacting with each other and the envi-
ronment to cause disease. From a genetic stand-
point, therefore, atherosclerosis is a more 
complex disorder. 

 A few earlier studies addressed the possible 
role of candidate genes such as polymorphisms in 
genes of the renin-angiotensin system [ 32 – 35 ] 

  Fig. 7.6    An example of post-stenotic dilatation. A selec-
tive angiogram of left renal artery in a patient with athero-
sclerotic renal artery disease illustrates sever stenosis at 
ostium ( arrow ) and a post-stenotic dilation ( asterisk )       
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and eNOS [ 36 ] in renovascular disease. These 
approaches, referred as candidate gene studies, 
are based on preexisting knowledge about which 
genes and pathways are relevant to a disease. As 
candidate gene approaches are limited to priori 
hypotheses, a more comprehensive and unbiased 
scan of variations in all genes or in the entire 
genome is needed. To date, novel genetic 
approaches to genetics have emerged such as 
genome-wide association studies which do not 
rely on assumptions about relevant disease and 
require no previous information on gene function 
to select single nucleotide polymorphisms for 
genotyping. In coronary and peripheral artery 
disease, in multiple loci associated with cardio-
vascular disorders, the strongest and most consis-
tent locus is with the intergenic portion of 
chromosome 9p21 [ 37 ,  38 ]. Variants at this locus 
have been reported to correlate with risk in myo-
cardial infarction [ 39 ] and PAD [ 40 ,  41 ]. It is con-
ceivable that there are similar associations of this 
locus with ARVD. Further studies are warranted 
to identify genetic factors underlying ARVD.   

    Plaque Distribution of ARVD 

 The ostium and proximal third of the main renal 
artery represent the most common atherosclerotic 
lesions [ 42 ], whereas segmental and diffuse 
lesions may be observed in advanced atheroscle-
rotic disease cases [ 24 ]. The atherosclerotic 
plaque in the renal artery extends from the wall of 
the aorta into the ostium of the renal artery [ 43 ]. 
The caudal aspect of the renal ostium that diverts 
fl ow into the renal artery is the initiation site of 
atherosclerotic lesions in humans [ 44 ]. A study 
using porcine model showed increased low- 
density lipoprotein retention binding in the cau-
dal region of the ostium enriched with collagen 
and proteoglycan, which could play a role in the 
increased susceptibility to atherosclerosis [ 45 ]. 

 The extensive and widespread distri-
butions of atherosclerotic disease into the 
intra-renal microvascular beds make the patho-
physiology of ARVD more complex. In addi-
tion to atherosclerotic plaques in the main renal 
artery,  atherosclerosis might also distribute in the 

poststenotic kidney and compromise the renal 
parenchyma and intrarenal vessels leading to the 
aggravation of renal hypoperfusion and tissue 
injury [ 46 ]. In patients with fi bromuscular dys-
plasia, tissue injury including parenchymal fi bro-
sis rarely develops [ 47 ], while a part of patients 
with ARVD showed the progressive deterioration 
of renal function even after successful revascular-
ization [ 48 ]. Renal cortical perfusion correlated 
inversely with degree of stenosis in fi bromuscular 
dysplasia [ 49 ], whereas, in patients with ARVD, 
the severity in renal cortical perfusion [ 49 ] and 
function [ 50 ] are not directly correlated with the 
angiographic degree of stenosis in the main renal 
artery. Thus, better understanding of extensive 
atherosclerotic distributions in ARVD would be 
of importance for assessment and treatment.  

    Morphology of ARVD 

    Renal Artery Calcium 
 Renal artery calcifi cation occurs in early and 
advanced atherosclerosis. Once the lipid core is 
formed, calcium particles appear within smooth 
muscle cells and extracellularly within the lipid 
cores. With the progression to advanced lesions, 
calcium particles increase in size and form larger 
plates of calcium [ 51 ]. These calcifi ed plaques 
can be detected and quantifi ed by computed 
tomography in clinical practice. The extent of 
calcifi ed plaque assessed by computed tomogra-
phy is a valid and reproducible measure of the 
total atherosclerotic plaque burden, although a 
poor relation exists between the burden of cal-
cium and the degree of luminal stenosis in a given 
arterial bed [ 52 ]. 

 Previous studies have demonstrated that renal 
artery calcium is related with the presence of 
calcium located in the coronary, carotid, iliac 
arteries, the aorta, and the mitral and aortic 
annuli [ 53 ]. The presence of renal artery calcium 
is associated with higher odds for prevalent 
hypertension, independent of traditional risk 
factors for cardiovascular disease and the extent 
of calcifi ed atherosclerosis in the non-renal 
 vasculature [ 54 ]. Furthermore, renal artery cal-
cium was associated with an increased risk of 
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all-cause mortality in healthy outpatient individ-
uals, independent of demographic and tradi-
tional cardiovascular risk factors and vascular 
calcifi cation in other locations [ 55 ].  

    Tissue Characterization of ARVD 
 Among different arterial beds (i.e., coronary, 
carotid, renal, and peripheral), little is known 
about the plaque characteristics in the renal arter-
ies. A recent study using VH-IVUS for plaque 
characterization (Fig.  7.4 ) in patients with ARVD 
demonstrated that the most prominent plaque 
component was fi brous tissue, followed by fi bro- 
fatty, necrotic core, and dense calcium. Not sur-
prisingly, this distribution of plaque components 
was not different from the coronary and carotid 
arteries. In terms of plaque phenotypes, however, 
renal artery plaques had less characteristics of 
fi broatheromas (22 % vs. 53 %) and more patho-
logical intimal thickening (60 % vs. 18 %) com-
pared to the coronary arteries in a comparative 
analysis study. In addition, the amount of necrotic 
core and dense calcium in renal artery plaque 
were less than those in the coronary artery [ 18 ]. 
These fi ndings suggest that stable plaque pheno-
types are more common in the renal arteries than 

the coronary arteries at the clinical manifestation, 
and plaque characteristics among different arte-
rial beds are heterogeneous. 

 While renal stenting for ARVD yields 
improved technical success, atheroembolism can 
manifest as progressive renal failure occurring in 
approximately 20 % of patients [ 56 ] over weeks 
to months. As the stent crushes the plaque against 
the vessel wall, atheromatous fragments large 
enough to cause downstream occlusions and 
parenchymal damage have been shown to be 
released in ex vivo studies of renal artery stenting 
[ 57 ]. It has been hypothesized that imaging of 
renal artery plaque composition can identify 
plaques that are predisposed to causing distal 
embolization. A recent study showed that the 
change in estimated glomerular fi ltration rate 
after renal artery stenting was inversely corre-
lated with mean percentage of necrotic core 
assessed by VH-IVUS [ 58 ]. This suggests that 
lesions containing large lipid-rich necrotic cores 
are predisposed to iatrogenic distal embolization. 
Thus, pre-intervention IVUS for ARVD might 
provide additional information by offering an 
accurate assessment of plaque composition as 
well as anatomical assessment.  

  Fig. 7.7    Example images of a plaque rupture in the renal 
artery. Angiography shows severe stenosis in the left main 
renal artery ( arrowhead ). Corresponding IVUS shows a 

plaque rupture. An  asterisk  indicates a ruptured cavity 
communicating with the lumen and  arrows , a disrupted 
residual fi brous cap fragment       
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    Vulnerable Plaque in the Renal Artery 
 Atherosclerotic plaques that are prone to pre-
cipitate acute thrombotic occlusions are consid-
ered to be vulnerable plaques [ 59 ]. The classical 
defi nition of the vulnerable plaque encompasses 
histopathological features such as a large lipid 
core, the presence of infl ammatory cells, and a 
thin fi brous cap. VH-IVUS has been the most 
widely applied imaging technology to visualize 
the aforementioned features of the vulnerable 
plaque in the coronary artery (Fig.  7.4 ). Based on 
substantial evidence for acute thrombosis in the 
coronary circulation, it is highly likely that it also 
occurs in the renal artery. The total occlusion of 
the renal artery due to acute thrombosis might be 
infrequent although there are little data available. 

 A previous VH-IVUS study [ 18 ] demonstrated 
that plaque ruptures (Fig.  7.7 ) and thin-capped 
fi broatheromas, the major precursor lesion for 
plaque rupture, were identifi ed in 6 and 16 % of 
patients referred to endovascular intervention for 
ARVD with signifi cant stenosis, respectively.

   Plaque neovascularization in the intima and 
media is another hallmark of advanced athero-
sclerotic lesions [ 60 ]. The growth and extension 
of adventitial blood vessels called vasa vasorum 
into the intima occurs as a response to tissue 
hypoxia when the intima thickens beyond the dif-
fusion limits of oxygen and nutrients [ 61 ]. These 
pathological microvessels are prone to rupture, 
and intraplaque hemorrhage accelerates plaque 
formation [ 62 ]. These changes are uniformly 
present in different arterial beds including the 
renal arteries in vulnerable patients [ 63 ], although 
the renal arteries showed a lower vasa vasorum 
density compared to coronary arteries [ 64 ]. 

 The clinical signifi cance of vulnerable 
plaques in the renal arteries is yet undetermined. 
Atherothrombosis may play a potential role in 
the pathophysiology of progressive renal dis-
ease or hypertension. IVUS examinations for 
ARVD are usually performed in combination 
with endovascular intervention for renal artery 
stenosis because of their invasive nature. On the 
other hand, most ARVD are clinically silent and 
identifi ed during the investigation of other condi-
tion such as coronary or peripheral artery disease, 
whereas a minority are detected due to symptoms 

of hypoperfusion resulting from the narrowing of 
the renal artery. Therefore, the diagnosis of vul-
nerable plaques in the renal artery might rarely be 
made based on the presence of symptoms associ-
ated with atherothrombosis. 

 Taken together, renal artery plaques unexcep-
tionally have a wide variety of atherosclerotic 
phenotypes including vulnerable plaque features 
according to patients’ clinical status. Further 
studies are needed to elucidate the pathophysiol-
ogy underlying atherosclerotic plaque develop-
ment and the clinical sequela of plaque rupture in 
the renal circulation.   

    Disease Progression of ARVD 

 ARVD is a potentially progressive disease. The 
pertinent observations are variable according to 
indications for screening and the imaging modal-
ities used for measurements. 

 In serial angiographic examinations [ 65 ], pro-
gression of renal artery atherosclerosis was 
observed in 44 % of 85 patients, and progression 
to complete occlusion was observed in 16 % dur-
ing 52 months. Half of patients with less than 
50 % stenosis demonstrated no change. The rate 
of progression to complete occlusion was 39 % in 
those with 75–99 % stenosis compared with 5 % 
in those with <50 % stenosis. Another large series 
of patients undergoing coronary angiogram dem-
onstrated that signifi cant disease progression was 
observed in 11 % over 2.6 years [ 66 ]. Although 
patients with severe renal artery stenosis are more 
likely to progress, signifi cant stenosis may 
develop rapidly despite evidence of normal renal 
arteries at prior catheterization. 

 Renal artery duplex ultrasound has advantages 
of noninvasiveness, despite a limitation of repro-
ducibility and operator-dependency. Renal arter-
ies with signifi cant stenosis (>60 %) measured by 
renal duplex ultrasonography have approximately 
a 20 % progression of disease per year and with 
11 % progressing to renal occlusion within 2 years 
[ 67 ]. In another large prospective observational 
study, the cumulative incidence of progression to 
≥60 % stenosis during 33 months period was 13 
and 56 % for the renal arteries initially  classifi ed 
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as normal and <60 %, respectively, according to 
baseline degree of renal artery narrowing. Only 
3 % (9 of the 295 renal arteries) progressed to total 
occlusion during the follow-up period. Seven of 
these were classifi ed as those with ≥60 % stenosis 
at baseline [ 68 ]. In this study, systolic blood pres-
sure ≥160 mmHg, diabetes, ipsilateral or contra-
lateral stenosis ≥60 %, and occlusion of 
contralateral renal artery were identifi ed as inde-
pendent risk factors for plaque progression. 

 Most studies investigating natural history of 
ARVD were performed before modern treatment 
of risk factors for atherosclerotic cardiovascular 
disease. In an era when optimal medical therapy 
including aspirin, renin-angiotensin system 
antagonists, and intensive lipid-lowering therapy 
are widely used, a lower rate of ARVD progres-
sion would be expected. 

 For two decades IVUS-base imaging technol-
ogy has been used for better plaque assessment in 
the coronary artery and provided valuable infor-
mation on the characterization of plaque, the 
plaque progression and regression [ 69 ], and 
prognosis [ 70 ]. There are little data on the natural 
history of renal plaques based on plaque volume 
and composition. Further research may be war-
ranted to answer the question.   

    Conclusion 

 Endothelial dysfunction is a systemic disorder 
and may play a role in the pathogenesis of 
ARVD. The pathophysiology of ARVD has 
been considered more profound than previ-
ously expected, and includes not only renal 
fl ow disturbance but also microvascular envi-
ronment in the kidney. Recent IVUS studies 
demonstrate that atherosclerotic renal artery 
plaques have a wide variety of atherosclerotic 
phenotypes including vulnerable plaque fea-
tures. Further studies are needed to determine 
the association of plaque morphology of the 
renal artery with risk factors, disease progres-
sion, renal function, therapeutic effects of 
medical and endovascular interventions, and 
future cardiovascular events. With a more 
detailed understanding of the pathophysiology 
of ARVD, the treatment strategies for ARVD 
will continue to develop.     
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    Abstract  

  A healthy renal microcirculation is crucial to ensure adequate tissue perfu-
sion, fi ltration and removal of toxins from the general circulation. 
Emerging evidence supports a role of renal microvascular (MV) disease in 
possibly determining the turning point between reversible and irreversible 
renal injury. Indeed, previous studies have shown that renal MV rarefac-
tion correlates with the progressive deterioration of renal hemodynamics, 
fi ltration, and, tubular function. Furthermore, dysfunctional or damaged 
microvessels can compromise adequate renal perfusion and nutrition lead-
ing to tissue ischemia, which may in turn activate pro- infl ammatory and 
pro-fi brotic factors that could promote renal parenchymal injury. This 
chapter will discuss the changes in renal MV function and structure and 
the role of MV disease on the initiation and progression of renal injury. 

 Either as a causative mechanism or a consequence of renal injury, 
increasing experimental and clinical evidence showed that pathological 
changes in the renal microvasculature accompany the development and 
progression of renal injury associated to hypertension, diabetes, obesity, 
and atherosclerosis. Previous studies have shown that systemic and renal 
MV disease is associated to cardiovascular risk factors even in the absence 
of major deterioration of renal function, implying that early changes in 
renal MV function could later serve as instigator of renal injury. Hence, 
this chapter will also focus on the development, progression, and mecha-
nisms of renal MV disease in hypertension, diabetes, obesity, and 
atherosclerosis.  
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        The Microcirculation: Defi nition 
and Role 

 The microcirculation is a network constituted by 
vessels between 0 and 200 μm in diameter that 
are embedded within organs and are responsible 
for the distribution of blood within tissues [ 1 ]. In 
general, each nutrient vessel entering an organ 
branches six to eight times before becoming arte-
rioles (10–15 μm), which in turn splits two to fi ve 
times into smaller vessels, reaching diameters of 
9 μm or lower to supply blood to the smallest 
vascular network, the capillaries. The microcir-
culation is an organized and dynamic functional 
network that adapts to changes in the organ or 
tissue surroundings. Indeed, the tissue vascular-
ity is determined by maximum blood fl ow needs 
and tightly regulated by factors that can promote 
physiological or pathological vascular constric-
tion or dilatation, growth or regression. Healthy 
microvascular (MV) networks are pivotal for the 
normal organ function in the human body, by 
controlling the transportation of oxygen and 
nutrients and the removal of toxins. The blood 
fl ow is generally regulated by the specifi c needs 
of the tissues as long as the arterial pressure is 
suffi cient to sustain tissue perfusion.  

    Renal Microcirculation 

    General Characteristics 

 Blood fl ow to the kidneys is normally one fi fth of 
the cardiac output, which equals approximately 
1,100 ml/min. The blood supply to the human 
kidneys is one of the highest and only 10 % of the 
delivered oxygen is suffi cient to satisfy the renal 
metabolic demands [ 2 ]. The renal circulation has 
unique anatomical and functional characteristics 
(Fig.  8.1 ). The renal artery enters the kidney 
through the hilum and following the main renal 

artery and primary bifurcations, the renal vessels 
subsequently split in the kidney into interlobar, 
arcuate and interlobular arteries. Then, the 
smaller branching order afferent arterioles lead to 
the glomerular capillaries and the distal ends 
of the capillaries of each glomerulus join to form 
the efferent arterioles, followed by a second cap-
illary network constituted by the peritubular cap-
illaries surrounding renal tubules. The double 
capillary bed is a unique feature of the renal cir-
culation that separates the fi ltering from the reab-
sorption process. Glomerular capillaries fi lter 
through a large amount of fl uid and solutes 
(except the plasma proteins) whereas tubular 
capillaries are key participants in the fi ltration, 
secretion and reabsorption of minerals and 
removal of unwanted substances from the fi ltrate 
(and therefore from the blood) towards formation 
of urine. The capillary systems from cortex and 
medulla merge into the cortical venules that run 
in parallel to the arteriolar vessels and progres-
sively form the interlobular, arcuate, interlobar, 
and renal vein, which leaves the kidney alongside 
the renal artery and ureter [ 4 ].

       Role of the Renal Microcirculation 
in Renal Nutrition 

 The kidneys receive a larger than needed oxy-
gen and nutritional supply since 1/5 of the total 
cardiac output goes through the organ maintain-
ing renal tissue perfusion and viability. As in 
any other organ, a healthy renal microcirculation 
is crucial for a normal distribution of nutrients 
and removal of toxins, regardless of the abun-
dant blood supply the kidneys receive. One of 
the characteristics of the renal microcircula-
tion is the intimate association between renal 
excretory function and intra-renal hemodynam-
ics, which are major players in determining the 
appropriately responsive excretory function over 
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the nutritional requirements of the renal paren-
chyma [ 2 ]. The importance of the microcircu-
lation in maintaining the nutrition of the renal 
parenchyma is underscored by studies showing 
a correlation between progressive dysfunction 
and/or loss of renal microvessels with the pro-
gression of renal fi brosis [ 5 – 7 ]. Indeed, although 
the kidneys are capable of preserving their func-
tion over a broad range of autoregulation, a 
sustained deterioration of the renal microvascu-
lature may lead to reduction in renal perfusion, 
a defi cient nutrition, and ultimately develop-
ment of fi brosis and a permanent damage of the 
renal tissue. It is possible that the deterioration 
of the renal microvasculature fi rst compromises 
renal nutrition and then renal fi ltration and the 
excretory function. This notion is strongly sug-
gested by experimental evidence in early athero-
sclerosis [ 8 – 12 ], diabetes [ 13 ], or obesity [ 14 ] 
in which renal MV disease and tissue damage 

occur without a  signifi cant deterioration of renal 
function, which appears at later stages of the dis-
ease or develops after addition of insults (e.g., 
renal ischemia, renal artery stenosis). Therefore, 
the nutritional role of the small vessels is crucial 
for not only maintenance of the renal structure, 
but also seems to play a role in instigating renal 
functional and structural injury when defective.  

    Role of the Renal Microcirculation 
in Renal Function 

 The total renal vascular resistance is determined 
by the sum of the resistances of interlobar, arcu-
ate, and interlobular arteries, afferent and efferent 
arterioles, capillaries, and veins in the kidney. An 
increase in the resistance of any of these vascular 
segments may reduce renal blood fl ow (RBF), 
whereas a decrease will increase it if renal artery 
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  Fig. 8.1    Section of the human kidney showing the major 
vessels that supply the blood fl ow to the kidneys, a sche-
matic representation of the microcirculation of the neph-
ron ( red arrow ), and the basic tubular segments of the 

nephron ( black arrow ). The relative lengths of the differ-
ent tubular segments are not drawn to scale (With permis-
sion from Hall [ 3 ])       
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and vein pressures remain constant. In turn, the 
changes in tone in afferent and efferent arterioles 
and in glomerular capillary pressure are the main 
determinants of glomerular fi ltration rate (GFR). 
Therefore, the resulting modifi cations in renal 
MV tone may result in changes in RBF and GFR 
separately or sometimes together and in a similar 
direction. 

 Following the efferent arterioles, the small 
vessels divide again and build the second capil-
lary network going around the tubules. As men-
tioned earlier, glomerular capillaries play a 
central role in fi ltration and the peritubular capil-
laries are crucial for reabsorption and secretion 
of the glomerular fi ltrates towards formation of 
urine, which contribute to control of fl uid homeo-
stasis and regulation of blood pressure. 

 The majority of the evidence supporting the 
central role of the microvasculature in renal func-
tion comes from studies in which the density and/
or function of the microvessels is reduced. It has 
been shown that functional and/or anatomical 
loss of renal microvessels (also known as MV 
rarefaction [ 15 ]) plays an important role in the 
reduction of RBF and GFR with normal aging 
[ 16 ], suggesting that regression of the small ves-
sels is also a physiological event in the kidney. 
The loss of the contribution of renal microvessels 
to renal function is an important pathological 
event in renal disease and has been shown to 
impact renal hemodynamics [ 5 ,  6 ,  17 ] and func-
tion [ 18 ,  19 ]. Furthermore, the loss of peritubular 
capillaries has been indicated as the possible link 
between acute and chronic renal injury, suggest-
ing capillary rarefaction as the turning point for 
the progression of renal damage towards chronic 
kidney disease [ 6 ]. This notion is supported by 
previous studies on hypertension, diabetes, acute 
and chronic renal ischemia, and aging, that 
underscored the importance of the renal MV net-
work [ 4 – 6 ,  20 – 22 ]. 

 Interestingly, as peritubular capillaries are 
among the fi rst renal structures that are damaged 
when facing either acute or chronic insults, the 
capillary network surrounding the tubules as well 
as the vessels of smaller order (under 200 μm in 
diameter) seem to be capable of repair and prolif-
eration (in both cortex and medulla) by targeted 

interventions [ 7 ,  23 ,  24 ]. Recent studies have 
shown that targeted administration of angiogenic 
cytokines or progenitor cells can recover the MV 
network, improve renal function and signifi cantly 
reduce tissue injury [ 5 ,  7 ,  23 ,  25 ], implying plas-
ticity of this MV network and underscoring the 
crucial role of the renal microcirculation in pre-
serving renal function. The potential of tar-
geted therapeutic interventions is beyond the 
scope of this section and will be discussed in 
chapters   19    –  21    .   

    Microvascular Disease 

 Abnormalities in the microcirculation play an 
important role in the initiation and progression of 
several diseases [ 6 ,  26 ]. These abnormalities 
include vascular dysfunction, structural changes, 
and eventually, vascular loss, which may all com-
promise normal organ development and function 
and may deteriorate the responses of the tissue to 
injury. However, changes in MV tone will not 
always lead to MV remodeling and eventually 
MV rarefaction. Changes in vascular density are 
not always part of a pathological process and sce-
narios exist in which vessel constriction does not 
lead to vessel loss and is part of a normal physi-
ological event. An example of this is the non- 
perfused capillaries that are recruited in skeletal 
muscle or the coronary fl ow reserve in case of a 
higher demand in a healthy patient. 

    Defi nition of Renal Microvascular 
Disease 

 A defective renal microcirculation, also known as 
MV disease, is a prominent pathological feature 
in chronic kidney disease (CKD), irrespective of 
the cause, and progresses as CKD evolves [ 27 ]. 
Experimental studies have shown that such 
changes are initially more evident at the cortical 
level, but suggest that they extend to the medulla 
as renal disease progresses [ 5 ,  7 ]. MV disease 
can compromise both the renal nutrition and 
renal function. Largely initiated by augmented 
vasoconstriction and endothelial dysfunction in 

A.R. Chade

http://dx.doi.org/10.1007/978-1-4471-2810-6_19
http://dx.doi.org/10.1007/978-1-4471-2810-6_21


135

CKD [ 28 ], MV disease can alter renal blood fl ow 
and lead to a progressive decrease in peritubular 
capillary fl ow and consequently result in mild 
tubulo-interstitial ischemia [ 29 ], which could 
constitute both a cause and/or a consequence of 
damage in the kidney. Depending on the severity 
and duration of the stimulus causing long-term 
changes in tissue blood fl ow (e.g., increasing 
metabolic demands, reduced oxygen or glucose, 
increased reactive oxygen species, augmented 
MV shear stress [ 19 ,  20 ,  30 ]), sustained MV dys-
function can lead to alterations in the MV layers, 
resulting in permanent and often progressive 
modifi cations in MV shape, thickness, and diam-
eter, a process also known as  vascular remodel-
ing . Eventually, combination of functional and 
structural MV changes can lead to the loss of the 
contribution (functional and/or anatomical) to 
organ function, a process that is known as  vascu-
lar rarefaction . All these processes have been 
described in the vasculature of the kidney 
exposed to chronic renovascular disease. It is 
possible that they refl ect different stages of the 
progression of renal damage, either as cause or 
possibly, as consequence.  

    Pathophysiology 

    Microvascular Endothelial Dysfunction 
 The integrity of the vascular endothelium is cru-
cial for a normal exchange of solutes with the 
surrounding tissue and for control of vascular 
tone and permeability [ 31 ], vascular prolifera-
tion, and fl uid homeostasis [ 32 ]. The endothelial 
cells are both targets and sources of vasoactive 
substances such as nitric oxide (NO), prostacy-
clin, angiotensin II or endothelin-1, to name a 
few. Endothelial dysfunction is the result of a 
combination of abnormal vasodilatory response 
of endothelial cells with an imbalance between 
substances that determines vascular tone, which 
are produced by or act on the endothelium [ 33 ]. 
Endothelial dysfunction has been implicated in 
the pathophysiology of hypertension [ 34 ], coro-
nary artery disease [ 35 ], chronic heart failure 
[ 36 ], peripheral artery disease [ 37 ], diabetes [ 38 ], 
and chronic renal disease [ 39 ]. Furthermore, 

 dysfunction of the vascular endothelium also 
favors the development of infl ammation and 
thrombosis [ 40 – 43 ]. 

 A central event in the development of endothe-
lial dysfunction is the reduction in the bioavailabil-
ity of NO, a potent vasodilator, anti-infl ammatory 
and anti-aggregant gaseous molecule [ 44 ]. One of 
the most prominent mechanisms of the reduced 
vasodilatory responses in endothelial dysfunc-
tion is by increased inactivation of NO via reac-
tive oxygen species (ROS). The reduction of 
NO is via ROS-mediated [ 45 ] quenching effects, 
which is pivotal in promoting vasoconstriction 
and ROS-mediated vascular infl ammation, which 
may in turn further reduce NO bioavailability and 
perpetuates a potentially vicious circle of vaso-
constriction and vascular damage. Additional 
mechanisms that may participate in promoting 
endothelial dysfunction are blunted production of 
NO by the endothelium (due to lack of co-factor 
tetra-hydro-biopterine) and reduced production of 
hyperpolarizing factors such as epoxyeicosatri-
enoic acids, hydrogen peroxide, or C-natriuretic 
peptide, among others [ 34 ]. 

 A sustained vasoconstriction due to endothe-
lial dysfunction could lead to reductions in tissue 
blood fl ow and consequently, diminished provi-
sion of nutrients and altered fl uid homeostasis 
between intra- and extra-vascular spaces due to 
abnormal MV permeability. One of the conse-
quences of an increase in MV permeability is the 
potential increase for extravasation of cytokines 
that may further expand tissue damage [ 9 ]. This 
complex but important sequence of events is con-
sidered to serve as a link between hypertension, 
CKD, and diabetes and the augmented risk of car-
diovascular events. Furthermore, previous clinical 
[ 30 – 32 ] and experimental [ 6 ,  21 ,  46 ,  47 ] studies 
of both acute and chronic renal disease have dem-
onstrated this cascade of events in the kidney. 

 A prolonged renal vasoconstriction could lead 
to reduced perfusion of the intra-renal MV net-
work and subsequent defect on renal nutrition 
and, ultimately, renal hemodynamics and func-
tion. Thus, the loss of the contribution of small 
vessels (functional MV rarefaction [ 48 ]) could 
lead to a progressive renal functional and later 
structural damage in renal disease. The latter has 
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been demonstrated by interventions that can aug-
ment the systemic and renal bioavailability of 
NO [ 8 ,  10 ,  46 ,  49 – 53 ] through decreasing its 
degradation and/or stimulating sources of NO 
such as endothelial NO synthase (eNOS). 

 In summary, the severity of endothelial dys-
function plays a key role in determining the con-
tribution of the vessels to renal hemodynamics 
and function. Furthermore, it is possible that by 
favoring additional deleterious mechanisms such 
as infl ammation [ 54 ,  55 ], thrombosis [ 56 ], and 
the damaging of the extra-vascular space [ 57 ], 
endothelial dysfunction may promote the transi-
tion from functional to structural changes in the 
small vessels.  

    Microvascular Remodeling 
 Although in the medical literature MV remodel-
ing often refers to pathological settings, this is a 
broad term that in general refers to progressive 
changes in vascular shape that may occur during 
development and disease [ 58 ]. Regardless of the 
underlying cause, a sustained reduction in tis-
sue perfusion (as occur in renovascular disease) 
may activate several enzymes and growth factors, 
triggering morphological changes in the vascular 
lumen, vascular thickness, and on the outer lay-
ers of capillaries, resistance, and conduit vessels. 

 There are a number of growth factors that may 
directly or indirectly promote vascular remod-
eling [ 58 ,  59 ]. For instance, tissue transgluta-
minase is a cross-linking enzyme that promotes 
inward remodeling in small arteries exposed to 
chronic reductions of blood fl ow [ 60 ]. A pro-
longed vasoconstriction due to endothelial dys-
function can lead to entrenchment of reduced 
diameter that is sustained by this enzyme and 
its interaction with integrins on the organization 
of matrix components and vascular remodeling 
[ 51 ]. Another pro-fi brotic factor often involved in 
renal disease and with effects on small vessels is 
transforming-growth factor (TGF)-β, a powerful 
mediator of epithelial-to-mesenchymal transition 
and promoter of renal fi brosis [ 52 ,  61 ]. TGF-β 
exerts its multiple actions via specifi c receptors 
and mediators known as smads, and has direct 
effects on vascular proliferation and remodeling 
by promoting the reduction of vascular lumen, 

adventitial fi brosis and collagen matrix depo-
sition around the vessel. Furthermore, TGF-β 
induces tissue proliferation and may also favor 
accumulation of extracellular matrix in the renal 
parenchyma by inhibiting matrix metallopro-
teinases (MMP) [ 62 ]. A defi ciency in MMPs 
may lead to abnormal development of the vas-
culature as well as to deleterious changes in the 
pre- existent vasculature due to extracellular-
matrix (ECM) accumulation. The MMP family 
is important for the development, expansion, and 
also preservation of the renal MV architecture. 
MMP-2 and -9 are the most active collagenases 
in the kidney and has been shown to have blunted 
activity in experimental models of renal disease 
[ 12 ], which correlate with signifi cant MV disease 
and blunted renal function. Importantly, defi cien-
cies in MMPs have also been reported in clinical 
studies [ 63 ,  64 ]. Another contributing factor to 
MV remodeling is connective tissue growth fac-
tor (CTGF), a peptide synthesized and secreted 
by fi broblasts after activation by TGF-β, which 
has direct effects on vascular remodeling [ 65 ] 
and serves as a downstream mediator of TGF-β 
-induced fi broblast collagen synthesis and colla-
gen accumulation [ 66 – 68 ]. 

 MV remodeling is a dynamic process that 
involves promoters and inhibitors of tissue prolif-
eration. There are also factors that can counter- 
balance the effects of TGF- β and CTGF, such as 
hepatocyte growth factor (HGF), an anti-fi brotic 
and pro-angiogenic factor that has been shown to 
be capable of reducing renal fi brogenesis by atten-
uating CTGF-mediated induction of TGF-β [ 69 ]. 
This is a pleiotropic and ubiquitous growth factor 
that participates in tissue remodeling in the heart 
[ 70 ,  71 ], liver [ 72 ], and lungs [ 73 ], and is a power-
ful stimulus for vascular proliferation, repair, and 
angiogenesis [ 70 ,  74 ]. HGF seems to participate 
in MV protection, repair and proliferation in the 
kidney exposed to chronic low fl ow [ 46 ,  52 ]. 

 It has been shown that MV remodeling corre-
lates with renal scarring [ 75 ], which may subse-
quently induce additional changes in vascular 
morphology. Indeed, the build-up of scar tissue 
may oppose the normal expansion and develop-
ment of the renal vasculature [ 76 ]. In turn, the 
ECM is a source of anti-angiogenic mediators 
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and promoters of vascular regression [ 77 ]. Thus, 
accumulation of ECM may impose an obstacle 
that constrains and limit vascular growth and 
expansion in the renal parenchyma, increase the 
interstitial pressure and consequently the pres-
sure on the vessels [ 78 ], further stimulating MV 
remodeling.  

    Microvascular Rarefaction 
 The majority of the chronic degenerative diseases 
are characterized by large alterations in MV num-
ber that not only correlate, but also accelerate the 
development and progression of tissue fi brosis. 
Although vascular rarefaction implies the loss of 
vessels, two forms should be distinguished: a 
“functional rarefaction” that represents a patho-
logical decrease in the number of perfused vessels 
without changing the number of anatomically 
present vessels, and “structural rarefaction,” 
which refers to a physical reduction in the number 
of vessels in the tissue [ 15 ]. It is important to 
emphasize that these processes are not mutually 
exclusive. On the contrary, they can occur in a 
sequence since functional rarefaction could prog-
ress to structural rarefaction [ 79 ]. Both processes 
of MV rarefaction likely occur in chronic RVD. 

 Either by functional rarefaction (due to sus-
tained vasoconstriction or endothelial dysfunc-
tion), structural rarefaction (remodeling and 
eventually regression and loss), or a combined 
sequence of both processes, the functional and/or 
anatomical reduction in MV availability can tran-
siently or permanently deteriorate RBF, GFR, 
and tubular function. Supporting evidence has 
shown that MV rarefaction (usually fi rst compro-
mising the capillaries and arterioles) accompa-
nies glomerulosclerosis and tubulo-interstitial 
fi brosis [ 4 ,  22 ,  25 ,  80 ,  81 ]. However, it is impor-
tant to emphasize that MV rarefaction could also 
be considered as a downstream consequence in 
renal disease, suggesting a dual role as culprit 
and victim. 

 Several initiating mechanisms participate in the 
development of pathological MV rarefaction, and 
include a combined activation of signaling path-
ways, removal of survival factors, reductions in 
vessel perfusion [ 82 ,  83 ], and changes in vascular 
shape and in the dynamics of blood  circulation. 

An example of this multifactorial process is pro-
vided by recent studies showing that reductions in 
the renal microvasculature after acute or chronic 
kidney injury results from endothelial pheno-
typic transition and apoptosis combined with an 
impaired regenerative capacity [ 21 ,  46 ]. 

 The endothelial cells are capable of producing 
both pro- and anti-angiogenic cytokines. Indeed, 
an abnormal, insuffi cient, or absent angiogenic 
stimulus due to reduction in angiogenic cyto-
kines such as vascular endothelial growth factor 
(VEGF) has been observed in both experimental 
and clinical settings [ 7 ,  27 ]. A defi cient availabil-
ity of VEGF seems to be a key event in the pro-
cess of renal MV rarefaction. VEGF is a pivotal 
angiogenic cytokine that operates directly and in 
concert with other factors to stimulate cell divi-
sion, migration, endothelial cell survival, and 
tube formation, which are key steps for genera-
tion, repair, and maintenance of the MV net-
works, including those in the kidney. VEGF 
promotes vascular proliferation and repair via 
powerful stimulation of the mobilization of endo-
thelial cell progenitors [ 84 ,  85 ], which are pro- 
angiogenic and also a source of anti-fi brogenic 
factors [ 23 ,  24 ]. Experimental and clinical evi-
dence suggest that chronic reductions of renal 
blood fl ow [ 5 ,  51 ], progressive glomerulopathies 
[ 86 ], or CKD [ 27 ] are sometimes associated with 
signifi cant reductions in VEGF. A major stimulus 
for VEGF generation is hypoxia. However, 
VEGF rapidly increases in acute hypoxia [ 87 ], 
but eventually decreases when hypoxia is pro-
longed [ 88 ]. These particular characteristics of 
the VEGF biology have been recently demon-
strated in vivo (swine model of renovascular dis-
ease [ 5 ,  89 – 91 ]) and in vitro (renal cells) [ 55 ], 
suggesting a bi-phasic regulation of VEGF dur-
ing development of chronic hypoxia in the renal 
tissue. The reduction in the bioavailability of 
VEGF is not the sole cause of MV rarefaction. 
Indeed, reductions in upstream (e.g., HIF-1α, 
NO) and/or downstream mediators (e.g., angio-
poietin- 1) of VEGF-mediated angiogenic signal-
ing in the kidney [ 5 ,  23 ,  91 ] have been shown to 
accompany the changes in VEGF underscoring 
the notion that mechanisms of MV disease and 
rarefaction are multifactorial. 
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 As mentioned earlier, endothelial cells could 
act as victims of MV rarefaction but may also 
serve as initiators. Indeed, endothelial cells can 
release anti-angiogenic mediators that can pro-
mote MV regression. Angiostatin is a MMP- 
induced proteolytic cleavage product of 
plasminogen and a potent inhibitor of VEGF and 
downstream mediators [ 92 ,  93 ]. Angiostatin 
increases in renal ischemia and can inhibit angio-
genesis by reducing VEGF-induced proliferation 
and repair of peritubular capillaries (conse-
quently accelerating tubular and interstitial dam-
age [ 94 ]), by promoting apoptosis of endothelial 
cells, and by disrupting capillary integrity lead-
ing to capillary dropout [ 95 ]. Another potent 
extracellular anti- angiogenic factor and inhibitor 
of cell proliferation that is highly expressed in the 
kidney is endostatin. Endostatin is elevated in 
patients with CKD and this increase correlates 
with renal impairment and damage and a decrease 
in progenitor cells, implying a role in the pro-
gressive MV rarefaction observed in CKD [ 96 ]. 
Endostatin inhibits VEGF-induced endothelial 
cell migration and binds to both renal endothelial 
and epithelial cells [ 97 ,  98 ]. It is highly expressed 
during the progression of tubulointerstitial injury 
and renal fi brosis [ 99 ]. Finally, in certain patho-
logical conditions, anti-angiogenic splice vari-
ants of VEGF (VEGF-b isoforms) could be 
released and not only inhibit MV proliferation 
but may also promote MV regression [ 100 ]. 

 A sustained and often progressive reduction in 
tissue perfusion in renovascular disease is also a 
powerful stimulus for the development of renal 
fi brosis. The accumulation of extracellular matrix 
in the kidney does not merely refl ect the build-up 
of scarring tissue. On the contrary, the ECM con-
stitutes an active source of potential anti- 
angiogenic mediators and inhibitors of cell 
proliferation that impact vascular proliferation 
and stabilization as well as remodeling and 
regression. Among these anti-angiogenic factors 
are the previously mentioned angiostatin, and 
also others that are highly expressed in kidneys 
such as MMP-10, angiopoietin-2, and thrombos-
pondins [ 101 ]. These factors operate in concert 
blunting angiogenesis and also decreasing MV 
development and expansion by down-regulating, 

for example, other MMPs [ 10 ,  77 ]. An additional 
consequence of renal scarring on the existing 
vessels could be MV remodeling due to mechani-
cal forces of the fi brotic tissue imposed on the 
vessels. Such changes on the pre-existing vascu-
lature may also slow-down the normal circulation 
and impact the shear stress necessary to stimu-
late, for example, eNOS-derived NO that main-
tains vascular tone in remaining vessels, leading 
to MV functional and eventually structural clo-
sure [ 82 ,  83 ]. These suggest an interesting pro-
gressive deleterious mechanism in which the 
vessels and the extra-vascular tissues closely 
interact and could open potential avenues for 
novel therapeutic targets. 

 In summary, we can conclude that a decrease 
in the number and density of small vessels within 
the organs could be initiated by sustained vaso-
constriction (functional rarefaction), that if con-
tinuous, may promote morphological changes 
that could ultimately lead into vascular regres-
sion and loss (structural rarefaction). In turn, 
an eventual loss of microvessels may further 
aggravate tissue damage and perpetuate a vicious 
circle of vasoconstriction-vascular remodeling-
vascular loss-tissue injury (Fig.  8.2a–d ).

        Renal Microvascular Disease: 
Cause or Consequence of Renal 
Dysfunction? 

 Due to its multifactorial nature, it should be rec-
ognized that a specifi c cause of MV disease is 
quite diffi cult to identify. On the same line, MV 
disease could likely be the cause as well as the 
consequence of the progressive nature of many 
kidney diseases, including renovascular disease. 
Although renal artery stenosis is the main etiol-
ogy of renovascular disease, this pathology is not 
only limited to overt obstructions of the main 
renal circulation. Indeed, previous studies have 
shown that renal MV dysfunction and damage 
could develop in the absence of signifi cant reduc-
tions of blood fl ow or deterioration of renal 
 function. For example, lipid abnormalities induce 
signifi cant changes in the small vessels of the 
renal parenchyma, leading to abnormal MV 
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 function and incipient damage without major 
impact on basal RBF or GFR [ 9 ,  10 ,  47 ,  102 ]. 
These changes are likely representative of what is 
observed in the early stages of atherosclerosis in 
humans and support the notion of MV disease as 
a possible initiator of renal damage. The notion 
of MV disease in the absence of major deteriora-
tion of renal function is extended by the MV dys-
function and damage that are observed in 
hypertension [ 47 ,  103 ], diabetes, or obesity [ 13 , 
 104 ]. Hence, early changes in renal MV function 
could likely serve as instigators of renal dysfunc-
tion during progression of these cardiovascular 
risk factors. 

 On the other hand, blunted fi ltration or tubular 
function may lead to an abnormal recovery of 
elements or disposal of toxins by urine, which are 
critical steps for maintenance of fl uid homeosta-
sis. Therefore, it is also possible that a blunted 

renal function could promote MV dysfunction 
that may in turn further contribute to the progres-
sion of renal dysfunction and tissue injury. Thus, 
beyond the initiating role and order of which one 
comes fi rst, the important message is the fact that 
MV disease is indeed a key contributor for the 
initiation and progression of renal damage in 
renal disease, and that targeting the small vessels 
may serve as a therapeutic intervention to pre-
vent, halt, or reverse the progression of renal 
injury [ 7 ,  23 ,  24 ].   

    Cardiovascular Risk Factors 
and Renal Microvascular Disease 

 Abnormalities of the MV system are frequently 
observed at some stage during development and 
progression of hypertension, diabetes, obesity, 
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  Fig. 8.2    Representative fi gure showing a 3D micro-CT 
reconstruction of the renal microvascular (MV) architec-
ture ( a ), a tomographic “dissection” of a renal microves-
sels ( b ), and representative trichrome-stained renal cross 
sections showing MV remodeling ( c , ×40) and fi brosis 
( d , ×20) of a kidney exposed to experimental renovascular 
disease due to renal artery stenosis. There is a progressive 

reduction in MV number ( a ) and remodeling ( b ,  c ) that 
correlates with (and likely promotes) the progression of 
renal fi brosis ( d ). In turn, it is possible that the build-up of 
scarred tissue in the renal parenchyma in turn induce 
changes in MV shape and morphology ( red arrow ), as 
could also be a source for promoters of MV regression       
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and dyslipidemia. For example, MV changes are 
not only hallmarks of the long-term complica-
tions of hypertension and diabetes, but are also 
present at their early stages and may be important 
in their pathogenesis and progression [ 15 ]. The 
kidney is not the exception, and changes in the 
renal microvasculature accompany the develop-
ment and progression of renal injury associated 
with these prevalent CV risk factors. However, it 
is not entirely clear whether MV rarefaction is a 
primary initiating and causative mechanism of 
renal injury. I will cover in this section the cur-
rent most prevalent CV risk factors capable of 
inducing renal MV disease, from dysfunction to 
permanent damage and eventually loss (Fig.  8.3 ).

      Renal Microvascular Disease 
in Hypertension 

 Microvascular disease in hypertension covers 
the whole spectrum of MV damage. This is one 
of the most prevalent cardiovascular risk factors 
that may cause renal MV endothelial dysfunc-
tion and remodeling, ultimately resulting in tis-
sue hypoxia [ 31 ]. The transmission of elevated 
blood pressure into the smaller MV networks 
promotes inward [ 15 ] eutrophic or hypertrophic 

arteriolar  remodeling and capillary rarefaction, 
especially in highly perfused organs with rela-
tively low vascular resistance, such as the kidney, 
heart, and brain [ 105 ]. In turn, dysfunction of the 
small  vessels in the kidney could lead to rarefac-
tion, which could be functional, associated with 
impaired recruitment of non-perfused capillaries 
or structural, associated with impaired angiogen-
esis and/or a slow disappearance of capillaries by 
apoptosis [ 48 ]. These changes in vascular struc-
ture can infl uence tissue blood fl ow resistance 
and markedly alter blood fl ow distribution and 
compromise renal function, which in turn con-
tribute to hypertensive end-organ damage, by 
further increasing blood pressure, reducing tissue 
perfusion, and promoting target organ damage 
[ 17 ,  106 ]. 

 An elevation of renal arterial pressure could 
increase vasa recta capillary pressure and renal 
interstitial fl uid pressure [ 107 ], which could be 
transmitted within renal resistance vessels and 
glomeruli. Capillaries contain actin fi laments 
which may indicate some form of contractility 
[ 108 ]. However, capillaries are relatively non- 
distensible and often the endothelial cell nuclei 
encroach on the lumen to reduce luminal cross- 
sectional area by 50 % or more, resulting in a 
slowing or diversion of the blood stream to other 
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Diabetes

RBF, GFR,
Tubular function↓
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Progressive renal
injury

MV endothelial dysfunction

MV remodelling

MV loss

Atherosclerosis

Obesity

MV disease

Renal ischemia

Renal nutrition and
function

↓

  Fig. 8.3    Schematic 
illustration summarizing the 
changes in renal microvascu-
lar (MV) function, morphol-
ogy, and number that 
could be observed during 
progression of hypertension, 
diabetes, atherosclerosis, and 
obesity. Renal MV disease 
leads to deterioration in renal 
nutrition and function, which 
is progressive and may result 
in evolving renal injury. 
In turn, progressive renal 
damage may further enhance 
MV disease and deterioration 
of the renal function, 
resulting in a potentially 
vicious circle       
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vessels. Therefore, renal capillaries can  contribute 
to vascular resistance control by virtue of their 
narrow caliber, by the reduction in their number 
(rarefaction), or possibly through their deforma-
tions [ 33 ,  48 ]. These forces may extend to the 
renal interstitial space, further compromise 
the small vessels, and ultimately contribute to the 
development of renal fi brosis, which is thought to 
be a consequence of the increased blood pressure 
and exaggerated formation of extracellular matrix 
in mesangial and vascular smooth muscle cells. 
The latter is considered as an adaptive response 
of the intra-renal circulation [ 33 ]. 

 Hypertension-induced renal MV damage is 
mediated by numerous factors generated both 
systemically and locally in the kidneys. For 
example, potent vasoconstrictors such as angio-
tensin II and endothelin-1 have been widely stud-
ied on their role in generation and maintenance of 
hypertension and their contributions to MV dis-
ease. By inducing vasoconstriction (both directly 
and via generation of reactive oxygen species 
[ 109 – 111 ]) and by activating pro-infl ammatory 
and pro-fi brotic mechanisms, angiotensin II and 
endothelin-1 can lead to signifi cant increases in 
renal MV tone and initiate MV remodeling and 
damage [ 112 ] in the surrounding renal paren-
chyma. This notion is underscored by studies 
showing that blockade of these pathways [ 46 , 
 113 ] in models of hypertension are associated 
with decreased MV rarefaction and damage and 
augmented MV proliferation. Although diffi cult 
to separate since these events may occur at the 
same time in the kidney exposed to hypertension, 
endothelial dysfunction and vasoconstriction are 
likely the initial steps of a deleterious sequence 
leading to renal MV remodeling and eventually 
rarefaction and subsequent tissue damage in 
hypertension.  

    Renal Microvascular Disease 
in Diabetes 

 Macrovascular and MV disease play a central 
role in the pathogenesis of diabetic complica-
tions. The progressive changes in MV number 
and function during evolution of diabetes play a 

central role in target-organ damage. Diabetes 
mellitus is an intriguing disease that can induce 
MV dysfunction, pathological MV proliferation 
(e.g., retinopathy [ 114 ]) or rarefaction (e.g., skel-
etal muscle [ 115 ], kidney [ 19 ]). 

 As diabetes progresses MV health decreases, 
eventually leading to chronic renal ischemia 
and progressive tubulointerstitial fi brosis [ 116 ]. 
The mechanisms behind MV disease in the dia-
betic kidney are multifactorial and triggered by 
a plethora of insults such as hyperglycemia-
induced MV endothelial dysfunction [ 117 ], MV 
insulin resistance [ 118 ], augmented advanced-
glycation end products (with a consequent 
reduced NO bioavailability and vasoconstriction) 
and increased secretion of cytokines and growth 
factors such as TGF-β and CTGF [ 119 ,  120 ]. 
Furthermore, diabetes - induced renal damage is 
also amplifi ed by a signifi cantly blunted ECM 
turnover, largely through reductions of MMP 
activity [ 121 ]. Hyperglycemia has been shown to 
play a deleterious role on the function of cell pro-
genitors [ 122 ] and on the VEGF-eNOS pathway, 
leading to impairment of the angiogenic response 
[ 123 ]. In the kidney, it has been suggested that 
hyperglycemia is initially associated with high 
but ineffective VEGF signaling that translates 
into a progressive MV dysfunction and damage 
in early diabetes [ 124 ,  125 ]. Moreover, it has 
been recently reported that VEGF and NO, key 
promoters of renal MV proliferation and repair, 
progressively decreased in the diabetic kidney, 
which correlates with renal dysfunction, progres-
sive damage and a reduction of renal MV density 
[ 13 ,  19 ] that is mainly evident in the glomerular 
and tubulo-interstitial capillary network. These 
deleterious changes are accompanied by blunted 
angiogenic activity but progressive MV rarefac-
tion, MV remodeling, and early tubule-interstitial 
fi brosis as diabetes evolves and renal function 
is still preserved. Tubulo-interstitial damage is 
an important predictor of renal dysfunction in 
diabetic nephropathy that precedes the devel-
opment of glomerulosclerosis. In addition, the 
severity of glomerular capillary rarefaction cor-
relates with the degree of glomerulosclerosis, as 
the endothelial cell proliferation and MV repair 
capability is directly proportional to the degree of 
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 glomerulosclerosis, indicating that MV disease 
in the diabetic kidney [ 126 ] is a pivotal process 
for the progression of renal injury. 

 These interesting fi ndings fi rst strongly sug-
gest that MV disease in the diabetic kidney may 
affect both developing and pre-existent mature 
vessels [ 13 ]. Furthermore, the presence of renal 
MV disease and tissue damage before any 
changes in renal function support the notion that 
MV changes could be the initiating events in dia-
betic nephropathy that ultimately lead to a later 
deterioration of renal function in the diabetic kid-
ney [ 13 ,  116 ,  127 ].  

    Renal Microvascular Disease 
in Dyslipidemia and Atherosclerosis 

 Atherosclerosis is a systemic and chronic infl am-
matory vascular disease that is associated with 
renal disease, both as cause and as consequence 
[ 128 ,  129 ], and compromises the function and 
structure of small and large vessels. The develop-
ment of obstructive atherosclerotic plaques in the 
main renal artery or primary bifurcations, known 
as renal artery stenosis [ 130 ], is the main causes 
of chronic renovascular disease in older patients 
[ 131 ,  132 ]. A chronic obstruction of blood fl ow 
could progressively deteriorate renal function 
that may eventuate in CKD or ESRD [ 131 ,  133 ]. 
However, it has been shown that there is a lack of 
correlation between severity of renal dysfunction 
and renal stenosis suggestive of direct effects of 
atherosclerotic factors independent of the 
obstruction [ 134 ]. This indicates that the deleteri-
ous effects of atherosclerosis on the kidney are 
not defi ned only by the severity of the renal 
obstruction but possibly by atherogenic factors 
activated distal to the stenosis that affect the renal 
parenchyma. The build-up of atherosclerotic 
plaques obstructing renal blood fl ow refl ects an 
advanced (and often more severe) stage of the 
disease, but has been demonstrated that earlier 
stages of the disease, with fatty streaks or no lipid 
accumulation, present signifi cant MV disease 
and early structural changes [ 8 ,  10 ,  47 ]. Moreover, 
this notion is supported by the fact that resolution 

of the stenosis does not always recover renal 
function, as shown in human [ 131 ,  135 ] and 
experimental studies [ 81 ]. 

 Previous studies suggest that atherosclerosis 
has direct effects on the kidney, largely because 
of intra-renal MV and glomerular disease that 
precedes the onset and may represent the silent 
phase of ischemic renal disease [ 47 ,  102 ,  136 ], 
being capable to initiate renal injury at an early 
stage. Experimental studies demonstrated that 
diet-induced lipid abnormalities resulted in renal 
endothelial dysfunction, intrarenal infl ammation, 
fi brosis, and a signifi cant vascular dysfunction, 
damage and remodeling [ 10 ,  47 ,  102 ,  137 ,  138 ] 
on the matured renal vasculature. Abundant 
 oxidation of lipids (e.g., oxidized LDL) have 
been shown to impair eNOS activation, reduce 
intracellular level of NO and thereby inhibit 
VEGF - induced migration of endothelial cells, 
consequently impairing vascular proliferation 
and repair [ 139 ]. Furthermore, it has been 
recently shown that dyslipidemia superimposed 
on renal artery stenosis can also accelerate not 
only MV dysfunction and remodeling, but also 
MV loss in the renal cortex, underscoring ample 
deleterious effects of atherogenic factors on the 
renal parenchyma [ 81 ]. 

 On the other hand, it has been shown that dys-
lipidemia can also stimulate MV proliferation in 
the kidney, but new vessel formation under these 
circumstances may be an adaptive response to 
local tissue fi brosis and infl ammation. Although 
this is possibly a compensatory mechanism that 
sustains basal renal vascular function, the aug-
mented vasculature is likely a result of an 
infl ammation- induced angiogenesis [ 8 ,  9 ] result-
ing in the generation of partly dysfunctional ves-
sels. Furthermore, the newly generated vessels 
may participate on the progression of renal func-
tional and parenchymal injury due to increased 
MV permeability and abnormal endothelial func-
tion [ 9 ,  10 ]. Hence, early atherosclerosis is asso-
ciated more with MV dysfunction, possibly 
functional rarefaction, and MV remodeling than 
actual loss of vessels. Nevertheless, it is possible 
that pro-fi brotic factors activated during athero-
genesis in the kidney can contribute at a later 
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stage to MV loss or regression via ECM accumu-
lation, as it was discussed earlier.  

    Renal Microvascular Disease 
in Obesity 

 Obesity is a growing public health problem in 
the United States that is reaching epidemic pro-
portions. Recent studies have shown that over 
30 % of the US adults are obese, and more than 
60 % of adults and about 20 % of children and 
adolescents are overweight [ 140 ,  141 ]. Obesity 
has been shown to induce MV dysfunction, 
remodeling, and rarefaction partly due to abnor-
mal vasodilatation [ 142 ,  143 ] and on impairing 
tissue perfusion directly and via obesity-associ-
ated hypertension and insulin resistance [ 144 , 
 145 ], suggesting that MV disease could be an 
important causal factor in obesity-related disor-
ders. Furthermore, obesity is a risk factor for the 
development of hypertension, diabetes, and lipid 
abnormalities, which are all prominent renal 
risk factors associated with signifi cant MV dis-
ease. Therefore, it is possible that renal MV 
 dysfunction and damage in obesity resulted from 
multiple direct and indirect (co-morbid-medi-
ated) insults. 

 Evidence supporting obesity as a risk factor for 
renal MV disease is scant. Previous studies sug-
gested that obesity can injure the kidneys both 
directly, by physical compression, and by sus-
tained production of pro-infl ammatory and 
growth-promoting factors leading to ECM prolif-
eration, thickening of the glomerular and tubular 
basement membranes, and renal fi brosis [ 11 ,  78 , 
 146 ]. Furthermore, a recent study in obese Zucker 
rats suggests that obesity promotes a progressive 
renal MV proliferation and remodeling (Fig.  8.4 ) 
possibly via up-regulation of infl ammatory fac-
tors such as TNF-α and interleukin-6 [ 14 ]. The 
pathological infl ammatory-induced angiogenesis 
observed in this study might refl ect an initially 
compensatory mechanism that may serve to 
explain, for instance, the increase in GFR observed 
in obesity at early stages. Nevertheless, it is 
unlikely that obesity-induced MV changes are 
protective on the long run since the progression of 

infl ammation may further promote renal injury as 
obesity advances and in turn aggravate MV dys-
function, remodeling and development and pro-
gression of renal fi brosis.

        Summary and Conclusions 

 An intact and healthy renal microcirculation is 
vital to ensure tissue perfusion and adequate fi l-
tration and removal of toxins from the circula-
tion. In turn, adequate perfusion of the renal 
tissue is critical to achieve successful renal repair 
in response to injury. Severity of MV damage and 
loss may determine the frontier between revers-
ible and irreversible renal injury by promoting 
the progression of renal functional and structural 
damage. Chronic renovascular disease is a grow-
ing problem in the older population. Emerging 
evidence supports the notion that the extent and 
severity of renal damage in this disease seem to 
be largely mediated by renal MV disease. Indeed, 
MV dysfunction, remodeling, and loss as well as 
MV repair and MV proliferation can be activated 
(both in cortex and medulla) due and in response 
to different insults and with an impact on renal 
function [ 5 ,  7 ,  10 ,  23 ,  51 ,  91 ]. 

 Furthermore, it is possible that as glomerulo-
sclerosis and tubulo-interstitial fi brosis are the hall-
mark of the advanced stages of CKD and ESRD, 
MV disease may indeed represent the initial steps 
of renal injury and may be crucial for its progres-
sion. MV disease leads to inadequate perfusion 
and tissue ischemia. Ischemia is a powerful 
 stimulus for activation of infl ammatory and fi brotic 
cytokines leading to renal parenchymal injury, ini-
tiating a process that could eventuate in progres-
sive and later irreversible renal injury. As discussed 
in this chapter, MV disease could also be a conse-
quence of the progression of renal injury. 

 Several studies have shown that renal MV rar-
efaction correlates with the progressive deteriora-
tion of RBF, GFR, perfusion, and tubular function 
[ 5 ,  7 ,  23 ,  81 ]. Experimental evidence from our 
laboratory supports the notion that such changes 
in the kidney exposed to renovascular disease 
could partly be reversible by targeted protection 
of the renal microvasculature [ 5 ,  23 ]. Targeted 
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interventions to enhance endogenous reno-protec-
tive mechanisms such as cell-based therapy or the 
use of angiogenic cytokines have shown promis-
ing results in experimental renovascular disease 
[ 1 ,  5 ,  7 ,  23 ,  24 ]. Furthermore, it is possible that 

reversal of MV disease by generation of new ves-
sels and/or stimulation of MV repair contribute to 
restore fi ltration on partly damaged or hibernating 
[ 147 ,  148 ] nephrons that could still be recovered. 
These fi ndings emphasize the importance of MV 
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  Fig. 8.4    Representative 3D tomographic images of the 
renal microcirculation and quantifi cation of microvascu-
lar (MV) density per vessel diameter (0–80 μm, 
80–120 μm, and 120–200 μm) from lean and obese 
Zucker rat kidneys after 12 ( top row ), 22 ( middle row ), 

and 32 ( bottom row ) weeks of age. Renal MV density pro-
gressively increased in obese Zucker rats after 32 weeks 
and longer exposure to obesity, compared to the lean ani-
mals. *p < 0.05 vs. LZR (With permission from Iliescu 
and Chade [ 14 ])       
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disease in determining the progression of renal 
injury in chronic renovascular disease. 

 It is possible that an underestimation of the 
severity of renal MV disease plays a role in defi n-
ing the success of established and some novel 
therapeutic interventions since dysfunctional or 
damaged vessels can progressively deteriorate 
renal perfusion, fi ltration, and tubular function, 
as we have shown. Therefore, future carefully 
designed prospective experimental and clinical 
studies should fi rst concentrate on non-invasive 
assessment of the intra-renal MV architecture, 
distribution, and function. Furthermore, addi-
tional research is also needed to further establish 
the role of targeting renal MV disease as a feasi-
ble therapeutic strategies to preserve, protect, and 
hopefully recuperate the kidney under progres-
sive deterioration.     

     Sources of funding : Supported by grant HL095638 from 
the National Institute of Health. 
  Disclosures : None. There are no confl icts of interest to 
disclose by the author.  

   References 

     1.    Chade AR. Renovascular disease, microcirculation, 
and the progression of renal injury: role of angiogen-
esis. Am J Physiol Regul Integr Comp Physiol. 
2011;300:R783–90.  

     2.   Navar LG, Arendshorst WJ, Pallone TL, Inscho EW, 
Imig JD, Bell PD. The renal microcirculation. 
Comprehensive Physiology. 2011;550–683.  

    3.    Hall JE. Guyton and Hall textbook of medical physi-
ology. 12th ed. Philadelphia: Elsevier; 2011.  

      4.    Kang DH, Anderson S, Kim YG, Mazzalli M, Suga S, 
Jefferson JA, Gordon KL, Oyama TT, Hughes J, Hugo 
C, Kerjaschki D, Schreiner GF, Johnson RJ. Impaired 
angiogenesis in the aging kidney: vascular endothelial 
growth factor and thrombospondin-1 in renal disease. 
Am J Kidney Dis. 2001;37:601–11.  

              5.    Iliescu R, Fernandez SR, Kelsen S, Maric C, Chade 
AR. Role of renal microcirculation in experimental 
renovascular disease. Nephrol Dial Transplant. 
2010;25:1079–87.  

        6.    Basile DP. Rarefaction of peritubular capillaries fol-
lowing ischemic acute renal failure: a potential factor 
predisposing to progressive nephropathy. Curr Opin 
Nephrol Hypertens. 2004;13:1–7.  

            7.    Chade AR, Kelsen S. Reversal of renal dysfunction 
by targeted administration of vegf into the stenotic 
kidney: a novel potential therapeutic approach. Am J 
Physiol Renal Physiol. 2012;302:F1342–50.  

       8.    Chade AR, Krier JD, Rodriguez-Porcel M, Breen JF, 
McKusick MA, Lerman A, Lerman LO. Comparison 
of acute and chronic antioxidant interventions in 
experimental renovascular disease. Am J Physiol 
Renal Physiol. 2004;286:F1079–86.  

       9.    Chade AR, Krier JD, Galili O, Lerman A, Lerman 
LO. Role of renal cortical neovascularization in 
experimental hypercholesterolemia. Hypertension. 
2007;50:729–36.  

          10.    Chade AR, Krier JD, Textor SC, Lerman A, Lerman 
LO. Endothelin-a receptor blockade improves renal 
microvascular architecture and function in experi-
mental hypercholesterolemia. J Am Soc Nephrol. 
2006;17:3394–403.  

    11.    Chade AR, Lerman A, Lerman LO. Kidney in early 
atherosclerosis. Hypertension. 2005;45:1042–9.  

     12.    Chade AR, Mushin OP, Zhu X, Rodriguez-Porcel M, 
Grande JP, Textor SC, Lerman A, Lerman LO. 
Pathways of renal fi brosis and modulation of matrix 
turnover in experimental hypercholesterolemia. 
Hypertension. 2005;46:772–9.  

        13.    Maric-Bilkan C, Flynn ER, Chade AR. Microvascular 
disease precedes the decline in renal function in the 
streptozotocin-induced diabetic rat. Am J Physiol 
Renal Physiol. 2012;302:F308–15.  

      14.    Iliescu R, Chade AR. Progressive renal vascular prolif-
eration and injury in obese zucker rats. Microcirculation. 
2010;17:250–8.  

       15.    Levy BI, Schiffrin EL, Mourad JJ, Agostini D, Vicaut E, 
Safar ME, Struijker-Boudier HA. Impaired tissue perfu-
sion: a pathology common to hypertension,  obesity, and 
diabetes mellitus. Circulation. 2008;118:968–76.  

    16.    Urbieta Caceres VH, Syed FA, Lin J, Zhu XY, Jordan 
KL, Bell CC, Bentley MD, Lerman A, Khosla S, 
Lerman LO. Age-dependent renal cortical microvas-
cular loss in female mice. Am J Physiol Endocrinol 
Metab. 2012;302(8):E979–86.  

     17.    Pessina AC. Target organs of individuals with diabe-
tes caught between arterial stiffness and damage to the 
microcirculation. J Hypertens Suppl. 2007;25:S13–8.  

    18.    Rabelink TJ, Wijewickrama DC, de Koning EJ. 
Peritubular endothelium: the achilles heel of the kid-
ney? Kidney Int. 2007;72:926–30.  

       19.    Lindenmeyer MT, Kretzler M, Boucherot A, Berra S, 
Yasuda Y, Henger A, Eichinger F, Gaiser S, Schmid 
H, Rastaldi MP, Schrier RW, Schlondorff D, Cohen 
CD. Interstitial vascular rarefaction and reduced vegf-
a expression in human diabetic nephropathy. J Am 
Soc Nephrol. 2007;18:1765–76.  

     20.    Mayer G. Capillary rarefaction, hypoxia, vegf and 
angiogenesis in chronic renal disease. Nephrol Dial 
Transplant. 2011;26:1132–7.  

     21.    Basile DP, Friedrich JL, Spahic J, Knipe N, Mang H, 
Leonard EC, Changizi-Ashtiyani S, Bacallao RL, 
Molitoris BA, Sutton TA. Impaired endothelial prolif-
eration and mesenchymal transition contribute to vas-
cular rarefaction following acute kidney injury. Am J 
Physiol Renal Physiol. 2011;300:F721–33.  

     22.    Bohle A, Mackensen-Haen S, von Gise H. Signifi cance 
of tubulointerstitial changes in the renal cortex for the 

8 Microvascular Disease



146

excretory function and concentration ability of the 
kidney: a morphometric contribution. Am J Nephrol. 
1987;7:421–33.  

            23.    Chade AR, Zhu X, Lavi R, Krier JD, Pislaru S, Simari 
RD, Napoli C, Lerman A, Lerman LO. Endothelial 
progenitor cells restore renal function in chronic 
experimental renovascular disease. Circulation. 2009;
119:547–57.  

       24.    Chade AR, Zhu XY, Krier JD, Jordan KL, Textor SC, 
Grande JP, Lerman A, Lerman LO. Endothelial pro-
genitor cells homing and renal repair in experimental 
renovascular disease. Stem Cells. 2010;28:1039–47.  

     25.    Kang DH, Hughes J, Mazzali M, Schreiner GF, 
Johnson RJ. Impaired angiogenesis in the remnant 
kidney model: ii. Vascular endothelial growth factor 
administration reduces renal fi brosis and stabilizes 
renal function. J Am Soc Nephrol. 2001;12:1448–57.  

    26.    Bobik A. The structural basis of hypertension: vascu-
lar remodelling, rarefaction and angiogenesis/arterio-
genesis. J Hypertens. 2005;23:1473–5.  

      27.    Futrakul N, Butthep P, Laohareungpanya N, 
Chaisuriya P, Ratanabanangkoon K. A defective 
angiogenesis in chronic kidney disease. Ren Fail. 
2008;30:215–7.  

    28.    Zoccali C. Endothelial dysfunction in ckd: a new 
player in town? Nephrol Dial Transplant. 2008;
23:783–5.  

    29.    Sila-asna M, Bunyaratvej A, Futrakul P, Futrakul N. 
Renal microvascular abnormality in chronic kidney 
disease. Ren Fail. 2006;28:609–10.  

     30.    Paravicini TM, Touyz RM. Nadph oxidases, reactive 
oxygen species, and hypertension: clinical implica-
tions and therapeutic possibilities. Diabetes Care. 
2008;31 Suppl 2:S170–80.  

     31.    Fliser D. Perspectives in renal disease progression: 
the endothelium as a treatment target in chronic kid-
ney disease. J Nephrol. 2011;23:369–76.  

     32.    Endemann DH, Schiffrin EL. Endothelial dysfunc-
tion. J Am Soc Nephrol. 2004;15:1983–92.  

      33.    Chade AR. Renal vascular structure and rarefaction. 
Compr Physiol. 2012;3(2):817–31.  

     34.    Giles TD, Sander GE, Nossaman BD, Kadowitz PJ. 
Impaired vasodilation in the pathogenesis of hyper-
tension: focus on nitric oxide, endothelial-derived 
hyperpolarizing factors, and prostaglandins. J Clin 
Hypertens (Greenwich). 2012;14:198–205.  

    35.    Whayne Jr TF. Coronary atherosclerosis, low- density 
lipoproteins and markers of thrombosis, infl ammation 
and endothelial dysfunction. Int J Angiol. 2007;
16:12–6.  

    36.    Linke A, Recchia F, Zhang X, Hintze TH. Acute and 
chronic endothelial dysfunction: implications for the 
development of heart failure. Heart Fail Rev. 
2003;8:87–97.  

    37.    Gokce N, Keaney Jr JF, Hunter LM, Watkins MT, 
Nedeljkovic ZS, Menzoian JO, Vita JA. Predictive 
value of noninvasively determined endothelial dys-
function for long-term cardiovascular events in 
patients with peripheral vascular disease. J Am Coll 
Cardiol. 2003;41:1769–75.  

    38.    Kistorp C, Chong AY, Gustafsson F, Galatius S, 
Raymond I, Faber J, Lip GY, Hildebrandt P. 
Biomarkers of endothelial dysfunction are elevated 
and related to prognosis in chronic heart failure 
patients with diabetes but not in those without diabe-
tes. Eur J Heart Fail. 2008;10:380–7.  

    39.    Stenvinkel P. Interactions between infl ammation, oxi-
dative stress, and endothelial dysfunction in end- stage 
renal disease. J Ren Nutr. 2003;13:144–8.  

    40.    Aue G, Nelson Lozier J, Tian X, Cullinane AM, Soto 
S, Samsel L, McCoy P, Wiestner A. Infl ammation, 
tnfalpha and endothelial dysfunction link lenalido-
mide to venous thrombosis in chronic lymphocytic 
leukemia. Am J Hematol. 2011;86:835–40.  

   41.    Mazzoccoli G, Fontana A, Grilli M, Dagostino MP, 
Copetti M, Pellegrini F, Vendemiale G. Idiopathic 
deep venous thrombosis and arterial endothelial dys-
function in the elderly. Age (Dordr). 2012;34:751–60.  

   42.    Mazzoccoli G, Grilli M, Ferrandino F, Copetti M, 
Fontana A, Pellegrini F, Dagostino MP, De Cata A, 
Vendemiale G. Arterial endothelial dysfunction and 
idiopathic deep venous thrombosis. J Biol Regul 
Homeost Agents. 2011;25:565–73.  

    43.    Poredos P, Jezovnik MK. In patients with idiopathic 
venous thrombosis, interleukin-10 is decreased and 
related to endothelial dysfunction. Heart Vessels. 
2011;26:596–602.  

    44.    Wang D, Iversen J, Wilcox CS, Strandgaard S. 
Endothelial dysfunction and reduced nitric oxide in 
resistance arteries in autosomal-dominant polycystic 
kidney disease. Kidney Int. 2003;64:1381–8.  

    45.    Vaziri ND, Ni Z, Oveisi F, Liang K, Pandian R. 
Enhanced nitric oxide inactivation and protein nitra-
tion by reactive oxygen species in renal insuffi ciency. 
Hypertension. 2002;39:135–41.  

        46.    Kelsen S, Hall JE, Chade AR. Endothelin-a receptor 
blockade slows the progression of renal injury in 
experimental renovascular disease. Am J Physiol 
Renal Physiol. 2011;301:F218–25.  

         47.    Chade AR, Rodriguez-Porcel M, Grande JP, Krier JD, 
Lerman A, Romero JC, Napoli C, Lerman LO. 
Distinct renal injury in early atherosclerosis and reno-
vascular disease. Circulation. 2002;106:1165–71.  

      48.    Antonios TF, Singer DR, Markandu ND, Mortimer 
PS, MacGregor GA. Structural skin capillary rarefac-
tion in essential hypertension. Hypertension. 1999;33:
998–1001.  

    49.    Cambonie G, Comte B, Yzydorczyk C, Ntimbane T, 
Germain N, Le NL, Pladys P, Gauthier C, Lahaie I, 
Abran D, Lavoie JC, Nuyt AM. Antenatal antioxidant 
prevents adult hypertension, vascular dysfunction, 
and microvascular rarefaction associated with in utero 
exposure to a low-protein diet. Am J Physiol Regul 
Integr Comp Physiol. 2007;292:R1236–45.  

   50.    Chade AR, Rodriguez-Porcel M, Rippentrop SJ, 
Lerman A, Lerman LO. Angiotensin ii at1 receptor 
blockade improves renal perfusion in hypercholester-
olemia. Am J Hypertens. 2003;16:111–5.  

      51.    Chade AR, Zhu X, Mushin OP, Napoli C, Lerman A, 
Lerman LO. Simvastatin promotes angiogenesis and 

A.R. Chade



147

prevents microvascular remodeling in chronic renal 
ischemia. FASEB J. 2006;20:1706–8.  

     52.    Chade AR, Zhu XY, Grande JP, Krier JD, Lerman A, 
Lerman LO. Simvastatin abates development of renal 
fi brosis in experimental renovascular disease. 
J Hypertens. 2008;26:1651–60.  

    53.    Chen JW, Hsu NW, Wu TC, Lin SJ, Chang MS. Long-
term angiotensin-converting enzyme inhibition 
reduces plasma asymmetric dimethylarginine and 
improves endothelial nitric oxide bioavailability and 
coronary microvascular function in patients with syn-
drome x. Am J Cardiol. 2002;90:974–82.  

    54.    Galle J, Quaschning T, Seibold S, Wanner C. 
Endothelial dysfunction and infl ammation: what is 
the link? Kidney Int Suppl. 2003;63:S45–9.  

     55.    Stenvinkel P. Endothelial dysfunction and infl amma-
tion- is there a link? Nephrol Dial Transplant. 2001;
16:1968–71.  

    56.    Biegelsen ES, Loscalzo J. Endothelial function 
and atherosclerosis. Coron Artery Dis. 1999;10:
241–56.  

    57.    Leopold JA, Loscalzo J. Clinical importance of under-
standing vascular biology. Cardiol Rev. 2000;8:
115–23.  

     58.    Peirce SM, Skalak TC. Microvascular remodeling: 
a complex continuum spanning angiogenesis to arte-
riogenesis. Microcirculation. 2003;10:99–111.  

    59.    VanBavel E, Bakker EN, Pistea A, Sorop O, Spaan 
JA. Mechanics of microvascular remodeling. Clin 
Hemorheol Microcirc. 2006;34:35–41.  

    60.    Bakker EN, Buus CL, Spaan JA, Perree J, Ganga A, 
Rolf TM, Sorop O, Bramsen LH, Mulvany MJ, 
Vanbavel E. Small artery remodeling depends on tis-
sue-type transglutaminase. Circ Res. 2005;96:
119–26.  

    61.    Grande JP. Role of transforming growth factor-beta in 
tissue injury and repair. Proc Soc Exp Biol Med. 
1997;214:27–40.  

    62.    Baricos WH, Cortez SL, Deboisblanc M, Xin S. 
Transforming growth factor-beta is a potent inhibitor 
of extracellular matrix degradation by cultured human 
mesangial cells. J Am Soc Nephrol. 1999;10:790–5.  

    63.    McLennan SV, Kelly DJ, Schache M, Waltham M, Dy 
V, Langham RG, Yue DK, Gilbert RE. Advanced gly-
cation end products decrease mesangial cell mmp-7: 
a role in matrix accumulation in diabetic nephropa-
thy? Kidney Int. 2007;72:481–8.  

    64.    Rysz J, Banach M, Stolarek RA, Pasnik J, Cialkowska-
Rysz A, Koktysz R, Piechota M, Baj Z. Serum matrix 
metalloproteinases mmp-2 and mmp-9 and metallo-
proteinase tissue inhibitors timp-1 and timp-2 in dia-
betic nephropathy. J Nephrol. 2007;20:444–52.  

    65.    Wang R, Xu YJ, Liu XS, Zeng DX, Xiang M. 
Knockdown of connective tissue growth factor by 
plasmid-based short hairpin rna prevented pulmonary 
vascular remodeling in cigarette smoke- exposed rats. 
Arch Biochem Biophys. 2011;508:93–100.  

    66.    Duncan MR, Frazier KS, Abramson S, Williams S, 
Klapper H, Huang X, Grotendorst GR. Connective tis-
sue growth factor mediates transforming growth fac-

tor beta-induced collagen synthesis: down- regulation 
by camp. FASEB J. 1999;13:1774–86.  

   67.    Qi W, Chen X, Poronnik P, Pollock CA. Transforming 
growth factor-beta/connective tissue growth factor 
axis in the kidney. Int J Biochem Cell Biol. 
2008;40:9–13.  

    68.    Qi W, Twigg S, Chen X, Polhill TS, Poronnik P, 
Gilbert RE, Pollock CA. Integrated actions of trans-
forming growth factor-beta1 and connective tissue 
growth factor in renal fi brosis. Am J Physiol Renal 
Physiol. 2005;288:F800–9.  

    69.    Inoue T, Okada H, Kobayashi T, Watanabe Y, Kanno 
Y, Kopp JB, Nishida T, Takigawa M, Ueno M, 
Nakamura T, Suzuki H. Hepatocyte growth factor 
counteracts transforming growth factor-beta1, through 
attenuation of connective tissue growth factor induc-
tion, and prevents renal fi brogenesis in 5/6 nephrecto-
mized mice. FASEB J. 2003;17:268–70.  

     70.    Caron A, Desrosiers RR, Langlois S, Beliveau R. 
Ischemia-reperfusion injury stimulates gelatinase 
expression and activity in kidney glomeruli. Can J 
Physiol Pharmacol. 2005;83:287–300.  

    71.    Graff J, Harder S, Wahl O, Scheuermann EH, 
Gossmann J. Anti-infl ammatory effects of clopidogrel 
intake in renal transplant patients: effects on platelet-
leukocyte interactions, platelet cd40 ligand expression, 
and proinfl ammatory biomarkers. Clin Pharmacol 
Ther. 2005;78:468–76.  

    72.    Kalousova M, Hodkova M, Dusilova-Sulkova S, 
Uhrova J, Tesar V, Zima T. Effect of hemodiafi ltration 
on pregnancy-associated plasma protein a (papp-a) 
and related parameters. Ren Fail. 2006;28:715–21.  

    73.    Desrosiers RR, Rivard ME, Grundy PE, Annabi B. 
Decrease in ldl receptor-related protein expression 
and function correlates with advanced stages of wilms 
tumors. Pediatr Blood Cancer. 2006;46:40–9.  

    74.    McLennan SV, Wang XY, Moreno V, Yue DK, Twigg 
SM. Connective tissue growth factor mediates high 
glucose effects on matrix degradation through tissue 
inhibitor of matrix metalloproteinase type 1: implica-
tions for diabetic nephropathy. Endocrinology. 2004;
145:5646–55.  

    75.    Kang DH, Kanellis J, Hugo C, Truong L, Anderson S, 
Kerjaschki D, Schreiner GF, Johnson RJ. Role of the 
microvascular endothelium in progressive renal dis-
ease. J Am Soc Nephrol. 2002;13:806–16.  

    76.    Zhu XY, Rodriguez-Porcel M, Bentley MD, Chade 
AR, Sica V, Napoli C, Caplice N, Ritman EL, Lerman 
A, Lerman LO. Antioxidant intervention attenuates 
myocardial neovascularization in hypercholesterol-
emia. Circulation. 2004;109:2109–15.  

     77.    Davis GE, Senger DR. Extracellular matrix mediates 
a molecular balance between vascular morphogenesis 
and regression. Curr Opin Hematol. 2008;15:
197–203.  

     78.    Hall JE. The kidney, hypertension, and obesity. 
Hypertension. 2003;41:625–33.  

    79.    Prewitt RL, Chen II, Dowell R. Development of 
microvascular rarefaction in the spontaneously hyper-
tensive rat. Am J Physiol. 1982;243:H243–51.  

8 Microvascular Disease



148

    80.    Lee LK, Meyer TW, Pollock AS, Lovett DH. 
Endothelial cell injury initiates glomerular sclerosis in 
the rat remnant kidney. J Clin Invest. 1995;96:953–64.  

       81.    Eirin A, Zhu XY, Urbieta-Caceres VH, Grande JP, 
Lerman A, Textor SC, Lerman LO. Persistent kidney 
dysfunction in swine renal artery stenosis correlates 
with outer cortical microvascular remodeling. Am J 
Physiol Renal Physiol. 2011;300:F1394–401.  

     82.    Korn C, Augustin HG. Born to die: blood vessel 
regression research coming of age. Circulation. 
2012;125:3063–5.  

     83.    Wacker A, Gerhardt H. Endothelial development tak-
ing shape. Curr Opin Cell Biol. 2011;23:676–85.  

    84.    Hattori K, Dias S, Heissig B, Hackett NR, Lyden D, 
Tateno M, Hicklin DJ, Zhu Z, Witte L, Crystal RG, 
Moore MA, Rafi i S. Vascular endothelial growth fac-
tor and angiopoietin-1 stimulate postnatal hematopoi-
esis by recruitment of vasculogenic and hematopoietic 
stem cells. J Exp Med. 2001;193:1005–14.  

    85.    Moore MA, Hattori K, Heissig B, Shieh JH, Dias S, 
Crystal RG, Rafi i S. Mobilization of endothelial and 
hematopoietic stem and progenitor cells by 
adenovector- mediated elevation of serum levels of 
sdf-1, vegf, and angiopoietin-1. Ann N Y Acad Sci. 
2001;938:36–45; discussion 45–7.  

    86.    Rudnicki M, Perco P, Enrich J, Eder S, Heininger D, 
Bernthaler A, Wiesinger M, Sarkozi R, Noppert SJ, 
Schramek H, Mayer B, Oberbauer R, Mayer G. 
Hypoxia response and vegf-a expression in human 
proximal tubular epithelial cells in stable and progres-
sive renal disease. Lab Invest. 2009;89:337–46.  

    87.    Nakagawa T, Lan HY, Zhu HJ, Kang DH, Schreiner 
GF, Johnson RJ. Differential regulation of vegf by tgf-
beta and hypoxia in rat proximal tubular cells. Am J 
Physiol Renal Physiol. 2004;287:F658–64.  

    88.    Olszewska-Pazdrak B, Hein TW, Olszewska P, Carney 
DH. Chronic hypoxia attenuates vegf signaling and 
angiogenic responses by downregulation of kdr in 
human endothelial cells. Am J Physiol Cell Physiol. 
2009;296:C1162–70.  

    89.    Gomez SI, Warner L, Haas JA, Bolterman RJ, Textor 
SC, Lerman LO, Romero JC. Increased hypoxia and 
reduced renal tubular response to furosemide detected 
by bold magnetic resonance imaging in swine reno-
vascular hypertension. Am J Physiol Renal Physiol. 
2009;297:F981–6.  

   90.    Warner L, Glockner JF, Woollard J, Textor SC, 
Romero JC, Lerman LO. Determinations of renal cor-
tical and medullary oxygenation using blood oxygen 
level-dependent magnetic resonance imaging and 
selective diuretics. Invest Radiol. 2011;46:41–7.  

      91.    Zhu XY, Chade AR, Rodriguez-Porcel M, Bentley 
MD, Ritman EL, Lerman A, Lerman LO. Cortical 
microvascular remodeling in the stenotic kidney: role 
of increased oxidative stress. Arterioscler Thromb 
Vasc Biol. 2004;24:1854–9.  

    92.    Takahashi S, Shinya T, Sugiyama A. Angiostatin inhi-
bition of vascular endothelial growth factor- stimulated 
nitric oxide production in endothelial cells. 
J Pharmacol Sci. 2010;112:432–7.  

    93.    Zhu M, Bi X, Jia Q, Shangguan S. The possible mech-
anism for impaired angiogenesis after transient focal 
ischemia in type 2 diabetic gk rats: different expres-
sions of angiostatin and vascular endothelial growth 
factor. Biomed Pharmacother. 2010;64:208–13.  

    94.    Maeshima Y, Makino H. Angiogenesis and chronic 
kidney disease. Fibrogenesis Tissue Repair. 2010;3:13.  

    95.    Basile DP, Fredrich K, Weihrauch D, Hattan N, 
Chilian WM. Angiostatin and matrix metalloprote-
ase expression following ischemic acute renal fail-
ure. Am J Physiol Renal Physiol. 2004;286:
F893–902.  

    96.    Watorek E, Paprocka M, Dus D, Kopec W, Klinger 
M. Endostatin and vascular endothelial growth fac-
tor: potential regulators of endothelial progenitor 
cell number in chronic kidney disease. Pol Arch Med 
Wewn. 2011;121:296–301.  

    97.    Ichinose K, Maeshima Y, Yamamoto Y, Kitayama H, 
Takazawa Y, Hirokoshi K, Sugiyama H, Yamasaki Y, 
Eguchi K, Makino H. Antiangiogenic endostatin 
peptide ameliorates renal alterations in the early 
stage of a type 1 diabetic nephropathy model. 
Diabetes. 2005;54:2891–903.  

    98.    Karihaloo A, Karumanchi SA, Barasch J, Jha V, 
Nickel CH, Yang J, Grisaru S, Bush KT, Nigam S, 
Rosenblum ND, Sukhatme VP, Cantley LG. 
Endostatin regulates branching morphogenesis of 
renal epithelial cells and ureteric bud. Proc Natl 
Acad Sci U S A. 2001;98:12509–14.  

    99.    Maciel TT, Coutinho EL, Soares D, Achar E, Schor 
N, Bellini MH. Endostatin, an antiangiogenic pro-
tein, is expressed in the unilateral ureteral obstruc-
tion mice model. J Nephrol. 2008;21:753–60.  

    100.    Bates DO, Cui TG, Doughty JM, Winkler M, 
Sugiono M, Shields JD, Peat D, Gillatt D, Harper SJ. 
Vegf165b, an inhibitory splice variant of vascular 
endothelial growth factor, is down-regulated in renal 
cell carcinoma. Cancer Res. 2002;62:4123–31.  

    101.    Hugo C, Daniel C. Thrombospondin in renal dis-
ease. Nephron Exp Nephrol. 2009;111:e61–6.  

      102.    Chade AR, Rodriguez-Porcel M, Grande JP, Zhu X, 
Sica V, Napoli C, Sawamura T, Textor SC, Lerman 
A, Lerman LO. Mechanisms of renal structural alter-
ations in combined hypercholesterolemia and renal 
artery stenosis. Arterioscler Thromb Vasc Biol. 
2003;23:1295–301.  

    103.    Fujii H, Takiuchi S, Kawano Y, Fukagawa M. 
Putative role of asymmetric dimethylarginine in 
microvascular disease of kidney and heart in hyper-
tensive patients. Am J Hypertens. 2008;21:650–6.  

    104.    Marcovecchio ML, Chiarelli F. Microvascular dis-
ease in children and adolescents with type 1 diabetes 
and obesity. Pediatr Nephrol. 2011;26:365–75.  

    105.    Feihl F, Liaudet L, Waeber B. The macrocirculation 
and microcirculation of hypertension. Curr 
Hypertens Rep. 2009;11:182–9.  

    106.    Greene AS, Tonellato PJ, Lui J, Lombard JH, 
Cowley Jr AW. Microvascular rarefaction and tissue 
vascular resistance in hypertension. Am J Physiol. 
1989;256:H126–31.  

A.R. Chade



149

    107.    Cowley Jr AW, Roman RJ, Krieger JE. Pathways 
linking renal excretion and arterial pressure with 
vascular structure and function. Clin Exp Pharmacol 
Physiol. 1991;18:21–7.  

    108.    Brecker CG, Shustak SR. Contractile proteins in 
endothelial cells: comparison of cerebral capillaries 
with those in heart and skeletal muscle and with liver 
sinusoids. Circulation. 1972;45/46(Suppl II):87.  

    109.    Reckelhoff JF, Romero JC. Role of oxidative stress 
in angiotensin-induced hypertension. Am J Physiol 
Regul Integr Comp Physiol. 2003;284:R893–912.  

   110.    Romero JC, Reckelhoff JF. State-of-the-art lecture. 
Role of angiotensin and oxidative stress in essential 
hypertension. Hypertension. 1999;34:943–9.  

    111.    Romero JC, Reckelhoff JF. Oxidative stress may 
explain how hypertension is maintained by normal 
levels of angiotensin ii. Braz J Med Biol Res. 
2000;33:653–60.  

    112.    Chatziantoniou C, Boffa JJ, Tharaux PL, Flamant M, 
Ronco P, Dussaule JC. Progression and regression in 
renal vascular and glomerular fi brosis. Int J Exp 
Pathol. 2004;85:1–11.  

    113.    Battegay EJ, de Miguel LS, Petrimpol M, Humar R. 
Effects of anti-hypertensive drugs on vessel rarefac-
tion. Curr Opin Pharmacol. 2007;7:151–7.  

    114.    Josifova T, Schneider U, Henrich PB, Schrader W. 
Eye disorders in diabetes: potential drug targets. 
Infect Disord Drug Targets. 2008;8:70–5.  

    115.    Marin P, Andersson B, Krotkiewski M, Bjorntorp P. 
Muscle fi ber composition and capillary density in 
women and men with niddm. Diabetes Care. 
1994;17:382–6.  

     116.    Futrakul N, Futrakul P. Renal microvascular disease 
predicts renal function in diabetes. Ren Fail. 
2012;34:126–9.  

    117.    Gomes MB, Affonso FS, Cailleaux S, Almeida AL, 
Pinto LF, Tibirica E. Glucose levels observed in 
daily clinical practice induce endothelial dysfunc-
tion in the rabbit macro- and microcirculation. 
Fundam Clin Pharmacol. 2004;18:339–46.  

    118.    Ko SH, Cao W, Liu Z. Hypertension management 
and microvascular insulin resistance in diabetes. 
Curr Hypertens Rep. 2011;12:243–51.  

    119.    Raptis AE, Viberti G. Pathogenesis of diabetic 
nephropathy. Exp Clin Endocrinol Diabetes. 
2001;109 Suppl 2:S424–37.  

    120.    O’Donovan HC, Hickey F, Brazil DP, Kavanagh DH, 
Oliver N, Martin F, Godson C, Crean J. Connective 
tissue growth factor antagonizes transforming 
growth factor-beta1/smad signalling in renal mesan-
gial cells. Biochem J. 2012;441:499–510.  

    121.    Lupia E, Elliot SJ, Lenz O, Zheng F, Hattori M, 
Striker GE, Striker LJ. Igf-1 decreases collagen deg-
radation in diabetic nod mesangial cells: implica-
tions for diabetic nephropathy. Diabetes. 1999;48:
1638–44.  

    122.    Zhang J, Zhang X, Li H, Cui X, Guan X, Tang K, Jin 
C, Cheng M. Hyperglycaemia exerts deleterious 
effects on late endothelial progenitor cell secretion 
actions. Diab Vasc Dis Res. 2013;10(1):49–56.  

    123.    Biscetti F, Pitocco D, Straface G, Zaccardi F, de 
Cristofaro R, Rizzo P, Lancellotti S, Arena V, 
Stigliano E, Musella T, Ghirlanda G, Flex A. 
Glycaemic variability affects ischaemia-induced 
angiogenesis in diabetic mice. Clin Sci (Lond). 
2011;121:555–64.  

    124.    Nakagawa T. Uncoupling of the vegf-endothelial 
nitric oxide axis in diabetic nephropathy: an expla-
nation for the paradoxical effects of vegf in renal 
disease. Am J Physiol Renal Physiol. 2007;292:
F1665–72.  

    125.    Siervo M, Tomatis V, Stephan BC, Feelisch M, 
Bluck LJ. Vegf is indirectly associated with no pro-
duction and acutely increases in response to hyper-
glycaemia(1). Eur J Clin Invest. 2012;42:967–73.  

    126.    Hohenstein B, Hausknecht B, Boehmer K, Riess R, 
Brekken RA, Hugo CP. Local vegf activity but not 
vegf expression is tightly regulated during diabetic 
nephropathy in man. Kidney Int. 2006;69:1654–61.  

    127.    Futrakul N, Futrakul P. Vascular homeostasis and 
angiogenesis determine therapeutic effectiveness in 
type 2 diabetes. Int J Vasc Med. 2011;2011:971524.  

    128.    O’Hare AM, Glidden DV, Fox CS, Hsu CY. High 
prevalence of peripheral arterial disease in persons 
with renal insuffi ciency: results from the national 
health and nutrition examination survey 1999–2000. 
Circulation. 2004;109:320–3.  

    129.    Bax L, van der Graaf Y, Rabelink AJ, Algra A, 
Beutler JJ, Mali WP. Infl uence of atherosclerosis on 
age-related changes in renal size and function. Eur J 
Clin Invest. 2003;33:34–40.  

    130.    Safi an RD, Textor SC. Renal-artery stenosis. N Engl 
J Med. 2001;344:431–42.  

      131.    Dworkin LD, Murphy T. Is there any reason to stent 
atherosclerotic renal artery stenosis? Am J Kidney 
Dis. 2010;56:259–63.  

    132.    Kalra PA, Guo H, Kausz AT, Gilbertson DT, Liu J, 
Chen SC, Ishani A, Collins AJ, Foley RN. 
Atherosclerotic renovascular disease in united states 
patients aged 67 years or older: risk factors, revascular-
ization, and prognosis. Kidney Int. 2005;68:293–301.  

    133.    Hansen KJ, Edwards MS, Craven TE, Cherr GS, 
Jackson SA, Appel RG, Burke GL, Dean RH. 
Prevalence of renovascular disease in the elderly: a 
population-based study. J Vasc Surg. 2002;36:443–51.  

    134.    Lerman LO, Taler SJ, Textor SC, Sheedy 
2nd PF, Stanson AW, Romero JC. Computed 
 tomography- derived intrarenal blood fl ow in reno-
vascular and essential hypertension. Kidney Int. 
1996;49:846–54.  

    135.    Textor SC, Wilcox CS. Renal artery stenosis: a com-
mon, treatable cause of renal failure? Annu Rev 
Med. 2001;52:421–42.  

    136.    Textor SC. Ischemic nephropathy: where are we 
now? J Am Soc Nephrol. 2004;15:1974–82.  

    137.    Chade AR, Best PJ, Rodriguez-Porcel M, Herrmann 
J, Zhu X, Sawamura T, Napoli C, Lerman A, Lerman 
LO. Endothelin-1 receptor blockade prevents renal 
injury in experimental hypercholesterolemia. Kidney 
Int. 2003;64:962–9.  

8 Microvascular Disease



150

    138.    Chade AR, Rodriguez-Porcel M, Herrmann J, Zhu 
X, Grande JP, Napoli C, Lerman A, Lerman LO. 
Antioxidant intervention blunts renal injury in 
experimental renovascular disease. J Am Soc 
Nephrol. 2004;15:958–66.  

    139.    Chavakis E, Dernbach E, Hermann C, Mondorf UF, 
Zeiher AM, Dimmeler S. Oxidized ldl inhibits vas-
cular endothelial growth factor-induced endothelial 
cell migration by an inhibitory effect on the akt/
endothelial nitric oxide synthase pathway. 
Circulation. 2001;103:2102–7.  

    140.    Baskin ML, Ard J, Franklin F, Allison DB. 
Prevalence of obesity in the united states. Obes Rev. 
2005;6:5–7.  

    141.    Hedley AA, Ogden CL, Johnson CL, Carroll MD, 
Curtin LR, Flegal KM. Prevalence of overweight 
and obesity among us children, adolescents, and 
adults, 1999–2002. JAMA. 2004;291:2847–50.  

    142.    Caballero AE. Endothelial dysfunction in obesity 
and insulin resistance: a road to diabetes and heart 
disease. Obes Res. 2003;11:1278–89.  

    143.    Pasarica M, Sereda OR, Redman LM, Albarado DC, 
Hymel DT, Roan LE, Rood JC, Burk DH, Smith SR. 
Reduced adipose tissue oxygenation in human obe-
sity: evidence for rarefaction, macrophage chemo-
taxis, and infl ammation without an angiogenic 
response. Diabetes. 2009;58:718–25.  

    144.    de Jongh RT, Serne EH, IJ RG, de Vries G, 
Stehouwer CD. Impaired microvascular function in 
obesity: implications for obesity-associated micro-
angiopathy, hypertension, and insulin resistance. 
Circulation. 2004;109:2529–35.  

    145.    Schindler TH, Cardenas J, Prior JO, Facta AD, 
Kreissl MC, Zhang XL, Sayre J, Dahlbom M, 
Licinio J, Schelbert HR. Relationship between 
increasing body weight, insulin resistance, infl am-
mation, adipocytokine leptin, and coronary circula-
tory function. J Am Coll Cardiol. 2006;47:
1188–95.  

    146.    Hall JE, Kuo JJ, da Silva AA, de Paula RB, Liu J, 
Tallam L. Obesity-associated hypertension and kid-
ney disease. Curr Opin Nephrol Hypertens. 2003;
12:195–200.  

    147.    Warncke J, David S, Kumpers P, Opherk JP, Haller 
H, Fliser D. A hibernating kidney – ischemic pre-
conditioning in a renal transplant recipient with a 
proximal stenosis of the iliac artery. Clin Nephrol. 
2008;70:168–71.  

    148.    Cheung CM, Chrysochou C, Shurrab AE, Buckley 
DL, Cowie A, Kalra PA. Effects of renal volume 
and single-kidney glomerular fi ltration rate on 
renal functional outcome in atherosclerotic renal 
artery stenosis. Nephrol Dial Transplant. 2010;25:
1133–40.      

A.R. Chade



151L.O. Lerman, S.C. Textor (eds.), Renal Vascular Disease, 
DOI 10.1007/978-1-4471-2810-6_9, © Springer-Verlag London 2014

    Abstract  

  Renal ischemia, hypoxia and oxidative stress progress together over the 
course of renovascular disease, and thus appear to operate in a vicious 
pathological triangle. Renal ischemia is initially driven by the mechanical 
effect of the stenosis, and maintained in the medium term chiefl y by 
 activation of the systemic and intrarenal renin-angiotensin systems. In the 
longer term, ischemia is exacerbated by infl ammation, fi brosis and micro-
vascular rarefaction, at least partly driven by signaling cascades initiated 
by oxidative stress and tissue hypoxia. Oxidative stress in renovascular 
disease is initially driven by activation of the renin-angiotensin system, 
but other factors, such as the pro-oxidant effects of uremic toxins, likely 
also contribute in the longer term. Oxidative stress drives ischemia by the 
direct vasoconstrictor effects of reactive oxygen species such as superox-
ide, and through reduced bioavailability of the vasodilator nitric oxide. 
This microvascular dysfunction appears to be a major driver of microvas-
cular remodeling and rarefaction. Ischemia drives tissue hypoxia by reduc-
ing oxygen delivery to tissue. Oxidative stress and the resultant reduction 
in nitric oxide bioavailability also promote hypoxia by reducing the effi -
ciency of oxygen utilization in mitochondria. Reduced glomerular fi ltra-
tion leads to reduced renal oxygen consumption, so provides some 
protection against the development of tissue hypoxia, at least in mild or 
early stage renovascular disease. But, eventually, homeostasis of tissue 
oxygenation cannot be maintained, and tissue hypoxia ensues.  
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        Introduction 

 There is a general consensus that toxic interactions 
between renal ischemia, hypoxia, and infl amma-
tion and oxidative stress play a critical role in the 
pathogenesis of multiple forms of kidney disease 
(Fig.  9.1 ) [ 1 ]. However, our understanding of the 
nature of these interactions, and how they operate 
in the setting of specifi c renal pathologies, remains 
one of the great unknowns in the fi elds of nephrology 

and hypertension. In this chapter we will attempt 
to describe the current understanding of how these 
factors interact in the pathogenesis of renovascular 
disease (RVD). But before we can do this, we must 
fi rst consider the basic anatomy, physiology and 
biochemistry which underlie the physiological 
regulation of regional kidney perfusion and oxy-
genation, and the sources and fates of reactive 
oxygen species in the kidney.

       Anatomy and Physiology 

    Renal Blood Flow, Local Perfusion, 
and Oxygenation 

 The architecture of the mammalian renal circula-
tion is unique in at least three ways:
    1.    The renal circulation contains two sets of cap-

illaries arranged in series (Fig.  9.2a, b ). All 
blood fl ow through the kidney fi rst passes 
through the glomerular capillaries, which are 
exposed to a relatively high hydrostatic pres-
sure of 45–55 mmHg [ 2 ]. The high glomerular 
capillary pressure facilitates ultrafi ltration of 

Ischemia

Hypoxia Oxidative
stress

Chronic
kidney
disease

  Fig. 9.1    The “toxic triangle” of ischemia, hypoxia and 
oxidative stress in the pathogenesis of chronic kidney 
 disease. See text for details       

vasa recta

arcuate artery

juxtamedullary
glomerulus

afferent

efferent

peritubular
capillaries

a b

  Fig. 9.2    The renal circulation. ( a ) shows a schematic rep-
resentation of the arrangement of the cortical and medul-
lary circulations. ( b ) shows a scanning electron 
micrograph of a portion of a methacrylate cast of the renal 
circulation, showing both the cortical and medullary 

regions. Note the presence of two sets of capillaries in 
series, and that the blood supply to the capillaries of the 
medulla (vasa recta) arises from the efferent arterioles of 
a sub-population of glomeruli in the juxtamedullary cor-
tex (With permission from Evans et al. [ 3 ])       
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the plasma into Bowman’s space, the initial 
process in the production of urine. Blood 
fl ows from the glomerular capillaries to the 
efferent arterioles, and then to the second set 
of renal capillaries, the peritubular capillaries 
of the cortex and vasa recta of the medulla.   

   2.    The kidney contains two vascular beds which 
are partly in series, but also partly in paral-
lel (Fig.  9.2a, b ) [ 3 ,  4 ]. The efferent arterioles 
of most glomeruli feed the cortical peritubu-
lar  capillaries. But the efferent arterioles of 

 approximately 10 % of glomeruli, located at the 
cortico-medullary border (the so-called juxta-
medullary glomeruli), descend into the medulla 
to form the vasa recta capillaries. Thus, when 
we consider blood fl ow in the post-stenotic kid-
ney, we must bear in mind that these two vascu-
lar territories can behave differently.   

   3.    In the renal cortex, some arteries and veins are 
arranged in an intimate counter-current fash-
ion not seen in other vascular beds (Fig.  9.3 ) 
[ 5 ]. This arrangement favors arterial-to- venous 

  Fig. 9.3    Intimate counter-current arrangement of arteries 
and veins in the kidney. Larger arteries and veins, many of 
which are likely common to the cortical and medullary 
circulations, are intimately associated in a way which 

would promote arterial-to-venous oxygen shunting. 
Smaller arteries and veins, many of which will be specifi c 
to the cortical circulation, appear to be less intimately 
associated (With permission from Gardiner et al. [ 5 ])       
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oxygen shunting, which acts to limit delivery 
of oxygen to renal tissue [ 5 ,  6 ]. Diffusive oxy-
gen shunting also occurs in the renal medulla, 
between the descending and ascending vasa 
recta [ 7 ]. Diffusive oxygen shunting, in both 
the cortex and medulla, renders the kidney sus-
ceptible to hypoxia.    
    There are also four functional aspects of kid-

ney that, if not unique, are critical to our under-
standing of the pathophysiology of RVD.
    1.    The kidney, or at least the cortical circula-

tion, has remarkable autoregulatory capacity 
[ 8 ]. Autoregulation is the ability of an organ 
or tissue to maintain blood fl ow in the face 
of changes in perfusion pressure (Fig.  9.4 ). 
Most organs and tissues have some auto-
regulatory capacity, although this phenom-
enon is especially prominent in the kidney 
and brain. Autoregulation of blood fl ow is 
primarily mediated by a myogenic response, 
in that stretch of arterial vessels leads to 
their contraction [ 8 ]. The unique aspect of 
autoregulation of renal blood fl ow (RBF) is 
the presence of at least one additional nega-
tive feedback mechanism, tubuloglomerular 
feedback (TGF). TGF relies on the ability of 
changes in tubular fl ow/sodium chloride con-

centration in the distal nephron, to produce 
changes in afferent arteriolar tone through sig-
naling mechanisms mediated via the macula 
densa [ 8 ]. For example, reduced tubular fl ow 
causes afferent arteriolar dilatation, which in 
turn increases single nephron blood fl ow and 
glomerular fi ltration rate (GFR), thus leading 
to increased tubular fl ow. Thus, TGF contrib-
utes to autoregulation of GFR as well as RBF. 
Autoregulation of GFR is also dependent on 
the renin-angiotensin system and its impact on 
efferent arteriolar tone. For example, if pres-
sure falls within the afferent arteriole, renin is 
released from the juxtaglomerular apparatus, 
and the resultant generation of angiotensin II 
causes efferent arteriolar  constriction, which 
supports glomerular capillary pressure (and 
so GFR) in the face of reduced arterial pres-
sure [ 2 ]. As we will see later, this is a critical 
mechanism in the maintenance of GFR in the 
post-stenotic kidney. The capacity for autoreg-
ulation of medullary perfusion remains a mat-
ter of intense debate, despite many decades 
of intense study [ 4 ]. The balance of evidence 
indicates that the autoregulatory capacity of 
the medullary circulation is relatively poor 
compared with that of the renal cortex [ 9 ].   

   2.    Most (~80 %) of the oxygen consumed 
within the kidney is used to drive Na+/
K+-ATPase, which in turn drives all active 
reabsorptive processes within the kidney 
[ 10 ]. Thus, renal oxygen consumption, and 
so kidney oxygenation, varies with sodium 
reabsorption, both at the level of the whole 
kidney and at the level of individual neph-
ron segments (Fig.  9.5 ). Sodium reabsorp-
tion, particularly in the distal nephron, is 
load dependent. Consequently, when GFR 
increases, and so the tubular sodium load 
increases, kidney oxygen consumption 
increases [ 10 ]. Moreover, shifts in sodium 
delivery to and from various segments of 
the nephron can alter oxygen consumption 
within these specifi c nephron segments. 
This phenomenon is nicely illustrated by 
the contrasting effects of diuretic agents 
acting on the proximal tubule, which act 
to increase cortical tissue PO 2 , and loop 
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Renal vascular tone
Autoregulatory mechanisms

Renal blood flow

Differential control of
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Local tissue perfusion
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Arterial PO2 and saturation
Diffusive oxygen shunting
Heterogeneity of capillary perfusion
Barriers to diffusion (e.g. fibrosis)

Oxygen delivery to tissue

  Fig. 9.4    Factors that control oxygen delivery to renal tis-
sue. Modulating factors are shown in  red        
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diuretics, which increase medullary tissue 
PO 2  [ 11 ]. Finally, factors that alter the effi -
ciency of utilization of oxygen for sodium 
reabsorption, are able to alter tissue oxygen 
consumption and thereby tissue PO 2 . One 
such factor is nitric oxide (NO), which com-
petes with oxygen at the level of cytochrome 
oxidase, to inhibit mitochondrial oxygen 
utilization. NO also acts to increase tissue 
oxygen delivery through vasodilatation, and 
to directly inhibit sodium reabsorption (and 
so oxygen utilization). Thus, NO has at least 
three actions which promote kidney oxygen-
ation. Consequently, when NO bioavailabil-
ity is reduced under conditions of oxidative 
stress, kidney hypoxia can develop [ 12 ].   

   3.    The renal circulation is relatively insensitive to 
changes in tissue oxygen concentration. In most 
tissues, including the brain and skeletal muscle, 
hypoxemia and/or tissue hypoxia results in vaso-
dilatation, which acts to defend tissue oxygen-
ation [ 10 ]. This mechanism is virtually absent in 
the kidney [ 13 ]. The absence of hyperemia in the 
kidney under hypoxic conditions is adaptive. It 
allows the functions of the kidney, in regulation 
of extracellular fl uid volume (through glomeru-
lar fi ltration and tubular reabsorptive processes) 
and hematocrit (through the release of erythro-
poietin under hypoxic conditions), to operate un-
confounded by effects of hypoxia on vascular 
tone. A price paid for this adaptation is the sus-
ceptibility of the kidney to hypoxia.   

Efficiency of mitochondrial
oxidative phosphorylation

Nitric oxide bioavailability
renin-angiotexsin system
oxidative stress

PCT
2.2:3.1

Na+/K+-
ATPase (50-97%)

Basal Metabolism
(3-50%)

Cell cycle and repair 
Membrane synthesis

Substrate interconversion
Na+-independent ATPases

Tubular sodium load (GFR)
Natriuretic vs Antinatriuretic
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  Fig. 9.5    Factors that infl uence oxygen consumption in 
the kidney. Modifying factors are shown in  red . Na+/
K+-ATPase, which drives sodium reabsorption from the 
renal tubule, is the major energy sink in the kidney. 
Estimates of the proportion of ATP used to drive Na+ 
transport in the kidney (50–97 %) versus that used for so-
called “basal metabolism” differ widely in part because of 
the use of varying experimental conditions, but also 

because this proportion likely changes depending on the 
prevailing physiological conditions. Approximations of 
ATPase activity (nmol/mm/h) [ 124 ], are given for each 
nephron segment as Na+/K+-ATPase: total ATPase.  PCT  
proximal convoluted tubule,  PR  pars recta,  MAL  medul-
lary thick ascending limb,  CAL  cortical thick ascending 
limb,  DCT  distal convoluted tubule,  CCT  cortical collect-
ing tubule,  OMCD  outer medullary collecting tubule       
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   4.    Cortical and medullary perfusion respond dif-
ferently to vasoactive factors [ 3 ,  4 ]. Critically, 
medullary perfusion appears to be relatively 
insensitive to a wide range of vasoconstric-
tors, including angiotensin II, endothelins, 
and renal nerve activation. The precise mech-
anisms underlying this phenomenon remain 
unknown, but it is likely mediated at least in 
part by counter-regulatory vasodilatation 
mediated by prostanoids and NO. Structural 
differences between the juxtamedullary glo-
merular arterioles, which feed the vasa recta, 
compared with glomerular arterioles which 
feed the cortical peritubular capillaries, likely 
also play some role [ 3 ].    

        Reactive Oxygen Species 

 The term reactive oxygen species (ROS) refers to 
oxygen intermediates, including superoxide 
(O 2 −), hydrogen peroxide (H 2 O 2 ), the hydroxyl 
radical (OH), singlet oxygen (O 2  · ) and peroxini-
trite (ONOO−), all of which vary in their half-life 
and chemical reactivity. Normal production of 
ROS is required by a number of physiological 
functions including host defense, cell signaling 
and apoptosis [ 14 ]. As ROS are highly reactive, 
cellular ROS levels must be maintained within 
strict limits to prevent damage to cellular compo-
nents. This is achieved by balancing ROS 
 production and ROS scavenging by anti-oxidant 
pathways. Antioxidant pathways include enzy-
matic ROS degradation by enzymes such as 
superoxide dismutase, catalase or glutathione 
peroxidase as well as endogenous antioxidants 
which can scavenge ROS once they are pro-
duced. Aberrant production of ROS, or loss of 
antioxidant pathways, can lead to cellular “oxida-
tive stress,” in which high ROS levels lead to 
pathological signaling and cellular damage. 
Oxidative stress is a common phenotype, and is 
thought to contribute to the progression of a num-
ber of renal disease states, including diabetic 
nephropathy [ 15 ], hypertension [ 16 ], ischemia- 
reperfusion injury [ 17 ], and RVD [ 18 ]. 

 There are multiple sources of ROS within the 
kidney. Under normal physiological conditions 

the two greatest sources of ROS appear to be the 
mitochondria and enzymatic production by 
NADPH oxidase [ 19 ]. ROS are by-products of 
normal mitochondrial metabolism. That is, a 
small proportion of electrons escape the electron 
transport chain to form superoxide. This electron 
leak is thought to occur largely at complex 1 and 
complex 3 [ 20 ]. These ROS are thought to par-
ticipate in cellular signaling. Mitochondrial dam-
age is prevented by local antioxidant pathways 
including Mn-SOD, a mitochondrial specifi c 
form of superoxide dismutase [ 21 ]. Damage to 
the mitochondria, including that caused by isch-
emia or elevated ROS levels themselves can lead 
to mitochondrial dysfunction and increased 
 mitochondrial ROS production [ 22 ]. Enhanced 
ROS production by the mitochondria in turn 
appears to be capable of stimulating other sources 
of ROS such as NADPH oxidase in a feed-for-
ward mechanism [ 23 ,  24 ]. 

 NADPH oxidase is an enzyme complex con-
sisting of a number of subunits which produces 
O 2  −  by transferring an electron from NADH/
NADPH to molecular O 2  [ 25 ]. Multiple isoforms 
of NADPH oxidase are found within the kidney 
including NOX1, 2 and 4 which vary by 
gp91phox homologue (NOX) [ 26 ,  27 ]. Activation 
of NADPH oxidase involves the translocation of 
cytosolic subunits p47phox, p67phox and Rac1 
and their binding to membrane associated 
p22phox and gp91phox to form the active 
enzyme complex [ 25 ]. The expression of NADPH 
oxidase isoforms varies by cell type, with NOX4 
being highly expressed in renal epithelial cells 
and NOX2 the predominant isoform expressed in 
renal endothelial cells. A number of stimuli have 
been demonstrated to activate NADPH oxidase 
in the kidney. Importantly, angiotensin II is a 
potent activator of NADPH oxidase. Angiotensin 
II acutely stimulates NADPH oxidase via activa-
tion of AT 1  receptors and protein kinase C (PKC) 
signaling [ 28 ], a mechanism which appears to be 
important in the development of RVD [ 29 ]. 
Further, angiotensin II promotes expression of a 
number of subunits of NADPH oxidase within 
the kidney, which contribute to enhanced ROS 
levels following chronic elevations in circulating 
angiotensin II [ 30 ]. Recent evidence indicates 
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that within renal epithelial cells angiotensin II 
acts to stimulate ROS production via the activa-
tion of NOX4 rather than NOX2 or NOX1 [ 31 ]. 
These data are somewhat surprising given that 
NOX4 is thought to be constitutively active and 
does not require binding of cytosolic subunits. 
NOX4 is also highly expressed in a number of 
sub-cellular locations including the mitochondria 
and endoplasmic reticulum [ 32 ,  33 ], which may 
in part explain enhanced mitochondrial ROS pro-
duction in response to angiotensin II. Another 
source of NADPH oxidase within the kidney is 
infi ltrating immune cells. Monocytes express 
high levels of the NOX2 isoform of NADPH oxi-
dase and are potent sources of O 2  − . Monocyte 
infi ltration is a common phenotypic trait in a 
number of renal disease models in which oxida-
tive stress is associated with disease progression, 
including angiotensin II mediated hypertension 
[ 34 ]. The relative contributions of vascular, 
endothelial and immune components to renal 
ROS production in physiological and disease 
states remain an area of intense investigation. 

 A number of feed forward systems participate 
in the development of oxidative stress in biologi-
cal systems. As discussed previously, aberrant 
ROS production by sources such as mitochondria 
can signal increased O 2  −  production by other cel-
lular components such as NADPH oxidase [ 24 ]. 
In turn, increased ROS production by NADPH 
oxidase can lead to further mitochondrial dys-
function, promoting a vicious cycle of oxidative 
stress termed “ROS induced ROS production” 
[ 24 ]. NO is also a key modulator of cellular ROS 
levels. NO is produced by the enzyme NO syn-
thase and acts as a powerful vasodilator and 
inhibitor of mitochondrial metabolism [ 35 ]. 
Importantly, NO reacts with superoxide to form 
ONOO-, limiting the bioavailability of O 2  −  in 
vivo. NO can also directly inhibit production of 
O 2  −  by NADPH oxidase by a cGMP dependent 
mechanism [ 36 ]. The net effect of high NO level 
is to limit O 2  −  bioavailability. Conversely, oxida-
tive stress limits the bioavailability of NO and 
promotes greater ROS production [ 37 ]. Just as 
NO appears to be able to inhibit the production of 
O 2  −  by NADPH oxidase, oxidative stress can 
result in NOS uncoupling, resulting in this 

enzyme producing O 2  −  rather than NO and fur-
ther driving oxidative stress [ 38 ]. Loss of antioxi-
dant pathways also appear to contribute to the 
vicious cycle of oxidative stress in a number of 
organ systems including the kidney [ 39 ].   

    Pathophysiology of Renal 
Perfusion, Oxygenation, 
and Oxidative Stress in 
Renovascular Disease 

 With the structural and functional peculiarities of 
the kidney, and the complex biology of ROS dis-
cussed previously in mind, we are now able to 
turn our thoughts to the dysregulation of renal 
perfusion and oxygenation in RVD, and the con-
tribution of oxidative stress to this dysfunction. 
The major hemodynamic factor in renovascular 
disease is a fall in renal perfusion pressure, often 
but not always as a result of atherosclerotic renal 
artery stenosis [ 40 ]. Thus, we must consider how 
tissue perfusion, oxygenation and redox status 
respond acutely to reductions in renal perfusion 
pressure, and how they respond to and contribute 
to the chronic pathophysiological conditions 
imposed on the post-stenotic kidney. At least four 
factors complicate this task. 

 Firstly, we cannot consider ischemia, hypoxia 
and oxidative stress in isolation, since these factors 
interact in a “toxic triangle” (Fig.  9.1 ) which is a 
major driver in the development of kidney disease. 

 Secondly, the pathophysiological characteris-
tics of RVD change with disease progression. 
Therefore, our discussion must consider tempo-
ral aspects of the pathophysiology of RVD, from 
the acute response to reduced renal perfusion 
pressure, to the hormonal and hemodynamic 
adjustments that occur subacutely in response to 
reduced renal perfusion pressure, to the chronic 
pathophysiological mechanisms that occur early 
and late in disease progression. 

 Thirdly, interpretation of the results of studies 
of the evolution of changes in renal hemodynam-
ics/oxygenation/oxidative stress in renal artery 
stenosis must take into account its dependence on 
the nature of the experimental model. For exam-
ple, in studies in which the renal artery is clipped 
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in rodents (e.g., two-kidney, one-clip (2K, 1K) 
hypertension), the clip is often implanted in rela-
tively young animals, so that the stenosis gradu-
ally becomes more severe as the animal ages [ 41 ]. 
A similar scenario is likely to occur in more 
recently developed porcine models of renovascu-
lar disease, in which an irritant coil is placed 
within the renal artery [ 42 ]. In contrast, in some 
larger animal models an infl atable cuff can be 
used to produce an abrupt and stable stenosis. The 
latter provides the advantage that disease progres-
sion can be followed temporally from a single ini-
tiating stimulus, but it hardly recapitulates the 
human condition. Importantly, most of these 
models do not completely mimic the clinical con-
dition, in which renal artery stenosis is often 
accompanied (indeed caused) by gradual develop-
ment of atherosclerosis and other co- morbidities 
[ 40 ]. Increasingly, use of animal models of RVD 
that incorporate these co- morbidities, show that 
they make important contributions to the progres-
sion of renal disease and hypertension. 

 Fourthly, we must recognize that the cascades 
of pathophysiological processes resulting from 
unilateral renal artery stenosis differ markedly 
from those that result from bilateral renal artery 
stenosis [ 40 ]. 

    Responses to Acutely Reduced 
Renal Artery Pressure 

    Renal Perfusion and Glomerular 
Filtration 
 Our understanding of the hemodynamic effects 
of acutely lowered renal perfusion pressure 
comes mainly from studies of the autoregulation 
of RBF and GFR. Apart from such acute studies, 
there is also a considerable literature describing 
the progressive changes in renal hemodynamics 
after mechanical initiation of renal artery stenosis 
in experimental animals. 

 It is generally accepted that there is a non- 
linear relationship between the degree of ste-
nosis and changes in renal hemodynamics, 
such that hemodynamically signifi cant stenosis 
only occurs once the cross sectional area of the 

 occlusion approaches 70–80 % [ 40 ,  43 ]. However, 
such a conceptual framework may be an over- 
simplifi cation. Stenosis of ≥50 % is required to 
produce a trans-stenotic pressure gradient [ 44 ]. 
However, because of the autoregulatory capac-
ity of the renal circulation, RBF is only reduced 
acutely by stenoses ≥60 %. Nevertheless, even 
relatively mild stenoses (~30 %) are associated 
with changes in the profi le of the RBF waveform; 
specifi cally a reduction in the early systolic peak 
of RBF [ 44 ]. 

 Renin release from the juxtaglomerular cells 
of the afferent arteriole provides a further com-
plicating factor in our understanding of the renal 
hemodynamic response to acute renal artery ste-
nosis [ 43 – 45 ]. Many studies, in which plasma 
renin activity had been measured in response to 
graded renal artery stenosis, provide evidence 
that renin release only occurs once the stenosis 
becomes so severe that it reduces RBF [ 43 ,  45 ]. 
But this conclusion is at odds with the results of 
studies of the effects of acute renal artery stenosis 
under conditions of blockade of the renin angio-
tensin system. Under such conditions, autoregu-
lation of RBF is maintained, but autoregulation 
of GFR fails [ 46 ]. Thus, renin release from the 
juxtamedullary cells of the afferent arteriole 
likely occurs within the range of renal perfusion 
pressure associated with autoregulation of RBF, 
and in turn plays a critical role in autoregulation 
of GFR. 

 As alluded to earlier, perfusion of the cortical 
and medullary circulations are, at least in part, 
independently regulated. The response of the 
medullary circulation to reduced renal perfusion 
pressure remains a matter of controversy [ 9 ]. The 
balance of evidence indicates that the medullary 
circulation has less autoregulatory capacity than 
the cortical circulation, so one might expect that 
medullary perfusion can be reduced by stenoses 
too mild to alter total RBF or cortical perfusion. 
However, the response of the medullary circula-
tion to reduced perfusion pressure is critically 
dependent on the prevailing experimental condi-
tions, particularly extracellular fl uid volume sta-
tus. Thus, changes in medullary perfusion in 
response to reduced renal perfusion pressure are 

R.G. Evans and P.M. O’Connor



159

often seen in volume expanded states [ 4 ]. 
Furthermore, it appears likely that inner medul-
lary blood fl ow is more poorly autoregulated than 
outer medullary blood fl ow [ 9 ].  

    Renal Oxygenation 
 The responses of renal oxygenation to acute reduc-
tions in renal perfusion pressure have been studied 
using a range of techniques, including invasive 
studies using oxygen electrodes and optodes, and 
studies using non-invasive methods such as blood 
oxygen level-dependent magnetic resonance 
imaging (BOLD MRI). All of these methods have 
both strengths and limitations [ 47 ]. The BOLD-
MRI technique is non-invasive, so can be applied 
to humans as well as experimental animals [ 48 ], 
and can be used in longitudinal studies to track the 
course of changes in kidney oxygenation during 
disease progression [ 49 ]. However, interpretation 
of studies using BOLD-MRI should be tempered 
by two caveats. Firstly, BOLD-MRI provides a 
measure of blood oxygenation, not tissue oxygen-
ation. Because of the phenomenon of counter-cur-
rent diffusive oxygen shunting in the renal cortex 
and medulla, intrarenal blood oxygenation and tis-
sue oxygenation can change independently of 
each other [ 50 ]. Secondly, because the BOLD sig-
nal is generated by the properties of deoxyhemo-
globin, it provides a better measure of oxygenation 
in the relatively hypoxic medulla than the better 
oxygenated cortex [ 51 ]. 

 The effects of acute renal artery stenosis on 
kidney oxygenation will depend on the balance 
between changes in renal blood fl ow and local 
perfusion on the one hand, and glomerular fi ltra-
tion and tubular sodium reabsorption on the 
other. Thus, to truly understand the acute effects 
of renal artery stenosis on kidney tissue oxygen-
ation we require knowledge of oxygen delivery 
and demand both at the whole kidney level and at 
the local tissue level. Unfortunately, due to the 
technical limitations of current methods, this is 
only partly possible [ 47 ]. 

 In anesthetized animals with an intact renin- 
angiotensin system, acute renal artery stenosis is 
accompanied by reduced oxygenation of both the 
cortex and medulla (as determined by BOLD 

MRI) [ 52 ,  53 ]. Presumably, this refl ects greater 
reductions in local oxygen delivery than con-
sumption in response to reduced renal artery 
pressure. But when total renal oxygen delivery 
and consumption was measured in these studies, 
oxygen consumption was found to be reduced by 
at least as much as oxygen delivery, and frac-
tional oxygen extraction was found to be remark-
ably stable in the face of renal ischemia [ 52 ,  53 ]. 
One possible explanation for this paradox is that 
acute reductions in renal perfusion pressure lead 
to changes in microcirculatory function that limit 
oxygen delivery to renal tissue. These changes 
could include increased heterogeneity of capil-
lary perfusion which would reduce the effi ciency 
of tissue oxygen extraction. Increased diffusive 
oxygen shunting, between arteries and veins in 
the renal cortex [ 54 ] and descending and ascend-
ing vasa recta in the medulla [ 7 ], could also con-
tribute. Nevertheless, renal oxygen consumption 
remains a critical predictor of kidney oxygen-
ation when renal artery pressure is reduced, as 
evidenced by the remarkable resistance of the 
kidney to hypoxia when renal perfusion pressure 
is reduced under conditions of blockade of the 
renin-angiotensin system, which blunts autoregu-
lation of GFR but not RBF [ 46 ].  

    Reactive Oxygen Species 
 The roles of ROS in the responses of renal hemo-
dynamics and oxygenation to acute renal artery 
stenosis have not, to our knowledge, been for-
mally studied. Activation of the renin- angiotensin 
system occurs rapidly in response to reduced 
renal artery pressure, which likely activates 
superoxide production through upregulation of 
NADPH oxidase [ 55 ]. Indeed, superoxide 
appears to partly mediate vasoconstriction and 
antinatriuresis during acute renal arterial infusion 
of angiotensin II, in part through a direct vaso-
constrictor effect of superoxide and in part 
through reduced NO bioavailability [ 56 ]. 
Nevertheless, the ability of angiotensin II to acti-
vate pathways leading to oxidative stress is likely 
to be more relevant to our consideration of the 
subacute and chronic consequences of renal 
artery stenosis.   
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    Subacute Responses to Reduced 
Renal Artery Pressure 

 These have been studied in large animals, particu-
larly in chronically instrumented conscious dogs, 
in which infl ation of a perivascular cuff induces a 
square-wave reduction in renal artery pressure 
(Fig.  9.6 ) [ 41 ,  57 ,  58 ]. The immediate response to 
infl ation of a perivascular cuff, to reduce distal 
renal artery pressure to 20–60 mmHg, is vasodila-
tation presumably mediated by autoregulatory 
mechanisms, which lasts only a few minutes. Renal 
renin secretion is acutely increased within minutes 
of cuff infl ation, and the consequent production of 
angiotensin II has two critical effects which act to 
increase arterial pressure distal to the cuff, which in 
turn allows glomerular capillary pressure to be 
maintained at a level adequate to drive glomerular 
fi ltration. Firstly, angiotensin II acts on the sys-
temic circulation to increase systemic vascular 
resistance, and so systemic arterial pressure. The 
stenosis itself also makes a contribution to increased 
total peripheral resistance. Secondly, angiotensin 
II-induced vasoconstriction increases renal vascu-
lar resistance, particularly in the post glomerular 
circulation, which acts to reduce the effective resis-
tance imposed by the stenosis and to increase glo-
merular capillary pressure. As distal renal arterial 
pressure rises towards its level before induction of 
the stenosis, plasma renin activity falls, presumably 
due to removal of the stimulus inducing renin 
release (the renal “barostat”).

   In the days to week following imposition of a 
moderate renal artery stenosis we are left with a 
situation in which renal vascular resistance is 
greater than normal, distal renal artery pressure is 
normal, or near normal, plasma renin activity is 
normal or only slightly elevated, renal blood fl ow 
and glomerular fi ltration rate are near normal, and 
fl uid balance is restored at the cost of hypertension 
(Fig.  9.6 ) [ 41 ,  57 ,  58 ]. The mechanisms underly-
ing increased renal vascular resistance, in the 
absence of activation of the endocrine renin- 
angiotensin system, have not been formally stud-
ied in large animal models. However, it is presumed 
that activation of the intrarenal renin- angiotensin 
system makes a major contribution [ 59 ,  60 ]. 

 We are aware of no published studies of the 
evolution of changes in oxidative stress, regional 
kidney perfusion and kidney oxygenation over 
the fi rst week of abrupt imposition of a renal 
artery stenosis. Such studies, and investigations 
of the role of the intrarenal renin/angiotensin sys-
tem, are warranted.  

    Pathophysiology of the Chronically 
Post-stenotic Kidney 

    Experimental Models 
 Most of our understanding of the chronic patho-
physiology of renovascular disease comes from 
experimental models characterized by gradual 
development of renal artery stenosis, such as is 
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  Fig. 9.6    Schematic view of the early time 
course of changes in systemic and renal 
hemodynamics, glomerular fi ltration rate and 
renal renin release after abrupt induction of a 
stable renal artery stenosis. Note that renal 
vascular resistance excludes the resistance 
imposed by the stenosis. See text for details       
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achieved in mice, rats, and rabbits by placing a 
silver clip on one renal artery (2K1C hyperten-
sion), or in larger animals by placement of an irri-
tant coil within the renal artery. These animal 
models also allow assessment of the impact of 
hypercholesterolemia and atherosclerosis on dis-
ease progression. This is important because 
hypercholesterolemia and atherosclerosis are 
often the direct cause of renal artery stenosis in 
humans. Hypercholesterolemia has both struc-
tural and functional effects on the renal circula-
tion. These include vascular remodeling due to 
neovascularisation and endothelial dysfunction, 
mediated at least in part through oxidative stress 
[ 61 ]. Neovascularisation appears to be a compen-
satory response, which acts to maintain cortical 
perfusion in the face of altered vascular function 
[ 62 ]. On the other hand, hypercholesterolemia 
exacerbates the effects of renal artery stenosis on 
oxidative stress, infl ammation, fi brosis, and tubu-
lar and vascular dysfunction (see details dis-
cussed next) [ 63 ]. The observations of a relatively 
poor correlation between stenosis severity and 
renal dysfunction in RVD [ 64 ] and that revascu-
larization in RVD is not always effective in 
restoring renal dysfunction and fails to reverse 
vascular remodeling [ 40 ,  65 ], provide additional 
evidence that factors beyond the stenosis itself 
are critical in progression of renal dysfunction.  

    Renal Perfusion and Glomerular 
Filtration 
 The development of vascular remodeling, and in 
particular vascular rarefaction, is now seen as a 
hallmark of atherosclerotic RVD [ 40 ]. For exam-
ple, using micro-CT, Zhu et al. demonstrated a 
marked reduction in microvascular density in a 
porcine model of renal artery stenosis [ 42 ]. These 
structural changes probably at least partly explain 
why cortical perfusion is reduced (although med-
ullary perfusion is often well maintained) in 
chronic renovascular disease [ 66 ]. There are also 
functional effects of RVD on the renal vascula-
ture. Responses of both cortical and medullary 
perfusion to acetylcholine are blunted in renovas-
cular disease, at least in part due to oxidative 
stress [ 66 ]. Partial reversal of these structural and 
functional changes in the cortical circulation, and 

increased basal RBF and GFR, is seen after per-
cutaneous transluminal renal artery stenting, to 
remove the stenosis, at least in a porcine model of 
RVD uncomplicated by hypercholesterolemia 
[ 67 ]. However, this treatment is much less effec-
tive when RVD is complicated by atherosclerosis 
[ 65 ]. Thus, renal artery stenosis, particularly 
when accompanied by hypercholesterolemia, 
appears to set in train a cascade of events, 
 associated with oxidative stress, fi brosis, infl am-
mation, apoptosis, vascular remodeling and 
endothelial dysfunction, which are at best only 
partially reversible. These observations in exper-
imental animals likely provide at least a partial 
explanation for the lack of effi cacy of stenting for 
treatment of renovascular disease, particularly 
that co-existing with atherosclerosis [ 40 ]. 

 Multiple factors likely contribute to the altered 
structure and function of the renal circulation in 
renovascular disease (Fig.  9.7 ). Endothelium- 
dependent vasodilatation in the kidney is mediated 
by NO, vasodilator prostanoids (e.g., prostacyclin) 
and endothelium-derived hyperpolarizing factor 
[ 68 ]. The loss of endothelium- dependent vasodila-
tion in the stenotic kidney appears to be mediated 
at least in part by reduced NO bioavailability, as 
evidenced by the blunted renal vasoconstriction 
observed in response to NO synthase blockade in 
the clipped kidney in 2K1C hypertension in rats 
[ 69 ], and in the stenotic kidney in patients with 
unilateral renal artery stenosis [ 70 ]. Renal vaso-
constriction in response to NO blockade was 
greater in the non- stenotic kidney in unilateral 
RAS than in the kidneys of patients with essential 
hypertension, indicating increased dependence of 
endothelium- dependent vasodilatation in the non-
stenotic kidney on NO bioavailability [ 70 ]. This 
notion is also supported by the results of studies in 
animal models of unilateral renal artery stenosis 
(as discussed in [ 70 ]). Taken collectively, available 
data indicate that the impact of unilateral renal 
artery stenosis on the role of NO in control of renal 
vascular tone depends upon the severity of the ste-
nosis. As the stenosis becomes more severe the 
role of NO is progressively diminished in the 
clipped kidney [ 71 ], but if anything is exaggerated 
in the non-clipped kidney [ 69 ,  72 ]. An important 
consequence of the enhanced role of NO in the 
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non- clipped kidney is impaired autoregulation of 
RBF [ 73 ]. Renal artery stenosis increases prosta-
glandin E2 concentration in the kidney, and the 
vasoconstrictor response to cyclooxygenase inhi-
bition, in a manner dependent on the severity of 
stenosis [ 71 ]. Thus, progressively more severe ste-
nosis appears to lead to altered renal endothelial 
function in the stenotic kidney, from a dependence 
on NO to dependence on prostanoids [ 71 ].

   There are complex interactions between 
angiotensin II and NO in RVD. In the normal 
kidney, AT 1 -receptor activation by endogenous 
angiotensin II mediates cortical vasoconstric-
tion, yet has little impact on the medullary cir-
culation [ 74 ]. Activation of AT 2 -receptors by 
endogenous angiotensin II has little impact on 
cortical or medullary perfusion in the normal rat 
kidney [ 74 ]. But in 2K1C hypertension in rats, 
the roles of AT 1 - and AT 2 -receptors in control of 
regional kidney perfusion and oxygenation are 
altered. Firstly, the contralateral kidney becomes 
less sensitive to the vasoconstrictor effects of 
angiotensin II mediated by AT 1 -receptors [ 75 , 
 76 ], but AT 2 -receptors appear to exert a tonic 

 vasoconstrictor effect on the medullary circula-
tion [ 75 ]. In contrast, AT 2 -receptor activation 
in the (early) clipped kidney appears to sustain 
renal cortical perfusion and oxygenation through 
release of NO, since administration of PD123319 
results in cortical ischemia and hypoxia [ 77 ]. 
However, this effect seems to be lost in chronic 
2K1C hypertension, at least in part due to the 
super- imposition of oxidative stress [ 78 ]. 

 There is evidence that renal sympathetic drive 
is enhanced in RVD, which may in turn contrib-
ute to the development of hypertension [ 79 ]. The 
responsiveness of kidney to activation of the 
renal nerves, either through electrical stimulation 
[ 80 ] or refl ex activation [ 81 ] appears to be rela-
tively normal, with two important exceptions. 
Firstly, neurally-mediated renin release is blunted 
and secondly, neurally mediated vasoconstriction 
in the medullary circulation appears to be 
enhanced. These effects appear to be mediated 
predominantly by activation of the renin- 
angiotensin system, since they are recapitulated 
in hypertension induced by chronic infusion of 
angiotensin II [ 74 ]. 

Reduced oxygen
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Endothelins Uremic toxins
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  Fig. 9.7    Factors driving 
reduced oxygen delivery to 
tissue in chronic renovascu-
lar disease.  TGFβ  transform-
ing growth factor β,  VEGF  
vascular endothelial growth 
factor. Note that “oxygen 
shunting” refers to 
convective shunting, arising 
from heterogeneity of 
capillary perfusion, and 
diffusive shunting that 
occurs between arteries and 
veins in the cortex and 
descending and ascending 
vasa recta in the medulla. 
 Solid arrows  show 
established mechanisms. 
 Arrows  with  dotted lines  
show mechanisms that are 
proposed but not established. 
See text for further details       
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 Angiotensin II is also likely a major driver of 
fi brosis during the evolution of RVD, at least partly 
through stimulation of the fi brogenic cytokine 
transforming growth factor-β (TGF-β) (Fig.  9.7 ) 
[ 82 ]. Indeed, angiotensin II infusion in rats can 
lead to vascular rarefaction, in the absence of renal 
artery stenosis or hypercholesterolemia [ 82 ]. 
Recent evidence suggests that TGF-β signaling 
through Smad pathways is a major driver of fi bro-
sis and atrophy in the clipped kidney in 2K1C 
hypertension in mice [ 83 ]. The relative roles of 
angiotensin II as opposed to other factors, in these 
effects, remains to be determined, although the 
observation that Smad3 defi ciency in mice abro-
gates the cardiac fi brosis induced by chronic 
angiotensin II infusion is at least consistent with a 
role for angiotensin II [ 84 ]. Furthermore, AT 1 -
receptor activation can also induce Smad signaling 
independently of TGF-β, through mitogen-acti-
vated protein kinase (MAPK) activation, at least in 
vascular smooth muscle cells [ 85 ]. Inhibition of 
TGF-β/Smad signaling may at least partly explain 
the effi cacy of statins in reducing fi brosis, renal 
dysfunction, endothelial dysfunction and vascular 
rarefaction in porcine models of RVD [ 86 ].  

   Oxidative Stress 
 Oxidative stress in renovascular disease has 
been evidenced by increased plasma isopros-
tanes and thiobarbituric acid reactive substances 
(TBARS), and reduced antioxidant enzymes such 

as  glutathione peroxidase, superoxide dismutase 
and catalase in porcine RVD uncomplicated by 
hypercholesterolemia [ 87 ]. Furthermore, reduced 
endogenous superoxide dismutase activity and 
increased expression of subunits of NAD(P)H oxi-
dase (p47phox and p67phox) has been observed 
in a porcine model of combined RVD and hyper-
cholesterolemia [ 66 ]. Oxidative stress is at least 
partly driven by hypercholesterolemia in this 
model, since it is observed in animals with hyper-
cholesterolemia but not RVD [ 61 ]. Activation of 
the renin/angiotensin system is also a major driver 
of oxidative stress in RVD. Indeed, chronic infu-
sion of angiotensin II alone induces renal oxi-
dative stress [ 88 ]. Plasma isoprostane levels are 
highly correlated with plasma renin activity in 
the early phases of RVD in pigs, but this associa-
tion is lost as the disease progresses [ 87 ]. Thus, in 
chronic RVD, pathways of ROS formation unre-
lated to circulating plasma renin activity appear to 
be important in maintaining renal oxidative stress. 
This suggestion is supported by data from rats in 
which 12 months after induction of 2K-1C hyper-
tension, treatment with the antioxidant Tempol 
was found to be signifi cantly more effective than 
an AT 1  receptor blocker at reducing mean arterial 
pressure and improving renal blood fl ow and oxy-
genation in the clipped kidney [ 77 ]. The pathways 
responsible for maintaining elevated ROS levels 
within the kidney in chronic RVD remain unclear 
(Fig.  9.8 ).

RVD initiation Prolonged/chronic RVD

Blood pressure
Plasma renin
Renal blood flow
Oxidative stress
AngII→ NADPH oxidase

Time

Immune cell infiltration
Ischemia derived ROS
Mitochondrial dysfunction
Remnant effect of angiotensin II
Uremic toxins

??

  Fig. 9.8    Factors contributing to development 
of oxidative stress during the progression of 
renovascular disease ( RVD ). See text for details       
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   Elevated arterial pressure can stimulate ROS 
production within the kidney [ 89 ]. However, ele-
vated arterial pressure is unlikely to contribute to 
oxidative stress in RVD because post-stenotic 
renal arterial pressure is not elevated in RVD. 
Infi ltration of immune cells is a common pheno-
type in hypertensive renal disease states and 
recruitment of infi ltrating immune cells has been 
hypothesized to contribute to both up-regulation 
of the intra-renal renin-angiotensin system and 
renal oxidative stress [ 34 ,  90 ]. Activation of the 
intra-renal renin-angiotensin system, subtle renal 
injury or tissue hypoxia could potentially drive 
immune cell infi ltration and contribute to mainte-
nance of renal oxidative stress in chronic RVD 
[ 34 ]. To our knowledge the contribution of infi l-
trating immune cells to oxidative stress in chronic 
RVD disease has not been directly investigated. 

 The direct effects of ischemia/hypoxia on 
ROS production within the kidney are controver-
sial. ROS production is an oxygen-dependent 
process and reductions in tissue oxygen avail-
ability limit ROS production by both NADPH 
oxidase and mitochondria, the chief sources of 
ROS in the kidney [ 91 ,  92 ]. However, the Km for 
O 2  of both NADPH oxidase and mitochondria is 
much less than normal tissue oxygen concentra-
tion, so the direct effects of ischemia to limit oxy-
gen availability for ROS production may be 
offset by secondary effects of ischemia/hypoxia 
to promote ROS, at least during conditions of 
mild hypoxia. This idea is supported by observa-
tions of greater superoxide production in renal 
tubules at low oxygen concentration [ 93 ]. 
Cellular mechanisms that are capable of driving 
increased ROS production in ischemia/hypoxia 
have yet to be clearly identifi ed. Within the kid-
ney, one possibility is a switch to anaerobic 
metabolism and increased lactate production 
which may enhance NADPH oxidase activity 
[ 94 ,  95 ]. Loss of antioxidant pathways has also 
been proposed to maintain oxidative stress dur-
ing chronic renal hypoxia [ 39 ]. Oxidative stress 
in advanced kidney disease is probably also 
driven by renal insuffi ciency and accumulation 
of uremic toxins (Figs.  9.7  and  9.8 ) [ 96 ]. 
However, the cellular mechanisms that drive 

 oxidative stress in these states also remain 
unclear. Given the importance of ROS in the pro-
gression of RVD, further studies are warranted to 
delineate the cellular sources of ROS and the pro-
cesses driving ROS production in chronic RVD.  

   Renal Oxygenation 
 Studies of the effects of RVD on intrarenal oxy-
genation have produced confl icting results, per-
haps in part because of the use of different animal 
models, severity of stenosis, and time-scales of 
follow-up after induction of stenosis. Using 
BOLD-MR, Rognant and colleagues failed to 
detect hypoxia in the cortex or medulla in the 
4 weeks after clipping the renal artery in 2K1C 
rats [ 49 ]. In contrast, using microelectrodes, 
Welch, Palm and colleagues have consistently 
observed cortical hypoxia in the clipped kidney 
in 2K1C rats [ 77 ,  78 ,  97 ]. In humans with RVD, 
BOLD MRI indicates relatively normal medul-
lary oxygenation, and cortical hypoxia only in 
severe renal artery stenosis [ 98 ,  99 ]. Collectively, 
these observations suggest that compensatory 
mechanisms are able to protect kidney oxygen-
ation in the face of renal artery stenosis. These 
compensatory mechanisms likely include the fact 
that reductions in GFR in the post-stenotic kid-
ney lead to a reduced tubular sodium load, and 
thus reduced oxygen demand for sodium reab-
sorption. But these compensatory mechanisms 
can be overcome in the case of severe stenosis, 
particularly when associated with atherosclerosis 
(Fig.  9.9 ) [ 100 ].

   Renal cortical hypoxia in RVD appears to be 
sustained by oxidative stress. Tempol increases 
cortical and medullary tissue PO 2  and cortical per-
fusion in the clipped kidney in chronic (early and 
late) 2K1C hypertension [ 78 ,  97 ]. Furthermore, 
chronic antioxidant therapy enhanced responses of 
cortical and medullary perfusion to acetylcholine 
in a porcine model of RVD associated with hyper-
cholesterolemia, but did not improve basal cortical 
or medullary perfusion, or GFR [ 66 ]. The vascular 
rarefaction, relative ischemia, apoptotic activity, 
and fi brosis in the post-stenotic kidney in this por-
cine model was also greatly ameliorated by anti-
oxidant treatment [ 42 ]. 
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 The impact of oxidative stress on kidney oxy-
genation is likely mediated by the reduced oxygen 
delivery secondary to endothelial dysfunction and 
vascular rarefaction (Fig.  9.7 ), and reduced effi -
ciency of renal oxygen utilization, due to reduced 
NO bioavailability (Fig.  9.9 ) [ 101 ,  102 ]. Renal 
venous PO 2  has been observed to be elevated in 
renovascular hypertension in humans [ 98 ]. This 
observation could be interpreted a number of 
ways. Firstly, it could merely refl ect lesser oxygen 
demand in the post-stenotic kidney, driven by the 
reduced tubular sodium load. In support of this 
notion, there is strong evidence the increase in 
medullary oxygenation detected by BOLD MRI 
after treatment with the loop diuretic furosemide 
is blunted in severe RVD [ 103 ]. But one might 
expect such a phenomenon to be associated with 
 increased  kidney oxygenation, which has cer-
tainly not been observed. The other, intriguing 
possibility, is that RVD is associated by increased 
oxygen shunting in the post- stenotic kidney, 
which in turn limits the effi ciency of oxygen 
extraction. As discussed earlier in this chapter, 
such oxygen shunting could be of a convective 
nature, perhaps mediated by increased heteroge-
neity of capillary perfusion, or diffusive, mediated 
by increased fl ux of oxygen from arteries to veins 
in the renal cortex and/or from descending to 
ascending vasa recta in the medulla (Fig.  9.7 ).  

   Role of Hypoxia in the Progression 
of RVD 
 While there is evidence of kidney hypoxia in RVD, 
the question of whether this hypoxia contributes to 
the progression of kidney disease remains unre-
solved. Largely, this is due to the fact that 
approaches have not been developed to allow 
hypoxia to be targeted specifi cally, so we must rely 
on indirect observation. In this context, a critical 
observation is that the effects of hypoxia on gene 
expression and signaling cascades appear to 
depend both on the duration and the severity of the 
hypoxic stimulus (Fig.  9.10 ). For example, acute 
hypoxia activates vascular endothelial derived 
growth factor (VEGF) expression in tubular epi-
thelial cells [ 104 ], so would be expected to stimu-
late angiogenesis. But chronic (24 h) hypoxia 
inhibits VEGF-mediated signaling pathways in 
cultured human endothelial cells [ 105 ], and VEGF 
expression is relatively low in chronic kidney dis-
ease [ 106 ,  107 ], including in RVD [ 108 ], which 
could contribute to vascular rarefaction. Similarly, 
hypoxia inducible factors (HIFs) are upregulated 
by relatively mild hypoxia but can be downregu-
lated when hypoxia is sustained and severe [ 12 , 
 109 ]. HIFs appear to protect against tissue damage 
in acute kidney injury [ 12 ,  82 ,  110 ], but in chronic 
kidney disease may drive the expression of genes 
which promote disease progression [ 1 ,  106 ,  111 ].
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  Fig. 9.9    Factors driving increased oxygen 
consumption in chronic renovascular 
disease.  Red arrows  show factors which 
increase oxygen consumption.  Black arrows  
show factors which lead to reduced oxygen 
consumption.  GFR  glomerular fi ltration 
rate. See text for further details       
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   There is overwhelming evidence that hypoxia 
(1) can activate pro-infl ammatory and pro- 
fi brotic pathways, (2) contributes to the patho-
genesis of acute kidney injury, and (3) evolves 
 pari passu  with most if not all forms of chronic 
kidney disease [ 106 ,  112 – 114 ]. Nevertheless, 
there is no “smoking gun”; direct evidence that 
tissue hypoxia is a critical pathogenic event 
rather than merely a consequence of chronic kid-
ney disease. There is certainly good evidence that 
chronic hypoxia can lead to apoptosis and 
epithelial- to-mesenchyme transition, two pro-
cesses that likely contribute to development of 
kidney disease and renal fi brosis [ 1 ,  82 ,  111 , 
 112 ]. Other profi brotic effects of hypoxia include 
inhibition of the expression of collagenase and 
increased expression of metalloproteinase inhibi-
tor 1 [ 115 ]. Hypoxia can also stimulate oxidative 
stress through stimulation of superoxide produc-
tion via mitochondria, xanthine oxidase and 

NADPH oxidase [ 116 ], which likely also drives 
development of fi brosis [ 18 ,  61 ]. There is also 
evidence that hypoxia precedes development of 
renal fi brosis [ 114 ]. But we have not yet been 
able to tease out the relative contributions of 
hypoxia versus other factors in the development 
of any forms of kidney disease, including RVD. 
This is a major challenge that those of us working 
in the fi eld of kidney oxygenation must focus on 
in our future endeavors.    

    Clinical Implications/Therapy 

 The preceding discussion has summarized the 
evidence that complex interactions between oxi-
dative stress, ischemia and hypoxia may drive the 
progression of RVD. Does this provide any 
insights into the potential for better treatments 
for RVD? Revascularization has only limited 
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  Fig. 9.10    Potential mechanisms by which hypoxia can 
initiate and maintain the pathogenesis of renovascular dis-
ease, especially development of fi brosis and microvascu-
lar rarefaction. Note that hypoxia-inducible factor ( HIF ) 
is activated in acute hypoxia, which can initiate angiogen-
esis through vascular endothelial growth factor ( VEGF ) 
and so inhibit vascular rarefaction, and inhibit apoptosis 

and extracellular matrix deposition through expression of 
hypoxia resistance genes. But in chronic hypoxia HIF is 
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stress act in concert to drive fi brosis and vascular rarefac-
tion.  EMT  epithelial to mesenchymal transition. See text 
for further details       

 

R.G. Evans and P.M. O’Connor



167

success [ 40 ,  117 ], probably in large part because 
it has limited effi cacy in reversing the structural 
vascular abnormalities in RVD, and thus tissue 
hypoxia [ 67 ]. It has recently been argued that 
“functional” rarefaction, largely due to endothe-
lial dysfunction, activates signaling cascades 
which in turn stimulate development of “struc-
tural” rarefaction which in turn represents a 
major driver of loss of renal function [ 108 ]. In 
support of this notion, treatments which amelio-
rate endothelial dysfunction and renal vasocon-
striction such as antioxidants [ 18 ,  61 ], or 
treatments which blunt the upstream drivers of 
oxidative stress such as AT 1 -receptor activation 
[ 82 ], or endothelin A-receptor activation [ 118 ] 
can blunt the development of vascular rarefaction 
and renal dysfunction. However, the effi cacy of 
treatments targeting oxidative stress may be lim-
ited by the complexity of this system, as evi-
denced by recent fi ndings of exacerbation of 
vascular rarefaction in RVD by chronic adminis-
tration of the superoxide dismutase mimetic tem-
pol, which the authors suggested may be due to 
increased bioavailability of hydrogen peroxide 
[ 119 ]. Development of RVD can also be blunted 
by treatments which more directly target micro-
vascular rarefaction, such as intrarenal VEGF 
infusion [ 107 ,  108 ,  120 ] or endothelial progeni-
tor cell therapy [ 108 ,  121 ,  122 ]. Thus, strategies 
targeting the functional and structural causes of 
renal ischemia will likely improve renal function 
as well as renal oxygenation. 

 Renal fi brosis will also promote tissue 
hypoxia by increasing the diffusion barriers 
between the sources of oxygen in the kidney 
(arteries, capillaries and veins) and the sites of 
oxygen consumption (tubular epithelial cells 
and other cell-types). Recent studies have iden-
tifi ed multiple potential targets for inhibition of 
fi brosis, including TGF-β/Smad3 pathways [ 83 ]. 
Importantly, there is abundant experimental evi-
dence that treatments that blunt fi brosis can also 
blunt vascular rarefaction, and vice versa [ 108 ]. 
In this context, targeting infl ammation and the 
resultant oxidative stress with an agent such as 
bindarit, which inhibits production of monocyte 
chemoattractant protein-1, may be a useful thera-
peutic approach [ 123 ]. 

 Renal oxygen consumption is also dysregu-
lated in RVD, in that the effi ciency of oxygen uti-
lization for sodium reabsorption is decreased 
[ 97 ]. This phenomenon appears to be mediated 
by oxidative stress, generated both by activation 
of the renin-angiotensin system [ 97 ] and the 
accumulation of bioactive uremic toxins [ 96 ]. 

 Thus, in conclusion, there appears to be con-
siderable scope for development of treatments 
which are able to target both structural and func-
tional damage to the kidney in RVD, and so 
improve renal perfusion and GFR, abrogate 
infl ammation and oxidative stress, and improve 
kidney oxygenation.     
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    Abstract 

 Renovascular hypertension (RVH) is an important cause of both renal and 
cardiovascular morbidity and mortality. Atherosclerosis is the most com-
mon etiology underlying the development of RVH. In the stenotic kidney, 
the development of interstitial fi brosis and tubular atrophy is associated 
with the infl ux of infl ammatory cells. These morphologic alterations result 
from a complex interplay of several pathways involving the renin angio-
tensin system, oxidative stress, the TGF-β-Smad signaling pathway, and 
the mitogen-activated protein kinase (MAPK) pathway, leading to both 
local and systemic production of chemokines that promote ongoing 
infl ammation and interstitial fi brosis. In this chapter, we will summarize 
recent human and experimental studies to determine how these signaling 
pathways interact and contribute to renal infl ammation and fi brogenesis. 
Identifi cation of these pathways will provide a mechanistic basis for the 
development of RVH and may provide the basis for novel therapeutic tar-
gets directed towards arresting the progression of renal disease in patients 
with renal artery stenosis.  
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  10      Tubulointerstitial Injury: Signaling 
Pathways, Infl ammation, 
Fibrogenesis 

           Stella     P.     Hartono       and     Joseph     P.     Grande     

        Renal Artery Stenosis: Scope 
of the Problem 

 RVH results from a functional reduction in 
the diameter of one renal artery, leading to 
decreased fl ow distal to the stenosis. A substan-
tial proportion of elderly hypertensive patients 
with new onset of end-stage renal disease of 
unclear etiology have been found to have sig-
nifi cant renal artery stenosis [ 1 ]. Atherosclerotic 
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renal artery disease is by far the most common 
etiology underlying RVH [ 2 ]. In several large 
studies, atherosclerotic renal artery disease has 
been identifi ed in approximately 7 % of individ-
uals over 65 years of age and in up to one-half 
of patients with clinical manifestations of coro-
nary artery disease or aortoiliac disease [ 3 – 5 ]. 
Surgical approaches to revascularize the kidney 
affected by renal artery stenosis have not con-
sistently improved renal function; in up to one-
quarter of patients, renal function deteriorates 
after interventions to restore blood fl ow [ 1 ,  5 ]. 
These disappointing results have prompted 
investigators to perform studies to defi ne basic 
mechanisms of renal injury in patients with 
renal artery stenosis and RVH in order to dis-
cover novel therapeutic targets that will prevent 
renal disease progression. 

 Given that the most common etiology for 
renal artery stenosis is atherosclerosis, patients 
at risk for developing renal artery stenosis 
have similar risk factors for the development 
of generalized atherosclerosis – hyperlipid-
emia, cigarette smoking, diabetes, and essential 
hypertension. In addition to these well-estab-
lished risk factors, recent studies have under-
scored a critical role for systemic infl ammation 
in the progression of tissue lesions associated 
with atherosclerosis, RVH, and diabetic renal 
disease [ 6 – 8 ]. Systemic infl ammation – as evi-
denced by increased plasma levels of IL-6 and 
other pro-infl ammatory mediators – is found 
soon after surgery to correct renal artery steno-
sis and may be predictive of an increased risk of 
developing restenosis [ 9 ,  10 ]. Indeed, systemic 
infl ammation in patients with advanced chronic 
kidney disease of any etiology may be respon-
sible for the well-established risk of death from 
accelerated cardiovascular disease [ 11 ]. These 
observations have prompted a number of stud-
ies to better understand the link between local 
and systemic infl ammation and the progres-
sion of RVD. These studies have uncovered a 
strong link between tissue infl ammation and the 
 development of fi brosis.  

    Histopathologic Findings 
in Humans with Severe Renal Artery 
Stenosis 

 The fi rst step in understanding the link between 
tissue infl ammation and the development of fi bro-
sis has involved careful histopathologic examina-
tion of tissues as they are developing fi brosis. 
Along these lines, the clinical fi ndings and histo-
pathologic alterations in patients with severe renal 
artery stenosis which necessitated a nephrectomy 
of the atrophic kidney to treat intractable hyper-
tension have recently been described [ 12 ]. 
Histopathologic features of kidneys rendered 
atrophic by renal artery stenosis include general-
ized tubular atrophy, a process characterized by 
fl attening and simplifi cation of tubular epithelium 
and thickening of tubular basement membranes 
(Fig.  10.1a, b ). There is a generalized increase in 
interstitial fi brous tissue. In virtually all cases, 
focal mononuclear infl ammatory infi ltrates are 
identifi ed in regions of fi brosis/atrophy. In 71 % 
of the nephrectomy specimens studied, there was 
relative glomerular sparing – although the isch-
emic wrinkling and folding of basement mem-
branes was often seen, <10 % of glomeruli showed 
global glomerulosclerosis. In the remaining 29 % 
of nephrectomy specimens, the severe tubuloint-
erstitial fi brosis was associated with extensive 
(>30 %) global sclerosis. The severity of intersti-
tial fi brosis, tubular atrophy, and presence of 
extensive glomerulosclerosis were associated 
with small kidney size, as measured at the time of 
nephrectomy [ 12 ]. Atherosclerotic changes were 
identifi ed within arteries in 98 % of nephrectomy 
specimens; medial hypertrophy indicative of 
hypertensive changes was observed in arteries in 
52 % of nephrectomy specimens. Atheroembolic 
renal disease was found in 39 % of nephrectomy 
specimens. The severity of vascular lesions cor-
related with hypertension, dyslipidemia, presence 
of renal insuffi ciency, abdominal aneurysms, and 
history of myocardial infarction. Of the patients 
with nephrectomy specimens showing atheroem-
bolic renal disease, 93 % had undergone a  vascular 
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procedure within the previous 3 years. Virtually 
all of the patients with hypertensive vascular 
lesions had concomitant atherosclerosis involving 
interlobular and arcuate-sized arteries [ 12 ].

   Based on this descriptive and observational 
study, it is apparent that patients with end stage 
kidney disease due to renal artery stenosis 
have risk factors for generalized atherosclero-
sis and have severe intrarenal vascular disease. 
Furthermore, there is a strong histopathologic 
association between the presence of interstitial 
fi brosis and interstitial infl ammation. In order to 
determine a mechanistic basis for these observa-
tions, investigators have employed animal mod-
els that mimic human RVD.  

    Animal Models of RVD 

 One of the most commonly employed models 
which recapitulates many of the features observed 
in human RVH involves the placement of a partial 
obstruction of one renal artery to induce unilateral 

renal artery stenosis (Fig.  10.2a, b ) [ 13 ,  14 ]. In this 
“2-kidney, 1-clip” (2K1C) model, reduced renal 
perfusion in the stenotic kidney stimulates renin 
secretion, with subsequent increases in plasma 
angiotensin II levels, thereby provoking systemic 
hypertension. As a fi rst step in defi ning pathways 
responsible for the  development of renal fi brosis 
and infl ammation, a time- dependent characteriza-
tion of signaling pathways activated in the murine 
2K1C model has been recently described [ 14 ]. In 
this model, the stenotic kidney undergoes atrophy, 
whereas the contralateral kidney enlarges at least 
in part through hyperplasia. As observed in human 
RVD, the stenotic kidney develops progressive 
interstitial fi brosis, tubular atrophy, and interstitial 
infl ammation (Fig.  10.3a, b ). The stenotic kidney 
shows marked and persistent increase in markers 
of cell proliferation and cell cycle activity, pre-
dominantly within tubular epithelial cells [ 14 ]. 
The development of atrophy in the stenotic kidney 
is associated with evidence of epithelial to mesen-
chymal transformation. An infl ux of infl ammatory 
cells, predominantly T cells and macrophages, is 

  Fig. 10.1    ( a ) Trichrome stain of a renal biopsy obtained 
from a patient with no signifi cant histopathologic abnor-
malities. Glomerular size, spacing, and architecture are 
normal. The tubules are back-to-back, with fi ne, delicate 
strands of blue-staining fi brous tissue in the interstitium. 
Note the absence of interstitial infl ammation. ( b ) Trichrome 
stain of a renal section obtained from a patient with renal 
artery stenosis who underwent a nephrectomy for intracta-

ble hypertension. Note the decreased amount of space 
between glomeruli, indicative of severe renal atrophy. 
Several glomeruli are globally sclerotic. There is general-
ized fl attening and simplifi cation of the tubular epithelium. 
Note the focal interstitial infl ammatory infi ltrates, consist-
ing predominantly of T cells and macrophages, within the 
interstitium. There is medial hypertrophy and intimal scle-
rosis of interstitial arteries, indicative of hypertension       
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also observed early and throughout the atrophic 
process. The contralateral kidney, which does not 
develop any signifi cant histopathologic alterations, 
shows transient increases in pathways associated 
with cell cycle activation and TGF-β1 expression 
[ 14 ]. No signifi cant infl ammation is noted within 
the contralateral kidney at any time point.

    Although studies of renal artery stenosis in 
experimental animals have provided important 
mechanistic insights, these and many other stud-
ies are limited in that they do not address poten-
tial compounding effects of hyperlipidemia or 
metabolic syndrome, features which are strongly 

associated with the development of atheroscle-
rotic renal artery stenosis and RVH in humans. In 
a porcine model of renal artery stenosis, early 
atherosclerosis induced by diet exacerbated dam-
age in the stenotic kidney, compared with pigs 
fed a standard diet and subjected to a similar 
degree of renal artery stenosis [ 15 ]. The increased 
damage in the stenotic kidney was associated 
with oxidative stress [ 16 ]. Increased fi brosis and 
infi ltrating lymphocytes and macrophages were 
observed in the stenotic kidney of atherosclerotic 
animals [ 16 – 18 ]. Although renal blood fl ow, 
overall glomerular fi ltration rate, and cortical 

  Fig. 10.2    ( a ) Photograph of kidney at time of stent 
placement. In this 2K1C model, a polytetrafl uoroethylene 
cuff, internal diameter 200 μm, is placed on the right renal 
artery and fi xed in place with two sutures. ( b ) Photograph 

of kidneys and aorta harvested 4 weeks after placement of 
the cuff. Note the asymmetry in the size of the left and 
right kidneys       

  Fig. 10.3    ( a ) Histologic appearance of right kidney 6 
weeks following sham procedure involving manipulation 
of right renal artery, but without placement of cuff. The 
architecture is essentially normal – there is no signifi cant 
interstitial fi brosis, tubular atrophy, or interstitial infl am-

mation. Glomeruli are normal. ( b ) Histologic section of 
right kidney obtained 6 weeks after placement of cuff. 
Note the severe tubular atrophy with focal interstitial fi bro-
sis. The interstitial fi brosis is associated with infi ltration of 
infl ammatory cells, including T cells and macrophages       
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perfusion were similarly decreased in atheroscle-
rotic and non-atherosclerotic renal artery steno-
sis, medullary perfusion declined only in 
atherosclerotic animals subjected to renal artery 
stenosis [ 16 ]. It is possible that this decrease in 
medullary perfusion could be responsible for at 
least some of the damage seen in atherosclerotic 
renal artery stenosis, as the medulla is particu-
larly vulnerable to hypoperfusion and ischemia. 
The importance of comorbid factors such as 
hyperlipidemia and metabolic syndrome is 
underscored by clinical observations indicating 
that parenchymal fi brosis of the stenotic kidney is 
rare in patients with fi bromuscular dysplasia, but 
without hyperlipidemia [ 19 ].  

    Mechanisms of Renal Disease 
in Patients with RVH 

 Clinical and experimental studies have begun to 
provide mechanistic insights into the develop-
ment of progressive renal fi brosis and infl am-
mation in renal artery stenosis (Fig.  10.4 ). In 
hemodynamically signifi cant renal artery ste-
nosis, reduced renal perfusion stimulates renin 
secretion through the renal baroreceptor system, 
leading to increased plasma levels of angioten-
sin II. Activation of the renin-angiotensin sys-
tem serves to preserve perfusion to the stenotic 
kidney, but at the cost of provoking systemic 

 hypertension. Activation of angiotensin II within 
the stenotic kidney triggers a number of signal-
ing pathways leading to the production of reac-
tive oxygen species (ROS), activation of TGF-β, 
activation of the MAPK signaling pathways, and 
activation of the NF-κB signaling pathway, lead-
ing to chemokine generation [ 14 ]. The progres-
sive renal dysfunction observed in the stenotic 
kidney does not appear to be simply a function of 
hypoperfusion and ischemia, as <10 % of normal 
renal blood fl ow is required to meet the meta-
bolic needs of renal tissue [ 19 ]. Furthermore, the 
kidney is able to adapt to signifi cant renal artery 
stenosis with preservation of renal oxygenation 
[ 20 ]. The importance of ROS in the progres-
sion of renal damage is underscored by studies 
in which  experimental  animals with  unilateral 
renal artery stenosis were treated with Tempol, a 
superoxide antagonist. This intervention reduced 
blood pressure and prevented activation of a 
number of infl ammatory and fi brogenic pathways 
including NF-κB, TGF-β, and matrix metallopro-
teinases [ 21 ].

       The Renin-Angiotensin 
System and RVH 

 The kidney contains all elements of the renin- 
angiotensin system [ 22 – 24 ]. Renin is produced 
by the juxtaglomerular cells in response to low 

Initiating
Signals

Chemokines

TGF-β

MAPK

Inflammation
Fibrosis

Stenotic kidney
Atrophy

Contralateral kidney
Compensatory

hyperplasia

Angiotensin II

Oxidative stress

Ischemia/hypoxia

Hypertension
hemodynamics

  Fig. 10.4    In renal artery stenosis, several “initiating sig-
nals” combine to promote MAPK activation, chemokine 
synthesis, and TGF-β production. These critical signaling 
pathways are responsible for the characteristic interstitial 

fi brosis, interstitial infl ammation, and tubular atrophy 
observed in the stenotic kidney. The contralateral kidney 
undergoes compensatory enlargement       
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perfusion pressure in the afferent renal artery, 
sympathetic nervous system activity, or in 
response to low sodium delivery to the macula 
densa of the distal convoluted tubule. Renin pro-
motes the proteolytic conversion of angiotensin-
ogen, made primarily in the liver, to angiotensin 
I. Angiotensin-converting enzyme, synthesized 
in the lung as well as the kidney and other tis-
sues, converts angiotensin I to angiotensin II. 
Renal content of angiotensin II is higher than 
systemic levels, at least in part through local 
production. In the kidney, angiotensin II can 
be produced through an angiotensin-convert-
ing enzyme- independent pathway, which may 
refl ect the proteolytic activity of other enzymes 
such as chymase [ 25 ]. Humans possess two 
receptors for angiotensin II: the type 1 (AT-1) 
and type 2 (AT- 2) receptors. Stimulation of the 
AT-1 receptor promotes constriction of the effer-
ent renal arteriole, leading to a decrease in renal 
plasma fl ow with subsequent increase in the 
glomerular fi ltration fraction. This action causes 
generalized increase in systolic blood pres-
sure. The pro- infl ammatory and pro-fi brogenic 
effects of angiotensin II are well documented. 
Angiotensin II promotes fi brosis through a num-
ber of mechanisms, including direct stimulation 
of TGF-β production, induction of TGF-β type 
2 receptor expression, and direct stimulation of 
collagen production, with inhibition of collage-
nase production [ 26 ]. Angiotensin II increases 
TGF-β activity at least in part through upreg-
ulation of  thrombospondin [ 27 ], a molecule 
which is a potent activator of latent TGF-β. 
Angiotensin II may promote fi brosis through 
TGF-β1- independent pathways including induc-
tion of endothelin-1 or connective tissue growth 
factor [ 28 ]. Angiotensin II is a potent stimulus 
for NF-κB activation, leading to the infl ux and 
activation of infl ammatory cells. In patients 
with progressive chronic renal disease due to 
diabetes or other etiologies not related to RVH, 
there is compelling evidence that blockade of 
the renin- angiotensin system preserves renal 
function. Effects of angiotensin II blockade, 
through either angiotensin-converting enzyme 
inhibition or angiotensin receptor blockade, 
have been shown to reduce TGF-β expression, 

leading to subsequent reduction in fi brosis 
and  infl ammation. In experimental renal artery 
stenosis, there is evidence that angiotensin-
converting enzyme inhibitors may exacerbate 
renal damage in the stenotic kidney, through 
reduction of renal perfusion pressure [ 5 ]. This 
reduction in renal perfusion pressure may actu-
ally exacerbate renal infl ammation, as shown 
by recent evidence indicating that administra-
tion of a vasopeptidase inhibitor which inhib-
its angiotensin-converting enzyme and neutral 
endopeptidase induces a Th1 immune response 
in the stenotic kidney of rats subjected to 2K1C 
hypertension [ 29 ]. Furthermore, increased renal 
infl ammation is noted in mice with knockout of 
the angiotensin type 1 receptors [ 30 ].  

    TGF-β and RVH 

 TGF-β plays a central role in a variety of path-
ways related to cell cycle regulation leading to 
hypertrophy, hyperplasia, apoptosis, MAPK acti-
vation, extracellular matrix synthesis and deposi-
tion, and infl ammation [ 31 ,  32 ]. Angiotensin II 
is a potent stimulus for the production of TGF-β 
[ 5 ]. In recent years, signal transduction path-
ways responsible for the wide-ranging effects of 
TGF-β have been identifi ed. Unlike most growth 
factors, which signal through transmembrane 
receptor tyrosine kinases, TGF-β signals through 
a set of transmembrane receptor serine/threonine 
kinases. The active receptor complex is formed 
by binding of ligand to the TGF-β type 2 recep-
tor, recruitment and activation of the type 1 recep-
tor, followed by intracellular phosphorylation of 
target proteins. Downstream mediators of TGF-β 
signaling include the Smad family of proteins. 
Smad2 and 3 are directly phosphorylated by the 
type 1 receptor kinase. Following phosphoryla-
tion, Smad2 and 3 associate with Smad4 and 
translocate to the nucleus, where the complex 
acts as a transcriptional regulator of target genes. 
TGF-β plays an important role in the chronic 
infl ammation that accompanies extracellular 
matrix deposition during fi brosis. TGF-β is capa-
ble of promoting all steps necessary for transition 
of renal tubular epithelial cells to myofi broblasts, 
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a cellular source for extracellular matrix deposi-
tion in chronic renal disease. A critical role of 
TGF-β in regulation of proliferation and collagen 
IV production has been demonstrated in studies 
employing renal tubular epithelial cells derived 
from animals bearing a homozygous deletion of 
the TGF-β1 gene [ 33 ]. TGF-β1 knockout cells 
grow at a faster rate than wild-type cells matched 
for passage number and plating density. This 
increased growth rate is associated with lower 
expression of cell cycle inhibitors p21 and p27 
in the knockout cells. Basal expression of α1(IV) 
and α2(IV) collagen mRNA and protein are sig-
nifi cantly lower in the TGF-β1 knockout cells 
than in wild-type cells. However, the knockout 
cells respond to exogenous administration of 
TGF-β1 with increases in transcriptional activ-
ity and protein production [ 33 ]. In vivo studies 
employing TGF-β1 knockout animals are not 
practical, as these animals have an extremely 
high rate of embryonic lethality, with the few sur-
viving mice developing a systemic infl ammatory 
syndrome leading to death within 2–4 weeks of 
age. For this reason, investigators have employed 
mice with homozygous deletion of Smad pro-
teins to study the role of TGF-β signaling in 
experimental models. Although Smad2 knock-
out mice are embryonic lethal, Smad3 knockout 
mice are viable. Smad3 knockout mice show 
accelerated healing of wounds, in association 
with decreased local infl ammation. Recent stud-
ies have demonstrated that the stenotic kidney 
of 2K1C Smad3 knockout mice is remarkably 
resistant to the development of interstitial fi bro-
sis, tubular atrophy, or interstitial infl ammation, 
despite activation of the renin-angiotensin system 
and the development of systemic hypertension 
[ 34 ]. Smad3 knockout mice are also resistant to 
the deleterious effects of ischemia-reperfusion 
injury [ 35 ]. Similar protective effects have been 
observed in Smad3 knockout animals subjected 
to unilateral ureteric obstruction [ 36 ]. Smad3 
is essential for the development of angiotensin- 
induced vascular fi brosis [ 37 ]. Angiotensin II, a 
potent stimulus for TGF-β1 production and acti-
vation [ 28 ], can induce Smad signaling through 
both TGF-β-dependent and TGF-β-independent 
pathways [ 38 ]. Smad3 defi ciency does not 

 protect against all forms of chronic tissue injury, 
a fact that may limit  the  effi cacy of Smad3 as a 
therapeutic target to prevent tissue fi brosis and 
infl ammation. For example, Smad3 knockout 
mice develop enhanced neointimal hyperplasia 
in response to vascular injury, albeit with less 
matrix deposition [ 39 ].  

    MAPK Pathways and RVD 

 The MAPK pathways are key intermediates in a 
number of critical signaling pathways that regu-
late hypertrophy, hyperplasia, atrophy/apoptosis, 
infl ammation, and fi brosis. For example, The 
ERK, p38, and JNK pathways are all necessary 
for mitogenesis of cultured renal cells [ 40 ]. There 
is extensive crosstalk between MAPK and TGF-β 
signaling pathways in the development of inter-
stitial fi brosis and infl ammation. Angiotensin II 
rapidly activates the Smad signaling pathway in 
vascular smooth muscle cells through an ERK1/2-
dependent but TGF-β1-independent pathway, 
although TGF-β is able to activate Smad3 at later 
time points [ 37 ]. ERK & p38 are essential signal-
ing intermediates for  TGF-β- stimulated collagen 
IV mRNA expression [ 41 ]. Inhibitors of ERK or 
p38 block TGF-β1- stimulated MCP1 production, 
thereby providing a mechanistic link between 
MAPK activation and infl ammation [ 41 ]. In vitro 
studies have demonstrated that ERK is involved 
in epithelial to mesenchymal transformation 
[ 42 – 44 ]. 

 In human diabetic nephropathy, p-ERK and 
p38 expression localize to regions of tubuloin-
terstitial fi brosis and infl ammation [ 45 – 48 ]. 
Both p38 and JNK are activated in experimental 
anti- glomerular basement membrane antibody- 
mediated glomerulonephritis [ 49 ]. In Dahl salt-
sensitive rats, the development of hypertension 
is associated with persistent activation of ERK 
[ 50 ]. In a rat model of type 2 diabetes, hyperten-
sion accelerates the development of renal disease 
at least in part through induction of ERK and p38, 
as well as TGF-β [ 51 ]. Different MAPK pathways 
are activated in angiotensin II-dependent (p38 
MAPK) versus angiotensin II-independent hyper-
tension (ERK and JNK) [ 52 ]. Given that MAPK 
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pathways regulate proliferation,  fi brosis, and 
infl ammation, there has been interest in determin-
ing whether low molecular weight inhibitors of 
MAPK pathways may be used to prevent progres-
sion of chronic renal disease [ 53 ,  54 ]. The ERK 
inhibitor U0126 reduces acute renal injury in an 
experimental mesangial proliferative glomerulo-
nephritis model [ 55 ]. The p38 inhibitor FR167653 
prevents renal dysfunction and glomerulosclero-
sis in chronic Adriamycin nephropathy [ 56 ] and 
in experimental crescenteric glomerulonephritis 
[ 57 ]. The role of low molecular weight MAPK 
inhibitors in experimental or human RVH has not 
been adequately defi ned.  

    The Role of Infl ammation in RVH 

 As in many other forms of experimental and 
human renal disease, the development of chronic 
renal damage in RVH is associated with pro- 
infl ammatory chemokine generation and the 
infl ux of infl ammatory cells, including T cells and 
macrophages. In patients with early atheroscle-
rotic renal artery stenosis, increased numbers of 
CD4+ T cells, CD83+ dendritic cells, and CD86+ 
antigen-presenting cells were identifi ed in periph-
eral blood and in the renal artery, compared to 
patients without atherosclerotic renal artery dis-
ease [ 58 ]. In a murine 2K1C model of RVH, 
increased expression of pro-infl ammatory chemo-
kines appears to precede the infl ux of circulating 
infl ammatory cells, indicating that parenchymal 
cells of the kidney are capable of contributing to 
this pro-infl ammatory signature. Angiotensin II is 
capable of directly and indirectly promoting renal 
infl ammation; the MAPK pathways and TGF-β1 
have been established as essential intermediates 
in this process. Infl ux of macrophages temporally 
coincides with onset of fi brogenesis, underscor-
ing the close link between fi brogenic and pro-
infl ammatory signaling pathways [ 59 ]. 

 There is accumulating evidence that infl am-
mation may be a cause as well as a consequence 
of hypertension [ 6 ,  60 ]. In Dahl salt-sensitive 
rats, the development of hypertension is associ-
ated with the infl ux of T cells and macrophages. 
Treatment of these hypertensive animals with 

anti-infl ammatory agents reduces blood pressure 
and renal damage [ 50 ]. Angiotensin II promotes 
vascular infl ammation through an NAD(P)H 
oxidase- dependent pathway [ 61 ]. ROS, produced 
through angiotensin II-dependent or -indepen-
dent pathways, activate a number of proinfl am-
matory transcription factors such as NFκ-B, 
NRF2, and AP1 [ 62 ]. Oxidized lipoproteins acti-
vate proinfl ammatory pathways through inter-
action with toll-like receptors (TLRs), TLR4 in 
particular [ 63 ]. Treatment of pigs with RVH with 
the antioxidant Tempol reduces infl ammation 
and subsequent renal damage [ 64 – 66 ]. In addi-
tion to stimulation of ROS generation, angioten-
sin II stimulates the production of a wide variety 
of chemokines and their receptors, including 
CCR5, CCL5 (RANTES), and TNF-α [ 67 ]. 
Treatment of angiotensin II-infused mice with 
the TNF-α antagonist etanercept prevents the 
development of hypertension and reduces angio-
tensin II-stimulated vascular superoxide produc-
tion [ 68 ], further underscoring the link between 
chemokine/cytokine production, infl ammation, 
and hypertension. 

 Macrophages have been shown to be a major 
cell type infi ltrating the kidney during the devel-
opment and progression of chronic kidney dis-
ease. Macrophages are capable of mediating a 
large number of pathways related to infl amma-
tion, fi brosis, wound healing, and repair. 
Depletion of macrophages with liposome clodro-
nate reduces renal fi brosis in obstructive uropa-
thy, experimental cyclosporine toxicity, acute 
allograft rejection, and in the early phase of acute 
kidney injury [ 69 – 71 ]. 

 Of the many chemokines produced following 
tissue injury, recent studies have focused on a 
critical role of CCL2 (MCP-1) in promoting the 
infl ux and activation of macrophages, leading to 
ongoing infl ammation and fi brosis. Experimental 
studies have shown that CCL2 is expressed in 
salt-sensitive hypertension and the 2K1C model 
of RVH [ 14 ,  50 ]. Angiotensin II stimulates 
CCL2 production through an NF-κB-dependent 
pathway [ 72 ]. In vitro studies have demonstrated 
that both the MAPK pathways and TGF-β are 
signaling intermediates leading to CCL2 produc-
tion [ 41 ]. In vivo studies employing Bindarit, 
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a  selective inhibitor of CCL2 signaling, reduces 
infl ammation and collagen deposition [ 73 ]. 
Bindarit is also effective in reducing neointimal 
hyperplasia after stent-induced injury [ 74 ]. 

 Recent studies have demonstrated that infi l-
trating macrophages are capable of polarizing to 
carry out distinct functions (Fig.  10.5 ) [ 75 ]. The 
pro-infl ammatory M1 macrophage produces a 
variety of mediators such as reactive oxygen and 
nitrogen species proteolytic enzymes, and pro- 
infl ammatory chemokines may thereby promote 
tissue injury [ 71 ]. Macrophages that inhibit 
infl ammation and promote wound healing and 
tissue repair have been called alternatively- 
activated macrophages, or M2 macrophages [ 76 , 
 77 ]. Macrophages exposed to IL-4 or IL-13 
polarize towards an M2a phenotype, which is 
associated with allergic reactions and killing of 
parasites. Macrophages exposed to immune com-
plexes and IL-1β or LPS differentiate towards an 
M2b phenotype, which is associated with Th2 
lymphocyte activation and immune regulation 

[ 76 ]. Macrophages exposed to IL-10 or TGF-β 
polarize towards an M2c phenotype, which is 
associated with matrix deposition and tissue 
remodeling. M2c macrophages have been shown 
to have a greater protective effect in some models 
than M2a macrophages in reducing tubular atro-
phy, interstitial expansion, and proteinuria. This 
may be in part due to induction of Cd4-positive 
Cd25-negative T cells into Fox3+-expressing T 
cells. Both M2a and M2c macrophages suppress 
CD8-positive T cell-mediated toxicity to tubular 
epithelial cells. In the murine 2K1C model of 
RVH, both M1 and M2 macrophages are identi-
fi ed in the stenotic kidney (Fig.  10.6a, b ).

    In an anti-glomerular basement membrane glo-
merulonephritis model, the onset of renal damage 
was associated with M1 polarization of macro-
phages. Treatment with the angiotensin II receptor 
antagonist olmesartan led to polarization of M1 to 
M2 macrophages and reduced renal injury [ 78 ]. In 
mice fed a high-fat diet, renal damage was associ-
ated with M1 polarization of  macrophages; 
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  Fig. 10.5    Following renal injury, circulating monocytes infi ltrate the kidney and are capable of differentiating along 
several pathways to produce macrophages with distinct functions       
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 treatment with an angiotensin I receptor blocker 
decreased macrophage infi ltration and upregulated 
M2 macrophage markers [ 79 ]. 

 The complexity of macrophage polarization in 
the development and progression of chronic renal 
injury is underscored by experimental studies in 
which the timing of macrophage depletion deter-
mines whether injury is reduced or exacerbated. 
For example, in unilateral ureteric obstruction, 
depletion of macrophages with cyclophospha-
mide soon after onset of injury has little effect on 
interstitial fi brosis, whereas depletion of macro-
phages during the repair phase promotes persis-
tent scarring. Adoptive transfer of macrophages 
at this late phase reduces renal fi brosis [ 80 ]. 

 Ex vivo administration of M1 or M2 mac-
rophages in mice subjected to Adriamycin 
nephropathy maintain a stable phenotype for 
up to 4 weeks. In keeping with their polar-
ized phenotype, mice infused with M1 macro-
phages showed exacerbated injury whereas mice 
infused with M2 macrophages showed decreased 
injury, chemokine generation, and infl amma-
tion [ 81 ]. Although M2 macrophages produce 

TGF-β, which has potent pro-fi brogenic prop-
erties, M2 macrophages transferred into mice 
with Adriamycin nephropathy showed decreased 
TGF-β production with time, with maintenance 
of an anti-infl ammatory phenotype [ 82 ]. 

 Based on these considerations, therapeutic 
interventions directed towards polarization of 
macrophages towards an M2 phenotype may pro-
vide a novel therapeutic target to promote resolu-
tion of infl ammation and prevent progressive 
fi brosis in patients with RVH.  

    Summary and Conclusions 

 Management of patients with atherosclerotic 
RVD is not clear. Surgical attempts to promote 
revascularization improve kidney injury in only a 
subset of patients [ 83 ]. Recent human and experi-
mental studies have defi ned a complex interplay 
between mitogenic, fi brogenic, and infl amma-
tory pathways in the development and progres-
sion of chronic renal damage in patients with 
atherosclerotic RVH. Recent studies have shown 

  Fig. 10.6    ( a ) Fluorescent co-localization of the pan-
macrophage marker F4/80 ( green ) and the M1 macro-
phage marker iNOS ( red ) in kidney 6 weeks after 
placement of a cuff to induce RVH. ( b ) Fluorescent co-

localization of the pan- macrophage marker F4/80 ( green ) 
and the M2 macrophage marker arginase ( red ) in renal 
tissue obtained from mouse 6 weeks following cuff place-
ment to induce RVH       

 

S.P. Hartono and J.P. Grande



183

that interventions to target infl ammation may 
preserve renal function in patients with athero-
sclerotic renal artery stenosis. Additional studies 
are needed to determine whether interventions 
directed towards polarization of macrophages 
towards an M2, “reparative” phenotype may pre-
serve renal function.     
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and Contralateral Kidneys: 
Unique Features of Each 
in Unilateral Disease 
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    Abstract  

  Unilateral renal artery stenosis causes angiotensin II-dependent hyperten-
sion and leads to injury of the stenosed ipsilateral, as well as the non-ste-
nosed contralateral kidney. While the hypertension is triggered by 
hypoperfusion-dependent renin release of the stenotic kidney, dysfunction 
of the contralateral kidney is what permits the blood pressure to remain 
elevated, and may even be the driving force behind the hypertension in the 
late stages. The differential function and crosstalk between the two kid-
neys are determined by the interaction among several neurohormonal 
pathways. Understanding the simultaneous processes taking place in both 
the ipsilateral and the contralateral kidneys should provide a better insight 
not only on the hypertensive process, but also on the mechanisms to 
 progressive renal injury in this condition.  
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        Introduction 

 Unilateral renal artery stenosis in patients with 
two functioning kidneys is a common cause of 
clinical hypertension, and leads to injury of the 
stenosed ipsilateral, as well as the non-stenosed 
contralateral kidney. The arterial stenosis causes 
the intrarenal arterial pressure of the stenosed 
kidney to fall, followed by an increase in renin 
(and angiotensin II) production, as well as sodium 
retention. These factors increase systemic blood 
pressure, which in theory should normalize the 
perfusion pressure and blood fl ow to the stenosed 
kidney. However, the contralateral non-stenosed 
kidney senses the increased blood pressure 
and responds by suppressing its renin secretion 
and increasing sodium excretion (via pressure 
natriuresis) in an attempt to lower blood pressure 
[ 1 ]. In fact, a fully functional non-stenosed con-
tralateral kidney should potentially be able to 
normalize blood pressure. Yet, while the diuretic 
response of the contralateral kidney appears to 
blunt the increase in blood pressure, it is often 
insuffi cient to normalize it, thus implying that its 
function is not completely normal; indeed, pres-
sure natriuresis is blunted in renovascular hyper-
tension [ 1 ]. Moreover, any antihypertensive 
response from the contralateral kidney also sus-
tains the hypoperfusion to the ipsilateral kidney 
and consequently maintains increased renin 
release from this kidney. Consequently, the two 
kidneys are effectively working against each 
other; the ipsilateral kidney increases renin and 
retains sodium in an attempt to protect its perfu-
sion, while the contralateral kidney suppresses 
renin and excretes sodium, thereby preventing 
the blood pressure from reaching levels suffi cient 
to restore perfusion to the stenotic kidney. Hence, 
while the contralateral kidney is not the causative 
factor, it clearly plays a permissive role in the 
development and maintenance of unilateral reno-
vascular hypertension. 

 In the later stage of unilateral renovascular 
hypertension, when the renal injury has pro-
gressed, the ability of the contralateral kidney to 
excrete sodium declines substantially, resulting in 
volume expansion, which now plays a more 
prominent role in the maintenance of hypertension. 

For these reasons, understanding the functional 
and structural changes in the stenotic and the con-
tralateral kidneys during the development and 
progression of unilateral renal arterial stenosis 
may help diagnostic and therapeutic decisions. In 
this chapter we will fi rst provide an overview of 
the alterations present in the ipsilateral and con-
tralateral kidneys during the course of unilateral 
renal artery stenosis, followed by a comparison of 
the functional, structural, and biochemical abnor-
malities between the two kidneys which may con-
tribute to the maintenance of hypertension as well 
as progression of renal injury in the different 
phases of unilateral disease.  

    Contribution of Each Kidney 
to the Diverse Phases of Unilateral 
Renovascular Hypertension 

 Much of our knowledge regarding the pathophys-
iology of unilateral renal vascular hypertension 
is derived from the classic two-kidney one-
clip (2K-1C) Goldblatt model of  experimental 
hypertension. This model mimics human uni-
lateral renovascular hypertension and allows us 
to study the individual role played by both the 
stenotic and contralateral kidneys. In this model, 
one renal artery has a compressive clip placed 
around it (or another device) that causes signifi -
cant stenosis, while the contralateral kidney is 
left intact. The mechanisms that sustain hyper-
tension, as well as the individual contributions 
of the ipsilateral and contralateral kidneys in 
this model, change over time. Three sequential 
phases of renovascular hypertension have been 
identifi ed: an acute phase, a second or transition 
phase, and a chronic phase [ 2 ]. These phases 
vary signifi cantly in onset and duration depend-
ing on the severity of the stenosis, species, con-
ditions under which the animals were studied, 
and the state of salt and water balance. It is also 
uncertain whether these phases apply directly to 
human renal vascular disease. Nonetheless, they 
are helpful in understanding the pathophysio-
logic mechanisms that are operative (along with 
the contributions of each kidney) as the disease 
progresses (Table  11.1 ).
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   The acute phase begins immediately after the 
onset of a critical stenosis. It is characterized by a 
decrease in renal perfusion pressure and an ensu-
ing decrease in sodium delivery to the macula 
densa in the stenosed kidney. This increases renin 
synthesis and release from the juxtaglomerular 
cells, resulting in a subsequent increase in plasma 
renin activity, angiotensin II, aldosterone, and 
eventually blood pressure [ 2 ]. The hypertension 
during this early-phase is dependent on the stim-
ulation of the renin-angiotensin system in the ste-
nosed kidney. Indeed, the hypertensive changes 
are absent in animals lacking functional angio-
tensin AT1 receptors, and can be prevented and/
or reversed by blocking the renin angiotensin 
system via a variety of approaches, such as con-
verting enzyme inhibitors and angiotensin recep-
tor blockers [ 2 ]. The hypertension during this 
stage can also be abated by removing the stenosis 
[ 2 ]. The contralateral kidney is not playing as 
prominent a role in the development of hyperten-
sion during this acute phase; its role becomes 
progressively more important over time. 

 The second phase develops if the stenosis is 
not corrected during the acute phase. It consists 
of a transitional phase of variable duration. In this 
phase, the stenosed kidney continues to generate 
relatively high levels of renin-angiotensin, which 
in turn sustains an increase in peripheral resis-
tance, and increases blood pressure. However, 
the contribution of the contralateral kidney is 
now more signifi cant. While it responds to the 
increased pressure with a pressure  natriuretic 

response, the magnitude of this response is not 
commensurate with the degree of blood pressure 
elevation. Consequently, despite relative volume 
expansion, secretion of renin from the hypoper-
fused ipsilateral kidney persists. Because the 
primary driving force behind the hypertension 
in this stage is still renin, removal of the steno-
sis, blockade of the renin-angiotensin system, 
or nephrectomy of the stenosed kidney will still 
lower the blood pressure. 

 In the third or chronic phase, the mechanisms 
maintaining the hypertension are multifactorial 
and include both a continued increase in periph-
eral resistance, as well as persistent volume 
expansion. Plasma renin activity in this phase 
varies signifi cantly because of confounding con-
ditions such as volume status and concurrent 
antihypertensive therapy. However, despite the 
relatively low levels of plasma renin activity and 
the inability of renin-angiotensin blockade to 
consistently normalize blood pressure, it is 
important to consider that (a) even normal levels 
of plasma renin activity (as commonly seen in 
humans) are still inappropriately elevated in the 
setting of hypertension, and (b) intrarenal levels 
of angiotensin II remain elevated in both the ste-
notic and contralateral kidneys. Therefore, the 
renin-angiotensin system is still playing a role, 
albeit not as dominant, in the hypertension and 
progressive renal injury in this phase. In effect, 
the elevated intrarenal angiotensin II levels, in 
conjunction with the prolonged exposure to the 
elevated blood pressure, are likely to be the main 

     Table 11.1    The Contribution of each kidney to the sequential phases of the two kidney one clip Goldblatt hypertension 
model: changes in RBF, Juxtaglomerular renin production, intrarenal angiotensin II, and urinary sodium excretion 
(UxV Na ) are represented   

 Phase  Kidney  RBF 
 Intrarenal 
renin 

 Intrarenal 
angiotensin II  UxV Na  

 Role in 
increasing BP 

 BP falls after repairing 
stenosis/RAS blockade 

 Acute  Stenotic  ↓  ↑  ↑  ↓  ↑↑  Yes 
 Non- stenotic   ↑/↓  ↓  NC  NC  NS 

 Transitional  Stenotic  ↓  ↑ or Normal a   ↑  ↓  ↑↑  Yes 
 Non- stenotic   ↑/↓  ↓  ↑ a   ↑ b   ↑ 

 Chronic  Stenotic  ↓  ↑ or Normal a   ↑  ↓  ↑  No 
 Non- stenotic   NC or ↓  ↓  ↑ a   ↑ b   ↑↑ 

  Depending on the degree of stenosis the contralateral kidney may show incremental decreases in RBF 
  NC  no change,  NS  not signifi cant 
  a Inappropriately high for blood pressure levels 
  b Insuffi cient to normalize blood pressure  

11 Interaction Between Stenotic and Contralateral Kidneys: Unique Features of Each in Unilateral Disease
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culprits responsible for the substantial microvas-
cular injury that develops in the contralateral kid-
ney [ 2 ,  3 ]. This microvascular injury is associated 
with a further increase in renal vascular resis-
tance and impairment of excretory function, thus 
leading to worsening of the volume expansion. 
Hence the renal microvascular injury is widely 
considered to be the primary cause of the sus-
tained hypertension in this phase. Because the 
hypertension is now predominantly determined 
by the contralateral kidney, correcting the steno-
sis or removing the stenotic kidney no longer 
leads to reduction of the blood pressure. Indeed, 
removing the contralateral kidney (after correct-
ing the stenosis) has been reported to correct the 
blood pressure.  

    Renin Angiotensin Aldosterone 
System (RAAS) 

 As mentioned before, activation of the renin 
angiotensin system instigates and plays a princi-
pal role in the maintenance of hypertension in all 
three phases of unilateral renal artery stenosis 
(Fig.  11.1  and Table  11.1 ). The increase in sys-
temic angiotensin II levels is the result of increased 
renin production and secretion by the JG cells of 
the  stenotic kidney . The ensuing increase in circu-
lating angiotensin II levels and blood pressure 
inhibits renin production by the JG cells of  the 
contralateral kidney,  and this was thought to indi-
cate that the activity of the renin- angiotensin sys-
tem in this kidney was suppressed. However, both 
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  Fig. 11.1    Renin angiotensin aldosterone system in unilat-
eral renal artery stenosis. As the renal blood fl ow falls in 
unilateral renal stenosis, renin and angiotensin content 
increases in the ipsilateral kidney. This is associated with 
increased sodium reabsorption in the stenosed kidney. The 
renin excess spills over to the systemic circulation increasing 

Aldosterone secretion. Efferent renal nerves from the ste-
nosed kidney increases sympathetic tone. Hypertension 
results from the interplay of all these mechanisms. The con-
tralateral kidney respond to sodium retention and hyperten-
sion by decreasing the synthesis of renin and angiotensin. 
But these changes are insuffi cient to lower blood pressure       
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kidneys remain very responsive to inhibition of 
the RAAS (even when plasma angiotensin II lev-
els have normalized) suggesting that the effect of 
angiotensin II remains elevated in both kidneys 
[ 1 ,  4 ,  5 ]. It is now known that intrarenal levels of 
angiotensin II are dissociated from the circulating 
levels; in fact, intrarenal levels of angiotensin II 
are increased in both the stenotic as well as the 
contralateral kidney, and remain elevated in both 
kidneys even after systemic angiotensin II levels 
return towards normal [ 1 ,  4 ,  5 ]. The reasons for 
this dissociation are due to the contrasting mecha-
nisms that regulate the systemic vs. intrarenal 
renin-angiotensin system. As mentioned before, 
the increase in systemic renin is primarily perfu-
sion pressure-dependent and originates from the 
JG cells of the stenotic kidney. However, the 
increase in intrarenal angiotensin II is not depen-
dent on increased renin from the JG cells, rather it 
is elicited by the elevated circulating angiotensin 
II levels [ 1 ,  4 ,  5 ].

   Small incremental increases in circulating 
angiotensin II, as occurs during unilateral renal 
artery stenosis or infusion of angiotensin II, lead 
to increases in intrarenal angiotensin II to levels 
well above those observed in plasma [ 5 ]. This 
increase is not only the result of renal accumula-
tion of angiotensin II, but also because of 
increased local production of angiotensin II. 
Indeed, the kidney possesses all of the elements 
necessary to produce angiotensin II, including 
renin (produced not only by the JG cells but also 
by tubular cells), angiotensinogen, and ACE, and 
the expression of these components are altered in 
both, the stenotic and contralateral kidney [ 4 ]. In 
the stenotic kidney, there is increased renin in the 
JG cells as well as in tubular cells of the connect-
ing tubule and collecting duct, whereas the 
increased renin in the contralateral kidney is 
derived primarily by the tubular cells [ 6 ,  7 ]. 
There is also increased production of angioten-
sinogen in the proximal tubular cells, which is 
subsequently secreted into the tubules and spills 
over into the distal nephron segments in both kid-
neys, thus facilitating the increased formation of 
angiotensin I [ 7 ]. ACE, which is not only 
expressed on the endothelial cells, but also on the 
luminal membrane of the proximal and distal 

nephron segments, facilitates the continuous pro-
duction of tubular/intrarenal angiotensin II, 
which is essential for the development of hyper-
tension [ 8 ,  9 ]. Importantly, there is increased 
intrarenal ACE activity in the tubules of the non- 
stenotic kidney, and an additional ACE- 
independent pathway by chymase in the stenotic 
kidney, both of which may further augment 
angiotensin II formation. While the elevated 
angiotensin II levels down regulate the vascular 
AT1 receptors, tubular AT1 receptor levels are 
sustained in both kidneys, and it is the activation 
of these receptors that are largely responsible for 
the persistent increase in intrarenal angiotensin II 
uptake and production, as well as the renal dys-
function in both kidneys [ 10 ].  

    Renal Hemodynamic Changes 
During Unilateral Renal Artery 
Stenosis 

 The natural progression of renal hemodynamics 
in humans with renal artery stenosis is not known 
since the onset and progression of the stenosis is 
very gradual and not easily mimicked in experi-
mental models. Stenosis of the renal artery does 
not signifi cantly decrease the renal arterial perfu-
sion pressure distal to the stenosis or the RBF 
until at least 70 % of the lumen is occluded. Once 
this point is reached, renal perfusion becomes 
critically dependent on arterial pressure and in 
fact may fl uctuate signifi cantly during the course 
of the day [ 11 ,  12 ]; it has been postulated that 
these periods of hypoperfusion may be an impor-
tant contributor to renal injury in these kidneys 
[ 11 ]. Further encroachment upon the arterial 
lumen causes signifi cant decreases in distal per-
fusion pressure, as well as blood fl ow to that kid-
ney. However, these changes in the renal 
perfusion pressure, blood fl ow as well as function 
(of both the ipsilateral and contralateral kidneys) 
are not solely due to the degree of stenosis. They 
also depend on other factors such as changes in 
systemic arterial pressure, renal vascular resis-
tance, vasoactive factors/hormones, etc., all of 
which may have variable effects depending on 
the timing and duration of their exposure. Despite 
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the shortcomings of animal models in which a 
stenosis is acutely created (compared to human 
renal artery stenosis which is almost always char-
acterized by a gradual onset), the Goldblatt model 
of acute renal artery stenosis allows us to identify 
the early changes and consequently study the 
mechanisms by which renal dysfunction and 
injury progress. 

    Changes in the Acute/
Immediate Phase  

 Acute reductions in renal perfusion pressure trig-
ger a series of progressive changes in both the 
ipsilateral and contralateral kidney (Table  11.1 ). 
The immediate response to the acute application 
of mild (70 %), moderate (87 %) and severe ste-
nosis (95 %) was nicely described by Anderson 
et al. [ 11 ]. They found that acute application of 
unilateral renal artery stenosis tended to cause a 
biphasic response in arterial/aortic pressure, dis-
tal renal perfusion pressure as well as the RBF to 
both kidneys. The application of mild and moder-
ate stenosis caused transient increases in arterial/
aortic pressures that returned to normal within 
90 min; only severe stenosis caused a sustained 
elevation in arterial/aortic pressure. The changes 
in distal perfusion pressure and RBF in the  ste-
notic kidney  tend to occur in tandem, except that 
the perfusion pressure alterations were more pro-
nounced than the changes in blood fl ow. For 
instance, application of mild stenosis caused a 
mild (~20 mmHg), transient decrease in distal- 
RPP that was not accompanied by a decrease in 
ipsilateral RBF. On the other hand, application of 
moderate or severe stenosis caused much larger 
initial decreases in distal-RPP (by 75 and 80 %, 
respectively) accompanied by decreases in RBF. 
These responses also tended to be transient. In 
moderate stenosis, both the distal-RPP and RBF 
returned to normal within 60 min. In severe ste-
nosis, distal-RPP returned toward normal, but it 
did so at a much slower rate and at the expense of 
an elevated arterial pressure and a large pressure 
gradient across the stenosis remained present. 
Despite this sluggish normalization of distal- 
RPP, RBF was near normal levels within 30 min. 

The stenotic kidney also exhibits a signifi cant 
increase in resistance immediately following the 
stenosis. Anderson et al. imply that this increase 
in resistance, which also contributes substantially 
to the decrease in peripheral conductance, is a 
result of the hydraulic resistance of the stenotic 
narrowing of the renal artery and not directly due 
to an increase in the resistance in the distal renal 
vasculature [ 12 ].  The contralateral kidney  does 
not exhibit any changes in its RBF following 
mild stenosis. With more severe stenosis, how-
ever, it exhibits a more variable response. In the 
Anderson study mentioned previously, there was 
a small decrease in contralateral RBF due to an 
increase in renal vascular resistance [ 11 ]. 
Administration of an ACE inhibitor prevented 
these effects implying that angiotensin II may be 
responsible for the vasoconstriction seen in these 
vessels during the early phase of renovascular 
hypertension. However, increased contralateral 
RBF (despite increased renal vascular resistance) 
has also been reported soon after creation of a 
stenosis, albeit at different time frames [ 13 ,  14 ].  

    Progression of the Changes 
in Renal Hemodynamics 

 Over time, if the stenosis persists, the blood 
fl ow to  the stenotic kidney  gradually increases, 
but usually remains signifi cantly reduced com-
pared to the pre-stenotic value. However, the 
reported changes are quite variable, likely due 
to degree and chronicity of stenosis, hydration 
status, kidney weights, and experimental condi-
tions. Despite this, certain general tendencies 
can be recognized. Effective renal plasma fl ow, 
single nephron fi ltration rate, glomerular capil-
lary pressure, Kf and proximal tubular fl ow are 
all decreased in the stenotic kidney [ 15 ,  16 ]. 
These hemodynamic changes are driven by an 
increase in pre-glomerular resistance (largely 
secondary to the stenosis   ). The decline in GFR 
can be progressive as shown by Himmelstein 
et al., who reported a progressive worsening of 
inulin clearance over the ensuing 4 weeks follow-
ing establishment of stenosis [ 17 ]. Similar renal 
and glomerular hemodynamic patterns have been 
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reported in humans; that is the stenotic kidney 
has a lower RBF (when corrected per gram of 
ipsilateral kidney weight), as well as decreased 
ERPF, and GFR [ 18 ] (Fig.  11.2 ).

   On the other hand, blood fl ow to  the contralat-
eral kidney  is usually unchanged or increased, but 
this has not been uniformly found [ 16 ,  18 ]. One fac-
tor that may contribute to the inconsistency is that 
there may be hypertrophy of the contralateral kid-
ney following long-term renal artery stenosis; hence 
plasma fl ow may not be increased when corrected 
for kidney weight. The tendency towards increased 
fl ow is accompanied by increased  effective renal 

plasma fl ow, single nephron fi ltration rate, glomeru-
lar capillary pressure, and pre-glomerular resis-
tance, whereas Kf and post glomerular resistance 
are decreased in the contralateral kidney [ 19 ]. The 
increases in renal and glomerular hemodynamic 
parameters in the contralateral kidney occur despite 
increased renal vascular resistance in this kidney, 
which has been reported in both experimental and 
human renovascular hypertension [ 19 ]. However, 
the increased resistance is not appropriate for the 
blood pressure elevation; it is half that seen in the 
stenosed kidney, and more importantly it is insuffi -
cient to maintain normal glomerular pressures and 
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  Fig. 11.2    Renal hemodynamic parameters during 
chronic renal artery stenosis. In a well-established chronic 
phase, signifi cant (70 % stenosis or more) causes a fall in 
renal blood fl ow that is in part due to increased renal vas-
cular resistance. This is followed by decreased effective 
renal blood fl ow, single nephron fi ltration rate, glomerular 
capillary pressure, fi ltration co-effi cient (K f ) and proximal 
tubular fl ow, in the stenotic kidney. Renal blood fl ow may 
vary in this kidney depending on arterial blood pressure, 

hydration and other factors. The contralateral kidney, sub-
jected to arterial hypertension, responds also by increas-
ing pre-glomerular resistance, but renal blood fl ow may 
be unchanged or increased. Glomerular capillary pressure 
increases and may explain the increased single nephron 
fi ltration rate, despite decreased K f  and post glomerular 
resistance. Autoregulation is lost in the contralateral kid-
ney probably related to impaired tubular-glomerular 
feedback       
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fl ows. Moreover, it fails to respond to decreases in 
blood pressure or amino acid infusion, demonstrat-
ing a loss of autoregulatory effi ciency and of func-
tional reserve, which may in part be due to decreased 
sensitivity of the tubuloglomerular feedback system 
[ 16 ,  20 ]. It is important to note that the loss of tubu-
loglomerular feedback sensitivity can help sustain 
total GFR (it allows for increased GFR of the con-
tralateral kidney in the setting of decreased GFR in 
the stenosed kidney) and thus may be viewed as 
adaptive. However, it also allows for the increased 
glomerular capillary pressures and does not help 
prevent the drops in renal perfusion and fi ltration 
during times of hemodynamic stress, thus poten-
tially worsening the progression of renal injury 
(Fig.  11.2 ).  

    Response of the Stenotic 
and Contralateral Kidneys 
to Correction of the Stenosis 

 This has been incompletely evaluated and the 
available data are not surprisingly quite variable, 
particularly in humans [ 21 ,  22 ]. Most studies have 
evaluated total renal function after revasculariza-
tion, while few have assessed renal function in 
both the re-vascularized and the contralateral kid-
ney. For instance, split renal function after renal 
angioplasty for arteriosclerotic or dysplastic uni-
lateral renal artery stenosis, show that single- 
kidney GFR increases in the stenotic kidney and 
decreases in the contralateral kidney [ 21 ]. Both the 
usual hypoperfusion of the stenotic kidney and a 
proposed hyperperfusion of the non-stenotic con-
tralateral kidney are reversed [ 23 ]. Overall, the 
available studies reporting split function suggest 
that stenting of the stenosis may cause stabiliza-
tion or improvement of ipsilateral RBF and GFR, 
but a decrease in the function of the contralateral 
kidney. However, these results must be interpreted 
with caution as they were small studies in which 
patient selection may have biased the results; and 
therefore they may not apply to many or most 
patients with renal artery stenosis because of the 
presence of numerous confounding factors, 
(degree of microvascular disease, presence of dia-
betes, smoking, etc.), in these patients.   

    Factors Infl uencing the Function 
of the Ipsilateral vs Contralateral 
Kidney 

 As in other forms of hypertension, the high blood 
pressure and ensuing renal damage is the result of 
the interactions among diverse physiochemical 
factors, including alterations in renal hemody-
namics, sympathetic nervous activity, various 
hormones, reactive oxygen species and other fac-
tors. The varied reactions of the stenosed and 
contralateral kidneys in response to these mecha-
nisms determine renal dysfunction and injury, 
which lead to vascular, tubulointerstitial, infl am-
matory and fi brotic changes in both kidneys [ 3 ,  24 ] 
(summarized in Fig.  11.3 ).

      Renal and Sympathetic Nervous 
System (SNS) 

 Over activity of the sympathetic nervous sys-
tem can promote hypertension by facilitat-
ing the release of renin, as well as increasing 
renovascular resistance, and tubular reabsorp-
tion of sodium [ 25 ]. In unilateral renal artery 
stenosis there is a sustained increase in sym-
pathetic activity, which may thus contrib-
ute to the long-term blood pressure elevation 
[ 26 ,  27 ]. This notion is supported by studies 
showing that plasma catecholamine levels, 
norepinephrine spillover rates, and muscle 
sympathetic nervous activity are commonly 
increased in human and experimental renovas-
cular hypertension [ 27 ]. Direct measurements 
of renal sympathetic nervous activity (RSNA) 
to the kidneys are rather scarce, but the avail-
able data suggest that it is increased to the 
clipped kidney, but perhaps decreased to the 
contralateral kidney [ 28 ]. While the increased 
sympathetic tone originates primarily from the 
stenosed kidney, there are alterations in both 
the afferent and efferent limbs of both kid-
neys that may contribute to the perpetuation of 
hypertension [ 29 ]. In fact, the neural crosstalk 
between the two kidneys (renorenal refl exes) 
is consistently impaired and may contribute 
to the inadequate response of the contralateral 

L.A. Juncos et al.



195

kidney to the hypertension [ 30 ] (Fig.  11.4a–c ). 
Renorenal refl exes are neurohumoral- mediated 
responses occurring in one kidney in response 
to interventions on the same or opposite kid-
neys. In normal subjects, stimulation of renal 
mechanoreceptors or chemoreceptors activates 
ipsilateral afferent renal nerve activity, which 
decreases contralateral efferent renal nerve 
activity resulting in increased sodium excre-
tion from this kidney. However, this refl ex is 
impaired in renovascular hypertension; stimu-
lation of the mechanoreceptors or chemorecep-
tors of either the clipped or unclipped kidney 
did not increase ipsilateral afferent renal nerve 
activity, nor did it decrease efferent renal nerve 
activity or increase salt excretion from the 

contralateral kidney [ 30 ]. Thus, there is strong 
evidence suggesting that the lack of inhibitory 
renorenal refl exes from the stenosed kidney 
may boost efferent renal sympathetic nervous 
activity, blunt contralateral natriuresis, and 
consequently contribute to arterial hyperten-
sion in this model.

   The signifi cance of the increase in sympa-
thetic nervous activity and the impaired reno-
renal refl exes in renovascular hypertension is 
supported by studies demonstrating that blood 
pressure decreases following ganglionic block-
ade, peripheral sympathectomy, and destruction 
of selected regions in the anterior hypothalamus. 
Similar results are attained by administration 
of agents that reduce sympathetic outfl ow by 
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  Fig. 11.3    Various factors infl uencing the function of the 
ipsilateral and contralateral kidney. Sympathetic Nervous 
System activity ( SNS ), endothelins and eicosanoids are 
some of the diverse physiochemical factors which vary in 
each kidney. The varied reactions of the stenosed and 

 contralateral kidneys in response to these mechanisms 
and also to changes in renin contributes to the overall 
determination of renal dysfunction and injury, leading to 
vascular, tubulointerstitial, infl ammatory and fi brotic 
changes in both kidneys       
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 stimulating the imidazoline and alfa-2 receptors 
in the rostral ventrolateral medulla (i.e., cloni-
dine, moxonidine and rilmenidine) [ 31 ]. The 
participation of each kidney in modulating the 
sympathetic nervous system activity has been 
determined by renal denervation studies. The 
role of the stenotic kidney in driving the increase 
in sympathetic nervous system activity and 
blunting sodium excretion is inferred by stud-
ies showing that renal denervation or selective 
afferent renal nerve denervation of the stenotic 
kidney (via thoracolumbar dorsal rhizotomy), 
lowers blood pressure, reduces renin activity 
in the same (clipped) kidney, and increases uri-
nary sodium excretion of both kidneys; an effect 
that is mimicked by clonidine [ 30 ]. In contrast, 
denervation of the contralateral non-stenotic kid-
ney has a less consistent blood pressure lowering 
effect, but it decreases urinary sodium excretion 
and peripheral sympathetic nervous activity 
and normalizes renorenal responses in 2K-1C 
hypertensive rats; i.e., urinary sodium excretion 

increases in the ipsilateral kidney and falls in 
the contralateral one [ 32 ], suggesting that renal 
nerve activity of both kidneys and renorenal 
refl exes contribute to the hypertensive effect of 
renal artery stenosis. 

 In brief, current evidence clearly indicates that 
the SNS is activated and plays a role in the hyper-
tensive effects of unilateral renal artery stenosis. 
Moreover, renorenal refl exes are impaired and 
may accentuate the typical increase in sympathetic 
nervous system activity of renovascular hyperten-
sion and foster hypertension by increasing sodium 
and water retention. Be that as it may, other factors 
may also be pertinent in the abnormal sympathetic 
responses present in renovascular hypertension. In 
this respect, McElroy et al. have shown altered 
adrenergic receptor affi nity during 2K1C hyper-
tension; it was heightened in the clipped (but not 
contralateral kidney) at 2-weeks, and elevated in 
both kidneys at 6 weeks [ 33 ]. However, the role of 
this alteration is unclear since receptor affi nity was 
normalized by 12 weeks.  
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  Fig. 11.4    Reno-renal refl ex in unilateral renal artery dis-
ease. ( a ) Shows mechano or chemo- stimulation (1), 
increasing afferent renal nerve activity (2). This reduces 
renal efferent activity in the contralateral kidney (3), thus 
increasing sodium excretion in this contralateral kidney 

(4). ( b ) Shows the absence of reno-renal refl ex; that is, 
efferent renal activity is not inhibited and consequently, 
renal sodium excretion decreases. ( c ) Shows that afferent 
renal denervation of the clipped kidney, leaves the efferent 
tone idle thus allowing for sodium excretion       
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    The Angiotensin-Endothelin- 
Oxidative Stress Axis 

 Increases in intrarenal angiotensin II stimulate 
the production of several factors, including endo-
thelin- 1 (ET-1) and oxidative stress, suggesting 
that they may also play an important role in the 
pathophysiology of renovascular hypertension 
[ 34 ]. Indeed, ET-1 mRNA, protein, and urinary 
excretion are all elevated in both kidneys through-
out all phases of the two-kidney one clip model 
of hypertension. However, while the renal venous 
blood levels of ET-1 in the clipped kidney are 
elevated, the peripheral circulating levels are not 
increased [ 35 ]. The mechanisms for the increased 
ET-1 are multifactorial and appear to vary 

depending on the kidney and phase of renovascu-
lar hypertension (Fig.  11.5 ).

   In the  stenotic kidney , the increased ET-1 is 
initially triggered by the high levels of intrarenal 
angiotensin II. Indeed, ACE inhibitors and angio-
tensin receptor blockers reduce the expression 
and excretion of ET-1 from the stenosed kidney, 
but only in the early and transitional phase of uni-
lateral renal artery stenosis (6–8 weeks). 
However, during the chronic phase (>12 weeks), 
other factors come into play, including, oxidative 
stress, infl ammation, and perhaps regional 
hypoxia and all of them contribute to sustain the 
local ET-1 synthesis. This upregulation of ET-1 
expression is mainly in the cortex, but is associ-
ated with a concurrent increase in medullary 
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  Fig. 11.5    Endothelin-1 and endothelin-a receptors in 
unilateral renal artery stenosis: the stenosed kidney 
increases cortical ET-1 expression in part induced by 
increased Ang II synthesis and in part due to persistent 
infl ammation, oxidative stress and perhaps tissue hypoxia. 
In the medulla of the stenotic kidney increases ET-A 

expression while ET-B receptors are unchanged. The pre-
dominance of ET-A over ET-B receptors facilitates the 
pro-oxidative, vasoconstrictor and infl ammatory effects 
of ET1. The contralateral kidney also exhibits increase in 
endothelin-1 and decrease in GFR and RBF       
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ET-A receptor [ 35 ]. Activation of this receptor 
induces vasoconstriction, oxidative stress, endo-
thelial dysfunction, microvascular rarefaction, 
and leads to renal injury [ 35 ]. It also attenuates 
the normal angiogenic response mediated by vas-
cular endothelial growth factor (VEGF) [ 36 ]. In 
contrast to the ET-A receptor, expression of the 
ET-B receptor (a promoter of sodium excretion) 
is unchanged in either the cortex or medulla of 
the stenosed kidney. As a result, the renal hemo-
dynamic effects of ET-A prevail, reducing GFR 
and RBF and increasing RVR in the stenosed kid-
ney. In fact, early administration of an ET-A 
blocker in experimental renal artery stenosis pre-
vented the reduction in GFR, RBF, as well as 
renal damage and microvascular density loss in 
the stenosed kidney, without reducing the blood 
pressure, PRA or intrarenal levels of angiotensin 
II [ 36 ]. In contrast, ET-A blockage in the late 
phase did not provide benefi cial effects on the 
hemodynamic parameters or the renal damage. 
Moreover, long-term blockade of the ET-A recep-
tor was reported by Hocher et al. to worsen 
fi brotic atrophy of the clipped kidney, without 
affecting blood pressure or PRA [ 37 ]. 

 Endothelin-1 synthesis is also increased 
throughout all phases of renovascular hyperten-
sion in the  contralateral kidney . The stimuli for 
its elevation here include the same factors as the 
stenotic kidney, and perhaps also increased shear 
stress changes; however, in this kidney, the ET-A 
receptors are not increased [ 35 ]. Blocking the 
ET-A receptor improved RBF and GFR of the 
unclipped kidney, but blunted the sodium loss of 
both kidneys in severely hypertensive 2K1C rats 
[ 38 ]. The contralateral kidneys of rats chronically 
treated with an ET-A blocker by Hocher et al. 
(mentioned previously) did not exhibit any exac-
erbation of their chronic renal fi brosis [ 37 ]. 

  Oxidative Stress . Unilateral renal artery 
 stenosis is often accompanied by a progressive 
increase in oxidative stress, as shown by an early 
(1 week) increase in plasma thiobarbituric acid-
reactive species (TBARS) levels, as well as ris-
ing plasma PGF2a-isoprostanes levels that remain 
elevated and parallel the increase in mean arte-
rial pressure, even after plasma renin activity has 
returned to baseline levels. This increase in the 

systemic levels is accompanied by a commensu-
rate increase in not only the stenotic, but also the 
contralateral kidney; renal vein PGF-2α isopros-
tanes from the contralateral and the stenosed kid-
neys show similar elevations [ 39 ]. Moreover, the 
levels of antioxidant enzymes (glutathione per-
oxidase, catalase, CuZn-SOD, Mn-SOD) are also 
decreased in both kidneys throughout the duration 
of the stenosis [ 39 ]. Since oxidative stress in gen-
eral, and isoprostanes have important renal effects 
including renal vasoconstriction, sodium retention 
and tubular epithelial damage, these results sug-
gest that they may play a role in modulating func-
tion and injury in both kidneys [ 40 ] (Fig.  11.6 ). 
However, while there are substantial data showing 
that it contributes to renal dysfunction and damage 
of the stenotic kidney, its role in the contralateral 
kidney is not as thoroughly studied. This may be 
important to determine because the location of the 
increased oxidative stress (as determined by nitro-
tyrosine immunoreactivity) may be different in the 
two kidneys, in that, it is focused in and around 
the MD cells in the stenotic kidneys, but it is more 
concentrated in the afferent arterioles of the con-
tralateral kidney [ 41 ].

       Renal Eicosanoids in Unilateral 
Renal Artery Stenosis 

 Renal function is strongly modulated by the balance 
that exists between vasodilator (Prostaglandin-I 2 ; 
PGI 2  and Prostaglandin E 2 ; PGE 2 ) and vasocon-
strictor prostanoids (thromboxane A 2 ; TxA 2 ). 
This balance can be altered by a variety of stimuli 
including angiotensin II. While angiotensin II can 
stimulates the synthesis of both, vasodilator and 
vasoconstrictor prostanoids, chronic exposure to 
angiotensin II and oxidative stress tilts the bal-
ance towards the vasoconstrictors prostaglan-
dins, which may contribute to the maintenance of 
hypertension in the chronic phase of hypertension 
[ 42 ]. The stenotic kidneys have increased TxA 2  
in renovascular hypertension; this increase may 
help maintain GFR and promotes hypertension by 
inciting the release of renin and therefore angio-
tensin II. The contralateral kidneys also excreted 
increased amounts of TxB 2  (a metabolite of TxA 2 ) 
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and this elevation in TxB 2  is inversely propor-
tional to the fall in GFR [ 17 ]. Elevation of throm-
boxane has also been reported in humans [ 43 ]. It 
is elevated in both kidneys, but especially in the 
contralateral kidney. These results suggest that 
enhanced thromboxane synthesis may contribute 
to the regulation or dysregulation of the kidneys in 
renovascular hypertension. 

  The vasodilator prostaglandins  may also play 
an important role in modulating individual renal 
function in unilateral renal artery stenosis. They 
are important in protecting renal perfusion and 
function in states where perfusion is compro-
mised, thus it is of no surprise that they play a 
role in the stenosed kidneys. However, in reality, 
both kidneys have high concentrations of PGE 2  in 
the early phases of 2K-1C hypertension, espe-
cially in the medullary regions [ 44 ], and have 

been suggested to play a critical role preserving 
renal function in these early stages of renovascu-
lar hypertension, at least in part via pre-glomeru-
lar vasodilation [ 45 ]. As the renovascular 
hypertension becomes more chronic, eicosanoid 
production declines, yet they may still play a role 
in protecting both kidneys (especially the clipped 
one) from a critical reduction in blood fl ow dur-
ing this phase [ 45 ,  46 ].  In the clipped kidney , 
RBF decreases proportionally to the reduction in 
the renal artery lumen. While renal PGE 2  content 
increases modestly with moderate clipping, the 
administration of a COX 1 inhibitor does not 
change RBF. However, with severe stenosis, 
renal PGE 2  content falls markedly in both kid-
neys and yet, the administration of a COX inhibi-
tor signifi cantly lowers RBF of both kidneys. 
This indicates that, even at low concentrations 
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  Fig. 11.6    Oxidative stress in unilateral renal artery steno-
sis: oxidative stress is increased in both the stenotic and the 
non stenotic kidneys during unilateral renal stenosis. This 
is refl ected in the systemic circulation were oxidation 

causes vasoconstriction and increased blood pressure even 
after plasma renin activity decreases. Oxidative stress 
seems to contribute to renal dysfunction and tissue damage 
in the stenosed kidney but not in the contralateral kidney       
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 Stenotic kidney  Contralateral kidney 

 Before COX 
Inhibition 

 After COX 
Inhibition 

 Before COX 
Inhibition 

 After COX 
Inhibition 

  Moderate      clipping  (<  50% fall in RBF   ) 
 Renal PGE2 content  200  110*  110  80 
 RPF  30  28  60  55 
 GFR  9  8  15  14 
  Severe clipping  (>  70% fall in RBF ) 
 Renal PGE2 content  350  80*  110  80 
 RPF  20  6*  45  30* 
 GFR  9  3*  16  11* 

  Note: Data derived from several studies as indicated in text 
 * p < 0.05 vs. Before COX inhibition  

   Table 11.2    Effect of 
cyclooxygenase (COX) 
inhibition on renal 
hemodynamics in the 
stenotic and contralateral 
kidneys during moderate 
and severe renal artery 
stenosis  

PGE 2  exerts a protective effect on kidney hemo-
dynamics [ 47 ] (Table  11.2 ).

    The contralateral kidney  shows changes in renal 
hemodynamics and renin release that are also par-
tially explained by alterations in arachidonic acid 
metabolism. Although tissue PGE 2  and PGI 2  con-
tent in the contralateral kidney changes very little or 
may even decrease, administration of a prostaglan-
din inhibitor causes a signifi cant fall both in RBF 
and in GFR, implying that renal hemodynamics in 
the non-clipped kidney are sustained by these vaso-
dilator eicosanoids [ 17 ,  47 ] (Table  11.2 ). In fact, the 
protective effects of TxA 2  synthesis blockers may 
be partially due to shunting of endoperoxide sub-
strate to PGI 2  [ 17 ]. However, despite the protective 
effects afforded by the renal eicosanoids, they do 
not suffi ce to normalize overall renal function. 

 It is important to point out that PGI 2  may have a 
dual effect in regulating blood pressure and renal 
function in renal artery stenosis. On one hand, it is 
a vasodilator and thus should blunt decreases in 
RBF and increases in blood pressure. However, it is 
also an important stimulus for renin release, thus it 
can exert a paradoxical effect on blood pressure in 
certain conditions. Indeed, Fujino et al. found that 
mice lacking the prostacyclin receptor have a 
decreased hypertensive response to renal artery ste-
nosis [ 48 ]. However, the contribution of each indi-
vidual kidney to this response is not understood.  

    Nitric Oxide (NO) 

 The regulation of NO in renovascular hyperten-
sion is multifaceted. Decreased sheer stress (due 

to the decreased blood fl ow in the stenosed 
 kidney) inhibits NO production, whereas 
increased shear stress in the contralateral kidney 
and the increased angiotensin II levels increase 
NO production. During the earlier phases of mild 
renal artery stenosis, both the ipsilateral stenotic 
and contralateral kidneys exhibit elevated levels 
of the NO, as suggested by increased interstitial 
levels and urinary excretion of the NO products, 
nitrites and nitrates [ 49 ]. This increase in NO may 
attenuate the vasoconstrictor effects of angioten-
sin II and thus maintain perfusion of the kidneys 
[ 50 ]. Indeed, inhibiting synthesis of NO in both 
early as well as late phase of renovascular hyper-
tension causes an exaggerated increase in renal 
vascular resistance and a decrease in RBF in both 
kidneys [ 50 ]. However, with  progressively worse 
stenosis, the importance of NO in maintaining 
renal perfusion becomes very different between 
the kidneys (Fig.  11.7 ). In the severely stenosed 
kidney, the reduced fl ow/sheer stress may cause 
NO production to drop and its effect less pro-
nounced. Indeed, urinary excretion of NO prod-
ucts decreases with severe stenosis, and inhibiting 
NO synthesis ceases to have an effect on ipsilat-
eral RBF, suggesting that NO is less of a factor in 
preserving perfusion [ 51 ]. In fact, although angio-
tensin-AT2 receptor- dependent NO may help pre-
serve oxygenation [ 52 ], maintenance of ipsilateral 
RBF during severe stenosis is more dependent on 
the vasodilator prostaglandins [ 47 ].

   In marked contrast, NO becomes progres-
sively more important in regulating the hemo-
dynamics of the contralateral kidney as the 
severity of stenosis increases [ 49 ,  51 ]. This 
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same pattern of NO dependency in the contra-
lateral but not the stenosed kidney has also been 
reported in humans; in fact, the stenosed kidney 
does not seem to exhibit any tendency for NO 
mediated vasodilation [ 53 ]. The importance of 
NO in counteracting the vasoconstrictor effects 
of angiotensin II in this kidney has been demon-
strated by Sigmon and Beierwaltes who found 
that blocking NO during even moderate steno-
sis decreased RBF in the contralateral kidney 
by >50 % [ 51 ]. In addition, the increased NO 
in this kidney may also offset other angioten-
sin II-induced changes in vascular and tubular 
function as well. Of particular importance is the 
attenuating effect of NO on tubuloglomerular 
feedback. The high intrarenal angiotensin II 
would be expected to enhance tubuloglomeru-
lar feedback, which in turn would accentuate 
the sodium retaining effects of angiotensin II. 
However, as mentioned previously, tubuloglo-
merular feedback responses in the contralateral 
kidney are not enhanced, rather they are blunted 
[ 15 ,  16 ]. The decreased responsiveness of the 
tubuloglomerular feedback system is associ-
ated with increased NO (nitrites/nitrates) and 
can be prevented by the inhibiting NO synthe-
sis [ 54 ], suggesting that NO is largely respon-
sible for the altered tubuloglomerular feedback 
responses and consequently the impaired auto-
regulatory effi ciency present in this kidney 
(described previously in the renal hemodynam-

ics section). Thus overall, NO is an important 
modulator of angiotensin II during unilateral 
renovascular hypertension, particularly in the 
contralateral kidney.  

    Additional Mediators 
of Infl ammation, Fibrosis, 
and Renal Disease Progression 

 In addition to the factors mentioned in the previ-
ous sections, extensive exposure to increased lev-
els of intrarenal angiotensin II, in association with 
high blood pressure and/or stenosis, can activate 
several infl ammatory cytokines and proliferative 
factors [ 55 ,  56 ]. Activation of these signaling 
pathways culminates in renal infl ammation, intra-
renal microvascular disease, vascular rarefaction, 
and tubulointerstitial and glomerular fi brosis in 
the stenotic and the contralateral kidneys, driv-
ing the progressive injury in both kidneys [ 57 ]. 
Indeed, studies have demonstrated elevated levels 
of infl ammatory mediators (e.g., monocyte che-
moattractant protein-1, tumor necrosis factor-α; 
and interleukin-6), pro-fi brotic signaling chemo-
kines (transforming growth factor-β1; TGF-β1), 
and proliferative factors [ 3 ,  55 ,  56 ]. These fac-
tors are markedly and persistently increased in 
the stenotic kidney, while changes in the contra-
lateral kidney seem slower though unremitting. 
The interactions between these factors are what 
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 ultimately determine the progression of renal 
injury in each kidney (Fig.  11.8 ).

   The TGF-β 1  signaling pathway is playing a 
critical role in cell cycle regulation, infl ammatory 
response to tissue injury, and extracellular matrix 
accretion in both kidneys [ 58 ]. By activating the 
SMAD family of proteins, (particularly SMAD 
3), TGF-β 1  induces fi brosis and renal atrophy in 
renal artery stenosis. Together with other cyto-
kines, TGF-β 1  promotes the synthesis and activ-
ity of growth factors that modulate the renal 
tissue response to ischemia, including angiogen-
esis, collagen deposition and extracellular matrix 
turnover leading to interstitial injury and fi brosis 
[ 59 ]. The plasma level of TGF- β 1  are normal; but 
the levels of this cytokine vary in the two kidneys 
in that the stenotic kidney exhibits a persistent 
induction of TGF- β1 and SMAD3 expression 
when compared to the contralateral kidney, 
which contributes to accentuated interstitial 

infl ammation, fi brosis and tubular atrophy seen 
in the stenotic kidney. In the 2K1C rat model, it 
takes 6 days after clipping for glomerular TGF-β 1  
mRNA expression to rise in the stenosed kidney. 
These changes are not refl ected in plasma levels 
even though tissue expression remains elevated 
by day 21 and 35 [ 60 ]. Studies in mice report that 
TGF- β1 content in the stenotic kidney does not 
rise until 2 weeks after clipping (instead of 6 
days) but this increase is also sustained into the 
chronic phase of renal artery stenosis [ 61 ]. 

 TGF-β 1  expression in the contralateral kidney 
is somewhat different than in the stenotic kidney. 
In rats it is unchanged for about 3 weeks after 
clipping, but then subsequently increases in this 
kidney, while TGF-β 1  expression is falling in the 
stenosed kidney [ 60 ]. Studies in mice differ some-
what in that while TGF- β1 increased in the con-
tralateral kidney during the earlier phases of renal 
artery stenosis, this elevation was not sustained 
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into the chronic phase [ 61 ]. Nevertheless, this 
temporary upregulation of TGF- β 1  and SMAD3 
was associated with compensatory hyperplasia in 
the same (contralateral) kidney [ 61 ]. 

 The trigger for inducing TGF-β 1  appears to 
differ between the kidneys. It may be driven by 
the increased angiotensin II or result from the 
systemic hypertension. In the stenotic kidney, 
TGF-β 1  is initially increased in the setting of high 
angiotensin II levels and lower perfusion pres-
sures, proposing that angiotensin II may be the 
predominant stimuli. However, it later declines 
despite the sustained increase in angiotensin II 
levels, perhaps due to down-regulation of AT1 
receptors [ 60 ]. In contrast, the late increase in 
TGF-β 1  in the contralateral kidney is reversed by 
either angiotensin receptor blockade or triple 
antihypertensive therapy (hydralazine, reserpine, 
and hydrochlorothiazide) suggesting that the 
hypertension may in fact be responsible for the 
TGF-β 1  stimulation in this kidney. Regardless of 
the cause, TGF-β 1  signaling through SMAD3 
likely contributes to the interstitial infl ammation 
and fi brosis as well as tubular atrophy seen in the 
stenotic kidney. 

 Hypoperfusion may also contribute to the effect 
of TGF-β 1  on the stenotic kidney via activation of 
hypoxia inducible factor (HIF-1α). Growing evi-
dence suggests a cross-talk between HIF-1α and 
TGF- β1/SMAD pathways which synergistically 
induce vascular endothelial growth factor (VEGF) 
leading to neovascularization [ 59 ]. While HIF-1α 
activation is normally cytoprotective by regulating 
vascular remodeling, erythropoiesis and other 
regenerative pathways [ 62 ], chronic HIF-1α acti-
vation has also been implicated in accentuating 
maladaptive responses like fi brosis, resulting in 
additional tissue destruction [ 62 ]. In the chronic 
phase of renal artery stenosis, the HIF-1α protein 
gets destabilized and attenuated due to a sustained 
increase in oxidative stress thus hampering tissue 
repair. In the long-term, lowered microvascular 
spatial density in the stenosed kidney could result 
from reduced HIF-1α and the subsequent decrease 
in VEGF [ 63 ]. Thus, the compensatory angiogen-
esis could be restricted by chronic hypoxia, 
thereby preventing the restoration of perfusion to 
the stenotic kidney. 

 Mitogen activated protein kinases (MAPK, 
also called Extracellular Signal-Regulated 
Kinase; ERK) are commonly expressed intracel-
lular signaling molecules participating in cellular 
adaptive responses such as hypertrophy, hyperpla-
sia, apoptosis and atrophy and thus they may par-
ticipate in the renal growth responses during renal 
artery stenosis [ 64 ]. The ipsilateral and contralat-
eral kidneys undergo different growth responses 
as the stenosis progresses. While the stenotic kid-
ney endures fi brotic atrophy, the contralateral kid-
ney experiences signifi cant compensatory growth 
that results in part from hyperplasia similar to the 
one seen in subtotal nephrectomy [ 61 ]. Using a 
murine model of two-kidney one clip hyperten-
sion, Cheng et al. observed variable degrees of 
cell proliferation in both kidneys. ERK expres-
sion matched the severity in cell proliferation in 
each kidney. They noted that the contralateral kid-
ney exhibited an increase in the phosphorylated 
ERK (p-ERK; the active form), but, this elevation 
was not sustained, the p-ERK levels get back to 
baseline after 11 weeks. The p-ERK levels in the 
stenotic kidney, however, were elevated through-
out the experimental period [ 61 ]. The disparity in 
the p-ERK levels suggests that ERK may be 
involved in the changes occurring in the two kid-
neys. Moreover, several studies have also found 
interactive signaling mechanisms between TGF-
β1 and ERK’s, further restating the role of these 
kinases in the progression of renal injury [ 65 ].   

    Structural Changes in the Stenotic 
and Contralateral Kidney 

 The crosstalk between the multiple aforemen-
tioned hemodynamic and neurohumoral altera-
tions, along with other concomitant factors (e.g., 
atherosclerosis, diabetes, tobacco exposure, etc.), 
lead to progressive, but disparate histopathologi-
cal alterations in each kidney. The stenotic kid-
ney undergoes a progressive reduction of its size 
and weight denoting renal parenchymal loss due 
to ischemia induced global atrophy. These 
changes start as early as 1 week after the 2K1C 
surgery [ 61 ]. The earliest and most consistent 
changes observed are tubulointerstitial changes. 
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The hypoperfusion and resultant activation of 
various pathways including angiotensin II, ROS, 
and ET-1, stimulate the production of pro- 
infl ammatory and growth factors (e.g., MCP-1, 
IL-6, IL-8, IF-g), which together with the con-
comitant tubular injury lead to migration of 
B-lymphocytes, T-lymphocytes, and macro-
phages, as well as increased extracellular matrix 
turnover, collagen deposition, and apoptosis [ 55 , 
 59 ,  66 ]. These processes lead to tubular atrophy 
(of both proximal and distal tubules) and also to 
excessive matrix accumulation and interstitial 
fi brosis. Moreover, prolonged hypoperfusion 
and/or vasoconstriction foster more permanent 
changes in the microcirculation. As with other 
forms of hypertension, microvascular remodel-
ing (e.g., an increase in wall/lumen ratio) is quite 
prominent. In addition, the relative decrease in 
oxygen supply stimulates vessel growth via 
induction of hypoxia-inducible factor-1α and 
vascular endothelial growth factor. While this 
normally promotes compensatory new vessel for-
mation, the increase in oxidative stress and other 
anti-angiogenic factors like thrombospondin, can 
suppress neovascularization, interfere with tissue 
repair by activating TGF-β and inhibiting matrix 
metalloproteinases [ 67 ]. This consequently leads 
to microvascular rarefaction; a hallmark of ste-
notic kidneys [ 59 ]. The severity of tubulointersti-
tial fi brosis and microvascular regression is 
linked to the renal dysfunction and thus, these 
changes could be potential therapeutic targets for 
the eventual reversibility of the injury. 

 In marked contrast to the vascular and tubu-
lointerstitial compartments, the glomeruli are 
relatively spared until advanced stages of renal 
vascular hypertension. Initially, the glomeruli 
may appear smaller (due to hypoperfusion) but 
are essentially normal; indeed, ultra-structural 
analysis indicates that the renal glomerular integ-
rity is preserved in 2K1C [ 68 ]. As the tubuloint-
erstitial process advances, there is “crowding” of 
the glomeruli and marked increase in the number 
of atubular glomeruli (glomeruli not attached to a 
proximal tubule). In severe and chronic renovascu-
lar hypertension, there is initiation of glomerular 
cell apoptosis, basement membrane thickening, 
and expansion of the mesangial extracellular 

matrix, via similar signaling pathways as in the 
tubulointerstitial compartment, and ultimately 
progression to glomerulosclerosis [ 59 ,  69 ]. 

 While the contralateral kidney undergoes 
compensatory hypertrophy/hyperplasia during 
early renovascular hypertension, it can eventu-
ally succumb to progressive renal injury, which 
contributes to the maintenance of the chronic 
phase of renovascular hypertension. The mecha-
nism by which it is injured, however, is different 
from that in the stenotic kidney. The contralateral 
kidney is subject to many of the same neurohor-
monal and cytokine signaling pathways as the 
stenotic kidney, but with a fundamental differ-
ence: unlike the stenotic kidney, it is exposed to 
the systemic hypertension, and it is the hyperten-
sion that drives the pathologic process in this kid-
ney. In fact, the changes seen in the contralateral 
kidney are similar to those seen in essential 
hypertension, and may be in part due to the 
 presence of glomerular hypertension. Indeed, 
micropuncture studies have shown that glomeru-
lar hypertension and hyperfi ltration are present in 
the nonclipped kidney of 2K1C rats (despite 
afferent arteriolar vasoconstriction) and reducing 
pre-glomerular resistance accelerates the pro-
gression of glomerulosclerosis. Having said this, 
while the alterations in glomerular hemodynam-
ics have received the most attention, the tubu-
lointerstitial injury may play an equally important 
role as in the stenotic kidney, in which tubuli and 
interstitium appear to be the initial sites of injury. 
Indeed, within a week after establishing 2K-1C 
hypertension, progressive expansion of the inter-
stitial volume ensues together with infi ltration of 
mononuclear cells and accumulation of fi bronec-
tin and various collagens in the renal interstitium, 
while vascular and glomerular lesions lag behind 
[ 70 ]. The initial vascular changes are that of 
medial hypertrophy of the walls of the arcuate, 
and interlobular arteries, as well as the afferent 
arterioles. This is followed by segmental hyalino-
sis with intrusion of blood constituents into the 
vessel wall, and ultimately severe concentric inti-
mal fi brosis and variable luminal obliteration. 
The glomeruli follow a similar progression as the 
blood vessels. There is initially a mild to moder-
ate increase in laminin, fi bronectin and collagens, 
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followed by a progressive expansion of the 
mesangium and matrix accumulation that eventu-
ally leads to focal segmental and global sclerosis. 
Thus, renal injury of the non-stenotic kidney dur-
ing renovascular hypertension is manifested by 
early mononuclear cell recruitment and deposi-
tion of matrix proteins primarily within the inter-
stitium. The progressive interstitial infl ammation 
and fi brosis, is associated with subsequent tubu-
lar atrophy, vascular remodeling and hyalinosis, 
and ultimately nephrosclerosis with possible 
focal segmental and global glomerulosclerosis. 
Hence, both kidneys in the 2K1C model suffer 
structural changes. This is largely a consequence 
of hypoperfusion in the stenotic kidney and 
hypertension in the contralateral. Both of these 
mechanisms (hypoperfusion and hypertension) 
trigger neurohumoral and signaling pathways 
that are responsible for the tubulointerstitial and 
glomerular changes. 

 In summary, while decreased perfusion to the 
stenosed kidney is the initiating event leading to 
hypertension in unilateral renal artery stenosis, it is 
the neurohormonal crosstalk between the kidneys 
that leads to the abnormal response of the contra-
lateral kidney and allows for the development and 
maintenance of the hypertension. Identifi cation of 
these mechanisms and the specifi c pathways that 
perpetuate the hypertensive response as well lead 
to the renal injury may enable the development of 
novel therapeutic targets that may improve the out-
comes of these patients.     
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    Abstract   

 Renal artery duplex ultrasonography (RADUS) is a non-invasive, safe, 
inexpensive and accurate method for assessing the renal arteries. Common 
uses for RADUS include diagnosis of renal artery stenosis (RAS) in 
patients with clinical clues suggestive of the disease; surveillance of 
patients with known native or transplant artery RAS; following renal 
artery stent revascularization; and for corroboration after suspicious fi nd-
ings are found by other imaging modalities. The RADUS examination 
includes spectral Doppler velocities obtained from the abdominal aorta at 
the level of the renal arteries, throughout the entire renal artery, and in the 
renal parenchyma. It is noteworthy that as the kidneys are located in the 
retroperitoneum, imaging of native renal arteries with RADUS requires a 
high degree of technical skill and extensive training. Due to this and sev-
eral other inherent limitations, use of other imaging modalities should be 
considered to corroborate RADUS fi ndings prior to intervention.  
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  12      Renal Artery Duplex 
Ultrasonography 

           Ido     Weinberg       and     Michael     R.     Jaff     

        Introduction 

 Renal artery stenosis (RAS) is common and 
most often caused by aortic atherosclerosis 
which extends into the artery ostium. It is most 
prevalent in at-risk populations, such as patients 
with poorly controlled hypertension (HTN) 
[ 1 ] or among patients with coronary [ 2 ] and/or 
 peripheral artery disease (PAD), where it has 
been found in up to 59 % of patients [ 3 ]. Potential 
clinical consequences of RAS include diffi -
cult to control hypertension, progressive renal 
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 dysfunction and cardiac disturbance syndromes 
(recurrent congestive heart failure, refractory 
angina and “fl ash” pulmonary edema) [ 4 ,  5 ]. 

 Multiple diagnostic tools are at a clinician’s 
disposal when RAS is suspected. However, none 
surpasses an initial high index of suspicion based 
on a series of clinical “clues.” A clinical algo-
rithm has resulted in sensitivity and specifi city of 
65 % and 87 %, respectively when compared to 
nuclear renal scintigraphy before and after an 
angiotensin converting enzyme inhibitor was 
administered [ 6 ]. However, radionucleotide stud-
ies often are diffi cult to interpret in patients with 
chronic kidney disease, and the technique cannot 
be used to identify RAS reliably if the patient has 
bilateral disease or if only one kidney is present. 
Furthermore, accuracy has not been consistent 
among studies [ 7 ]. Plasma renin activity in it of 
itself, even with captopril stimulation, has poor 
accuracy due to overlap in patients with primary 
HTN [ 8 ]. 

 Modern non-invasive methods include renal 
artery duplex ultrasonography (RADUS), com-
puted tomography angiography (CTA) and mag-
netic resonance angiography (MRA), while 
invasive methods consist of contrast angiography 
(CA), intravascular ultrasound and translesional 
pressure measurements [ 9 ]. This chapter will 
concentrate on the role of RADUS. 

 Common uses for RADUS include screening 
for RAS, surveillance of patients with native 
artery RAS or after renal artery stent revascular-
ization, and for corroboration after suspicious 
fi ndings are found by other imaging modalities 
[ 10 ]. Recently published “appropriate use crite-
ria” suggest that RADUS is reasonable to 
 consider when evaluating patients with HTN that 
is resistant, malignant, diffi cult to control or pres-
ent in patients younger than 35 years; unex-
plained increase in creatinine or renal failure in 
conjunction with aortic dissection and in patients 
with either HTN or elevated creatinine and unex-
plained size difference >1.5 cm between kidneys 
or an epigastric bruit [ 11 ]. Interestingly, these 
same criteria suggest that RADUS was inappro-
priate to use as a screening tool in asymptomatic 
patients with atherosclerosis in other vascular 
beds. Choosing RADUS over other modalities 

should include consideration of its various 
 advantages and disadvantages as outlined in 
Table  12.1 .

   Table 12.1    Advantages and disadvantages of renal artery 
duplex ultrasound for detecting renal artery stenosis   

 Characteristic  Comments 

  Advantages  
 Accurate when compared 
to other modalities 

 -see text- 

 Reproducible 
 No radiation or contrast 
 Suitable for patients with 
claustrophobia 
 Inexpensive 
  Disadvantages  
 Requires high technical 
skill 

 Data cannot be obtained in 
as many as 20 % of patients 
[ 12 ] 

 Time consuming  Routinely, a complete 
bilateral exam may take as 
much as 1.5 h, especially in 
inexperienced hands 

 Divides RAS into broad 
categories 

 Currently RADUS criteria 
do not offer a fi ner 
differentiation than normal, 
1–59 %, 60–99 % stenosis 
or renal artery occlusion 

 Inferior imaging of the 
distal renal artery 
 Diffi cult to visualize 
accessory renal arteries 
 Cannot image multiple 
vascular beds at once 

 A disadvantage particularly 
when trying to ascertain the 
etiology of RAS [ 13 ] 

 Focused on the kidneys 
and may miss extra-renal 
ancillary fi ndings 
 Limited in assessing 
renal artery pathology, 
other than atherosclerotic 
disease 

 Examples include 
dissection, segmental 
arterial mediolysis, 
vasculitis. Beading 
characteristic of medial 
fi broplasias type of the 
fi bromuscular dysplasia can 
sometimes be seen 

 Diffi cult to use in obese 
patients 
 Limited by overlying 
bowel gas 
 Limited in patients who 
are tachypneic 

 Excessive movement of the 
renal arteries 

   RAS  renal artery stenosis,  RADUS  renal artery duplex 
ultrasonography  
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       Renal Artery Duplex 
Ultrasonography as an 
Epidemiological Tool 

 Although some small studies attempted to 
defi ne the natural history of atherosclerotic 
RAS (ARAS) with a combination of CA and 
clinical surveillance, results have been hetero-
geneous [ 14 ]. Subsequently, similar attempts 
have been made with RADUS. Interpreting 
these studies should take into account the spe-
cifi c subjects studied as well as the exact man-
ner by which events were defi ned. In an 
unselected sample of 750 Japanese patients 
with coronary, cerebrovascular or peripheral 
artery disease, ARAS was found in 40 by 
RADUS criteria and later confi rmed by CA in 
35 people [ 15 ]. Noting small numbers, sub-
group analysis revealed ARAS to be most prev-
alent in patients with carotid and peripheral 
artery disease (20 %). Renal artery stenosis epi-
demiology has been studied further in the 
Cardiovascular Health Study, a longitudinal, 
population based cohort study of elderly outpa-
tients [ 14 ,  16 ]. In 834 people in whom RAS ≥ 
60 % was defi ned by peak systolic velocity 
(PSV) ≥ 180 cm/s, the prevalence was 6.8 % 
[ 16 ]. Prevalence of coronary artery disease was 
greater in patients with evidence of ARAS [ 17 ]. 
Follow up in 119 subjects 8 years later revealed 
that none of the patients previously diagnosed 
with ARAS progressed to renal artery occlusion 
and that new RAS was found in 9 of the 235 
analyzed renal arteries [ 14 ]. Disease progres-
sion, defi ned as an increase in PSV greater than 
2 standard deviations in the cohort (≥45 cm/s), 
occurred in 29 renal arteries. In another study 
that examined ARAS in 170 hypertensive 
patients, RAS progression was defi ned as an 
increase in PSV > 100 cm/s and occurred in 
31 % over 5 years [ 18 ]. In another study 76 
patients were prospectively followed over 3 
years and anatomic progression was found in 
20 % [ 19 ]. However, in this study RAS ≥ 60 % 
was defi ned by a combination of PSV ≥ 
180 cm/s and RAR > 3.5. Thus, patients who 
had PSV ≥ 180 cm/s at the beginning of the 
study, but did not meet the RAR criterion, were 

not defi ned as having signifi cant RAS. It is 
noteworthy that this study also reported 7 % of 
subjects progressed to occlusion.  

    Technique for Performance of Renal 
Artery Duplex Ultrasonography 

 As the kidneys are located in the retroperitoneum, 
imaging of native renal arteries with RADUS 
requires a high degree of technical skill and 
extensive training. In our vascular diagnostic lab-
oratory, we have the following requirements for a 
technologist to perform RADUS independently:
•    Hold the Registered Vascular Technologist 

(RVT) certifi cation  
•   Observe 50 RADUS examinations by a trained 

and experienced colleague  
•   Attend an off-site 2-week hands-on training 

course specifi c to RADUS  
•   Perform 50 sequential RADUS exams under 

direct observation by a trained and experi-
enced colleague  

•   Maintain documented ongoing profi ciency in 
our regular quality assurance program    
 The RADUS examination includes spectral 

Doppler velocities obtained from the abdominal 
aorta at the level of the renal arteries, through-
out the entire renal artery, and in the renal paren-
chyma [ 20 ]. The vascular testing division of the 
Intersocietal Accreditation Commission (ICAVL) 
has specifi ed the minimum requirements for a 
complete RADUS examination (Table  12.2 ). 
Ideally, RADUS should be performed in the early 
morning hours after the patient has completed an 
overnight fast in order to minimize bowel gas 
overlying the renal arteries. Imaging is achieved 
from two approaches. First the aorta and renal 
arteries are interrogated from the supine, mid-
line approach with the patient in the reverse 
Trendelenburg position. Subsequently, the 
patient is turned into the lateral decubitus posi-
tion with the arm raised over the head in order 
to increase the imaging zone in the intercostal or 
subcostal space (Fig.  12.1a, b ). In our vascular 
laboratory, we require that the entire renal artery 
from the ostium through the hilum of the kidney 
to be imaged and sampled in order to qualify as 

12 Renal Artery Duplex Ultrasonography
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a complete examination. Interrogation of a trans-
planted renal artery and its related anastomosis 
to the infl ow iliac artery is easier as it is typically 
more superfi cial.

    A RADUS requires imaging equipment that 
includes low frequency (typically 2.25- to 4.0- 
MHz) curved linear- or phased array transducers. 
A vascular software package is also needed [ 20 ]. 
The examination begins with identifi cation of the 
aorta in the sagittal plane throughout its length, 
assessing for an aneurysm or atherosclerosis 
while the patient is in the supine position. At the 
level of the renal arteries, the PSV is measured. 
The normal abdominal aortic PSV ranges from 
40 to 100 cm/s. Next, the probe is rotated 90°, 
and each renal artery origin is located in the 
transverse plane (Fig.  12.2 ). The angle of 
insonation is maintained at 60° or less while 
imaging parallel to the direction of renal artery 
blood fl ow. Doppler spectral waveforms are 
obtained. The PSV is obtained in both renal arter-
ies from the aortic origin to renal hilum. The 
presence of post-stenotic turbulence identifi ed as 
the presence of as a chaotic Doppler spectral 
waveform with blunting of the peak of the wave-
form, should also be noted [ 21 ] (Fig.  12.3 ). This 
process is repeated from the fl ank approach 
(Fig.  12.4 ). A complete RADUS includes imag-
ing of the kidney including maximal pole-to-pole 
renal length, demonstration of cortical, medul-
lary and hilar blood fl ow and identifi cation of 
associated fi ndings such as cysts or masses 
(Figs.  12.5  and  12.6 ). Intrarenal sampling is per-
formed at a 0° Doppler angle in the superior and 
inferior pole of the kidney, within the cortex and 
medulla.

       Table  12.3  outlines common technical and 
interpretation errors in RADUS.

       Native Renal Artery Duplex 
Ultrasonography 

 In a normal kidney, arterial fl ow is low resistance, 
demonstrating continuous fl ow during systole 
and diastole [ 22 ]. The two most common 
 measures for assessing RAS are PSV and the 
ratio of the PSV as measured in the renal artery 
origin and the PSV in the aorta at the level of the 
renal artery, referred to as the renal aortic ratio 
(RAR). The RAR cannot be used when signifi -
cant aortic disease is present (PSV > 100 cm/s) or 

    Table 12.2    The vascular testing arm of the Intersocietal 
Accreditation Commission Guidelines for native renal 
artery duplex ultrasonography   

 Gray scale and/or color Doppler images must be 
documented as required by the protocol and must 
include at a minimum a : 
  Adjacent aorta at the level of the renal arteries 
  Renal arteries 
  Renal veins 
  Gray scale pole to pole renal length measurements 
 Spectral Doppler waveforms and velocity 
measurements must be documented as required by the 
protocol and must include at a minimum a : 
  Adjacent aorta at the level of the renal arteries 
  Proximal, mid and distal main renal artery 
  Parenchymal/hilar arteries (when appropriate) 
  Accessory renal artery (when present) 
   Renal veins, when appropriate (does not require 

velocity measurements) 

  Data from American College of Cardiology Foundation 
et al. [ 11 ] 
  a Measurements should be bilateral (when two kidneys are 
present)  

a

b

  Fig. 12.1    ( a ,  b ) Renal artery duplex ultrasound patient 
and technologist positioning. ( a ) Midline approach. ( b ) 
Left fl ank approach. This is also replicated from the right       
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  Fig. 12.2    Color fl ow renal 
artery duplex ultrasound 
from the midline approach 
demonstrating the aorta in 
transverse plane and the two 
renal arteries.  RRA  Right 
renal artery,  LRA  left renal 
artery       

  Fig. 12.3    Pulse wave 
Doppler and color fl ow renal 
artery duplex ultrasound 
demonstrating turbulent fl ow 
in the mid- distal renal artery. 
This suggests more proximal 
stenosis       

  Fig. 12.4    Color fl ow renal 
artery duplex ultrasound 
from the right fl ank approach 
demonstrating the right renal 
artery ( RRA ) course from the 
renal hilum to the aorta. 
Notice the right renal vein 
( RRV )       
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  Fig. 12.5    A B-mode image 
of the right kidney from the 
fl ank approach demonstrating 
maximal pole-to-pole length 
and cortical thickness. Note 
the cortex ( C ) and medulla 
( M )       

  Fig. 12.6    Color fl ow image 
of cortical and medullary 
blood fl ow in the right 
kidney from the fl ank 
approach       

   Table 12.3    Common errors in renal artery duplex ultrasonography performance and interpretation   

 Mistake  Effect of the mistake  Ways to avoid the mistake 

 Measuring velocities 
with an incorrect 
Doppler angle 

 Erroneous velocity and 
therefore erroneous 
conclusions about the degree 
of stenosis 

 The Doppler angle should ideally be ≤60 o  and parallel to the 
artery walls. A long enough segment of the artery should be 
available for interrogation 

 Interrogation of a 
different artery and 
mistakenly referring to 
this as the renal artery 
(lumbar, mesenteric) 

 Incorrect conclusions of the 
patency of the renal artery 

 It is best to identify each artery and to follow it to the kidney 
before starting to register fl ow velocities; look for the 
normal renal artery Doppler spectral image 
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in within an abdominal aortic aneurysm (PSV < 
40 cm/s) [ 23 ]. 

 Multiple studies have validated RADUS 
 criteria for RAS, most often by comparison to 
CA as the “gold standard” (Table  12.4 ). Most 
have shown RADUS to have excellent sensitivity 
and specifi city, most commonly reported to be 
above 80 %. An early retrospective analysis of 
122 kidneys with single main renal arteries in 74 
patients showed RADUS to have 93 % sensitiv-
ity, 98 % specifi city, 98 % positive predictive 
value, 94 % negative predictive value, and an 
overall  accuracy of 96 % as compared to CA 
[ 21 ]. The criteria that are most commonly used in 
clinical practice have been derived from a pro-
spective, blinded study, in which 102 patients 
who were clinically suspected of having RAS 
underwent both RADUS and CA within 30 days 
of each other [ 44 ]. Using a PSV of ≥200 cm/s or 

a RAR of ≥3.5 resulted in sensitivity of 98 %; 
specifi city 99 %; positive predictive value 99 %; 
and negative predictive value 97 %. Another ret-
rospective comparison utilized the more accurate 
quantitative vessel analysis (QVA) method in 67 
renal arteries, 34 of which demonstrated RAS ≥ 
60 % [ 12 ]. Both PSV and RAR correlated with 
RAS; however, RAR was found to be more accu-
rate by ROC curve analysis. More recently, sev-
eral comparisons of RADUS derived criteria and 
estimated RAS as assessed by invasive transle-
sional  pressure gradients were performed. This 
method is considered to be more accurate in 
detecting hemodynamically signifi cant RAS than 
visual estimation of degree of stenosis [ 53 ]. A 
fi rst such study was performed in 75 renal arter-
ies in 60 patients [ 25 ]. Renal artery DUS derived 
PSV demonstrated a sensitivity, specifi city and 
accuracy of 89 %, higher than values derived for 

 Mistake  Effect of the mistake  Ways to avoid the mistake 

 Missing accessory 
renal arteries 

 The main renal artery may 
be patent, but a smaller 
accessory renal artery may 
be stenotic and result in 
renin- mediated hypertension 

 An excellent renal artery duplex ultrasound should include 
identifi cation of the renal arteries but also of adjacent 
vessels. An attempt should be made to follow such arteries 
from the aorta to the kidney; in addition, imaging of the 
superior and inferior poles of the kidney may demonstrate 
differences in the RRI or spectral Doppler waveform, 
suggestive of an accessory renal artery 

 Missing the ostium of 
the renal artery by 
“spot checking” the 
artery 

 The measurement may not 
refl ect the actual renal artery 
ostial velocity and 
signifi cant renal artery 
stenosis may be missed 

 The probe should be “walked” from the aorta into the renal 
artery and then back into the aorta. The ostium is the 
location where atherosclerotic RAS occurs 

 Reporting an abnormal 
RAR 

 Misclassifi cation of renal 
artery stenosis 

 A RAR can only be used if the fl ow velocity in the aorta at 
the level of the renal artery ranges 40–100 cm/s 

 Using criteria for 
native renal arteries on 
stented renal arteries 

 Misclassifi cation of renal 
artery stenosis 

 The criteria for stented renal arteries are different than those 
for native arteries 

 Mistaking 
calcifi cations for a 
stent 

 Misclassifi cation of renal 
artery stenosis and confusion 
regarding patient treatment 
and surveillance 

 Calcifi cations may be symmetrical and linear and may be 
mistaken for a stent. Patient history should be reviewed prior 
to performing the RADUS 

 Missing fi ndings 
outside of the renal 
artery 

 Cysts and tumors may be 
overlooked. The appearance 
of the kidney and especially 
the cortex may suggest 
kidney viability 

 Kidney visualization should be part of an excellent renal 
artery duplex ultrasound. Abnormal fi ndings should be 
documented 

 Reporting an incorrect 
renal resistive index 

 Reassurance of the status of 
the ipsilateral kidney 

 Perform Doppler angle independent assessment in the 
medullary branches of the kidney in the superior and inferior 
pole 

   PW  pulse wave,  RAR  renal aortic ratio  

Table 12.3 (continued)
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the RAR. A second comparison was performed 
in 56 renal arteries in 47 patients [ 12 ]. Analysis 
by receiver operator characteristic (ROC) curves 
showed that PSV > 318 cm/s, end-diastolic veloc-
ity >73 cm/s and RAR > 3.74 best corresponded 
to CA proven RAS > 50 %, while commonly 
accepted criteria (Table  12.5 ) resulted in false 
positive results, especially when compared to 
pressures gradients. A RADUS demonstrating 
RAS can be seen in Fig.  12.7 . Renal artery occlu-
sion, on the other hand, is diagnosed by lack of 

arterial fl ow coupled by fl ow detected in the 
 ipsilateral renal vein.

     The renal resistive index (RRI) is another mea-
sure obtained during a complete RADUS exami-
nation. This is an ultrasound-derived technique 
designed to evaluate the status of parenchymal 
renal arterial perfusion. Peak systolic velocity and 
end-diastolic velocity (EDV) obtained in branches 
of the renal artery at the level of the medulla are 
used to calculate the RRI [ 20 ]. It is an angle 
 independent measurement obtained in both the 

   Table 12.5    Suggested renal artery duplex ultrasound criteria for renal artery stenosis   

 PSV a   RAR  Other fi ndings  Interpretation 

  Native renal artery  
 <200 cm/s  <3.5  Normal 
 <200 cm/s  <3.5  Post-stenotic turbulent fl ow, visible plaque  1–59 % 
 >200 cm/s  >3.5  Post-stenotic turbulence, visible plaque  60–99 % 
 No fl ow detected  Patent ipsilateral renal vein  Occluded 
  Stented renal artery  b  
 <240 cm/s  1–59 % 
 240–300 cm/s  Indirect fi ndings must be used, including color evidence of in stent 

restenosis, color mosaic appearance within the stent, post-stenotic 
turbulence distal to the stent, and (if available), progression from a 
prior exam 

 Indeterminate 

 >300 cm/s  60–99 % 
 No fl ow detected  Occluded 

   PSV  peak systolic velocity,  RAR  renal aortic ratio 
  a When there is discrepancy, absolute peak systolic velocity with post-stenotic turbulence is more important than RAR 
  b Different laboratories should standardize their criteria for stented renal arteries according to other imaging modalities 
locally  

  Fig. 12.7    Pulse wave 
Doppler measurements of 
fl ow velocity within the renal 
artery demonstrating marked 
increase in fl ow velocity 
denoting renal artery stenosis       
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superior and inferior poles of the kidney. The resis-
tive index is calculated by the following equation:

 1 100− ⎛
⎝⎜

⎞
⎠⎟

⎡
⎣
⎢

⎤
⎦
⎥ ×EDV

PSV  
  

Thus, a lower RRI will theoretically suggest a 
“healthier” kidney (Fig.  12.8 ). Furthermore, 
according to one study, a RRI < 0.8 may suggest 
better clinical outcomes following renal revascu-
larization [ 54 ], although this has been challenged 
by more recent publications [ 55 ]. Surprisingly, in 
two studies collectively examining 286 patients, 
the RRI was signifi cantly lower in kidneys with 
RAS than in normal renal arteries [ 56 ,  57 ]. 
However, the RRI has questionable reliability. 
First, small measurement errors can result in sig-
nifi cant changes in the calculated RRI. Also, con-
ditions other than renal artery disease may affect 
the RRI. Examples include obstructive uropathy, 
hypotension, bradycardia and a peri-nephric fl uid 
collection [ 22 ]. The RRI may have more utility in 
surveillance of transplanted kidneys [ 58 ].

   Another approach is to calculate the differ-
ence in RRI between the two kidneys (ΔRRI). In 
a comparison of 40 CA proven normal renal 
arteries with 29 renal arteries with varying 
degrees of RAS, a ΔRRI > 0.05 was found to cor-
relate with RAS > 50 % [ 57 ]. Another study com-
paring ΔRRI between 59 patients with RAS > 
70 % and 155 patients with normal renal arteries 
also reported the ΔRRI to be signifi cantly higher 

in patients with RAS [ 56 ]. All patients were 
hypertensive. A ΔRRI of 0.08 produced sensitiv-
ity of 92.5 % and specifi city 97.5 % in a ROC 
curve analysis. 

 Other alternatives to PSV and RAR have been 
suggested. One such alternative is the accelera-
tion time (AT), obtained from spectral analysis 
of Doppler waveforms from renal hilar vessels 
by means of a fl ank approach. The AT is a mea-
sure of waveform dampening. Theoretically, a 
longer AT points to a dampened waveform 
resulting from a more proximal stenosis. There 
are data to suggest that signifi cant changes in 
renal artery waveform contour only occur with 
very severe stenosis [ 46 ]. Most studies have 
found AT to be useful in the detection of RAS 
(Table  12.4 ). Conversely, in a retrospective anal-
ysis of 76 kidneys in 41 patients, 51 of which 
had CA proven RAS > 60 %, hilar fl ow analysis 
has been reported to have lower sensitivity and 
accuracy as compared to conventional RADUS 
criteria [ 33 ]. 

 Contrast enhanced DUS is another method 
that has been attempted with the purpose of sim-
plifying the RADUS exam. Several seconds after 
injection of a contrast agent, it ultrasonographi-
cally enhances the arterial circulation for several 
minutes. Theoretically this should result in easier 
localization of the renal arteries and quicker 
acquisition of measurements. In a prospective 
comparison of conventional RADUS, contrast 

  Fig. 12.8    Pulse wave 
Doppler measurements of 
fl ow velocity within the renal 
medulla and resistive index 
( RI ) measurement       
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enhanced RADUS and CA in 21 hypertensive 
patients, examination time was shorter and sensi-
tivity and specifi city were improved for 
Acceleration <3.75 m/s 2  when contrast was used 
[ 42 ]. In this context, acceleration referred to the 
slope of the line between the start of systole to the 
early systolic peak. 

 Other duplex derived methods for the diag-
nosis of RAS including the pulsatility index 
[ 59 ] and waveform analysis from the main renal 
artery [ 47 ,  60 ] have not proven to be useful clin-
ically. Indirect imaging of the distal main renal 
artery or parenchymal branches, demonstrating 
a parvus et tardus waveform, is used by some as 
a criterion for a proximal stenosis. However, the 
accuracy of this method as a single data point is 
inferior to direct imaging of the main renal 
artery [ 39 ]. 

 Recently several novel ultrasound-derived cri-
teria have been reported. Power Doppler gener-
ates a color map that refl ects the cumulative 
density of red blood cells within an examined 
volume of arterial blood. In a small study of nine 
patients power Doppler was found to be more 
sensitive and specifi c for RAS than conventional 
Doppler [ 61 ]. B-fl ow imaging (BFI) is a non- 
Doppler ultrasound technology that utilizes high 
frequency digital encoded sound waves to gener-
ate a real-time picture of blood fl ow in a display 
that resembles an angiogram [ 62 ]. In a compari-
son of BFI and RADUS in 51 patients with angi-
ographically proven RAS > 50 %, the two 
techniques performed similarly. Sensitivity and 
specifi city for BFI and PSV were 88 and 94 % 
and 100 and 71 %, respectively. Seven renal 
arteries were excluded because of excessive 
abdominal gas. Velocimetric waveform analysis 
is another technique that allows calculation of 
maximal acceleration (ACC max ) within early sys-
tole and the maximal acceleration index 
(AI max  = ACC max /PSV). Saeed et al. retrospec-
tively examined the utility of these measures in 
169 patients who underwent both angiography 
and duplex ultrasonography and found sensitivity 
and specifi city for ACC max  to be 85 and 75 %, 
respectively and for AI max  83 and 79 %, respec-
tively [ 63 ]. No direct comparison was made with 
PSV or RAR. Until larger prospective validation 
studies have been completed, we routinely use 

renal artery PSV and RAR as our main criteria 
for detecting RAS. 

 It should be noted that despite widespread 
clinical use of RADUS criteria that rely on these 
studies, they all suffer from the well-recognized 
limitation of verifi cation bias. These studies have 
performed the comparison study (i.e., CA) based 
on the result of RADUS. When the reference 
standard procedure depends on the investigated 
test, a reliable estimate of diagnostic accuracy is 
precluded. Theoretically, to obtain valid accuracy 
estimates of RADUS criteria, all subjects should 
undergo both RADUS and CA regardless of pre-
liminary RADUS results [ 64 ]. 

 Another important note is the considerable 
variability between studies for similar measures 
(Table  12.4 ). This could theoretically be 
explained by variations in operator experience 
between studies; however, there are no data to 
support this hypothesis. Notwithstanding, in a 
meta-analysis the PSV was the most accurate 
parameter with sensitivity and specifi city of 85 
and 92 %, respectively [ 7 ]. 

 Finally, RADUS has also demonstrated accu-
racy in the diagnosis and surveillance of renal 
artery fi bromuscular dysplasia (FMD), albeit in a 
small series. It may identify the typical beaded 
appearance of the medial fi broplasia variant and 
suggest mid or distal artery involvement by PSV 
measurements [ 65 ,  66 ].  

    Ultrasound Surveillance Criteria 
Following Renal Artery Stent 
Revascularization 

 When discussing stented (as opposed to native) 
renal artery DUS, two issues should be men-
tioned. The fi rst is the timing of surveillance after 
the procedure. While there are no prospective 
comparative studies, patients are usually fol-
lowed within a month from the procedure, after 6 
months and after 12 months and annually there-
after. It is noteworthy that the aforementioned 
appropriateness criteria denoted surveillance dur-
ing the fi rst year post-procedure as having uncer-
tain value and found surveillance to be appropriate 
only after this interval [ 11 ]. The second issue is 
the choice of DUS criteria for in- stent restenosis 
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(ISR). Theoretically, the DUS criteria for ISR 
may differ from those of native RAS because of 
altered arterial compliance and thus altered blood 
fl ow patterns [ 64 ]. Similar to native renal arteries, 
DUS criteria for renal ISR have been derived 
from comparisons of RADUS with CA and simi-
larly different reports resulted in somewhat dif-
ferent values for both PSV and RAR in the 
diagnosis of ISR. Thus, in some publications 
both PSV and RAR are reported to be higher in 
ISR than in native RAS, while in others these val-
ues were actually lower. A retrospective analysis 
examined the value of PSV and RAR as com-
pared to CA for detecting ISR > 50 % in 33 renal 
stents and found a PSV > 226 cm/s and a RAR > 
2.7 to offer optimal ROC curves (sensitivity and 
specifi city of 100 and 90 % and sensitivity and 
specifi city of 100 and 94 % for PSV and RAR, 
respectively) [ 67 ]. In the RENAISSANCE trial, a 
prospective, single-arm, renal artery stenting 
study, an 86.6 % concordance was found between 
RADUS and CA in 30 lesions [ 68 ]. The RADUS 
criteria for ISR used to correlate with CA ISR ≥ 
50 % were a RAR ≥ 3.5 or an absolute PSV ≥ 
225 cm/s in association with post-stent turbu-
lence. In another study, a retrospective analysis 
of 47stented renal arteries in 30 patients by using 
ROC curves, a PSV of 250 cm/s was associated 
with a sensitivity of 59 %, specifi city of 95 %, an 
accuracy of 83 %, and a positive predictive value 
of 87 % [ 64 ]. Another retrospective comparison 
of PSV and RAR between 31 patients with angio-
graphically proven ISR and 30 patients with 
angiographically proven native RAS suggested 
that a PSV of 395 cm/s and an RAR of 5.1 most 
valuable for detecting ISR ≥ 70 % (sensitivity of 
83 %, specifi city of 88 %, and accuracy of 87 % 
and sensitivity of 94 %, specifi city of 86 % and 
accuracy of 88 %, for PSV and RAR, respec-
tively) [ 69 ]. As there are no uniform criteria for 
renal ISR, before re-intervention is attempted cli-
nicians should consider the clinical indications 
fi rst (i.e., worsening blood pressure control or 
declining renal function) in conjunction with the 
abnormal DUS result and not act on just the 
abnormal DUS result alone [ 69 ]. 

 Some controversy exists regarding RADUS 
criteria for covered renal stents (as opposed to 
bare-metal stents). To date, one retrospective 

analysis of prospectively collected data of 
addressed this matter by reporting DUS criteria 
for covered and uncovered renal artery stents 
placed in conjunction to endovascular repair of 
abdominal aortic aneurysms [ 70 ]. Six of 231 cov-
ered stents developed ISR and the authors 
reported that a PSV > 280 cm/s and a RAR > 4.5 
resulted in optimal detection of these events, by 
comparing RADUS, CTA and CA fi ndings.  

    Transplant Renal Artery Duplex 
Ultrasonography 

 Transplant RADUS is performed in order to 
identify pathology in the transplant kidney, 
artery, vein and collecting system. It is usually 
fi rst performed soon after surgery and later rou-
tinely or based on patient clinical and biochemi-
cal characteristics. The discussion hereafter will 
focus on the transplant renal artery. As the renal 
transplant graft is usually placed extraperitone-
ally and superfi cially, most commonly in the 
right lower abdominal quadrant, use of a high fre-
quency probe should be considered to achieve 
optimal visualization of structures [ 71 ]. The 
transplanted kidney arterial infl ow anastomosis 
type depends on donor and recipient anatomy 
and may be end to end (EE) to the internal iliac 
artery or end to side (ES) with either the internal 
or, more commonly, the external iliac artery [ 72 ]. 
The IAC-vascular division guidelines for trans-
plant RADUS are similar to those for native 
arteries (Table  12.2 ), with variations that include 
the need to examine the peri-transplant region 
with gray scale images, the arterial anastomosis 
with spectral Doppler waveforms and velocity 
measurements as well as the venous anastomosis 
with spectral Doppler waveforms [ 11 ]. It should 
be noted that as external iliac artery stenosis can 
result in impaired blood fl ow to the transplanted 
kidney, this artery should also be interrogated as 
part of a complete examination [ 73 ]. Furthermore, 
transplant renal arteries have two characteristics 
that may cause elevated PSV without stenosis. 
First, an ES anastomosis may result in local 
 tortuosity and second, a transplant kidney 
tends to undergo hypertrophy and may be 
 supplied by a higher than normal blood volume. 
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Also, there is signifi cant normal variability of 
PSV in transplant renal arteries [ 74 ]. Published 
PSV that have been shown to identify transplant 
RAS range between 150 and 300 cm/s [ 75 – 77 ]. 
These have relied on relatively small series. 
Other measures have therefore been added to 
supplement the PSV such as the AT and the renal 
artery: external iliac artery ratio (RIR), though 
considerable variability has been noted with 
these criteria as well [ 74 ]. A retrospective analy-
sis of 38 transplant renal arteries with severe 
RAS, 19 representing each kind of anastomosis, 
was undertaken and revealed the AT to be similar 
between EE and ES types, while PSV was much 
higher in the EE type of anastomosis [ 72 ]. This 
analysis did not, however, have a control group 
and therefore could not assess for a cutoff for the 
diagnosis of RAS. A recent comparison of 
RADUS, MRA and CA was performed in 10 
transplant renal arteries found to have CA proven 
RAS > 50 % and 12 arteries in patients in whom 
stenosis was not suspected clinically [ 73 ]. The 
best accuracy for RAS detection was achieved 
with PSV > 250 cm/s, AT > 0.1 s and RIR > 2. As 
a single measure, AT offered the best results, 
while RI did not differ between the groups. A 
PSV > 200 cm/s resulted in better sensitivity 
(90 % vs. 70 %). To further overcome the afore-
mentioned physiologic changes in transplant 
renal artery blood fl ow a study of RADUS char-
acteristics in 14 transplant renal arteries with CA 
proven stenosis ≥80 % used a ratio of the renal 
artery PSV to the PSV in the interlobar renal 
arteries >13 as a discriminator [ 78 ]. Finally, the 
intraparenchymal AT was signifi cantly longer 
when RAS was present in a comparison between 
15 transplant renal arteries without stenosis and 4 
arteries with RAS > 50 % [ 79 ].  

    Other Findings on RADUS 

 As stated, a complete RADUS should include 
bilateral visualization of the entire length of the 
renal artery and also of the kidney parenchyma. 
In a prospective surveillance of 101 kidneys for 
an average of 14.4 months, 26 % of 49 kidneys 
with RAS > 60 % demonstrated >1 cm length 
reduction, while atrophy was absent in all other 

patients [ 80 ]. In another prospective surveillance 
of 204 kidneys over a mean of 33 months renal 
atrophy, defi ned as 1 cm length reduction, 
occurred in 20.8 % of patients with RAS ≥ 60 %, 
more than in patients with normal or less severe 
stenosis (5.5 % and 11.7 %, respectively, 
 P  = 0.009) [ 81 ]. Cortical thickness should also be 
evaluated. A study comparing cortical thickness 
between contralateral kidneys in 26 patients with 
unilateral RAS found signifi cant differences in 
both cortical thickness and kidney length as 
assessed by CTA [ 82 ]. Furthermore, the techni-
cian and interpreting physician must be vigilant 
for the presence of unusual fi ndings such as 
FMD, benign cysts or tumor. Fibromuscular dys-
plasia is suspected when peak systolic velocity is 
elevated in the mid or distal renal artery. In addi-
tion, a typical beaded appearance will suggest the 
medial fi broplasia variant of FMD. If present, the 
location, size and number of benign cysts should 
be documented [ 83 ]. Lack of fl ow within a cyst 
should be documented as opposed to tumor 
masses that may present with neovascularization 
or with echogenic material within the mass [ 84 ]. 
Any suspicion for tumor should prompt recom-
mendation of a more sophisticated examination.  

    Conclusion 

 RADUS is an inexpensive, convenient and 
accurate method for assessing native, stented 
and transplant renal arteries for stenosis. 
While it has inherent limitations, it is the most 
commonly used tool for screening and surveil-
lance of patients with RAS. Use of other 
imaging modalities and correlation with local 
outcomes should be utilized to corroborate 
RADUS fi ndings prior to intervention.     
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    Abstract   

 Imaging of the renal arteries using noninvasive tools such as high 
 resolution CT angiography (CTA) has largely replaced catheter 
 angiography in the assessment of a variety of clinical indications includ-
ing depicting renal donor anatomic variation, assessing renal luminal 
abnormalities and demonstrating complex postoperative reconstructions. 
This chapter reviews the indications, techniques and applications for 
renal arterial CTA as well as presents future directions for state-of- the-art 
CT scanners and processing techniques.  
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        Indications for Renal Arterial CT 
Angiography 

 During the past decade, CT Angiography (CTA) 
has become a standard noninvasive imag-
ing modality for presentation of renal vascular 
anatomy and pathology. CTA has evolved from 
relatively slow acquisitions by single spiral 
scanners to rapid acquisitions by 64, 128 and 
256- multichannel CT systems. In most prac-
tices, advanced imaging techniques, such as 
CTA, have largely replaced catheter angiogra-
phy in the majority of diagnostic renal arterial 

 studies [ 1 ]. The continued evolution of these 
imaging techniques provides an extremely accu-
rate,  time- effi cient, and cost-effective diagnos-
tic evaluation for medical management of renal 
arterial disease as well as creating a precise 
roadmap prior to surgical intervention. High-
resolution CTA images are obtained for a vari-
ety of indications. For example, a hypertensive 
individual may undergo renal CTA to exclude 
renal artery stenosis, fi bromuscular dysplasia 
or dissection. Tailored renal CTA examination 
for specifi c pathology might include determin-
ing if  vasculitis involves the renal arteries or 
the extent of renal aneurysmal changes. Pre-
operative renal CTA planning can be useful for 
nephron- sparing surgery prior to resection of 
renal masses or as  post-procedural follow-up of 
renal  stenting or surgical revascularization. In 
addition, CT protocols can be augmented with 
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supplemental  acquisitions for evaluation of the 
renal  parenchyma,  opacifi cation of the urinary 
collecting systems or depicting extrarenal pathol-
ogy without the administration of additional 
iodinated contrast material. Appropriate tailor-
ing of these imaging sequences can be made with 
only a minimal increase in acquisition time and 
optimization of the study for the smallest pos-
sible radiation dose to an individual patient.  

    Optimization of Renal Arterial 
CTA Acquisitions 

 Continued evolution of CT equipment has allowed 
arterial vasculature to be imaged in exquisite detail 
by combining high resolution (sub-millimeter) 
increments with rapid (sub- second) acquisition 
timing. Optimal acquisition parameters are 
required to accurately depict the main renal arter-
ies and segmental artery branches including atten-
tion to IV contrast injection, bolus timing and 
acquisition technique. Adequate intravenous 
access is essential for optimal opacifi cation and 
depiction of the renal arteries. Typically, a 20 
gauge or larger IV catheter is placed in the antecu-
bital or forearm veins of either upper extremity 
allowing IV contrast rates of 4–5 cc/s using a 
power injector. A typical renal CTA bolus is 100-
to 125-mL of nonionic iodinated contrast material 
with a concentration of 300–370 mg/mL. A dual-
headed injector allows the iodinated contrast mate-
rial bolus to be followed by an IV fl ush of 30 cc of 
normal saline clearing contrast material from the 
upper extremity veins which maximizes contrast 
utilization. The amount of contrast material can be 
modifi ed based on patient weight and renal func-
tion. The CTA can be acquired automatically at a 
fi xed interval of 15–25 s or more commonly is 
obtained using automated bolus-tracking tech-
niques with a region of interest placed in the 
abdominal aorta triggering the scan acquisition 
when it reaches a preset level of density, typically 
100–140 Hounsfi eld units (HU). 

 Adequate anatomic coverage is critical for 
acquisition of optimal renal CTAs, most com-
monly extending from the celiac artery to the distal 
common iliac arteries including accessory renal 

arteries arising from the lower abdominal aorta 
(Fig.  13.1 ) or the common iliac  arteries. In patients 
with suspected anatomic variation such as horse-
shoe kidney (Fig.  13.2 ), pelvic kidney (Fig.  13.3 ), 
crossed-fused renal ectopia or renal transplanta-
tion, extended coverage into the entire pelvis is 
preferred. Acquisition and reconstruction param-
eters vary but ideal slice thickness of 1–1.5 mm 
should be obtained with a 50 % overlap in order 
to create optimal 3D postprocessing. Additional 
2–2.5 mm axial and coronal  reconstructions can 
be created from the original dataset for diagnostic 
image review and interpretation.

     Supplementary imaging sequences can be 
acquired during the CT acquisition as appropriate 
for the clinical indication. For example, calculi are 
optimally visualized on precontrast CT images 
and precontrast HU measurements are useful in 
determination of enhancement characteristics of 
renal masses. Delayed venous phase imaging at 
70–80 s can be considered for evaluation of renal 
vein anatomy, renal parenchymal abnormalities 
and renal perfusion characteristics. Excretory 
phase imaging can be added to the CTA exam for 
a one-stop combined evaluation of renal vascula-
ture, renal parenchyma and urothelium. 

  Fig. 13.1    Volume rendered computed tomography angio-
gram (CTA) of the renal arteries with an accessory renal 
artery ( arrowhead ) arising from the lower abdominal 
aorta near the aortic bifurcation       
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 Careful attention to radiation dose should be 
reviewed with the CT technologist performing 
the examination including limiting longitudinal 
craniocaudal coverage to the appropriate acquisi-
tion length. For example, overscanning into the 
chest or lower pelvis increases unnecessary radi-
ation dose to radiosensitive structures such as the 
breasts or gonadal tissue. Acquiring precontrast 
acquisition using lower dose techniques and 
thicker sections (3–5 mm) also decreases the 
overall radiation dose. Application of mA modu-
lation, auto-kV utilization as well as noise reduc-
tion computer algorithms are additional 
techniques that allow optimal visualization of the 
renal arteries at the lowest radiation dose.  

    Comparison to Other Modalities 

 The ability to acquire exams with increased 
 spatial resolution and faster exam times provides 
the key benefi ts of CTA when compared to MR 

angiography (MRA). Depicting the extent of 
 atheromatous calcifi cation, which cannot be 
demonstrated on MRA, is another advantage. 
However, MRA can be obtained without radia-
tion exposure or iodinated contrast material thus 
providing an optimum imaging alternative in 
pregnant patients as well as patients with severe 
iodinated contrast allergy or decreased renal 
function. CTA does require radiation exposure 
for image acquisition; however, the accuracy is 
less operator-dependent and especially useful in 
patients with a large body habitus when com-
pared to ultrasound. The gold standard for arte-
rial diagnostic evaluations has traditionally been 
invasive catheter-directed angiograms; however, 
cross-sectional techniques (CTA and MRA) have 
largely replaced the necessity for an invasive 
diagnostic examination (Table  13.1 ).

∗

  Fig. 13.2    Volume rendered CTA of a horseshoe kidney 
supplied by three renal arteries ( arrowheads ). The inferior 
mesenteric artery is noted with an *          

∗

  Fig. 13.3    Volume rendered CTA including a normally 
positioned right kidney supplied by two renal arteries and 
a pelvic kidney also supplied by two renal arteries ( arrow-
heads ). The inferior mesenteric artery is denoted by an *       
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       Display of Variant Anatomy 
and Pathology with Multiplanar 
2D and 3D Reconstructions 

 Using current computer technology, the acquired 
CT exam volume of data can be easily reviewed 
on a workstation in the traditional axial plane 
as well as oblique, coronal and sagittal planes 
maintaining isotropic display in the x, y and 
z axes using modern 64 channel and greater 
CT scanners. 3D rendering techniques such as 
volume- rendered (VR), curved multi-planar 
reconstruction (MPR) and maximum-intensity- 
projection (MIP) can be used by the radiologist 
to clarify anatomic relationships and the extent of 
pathologic changes. The post processed 2D and 
3D images can be provided to clinicians in order 
to succinctly demonstrate important diagnostic 
information and provide educational information 
to patients. 

    Renal Donor Evaluation 

 Renal transplantation is currently an optimal 
treatment choice for end-stage renal disease. In 
the past, combinations of imaging exams were 
often used in the preoperative assessment of liv-
ing renal donors including invasive catheter 
angiogram combined with intravenous urography. 
The large fl ank incision used for harvesting of the 
donated kidney provided direct visualization of 
the renal arterial and venous vasculature. 
Currently, renal donor harvesting is typically 

 performed laparoscopically necessitating a  careful 
preoperative roadmap of the renal vasculature. 
Fortunately, advances in CTA provide an accurate 
and complete evaluation of the donated kidney by 
combining visualization of the renal arteries, renal 
veins and urographic images into one diagnostic 
CT exam. Multiphase imaging techniques have 
been commonly used in the evaluation of renal 
donors including precontrast, angiographic, veno-
graphic and excretory phase imaging. However, 
newer techniques such as combined angiographic 
and excretory phase imaging [ 2 ] provide accurate 
imaging details of the renal vasculature while sig-
nifi cantly decreasing radiation dose. When corre-
lated with catheter angiography or intraoperative 
fi ndings, CTA has demonstrated high sensitivity 
and accuracy of 95–99 % in determination of the 
arterial number and branching pattern as well as 
venous variants [ 3 – 5 ]. Important renal donor CT 
information includes:
    1.    Renal arterial branching pattern with a  prehilar 

branching pattern described as less than 
15–20 mm (Fig.  13.4 )

       2.    Number of renal arteries and veins with acces-
sory renal arteries occurring in 25–28 % of 
patients [ 3 ,  4 ,  6 ]   

   3.    Anomalous renal artery and/or venous anat-
omy including circumaortic or retroaortic left 
renal veins   

   4.    Renal parenchymal and extrarenal abnormali-
ties including renal cell carcinoma or chronic 
atrophic pyelonephritis.    
  The arterial and venous phase images are 

commonly sent to post-processing workstations 

   Table 13.1    Comparisons of renal arterial computed tomography angiography, magnetic resonance angiography, 
 ultrasound and catheter angiography   

 CTA  MRA  US  Cath angio 

 Radiation  Yes  No  No  Yes 
 Resolution  Isotropic  Near-isotropic  NA  4 1p/mm 
 Iodinated contrast  Yes  No  No  Yes 
 Operator dependence  No  No  Yes  Yes 
 Resistive indices  No  No  Yes  No 
 Pressure gradients  No  No  No  Yes 
 Total exam time (est)  5–10 s  15–20 s  20–30 min  20–30 min 
 Invasiveness  No  No  No  Yes 
 3D post-processing  Yes  Yes, automated  No  No 
 Contraindications 
(relative and absolute) 

 Severe contrast 
allergy 

 Pacemaker, claustrophobia, some 
aneurysm clips and implanted devices 

 None  Severe contrast 
allergy 
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to reconstruct tailored 3D imaging sets, which 
maximally demonstrate renal anatomy and ana-
tomic variants. Effi cient processing times and 
dedicated protocols allow the individualized 
images to be made rapidly available to the refer-
ring physicians to provide preoperative planning 
details. In addition, the intuitive display of the 3D 
CTA images during the patient-physician discus-
sions help provide instructive details to the 
patient regarding surgical approaches.  

    Renal Arterial Atherosclerotic 
Ostial Stenosis 

 Some patients undergoing CTAs of the renal 
arteries may be hypertensive and this noninvasive 
evaluation is performed to exclude an underlying 
treatable cause. While an anatomic cause only 
occurs in a few percent of patients with hyperten-
sion, atherosclerotic renal artery stenosis is the 
culprit in 90 % of these patients [ 7 ] with progres-
sive disease to occlusive changes in 3–16 % [ 7 ]. 
Typical changes of renal arterial atheromatous 
stenosis involve the renal ostia and proximal 
10–20 mm of the renal artery and may include 
mural thrombus, calcifi cation, ulceration and 

post-stenotic dilatation (Fig.  13.5a–c ). While 
there remains debate regarding the unqualifi ed 
imaging method of choice for hemodynamically 
signifi cant renal artery stenosis either due to ath-
eromatous disease or fi bromuscular dysplasia, 
CTA has demonstrated high sensitivity and speci-
fi city (92–94 %, 93–99 %) [ 8 ,  9 ] with a more 
recent study of 50 consecutive patients docu-
menting sensitivity of 100 %, specifi city of 98 % 
and accuracy of 98 % [ 10 ] when compared with 
digital subtraction angiography. CTA is also a 
useful guide for preprocedural planning in deter-
mination of the length of the stenotic segment, 
sizing criteria for balloon dilatation or stent 
placement and branching patterns. Current treat-
ment of renal artery stenosis with renal artery 
stenting has been shown to be superior to percu-
taneous transluminal angioplasty alone [ 11 ] with 
longer patency rates. Complications of renal 
artery stent placement include development of in-
stent restenosis from intimal hyperplasia in 
17–21 % of patients [ 12 ,  13 ]. Follow-up of renal 
arterial stent placement can be performed with 
excellent diagnostic accuracy for detection of 
signifi cant in-stent stenosis (>50 %) using new 
64-detector CTA techniques including sensitivity 
of 100 %, specifi city of 99 %, negative predictive 
value of 100 % and positive predictive value of 
90 % [ 13 ] when compared to catheter angiogra-
phy. In addition, current CTA acquisition param-
eters allow exams to be performed at 
approximately 50 % of the radiation exposure 
used in early CTA exams [ 12 ].

   In addition to the evaluation of the renal 
 arterial luminal changes, CTA provides a 
detailed evaluation of the renal parenchyma 
including associated focal scarring or global 
parenchymal loss. Careful review of the diagnos-
tic CT images may also demonstrate an alternate 
secondary cause for hypertension such as an adre-
nal mass (aldosteronoma, pheochromocytoma 
(Fig.  13.6a, b ), aortic coarctation or renal mass.

       Fibromuscular Dysplasia 

 Advances in CT technology with high resolu-
tion techniques have improved visualization of 
more subtle renal arterial intimal abnormalities 

  Fig. 13.4    Volume rendered CTA for a preoperative renal 
donor examination demonstrates early bifurcation 
(<10 mm) of the renal arteries bilaterally ( arrowheads )       
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a b

c

  Fig. 13.5    ( a ) Volume rendered CTA demonstrated a high 
grade short segment stenosis just beyond the origin of the 
left renal artery ( arrowhead ). ( b ) Axial imaging demon-
strates the high grade stenosis ( arrowhead ) with mild 

poststenotic dilatation. ( c ) Coronal imaging also demon-
strates the focal stenosis ( arrowhead ) with mild post-
stenotic dilatation       

a b

  Fig. 13.6    ( a ,  b ) Axial CT images in a 45 year old female 
with hypertension and a history of Neurofi bromatosis type 
1. A hypervascular nodule in the right and left  adrenal 

glands ( arrowheads ) were surgically removed and patho-
logically confi rmed as bilateral pheochromocytomas       
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such as fi bromuscular dysplasia (FMD). Initial 
 publications [ 14 ] using early CT technology 
reliably detected renal artery FMD, but did not 
advocate for replacement of catheter-directed 
angiograms. Subsequent publication demon-
strated 100 % detection rate of renal arterial FMD 
by CTA [ 15 ] when compared to catheter angiog-
raphy. Current state-of-the-art CT scanners pro-
vide improved spatial resolution compared to 
earlier exams with accuracy in detection of FMD 
equivalent or slightly superior to MR angiogra-
phy [ 16 ,  17 ]; however, both of these technologies 
are continually evolving. 

 While renal artery stenosis is most commonly 
due to atheromatous disease, the majority of the 
remaining 10–20 % of stenotic renal arteries is 
due to renal artery FMD [ 18 ,  19 ]. The prevalence 
of FMD in the general population is rare but 

has been estimated at nearly 4 % [ 20 ] with a 
3:1  predominance of females to males, most 
 commonly in the 30–50 year old age group. FMD 
is divided into subtypes based on the involved 
layer of the arterial wall (intima, media or adven-
titia) [ 21 ]. Medial FMD is the most common 
resulting in the classic “string of pearls” appear-
ance both on catheter angiography and CTA. 
Intimal FMD and adventitial fi broplasia are less 
common and cannot be separated into distinct 
subtypes by CTA but can be suspected with  tubular 
segments of stenosis. Involvement of more than 
one arterial wall layer also occurs pathologically. 

 The fi ndings of FMD on CTA include most 
commonly the beaded or string of pearls 
 characteristics (Fig.  13.7a–c ) which can be asso-
ciated with more focal aneurysmal disease. 
Additional fi ndings on CTA include an arterial 

a

c

b

  Fig. 13.7    ( a ) Volume rendered CTA demonstrating a 
classic “string of pearls” consistent with fi bromuscular 
dysplasia (FMD) ( arrowhead ) in the right renal artery. ( b ) 
Catheter angiogram confi rmation of FMD in the same 

patient ( arrowhead ). ( c ) Axial CT source images demon-
strating typical changes of FMD in the mid main right 
renal artery ( arrowhead )       
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segment of long smooth narrowing, unifocal 
band-like stenosis or tubular stenosis (Fig.  13.8 ). 
Unlike proximal atheromatous changes of the 
renal artery, FMD is most common in the mid to 
distal main renal arteries but can extend into the 
fi rst division branches. Bilateral disease occurs in 
60 % of cases [ 21 ]. Complications of FMD can 
also be depicted on CTA including dissection, 
occlusion or thrombosis.

    An additional rare, noninfl ammatory disease 
which most commonly involves the visceral arter-
ies including the renal arteries is segmental arte-
rial mediolysis (SAM) which affects the small to 
medium arterial distribution and has equal distri-
bution between men and women. Some authors 
consider SAM to be a variant of or precursor to 
FMD [ 22 – 25 ]. The average age of presentation is 
in the fi fth decade of life. The etiology of this 
 disorder is unknown and lack of familiarity with 
the imaging fi ndings can result in misdiagnosis of 
vasculitis or even neoplasm. CTA has been shown 
to be a useful imaging tool in the diagnosis and 
follow-up of patients with SAM [ 24 ]. Patients 
most commonly present with abdominal, fl ank or 
chest pain and may be hypertensive or have 
 hematuria. Findings of SAM include dissections, 

aneurysms, intramural  hematomas, occlusions 
(Fig.  13.9a, b ) [ 25 ,  26 ] and more commonly 
involves the mesenteric arteries (70 %) with the 
renal arteries involvement in 50 % [ 26 ]. 
Approximately 50 % of patients progress and 
50 % resolve or decrease [ 26 ].

       Renal Arterial Dissection 
and Thrombosis 

 Spontaneous renal arterial dissection is a rare 
cause of acute fl ank pain in the ER setting and is 
often accompanied with hypertension. The dis-
section is thought to result from an intramural 
hemorrhage or entrance of blood into the arterial 
wall through an intimal tear [ 27 ]. Underlying risk 
factors for spontaneous renal arterial dissection 
include atheromatous disease, renal arterial aneu-
rysm, FMD, connective tissue disease (such as 
Ehlers-Danlos syndrome) or extension from an 
aortic dissection [ 27 ]. Current CTA technology 
allows direct visualization of the dissected inti-
mal fl ap (Fig.  13.10a, b ). Additional imaging 
fi ndings of a renal arterial dissection include 
irregular dilatation and narrowing of the  opacifi ed 
arterial lumen, thrombosis of a renal arterial seg-
ment and/or regions of decreased perfusion to the 
renal parenchyma supplied by the dissected or 
thrombosed renal artery. Management options 
include conservative observational therapy with 
or without anticoagulation as well as surgical or 
endovascular intervention.

   CTA also provides accurate determination of 
luminal patency and presence of renal arterial per-
fusion abnormalities or infarction from thrombo-
embolic disease (Fig.  13.11a, b ). CTA fi ndings 
include a central low attenuation thrombus/embolus 
within the renal artery. The thromboembolism 
often originates from the heart or from irregular 
and ulcerated thoracoabdominal atheromatous dis-
ease. Emboli to the renal arteries can also be associ-
ated with atrial fi brillation, postmyocardial infarct 
emboli, bacterial endocarditis or atrial myxomas. 
Associated renal parenchymal perfusion changes 
most commonly consist of wedge-shaped paren-
chymal defects or global decreased perfusion 
changes to the involved kidney.

  Fig. 13.8    Volume rendered CTA demonstrates severe 
long tubular stenoses in the right renal artery consistent 
with a variant of FMD typically arising from pathologic 
changes in the intima or adventitia       
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a b

  Fig. 13.9    ( a ,  b ) Volume rendered CTA ( a ) and a 
Maximum Intensity Projection (MIP) image ( b ) with 
focal aneurysmal changes in the right renal artery 

 ( arrowhead ) and diffuse dilatation of the superior 
 mesenteric artery ( arrow ) consistent with CTA fi ndings of 
segmental arterial mediolysis (SAM)       

a b

∗

  Fig. 13.10    ( a ) Axial CT image with intimal dissection 
extending into the anterior division of the right renal 
artery ( arrowhead ). ( b ) Volume rendered CTA demon-
strates the abrupt occlusion from prior dissection and 

intramural hematoma involving the distal left renal artery. 
Note the decreased perfusion to the lower pole of the left 
kidney (*)       
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       Vasculitis 

 Noninvasive vascular imaging such as CTA has 
replaced catheter angiography in the evaluation 
and follow-up of vasculitis given the great advan-
tage of evaluation of both the arterial wall as well 
as luminal changes. Systemic vasculitides fre-
quently involve the renal arteries. The large vessel 
vasculitides most commonly resulting in renal 
arterial abnormalities include giant cell (temporal) 
arteritis and Takayasu arteritis. CTA demonstrates 
not only the circumferential and concentric wall 
thickening of active infl ammatory changes but 
also the stenosis of the renal arterial ostia either 
unilaterally or bilaterally (Fig.  13.12a, b ). Less 
commonly, aneurysms and occlusions are 
detected. A medium vessel vasculitis involving the 
kidneys that has been demonstrated by CTA using 
the latest technological advancements is polyar-
teritis nodosa (PAN) [ 28 ]. Areas of decreased 
parenchymal perfusion and infarction are associ-
ated with renal involvement in PAN and can be 
confused with pyelonephritis. Multiple small 
intrarenal arterial aneurysms measuring 1–5 mm 
are occasionally demonstrated by CTA typically 
occurring in the intrarenal arterial distribution of 
the distal interlobar arteries [ 28 ]. Associated 
changes of the renal arteries include ectasia, occlu-
sion and rare aneurysmal rupture [ 29 ].

       Renal Arterial Aneurysm 

 Aneurysms uncommonly involve the renal 
 arteries occurring in 0.1 % of the population 
[ 30 ]. Renal arterial aneurysms (RAAs) are more 
commonly seen in women and are typically soli-
tary and unilateral (Fig.  13.13a–c ). Saccular 
RAAs are more frequent (79 %) than the fusi-
form type and are most commonly located at the 
distal bifurcation of the main renal artery [ 30 –
 32 ]. The fusiform type of aneurysm is commonly 
associated with changes of renal artery medial 
FMD. RAAs are commonly asymptomatic and 
discovered incidentally [ 31 ] but complications 
such as hypertension, renal infarction, rupture, 
renal arterial thrombosis and arteriovenous fi s-
tula do occur. Fortunately, the risk of  spontaneous 
rupture of a RAA is very low. Specifi c risk fac-
tors for RAA rupture include premenopausal 
women, pregnancy and increasing size of the 
aneurysm. The largest clinical experience with 
RAA was described by Henke et al [ 31 ] in a ret-
rospective evaluation of 252 RAAs over 35 years 
in 168 patients and used to develop recommen-
dations for management of RAAs that were 
recently confi rmed by Morita et al [ 33 ]. Options 
for RAAs intervention include aneurysmectomy, 
renal arterial bypass, embolization, endovascular 
stenting and nephrectomy.

a b

  Fig. 13.11    ( a ,  b ) Axial images from a CTA ( a ) and cath-
eter-directed renal angiogram ( b ) with focal embolus in 
the main right renal artery ( arrowhead ). Associate 

decreased parenchymal perfusion is evident in the lateral 
and posterior right kidney ( arrow )       
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   Diseases most commonly associated with 
RAAs are hypertension and FMD [ 30 ], but RAAs 
also occur with segmental arterial mediolysis 
[ 26 ], arteritis, Marfan’s syndrome, Ehlers Danlos 
Type IV and neurofi bromatosis. An additional 
rare disease associated with multiple tiny renal 
peripheral intrarenal aneurysms is polyarteritis 
nodosa (Fig.  13.14a, b ).

   CTA is helpful to determine the size, contour 
and calcifi cation of a single or multiple RAAs. In 
addition, CTA accurately depicts the anatomic 
relationship of the aneurysm to the main renal 
artery as well as to segmental intrarenal branches. 
Careful follow-up measurements and compari-
sons using sequential renal CTA exams exclude 
aneurysm enlargement or rupture and help deter-

mine the appropriate timing for endovascular or 
open surgical intervention.  

    Renal Trauma 

 High-grade injuries involving the renal artery 
occur in 11 % of traumatic injuries to the kidney 
[ 34 ] and are classifi ed by the American 
Association of Surgeons in Trauma grading sys-
tem [ 34 ,  35 ] as a Grade 4 injury when involving 
the renal artery or vein with a contained hemor-
rhage, whereas avulsion of the renal hilum that 
devascularizes the kidney is a Grade 5 injury   . 
Renal arterial injuries include renal arterial dis-
section, occlusion and thrombosis (Fig.  13.15 ), 

a b

  Fig. 13.12    ( a ) Axial images from a CTA demonstrates a 
rind of circumferential wall thickening surrounding the 
abdominal aorta at the level of the renal arteries consistent 
with vasculitis resulting in high grade stenosis at the ori-

gin of the left renal artery. ( b ) Volume rendered CTA 
image demonstrates the high grade stenosis at the origin 
of the left renal artery below a stented segment of the 
descending thoracic aorta ( arrow )       
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which may be associated with perfusion changes 
to the involved renal parenchyma segment. 
Extraluminal contrast extravasation or renal arte-
rial pseudoaneurysm are CTA fi ndings which 
also denote a renal pedicle injury [ 36 ].

       Nephron-Sparing Surgery/Follow-up 

 CTA is useful for preoperative evaluation prior to 
resection of renal masses such as renal cell car-
cinoma. Renal interventions are being  performed 
using less invasive surgical techniques for 
 laparoscopic removal of renal tumors. Appropriate 
indications for nephron-sparing surgery (NSS) 
have expanded beyond that of a solitary kid-
ney, an abnormal contralateral  kidney, multiple 

 bilateral renal tumors or decreased renal function. 
Detection of 50 % of renal cell carcinomas are 
made incidentally [ 37 ] given the extensive avail-
ability and utilization of advanced cross-section 
imaging. By combining the earlier tumor detec-
tion and advances in NSS techniques, the indi-
cations for resection of renal masses using NSS 
have expanded to include the incidental, small 
(<4 cm) cortical renal mass (Fig.  13.16a, b ) or the 
peripheral, exophytic mass without metastases. 
CTA is an important preoperative planning tool 
for small tumors that can be resected using these 
techniques by accurately depicting renal arterial 
and venous anatomy [ 38 ]. In addition, accurate 
display of the renal arterial supply of large renal 
tumors is determined in 98 % of cases [ 39 ] and 
the depiction of renal vein invasion provides a 

a b

c

  Fig. 13.13    ( a – c ) Axial images ( a ), coronal MIP image 
( b ), and volume rendered 3D image ( c ) from a renal CTA 
demonstrates a well-circumscribed renal artery aneurysm 

( arrowhead ) in the right renal hilum measuring 25 mm in 
diameter with minimal mural thrombus or calcifi cation       

 

T.J. Vrtiska



243

helpful preoperative planning tool with a high 
positive and negative predictive value by renal 
CTA (92 and 97 % respectively) [ 40 ]. The extent 
of IVC thrombus by CT is also a useful imaging 
planning contribution by depicting  presence of 
tumor thrombus above the  diaphragm potentially 
altering the surgical approach to tumor resection.

        Future Opportunities in CTA 
of the Kidneys 

 Optimization of renal artery CTA in the future 
includes technique enhancement along with con-
tinued radiation dose reduction using both hard-
ware and software advancements. The newest 
advances in CT technology include dual energy 
CT (DECT) acquisitions, low kV CTA and 
 iterative reconstruction techniques, which are 
providing new avenues for the evaluation of renal 
arterial anatomy and pathology using the lowest 
radiation doses. With DECT, the acquisition of 
images at two different kilovoltages (typically 80 
and 140 kVp) provides new opportunities for 
specifi c material characterization and separation 
of anatomic structures [ 41 ,  42 ]. For example, 
renal arterial wall atheromatous calcifi cation 
could be separated from the opacifi ed lumen 
with improved depiction of renal arterial stenosis 
such has been currently applied to calcifi ed lower 
extremity arterial vasculature [ 43 ] and the carotid 
arteries [ 44 ]. DECT also provides for rapid 

a b

  Fig. 13.14    ( a ,  b ) Coronal MIP images demonstrate multiple small peripheral intra-arterial aneurysms ( arrowheads ) 
consistent with polyarteritis nodosa (PAN)       

  Fig. 13.15    Axial CTA images following motor vehicle 
accident in a 25 year old male demonstrate abrupt occlu-
sion of the left renal artery ( arrowhead ) with lack of per-
fusion to the left kidney consistent with traumatic left 
renal artery injury       
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 characterization and  separation of bones which 
enhances rendering of 3D CTA exams. In addi-
tion, virtual noncontrast CT imaging can be cre-
ated from the contrast enhanced CT data for 
precontrast measurements of indeterminate 
renal masses or detection of urinary calculi [ 42 ]. 
Low kV CTA exams allow improved visualiza-
tion of high attenuation structures such as small 
intrarenal arterial branches [ 45 ,  46 ] by taking 
advantage of the specifi c attenuation character-
istics including the molecular properties 
(k-edge) of iodine at lower kVs. Application of 
low kV imaging in the appropriate (typically 
smaller) patients can result in reduced radiation 
dose as well as potential reduction in the volume 
of iodinated contrast material needed for a renal 
arterial CTA [ 45 ,  46 ]. Finally, while decreases 
in tube voltage and radiation doses are a benefi -
cial direction in the optimal care of patients with 
renal arterial disease, these improvements can 

be negated by an increase in image noise and a 
decrease in image quality. Fortunately, addi-
tional advances in CT technology including 
reconstruction of imaging data through advanced 
computer algorithms termed iterative recon-
struction [ 47 ] can offset the challenges of image 
noise and potential image quality reduction 
while lowering radiation dose by 50 % or 
greater.  

    Conclusion 

 CTA provides a highly accurate evaluation of 
the renal arteries. Continued advances in CT 
scanner acquisitions and image post-process-
ing technologies will continue to further the 
accurate depiction and diagnosis of renal arte-
rial anatomy and pathology at the lowest pos-
sible radiation dose tailored to the specifi c 
clinical need of the patient.     

ba

  Fig. 13.16    ( a ,  b ) Volume rendered 3D CTA ( a ) and 
 coronal reconstruction ( b ) demonstrate a 2.5 cm intensely 
hypervascular exophytic mass arising from the lateral 

lower pole of the left kidney ( arrow ) which was shown to 
represent a small renal cell carcinoma at surgical 
resection       
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        Introduction 

 Evaluation of the renal arteries and veins is a com-
mon imaging request, most frequently in the set-
ting of hypertension unresponsive to conventional 
medical therapy. While duplex sonography is 
often the fi rst examination performed, this tech-
nique has a number of well-recognized limita-
tions, including relatively poor anatomic 

 visualization of the vessels, diffi culty identifying 
the renal arteries in large patients, and perfor-
mance variability depending on the experience 
and ability of the technologist. Renal MR angiog-
raphy (MRA) and CT angiography (CTA) are 
therefore often performed either as an initial diag-
nostic examination or as a secondary noninvasive 
test when sonography is limited or indeterminate. 

 The mainstay of renal MR angiography has 
long been gadolinium-enhanced 3D MRA: this 
is a fast, accurate, and fairly simple technique 
which is widely employed for assessing virtually 
all vascular territories. Recent concerns regarding 
the development of nephrogenic systemic fi brosis 
(NSF) following gadolinium  administration in 
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patients with renal failure have led to a  signifi cant 
reduction in the volume of renal MRA performed 
in most radiology practices: in some respects this 
is unfortunate, since gadolinium- enhanced MRA 
is a safe procedure in nearly all patients with 
mild-moderately reduced renal function; how-
ever, it has had the benefi cial effect of stimulating 
the development of several effective non-contrast 
MRA techniques. 

 In this chapter, the technical aspects of the 
most common contrast-enhanced and non- 
contrast renal MRA techniques will be dis-
cussed, followed by a brief consideration of less 
widely employed methods as well as accessory 
functional techniques. The clinical indications 
for renal MR angiography and venography are 
discussed, along with the somewhat controver-
sial issue of the accuracy of these techniques in 
detecting signifi cant renal artery stenosis (RAS). 
Finally, recent developments and future direc-
tions are summarized.  

    Contrast-Enhanced Renal MRA 

 Contrast-enhanced renal MRA involves a fast 3D 
spoiled gradient echo pulse sequence performed 
in conjunction with intravenous bolus injection of 
a gadolinium-based contrast agent. Acquisition 
is coordinated with arrival of the contrast bolus 
in the abdominal aorta and renal arteries [ 1 – 5 ]. 
While the concept of timing the acquisition to 
capture the peak of the contrast bolus is some-
what analogous to conventional angiography 
and CT angiography, gadolinium contrast agents 
behave in a fundamentally different manner – 
they are not directly imaged, but instead exert 
an indirect effect on adjacent water protons in 
blood, reducing their T1 relaxation time and 
thereby increasing the signal intensity of arterial 
blood. The typical contrast-enhanced (CE) MRA 
sequence also has the effect (through relatively 
high fl ip angles and short repetition times (TRs)) 
of suppressing or saturating background tissue 
not exposed to gadolinium. Additional back-
ground suppression can be achieved by adding 

fat suppression pulses to the standard MRA pulse 
sequence (at a small cost in additional imaging 
time) or by subtracting the contrast-enhanced 
sequence from a pre-contrast mask acquisi-
tion (this method can generate misregistration 
 artifacts in patients who are not consistent breath 
holders). 

 3D CE renal MRA is an attractive technique 
for a number of reasons: acquisition times are 
short enough to be encompassed within a rea-
sonable breath hold, thereby greatly reducing or 
eliminating respiratory motion artifact. The short 
acquisition time is also helpful in preventing or 
minimizing venous contamination from the rela-
tively rapid renal circulation. The reliance on 
gadolinium for image contrast reduces or elimi-
nates many of the well-known artifacts associated 
with time-of-fl ight and phase contrast techniques. 
Three dimensional data acquisition coupled with 
excellent background suppression means that 3D 
reconstruction is relatively straightforward using 
any of the currently available methods such as 
maximum intensity projection (MIP) or volume 
rendering. The relative invisibility of calcium, 
while to some extent a limitation, can also be 
advantageous in allowing clear visualization of 
the renal artery lumen in patients with extensive 
arterial calcifi cation. General advantages of MRI 
include the lack of ionizing radiation or iodin-
ated contrast. MRA is generally considered a 
safe alternative to CTA or conventional angiogra-
phy in patients with renal insuffi ciency, although 
there has been some recent controversy regarding 
the nephrotoxic effects of gadolinium contrast 
agents, particularly in high doses. 

 Limitations of 3D CE renal MRA involve fun-
damental constraints imposed by the requirement 
for acquisition during suspended respiration and 
during the fi rst pass of the contrast bolus. Since 
spatial resolution is typically related to the number 
of phase encoding steps acquired in two dimen-
sions, higher spatial resolution images require 
longer acquisition times. Additionally, as spa-
tial resolution improves, voxel size decreases, 
and SNR diminishes – eventually the reduced 
SNR can compromise image quality. In general, 
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 spatial  resolution in renal 3D CE MRA has been 
 considered adequate to detect signifi cant (>50 %) 
stenosis of main renal arteries; it is limited in 
detection of stenoses in small accessory vessels, 
and may have reduced sensitivity for detection of 
subtle fi bromuscular dysplasia. The typical voxel 
size for renal MRA in clinical practice today 
ranges between 1.5 and 3 mm 3 : this resolution, 
while adequate for evaluation of main renal arter-
ies, is signifi cantly lower than the resolution 
achieved by conventional angiography as well as 
state-of-the-art multi-detector row CTA. Although 
fl ow-related artifacts are minimized with 3D CE 
MRA, they can occur, and 3D CE MRA probably 
tends to overestimate the severity of stenoses when 
compared to conventional angiography. These 
artifacts can be accentuated on MIP images, for 
example the appearance of short segment occlu-
sion in the setting of critical stenosis, emphasiz-
ing the importance of viewing source images and 
thin section multi-planar reconstructions when 
interpreting these examinations. Usually this 
slight overestimation is not problematic; however, 
in cases where a stenotic lesion falls close to the 
boundary between moderate and severe, relatively 
subtle differences can determine whether or not a 
patient will proceed to conventional angiography 
and intervention. The lack of visible calcium may 
be advantageous as noted previously; however, it 
is also a limitation, since this information is use-
ful to physicians contemplating renal artery stent 
placement or percutaneous transluminal angio-
plasty. General limitations of MRI include a small 
percentage of patients unable to undergo exami-
nations because of claustrophobia or gadolinium 
contrast agent allergy. Patients with pacemakers, 
automatic internal cardiac defi brillator (AICD) 
devices, and certain aneurysm clips and implanted 
electronic devices are excluded from MRI.  

    Non-contrast Renal MRA 

 Non-contrast renal MRA is both an old and new 
technique and its recent growth is undoubtedly a 
result of concerns regarding the association of 

gadolinium contrast agents with nephrogenic 
systemic fi brosis (NSF) in patients with severely 
reduced renal function [ 6 – 8 ]. NSF is a sclerotic 
disease involving the skin and internal organs 
bearing some resemblance to scleroderma and 
causing signifi cant morbidity and mortality. Most 
recent investigations have focused on modifi ed 
steady state free precession (SSFP) pulse 
sequences [ 9 – 14 ]. SSFP sequences are attractive 
for their high vascular signal to noise ratio, short 
acquisition times, and inherent fl ow compensa-
tion. Most current commercially available ver-
sions of this technique involve the application of 
a spatially or slab-selective inversion pulse over 
the kidneys and renal arteries followed by a delay 
represented by the inversion time (TI). During 
the delay, the spins in this region recover magne-
tization via T1 relaxation, and at the correct TI 
(typically 1,100–1,400 ms) this signal reaches a 
null point. Meanwhile, arterial blood fl owing into 
the slab during this time is not saturated, and has 
high signal intensity and high contrast relative to 
the suppressed background tissue. The relatively 
long inversion times required for this technique 
also necessitate some form of respiratory gating, 
and acquisition times, although much longer than 
the breath-held contrast-enhanced MRA tech-
nique, are still reasonable, usually in the range of 
4–6 min. The 3D SSFP technique has demon-
strated sensitivity and specifi city for detection of 
signifi cant renal artery stenosis fairly similar to 
contrast-enhanced MRA in several small single 
center trials, and may provide improved visual-
ization of intra-renal arterial branches. 

 Limitations of this technique include artifacts 
related to irregular respiration, as well as prob-
lems with adequate visualization of the renal 
arteries in patients with slow arterial fl ow, since 
the extent of the visualized vascular tree depends 
on the distance that infl owing blood can travel 
within the specifi ed inversion time. Spatial reso-
lution can in theory be very high, since there are 
no limitations on acquisition time related to the 
length of the contrast bolus or the patient’s breath 
hold capacity; however, in practice spatial reso-
lution has generally been slightly lower than that 
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achieved in 3D CE MRA since longer acquisition 
times tend to lead to irregularities in respiration 
and degraded image quality.  

    Additional Techniques 

    Phase Contrast MRA 

 Phase contrast (PC) acquisitions encode velocity 
and fl ow information by applying short gradient 
pulses along the direction or directions of fl ow 
followed by a similar gradient pulse in the oppo-
site direction. Stationary spins accumulate no net 
phase shift; however, spins moving in the direc-
tion of the gradient accumulate a net phase shift 
that is proportional to their velocity. Two sets of 
images are traditionally generated in phase con-
trast acquisitions: magnitude images refl ecting 
anatomy, and phase images which provide veloc-
ity data on a pixel by pixel basis. 

 Magnitude images from 3D PC MRA have 
been used to assess the severity of a renal artery 
stenosis demonstrated on CE MRA: signal drop- 
out is related to intravoxel dephasing caused by 
disordered fl ow in the region of a severe stenosis 
[ 15 – 17 ]. Two-dimensional cine phase contrast 
(cine PC) acquisitions are gated to an ECG (elec-
trocardiogram) or peripheral pulse tracing and 
allow velocity and fl ow measurements throughout 
the cardiac cycle. Velocity measurements can be 
used in much the same manner as duplex sonogra-
phy: loss of the characteristic early systolic peak, 
for example, is a good indication of hemody-
namically signifi cant stenosis [ 18 ,  19 ]. A recent 
multicenter study reported that the combined 
approach of 3D CE MRA with cine PC velocity 
profi le analysis yielded the lowest interobserver 
variability and excellent agreement with con-
ventional angiography [ 20 ]. More sophisticated 
analysis can be performed by combining the 
functional fl ow data from cine PC measurements 
with anatomic information from 3D CE MRA to 
construct a computational fl uid dynamic model of 
the renal artery. Yim et al. have shown that this 
approach can be used to accurately predict the 
pressure gradient across a stenotic renal artery 
[ 21 ]. 3D cine PC can also be performed, allowing 

direct  measurement of three-dimensional velocity 
profi les, rather than calculation from mathemati-
cal models. These are much longer acquisitions, 
however, and little work in this area has been done 
in the renal arteries.  

    2D and 3D SSFP 

 Unmodifi ed 3D SSFP pulse sequences are more 
widely available than the inversion recovery, 
respiratory gated versions described previously. 
3D SSFP acquisitions do not require gadolinium 
contrast agents and can be performed during 
breath holding, and generally are adequate for 
detection of signifi cant stenosis in the proximal 
main renal arteries. The absence of background 
suppression, fat suppression, and venous sup-
pression, however, means that 3D reconstruc-
tions are diffi cult, and separation of arteries from 
veins, particularly near the renal hilum, can be 
challenging. 

 2D SSFP images are rarely used in renal 
MRA, for the reason that the minimal achiev-
able slice thickness is in the range of 2–4 mm, 
which is marginal for accurate detection of sig-
nifi cant stenosis in a relatively small artery. On 
the other hand, overlapping 2D SSFP images can 
be obtained rapidly without breath-holding in 
patients unable to suspend respiration or unable 
to tolerate a longer respiratory-triggered acquisi-
tion, and therefore this technique is occasionally 
useful for excluding severe proximal disease in 
the renal arteries [ 22 ].  

    2D and 3D Time-of-Flight MRA 

 Time-of-fl ight (TOF) is one of the oldest MRA 
techniques, and does not require gadolinium con-
trast. This method relies on sequential acquisition 
of gradient echo images which results in satura-
tion of spins in the imaging slice – blood fl owing 
into the slice within the repetition time (TR) is 
unsaturated and therefore has much higher sig-
nal intensity. The limitations of TOF MRA in 
the abdomen are related to the long acquisition 
times and consequent motion artifact on images 
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acquired without respiratory triggering, which is 
not widely available for this technique. An addi-
tional limitation is that vessels oriented along the 
acquisition plane may have reduced signal inten-
sity due to in-plane saturation effects, which can 
be a signifi cant problem for visualizing the renal 
arteries in an axial acquisition plane.   

    Clinical Utility 

    Atherosclerotic Renal Artery Stenosis 

 The clinical indication for the vast majority of 
renal MRA examinations is assessment of the 
renal arteries in the setting of drug resistant hyper-
tension and/or renal insuffi ciency (Figs.  14.1a, b , 
 14.2a, b , and  14.3 ). Atherosclerotic RAS is the 
most common cause of secondary hypertension, 
and it is estimated that RAS accounts for 5 % of 
all patients with hypertension and approximately 
15 % of patients who develop end stage renal 
disease.

     Renal MRA has been evaluated extensively 
for assessing renal artery stenosis, and most 

 studies have found it to be highly accurate in 
most cases [ 2 – 5 ,  18 – 20 ]. A meta-analysis of 39 
studies, for example, concluded that the sensitiv-
ity and specifi city of gadolinium-enhanced MRA 
were 97 and 85 % respectively [ 23 ]. A second 
meta-analysis looked at multiple modalities and 
found that both CTA and MRA were highly accu-
rate, with an area under the ROC curve of 0.99 
[ 24 ]. On the other hand, several studies have had 
less successful results [ 25 – 28 ], the most notable 
of which is probably the multi-center RADISH 
trial published in 2004 [ 25 ], which demonstrated 
only moderate intraobserver agreement and com-
bined sensitivity and specifi city of 62 and 84 % 
for detection of signifi cant renal artery stenosis. 

 The truth probably lies somewhere between the 
extremely high accuracy achieved in small single 
center studies and the disappointing results of the 
RADISH trial. Poor performance of renal MRA 
is frequently the result of technical inadequacies, 
often in combination with problematic patients. 
Spatial resolution is an important consideration, 
particularly when evaluating stenosis of small 
arteries with average diameter of 4–5 mm. Near 
isotropic spatial resolution on the order of 1 mm 3  

a b

  Fig. 14.1    ( a ,  b ) Maximum intensity projection ( a ) and 
volume-rendered images ( b ) from 3D CE MRA performed 
on an 84 year old patient with hypertension unresponsive 
to medication demonstrate marked focal narrowing of the 

proximal right renal artery ( arrow  in  a ) and mild narrow-
ing of the proximal left renal artery. Notice also a penetrat-
ing ulcer in the distal abdominal aorta, better seen on the 
volume-rendered image ( arrow  in  b )       
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can probably be achieved in many cases, but this 
requires parallel imaging along with its reduction 
in SNR and associated artifacts, as well as care-
ful prescription of the imaging volume in order 
to minimize the acquisition time. Unfortunately, 
there is often a direct relationship between acqui-
sition time and spatial resolution, and this can in 
turn lead to signifi cant motion artifact in patients 
who cannot suspend respiration for the duration 
of the acquisition. Similar considerations apply 
in non-contrast renal MRA, where irregular res-
pirations, which tend to worsen as the scan time 
increases, may also lead to signifi cant motion 
artifact in the resulting images. A successful 
examination with optimal image quality, then, 

often depends on adjustment of several imaging 
parameters according to the patient’s size, anat-
omy, and breath holding ability.  

    Fibromuscular Dysplasia (FMD) 

 Fibromuscular dysplasia is a nonatherosclerotic 
noninfl ammatory vascular disorder which 
occurs most often in women aged 20–60 years 
and commonly involves the renal and extracra-
nial carotid arteries, although any vascular terri-
tory can be affected. The renal arteries are 
affected in 75 % of FMD patients, with bilateral 
involvement in >35 %. 

a b

  Fig. 14.2    ( a ,  b ) Maximum intensity projection image ( a ) 
from 3D MRA in a 76 year old female with medication- 
resistant hypertension demonstrates severe stenosis of the 

proximal right renal artery ( arrow ). Conventional angio-
gram in a similar projection ( b ) also reveals severe right 
renal artery stenosis       
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 The accuracy of renal MRA for detection of 
hemodynamically signifi cant FMD has not been 
adequately assessed in the literature. It seems 
reasonable to expect that MRA might be less 
successful in detecting FMD in comparison to 
atherosclerotic RAS since FMD lesions are more 
commonly shorter and more frequently involve 
the mid-distal main renal artery as well as seg-
mental intra-renal branches, all of which are 
smaller and generally less well seen with MRA. 
Indeed, one of the explanations cited for the poor 
performance of MRA in the RADISH trial was 
the high prevalence of FMD in that study pop-
ulation. Nevertheless, MRA can detect many 
patients with signifi cant FMD (Fig.  14.4a, b ), 
and the recently developed non-contrast MRA 
 techniques may eventually reveal a higher sensi-
tivity, since they frequently demonstrate superior 
visualization of distal renal artery segments in 
comparison to CE MRA.

       Renal Cell Carcinoma 

 Staging of renal cell carcinoma is a relatively 
common indication for abdominal MRI. While 
highly vascular tumors are sometimes embolized 

prior to surgical resection, and demonstration of 
this along with mapping the arterial supply of the 
lesion can be obtained with renal MRA, a more 
common clinical question involves MR venogra-
phy: tumor thrombus involving the renal vein or 
inferior vena cava (IVC) is discovered in 4–10 % 
of patients, and approximately 50 % of these 
have extension of tumor thrombus into the intra-
hepatic IVC or right atrium. 

 Contrast-enhanced MRI is highly accurate for 
detection of renal vein and IVC thrombus, and 
the distinction between bland and tumor throm-
bus is usually straightforward. Non-contrast MR 
venography (MRV) is also very effective at 

  Fig. 14.3    A 55 year old female with chronic renal failure 
and severe hypertension. Maximum intensity projection 
image from 3D SSFP non-contrast renal MRA demon-
strates a single right renal artery without signifi cant steno-
sis and three left renal arteries. The superior and middle 
left renal arteries show severe proximal stenosis ( arrow-
heads ), with mild proximal narrowing of the inferior left 
renal artery       

a

b

  Fig. 14.4    ( a ,  b ) A 38 year old female with drug resistant 
hypertension. MIP images from non-contrast ( a ) and 
contrast- enhanced ( b ) 3D renal MRA demonstrate bead-
ing of the mid-distal right main renal artery consistent 
with fi bromuscular dysplasia ( arrow ). More subtle 
changes of the distal left renal artery are better seen on the 
contrast-enhanced MRA       
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detecting renal vein and IVC thrombus, in par-
ticular 2D or 3D SSFP acquisitions, in patients 
with signifi cant renal insuffi ciency or contrast 
allergies (Fig.  14.5a–c ) [ 29 ].

       Renal Transplantation 

 End stage renal disease is increasing in preva-
lence, with large numbers of patients on waiting 
lists for kidney transplants. Living donor trans-
plantation is increasing, as are less invasive lap-
aroscopic techniques for harvesting donor 
kidneys. While most transplantation centers 
employ a comprehensive CT angiography, 

venography, and urography protocol to screen 
potential renal donors, several authors have 
demonstrated that MRI performs just as well, 
without subjecting donors to radiation exposure 
[ 30 – 34 ]. 

 MRI is also an effective tool for assess-
ing the post-operative renal transplant recipient 
(Fig.  14.6a, b ). Renal MRA/MRV can assess 
arterial and venous anastomoses and also identify 
renal or perirenal fl uid collections and collect-
ing system abnormalities [ 35 ,  36 ]. Non-contrast 
MRA techniques are particularly attractive in 
this population, where renal insuffi ciency is a 
frequent accompaniment of post-transplantation 
complications [ 37 ].

a

c

b

  Fig. 14.5    ( a – c ) A 58 year old male with renal mass. 
Axial ( a ,  b ) and coronal ( c ) fat-suppressed 2D SSFP 
images demonstrate heterogeneous tumor thrombus 

expanding the left renal vein and extending superiorly in 
the IVC to the right atrium ( arrows  in  c ). Notice also the 
large ill-defi ned left renal mass       
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       Renal Artery Aneurysms 

 Renal artery aneurysms are often incidentally 
detected in patients whose kidneys or renal 
arteries are imaged for other indications. The 
clinical relevance of renal artery aneurysms is 
uncertain; however, the risk of rupture 
increases with increasing diameter, and MRA 
provides a safe, non-invasive technique for 
their detection and characterization (Fig.  14.7a, 
b ) [ 38 ].

        Recent and Future Developments 

 Recent advances in contrast-enhanced MRA 
involve reduced acquisition times through the 
application of parallel imaging techniques, 
time- resolved MRA, new gadolinium con-
trast agents, and higher fi eld strength magnets. 
Parallel imaging is a technique in which the 

number of phase encoding steps is reduced by 
a factor of 2 or greater by using spatial infor-
mation available from the signal in each of the 
individual phased array coil elements to recon-
struct the missing information [ 39 ,  40 ]. Since 
phase encoding is performed in two directions in 
3D MRA (frequency encoding is performed in 
one direction), parallel imaging can be employed 
in two dimensions, with corresponding gains in 
acquisition time. Parallel imaging can be used 
to shorten the acquisition time for a given spa-
tial resolution, which is very helpful for patients 
with limited breath hold capacity, or to increase 
spatial resolution without increasing the acquisi-
tion time – and in fact spatial resolution on the 
order of 1 mm 3  can be achieved for renal MRA 
with reasonable acquisition times. Parallel imag-
ing requires multi-element phased array surface 
coils, which are widely available, with the maxi-
mal acceleration roughly proportional to the 
number of coil elements. Limitations of parallel 

a b

  Fig. 14.6    ( a ,  b ) Anterior ( a ) and posterior ( b ) volume-
rendered images from contrast-enhanced 3D MRA in a 
patient with a renal transplant and hypertension demon-

strate stenosis and torsion of the transplant main renal 
artery near its origin ( arrows ) with aneurysmal dilatation 
distal to this       

 

14 Renal MR Angiography



256

imaging include image artifacts, which generally 
increase as the acceleration increases, and loss of 
SNR as acceleration increases. Parallel imaging, 
along with additional k-space undersampling 
strategies, view sharing  techniques, and sparse 

data reconstruction methods can be combined 
to allow time-resolved contrast-enhanced MRA 
with excellent spatial resolution and temporal 
resolution on the order of a few seconds. The 
utility of these techniques for renal MRA is not 
entirely clear; however, they may also be helpful 
in patients with limited breath hold capacity and 
may reduce motion artifact seen during longer 
breath holds and allow improved visualization 
of subtle vascular abnormalities such as fi bro-
muscular dysplasia [ 41 ]. An additional potential 
benefi t lies in the possibility of using reduced 
doses of gadolinium contrast, particularly when 
coupled with a high fi eld strength (3 T) magnet 
[ 42 ]. 

 Higher magnetic fi eld strength systems, the 
vast majority of which are 3 T magnets, are 
becoming widely available. 3 T offers some 
advantages for contrast-enhanced renal MRA. 
Since signal strength scales linearly with fi eld 
strength, in theory SNR should be doubled at 
3 T in comparison to 1.5 T. This is not quite 
true in practice, but SNR gains are neverthe-
less signifi cant. An additional effect of higher 
magnetic fi eld strength is a lengthening of tis-
sue T1 relaxation times while the relaxivity of 
gadolinium- based contrast agents remains rela-
tively unchanged – this is benefi cial in 3D CE 
MRA in that background tissue becomes more 
saturated at 3 T for similar imaging param-
eters, meaning that background suppression is 
improved, and also that lower contrast doses 
may be employed.  

    Summary 

 Renal MRA is an effective technique for assess-
ing the renal vasculature, and when images of 
high quality are obtained, is highly accurate for 
detecting signifi cant renal artery stenosis. The 
recent implementation of new non-contrast MRA 
techniques provides additional fl exibility for 
assessment of patients in whom  gadolinium- based 
contrast agents are contraindicated.     

a

b

  Fig. 14.7    ( a ,  b ) A 61 year old male with history of renal 
artery aneurysms requiring right sided renal artery bypass 
graft. Volume rendered images from contrast-enhanced 
MRA ( a ) and non-contrast MRA ( b ) demonstrate two 
small aneurysms in segmental left renal artery branches 
( arrowheads ). Notice the small peripheral aneurysm in 
the right kidney faintly seen on the non-contrast MRA 
( arrow ) as well as small aneurysms of the splenic artery 
on the contrast-enhanced MRA       
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    Abstract   

 Nuclear medicine scans were rather widely used in the 1980s–1990s 
to screen patients for renal artery disease. The most popular scans 
were performed after oral captopril (25–50 mg), using either 
  99m  Tc-diethylenetriamine - penta -acetic acid or  99m Tc-mercaptoacetyltri-
glycine, which have similar, but slightly different, features. Characteristic 
changes on the excretory renograms were relatively straightforward to 
detect, especially when compared to a study that was done without cap-
topril pre-treatment. Centers that developed experience with the test typi-
cally reported better performance characteristics than centers with smaller 
numbers of patients. Over the entire literature (excluding case reports and 
serial publications from the same investigators), captopril scintigrams had 
a mean weighted sensitivity of 77 % (range 9–100 %) and specifi city of 
78 % (range 44–100 %) over 71 reports involving 5,068 patients evalu-
ated by angiography for renal artery stenosis. Many investigators have 
reported that a positive captopril-stimulated renal scintigram predicts a 
benefi cial effect of revascularization on blood pressure (i.e., renovascular 
hypertension), but several large series disagree. Since the failure of ran-
domized clinical trials to demonstrate a benefi t of revascularization over 
intensive medical management, the role of renal nuclear medicine scans 
has declined. Such techniques may still be useful, especially in patients 
with normal renal function, when other modalities are not easily available, 
and blood pressure remains uncontrolled or renal function deteriorates.  

  Keywords    

 Captopril renography   •   Captopril scintigraphy   •   Excretory renograms   • 
  Renal artery stenosis   •   Renovascular hypertension   •   Sensitivity   •   Specifi city  

        W.  J.   Elliott ,  MD, PhD      
  Division of Pharmacology ,  Pacifi c Northwest 
University of Health Sciences , 
  Yakima ,  WA   98901 ,  USA   
 e-mail: wj.elliott@yahoo.com  

  15      Radionuclide Studies 

           William     J.     Elliott     



260

        Historical Overview 

 Radionuclide studies of renal function began in 
the late 1950s, with the synthesis and testing of 
 131 I-labelled 3,5-diiodo-4-pyridon- N -acetic acid, 
diethanolamine salt (diodrast), which underwent 
renal excretion, as well as some competing 
hepatic extraction. It was rather quickly replaced 
by  131 I-labeled orthoiodohippurate (hippuran), 
which is cleared ~80 % by tubular secretion, and 
20 % by glomerular fi ltration. Although most 
often used at that time for estimating split renal 
function (using two scintillation counters of 
sodium iodide crystals, placed on the skin overly-
ing each kidney), several early reports suggested 
that the time-dependent shapes of the excretory 
renograms were reproducibly and characteristi-
cally altered in the setting of renal artery stenosis. 
Because of the cumbersome nature of percutane-
ous radionuclide signal detection, relatively high 
doses of radiation, and other technical issues, 
rapid-sequence intravenous pyelography became 
the accepted standard method of screening for 
renal artery disease in the United States, until the 
mid- to late-1970s. 

 Gamma cameras revolutionized the practice 
of nuclear medicine in the early to mid-1970s, 
by making it possible to obtain high-quality 
images from deep tissues, using a variety of trac-
ers. The renal radiopharmaceutical,  99m Tc-labeled 
diethylenetriamine- penta-acetic acid (DTPA), is 
secreted nearly totally by glomerular fi ltration, 
emits 140 keV gamma rays, and has an emission 
half-life of ~6 h (independent of the relatively 
rapid renal excretion of the parent acid). These 
advantageous properties made it the most popu-
lar agent for nuclear medicine scans for at least 
two decades. 

 In the mid-1980s,  99m  Tc- mercaptoacetyltriglycine 
(MAG3) was developed, which had about a 60 % 
fi rst-pass renal extraction fraction (nearly all due 
to tubular secretion), compared to only 20 % 
for DTPA. Consequently, MAG3 has gener-
ally become the preferred radiopharmaceutical 
for patients with impaired renal excretory func-
tion. Some investigators have reported that it is 
more sensitive for bilateral renal artery steno-
sis than DTPA, but in general, the performance 

 characteristics of the two agents are similar (for 
details, see discussion to come). 

 By serendipity in 1983, captopril was discov-
ered to impressively alter the normal excretory 
renogram. The physiology of this effect is still 
debated, but the simplest explanation may be 
captopril’s effect to acutely reduce circulating 
angiotensin II levels, which causes dilation of the 
efferent arteriole (which is more sensitive to 
angiotensin II than the afferent arteriole), fol-
lowed by an acute reduction in glomerular fi ltra-
tion. This phenomenon can be observed not only 
with nuclear medicine scans that measure renal 
function, but also with ultrasound or quantitative 
angiographic detection. Over the next decade, 
many groups reported their experience with the 
“captopril-DTPA renal scan” as a screening test 
for renal artery stenosis. As with many new tests, 
the initial results were generally quite positive, 
but, over time, it was recognized that the test had 
many potential confounders (see next discussion 
for details). The time-dependent change in pooled 
sensitivity and specifi city of the captopril DTPA 
test, drawn from reports with the largest numbers 
of included subjects (discussed next), is shown in 
Fig.  15.1 . The variability of the test’s perfor-
mance characteristics, and the emergence of 
putatively better screening tests were highlighted 
in a very selective meta-analysis of screening 
tests for renal artery stenosis in 2001 [ 1 ]. This 
was followed by a “not recommended” designa-
tion by the American College of Cardiology/
American Heart Association’s Task Force on 
Peripheral Arterial Disease in 2006 [ 2 ].

   There are many challenges to a proper under-
standing of the many causes of variability in 
radionuclide screening tests for renovascular 
hypertension. One is the distinction between 
diagnostic criteria for renovascular hypertension 
vs. renal artery stenosis. The former can classi-
cally be made only retrospectively,  after  demon-
strating a lowered blood pressure, despite the 
same or fewer medications, 6–12 weeks after a 
procedure to open the stenotic artery. The latter, 
however, is an anatomical diagnosis, and can be 
made by one of a number of criteria, including 
(classically) a ≥75 % luminal narrowing, or a 
≥50 % luminal narrowing with a post-stenotic 
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dilatation, as demonstrated on a renal  arteriogram. 
Today, however, many authors use a less- 
stringent criterion of ≥50 % stenosis, as observed 
on many different types of vascular imaging 
studies (digital subtraction intravenous angio-
gram, computed tomographic angiography, mag-
netic resonance angiography, etc.). Secondly, 
much of the reporting of a correlation between 
the results of nuclear medicine screening tests 
and angiography is done by radiologists, who 
often analyze their data using a “per-artery” 
approach, rather than a “per-patient” approach. 
This avoids problems with post-nephrectomy 
subjects, or those with multiple renal arteries to a 
single kidney, but complicates summary statis-
tics that are based on individual patient data 
(which are often most useful to physicians who 
order these tests).  

    Technique 

 Although many “simplifi ed” approaches to 
nuclear medicine screening for renal artery dis-
ease have been proposed, procedure guidelines 
have been written (and updated in 1998 [ 3 ]) by 
the Society for Nuclear Medicine. These were the 
fi rst steps to standardize the protocol by which 
patients usually receive an oral water load 

 (typically 7 mL/kg of body weight), followed 
30–60 min later by 25–50 mg of oral captopril 
(often crushed to hasten absorption), and subse-
quently, 60 min later, an intravenous injection of 
radionuclide. Many variations on this common 
sequence have been suggested, including oral 
furosemide, stopping chronic angiotensin 
converting- enzyme (ACE) inhibitors for fi ve 
serum half-lives before the test (which probably 
increases sensitivity just a little), pre-procedure 
intravenous saline (or at least a line for it, in case 
of hypotension), blood pressure and heart rate 
monitoring during and after the procedure, etc. 
Many centers perform the initial scan after 
 captopril administration, and repeat it without 
captopril if the initial scan is abnormal. Other 
centers perform the initial scan without captopril, 
and, a few hours later, repeat the scan an hour 
after oral captopril, using a higher dose of radio-
nuclide; this can be advantageous for patients 
who come from a distance.  

    Data Processing and Interpretation 

 Many different systems have been developed to 
analyze and report the results of radionuclide 
screening tests for renal artery disease. Most 
authorities recommend examining the early 
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 distribution of tracer (typically 60–90 s post- 
injection) for asymmetry (Fig.  15.2 ), comparing 
the uptake in background-subtracted regions of 
interest corresponding to each kidney during a 
specifi ed interval (typically 1–3 min) after 
 injection (Fig.  15.2 ), time to maximum activity 
for each kidney (Fig.  15.2 ), and a ratio of the 
remaining activity 20 min after injection to the 

maximum (particularly for MAG3, which is 
“normal” if <0.3) [ 3 ,  4 ]. Although each of these 
parameters may indicate an abnormality, the 
most specifi c diagnostic criterion for renovascu-
lar hypertension is the change in the renogram, 
with vs. without ACE-inhibitor. These changes 
have been most reproducibly detected across dif-
ferent  readers [ 5 ,  6 ].
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  Fig. 15.2    Results of  99m Tc-MAG3 excretory renograms 
from a 68-year old woman with resistant hypertension 
(initial blood pressure 192/108 mmHg despite maximum 
FDA-approved doses of chlorthalidone, amlodipine, aten-
olol, doxazosin, and lisinopril) and a serum creatinine of 
1.5 mg/dL (estimated glomerular fi ltration rate of 37 mL/
min/1.73 m 2 ). After discontinuing lisinopril for 5 days, 
the initial scan (after 25 mg oral captopril) showed 
decreased initial uptake (0–60 s after injection) by the left 
kidney ( upper left panel ), and a prolonged expiratory 
phase, with a 43/57 split in uptake ( left / right ) at 2–3 min 
( upper right panel ). Three days later, the scan was 
repeated without captopril, which showed initial uptake 

that was similar bilaterally ( lower left panel ), similar 
excretory curves, and a 51/49 split in uptake ( left / right ) at 
2–3 min ( lower right panel ). A week later, selective renal 
angiography showed a 75–80 % stenosis in the left main 
renal artery, with post-stenotic dilatation, which was suc-
cessfully treated with balloon angioplasty and a stent. Six 
weeks later, her offi ce blood pressure was 128/78 mmHg, 
while taking only chlorthalidone, atenolol, and lisinopril, 
and it remained well controlled over 6 years of follow-up, 
with no deterioration in renal function.  LK  left kidney,  RK  
right kidney,  AO  aorta,  BG  background (Acknowledgement: 
The author thanks Derrick Owsley for assistance with the 
refi nement and production of Fig.  15.2 )       
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   A family of representative curves has been 
promulgated as an aid to the interpretation 
of excretory renograms (Fig.  15.3 ) [ 3 ]. In gen-
eral, a normal renogram after an ACE-inhibitor 
(Curve A in Fig.  15.3 ) predicts a low probability 
(<10 %) of renovascular hypertension. “Worsened 
 renograms” (e.g., Curves B and C in Fig.  15.3 ), 
reduction in relative uptake by one kidney, pro-
longation of the renal and parenchymal transit 
time (or time to peak), or increase in the 20-min/
peak ratio, all increase the post-test probability of 
renal artery disease. On the other hand, curves 
that show a delayed excretion without a washout 
phase (Curve D in Fig.  15.3 ), or background 
 patterns (Curves E or F in Fig.  15.3 ) are 
best  considered “intermediate probability [ 3 ]” or 
“non-diagnostic [ 7 ],” as either may be simply a 
consequence of diminished renal excretory func-
tion. A difference of 10 % in the post- vs. pre-
captopril scans for tracer uptake by the kidneys, 
1–3 min after injection has been proposed (but 
not universally accepted [ 7 – 9 ]) as one criterion 
for a “high probability” DTPA scan [ 3 ,  10 ], with 
5–9 %  considered an “intermediate response.” 
Recent publications have demonstrated improve-
ments in the correlation between captopril-stimu-
lated renograms and renal angiograms after either 
adopting standardized criteria for the interpreta-
tion of the nuclear medicine studies [ 11 ], or use 
of neural networks [ 12 ].

       Captopril or Other Pharmacological 
Options 

 Because of concerns about variability in the rate 
of absorption of oral captopril, intravenous enala-
prilat (40 μg/kg) was proposed as an alternative 
method of obtaining ACE-inhibitor-stimulated 
nuclear medicine studies. In several comparative 
studies in animals and humans, few differences 
were noted. The 1998 procedure guideline rec-
ommends either agent as acceptable [ 3 ]. 

 Like ACE-inhibitors, angiotensin receptor 
blockers (ARBs) can also cause an acute reduc-
tion in glomerular fi ltration in patients with reno-
vascular hypertension. The effects of oral 

captopril on excretory renograms have been com-
pared with those of either oral valsartan or losar-
tan in 25 or 32 patients with renal artery stenosis, 
and interpreted using standard protocols. 
Consistent with known differences in the t max  of 
these drugs (2–4 vs. 1 h) after oral administration, 
valsartan was inferior to captopril [ 13 ], but losar-
tan was not signifi cantly different [ 14 ], in pro-
ducing detectable changes in excretory 
renograms. Twelve of 13 patients with renal 
artery stenosis treated with a chronic ARB 
showed the expected changes in MAG3 excretory 
renograms after oral administration of captopril; 
three showed similar changes, even without cap-
topril [ 15 ]. No false-positive results were seen in 
13 patients with essential hypertension who were 
also treated with a chronic ARB. These limited 
data suggest that captopril scintigraphy may per-
form adequately in ARB-treated patients. 

 Several groups have studied aspirin (20 mg/
kg, orally) [ 16 ], compared to captopril [ 17 – 19 ], 
as a possible stimulus for changes in renal scin-
tigraphy in 12–75 patients with renal artery ste-
nosis. When given acutely, this dose of aspirin 
inhibits renal prostaglandin synthesis, and 
reduces both renal blood fl ow and stimulation of 
the renin-angiotensin system in patients with 
renovascular hypertension. This method avoids 
some of the risk of acute hypotension seen with 
captopril, but appears to have performance 
 characteristics similar to captopril scintigraphy 
[ 17 – 19 ].  

    Potential Confounders 
of the Interpretation 
of Radionuclide Studies 

 The results of excretory renograms can be 
affected by many different factors, as noted pre-
viously. Perhaps the most important is the pres-
ence of an elevated serum creatinine. Patients 
with this condition, by defi nition, have abnormal 
radionuclide studies (typically with type D or E 
curves in Fig.  15.3 ), and a high risk of ischemic 
nephropathy (if renal artery disease is present). 
Such patients risk acute kidney injury after 
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 radiocontrast injection, nephrogenic fi brosing 
dermopathy after gadolinium administration, so 
screening them for renal artery disease usually 
involves an initial Doppler ultrasound, rather 
than a radionuclide scan. Because a change in the 
lateralization of tracer uptake may be the most 
sensitive of the diagnostic criteria for radionu-
clide scans for renal artery disease, patients with 
baseline asymmetric renal function (worst-case 
scenario: solitary kidney) also have an increased 
risk of false-positive scans. Similarly, bilateral 
renal arterial disease is more diffi cult to detect 
with DTPA than with MAG3, but in either situa-
tion, completely symmetric uptake is uncommon. 
Acute hypotension after administration of capto-
pril has been associated with poor renal perfusion 
and falsely-positive scan results. Two groups 
have reported that calcium antagonists can cause 
false-positive captopril scans [ 20 ,  21 ], which can 
complicate the ability to control blood pressure 
during the evaluation of the typical person with 
resistant hypertension who is suspected of renal 
artery disease. Rarer causes of false-positive tests 
include volume depletion, unilateral renal 
obstruction or venous thrombosis, compression 
of the renal hilum (e.g., from abscess or hema-
toma), or any condition that causes relative isch-
emia unilaterally. False-negative results are 
slightly more likely if captopril is given acutely, 

during chronic ACE-inhibitor therapy, with 
 volume expansion and bilateral disease.  

    Results of Screening for Renal 
Artery Stenosis in Large Studies 

    Meta-Analyses and Systematic 
Reviews 

 In 2000, a review of 12 then-recent studies 
involving 2,291 patients, comparing the results 
of ACE-inhibitor scintigraphy and other testing 
for renal artery stenosis, concluded that the sensi-
tivity and specifi city were 93 and 92 %, although 
the sensitivity was artifi cially elevated because 
only 1,140 of the patients had renal angiography 
[ 4 ,  22 ]. The next year, a systematic review identi-
fi ed 172 reports about captopril scintigraphy, 
reviewed the full text of 25 studies, and selected 
only 14 for meta-analysis [ 1 ]. This highly- 
selective process was designed to include only 
reports that: (1) used intra-arterial angiography 
as the “gold standard” for renal artery stenosis; 
(2) tested subjects because of clinical suspicion 
of renovascular hypertension; (3) specifi ed crite-
ria and cutoff values for a “positive” test; and (4) 
provided absolute numbers of tests falling into 
each of the four diagnostic categories (true- or 
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false-positive, true- or false-negative). Five 
screening tests were compared after construction 
of receiver-operator curves, which showed that 
captopril scintigraphy had better diagnostic per-
formance than measurement of the plasma renin 
activity before and after oral captopril (“the cap-
topril test”), but was slightly worse than ultraso-
nography, and signifi cant worse than magnetic 
resonance imaging, or computed tomographic 
angiography. For captopril scans, there was no 
signifi cant difference between the performance 
of DTPA (six studies) or MAG3 (eight studies). 
Studies that included >50 subjects had signifi -
cantly better performance than smaller studies, 
perhaps due to expertise that grows with experi-
ence. Although the authors cited lack of standard-
ized criteria to defi ne a positive test, differences 
across reports in case-mix, prevalence of renal 
artery disease (7.6–69.7 %), anatomical tests vs. 
functional tests, and analysis on a per-artery vs. 
per-patient basis, much of the heterogeneity of 
study results remained unexplained. 

 A much more inclusive systematic review of 
the literature was carried out in 2004 [ 23 ], and 
updated in 2009 [ 24 ]. All published data compar-
ing 56 [ 23 ] (updated to 71 [ 24 ]) reports of ACE- 
inhibitor renography with renal angiography 
were included. Efforts were made to avoid data 
duplication, by selecting only the most recent of 
serial publications from a given group of investi-
gators. The most impressive outcome of the 
meta-analysis was the striking statistically sig-
nifi cant heterogeneity of the reported results 
( P  < 10 −8  by Riley-Day test). In the 2004 data, 
across 4,295 subjects who had both captopril 
renograms and angiography, the overall sensitiv-
ity of the scan was 79 %, with a specifi city of 
82 % [ 23 ]. Five years later, the database included 
5068 subjects, and the overall sensitivity was 
77 % (range: 9–100 %), with a specifi city of 
78 % (range: 44–100 %) [ 24 ].  

    Individual Large Studies 

 The largest experience with renal scintigraphy 
and angiography was reported by Dutch investi-
gators, who collected data from 505 subjects 

with suspected renovascular hypertension 
referred to their center from 1978 to 1992 [ 8 ]. 
Renal artery stenosis (≥50 %) was present in 
52 % (bilateral in 19 %). Unlike many other 
investigators, they found only a little difference 
in the diagnostic performance characteristics of 
the renal scan, either without (n = 225) or after 
(n = 280) captopril. They chose a single-kidney 
fractional uptake of 37 % after captopril to defi ne 
a positive test, which afforded a 90 % specifi city, 
and 68 % sensitivity. They concluded that, 
although captopril scintigraphy was the most 
effective diagnostic procedure to reduce the 
number of normal arteriograms in patients sus-
pected of renovascular hypertension, its useful-
ness as a diagnostic test is questionable, and has 
not been improved by the introduction of capto-
pril or MAG3. 

 These results differed from those of a 16- center 
study in Europe, which performed DTPA scans 
after captopril and angiograms in 380 patients 
suspected of renovascular hypertension [ 25 ]. The 
diagnosis was made if angiography showed 
≥70 % stenosis; captopril renograms were inter-
preted using multiple criteria, similar to those 
later published by the Society of Nuclear 
Medicine [ 3 ]. Overall, the sensitivity of the test 
was 83 %, with 93 % specifi city, but the subgroup 
of patients with abnormal renal function always 
had lower specifi city. Renal impairment, 
nephropathy, and prior treatment with ACE- 
inhibitors and diuretics were signifi cantly more 
common in patients with false-positive scans; 
false-negative scans occurred more often in 
patients with lesser degrees of, and unilateral, 
renal artery stenosis. 

 A report of the experience at the Utrecht 
University Hospital described 158 patients who 
underwent both captopril scintigraphy (with 
MAG3) and angiography (using ≥50 % stenosis 
as the diagnostic criterion) [ 26 ]. In this group 
with a 63 % prevalence of renal artery stenosis 
(26 % bilateral), the sensitivity and specifi city of 
the captopril scan were 83 and 75 %, respec-
tively, as interpreted using the 1998 procedure 
guidelines [ 3 ]. Only 1 of 30 subjects with bilater-
ally identical renograms (21 of which were 
 normal) had a stenosis by angiography,  suggesting 
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that intrinsic renal disease is a more common 
cause of identical excretory renograms than renal 
artery disease. 

 A much less optimistic conclusion was 
reached in a consecutive series of 140 hyperten-
sive patients evaluated with 25 mg of captopril 
before a DTPA scan, followed by renal arteriog-
raphy at Duke University [ 9 ]. Only 22 % of 
patients had ≥50 % stenosis of a renal artery at 
angiography. The overall sensitivity and specifi c-
ity for the captopril scan were 74 and 44 %, 
respectively. The investigators indicated that 
their population differed from others with respect 
to patient selection (i.e., lower prevalence of ste-
noses), race/ethnicity, use of calcium antagonists 
during testing, captopril dose, and interpretation 
of renograms. They could not discern which of 
these (if any) accounted for the difference 
between their experience and those of other 
centers. 

 The largest of several reports correlating the 
results of a captopril scan using DTPA and renal 
arteriography in Bologna, Italy concerns 132 
patients [ 27 ]. In this population, the prevalence 
of ≥50 % stenosis was 52 %, although 11 % 
more patients had an arterial stenosis <50 %. 
Captopril renograms were analyzed for split 
renal function (90–150 s after injection), appear-
ance of tracer into the pelvicalyceal system, and 
upslope of the excretory renogram. Overall, the 
sensitivity of the captopril renogram was 92 %, 
with a specifi city of 97 %; none of the patients 
with a stenosis <50 % had a positive captopril 
scintigram. 

 A more comprehensive analysis of the results 
of screening of 131 patients for renal artery 
 stenosis, using conventional and captopril renog-
raphy, as well as Doppler ultrasound, was pub-
lished by investigators from Aarhus, Denmark 
[ 28 ]. Their population had a 21 % prevalence of 
renal artery stenosis ≥50 %, with 14 % having 
stenosis ≥70 % by angiography. Excretory reno-
grams were interpreted using the European 
Multicenter Study methodology [ 25 ]. As might 
be expected, overall sensitivity was slightly bet-
ter for the higher-grade stenosis defi nition (89 % 
vs. 75 %), but specifi city was slightly lower 
(76 % vs. 78 %). They also noted that the speci-

fi city of change in the excretory renogram after 
captopril (compared to a non-captopril scan) was 
96 %. 

 The largest of the several reports regarding the 
Yale Vascular Center experience with captopril 
scintigraphy included 113 patients who subse-
quently underwent renal arteriography [ 29 ]. 
A stenosis of ≥75 % (or 50–75 % if accompanied 
by a post-stenotic dilatation) was seen on angiog-
raphy in 51 % of the patients. Captopril scintigra-
phy was interpreted using a locally-derived set of 
criteria that served as precursors of the subse-
quent Society of Nuclear Medicine guidelines 
[ 3 ]. Overall, the captopril scan was 91 % sensi-
tive and 87 % specifi c for renal artery stenosis, 
regardless of serum creatinine >1.5 mg/dL 
(46 patients) or diuretic use, although concomi-
tant ACE-inhibitor use during testing reduced the 
sensitivity to 75 % (12 of 16 patients). 

 Screening 104 patients with suspected reno-
vascular hypertension at the Royal Free Hospital 
in London, using captopril DTPA renography, 
followed by different types of renal angiography, 
resulted in 27 being diagnosed with renal artery 
stenosis [ 30 ]. Captopril scans were interpreted 
based on a local algorithm that had been devel-
oped in a pilot study. Overall, the sensitivity was 
93 % and the specifi city was 70 % for the scan. 
Sensitivity was reduced (to 75 %) in the 26 
patients with renal impairment, but was not 
affected by bilateral stenoses. Four of six patients 
who showed improvements in excretory reno-
grams after captopril had a recent presentation of 
“accelerated hypertension.” 

 Of the several reports regarding captopril 
scintigraphy using MAG3 in Bologna, the largest 
included 102 hypertensive patients who under-
went renal angiography within 4 weeks of renal 
scintigraphy [ 31 ]. Renal artery stenosis (>50 %) 
was found in 53 % (bilateral in 21 %), although 
27 arteries had <50 % stenosis. Overall the sensi-
tivity of the MAG3 captopril scan was 91 %, with 
a specifi city of 84 %. The most characteristic pre-
dictors for renal artery disease were prolonged 
parenchymal transit time and a longer time to 
peak in the post-captopril study. 

 For ethical reasons, only 100 of the 150 
patients who had positive screening by either 
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captopril scintigraphy or the “captopril test” in 
Chicago were subjected to renal angiography 
[ 10 ]. The prevalence of renal artery stenosis 
(≥75 %, or 50–74 % with post-stenotic dilata-
tion) was 59 % (13 % bilateral) in those who 
underwent angiography. Captopril renograms 
were interpreted using a version of an algorithm 
that was similar to that eventually adopted by the 
Society of Nuclear Medicine [ 3 ]. The sensitivity 
of the captopril scan was 92 %, with a specifi city 
of 80 %, for renal artery stenosis, among those 
who had angiography; these parameters were not 
signifi cantly affected by renal impairment, bilat-
eral disease, or previous diuretic or beta-blocker 
therapy. All performance characteristics of the 
captopril scan were signifi cantly higher than 
those of the “captopril test.” 

 Two other groups have reported the results of 
similarly large series of patients, using a different 
approach to the correlation of scintigrams and 
angiography, as the latter was performed fi rst, 
typically for reasons unrelated to the suspicion of 
renovascular hypertension. In Montréal, over a 
3-year period, 898 patients underwent abdominal 
angiography, of whom 195 were either hyperten-
sive or were suspected of having ischemic 
nephropathy [ 32 ]. These patients then underwent 
renal scintigraphy using three different radio-
pharmaceuticals, including  99m Tc-DTPA, but 
without oral captopril. Overall, 47 % of the 
patients had renal artery stenosis (>70 %). For 
the DTPA scan alone, the overall sensitivity and 
specifi city were both 68 %; for all three scans, 
they were signifi cantly higher, at 77 and 84 %, 
respectively. Unfortunately, their subsequent 
series of 41 patients who were evaluated with 
three different screening tests, and renal angiog-
raphy showed a the captopril MAG3 scan (inter-
preted using standard guidelines [ 3 ]) to have a 
sensitivity of only 41 % and specifi city of 82 %, 
despite a prevalence of renal artery stenosis of 
76 % (≥50 % stenosis) [ 33 ]. 

 In an attempt to interpret the results of renal 
angiography performed after cardiac catheteriza-
tion, 131 patients in British Columbia who had 
“incidental” renal artery stenosis (≥50 %) dis-
covered during this procedure were evaluated by 
MAG3 nuclear renography; captopril was used 

in 98 [ 34 ]. In only 7 of 77, or 9 % of, patients 
who had both baseline and post-captopril scans 
were the renograms positive, suggesting func-
tionally signifi cant renal artery stenosis. 
Although captopril renogram positivity was the 
only characteristic (of eight clinical parameters) 
associated with unilateral renal artery stenosis 
>70 %, renal angioplasty, in a cohort that over-
lapped with the patients in this study, was unable 
to demonstrate preservation of renal function 
[ 35 ]. These investigators therefore question 
whether stenoses found incidentally in the renal 
bed during coronary catheterization are really 
important.   

    Results for Prediction of Blood 
Pressure Response After 
Angioplasty 

 In 1992, [ 22 ] a systematic review of the available 
English-language literature concluded that the 
DTPA scintigram had a sensitivity of 93 % and 
specifi city of 95 % for renovascular hypertension 
(defi ned as improvement in blood pressure after 
intervention, which has since been standardized 
[ 36 ]). This result was based on three early reports 
involving only 205 patients; a supplemental anal-
ysis of six studies reporting outcomes with 
captopril- induced changes to excretory reno-
grams (four with iodohippurate, two with DTPA) 
was not nearly as optimistic. An update in 2000 
summarized 12 studies, and claimed that 92 % 
(255 of 289) of patients with a positive ACE- 
inhibitor renogram experienced a blood pressure 
response after revascularization [ 4 ]. This selec-
tive review did not include data from some stud-
ies that had previously reported lower predictive 
values [ 10 ,  37 ]. Since 2000, however, the litera-
ture has been mixed about the ability of a capto-
pril renogram to predict either blood pressure or 
renal function outcomes after an intervention for 
renal artery stenosis. 

 Intention-to-treat analyses of the randomized 
Dutch Renal Artery Stenosis Intervention 
Cooperative (DRASTIC) clinical trial were con-
founded by a large proportion of crossovers dur-
ing the year-long follow-up (2 of 56 assigned to 
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angioplasty, 22 of 50 assigned to drug therapy 
alone) [ 38 ]. Prior to randomization, abnormal 
scintigrams were seen in 65 % of subjects in both 
groups, and signifi cantly more remained abnor-
mal in the drug-treated group (than the angio-
plastied group) at both 3 and 12 months of 
follow-up. Improvement of scintigrams after suc-
cessful renal angioplasty has been noted by other 
investigators [ 39 ]. Subsequent  post-hoc  analyses 
of DRASTIC revealed that only patients with 
bilateral stenoses benefi ted from angioplasty 
[ 40 ]. An abnormal captopril renogram was not 
associated with improved BP or renal function 
after intervention, although the precise numbers 
of patients involved in these analyses were not 
provided. 

 Perhaps because captopril renography was 
not as useful as other screening techniques in 
identifying patients with renal artery stenosis 
in Uppsala, Sweden [ 41 ], the best predictor of 
blood pressure lowering after revascularization, 
which occurred in 63 % of their 152 patients was 
normal baseline renal function. They found no 
signifi cant predictive value of renal resistance 
index (by Doppler ultrasound), abnormalities 
on the captopril renogram, or other screen-
ing modalities [ 42 ]. Ten of the 15 patients with 
“high- probability captopril renograms had 
improved blood pressures 12 months after revas-
cularization, compared to 14 of 22 with low or 
intermediate-probability scans. 

 The largest reported experience from Montréal 
involved 74 patients who underwent a number of 
screening tests before technically successful 
angioplasty ± stent (in 52) [ 43 ]. Although calcu-
lated creatinine clearances did not change, blood 
pressures were, on average, signifi cantly lower 3 
months after angioplasty, with 31 patients 
“improved” and six “cured.” Twenty-one of the 
36 patients with a blood pressure response had 
positive captopril scans; 20 of 35 patients without 
a response had negative scans, leading to a sensi-
tivity of 58 % and specifi city of 57 %. Results of 
renal Doppler measurements and renal size were 
much better predictors of a blood pressure 
response than a captopril scan. 

 A retrospective review of diagnostic and 
 therapeutic procedures in Helsinki found only 20 
patients (a 3.8 % prevalence in their referral 
 population) with renovascular hypertension 
after angiography and therapy; all had positive 
 captopril renograms, but the specifi city of the 
scan was only 72 % among patients who under-
went angiography [ 44 ]. In an updated analysis, 
24 of 35 patients had improved blood pressures 
after intervention, which was more common in 
patients with >10 % differential uptake on capto-
pril renography (15 of 18, compared to 4 of 11 
with <10 % differential uptake,  P  = 0.015) [ 45 ]. 
However, in multivariate analyses, younger age 
and unilateral disease predicted better outcomes; 
the captopril scan was useful only in predicting 
renal artery occlusion, if the ipsilateral isotopic 
clearance was <10 % (7 of 8 for 88 % sensitivity, 
and 17 of 21, for 81 % specifi city). 

 In a report from Taiwan involving 60 patients 
with hypertension and diabetic nephropathy, 10 
were found to have positive captopril renograms, 
and all had a blood pressure response after revas-
cularization [ 46 ]. The remaining 50 had normal 
or intermediate probability renal scans that were 
unchanged after captopril, and had their blood 
pressures controlled over 6 months with antihy-
pertensive drug therapy (including captopril). 

 In a consecutive series of 50 patients with 
≥60 % renal artery stenosis seen between 2000 
and 2003 in Duesseldorf, Germany, only 18 
experienced a blood pressure fall after revascu-
larization [ 47 ]. As with other German centers, the 
renal resistance index (by Doppler ultrasound) 
was the strongest predictor of outcome, followed 
by renal vein renin measurements. Renography at 
this center was performed without captopril, so 
no data are available from these patients about 
the potential usefulness of this modality in pre-
dicting outcomes. 

 The existing data are summarized in Table  15.1  
[ 48 – 57 ]. Unfortunately, many reports (especially 
those with pessimistic conclusions) have not pro-
vided discrete patient-level data that could be 
incorporated into this table, so these overall pre-
dictive values are likely to be overestimates [ 37 , 
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 38 ,  40 ]. In addition, because many of these 
reports predate guidelines for execution and 
interpretation of nuclear medicine scans [ 3 ], as 
well as reporting of outcomes after revasculariza-
tion [ 36 ], there is greater heterogeneity across 
these reports than appears in this table. Other 
sources of bias may also be present: for example, 
some centers have been less likely to recommend 

revascularization if the pre-procedural captopril 
renogram had been normal [ 10 ].

       Comparisons with Other Screening 
Modalities 

 Unfortunately, none of the available screen-
ing tests for renal artery stenosis is perfect, and 
each has its strengths and limitations. Even 
computed tomographic or magnetic resonance 
angiography studies that were deemed superior 
to older techniques in 2001 [ 1 ] were found, on 
reevaluation in 2004 [ 58 ], to be imperfect. In 
many centers, Doppler ultrasound is preferred, 
as it is non- invasive, inexpensive, and has been 
useful in predicting a blood pressure response 
after revascularization (using a renal resistance 
index of <80 mmHg). It is notoriously operator- 
dependent, and less useful in obese patients with 
overlying bowel gas, patients with branched renal 
arteries, and for many patients with fi bromuscu-
lar disease. In the most inclusive recent summary 
[ 24 ], it had highly signifi cant inhomogene-
ity ( P  < 10 −15  by Riley-Day test) across reports. 
Nonetheless, its mean weighted sensitivity was 
83 % (range 17–100 %), with a specifi city of 
84 % (range 55–100 %), over 67 reports involv-
ing 4,640 patients. 

 Computed tomographic angiography provides 
excellent image quality, but requires intravenous 
contrast injection, which increases the risk of 
acute kidney injury. It is more expensive and 
time-consuming to process and interpret than 
either Doppler ultrasound or captopril scintigra-
phy. Over 18 reports involving 1,336 patients 
[ 24 ], there was signifi cant ( P  < 0.0001) inhomo-
geneity, partly due to four studies that report 
nearly perfect performance characteristics [ 1 , 
 24 ]. Overall in these reports, computed tomo-
graphic angiography had a mean weighted sensi-
tivity of 84 % (range: 63–100 %), with specifi city 
of 91 % (range: 56–100 %). 

 Magnetic resonance angiography provides 
excellent image quality with no radio-opaque 
contrast injection, but gadolinium contrast is 

   Table 15.1    Summary of numbers of patients with 
 “positive captopril-stimulated scintigram,” followed by a 
“positive blood pressure response” after revascularization 
in large series   

 Author  Patients with 
“positive blood 
pressure response 
to 
revascularization” 

 Patients 
with 
“positive” 
captopril 
renogram 

 Percent 
(%) 

 Oei et al. [ 48 ]  15  16  94 
 Erbsloh-Möller 
et al. [ 49 ] 

 15  16  94 

 Geyskes et al. 
[ 50 ] 

 53  59  90 

 Mann et al. 
[ 51 ] 

 20  27  74 

 Postma et al. 
[ 37 ] 

 12  22  54 

 Dondi et al. 
[ 52 ] 

 32  33  97 

 Roccatello 
et al. [ 53 ] 

 30  33  90 

 Elliott et al. 
[ 10 ] 

 51  54  94 

 Jensen et al. 
[ 54 ] 

 16  16  100 

 Meier et al. 
[ 55 ] 

 26  29  90 

 Fommei et al. 
[ 25 ] 

 41  43  95 

 Harward et al. 
[ 56 ] 

 39  39  100 

 Mittal et al. 
[ 57 ] 

 19  19  100 

 Eklöf et al. 
[ 42 ] 

 10  15  67 

 Soulez et al. 
[ 43 ] 

 21  36  58 

 Helin et al. 
[ 44 ] 

 15  18  83 

 Lin et al. [ 46 ]  10  10  100 
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contraindicated for patients with Stage 3 or 
higher chronic kidney disease, which includes 
many with suspected renal artery stenosis. 
Although it is expensive, often does not detect 
distal stenoses or restenosis within a stent, and 
can be problematic for patients with claustropho-
bia, 71 reports involving 3,069 patients indicated 
that its mean weighted sensitivity is 90 % (range: 
54–100 %), with a specifi city of 86 % (range: 
21–100 %) [ 24 ]. It is likely that individual patient 
factors, local availability and expertise in execu-
tion and interpretation, as well as cost, will likely 
drive the selection of a specifi c modality to screen 
for renal artery stenosis in a particular moderate- 
risk hypertensive patient.  

    The Future? 

 It is currently diffi cult to acquire pre- authorization 
approval for many tests for renal artery disease, 
including nuclear medicine scans. Part of this is 
due to the results of at least four recent random-
ized trials showing no benefi t over medical man-
agement on either blood pressure control or renal 
function. There is also a reluctance to spend 
money on tests that are themselves imperfect, 
and frequently lead to greater utilization of 
healthcare resources (including very expensive 
angiography and angioplasty). This situation has 
led to a decline in the number of nuclear scans 
performed worldwide, as well as in the numbers 
of publications about recent experience with 
these tests. 

 It may be possible that newer radiopharma-
ceuticals can improve on the diagnostic 
 performance of DTPA and even MAG3 in screen-
ing for renal artery stenosis. A report of 41 
patients studied with the glomerularly- fi ltered 
 51 Cr-EDTA and tubularly-secreted  99m Tc-dimer-
captosuccinic acid showed reduced uptake after 
captopril only with the former in 21 patients who 
eventually were diagnosed with renal artery ste-
nosis [ 59 ]. Perhaps because of the small number 
of patients, however, per-patient performance 
characteristics and prediction of blood pressure 
response to revascularization procedures were 
not provided. 

 Another distinct area in which there 
still appears to be ongoing use of nuclear medi-
cine scans for renovascular hypertension is in 
pediatric patients. Because many children have 
 remediable causes of their hypertension, 
 screening tests are more often performed than in 
adults. Although renovascular hypertension is 
rare in children, as refl ected in a recent survey in 
Turkey [ 60 ], recent reports of captopril renal 
scans to screen for it in children have given mixed 
results [ 61 ]. The largest experience was reported 
from Egypt, in which 81 children who had capto-
pril renography were studied [ 62 ]. Positive scans 
were seen in 24 of the 51 with renal artery dis-
ease, and 8 were falsely- positive, resulting in 
only 48 % sensitivity and 73 % specifi city. In 
Chile, 20 children (including two newborns) 
were screened using captopril renography; six of 
seven with renovascular hypertension, and only 
one of 13 without it, were positive [ 63 ]. Three 
non-diagnostic scans were seen in children with 
severely decreased renal excretory function. 

 Another relatively neglected, but potentially 
fruitful, area is cost-effectiveness of screening, 
diagnosis and treatment of renovascular hyper-
tension. A 1996 cost-analysis concluded that 
captopril-stimulated nuclear medicine screening 
was the most valuable initial strategy in patients 
with normal kidney function if the pre-test prob-
ability of renovascular disease was >30 % [ 64 ]. 
Some agree [ 4 ,  7 ,  45 ], but others recommend 
Doppler ultrasound [ 42 ,  43 ,  65 ]. None of these 
analyses have accounted for the wide geographic 
variation in cost of testing, which has increased 
dramatically across all healthcare facilities dur-
ing the last 15 years [ 66 ].  

    Conclusion 

 Nuclear medicine scans were moderately 
 popular as screening tests for renal artery dis-
ease in the late 1980s and 1990s. However, 
even in experienced hands, captopril-stimu-
lated excretory renograms have imperfect 
 performance characteristics that, especially 
in patients with a moderate absolute risk of 
renal artery disease, result in too many expen-
sive and risky renal angiograms. According 
to recent guidelines, less expensive and less 
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invasive tests (e.g., Doppler ultrasound) or 
tests that can more easily distinguish both 
 anatomical and functional abnormalities 
(e.g., magnetic resonance imaging with blood 
oxygen-level dependent contrast) are more 
likely to be recommended. Many centers have 
suggested that captopril- associated changes 
on excretory renograms predict a benefi cial 
effect of revascularization on blood pressure, 
but the largest experience (in Holland), as 
well as that of many other centers, strongly 
disagree. Because few nuclear medicine 
scans to screen for renal artery disease are 
currently being performed, it is likely that 
this controversy will not be resolved, even by 
the usual techniques of “Evidence-Based 
Medicine.”     
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    Abstract 

 Renovascular disease irrespective of the cause activates multiple  pressor 
systems, most specifi cally the renin-angiotensin- aldosterone system 
(RAAS). This complex hormone system exerts several renal and vas-
cular effects, and seminal studies have outlined the sentinel impor-
tance of this system in the context of renovascular disease. Experiments 
using Goldblatt’s classic 2 kidneys-1- clip model generate the proto-
type of angiotensin- dependent hypertension (Laragh, Am J Hypertens 
4:541S–545S, 1991; Pickering, Semin Nucl Med 19:79–88, 1989). In 
humans, numerous methods to assess the levels of these hormones in the 
plasma have been proposed to characterize the hemodynamic signifi cance 
of renovascular disease and to provide guidance on who will benefi t of 
revascularization. However, in recent years, many of these diagnostic 
methods have been abandoned due to complex work-up, relatively low 
sensitivity and specifi city, and the advent of more reliable non-invasive 
imaging techniques (Covic and Gusbeth-Tatomir, Prog Cardiovasc Dis 
52:204–208, 2009). Although one could argue that the pressure in iden-
tifying the pressors roles has decreased, since preservation of function 
has become the most predominant argument, still, characterization of the 
RAAS system is important since it may provide useful additional informa-
tion, including those for important therapeutic decisions. 

 Several screening laboratory tests have been proposed over the years 
to identify patients with renovascular hypertension. Some of these stud-
ies remain based on the identifi cation of the activation of the RAAS sys-
tem and some may depend on the comparison of the kidneys side-by-side 
assuming that one kidney is not affected. However, even under the best 
conditions, these studies are rarely more than 80 % sensitive or specifi c. As 
a result, their value as predictors depends greatly on the pretest  probability 
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of renovascular disease. Moreover, functional 
tests are heavily dependent upon test condi-
tions, including volume status, sodium intake 
and antihypertensive medications, which can 
affect levels of this complex hormone system.  

  Keywords 

 Hypertension   •   Renal artery stenosis   • 
  Renovascular disease   •   Physiologic studies   • 
  Renin-angiotensin system  

        Introduction 

 Physiologic studies have long been proposed as 
fundamental to understanding the basis for blood 
pressure control. Planning therapy and potential 
intervention for renovascular disease has been 
heavily dependent on developing diagnostic tools 
to support such measures.  

    Evaluation of Renin-Angiotensin 
System 

 Renovascular disease activates multiple pressor 
systems, most specifi cally the renin-angiotensin- 
aldosterone system (RAAS). This complex hor-
mone system exerts several renal and vascular 
effects, and seminal studies have outlined the 
sentinel importance of this system in the con-
text of renovascular disease. Experiments using 
Goldblatt’s classic 2 kidneys-1-clip model gener-
ate the prototype of angiotensin-dependent hyper-
tension [ 1 ,  2 ]. In humans, numerous methods to 
assess the levels of these hormones in the plasma 
have been proposed to characterize the hemody-
namic signifi cance of renovascular disease and to 
provide guidance on who will benefi t of revascu-
larization. However, in recent years, many of these 
diagnostic methods have been abandoned due to 
complex work-up, relatively low sensitivity and 
specifi city, and the advent of more reliable non-
invasive imaging techniques [ 3 ]. Still, character-
ization of the RAAS system is important since it 
may provide useful additional information, includ-
ing those for important therapeutic decisions. 

 Several screening laboratory tests have been 
proposed over the years to identify patients with 
renovascular hypertension. Some of these studies 
remain based on the identifi cation of the activa-
tion of the RAAS system and some may depend 
on the comparison of the kidneys side-by-side 
assuming that one kidney is not affected. 
However, even under the best conditions, these 
studies are rarely more than 80 % sensitive or 
specifi c. As a result, their value as predictors 
depends greatly on the pretest probability of 
renovascular disease. Moreover, functional tests 
are heavily dependent upon test conditions, 
including volume status, sodium intake and anti-
hypertensive medications, which can affect  levels 
of this complex hormone system.  

    Role of Functional Studies 
in Renovascular Hypertension 

    Peripheral Plasma Renin Activity 

 Experimental studies have emphasized that 
 transient activation of the RAAS system is nec-
essary for development of renovascular hyper-
tension. Renin leads to increased circulating 
angiotensin II, aldosterone and ultimately total 
blood volume. Other animal studies demon-
strated that blockage of the RAAS system using 
angiotensin- converting enzyme (ACE) inhibitor 
was able to prevent 2-kidney 1-clip renovascular 
hypertension [ 4 ]. These observations advocated 
the use of plasma renin activity (PRA) as a diag-
nostic tool to identify renovascular hypertension 
and to predict blood pressure response to renal 
revascularization. However, the elevation of renin 
is temporary and signifi cant activation of plasma 
renin occurs only after decrease in the postste-
notic pressure of at least 10–20 % and this corre-
sponds to degrees of luminal stenosis of 70–80 % 
(Fig.  16.1 ) [ 5 ,  6 ].

   The transient nature of this process makes 
the measurement of the peripheral venous PRA 
disappointing in clinical use and makes the utili-
zation of PRA as a screening test for the diagno-
sis of renovascular hypertension less often now 
than it was in the past. Peripheral venous PRA 
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is not sensitive enough under routine conditions 
to reliably diagnose renovascular hypertension 
and false-negative results have been reported in 
patients with confi rmed renovascular hyperten-
sion [ 7 ]. Furthermore, PRA is elevated in only 
half of the patients and is variably affected by 
ethnicity, age, medications, volume status and 
other variables [ 8 ]. For all these reasons, and 
the fact that approximately 20 % of the patients 
with essential hypertension also have elevated 
PRA, therefore measurement of PRA has a lim-
ited value in screening for renal artery stenosis 
[ 9 ]. However, Egan and colleagues have shown 
another utility for the use of PRA, i.e., as a guide 
to optimize therapy for patients with uncon-
trolled hypertension. Renin test-guided treatment 
has been showed to achieve better blood pres-
sure control when compared with the clinician 
approach without the use of PRA measurements. 
This study was undertaken even when PRA was 
measured in the setting of prior medication use 
or under unusual conditions of blood sampling 
or processing [ 10 ]. Mechanistically, this study 
supports the concept of blood pressure eleva-
tion by chronic angiotensin II-mediated vaso-
constriction, created by the persistent rather than 
 transitory plasma renin elevation.  

    Captopril-Enhanced Renography 

 The use of radionucleotide renography using 
captopril allows evaluation of the renovascu-
lar disease by side-by-side comparison of blood 
fl ow and fi ltration between the two kidneys. 
Diethylenetriaminepentaacetic acid (DTPA) and 
mercapto-acetyltriglycine (MAG 3) are the most 
commonly used radionucleotides. Since MAG 3 
is secreted effectively by the proximal tubule, it 
is more reliable than DTPA in patients with renal 
insuffi ciency [ 11 ]. The criteria for renovascular dis-
ease for this technique include (1) a decrease in the 
percentage of uptake of the isotope by the affected 
kidney to <40 % of the total, (2) delayed time to 
peak uptake of the isotope to >10–11 min, well 
above the normal value of 6 min and (3) delayed 
excretion of the isotope with retention at 25 min or 
>20 % [ 8 ]. The use of nonstimulated scans are only 
of limited value since false- negative results may 
occur in 20–25 % of the studies [ 12 ]. The addition 
of captopril and comparison with (non-captopril) 
baseline values accentuates the hemodynamic dif-
ferences between the kidney with stenosis and the 
one without. However, characteristic changes seen 
on captopril renography are frequently absent in 
patients with unilateral poorly functioning small 
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  Fig. 16.1    Effects of balloon 
induced, unilateral, 
controlled, graded stenosis 
(expressed as P  d  //P  a   ratio) on 
plasma renins concentration 
in the aorta ( red circles    ), in 
the vein of the stenotic 
kidney ( orange circles ), and 
in the vein of the non- 
stenotic kidney ( blue circles ). 
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kidney and bilateral renovascular disease. Among 
patients with bilateral disease, asymmetry was 
identifi ed in the more severely affected kidney, but 
the presence or absence of stenosis in the contra-
lateral kidney could not be reliably identifi ed [ 13 ]. 
Most importantly, the sensitivity and specifi city 
of renograms is decreased for patients who have 
serum creatinine levels >2 mg/dL. As summarized 
in a recent meta-analysis, the  sensitivity of renog-
raphy ranges from 58 to 95 % and its specifi city 
ranges from 17 to 100 %, even when studies were 
performed in selected patients who had an inter-
vention based on positive results on angiography 
[ 14 ]. Currently, due to several limitations of these 
studies, renography is mainly used to verify the 
relative function of each kidney prior to proceed-
ing with therapeutic nephrectomy  

    Renal Vein Measurements 

 Measurement of renin in renal vein (RVR) 
 samples is a tool used to specifi cally identify 
the role of the pressor kidney. Renin activity is 
increased in the stenotic kidney and suppressed 
in the contralateral non-stenotic kidney. In the 
past, renal vein renin (RVR) measurements were 
widely used to plan surgical renal revascular-
ization for hypertension [ 15 ]. The usefulness of 
using RVR measurements was important since 
they demonstrated better positive predictive val-
ues for the blood pressure response to therapy, 
and because the high risk of surgical revascular-
ization, this used to be an important tool to plan 
surgical revascularization. Using the renal vein 
renin ratio levels, of the affected or more severely 
affected kidney to that to the contralateral kid-
ney >1.5 has a predictive positive value for blood 
pressure improvement up to 92 % in some stud-
ies (Fig.  16.2 ) [ 16 ]. In a second analysis, Vaughn 
and colleagues demonstrate that the “net contri-
bution” of PRA from the stenotic kidney (defi ned 
as 100 * [(renal vein PRA − infrarenal vena cava 
(IVC) PRA)/IVC PRA]) >24 % indicates exces-
sive production of renin, levels >48 % in the ste-
notic kidney and contribution < 23 % for the other 
renal artery meet Vaughan criteria for curability 
in patients with unilateral disease [ 17 ,  18 ]. In the 
case both renal arteries values are above 23 %, 

the presence of bilateral disease is suggested. 
However, this method is only applicable when 
inferior vena cava renin is at least 1 ng/ml/h.

   An important caveat to applying this methodol-
ogy is to manage the conditions for RVR  testing. 
The degree of lateralization is sensitive to volume 
status, concurrent medications and arterial pres-
sure levels. As an example, Strong and colleagues 
indicated that lateralization can be demonstrated 
in non-lateralizing kidneys by administration of 
diuretics or low sodium diet [ 19 ]. In current prac-
tice, the assessment of renal vein renin occurs 
in the setting of volume expansion with normal 
saline, usually undertaken prior the procedure in 
order to protect the kidney of contrast-induced 
nephropathy [ 20 ]. Although widely used in the past 
to identify candidates for surgical revasculariza-
tion, use of renal vein renin measurements fell out 
of favor during the era of expanding endovascular 
angioplasty and stenting. Because of all these vari-
abilities, some studies demonstrated poor sensitiv-
ity and poor positive predictive value [ 21 ,  22 ]. On 
the other hand, nearly 50 % of patients without lat-
eralization may demonstrate improvement of blood 
pressure after revascularization. In addition to vol-
ume expansion, this lack of lateralization has been 

  Fig. 16.2    Gadolinium-enhanced MR angiogram  depicting 
severe right renal artery stenosis with ipsilateral elevation 
of PRA (ng/mL/h) as compared to the left contralateral kid-
ney and IVC       
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attributed to multiple reasons including inaccurate 
renal vein catheterization, non- simultaneous sam-
pling and problems related to bilateral or segmen-
tal lesions [ 23 ]. Nonetheless, ambiguous results 
from recent endovascular trials suggest that careful 
patient selection may benefi t from revisiting this 
diagnostic approach. In those cases in which it is 
important to identify the pressor kidney, especially 
in the cases of complete occlusion causing kidney 
atrophy and resistant hypertension, renal vein renin 
determination could be an important tool. It may 
be helpful with the decision to pursue additional 
therapeutic procedures, such as nephrectomy in 
order to improve blood pressure control or opti-
mize heart failure control [ 24 – 26 ].      
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    Abstract  

  While atherosclerotic Renal Artery Stenosis (ARAS) is a common cause 
of secondary hypertension and poses a threat to kidney viability, the degree 
to which reduced blood fl ow to cortical or medullary segments leads to a 
reduction in tissue oxygenation and/or increased overall oxygen consump-
tion is not well understood. These studies have been limited due to the lack 
of an adequate method to assess tissue oxygenation in humans. BOLD 
(blood oxygen-level-dependent) magnetic resonance imaging detects local 
levels of tissue deoxyhemoglobin without requiring contrast. The normal 
kidney circulation consistently develops tissue oxygen gradients, leaving 
some areas within the deep sections of medulla relatively hypoxic, 
refl ected by corresponding differences in cortical and medullary R2* val-
ues. Moderate reductions in renal blood fl ow that occur with ARAS do not 
invariably lead to renal hypoxia, likely due to both a surplus of oxygenated 
blood and a parallel decrease in GFR and tubular reabsorption of sodium 
that leads to decrease in Oxygen consumption. However, at some point, 
vascular occlusion threatens the viability of the kidney and can lead to loss 
of kidney function. In this chapter we will review the implementation of 
BOLD MRI in the diagnosis and  management of renovascular disease.  

  Keywords  

  Renal artery stenosis   •   Oxygen   •   BOLD MRI   •   Hypertension   •   Renal 
hypoxia and renovascular imaging  
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        Introduction 

 Atherosclerotic renal artery stenosis (ARAS) 
remains one of the most common causes of sec-
ondary hypertension and when severe can also 
threaten the viability of the post-stenotic kidney. 
Occlusive vascular disease reduces blood fl ow 
and glomerular fi ltration (GFR), activates pressor 
systems, and ultimately leads to renal atrophy 
and chronic kidney disease [ 1 ,  2 ]. 

 Defi ning the relationships between arterial 
blood fl ow and tissue oxygenation within the kid-
ney poses a major challenge, in part due to the 
complexity of renal circulation and distribution 
of blood fl ow. The kidney normally is highly per-
fused, exhibits the highest rate of blood fl ow per 
tissue weight, and has the smallest arterio-venous 
differences in oxygen saturation of any organ, 
consistent with its fi ltration function and limited 
overall net oxygen consumption [ 3 ,  4 ]. By these 
criteria, the kidney is abundantly oxygenated as 
compared to other organs. A striking feature, 
however, is the non-uniformity of tissue oxygen-
ation within the kidney. Under normal condi-
tions, a gradient of oxygenation develops within 
the renal parenchyma from a highly perfused cor-
tex falling to much lower levels in the deep 
medulla resulting from signifi cant differences in 
both blood supply and oxygen consumption 
between the renal cortex and medulla [ 5 ,  6 ]. 
Portions of the medulla thus are functionally 
hypoxic under normal conditions and considered 
particularly susceptible to ischemic and/or other 
forms of acute kidney injury [ 6 – 8 ]. 

 Remarkably, a decrease in RBF does not 
invariably lead to renal hypoxia, likely due to 
both a surplus of oxygenated blood and a parallel 
decrease in GFR and tubular reabsorption of 
sodium that leads to decrease in Oxygen con-
sumption. Studies of intra-renal mechanisms of 
blood fl ow distribution emphasize that cortex and 
medulla can be regulated independently under 
some conditions [ 9 ]. However, at some point, 
vascular occlusion threatens the viability of the 
kidney and can lead to loss of kidney function, 
which may/may not be reversible after restora-
tion of blood fl ow with revascularization [ 10 ]. 
Eventually, vascular occlusion leads to tissue 
fi brosis and can lead to end stage kidney disease 

(ischemic nephropathy) [ 11 – 13 ]. Determining 
when occlusive vascular lesion actually threatens 
kidney oxygenation and viability remains an elu-
sive goal. Blood Oxygen Level-Dependent 
(BOLD) MRI is a noninvasive method developed 
in recent years that holds the promise of allowing 
improved understanding of regional tissue oxy-
genation within the kidney. In this chapter we 
will provide a review of some of the principles 
involved in BOLD MRI and summarize our cur-
rent understanding of the implementation of 
BOLD MRI in renovascular hypertension.  

    Renal Blood Flow and Tissue 
Oxygenation 

 Renal blood fl ow is higher than any other organ 
with respect to organ weight, consistent with its 
primary function for blood fi ltration. The largest 
portion of renal blood fl ow is directed towards 
the cortex and fi ltration within cortical glomeruli. 
A fraction of post-glomerular blood fl ow is 
directed to the medulla and provides the basis for 
active tubular solute transport, preserving 
osmotic gradients and allowing urinary concen-
tration [ 6 ]. The anatomical arrangement within 
the medulla aligns the tubules and the vasa recta 
in parallel fashion with a hairpin turn within deep 
medullary segments. This feature maximizes 
urine concentration by countercurrent exchange 
and allows diffusion of oxygen from the arterial 
side to venous side. In addition, the thick ascend-
ing limb is responsible for active reabsorption of 
chloride and sodium, an energy-dependent pro-
cess that requires a large amount of oxygen. As a 
result, these circumstances combine to generate a 
hypoxic milieu that is progressively more evident 
in deep medullary segments. Because of nearly 
constant levels of oxygen depletion in this region, 
the kidney is particularly susceptible to ischemic 
injury especially in the outer medulla [ 5 ,  6 ]. 

 ARAS represents a large vessel disorder that 
eventually obstructs the vascular lumen. Renal 
blood fl ow and perfusion pressure change only 
minimally until the vessel lumen cross- sectional 
area falls by 70–80 %. When a “critical” degree 
of stenosis is attained, renal hypoperfusion leads 
to a cascade of events from activation of the 
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renin-angiotensin system to the rarefaction of 
small renal vessels, kidney fi brosis, loss of func-
tion, and atrophy [ 14 ]. Studies of oxygen deliv-
ery and consumption in anesthetized rabbits 
indicate that acutely reduced fi ltration and oxy-
gen consumption can leave tissue oxygen levels 
stable even if cortical blood fl ow is reduced by up 
to 40 % [ 15 ,  16 ]. A smaller portion of blood fl ow 
is delivered to deeper medullary regions of the 
kidney via post-glomerular vasa recta; in these 
regions, active metabolic processes dependent 
upon aerobic energy pathways lead to oxygen 
consumption and local areas of hypoxia, even 
within normal kidneys, report estimates of med-
ullary  pO   2   ranging between 10 and 20 mmHg [ 6 ] 
but rise to 41 mmHg after administration of furo-
semide intravenously. Hence, low medullary pO 2  
refl ects combined effects of reduced blood fl ow 
and increased oxygen consumption related to sol-
ute transport in the Loop of Henle [ 17 ,  18 ]. Local 
gradients of cortical and medullary oxygenation 
are closely regulated, sometimes independently 
from each other. Remarkably, these regions can 
tolerate reduced blood fl ow with compensatory 
changes by numerous vasoactive systems within 
the circulation. In a rat model, for example, 
angiotensin II infusion produces a 40 % decrease 
of cortical perfusion, but medullary perfusion can 
remain unchanged, apparently protected by pros-
taglandin E2 synthesis [ 19 ]. Quantitative changes 
in the degree of arteriovenous shunting as a result 
of changes in renal blood fl ow appear to maintain 

the oxygen tension and adjust local areas of blood 
supply, but also may render some focal regions 
more susceptible to hypoxia [ 15 ] (Fig.  17.1 ).

       Measurements of Renal 
Oxygenation and Evaluation 
of Hypoxia 

 Direct measurement of renal tissue pO 2  has been 
achieved experimentally using invasive micro-
electrodes [ 5 ,  20 ] or an advanced laser-based 
probe [ 21 ]. Severely hypoxic tissue can be 
mapped histopathologically using reduction of 
Pimonidazole by nicotinamide adenine dinucleo-
tide phosphate (NADPH) in biopsy or post- 
mortem samples [ 22 ]. Pimonidazole mapping is 
limited by being sensitive only to pO 2  less than 
10 mmHg. Recently, Hypoxia inducible factor-α 
(HIF-α) has been proposed for an endogenous 
marker of hypoxia [ 23 ]. These and other invasive 
and/or post-mortem methods [ 24 ] are not readily 
applicable to humans.  

    Evaluation of Kidney Tissue 
Deoxyhemoglobin Using BOLD MRI 

 Development of Blood Oxygen Level Dependent 
(BOLD) MR depends upon the fact that magnetic 
properties of blood refl ect the state of hemoglobin 
oxygenation. Deoxyhemoglobin is paramagnetic 
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  Fig. 17.1    Factors affecting 
kidney tissue oxygenation, 
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whereas oxyhemoglobin is diamagnetic [ 25 ]. The 
presence of deoxyhemoglobin affects the T 2 * relax-
ation time of neighboring water molecules and in 
turn infl uences the MRI signal of T 2 *-weighted (gra-
dient echo) images. The rate of spin dephasing R 2 * 
(= 1/T 2 *) thereby is closely related to the tissue con-
tent of deoxyhemoglobin. Since the oxygen tension 
(pO 2 ) of capillary blood generally is thought to be in 
equilibrium with the surrounding tissue, changes 
estimated by BOLD MRI are interpreted as changes 
in tissue pO 2  [ 26 – 29 ]. BOLD MRI measurements of 
renal cortex and medulla [ 27 ] correlate with data 
obtained using invasive microelectrodes [ 5 ]. For 
example, in experiments using either microelec-
trodes or BOLD MRI, furosemide improves medul-
lary oxygenation while acetazolamide, which 
produces diuresis, acts on the proximal tubule in the 
renal cortex and therefore induces little change in the 
medullary oxygenation [ 5 ,  27 ,  28 ]. 

 A set of parametric images of R2* is gener-
ated from the BOLD sequence data by fi tting sig-
nal intensity data from each echo on a 
voxel-by-voxel basis to an exponential function 
describing the expected signal decay as a func-
tion of echo time (TE) and solving for the 
unknown value of R2*. Parametric maps of R2* 
co-registered over the image illustrate the R2* 
translation of renal structures. Typically, cortex 
can be identifi ed by lower R2* values, with a gra-
dient developing to higher R2* levels in the 
deeper medullary sections [ 30 ,  31 ]. 

 Parametric imaging can make the selection of 
ROIs more focused, especially when the deeper 
parts of the medulla are targeted, and allows the 
exclusion of artifacts induced by adjacent tissue 
anomalies from areas outside the kidneys [ 32 ,  33 ]. 

 Data from swine experiments using oxygen 
sensing electrodes within various cortical and med-
ullary locations within the kidney demonstrate 
tissue oxygen saturation consistent with deoxyhe-
moglobin levels identifi ed using BOLD MRI [ 17 , 
 34 ]. Average levels of tissue oxygen tension in the 
mammalian kidney range from 50 to 55 mmHg in 
cortex to as low as 15–20 mmHg in the deep sec-
tions of the medulla [ 5 ]. These levels coincide with 
a range of hemoglobin oxygen saturation, which 
falls steeply from 85 to 15 %, thereby making this a 
range favorable for detection using BOLD imaging. 
Further experimental studies in rats [ 35 ,  36 ] and 
other models [ 34 ,  37 ] using oxygen probes confi rm 

that tissue oxygen levels fall by 45–50 % in moving 
from cortex to deep medullary regions.  

    Comparison of 1.5 and 3 T BOLD MR 
to Study Kidney Oxygenation 

 Because deoxyhemoglobin functions effectively 
as an imaging “contrast agent,” BOLD MR studies 
comparing 1.5 and 3.0 T magnetic fi elds indicate 
that BOLD MRI measurements at high fi eld 
strength amplifi es differences between cortical 
and inner medullary regions of the kidney. 
Maneuvers that reduce oxygen consumption 
related to tubular solute transport (e.g., Furosemide 
administration) allow functional evaluation of 
transport-related activity as a determinant of tissue 
oxygenation. Reduced response to alterations in 
oxygen consumption can be detected at 3 T more 
effectively than at 1.5 T and may provide real-time 
tools to examine developing parenchymal injury 
associated with impaired oxygenation [ 33 ].  

    Application of Renal BOLD MRI 

 BOLD MRI allows non-invasive evaluation of 
renal oxygenation not only in animals but also in 
humans. Initial studies in humans suggested that 
this method could identify alterations in subjects 
after administration of nephrotoxic contrast [ 38 ], 
allograft injury [ 39 ], water loading, and occlusive 
renal arterial disease [ 30 ,  31 ]. Some authors had 
postulated that hemodynamic injury from nephro-
toxin exposure produces local hypoxia as a “fi nal 
common pathway” related to kidney injury [ 40 ]. 
Administration of cyclosporine, for example, does 
in fact lead to a rise in medullary R2* levels, sug-
gesting medullary rise in deoxyhemoglobin [ 41 ]. 
Surprisingly, conditions that severely limit tubular 
metabolic activity, such as acute interstitial infl am-
mation associated with transplant rejection, acute 
tubular necrosis, or even nonfunctioning renal 
atrophy beyond an occluded vessel, are associated 
with normal or low deoxyhemoglobin in both cor-
tical and medullary regions [ 31 ,  42 ]. These fi ndings 
were interpreted to indicate that severe reductions 
in GFR and active solute transport are associated 
with reduced oxygen consumption, therefore leav-
ing measured R2* levels (and thus deoxyhemoglobin) 
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low. BOLD MRI has been used to show that 
Angiotensin II receptor blocker could partially 
ameliorate intrarenal hypoxia in chronic kidney 
disease patients [ 43 ]. In a recent study in diabetic 
subjects, they exhibited hypoxia of the renal 
medulla, but not much of the renal cortex. In sub-
jects who had progressed to more advanced stages 
of diabetic nephropathy, renal medullary hypoxia 
was alleviated whereas progressive cortical 
hypoxia developed [ 44 ]. 

    Hypertension 

 BOLD MRI has been applied to some forms of 
essential hypertension. Experimental studies in rats 
indicate that medullary blood fl ow (and presum-
ably medullary oxygenation status) is reduced in 
hypertensive models, and more importantly, that 
reduced medullary blood fl ow itself may be suffi -
cient to produce hypertension [ 45 ,  46 ]. This is sup-
ported by demonstrable reduction of nitric oxide 
(NO) in hypertensive rat attributed to endothelial 
dysfunction. All these studies were performed 
using invasive microelectrodes or Doppler fl ow 
probes in rat kidneys. In a rat model BOLD MRI 
showed that medullary R2* exhibited minimal 
changes to nitric oxide synthase (NOS) inhibition, 

substantially reduced compared to normotensive 
controls [ 47 ]. Studies in hypertensive African 
Americans demonstrate higher R2* levels associ-
ated with increased medullary volume and sodium 
reabsorption as compared with whites. These data 
support a role for increased oxygen consumption 
and were associated with markers of increased oxi-
dative stress in African Americans that may accel-
erate hypertension and target organ injury [ 48 ].  

    Renovascular Disease 

 Has application of BOLD MRI affected our under-
standing of atherosclerotic renovascular disease? 
Renal artery stenosis (RAS) is a common cause of 
secondary hypertension and obviously has conse-
quences for intrarenal oxygenation when severe. 
Initial studies by Juillard et al. [ 49 ] identifi ed a 
progressive rise in R2* in both cortex and medulla 
after stepwise acute reductions in renal blood fl ow 
produced by increasing levels of stenosis in a 
swine model. Warner et al. showed that graded 
reduction in blood fl ow acutely decrease tissue 
oxygenation measured by oxygen electrodes that 
also appear as changes in R2*  signal under similar 
conditions [ 37 ] (Fig.  17.2 ). These changes are 
more pronounced in the medulla than the cortex, 
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  Fig. 17.2    Tissue levels of 
oxygen tension (measured 
by oxygen-sensitive probes 
in anesthetized swine) in 
cortex and medulla. This 
fi gure illustrates both 
differences and baseline and 
changes in renal tissue Po 2  
at different levels of main 
renal artery blood fl ow. 
Renal cortex and medulla 
tissue oxygenation measured 
during a control period 
[0(BL)] and after stepwise 
decreases in RBF induced 
by a constricting clamp from 
baseline [(0 (AR)], by 20 % 
(20), 40 % (40), 60 % (60), 
and recovery [0 (Rec)] 
(Adapted with permission 
from Warner et al. [ 37 ])       
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despite proportional reductions in O 2  delivery and 
consumption during graded ARAS. Alford et al. 
confi rmed these data using an acute renal artery 
obstruction model and observed signifi cant 
increase in renal R 2 * values. The contralateral kid-
ney showed no such change. They also demon-
strated the R 2 * values return to baseline upon 
releasing the obstruction [ 50 ].

   Initial studies using 1.5 T MR were conducted 
in patients with a variety of renovascular lesions, 
some of which included total arterial occlusion. 
Axial slices of kidneys from 25 patients with 
ARAS were examined and values for R2* in cor-
tex and medulla determined using observers 
selected regions of interest. These data identifi ed 
heterogeneities within regions of the kidney 

 associated with large vessel ARAS, some of 
which obviously followed regional distribution 
of segmental arterial stenosis [ 30 ]. These data 
confi rm in human subjects the general ability to 
distinguish cortical and medullary oxygenation 
and identify the role of solute reabsorption by 
noting the change in medullary R2* after furose-
mide administration (Fig.  17.3a, b ). Surprisingly, 
values of R2* in medullary regions of kidneys 
with total occlusion did not differ appreciably 
from cortex. These results suggested that lack of 
fi ltration and solute absorption is associated with 
minimal oxygen consumption, in agreement with 
similar data presented in renal transplant patients 
during episodes of acute allograft rejection with 
interstitial injury and reduced GFR [ 51 ].
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  Fig. 17.3    ( a ,  b ) Examples of axial T2 images ( upper 
row ) and parametric R2* maps ( lower row ) outlining the 
kidneys in a patient with hypertension before ( a ) and after 
( b ) administration of intravenous furosemide. Furosemide 

led to lower R2* levels, especially in the medulla within 
15 min, suggesting that deoxyhemoglobin levels in this 
region refl ected furosemide-suppressible oxygen 
consumption       
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   Our group undertook further studies to exam-
ine tissue oxygenation using higher magnet 
strength (3 T) in humans with atherosclerotic 
renal artery stenosis. We studied patients with 
unilateral ARAS (Doppler ultrasound measure-
ments >260 cm/s) under controlled conditions as 
part of an inpatient protocol; all patients were 
treated with angiotensin-converting enzyme 
(ACE) inhibitors or angiotensin receptor  blockers 
during fi xed sodium intake of 150 mEq per day. 
Kidney function was reasonably preserved (cre-
atinine <1.7 mg/dL) and diuretics were limited to 
thiazides. Data from those individuals were com-
pared with age-matched patients with essential 
hypertension undergoing the same protocol. 
Cortical and medullary blood fl ows and volumes 
were determined by multidetector computed 
tomography [ 31 ]. Results of these studies con-
fi rmed the value of higher magnet strength to dis-
tinguish differences in cortical and medullary 
oxygenation. The hemodynamic signifi cance of 
these lesions was supported by reductions in 
blood fl ow and kidney volumes as compared both 
to contralateral kidneys and those from essential 
hypertension. Renal vein renin levels were mark-
edly elevated compared to essential hyperten-
sion. As expected, tissue medullary (deepest 
section of the medulla or the most hypoxic zone) 
deoxyhemoglobin, as refl ected by R2* values, 
was higher compared with the cortical R2* for 
both groups. Surprisingly, average levels of corti-
cal and medullary R2* in these ARAS patients 
did not differ from those of the patients with 
essential hypertension or from those of the con-
tralateral, normally perfused kidney. Despite 
reductions in blood fl ow in the stenotic kidneys 
suffi cient to elevate levels of plasma renin activ-
ity, levels of R2* were similar to those in the 
other patients, indicating preservation of the cor-
tical and medullary oxygenation in these patients 
under these conditions. Importantly, both GFR 
and the response of medullary R2* in the stenotic 
kidney to furosemide administration were 
reduced compared with the contralateral kidneys. 
These data suggest that oxygen consumption 
related to solute transport in the stenotic kidney is 
less than the contralateral kidney under these 
conditions. In fact the contralateral kidney may 

increase its metabolic activity as it assumes some 
of the fi ltration and reabsorption functions of the 
stenotic kidney. We interpret these data to dem-
onstrate a remarkable intrarenal adaptation in the 
stenotic kidney that effectively preserves oxy-
genation gradients between cortex and medulla 
despite reduced blood fl ow and GFR. One expla-
nation is that the fall in GFR reduces solute fi ltra-
tion, thereby reducing the “workload” and 
metabolic energy requirements in the medulla. 
These observations are supported by with similar 
fi ndings in a chronic rat model of mild renovas-
cular hypertension; they showed that after 4 
weeks, no renal hypoxia could be detected in the 
kidney downstream to a renal artery stenosis. The 
fact that oxygenation is preserved despite sub-
stantial falls in blood fl ow partly may explain the 
observations in clinical trials that kidney function 
may remain stable during antihypertensive drug 
therapy, sometimes for many years [ 10 ]. 

 The ability of the kidney to adapt reduced 
blood fl ow obviously has limits, however. We 
extended our human protocol studies using 
MDCT and BOLD MRI to patients with more 
advanced reductions in blood fl ow, defi ned as 
loss of tissue mass and (Doppler ultrasound mea-
surements >384 cm/s) with cortical atrophy 
(Table  17.1 ). Levels of serum creatinine could be 
as high as 2.5 mg/dL. As compared to less severe 
ARAS, both kidney volume and tissue perfusion 
in the cortical regions were further reduced 
(Fig.  17.4 ). Not surprisingly, levels of cortical 
R2* were elevated in this group, suggesting that 
overt tissue hypoxia was developing. Deep med-
ullary regions continued to have high R2* abso-
lute levels that did not differ from those in 
otherwise normal kidneys. The fraction of axial 
slices medullary tissue with elevated R2* levels 
was considerably larger, however. These results 
demonstrate that severe vascular occlusion even-
tually overwhelms the capacity of the kidney to 
adapt to reduced blood fl ow, manifest as overt 
cortical hypoxia as measured by blood oxygen 
level–dependent MRI.

    Are the published results in ARAS contradic-
tory? We believe not, but they do emphasize the 
complexity in this disorder. Based on initial stud-
ies, early protocols have focused on selecting 
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focal regions of interest to identify a single value 
for R2* in cortex and a single value in medulla 
[ 31 ,  56 ]. This approach is problematic, particu-
larly in subjects with heterogeneous vascular dis-
ease, as it is challenging to differentiate between 
cortex and medulla, moreover, the precision and 
reproducibility of R2* values will be affected by 

the size and location of ROI. Larger ROIs that 
include the entire medullary compartments may 
provide more representative and less variable 
mean values, but often include multiple medullary 
and cortico-medullary overlap zones with differ-
ent hemodynamics [ 33 ]. Small, selective ROIs are 
less vulnerable to volume averaging, but may be 

   Table 17.1    Example of recent reports of BOLD MR R 2 * values described for cortical and medullary regions obtained 
at (3 T) magnet strength in human subjects   

 Study  Year  Cortex  Medulla  Comments 

 Li et al. [ 52 ]  2004  21.8  37.4  Healthy volunteers 
 Tumkur et al. [ 53 ]  2006  14.5  30.3  Baseline normal 
 Prujim et al. [ 54 ]  2010  18.2  28.1  Normal, Low NA 
 Prujim et al. [ 54 ]  2010  17.8  31.3  Normal, High NA 
 Gloviczki et al. [ 32 ]  2011  17.8  36.8  Essential Hypertension, 150 mEq NA 
 Gloviczki et al. [ 32 ]  2011  15.7  37.8  Moderate ARAS 
 Gloviczki et al. [ 32 ]  2011  21.6  39.1  Severe ARAS 
 Pei et al. [ 55 ]  2012  18.79  25.07  CKD 
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  Fig. 17.4    CT angiographic    images ( upper row ) of the 
right kidneys illustrating three patients with (1) no renal 
artery stenosis (2) moderate renal artery stenosis and (3) 
severe renal artery stenosis. Below each in the bottom row 
are corresponding axial images with R2* parametric maps 

illustrating higher fraction with elevated deoxyhemoglo-
bin ( orange- red  ) evident with progressively more severe 
disease. Note that areas in each slice are heterogeneous, 
with more uniform cortical values but widely varying R2* 
levels at different depths and locations within each slice       
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skewed by fl uctuations caused by spatial and tem-
poral heterogeneity in oxygen distribution within 
the kidney, particularly in the medulla [ 57 ]. 
Recently, we suggested a new method of BOLD 
MR analysis that somehow avoids these problems 
mentioned previously, called the “fractional tissue 
hypoxia” method, defi ned as the percentage of 
R2* values above 30 s −1  on axial slices rather than 
selected cortical and medullary sites, values from 
this method correlated inversely with renal blood 
fl ow, tissue perfusion and glomerular fi ltration 
rate in patients with renovascular disease [ 58 ]. 
Studies using somewhat different methods for 
analyzing R2* (an average level over entire coro-
nal image slices) indicate a slightly higher level of 
R2* in subjects with preserved kidney volumes 
that responded favorably to renal revasculariza-
tion [ 59 ]. We believe these data defi ne a level of 
“adaptation” that preserves tissue oxygenation 
both in cortex and medulla over a range of renal 
blood fl ow, analogous in some respects to the role 
of autoregulation in preserving stable renal blood 
fl ow and GFR over a range of renal perfusion 
pressures. When the level of renal blood fl ow falls 
below some threshold, oxygenation can no longer 
be preserved and hypoxia develops. These obser-
vations are consistent with the acute experimental 
data that demonstrated a rise in R2* levels only 
when the fall in blood fl ow approached 80 %.  

    Limitations and Future Directions 

 Application of BOLD MR is by no means stan-
dardized or routine. Some authors argue that 
effects related to spacial distribution of blood or 
magnetic fi eld non-homogeneities may limit 
application of these tools. In a recent publication 
Michaely et al. [ 60 ] could not identify evident 
correlation between R2* (defi ned by ROI selec-
tion) values and renal function in patients with 
different stages of CKD as defi ned by eGFR in a 
large cohort with a wide variety of kidney dis-
ease. For these studies, BOLD imaging was 
added to MR studies undertaken for a broad 
range of indications without regard to sodium 
intake, medications (including those that alter 
oxygen delivery and/or consumption, such as 

ACEI/ARBs or diuretics) and the specifi c etiol-
ogy of the underlying kidney disease. The authors 
conclude that gross measures of cortical and 
medullary oxygenation do not depend directly on 
the level of eGFR, These results directly contra-
dict the hypoxia/common fi nal pathway hypoth-
esis [ 40 ] that predicts reduced renal oxygenation 
in CKD, at least in the early stages. However, 
limitations in the study protocol must be 
addressed. Hydration status and sodium balance 
were not uniform among the subjects, the use of 
medications that might alter oxygen delivery 
and/or oxygen consumption, such as angiotensin- 
converting enzyme inhibitors, angiotensin recep-
tor blockers, antioxidants, and diuretics, was not 
assessed. Subjects with later stages of CKD are 
more likely to be taking these agents. Moreover, 
recent data suggest an added level of complexity 
in the relationship between renal tissue hypoxia 
and CKD. Renal tissue oxygenation may depend 
not only on the severity of CKD but also on the 
etiology of the underlying kidney disease [ 61 ]. 
Our studies up to now have been conducted under 
conditions with controlled sodium intake, stan-
dardized drug therapy, and excluded other obvi-
ous conditions that might affect tissue 
oxygenation (e.g., advanced renal failure, diabe-
tes). Importantly, methods for analyzing BOLD 
images are not standardized. As can be seen in 
the previous fi gures, maps of R2* indicate con-
siderable local heterogeneities within image 
slices. The premise that observer selected regions 
of interest that lead to characterization of single 
values of R2* that apply to the entire cortex or 
entire medulla represents the most valid approach 
merits critical study. Further studies need to 
address stability in renal oxygenation over time 
and particularly the changes in ARAS associated 
both with medical therapy and with renal revas-
cularization. It is likely that developing methods 
that more realistically address observer selected 
ROIs and that acknowledge the heterogeneities 
of oxygenation, particularly within the medulla, 
will be essential to advancing this fi eld [ 58 ]. A 
further objective is to defi ne more precisely 
exactly how variation in tissue oxygenation is 
related to activation—or possibly reversal—of 
parenchymal tissue injury in this disorder. Our 
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overall goal is to improve the use of BOLD MRI 
to allow more precise identifi cation of kidneys at 
risk from vascular injury that may benefi t from 
renal revascularization and/or adjunctive 
 measures to repair the kidney before irreversible 
kidney damage develops.   

    Conclusion 

 BOLD MRI is a noninvasive technique that 
requires no contrast or radiation that has great 
potential as a functional tool to evaluate 
patients with ARAS. Initial studies indicate a 
complex relationship between changes in 
blood fl ow that allows adaptation to reduced 
perfusion and GFR that nonetheless preserve a 
normal cortical-to- medulla gradient of deoxy-
hemoglobin. More severe vascular compro-
mise ultimately overwhelms these adaptive 
changes, leading to overt cortical hypoxia and 
expansion of medullary hypoxic zones. It is 
likely those additional processes that modify 
regional oxygenation in the kidney, such as 
diabetes, circulatory failure, and others also 
may affect these processes. At this point, stan-
dardized protocols and evaluation of ARAS 
with BOLD remain investigational. We 
believe that careful application and analysis of 
BOLD MR will provide critical insights into 
early disruption of renal physiology and func-
tion prior to the onset of irreversible renal 
injury. Clinical applications may identify 
patients that are free from the risks of 
“hypoxic” injury, or conversely, identify those 
most likely to gain from measures to reverse 
disorders of impaired tissue oxygenation.     
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  18      Tissue Histopathologic Injury 
in Renovascular Occlusive Disease 

           Monika     L.     Gloviczki       and     Stephen     C.     Textor     

    Abstract  

  Many histopathologic fi ndings within post-stenotic kidneys are nonspecifi c 
and represent conditions associated with aging, atherosclerosis and pre-
existing hypertension. Two major abnormalities reported in patients with 
renovascular disease (RVD) are arteriolar nephrosclerosis and atheroem-
bolic renal lesions. Other chronic renal “ischemia” markers include tubular 
atrophy, interstitial fi brosis and arteriolar sclerosis, but are less specifi c. 

 Recent data demonstrate that intra-renal oxygenation in renovascular 
disease (RVD) is affected in a patchy way and produces local alterations 
that can ultimately lead to irreversible tissue damage. Moreover, kidney 
injury has the tendency for progressive deterioration even after the pri-
mary causal factor is eliminated. 

 Transvenous or transjugular renal biopsy, requiring retrograde access 
through the venous system, was recently proposed as an alternative for 
patients with contraindications for percutaneous biopsy. This technique 
was used in a prospective study to examine histopathologic changes in 
biopsies from kidneys with moderate unilateral renal artery stenosis, com-
pared with renal tissue specimens from normal kidney donors, and 
nephrectomy samples for total vascular occlusion. Tissue from affected 
kidneys has provided evidence for complex injury pathways in atheroscle-
rotic RVD that include activation of Transforming Growth Factor-β (TGF- β) 
and accumulation of tissue macrophages in addition to progressive inter-
stitial fi brosis. These data support a transition from a hemodynamic 
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        Introduction 

 The process of hemodynamic and signaling 
events leading to tissue fi brosi s  associated with 
renovascular disease (RVD) remains poorly 
understood. Some would argue that direct 
examination of kidney tissue obtained by biopsy 
provides the potential to both understand the 
disease process and to identify those individu-
als likely to benefi t (or not) from measures to 
restore blood fl ow or other treatment modali-
ties. Many patients tolerate decreased renal 
blood fl ow without detectable damage of kid-
ney parenchyma for years despite even further 
reduction in systemic and renal perfusion pres-
sures during antihypertensive drug therapy. The 
incidence of disease progression towards com-
plete renal artery occlusion has been reported 
from 9 to 16 % within the fi rst 2 years of the 
follow-up, although more than 50 % of patients 
have some degree of progressive stenosis [ 1 – 5 ]. 
While controversial, the evolution of atheroscle-
rotic RVD to the irreversible injury associated 
with end- stage renal disease (ESRD) is prob-
ably underestimated. The percentage of patients 
with renal artery stenosis was estimated as 
40.8 % in cohorts of newly diagnosed patients 
with ESRD and renal failure was present in 
27.5 % of patients with accidentally discov-
ered renal artery stenosis [ 6 ]. Among predic-
tive factors for signifi cant RVD several authors 
list age >60 and elevated serum creatinine and/
or creatinine clearance <50 mL/min, coronary 
artery disease and peripheral vascular  anomalies 

[ 7 ,  8 ]. With the rise of the mean age of US pop-
ulation we can expect substantial increase in 
the incidence of atherosclerotic renal stenosis 
and its consequences – including ESRD. This 
observation stresses the importance of better 
understanding of the factors leading to the renal 
function impairment in renovascular disease. 
Identifi cation of specifi c pathways responsible 
for progressive renal injury and interventions to 
block these pathways offer the potential to pre-
serve the post-stenotic kidney [ 9 ]. 

 Blood pressure control alone does not seem to 
be a reliable marker for progressive renovascular 
disease, especially in the present time when the 
development of antihypertensive therapy offers a 
considerable number of possibilities. 

 Importantly, revascularization procedures fre-
quently fail to restore kidney function and to 
stop the progression towards ESRD. The poten-
tial benefi t of surgical revascularization in care-
fully selected patients was demonstrated by 
Novick et al. in 1987 [ 10 ], showing that renal 
function was improved in 58 % of patients and 
only 11 % experienced post-operative deteriora-
tion. A well- developed collateral arterial supply 
with retrograde fi lling of the renal vessels and a 
renal biopsy with well- preserved glomeruli pre-
dicted recovery [ 1 ,  11 ,  12 ]. For patients with 
serum creatinine >4 mg/dL Novick and Scoble 
[ 1 ] recommended performing intra-operative 
renal biopsy to evaluate the severity of renal 
injury. This chapter will explore the potential 
role for examination of kidney tissue in the man-
agement of renovascular disease.  

 disorder to one with infl ammatory and fi brotic injury that does not reverse 
entirely with restoration of blood fl ow alone. 

 Direct examination of kidney tissue obtained by biopsy might contrib-
ute to both understand the disease process and to identify those individuals 
likely to benefi t (or not) from measures to restore blood fl ow or other treat-
ment modalities.  

  Keywords  

  Renovascular disease   •   Kidney biopsy   •   Ischemic nephropathy   •   Arteriolar 
nephrosclerosis   •   Atheroembolic renal lesions   •   Tubular atrophy   •   Interstitial 
fi brosis   •   Arteriolar sclerosis  
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    Histopathology of the Kidney 
in Renovascular Disease 

 Many histopathologic fi ndings within post- stenotic 
kidneys are nonspecifi c and represent conditions 
associated with aging, atherosclerosis and pre-
existing hypertension. Two major abnormalities 
reported in patients with renovascular disease are 
arteriolar nephrosclerosis and atheroembolic renal 
lesions consistent with widespread hypertensive 
and vascular disease. Dean and colleagues [ 13 ] 
proposed “recent deterioration” as the most useful 
clinical marker to identify patients likely to benefi t 
from surgical revascularization, particularly in the 
case of elderly patients with other comorbidities. 
Close examination of glomeruli has been empha-
sized as a marker for viability after restoration of 
renal blood fl ow. Other chronic renal “ischemia” 
markers include tubular atrophy, interstitial fi bro-
sis and arteriolar sclerosis, but are less specifi c [ 1 , 
 11 ,  12 ]. 

 Recent data demonstrate that intra-renal oxy-
genation in RVD is affected in a patchy way and 
produces local alterations that can ultimately lead 
to irreversible tissue damage [ 9 ,  14 ]. The severity 
of chronic renal damage score, glomerulosclero-
sis and interstitial volume are correlated with 
renal functional outcome in the atherosclerotic 
renovascular disease [ 15 ]. An important charac-
teristic of many forms of kidney injury is the ten-
dency for progressive deterioration even after the 
primary causal factor is eliminated [ 16 ]. 

 Morphological changes were studied in a 
model of renal ischemia with blood fl ow reduced 
from 120 to 20 mL/min for 3 weeks [ 17 ]. When 
renal fl ow was below 80 mL/min the authors 
observed loss of glomerular volume, tubular dila-
tation, tubular cast formation, tubular atrophy, 
interstitial fi brosis, arteriolar thickening and glo-
merular hyalinization. Electron microscopic stud-
ies showed loss of glomerular microvasculature, 
unfolding of glomerular vascular tuft, appearance 
of blind ending vessels and disruption of glomer-
ular architecture, as well as narrowing of medul-
lary blood vessels and neovascularization. 

 Experimental animal studies indicate complex 
processes that injure the kidney beyond renovas-
cular lesions. A hypercholesterolemic rat model 

[ 18 ] demonstrates that RVD increases the avail-
ability of oxidative injury species, including ox- 
LDL, pro-fi brotic and cytotoxic substrates for 
renal mesangial, epithelial, and endothelial cells. 

 One-clip renovascular hypertensive rats fed 
with high-fat-sucrose diet were used to examine 
renoprotective effect of sesamin, an agent that 
increases availability of nitric oxide [ 19 ]. The 
Western blotting tests detected the expression of 
endothelial nitric oxide synthase (eNOS) and 
structural abnormalities were revealed by pathol-
ogy cortical slides with PAS and Masson’s stain-
ing. Sesamin reversed structural and functional 
parameters and decreased oxidative stress by the 
upregulation of eNOS expression in the stenotic 
and contralateral kidney. 

 A mouse with unilateral renal artery stenosis 
was used as a model to study signaling pathways 
of RVD [ 20 ]. In this work contralateral kidney 
showed minimal histopathologic abnormalities. 
The post stenotic kidney demonstrated activation 
of transforming growth factor beta (TGF-β), 
interstitial fi brosis, tubular atrophy and intersti-
tial infl ammation. An unexpected proliferative 
response involved tubular epithelial cells in the 
post-stenotic atrophic kidney. The role of TGF-β/
Smad3 signaling mechanisms were examined 
further in mice with targeted disruption of exon 2 
of the Smad3 gene [ 21 ]. Genetic defi ciency of 
Smad3 protected the kidney from atrophy and 
interstitial fi brosis. 

 Gradually progressive RVD in swine models 
has provided substantial data regarding the patho-
genesis of this disorder. The atherosclerotic milieu 
(defi ned by cholesterol feeding) and RAS com-
bine to interfere with renal tissue remodeling and 
increased fi brosis in the post-stenotic kidney [ 22 ]. 
A daily supplement of antioxidant vitamin C 
improved renal functional response and decreased 
structural injury [ 23 ]. Another experiment in this 
model showed that intra-renal administration of 
vascular endothelial growth factor (VEGF) pre-
served microvascular structures and was associ-
ated with reduced fi brosis [ 24 ]. 

 Human pathology has been studied primarily 
in nephrectomy samples. Correlations between 
clinical and histopathological fi ndings in isch-
emic nephropathy secondary to atherosclerotic 
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renal artery stenosis were object of a study [ 25 ] 
of a cohort of 62 patients who underwent 
nephrectomy for renovascular disease, usually to 
remove a “pressor” kidney. The authors showed 
signifi cant tubulointerstitial atrophy with relative 
glomerular sparing as a predominant injury 
(71 % of patients). Glomerulosclerosis was pres-
ent in 23 % of cases. Not surprisingly, severe his-
topathological anomalies were more frequent in 
the smaller kidneys. Typical vascular changes 
(atheroembolic, atherosclerotic and hyperten-
sive) were present in 39, 98, and 52 % of patients, 
respectively. Histologic diagnosis of vascular 
involvement correlated with the presence of 
hypertension, dyslipidemia, renal insuffi ciency 
and cardiovascular morbidity such as myocardial 
infarction and abdominal aortic aneurysm. Statin 
therapy was associated with a lesser renal fi brosis 
as demonstrated by staining for transforming 
growth factor beta.  

    Technical Considerations of Renal 
Biopsy in Atherosclerotic RAS 

 Percutaneous native kidney biopsy has been 
developed extensively since the 1960s [ 26 ]. 
Percutaneous ultrasound guided biopsy is most 
often performed in the outpatient setting and does 
carry a small, but defi nite, risk of hemorrhage [ 27 , 
 28 ]. Introduction of direct ultrasound localization 
of the biopsy needle and automated needle have 
been associated with reduced complications’ rate 
[ 29 ,  30 ]. It is most often performed to delineate 
the etiology and/or stage of active glomerular dis-
orders, usually with normal sized kidneys. In the 
Parrish [ 31 ] cohort of 14,492 subjects only one 
death occurred after 1980, and global mortality 
associated with renal biopsies was 0.12 %. 

 Transvenous or transjugular renal biopsy 
requires retrograde access through the venous 
system, most often the jugular vein. It was pro-
posed fi rst in the 1990s as an alternative for 
patients with contraindications for percutaneous 
biopsy [ 32 ]. Swine research model served to 
assess this method [ 33 ] and showed a successful 
acquisition of the right renal cortical samples 
with the 19-gauge, side-cut biopsy needle with a 

blunt-tip stylet utilizing fl uoroscopic guidance. 
Safety studies with angiography and venography 
done immediately before and after biopsy indi-
cated a low rate of hemorrhage. Results from 
transvenous renal biopsies were compared to per-
cutaneous biopsies a French cohort of consecu-
tive 800 patients [ 34 ]. Effectiveness and safety of 
both methods appeared to be similar with tissue 
core adequate for histopathologic diagnosis in 
98.2 % of cases. Four major complications 
occurred with transjugular renal biopsy and three 
with percutaneous biopsy. 

 The principal indications for transvenous 
biopsy have been combined kidney and liver 
biopsy and/or clotting disorders [ 35 – 37 ]. 
Transjugular renal biopsy was also evaluated in 
patients with acute renal failure who required 
venous catheter placement for hemodialysis [ 37 , 
 38 ]. 

 Recognized complications have been reported 
in up to 13 % patients undergoing transvenous 
biopsy, usually in patients with hepatic failure 
[ 39 ]. Only 6–7 % of complications are major 
requiring an intervention (transfusion, surgery or 
interventional radiology procedure). Recent 
experience with transvenous kidney biopsy 
showed the frequency of major complications 
from 1 % [ 34 ] to 2.6 % cases [ 36 ] and 11.8 % 
[ 40 ]. Bleeding is the most prevalent complication 
and a coagulation profi le is usually obtained 
before the procedure including the hemoglobin 
level, prothrombin time, international normalized 
ratio (INR), partial thromboplastin time and 
platelet count [ 26 ,  36 ]. In one of the studies 13 % 
of patients required blood transfusion [ 41 ]. 
However, transvenous methods are applied most 
often to high risk patients. 

 Incidence of complications is particularly ele-
vated in patients with clotting disorders. Rychlik 
et al. [ 35 ] compared patients with and without 
coagulopathy and reported respectively 34 % 
versus 7 % complication rate. 

 Microscopic hematuria is common. However, 
only 10 % of patients experience macroscopic 
hematuria, often associated with arteriovenous 
fi stulae [ 26 ,  31 ]. Spontaneous resolution of 
hematuria occurs usually in 48–72 h, even though 
it can persist for 2–3 weeks in small percentage 
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of patients [ 26 ,  31 ,  42 ]. Transfusions and surgery 
for hemostasis are rarely required [ 26 ,  31 ,  42 ]. 

 Cases of massive hematuria are believed to be 
related to intrarenal arterio-venous fi stulae (AVF) 
[ 31 ]. Frequency of AVF is estimated between 15 
and 18 % as showed on the post-biopsies angio-
graphic evaluation [ 26 ]. Most of the cases are 
asymptomatic and spontaneously resolve within 
2 years [ 26 ]. 

 Perinephritic hematomas are commonly 
observed and were found in 57–85 % of patients 
on the post-biopsy CT [ 43 ,  44 ]. In the majority of 
cases there are no symptoms associated, but a 
decrease in hemoglobin could be observed [ 42 ]. 
Some patients (1–2 %) report fl ank pain and 
swelling [ 26 ]. Minor hematomas were found in 
52 % of patients after transvenous biopsy per-
formed in Mayo Clinic [ 36 ] and were considered 
as minor complications. 

 Among another complications, aneurysms 
were noted in less than 1 % of patients [ 26 ].  

    Prospective Study in Patients 
with Moderate Unilateral ARAS 

 To examine histopathologic changes in athero-
sclerotic RVD, we undertook a prospective 
examination of tissue obtained in nondiabetic 
patients with moderate unilateral ARAS. These 
individuals were undergoing inpatient protocol 
including evaluation of blood fl ow and tissue 
oxygenation determined by Blood Oxygen Level 
Dependent Magnetic Resonance (BOLD MR), 
which could be compared with data from sub-
jects with essential hypertension [ 45 ,  46 ]. 

 Participants in this study were submitted to a 
3-day inpatient protocol in the clinical research 
unit. Comprehensive renal artery stenosis and 
kidneys evaluation was undertaken in standard-
ized dietary conditions. On the third protocol day, 
transvenous renal biopsy was obtained in patients 
with right renal artery stenosis after completion 
of multi-detector computed tomography (MDCT) 
studies to measure renal blood fl ow (RBF) and 
tissue perfusion. Renal tissue oxygenation was 
measured by BOLD 3-T MR performed on the 
second day. 

 Tissue from 12 transvenous biopsies of these 
study patients were compared with renal tissue 
specimens from age and gender matched normal 
kidney donors (n = 15) at kidney implantation, 
and nephrectomy samples for total vascular 
occlusion due to ARAS (n = 65) [ 47 ]. 

 Histopathological slices were prepared using 
Hematoxylin and eosin (H&E), periodic acid 
Schiff (PAS), and Masson’s Trichrome (MT) 
stains (Fig.  18.1 ). Banff ’97 grading system 
assigned scores for interstitial, glomerular and 
vascular lesions. The extent of interstitial fi bro-
sis, infl ammation and vascular changes were 
evaluated as continuous variables from 0 to 
100 %. TGF-β tissue immunostaining was graded 
on the following scale: 0 = 0 %, 1 < 25 %, 
2 = 25–50 %, 3 > 50 %.

   Cellular infi ltrates of biopsies were examined 
using immunohistochemical staining for macro-
phage cell marker CD68, lymphocyte T-cell mark-
ers CD3 and CD134, as well as lymphocyte B cell 
marker CD20. Stained cells were counted using an 
automatic setting with a colorimetric threshold. 

 These data demonstrated signifi cant correla-
tions between hemodynamic changes in the post- 
stenotic kidney (decreased renal blood fl ow) and 
the percentage of interstitial infl ammation, inter-
stitial fi brosis and tubular atrophy identifi ed on 
transjugular biopsy specimens. The degree of 
tubular atrophy reached more than 60 % in 
nephrectomy specimens (Fig.  18.2 ).

   Renal tissue TGF-β immunoreactivity score 
was higher in moderate ARAS compared to nor-
mal kidneys and those with total occlusion (mean 
score 2.4 ± 0.7 vs 1.5 + 1.1 in nephrectomy group 
and vs 0 ± 0 in donors, p < .01) (Fig.  18.3 ).

   For moderate ARAS specimens, the percent-
age of total renal blood fl ow delivered to the 
post-stenotic kidney (RBF fraction and absolute 
RBF on the affected side) was inversely related to 
the trichrome estimates of fi brosis (R = −0.58, 
p < .01) and interstitial infl ammation (R = −.62, 
p = .01). 

 Tissue CD68+ macrophages rose with disease 
severity (from 2.2 ± 2.7 in normal to 22.4 ± 18 
cells/high power fi eld in nephrectomy samples, 
p < .001) (Fig.  18.3 ). CD3+ cells were also higher 
in moderate ARAS and nephrectomy samples. 
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 TGF-β stimulation within the human kidney 
parenchyma in patients with severe vascular occlu-
sive disease was a function of reduced RBF and 
was associated with macrophage infi ltration. 

Taken together, these observations suggest that 
occlusive RVD associated with atherosclerosis 
activates pro-infl ammatory pathways with diffuse 
tissue staining for TGF-β at an early stage. This is 

Kidney Donor ARAS biopsy Nephrectomy

  Fig. 18.1    Examples of H&E sections from Kidney donors, Moderate ARAS and Nephrectomy       
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associated with accumulation of both T-cells and 
macrophages, even in some patients with rela-
tively preserved tissue oxygenation. Measurement 
of renal venous cytokine markers confi rm com-
plex signaling from post-stenotic kidneys with net 
release of interleukin-6 and tumor necrosis factor 
(TNF-alpha), as well as neutrophil gelatinase-
associated lipocalin (NGAL) [ 48 ].  

    Conclusion 

 Tissue samples from post-stenotic kidneys 
demonstrate complex pathology that likely 
refl ects both pre-existing comorbidities and 
changes related to RVD. Transvenous biopsies 
offer an alternative to percutaneous sampling 
that may be especially relevant to kidneys 
with reduced blood fl ow and may provide 
safer, directed access to affected tissue as 
compared with percutaneous biopsy. Although 
there is no consensus about the role of kidney 
biopsy in the clinical management of renovas-
cular disease, it may be a valuable diagnostic 
tool in some clinical cases. Tissue from 

affected kidneys has provided evidence for 
complex injury pathways in atherosclerotic 
RVD that include activation of TGF-β and 
accumulation of tissue macrophages in addi-
tion to progressive interstitial fi brosis. These 
data support a transition from a hemodynamic 
disorder to one with infl ammatory and fi brotic 
injury that does not reverse entirely with resto-
ration of blood fl ow alone.     

   References 

       1.    Novick AC, Scoble JGH, editors. Renal vascular dis-
ease. London: WB Saunder Company Ltd; 1996.  

   2.    Stewart BH, Dustan HP, Kiser WS, Meaney TF, 
Straffon RA, McCormack LJ. Correlation of angiog-
raphy and natural history in evaluation of patients 
with renovascular hypertension. J Urol. 1970;104:
231–8.  

   3.    Schreiber MJ, Pohl MA, Novick AC. The natural his-
tory of atherosclerotic and fi brous renal artery dis-
ease. Urol Clin North Am. 1984;11:383–92.  

   4.    Tollefson DF, Ernst CB. Natural history of atheroscle-
rotic renal artery stenosis associated with aortic dis-
ease. J Vasc Surg. 1991;14:327–31.  

Kidney Donor
CD68 = 0

TGF–Beta Score: 0 TGF–Beta Score: 3 TGF–Beta Score: 1

ARAS biopsy
CD68 = 6

Nephrectomy
CD68 = 31

  Fig. 18.3    Tissue staining for TGF-β demonstrated wide-
spread expression in ARAS that was not evident in normal 
kidneys and was much less evident in samples from 
nephrectomy tissue with total occlusion in. TGF-β was 

identifi ed within parenchymal and glomerular regions inde-
pendent of the degree of tubular atrophy or evident fi brosis. 
Macrophages (CD 68 positive cells) number rose signifi -
cantly in moderate ARAS and in Nephrectomy group       

 

18 Tissue Histopathologic Injury in Renovascular Occlusive Disease



300

    5.    Zierler RE, Bergelin RO, Isaacson JA, Strandness Jr 
DE. Natural history of atherosclerotic renal artery ste-
nosis: a prospective study with duplex ultrasonogra-
phy. J Vasc Surg. 1994;19:250–7; discussion 7–8.  

    6.    de Mast Q, Beutler JJ. The prevalence of atheroscle-
rotic renal artery stenosis in risk groups: a systematic 
literature review. J Hypertens. 2009;27:1333–40.  

    7.    Harding MB, Smith LR, Himmelstein SI, et al. Renal 
artery stenosis: prevalence and associated risk factors 
in patients undergoing routine cardiac catheterization. 
J Am Soc Nephrol. 1992;2:1608–16.  

    8.    Corradi B, Malberti F, Farina M, et al. Chronic renal 
failure due to atheromatous renovascular disease in 
the elderly. Contrib Nephrol. 1993;105:167–71.  

     9.    Lerman LO, Textor SC, Grande JP. Mechanisms of 
tissue injury in renal artery stenosis: ischemia and 
beyond. Prog Cardiovasc Dis. 2009;52:196–203.  

    10.    Novick AC, Ziegelbaum M, Vidt DG, Gifford Jr RW, 
Pohl MA, Goormastic M. Trends in surgical revascu-
larization for renal artery disease. Ten years’ experi-
ence. JAMA. 1987;257:498–501.  

     11.    Zinman L, Libertino JA. Revascularization of the 
chronic totally occluded renal artery with restoration 
of renal function. J Urol. 1977;118:517–21.  

     12.    Schefft P, Novick AC, Stewart BH, Straffon RA. 
Renal revascularization in patients with total occlu-
sion of the renal artery. J Urol. 1980;124:184–6.  

    13.    Dean RH, Tribble RW, Hansen KJ, O’Neil E, Craven 
TE, Redding 2nd JF. Evolution of renal insuffi ciency 
in ischemic nephropathy. Ann Surg. 1991;213:446–
55; discussion 55–6.  

    14.    Gloviczki ML, Lerman LO, Textor SC. Blood oxygen 
level-dependent (BOLD) MRI in renovascular hyper-
tension. Curr Hypertens Rep. 2011;13:370–7.  

    15.    Wright JR, Duggal A, Thomas R, Reeve R, Roberts IS, 
Kalra PA. Clinicopathological correlation in biopsy-
proven atherosclerotic nephropathy: implications for 
renal functional outcome in atherosclerotic renovascu-
lar disease. Nephrol Dial Transplant. 2001;16:765–70.  

    16.    Lopez-Novoa JM, Rodriguez-Pena AB, Ortiz A, 
Martinez-Salgado C, Lopez Hernandez FJ. 
Etiopathology of chronic tubular, glomerular and 
renovascular nephropathies: clinical implications. 
J Transl Med. 2011;9:13.  

    17.    Moran K, Mulhall J, Kelly D, et al. Morphological 
changes and alterations in regional intrarenal blood 
fl ow induced by graded renal ischemia. J Urol. 
1992;148:463–6.  

    18.    Eddy AA. Interstitial fi brosis in hypercholesterolemic 
rats: role of oxidation, matrix synthesis, and proteo-
lytic cascades. Kidney Int. 1998;53:1182–9.  

    19.    Wu XQ, Kong X, Zhou Y, Huang K, Yang JR, Li XL. 
Sesamin exerts renoprotective effects by enhancing 
NO bioactivity in renovascular hypertensive rats fed 
with high-fat-sucrose diet. Eur J Pharmacol. 2012;
683:231–7.  

    20.    Cheng J, Zhou W, Warner GM, et al. Temporal analy-
sis of signaling pathways activated in a murine model 
of two-kidney, one-clip hypertension. Am J Physiol 
Renal Physiol. 2009;297:F1055–68.  

    21.    Warner GM, Cheng J, Knudsen BE, et al. Genetic 
defi ciency of Smad3 protects the kidneys from atro-
phy and interstitial fi brosis in 2K1C hypertension. 
Am J Physiol Renal Physiol. 2012;302:F1455–64.  

    22.    Chade AR, Rodriguez-Porcel M, Grande JP, et al. 
Mechanisms of renal structural alterations in com-
bined hypercholesterolemia and renal artery stenosis. 
Arterioscler Thromb Vasc Biol. 2003;23:1295–301.  

    23.    Chade AR, Rodriguez-Porcel M, Herrmann J, et al. 
Antioxidant intervention blunts renal injury in experi-
mental renovascular disease. J Am Soc Nephrol. 2004;
15:958–66.  

    24.    Favreau F, Zhu XY, Krier JD, et al. Revascularization 
of swine renal artery stenosis improves renal function 
but not the changes in vascular structure. Kidney Int. 
2010;78:1110–8.  

    25.    Keddis MT, Garovic VD, Bailey KR, Wood CM, 
Raissian Y, Grande JP. Ischaemic nephropathy sec-
ondary to atherosclerotic renal artery stenosis: clinical 
and histopathological correlates. Nephrol Dial 
Transplant. 2010;25:3615–22.  

            26.    Silkensen JR, Kasiske BL, editors. Laboratory assess-
ment of renal disease: clearance, urinalysis, and renal 
biopsy. 7th ed. Philadelphia: Saunders; 2004.  

    27.    Voss DM, Lynn KL. Percutaneous renal biopsy: an 
audit of a 2 year experience with the Biopty gun. N Z 
Med J. 1995;108:8–10.  

    28.    Fraser IR, Fairley KF. Renal biopsy as an outpatient 
procedure. Am J Kidney Dis. 1995;25:876–8.  

    29.    Burstein DM, Schwartz MM, Korbet SM. 
Percutaneous renal biopsy with the use of real-time 
ultrasound. Am J Nephrol. 1991;11:195–200.  

    30.    Burstein DM, Korbet SM, Schwartz MM. The use of 
the automatic core biopsy system in percutaneous 
renal biopsies: a comparative study. Am J Kidney Dis. 
1993;22:545–52.  

        31.    Parrish AE. Complications of percutaneous renal 
biopsy: a review of 37 years’ experience. Clin 
Nephrol. 1992;38:135–41.  

    32.    Mal F, Meyrier A, Callard P, et al. Transjugular renal 
biopsy. Lancet. 1990;335:1512–3.  

    33.    Lakin PC, Pavcnik D, Bloch RD, et al. Percutaneous 
transjugular kidney biopsy in swine with use of a side- 
cutting needle with a blunt-tipped stylet. J Vasc Interv 
Radiol. 1999;10:1229–32.  

     34.    Cluzel P, Martinez F, Bellin MF, et al. Transjugular 
versus percutaneous renal biopsy for the diagnosis of 
parenchymal disease: comparison of sampling effec-
tiveness and complications. Radiology. 2000;215:
689–93.  

     35.    Rychlik I, Petrtyl J, Tesar V, Stejskalova A, Zabka J, 
Bruha R. Transjugular renal biopsy. Our experience with 
67 cases. Kidney Blood Press Res. 2001;24:207–12.  

      36.    Misra S, Gyamlani G, Swaminathan S, et al. Safety 
and diagnostic yield of transjugular renal biopsy. 
J Vasc Interv Radiol. 2008;19:546–51.  

     37.    Levi IM, Ben-Dov IZ, Klimov A, Pizov G, Bloom AI. 
Transjugular kidney biopsy: enabling safe tissue diag-
nosis in high risk patients. Isr Med Assoc J. 2011;13:
425–7.  

M.L. Gloviczki and S.C. Textor



301

    38.    Ahmed MS, Patel A, Borge MA, Picken MM, Leehey 
DJ. Simultaneous transjugular renal biopsy and 
hemodialysis catheter placement in patients with 
ARF. Am J Kidney Dis. 2004;44:429–36.  

    39.    Lefaucheur C, Nochy D, Bariety J. Renal biopsy: pro-
cedures, contraindications, complications. Nephrol 
Ther. 2009;5:331–9.  

    40.    See TC, Thompson BC, Howie AJ, et al. Transjugular 
renal biopsy: our experience and technical consider-
ations. Cardiovasc Intervent Radiol. 2008;31:906–18.  

    41.    Sarabu N, Maddukuri G, Munikrishnappa D, et al. 
Safety and effi cacy of transjugular renal biopsy per-
formed by interventional nephrologists. Semin Dial. 
2011;24:343–8.  

      42.    Wickre CG, Major JL, Wolfson M. Perinephric 
abscess: an unusual late infectious complication of 
renal biopsy. Ann Clin Lab Sci. 1982;12:453–4.  

    43.    Ginsburg JC, Fransman SL, Singer MA, Cohanim M, 
Morrin PA. Use of computerized tomography to  evaluate 
bleeding after renal biopsy. Nephron. 1980;26:240–3.  

    44.    Alter AJ, Zimmerman S, Kirachaiwanich C. 
Computerized tomographic assessment of retroperito-
neal hemorrhage after percutaneous renal biopsy. 
Arch Intern Med. 1980;140:1323–6.  

    45.    Gloviczki ML, Glockner JF, Lerman LO, et al. 
Preserved oxygenation despite reduced blood fl ow in 
poststenotic kidneys in human atherosclerotic renal 
artery stenosis. Hypertension. 2010;55:961–6.  

    46.    Gloviczki ML, Glockner JF, Crane JA, et al. Blood 
oxygen level-dependent magnetic resonance 
imaging identifies cortical hypoxia in severe 
renovascular disease. Hypertension. 2011;58:
1066–72.  

    47.    Gloviczki ML, Keddis MT, Garovic VD, et al. TGF 
expression and macrophage accumulation in athero-
sclerotic renal artery stenosis. Clin J Am Soc Nephrol. 
2013;8(4):546–53.  

    48.    Eirin A, Gloviczki ML, Tang H, et al. Infl ammatory 
and injury signals released from the post-stenotic 
human kidney. Eur Heart J. 2013;34:540–8a.      

18 Tissue Histopathologic Injury in Renovascular Occlusive Disease



   Part IV 

   Treatment of Renovascular 
Hypertension and Ischemic Nephropathy: 

Management Strategies        



305L.O. Lerman, S.C. Textor (eds.), Renal Vascular Disease, 
DOI 10.1007/978-1-4471-2810-6_19, © Springer-Verlag London 2014

        V.  J.   Canzanello ,  MD      
  Division of Nephrology and Hypertension , 
 Mayo Clinic ,   200 First Street, SW , 
 Rochester ,  MN   55905 ,  USA    
 e-mail: canzanello.vincent@mayo.edu  

  19      Medical Management 
of Renovascular Disease 

              Vincent     J.     Canzanello     

    Abstract  

  All patients with renovascular disease will require antihypertensive drug 
therapy during some stage of their disease. At least in the case of athero-
sclerotic  renovascular disease, most patients will remain hypertensive to 
some degree despite a technically successful intervention such as balloon 
angioplasty and stenting or surgical revascularization. Additionally, given 
the equivocal results of recent intervention trials, medical management 
alone is becoming increasingly popular. These trials have also demon-
strated the increasing effectiveness of currently available antihypertensive 
drug regimens. Most regimens are based upon the use of angiotensin con-
verting enzyme inhibitors or angiotensin receptor blockers. Progressive 
worsening in renal function or clinically signifi cant hyperkalemia during 
medical management with these drugs has not been common during these 
recent prospective trials though most participants had only mild degrees of 
renal impairment at enrollment. The use of calcium channel blockers, 
diuretics, and vasodilators also form an important part of medical manage-
ment of hypertension whereas attention to other risk factors for progres-
sive atherosclerotic disease such as dyslipidemia, hyperglycemia, and 
tobacco use should not be overlooked. Finally, laparoscopic nephrectomy 
remains an option in the patient with poorly controlled hypertension and a 
severely ischemic kidney that is not amenable to revascularization.  

  Keywords  

  Renovascular hypertension   •   Renovascular disease   •   Renal atherosclerosis   • 
  Drug therapy   •   Medical management   •   Angiotensin converting enzyme 
inhibitors   •   Angiotensin receptor blockers  

        Introduction 

 All patients with renovascular hypertension will 
require treatment with antihypertensive drugs 
during some stage of their disease. The duration, 
intensity and complexity of treatment can vary 
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widely. In the newly diagnosed young woman 
with fi bromuscular dysplasia (FMD), the abrupt 
onset of hypertension coupled with a high clinical 
index of suspicion for renovascular disease often 
results in a relatively brief (weeks to months) 
course of drug therapy followed by curative revas-
cularization [ 1 ,  2 ]. In the case of hypertension 
associated with atherosclerotic renovascular dis-
ease (ARVD), essential hypertension was usually 
present beforehand and most patients were treated 
with one or more antihypertensive drugs for sev-
eral years before worsening blood pressure con-
trol or unexplained deterioration in renal function 
led to the discovery of underlying renovascular 
disease. Unlike the case with FMD, most patients 
with ARVD will continue to require antihyperten-
sive drug therapy despite successful renal revas-
cularization, and not infrequently at similar doses 
and number of drugs used prior to intervention 
[ 3 ]. Additionally, several retrospective and pro-
spective studies to be reviewed in this chapter 
demonstrate that many patients with ARVD with 
or without renal insuffi ciency can be successfully 
managed medically for years. For these reasons, 
the clinician should be familiar with the benefi ts 
and risks of the drugs, treatment regimens, and 
monitoring approaches employed in this chal-
lenging patient population.  

    Choosing the Best Candidate for 
Medical Therapy 

 Perhaps the most diffi cult aspect in the manage-
ment of a hypertensive patient with renovascular 
disease is the decision to treat medically or to pro-
ceed with revascularization, either surgically or 
with balloon angioplasty (with or without stent 
placement) [ 4 – 6 ]. The decision is less diffi cult in 
the case of a young woman with FMD who may 
face a lifetime of multiple antihypertensive drugs 
compared to revascularization where the chance of 
cure or improvement of hypertension is likely. 
Clearly, the latter option is preferable in this situa-
tion. At the other end of the spectrum is an elderly 
hypertensive patient with extensive ARVD, multi-
ple comorbidities, and advanced renal insuffi ciency 
(for example, with a serum creatinine of 3 mg/dl or 

higher). This person has a signifi cant risk associ-
ated with revascularization and is much less likely 
to derive clinical benefi t in terms of blood pressure 
control and improvement in renal function [ 7 ]. Few 
would argue that this patient, managed without 
revascularization, has a very high risk of subse-
quent cardiovascular morbidity and mortality [ 8 ], 
but on the other hand, there are few data to support 
the fact that this risk is substantially reduced by 
revascularization even if blood pressure control is 
improved [ 9 ,  10 ]. While the underlying renal dis-
ease may progress, most patients will die of com-
plications from atherosclerotic involvement of 
other vascular beds such as the coronary, cerebro-
vascular, and peripheral vascular circulations. 
Indeed, in a review of medically managed elderly 
patients with extensive ARVD treated at our insti-
tution, adequate blood pressure control was gener-
ally achieved with patients rarely progressing to 
end stage renal disease due to ischemic nephropa-
thy per se and having survival rates similar to 
patients undergoing revascularization [ 11 ]. 

 Unfortunately for the clinician, most patients 
fall somewhere between the previously described 
two extremes. The majority of these patients will 
be older (i.e., above 60 years of age), have ath-
erosclerosis as the cause of their renovascular 
disease, and will have varying degrees of renal 
insuffi ciency. It is this group that is the predomi-
nant focus of this chapter. Several patient charac-
teristics associated with a suboptimal clinical 
outcome following renal revascularization are 
shown in Table  19.1 .

   The concept of progression of ARVD continues 
to evolve as discussed elsewhere in this book. In 
addition, more attention towards other cardiovas-
cular risk factors such as more aggressive control 
of dyslipidemia and diabetes mellitus and cessa-
tion of cigarette smoking are other confounding 
factors that may have important roles in delaying 
the progression of renovascular lesions [ 18 ]. This 
is also the group that recent prospective random-
ized studies have suggested little benefi t of revas-
cularization compared to medical therapy given 
equivalent degrees of blood pressure control [ 19 –
 23 ]. In view of the results of these clinical trials, 
the results of which the largest and probably best 
done, i.e., CORAL [ 24 ] are not yet available, some 
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authors have expressed concern that a certain sub-
set of patients with ARVD are being deprived of 
the potential benefi t of renovascular intervention 
[ 25 ]. Such a subset of patients where surgical or 
endovascular intervention should be considered is 
listed in Table  19.2  [ 26 ].

       Evolution of Medical Therapy 
for the Treatment of Renovascular 
Hypertension 

    The Era Before Angiotensin 
Converting Enzyme Inhibitors 

 One of the fi rst reports of the medical treatment of 
renovascular hypertension was published in 1963 
by Dustan et al. [ 27 ]. In this study of 32 patients, 
control or substantial improvement of hyperten-
sion was achieved in 41 % using a  combination of 
hydralazine, guanethidine, and a thiazide diuretic. 
Through the 1970s, control or improvement rates 

average about 40–50 % using the previously men-
tioned drugs and other combinations including 
propranolol and methyldopa [ 28 ].  

    The Angiotensin Converting 
Enzyme Inhibitor Era 

 In the early 1980s, the introduction of the angio-
tensin converting enzyme inhibitors (ACEIs) 
into clinical practice led to signifi cant improve-
ment in the management of hypertension associ-
ated with renovascular disease. One of the fi rst 
and largest studies of the use of ACEIs in the 
treatment of renovascular hypertension was that 
reported by Hollenberg [ 29 ]. This study included 
269 patients with predominantly atherosclerotic 
renovascular disease including 56 % with bilat-
eral renal artery stenoses or a stenosis to a soli-
tary functioning kidney. The mean age of these 
patients was 50 years and 41 % of patients has a 
baseline serum creatinine of 1.5 mg/dl or higher. 
Most patients’ blood pressures had not been con-
trolled on three or more traditional antihyperten-
sive drugs such as diuretics, sympatholytics and 
vasodilators. These patients were subsequently 
hospitalized and had their baseline drugs 
replaced with captopril, starting at 25 mg/day 
and titrating upwards to a 3 dose/day regimen 
culminating in an average daily dose of almost 
400 mg. Diuretics followed by beta blockers 
were used as second and third-line agents. At the 
end of 3 months of follow-up, the overall blood 
pressure control rate (based upon a defi nition of 
target diastolic blood pressure less than 
95 mmHg at the time) was 74 %. An additional 
8 % of patients had a partial response. Captopril 
was discontinued in 13 % of patients predomi-
nantly for rash, dysgeusia, and/or proteinuria, as 
might be expected given the high doses 
employed. Surprisingly, relatively small changes 
in renal function occurred with mean serum cre-
atinine levels increasing by 0.6 and 0.3 mg/dl in 
those patients with baseline azotemia and  normal 
renal function, respectively. 

 The next largest study of medical therapy 
using ACEIs was that of Franklin and Smith [ 30 ]. 
This prospective randomized double-blind study 

   Table 19.1    Clinical characteristics associated with unfa-
vorable blood pressure or renal function outcomes follow-
ing renal revascularization   

 Advanced age [ 3 ,  12 ] 
 Advanced renal insuffi ciency (serum creatinine 
≥3.0 mg/dl) [ 4 ,  9 ,  13 ] 
 Atherosclerotic as opposed to fi bromuscular dysplastic 
etiology [ 14 ,  15 ] 
 Renal resistance-index by Doppler sonography ≥80 [ 16 ] 
 Decreased renal size (<9 cm by radiograph or 
ultrasound) [ 17 ] 

   Table 19.2    Clinical scenarios where surgical or endo-
vascular intervention should be considered   

 Hypertension that cannot be controlled despite 
maximum medical therapy 
 Progressive decline in renal function in the setting of 
bilateral renal artery stenoses or stenosis to a solitary 
functioning kidney 
 Otherwise unexplained recurrent pulmonary edema or 
angina in the setting of bilateral renal artery stenoses or 
stenosis to a solitary functioning kidney (revasculari-
zation may also allow the use of angiotensin converting 
enzyme inhibitors or angiotensin receptor blockers for 
heart failure with less risk of worsening renal function) 

  Data from Canzanello [ 26 ]  

19 Medical Management of Renovascular Disease
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compared the effi cacy of enalapril 5–40 mg/
day plus hydrochlorothiazide versus a combina-
tion of timolol 10 mg, hydralazine 50 mg twice 
daily, and hydrochlorothiazide in 75 patients 
with renovascular hypertension. Atherosclerosis 
was the etiology of renovascular disease in 81 % 
of patients. Forty-four percent of patients had 
bilateral stenoses. Mean baseline blood pres-
sure and serum creatinine measurements were 
172/102 mmHg and 1.4 mg/dl, respectively. 
Over the course of this 8-week study, systolic 
blood pressures decreased 32 and 20 mmHg in 
the enalapril and control groups, respectively, 
whereas diastolic blood pressures decreased 
20 and 18 mmHg, respectively. Defi ning a dia-
stolic blood pressure of ≤90 mmHg as a “good” 
response, this goal was achieved in 94 % of the 
enalapril group and in 82 % of the control group. 
With respect to renal function, 20 % of patients in 
the enalapril group and 3 % in the control group 
had an increase in serum creatinine of 0.3 mg/dl 
or more. Of note, there were no episodes of acute 
oliguric renal failure even among the 18 patients 
with bilateral renal artery stenoses treated with 
enalapril plus hydrochlorothiazide, although the 
largest increases in serum creatinine occurred in 
those patients with baseline renal insuffi ciency 
and having the most severe degrees of bilateral 
renal artery stenoses. 

 More recently, fi ve additional studies have 
explored the role of medical therapy in the 
 management of hypertension associated with 
renovascular disease [ 19 – 23 ]. All of these studies 
were randomized trials of medical therapy versus 
percutaneous transluminal balloon angioplasty 
(PTA) with or without stenting and focused upon 
patients with ARVD and normal or moderately 
impaired renal function. The pertinent blood 
pressure outcomes are summarized in Table  19.3 .

   In the fi rst study by Plouin et al. [ 19 ], which 
was limited to patients with unilateral renal artery 
stenosis, all subjects were fi rst stabilized to a dia-
stolic blood pressure of less than 110 mmHg with 
a combination of slow-release nifedipine with 
add-on therapy being clonidine and prazosin. 
Atenolol, furosemide, and/or enalapril was added 
to the baseline regimen in the 26 patients ran-
domized to medical therapy to achieve a goal 

 diastolic blood pressure less than 95 mmHg. 
While 7/26 (27 %) of this group eventually 
required PTA to control the blood pressure, the 
fi nal achieved blood pressure in those remaining 
in the medical treatment group at the end of the 6 
month study was no different from the PTA group 
(141/84 vs 140/81 mmHg, respectively) albeit at 
the price of receiving a greater number of drugs. 
No patient in the medical treatment group devel-
oped clinically important renal insuffi ciency. 

 In the second study by Webster et al. [ 20 ], 
equivalent numbers of patients with unilateral 
and bilateral disease (27 vs 28) were included. 
All patients were required to have a baseline dia-
stolic blood pressure of 95 mmHg or greater on at 
least 2 antihypertensive drugs. Prior to random-
ization to medical therapy or PTA, all partici-
pants were subjected to a 4 week run-in period on 
a regimen including atenolol, a thiazide diuretic, 
and/or a calcium channel blocker. Of note, ACEIs 
were not permitted during this study. Following 
randomization, additional drug choices included 
furosemide, methyldopa, and prazosin. The blood 
pressure responses 6–12 months were character-
ized according to bilateral or unilateral stenosis 
group. In the medically treated patients, those in 
the unilateral group had an unimpressive change 
in blood pressure from 171/90 at the end of the 
run-in period to 168/91 mmHg. Importantly, 
however, this was not different from the PTA 
group. In the bilateral stenoses group, the medi-
cally treated patients fared similar to the medi-
cally treated unilateral group whereas the PTA 
group had a signifi cant decrease in systolic blood 
pressure from 185/95 to 152/83 mmHg. There 
were no signifi cant differences in serum creati-
nine throughout the study in any of the groups. 
The authors concluded that, in patients with bilat-
eral renal artery stenoses, PTA can result in mod-
est improvement in systolic blood pressure 
compared with medical therapy. Actually, one 
might conclude from the data that neither therapy 
led to satisfactory blood pressure control. From 
the clinician’s viewpoint, however, this study had 
several limitations such as the proscription of 
ACEI use (which almost certainly would have 
improved blood pressure outcome in the medi-
cally treated group) and the fact that stenting of 
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the renal arteries was not employed which might 
have improved PTA outcomes. 

 The third of these studies of medical therapy 
versus PTA was that of van Jaarsveld et al. [ 21 ]. 
Fifty patients were randomized to medical ther-
apy and 56 to PTA. Approximately 20 % in each 
group had bilateral renal artery stenoses. The 
medical regimen consisted of stepped dosing of 
either amlodipine plus atenolol or enalapril plus 
hydrochlorothiazide with addition of other 
unspecifi ed drugs as needed to achieve a goal 
diastolic blood pressure of less than 95 mmHg. 
By 3 months, 22/50 (44 %) of the medically 
treated patients had failed to reach the goal blood 
pressure or developed progressive renal insuffi -
ciency (≥0.2 mg/dl increase in serum creatinine) 
and underwent PTA with good blood pressure 
and renal outcome. It was not stated whether or 
not patients with bilateral disease were more 
likely to fail medical therapy. In those patients 
remaining in the medical group, blood pressure at 
12 months of follow-up was similar to the angio-
plasty group, 159/91 vs 160/93 mmHg while tak-
ing 2.4 vs 1.9 drugs, respectively. Additionally, 
renal function was similar in both groups. 

 In the fourth [ 22 ] and fi fth [ 23 ] of these stud-
ies, the renal arteries of patients in the interven-
tion group were usually stented following balloon 
angioplasty. The  ST ent placement in patients 
with  A therosclerotic  R enal artery stenosis and 
impaired renal function trial (STAR) [ 22 ] ran-
domized 76 and 64 patients with at least one 
50 % or greater renal artery stenosis (mean age 
67 years and mean serum creatinine 1.6 mg/dL) 
to medical therapy or intervention, respectively. 
There was an approximately 50–50 split between 
patients with unilateral vs bilateral stenotic dis-
ease in each treatment group. Two-thirds of the 
medically treated group received ACEIs or 
angiotensin receptor blockers (ARBs). At the end 
of 2 years of follow-up, there were no signifi cant 
differences in blood pressure control, number of 
antihypertensive drugs, progression of renal 
insuffi ciency or cardiovascular morbidity or mor-
tality. Only one patient assigned to medical ther-
apy underwent stenting for refractory 
hypertension. Limitations to this study were 
inclusion of a substantial number of patients with 

unilateral disease and stenosis just over 50 %, a 
degree that may be of borderline hemodynamic 
signifi cance. The  A ngioplasty and  S tenting for 
 R enal  A rtery  L esions trial (ASTRAL) random-
ized 403 and 403 patients (mean age 70 years, 
mean serum creatinine 1.7 mg/dL) to medical 
therapy or intervention, respectively [ 23 ]. Most 
patients had at least one or more stenoses greater 
than 70 %. All classes of antihypertensive drugs 
were allowed and 38 % of patients were on an 
ACEI or ARB. At the end of 5 years, as with 
STAR, there were no signifi cant differences in 
blood pressure control, number of antihyperten-
sive drugs, renal function, or cardiovascular out-
comes. Twenty-four patients (6 %) in the medical 
therapy group eventually crossed over to the 
intervention group, presumably for refractory 
hypertension. A signifi cant limitation to this trial 
was the fact that participation was limited to only 
those patients for whom the physician was 
“uncertain” as to the benefi t of each treatment 
(medical vs intervention). As with STAR, a sub-
stantial number of participants had unilateral ste-
noses in the 50–70 % range and normal baseline 
renal function. 

 In summary, these studies demonstrate that a 
majority of patients with ARVD can be safely and 
effectively managed with medical therapy, at least 
compared with balloon angioplasty with or with-
out stenting. It is reassuring that in most of these 
studies, ACEIs or ARBs were part of the drug 
regimen and were apparently well tolerated. 
Presently there are no data available regarding the 
use of the direct renin inhibitor aliskiren in the 
treatment of hypertension associated with ARVD. 

 As referred to previously, a report from our 
institution also suggests that blood pressure can 
be well controlled and renal function maintained 
with medical therapy alone in older patients with 
extensive ARVD [ 11 ]. In this retrospective study, 
68 patients (mean age 72 years, 31 % with bilat-
eral stenoses or stenosis to a solitary functioning 
kidney) did not undergo initial revascularization 
for a variety of reasons. Their clinical data were 
assessed an average of 39 months following the 
initial renal arteriogram. During this interval, 
average blood pressure was 157/83 mmHg at 
baseline and 155/79 mmHg at latest follow-up. 
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One-third of patients achieved a blood pressure 
less than 140/90 mmHg and almost two-thirds of 
the entire group achieved a blood pressure less 
than 160/95 mmHg. The average number of 
drugs required per patient increased from 1.6 to 
1.9. Of note, almost one-third of patients were 
treated with ACEIs. During follow-up, the mean 
serum creatinine for the group rose from 1.4 to 
2.0 mg/dl whereas 15 % of patients demonstrated 
a greater than 50 % increase over their baseline 
value. Two patients underwent revascularization 
during the follow-up interval, one for refractory 
hypertension and one for progressive renal insuf-
fi ciency. Only one patient reached end-stage 
renal disease due to ischemic nephropathy. The 
overall survival of the entire cohort was similar 
to the reported 4 year survival of a cohort of simi-
lar patients managed with balloon angioplasty 
and stenting of the renal arteries [ 9 ].   

    Concerns About Medical Therapy 

    Acute Renal Failure 

 The occurrence of acute or subacute renal failure 
following the initiation of ACEI inhibitor therapy 
in patients with renovascular hypertension was 
fi rst described in the early 1980s [ 31 ,  32 ]. This 
phenomenon was confi ned almost exclusively to 
those patients with either bilateral renal artery 
stenoses or stenosis of the artery to a solitary 
functioning kidney and was initially estimated to 
occur in 23–38 % of these patients [ 33 ,  34 ]. On 
the other hand, many studies have demonstrated 
that clinically signifi cant changes in renal func-
tion are uncommon in patients with unilateral 
renal artery stenosis and who are receiving this 
class of drugs [ 14 ]. To confuse the issue further, 
acute renal failure after the initiation of ACEI 
therapy has been reported in patients documented 
to have no signifi cant renal artery stenoses [ 35 –
 37 ], an observation that has limited the diagnos-
tic usefulness of this phenomenon to identify 
renovascular disease. Of interest are the fi ndings 
of Testani et al. that patients with heart failure 
who developed early worsening renal function 
upon initiation of ACEI therapy had a signifi cant 

survival benefi t compared to similar degrees of 
renal dysfunction in a placebo treated group [ 38 ]. 

 In one of the largest and well done studies to 
date, van de Ven and coworkers were able to pro-
voke a 20 % increase in serum creatinine in all of 
52 patients with severe bilateral renal artery ste-
noses treated with an ACEI (with or without a 
loop diuretic) for 4–14 days [ 39 ]. Similar 
increases in serum creatinine also occurred in 37 
and 13 % of patients with unilateral stenoses and 
normal renal arteries, respectively. Acute renal 
failure did not occur in any patients and all 
changes in renal function were reversible upon 
stopping either the loop diuretic or the ACEI. 
Additionally, in the two clinical trials on ACEI in 
ARVD discussed previously [ 29 ,  30 ] acute renal 
dysfunction was rarely encountered despite 
including a large fraction of patients with exten-
sive occlusive disease.  

    Progressive Renal Ischemia 

 This is one of the most important concerns for the 
clinician caring for a patient with renovascular 
disease. Atherosclerotic renovascular disease is 
inherently a progressive disorder. Prospective 
studies [ 40 ,  41 ], however, have demonstrated a 
lower progression rate in medically treated 
patients than suggested by earlier retrospective 
analyses [ 42 ]. On the other hand, these lesions 
can progress and lead to advanced renal insuffi -
ciency and end stage renal disease despite suc-
cessful revascularization [ 7 ,  14 ]. It is reassuring 
that in the randomized trials of medical therapy 
versus balloon angioplasty discussed previously 
[ 19 – 23 ], renal outcomes were no different 
between the two modalities. Since optimal man-
agement of hypertension will, in most cases, 
require ACEI therapy, concern has been expressed 
that this class of drug might hasten progressive 
renal ischemia by reducing blood fl ow distal to a 
renal artery stenosis. There have been isolated 
clinical reports of renal artery thrombosis in 
patients with unilateral atherosclerotic renal 
artery stenoses treated with ACEI [ 43 ]; however, 
in most instances it is diffi cult to blame the medi-
cal therapy as opposed to progression of the 
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underlying stenotic lesion [ 34 ]. Indirect evidence 
suggesting that progressive ischemic nephropa-
thy is rare during ACEI therapy is provided by 
large-scale clinical trials in heart failure patients 
[ 14 ]. These trials contained a large fraction of 
patients with ischemic cardiomyopathy and since 
up to 20 % of patients with coronary artery dis-
ease also have previously unrecognized renovas-
cular disease [ 44 ,  45 ], progressive renal 
insuffi ciency is this subpopulation might be pos-
tulated, but was not observed. Transient increases 
in the serum creatinine level usually responded to 
a reduction in the diuretic dose and continuation 
of the ACEI. Additionally, ACEIs [ 46 – 48 ] and, 
more recently, ARBs [ 49 ,  50 ] continue to demon-
strate important benefi ts in terms of reducing car-
diovascular morbidity and mortality and limiting 
progression of both diabetic and nondiabetic 
renal disease, comorbidities present in the major-
ity of patients with atherosclerotic renovascular 
disease. It is likely, therefore, that most medically 
managed patients with renovascular disease will 
be on these drugs or at least have other clinically 
important indications for their use. 

 It is important, however, to avoid precipitous 
falls in systemic blood pressure which might pre-
dispose both to acute renal failure or renal artery 
occlusion. Methods to avoid this situation include 
the temporary discontinuation of diuretic therapy 
during the initiation of ACEI treatment (to reduce 
the risk of volume depletion) and the slow addi-
tion and titration of other antihypertensive drugs. 
Recommendations for monitoring renal function 
during medical therapy will be discussed later in 
this chapter and have been reviewed by Palmer [ 51 ].  

    Hyperkalemia 

 Increases in the serum potassium level 
≥0.5 mEq/L have been reported in 0.4–5 % of 
patients receiving ACEIs [ 52 ]. Risk factors for 
hyperkalemia include baseline renal dysfunction, 
diabetes mellitus, congestive heart failure, and 
the concomitant use of potassium supplements or 
other drugs known to impair the renal excretion 
of potassium such as potassium-sparing diuret-
ics. Clinically signifi cant hyperkalemia was a 

rare occurrence in the multiple clinical trials dis-
cussed previously and should be preventable 
given appropriate attention to those patients at 
high risk. The serum potassium should be moni-
tored at regular intervals, usually within 1 week 
of starting an ACEI and then every 3–6 months 
depending on the level of risk. If the serum potas-
sium is above 5.5 mEq/L, a non-potassium spar-
ing diuretic should be added to the regimen. 
Replacement of a thiazide diuretic with a loop 
diuretic is usually successful and should allow 
continued treatment with an ACEI. Another 
approach may be substitution of an angiotensin 
receptor blocker in place of the ACEI. In a 
 crossover study by Bakris and coworkers in a 
group of patients with glomerular fi ltration 
≤60 mL/min/1.73 m 2  and normal baseline serum 
potassium levels, treatment with lisinopril pro-
duced a signifi cantly greater increase in the 
potassium concentration than did the angiotensin 
receptor blocker valsartan, 0.28 vs 0.12 mEq/L, 
respectively [ 53 ].   

    A Personal Approach to the Medical 
Management of Hypertension 
Associated with Renovascular 
Disease 

 There are no set guidelines for the medical man-
agement of these patients. It is important to avoid 
the use of nonsteroidal antiinfl ammatory drugs, 
which can exacerbate both hypertension and renal 
dysfunction. Of equal importance is attention 
towards those factors contributing to progression 
of atherosclerosis such as dyslipidemia, cigarette 
smoking, and diabetes mellitus. In general, it has 
usually been an inability to control the blood 
pressure despite 2 or 3 drugs that led to the ini-
tial evaluation culminating in the diagnosis of 
renovascular disease. In the author’s experience, 
most of these patients are already receiving a 
calcium channel blocker and variable numbers 
are taking beta blockers or other sympatho-
lytic agents. Many are also receiving a thiazide 
diuretic, which, in turn, has limited effectiveness 
in those patients with renal insuffi ciency (e.g., 
serum creatinine above 1.5 mg/dl or glomerular 
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fi ltration rate <30 ml/min). A sizeable fraction of 
patients had previously received an ACEI or ARB, 
which may have been discontinued either due to 
the precipitation of acute renal insuffi ciency or, 
more likely, because of the clinician’s reluctance 
to continue them (for the reasons discussed previ-
ously) once the diagnosis of renovascular disease 
was made. Given the success of ACEIs or ARBs in 
the previously cited clinical trials, this drug class 
should usually be a part of the medical regimen. A 
prudent approach is to withhold diuretic therapy 
for several days and then begin low dose ACEI or 
ARB therapy (e.g., lisinopril, 2.5 mg/day or losar-
tan 25 mg/day). Serum electrolytes, blood urea 
nitrogen, and creatinine levels should be checked 
within 1 week. If renal function remains stable or 
the increase in serum creatinine is less than 20 % 
of baseline, the dose can be increased, and depend-
ing on blood pressure response, diuretic therapy 
can be reintroduced. It is not clear from the current 
literature at what level of baseline renal dysfunc-
tion that ACEIs or ARBs should be avoided; how-
ever, these drugs have been safely used in many 
diabetic and nondiabetic patients having with 
serum creatinine levels up to 4 mg/dl [ 47 ,  54 ]. If a 
signifi cant increase in the serum creatinine occurs, 
the ACEI or ARB should be discontinued. In addi-
tion, Onuigbo has recently suggested that acute 
or subacute declines in renal function following 
the initiation of ACEI or ARB therapy (for renal 
artery stenosis, proteinuria or chronic kidney dis-
ease in general) may be more common than gen-
erally suspected and that these drugs be avoided 
or stopped in patients with otherwise unexplained 
deterioration in renal function [ 55 ,  56 ]. 

 In those patients whose blood pressure does 
not respond to a regimen including a diuretic, 
ACEI or ARB, a calcium channel blocker, and a 
beta blocker, several additional options exist. The 
author’s preference is for the addition of a vaso-
dilator, typically minoxidil in males, starting at 
2.5 mg/day and hydralazine in females (to avoid 
hirsuitism), starting at 25 mg twice daily. Since 
most patients are already on a beta blocker, refl ex 
tachycardia is generally not an issue. Clonidine 
can be used in those patients in whom beta 
blocker therapy is contraindicated. Fluid reten-
tion/edema associated with vasodilator therapy 

can be minimized by careful attention to weight 
and adjusting the loop diuretic dose accordingly. 
Furosemide, due to its relatively short duration of 
action, should be taken on a twice daily schedule 
with the second dose taken in the late afternoon, 
not the evening, to avoid producing nocturia. The 
author’s usual starting dose is 20 mg twice daily. 
In those patients who complain of urinary 
urgency while taking furosemide, replacement 
with torsemide, a loop diuretic with a more grad-
ual onset of action and prolonged effect may be 
helpful and allow once daily dosing. The usual 
starting dose is 5 mg once daily. Finally, another 
drug class I have found effective and well- 
tolerated is a long-acting oral nitroglycerin prep-
aration such as isosorbide mononitrate. 

 With respect to monitoring the patient during 
the titration phase of these drugs, it is prudent to 
encourage the use of out-of-offi ce blood pres-
sure measurements with an accurate device and 
to monitor renal function approximately every 2 
weeks. Once stabilized, there is no clear-cut 
consensus on the best method of follow-up. 
Some authorities recommend monitoring blood 
pressure and serum creatinine levels every 3 
months and noninvasive renal imaging (e.g., 
using renal artery duplex scanning) to assess 
renal size and progression of stenotic lesions 
every 6–12 months [ 57 ]. Others recommend 
periodic nuclear imaging studies that provide 
estimates of blood fl ow and glomerular fi ltration 
rates for each kidney [ 2 ]. This test may be par-
ticularly helpful in those patients with normal 
baseline renal function where the serum creati-
nine level alone may be an insensitive indicator 
of progressive renovascular disease. These are 
all probably reasonable recommendations with 
two caveats. First, in a patient with FMD, since 
the disease itself is not typically progressive and 
the lesions are often diffi cult to assess noninva-
sively, simply following the blood pressure and 
yearly renal function tests may be adequate. 
Secondly, in the patient with advanced athero-
sclerotic RVD and who was originally consid-
ered a poor candidate for revascularization, one 
might question the need for routine follow-up 
imaging studies since these are unlikely to 
prompt subsequent intervention.  
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    Management Options in the Patient 
Who Is Failing Medical Therapy 

 Failure to achieve satisfactory blood pressure 
control has become less common given the large 
number of potent antihypertensive drugs cur-
rently available. If the patient has a renal artery 
lesion considered to be technically amenable to 
revascularization, balloon angioplasty or surgery 
should be considered at this point. Unfortunately, 
refractory hypertension is not infrequently related 
to a severely ischemic atrophic kidney that is not 
amenable to revascularization. In the patient with 
FMD, the kidney is usually not atrophic, but is not 
amenable to revascularization due to the location 
or complexity of the stenotic lesions. The mecha-
nism of hypertension in this setting is almost cer-
tainly due to continued renin secretion from the 
affected kidney and would be expected to respond 
to high doses of ACEIs. It is possible, however 
that the degree of converting enzyme inhibition is 
incomplete or that angiotensin II is being produced 
by alternative pathways [ 58 ]. Given this rationale, 
I have occasionally used the combination of an 
ACEI and an ARB in this setting with good results. 
The therapeutic benefi t of such a combination has 
also been recently demonstrated in patients with 
heart failure [ 59 ] and proteinuric renal disease 
[ 60 ]. The potential risks of dual renin-angiotensin 
blockade in chronic kidney disease have recently 
been reviewed [ 61 ] and this approach requires 
careful monitoring of blood pressure, serum 
potassium, and renal function. The aldosterone 
antagonist spironolactone has made a signifi -
cant resurgence as an effective drug for resistant 
hypertension of diverse etiologies (particularly 
in patients with obesity and/or obstructive sleep 
apnea) [ 62 – 64 ]. In addition, it has antiproteinuric 
effects shown clinically and renoprotective effects 
demonstrated experimentally [ 62 ]. I have gener-
ally found a greater antihypertensive benefi t add-
ing spironolactone 25–50 mg/day to an ACEI or 
ARB as opposed to adding an ACEI to an ARB or 
vice versa. Once again, however, blood pressure, 
serum potassium, and renal function must be fol-
lowed closely-usually weekly until stable. 

 If the combination of an ACEI and ARB or 
aldosterone antagonist cannot be used or is 

 ineffective, a remaining option is nephrectomy. In 
a review of the Mayo Clinic experience, 74 
patients with refractory hypertension underwent 
nephrectomy of an atrophic nonfunctioning kid-
ney [ 65 ]. After a mean follow-up of 4.1 years, the 
blood pressure was signifi cantly improved in 
78 % of patients and there was no signifi cant 
decline in renal function at least during the fi rst 
year following nephrectomy. Thomaz et al. 
recently demonstrated long term improvement in 
blood pressure control and preservation in renal 
function following nephrectomy in a group of 51 
patients with an atrophic kidney due to severe 
renal artery stenosis although the majority of 
patients had fi bromuscular dysplasia [ 66 ]. Elhage 
et al. have also reported success with this approach 
[ 67 ]. The widening availability and safety of lap-
aroscopic nephrectomy will no doubt increase the 
attractiveness of this therapeutic option. 

 Finally, since the renal sympathetic nerves 
play a role both essential and renovascular hyper-
tension [ 68 ,  69 ] and renal sympathetic denerva-
tion by radiofrequency ablation has been effective 
for the treatment of resistant hypertension, this 
procedure might potentially be useful in the man-
agement of renovascular hypertension although 
there are no clinical data yet available to support 
this approach [ 70 ].     
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        Introduction 

 For patients with symptomatic atherosclerotic 
renal artery stenosis, the preferred method of 
revascularization is renal artery stent placement. 
Renal artery stenosis can cause uncontrolled 
hypertension, decrease in kidney function, or 
cardiac heart failure [ 1 ,  2 ]. There are good data 
demonstrating that stent placement is superior 
to angioplasty, especially for ostial stenosis 
[ 3 ]. Earlier vascular stents were designed on a 
0.035- in. platform which required manual crimp-
ing and placement of the stent onto the balloon 
[ 4 ,  5 ]. Today, stent technology has evolved to a 
reduced profi le and is on 0.014-in. balloon cath-
eter platform [ 6 ]. One major advantage of the 
lower profi le systems is that they produce less 

atheroembolism during stent deployment. The 
ability to restore renal blood fl ow using endovas-
cular stenting undoubtedly has allowed effective 
recovery and stabilization of kidney function in 
patients that would not have been selected for 
surgical revascularization in the past.  

    Randomized Control Trials of Renal 
Artery Angioplasty and Stent 
Placement 

 There have been several randomized trials which 
have compared endovascular treatment of renal 
artery stenosis (angioplasty or stent placement) 
to medical therapy [ 7 – 10 ]. Each of these studies 
failed to identify differences in kidney functional 
outcomes between the endovascular group and 
medical therapy group. However, several meth-
odological fl aws exist in these studies. For exam-
ple, the recently reported trial results from the 
ASTRAL study which investigated the role of 
renal artery stent placement plus medical therapy 
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versus medical therapy for preserving kidney 
function concluded that there was no benefi t to 
renal artery stent placement [ 11 ]. These included 
the following:
    1.    Randomization of the patients was based on 

multiple different imaging modalities that 
have different sensitivities and specifi cities 
and there was no core lab to reconcile these 
differences [ 12 ].   

   2.    Revascularization was only performed in 317 
patients and attempted in 335. Pre-study sta-
tistical planning called for 403 patients.   

   3.    25 % percent of the patients had glomerular 
fi ltration rates >50 ml/min 2  and hence had lit-
tle potential for benefi t in kidney function.   

   4.    The degree of stenosis less than 70 % was 
observed in 40 % of the patients which likely was 
not severe enough to benefi t from treatment.   

   5.    The study was underpowered. For 80 % 
power, they needed to enroll 346 patients in 
each arm and the stent arm did not have 
enough patients.    

      Endovascular Stent Placement 

 A typical stent procedure is performed by inserting 
a guide catheter of different shapes through either a 
femoral artery or radial/brachial artery approach 
[ 13 ]. Using the guide catheter, a selective angio-
gram is performed. Once the decision has been 
made to treat the stenosis, the patient is systemically 
heparinized to achieve an activated coagulation 
time greater than 250-ms. Through the guide cath-
eter, a 0.014-in. wire is inserted and advanced across 
the stenosis. An angiogram is performed to demon-
strate that the wire is in good position. Next a bal-
loon is infl ated to match the nominal diameter of the 
non-diseased renal artery. The proximal end of the 
stent is often fl ared so that the stent can approximate 
the ostium of the renal artery (Fig.  20.1a, b ).

       Use of Embolic Protection Devices 

 Another major advantage of low profi le stent 
technology is that it allows adjunctive use of 
embolic protection devices (EPD) along with 

stent placement. The embolic protection devices 
were originally designed for use in coronary or 
carotid artery applications. There are many differ-
ent embolic protection devices which are avail-
able which have different specifi cations based on 
features of vascular landing zones, diameter of the 
device, and size of the fi lter pores [ 14 ]. These 
devices are advanced across the  stenosis through 
the guide catheter distal to the stenosis. The 
device is allowed to oppose the renal artery. Next, 
the renal artery stent is advanced and deployed. 
After that, the balloon of the stent is removed and 
the EPD device is captured. An example of treat-
ing a patient with renal artery stenosis using and 
EPD is shown in Fig.  20.1c, d . 

 Figure  20.2a  is angiogram of renal artery 
stenosis on the left. Figure  20.2b  shows the 
placement of embolic protection device across 
the stenosis.

   There are several single institution studies and 
one randomized controlled study for the use of 
embolic protection devices. The single site stud-
ies have demonstrated that the use of EPD with 
renal artery stent placement is associated with 
stabilization or improvement in kidney function 
in more than 80 % of the patients [ 15 – 23 ]. 

 The single randomized study was associated 
with mixed results with EPD and stent placement 
[ 24 ]. This was a study where the primary end-
point was estimated glomerular fi ltration (eGFR) 
1-month after renal artery stent placement in a 
group of 100 patients with an average eGFR of 
54 ml/min. This study investigated the interac-
tion between adjunctive pharmacologic therapy 
using a IIB/IIIA inhibitor and EPD and stent 
placement using a 2 by 2 randomization scheme. 
This study used a fi rst generation EPD 
(Angioguard) and found improved eGFR only in 
the group that received IIB/IIA and EPD suggest-
ing an interaction between platelet aggregation 
and kidney function improvement. 

 A recent small study from our institution dem-
onstrated improvement in kidney function in 
patients with baseline eGFR treated with EPD 
and stent placement compared to those that did 
not receive the use of an EPD [ 25 ]. Currently, we 
use EPDs during stenting for the treatment of 
renal artery stenosis in patients with advanced 
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chronic kidney disease, typically baseline eGFR 
less than 30 ml/min with anatomy favorable to 
EPD deployment.  

    Drug Eluting Stent Placement 

 Drug eluting stents designed for coronary arter-
ies sometimes have been used to treat renal artery 
stenosis with the goal of reducing  restenosis. 

They have been used to treat complicated ste-
nosis involving early bifurcation stenosis or 
those involving accessory renal artery stenosis 
or small diameter main renal arteries [ 26 ,  27 ]. 
In addition, they have been used to treat in-stent 
stenosis after non-eluting renal artery stent ther-
apy [ 28 ]. The largest available stents have diam-
eters of 4.5-mm which can be infl ated to 4.7-mm 
thus limiting the use in larger more typical renal 
artery stenosis.  

a b

c d

  Fig. 20.1    ( a – d ) Placement of renal artery stent with 
embolic protection device. ( a ) shows an atherosclerotic 
renal artery stenosis. ( b ) shows the placement of the 

SpideRx embolic protection device. ( c ) shows the place-
ment of a stent with good angiographic result. ( d ) shows 
debris captured during the procedure       
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    Follow-Up of Patients After Stent 
Placement 

 Patients need to be followed carefully after renal 
artery stent placement to ensure that the renal artery 
stent remains patent and does not lead to restenosis. 
A typical follow-up evaluation will consist of blood 
pressure measurement, review of medications, 
assessment of kidney function and renovascular 
duplex ultrasound to determine patency. In addition, 
blood work and urine analysis for proteinuria will 
be determined. Patients are often placed on dual 
anti-platelet therapy consisting of Plavix and baby 
aspirin for 3–6 months after the procedure. Finally, 
cardiovascular risk factors need to be intensively 
treated monitored including diabetes, weight reduc-
tion, smoking cessation, and anti-hyperlipidemic 
medications. Typically, patients are encouraged to 
return at 1, 3, 6, 12, 18, 24 months after initial stent 
placement and yearly thereafter [ 29 ].  

    Outcomes for Hypertension 

 Large single center studies and meta analyses 
have demonstrated that renal artery stent place-
ment helps reduce blood pressure and decrease 
the number of anti-hypertensive medications [ 2 ,  27 , 

 30 ,  31 ]. In our practice, the typical reduction 
in systolic blood pressure is 20-mmHg with 
a decrease in diastolic blood pressure requir-
ing fewer antihypertensive medications [ 30 ]. 
Predictors of a improved blood pressures have 
been proposed to include a segmental renal artery 
duplex resistive index (RI) <0.8 [ 30 ]. However, 
only one observational study has demonstrated 
that a RI of <0.8 is a predictor of a successful 
outcome. Others have been less consistent and 
unable to reproduce these results [ 32 ].  

    Outcomes for Preserving 
or Improving Kidney Function 

 It is estimated that 12–18 % of the patients pro-
gressing to renal replacement therapy have renal 
artery stenosis [ 33 ]. Identifying useful predictors 
s of a successful outcome after stent placement 
for preserving renal function has been the goal 
of many studies [ 32 ,  34 – 39 ]. Patients with more 
severely decreased kidney function at baseline 
have worse outcomes than those with better base-
line kidney function. Several factors have been 
reported to be associated with less  favorable 
 outcomes including baseline kidney function, 
proteinuria, diabetes mellitus, and increased 

a b

  Fig. 20.2    ( a ,  b ) Placement of renal artery stent with dissection. ( a ) shows bilateral atherosclerotic renal artery stenosis. 
( b ) shows dissection of the renal artery after placement of a stent       
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RI, with decreased kidney size [ 32 ,  34 – 39 ]. 
Interestingly, repeated observational studies have 
reported being able to improve kidney func-
tion and thus remove the need for dialysis [ 40 ]. 
Moreover, others indicate that a strong predic-
tor of an improvement in kidney function is a 
1/eGFR response [ 41 ]. Recently, results of one 
study suggested that using iothalamate scans to 
determine GFR for patients with RAS provided 
more accurate guidance as compared to eGFR 
based on serum creatinine with the calculation 
for eGFR obtained from the Modifi cation in Diet 
and Renal Disease formula [ 42 ].  

    Complications After Renal Artery 
Stent Placement 

 There are multiple potential complications asso-
ciated with renal artery stent placement. These 
include femoral artery closure complications, 
dissection of the renal artery, embolization into 
the kidney, rupture of the renal artery and con-
trast medium induced nephropathy [ 43 ]. The 
prevalence of these complications is estimated to 
be 0.5–10 %. With the advent of lower profi le 
systems for placing renal artery stents, atheroem-
bolic events have been reduced.  

    Treatment of Restenosis 

 Restenosis of the renal artery lesion after stent 
placement occurs in 20–30 % of patients by 9–12 
months [ 44 ]. This is often diagnosed with serial 
duplex scans where the velocity of the blood 
increases over time. In our laboratory, velocity of 
blood fl ow after stent placement >300 cm/s is 
highly indicative of restenosis [ 45 ]. These 
patients can present with clinical symptoms of 
renal artery stenosis with uncontrolled hyperten-
sion or kidney dysfunction. Treatment options 
for in-stent restenosis include angioplasty, re- 
stenting with a bare metal stent, covered stent, 
drug eluting stent, or cutting balloon. There are 
few studies that systematically compare the 
 different treatment options. In some cases with 
recurrent, severe symptoms associated with 

 renovascular occlusion, surgical reconstruction 
or bypass has been effective (see Chap.   21    ).  

    Conclusion 

 In conclusion, stent placement for symptom-
atic renal artery stenosis due to atherosclerotic 
disease is the preferred treatment modality. 
Clinical outcomes after treatment can be dif-
fi cult to predict and careful patient selection is 
warranted. Patients need to be carefully fol-
lowed after stent placement.     

   References 

    1.    Safi an RD, Textor SC. Renal-artery stenosis. N Engl J 
Med. 2001;344:431–42.  

     2.    Dorros G, Jaff M, Mathiak L, Dorros II, Lowe A, 
Murphy K, He T. Four-year follow-up of palmaz- schatz 
stent revascularization as treatment for atherosclerotic 
renal artery stenosis. Circulation. 1998;98:642–7.  

    3.    van de Ven P, Kaatee R, Beutler J, Beek F, Woittiez A, 
Buskens E, Koomans H, Mali W. Arterial stenting and 
balloon angioplasty in ostial atherosclerotic renovascular 
disease: a randomised trial. Lancet. 1999;353:282–6.  

    4.    Palmaz JC, Garcia OJ, Schatz RA, Rees CR, Roeren 
T, Richter GM, Noeldge G, Gardiner Jr GA, Becker 
GJ, Walker C, et al. Placement of balloon-expandable 
intraluminal stents in iliac arteries: fi rst 171 proce-
dures. Radiology. 1990;174:969–75.  

    5.    Dorros G, Jaff M, Jain A, Dufek C, Mathiak L. 
Follow-up of primary palmaz-schatz stent placement 
for atherosclerotic renal artery stenosis. Am J Cardiol. 
1995;75:1051–5.  

    6.    Sapoval M, Zahringer M, Pattynama P, Rabbia C, 
Vignali C, Maleux G, Boyer L, Szczerbo-
Trojanowska M, Jaschke W, Hafsahl G, Downes M, 
Beregi J, Veeger N, Talen A. Low-profi le stent sys-
tem for treatment of atherosclerotic renal artery ste-
nosis: the great trial. J Vasc Interv Radiol. 2005;
16(8):1195–2002.  

    7.    Kumbhani DJ, Bavry AA, Harvey JE, de Souza R, 
Scarpioni R, Bhatt DL, Kapadia SR. Clinical out-
comes after percutaneous revascularization versus 
medical management in patients with signifi cant renal 
artery stenosis: a meta-analysis of randomized con-
trolled trials. Am Heart J. 2011;161:622.  

   8.    Bax L, Woittiez AJ, Kouwenberg HJ, Mali WP, 
Buskens E, Beek FJ, Braam B, Huysmans FT, Schultze 
Kool LJ, Rutten MJ, Doorenbos CJ, Aarts JC, Rabelink 
TJ, Plouin PF, Raynaud A, van Montfrans GA, Reekers 
JA, van den Meiracker AH, Pattynama PM, van de Ven 
PJ, Vroegindeweij D, Kroon AA, de Haan MW, 
Postma CT, Beutler JJ. Stent placement in patients 
with atherosclerotic renal artery stenosis and impaired 
renal function: a randomized trial. Ann Intern Med. 
2009;150(840–848):W150–841.  

20 Endovascular Treatment of Renal Artery Stenosis

http://dx.doi.org/10.1007/978-1-4471-2810-6_21


322

   9.    Webster J, Marshall F, Abdalla M, Dominiczak A, 
Edwards R, Isles CG, Loose H, Main J, Padfi eld P, 
Russell IT, Walker B, Watson M, Wilkinson R. 
Randomised comparison of percutaneous angioplasty 
vs continued medical therapy for hypertensive 
patients with atheromatous renal artery stenosis. 
Scottish and Newcastle Renal Artery Stenosis 
Collaborative Group. J Hum Hypertens. 1998;12:
329–35.  

    10.    Plouin PF, Chatellier G, Darne B, Raynaud A. Blood 
pressure outcome of angioplasty in atherosclerotic 
renal artery stenosis: a randomized trial. Essai 
Multicentrique Medicaments vs Angioplastie 
(EMMA) Study Group. Hypertension. 1998;31:
823–9.  

    11.    Wheatley K, Ives N, Gray R, Kalra PA, Moss JG, 
Baigent C, Carr S, Chalmers N, Eadington D, 
Hamilton G, Lipkin G, Nicholson A, Scoble 
J. Revascularization versus medical therapy for renal- 
artery stenosis. N Engl J Med. 2009;361:1953–62.  

    12.    Textor SC. Pitfalls in imaging for renal artery steno-
sis. Ann Intern Med. 2004;141:730–1.  

    13.    Rodriguez Granillo G, van Dijk L, McFadden E, 
Serruys P. Percutaneous radial intervention for com-
plex bilateral renal artery stenosis using paclitaxel 
eluting stents. Catheter Cardiovasc Interv. 2005;64:
23–7.  

    14.    Thatipelli MR, Sabater EA, Bjarnason H, McKusick 
MA, Misra S. Ct angiography of renal artery anatomy 
for evaluating embolic protection devices. J Vasc 
Interv Radiol. 2007;18:842–6.  

    15.    Thatipelli MR, Misra S, Sanikommu SR, Schainfeld 
RM, Sharma SK, Soukas PA. Embolic protection 
device use in renal artery stent placement. J Vasc 
Interv Radiol. 2009;20:580–6.  

   16.    Misra S, Gomes MT, Mathew V, Barsness GW, Textor 
SC, Bjarnason H, McKusick MA. Embolic protection 
devices in patients with renal artery stenosis with 
chronic renal insuffi ciency: a clinical study. J Vasc 
Interv Radiol. 2008;19:1639–45.  

   17.    Hagspiel KD, Stone JR, Leung DA. Renal angio-
plasty and stent placement with distal protection: pre-
liminary experience with the fi lterwire ex. J Vasc 
Interv Radiol. 2005;16:125–31.  

   18.    Henry M, Henry I, Klonaris C, Polydoru A, Rath P, 
Lakshmi G, Raacopal S, Hugel M. Renal angioplasty 
and stenting under protection: the way for the future? 
Catheter Cardiovasc Interv. 2003;60:299–312.  

   19.    Holden A, Hill A. Renal angioplasty and stenting with 
distal protection of the main renal artery in ischemic 
nephropathy: early experience. J Vasc Surg. 2003;38:
962–8.  

   20.    Holden A, Hill A, Jaff MR, Pilmore H. Renal artery 
stent revascularization with embolic protection in 
patients with ischemic nephropathy. Kidney Int. 
2006;70:948–55.  

   21.    Edwards MS, Craven BL, Stafford J, Craven TE, 
Sauve KJ, Ayerdi J, Geary RL, Hansen KJ. Distal 
embolic protection during renal artery angioplasty 
and stenting. J Vasc Surg. 2006;44:128–35.  

   22.    Singer GM, Setaro JF, Curtis JP, Remetz MS. Distal 
embolic protection during renal artery stenting: 
impact on hypertensive patients with renal dysfunc-
tion. J Clin Hypertens (Greenwich). 2008;10:830–6.  

    23.    Misselt AJ, McKusick MA, Stockland A, Misra S. 
Use of kissing embolic protection devices in the treat-
ment of early bifurcation renal artery stenosis: a case 
report. J Vasc Interv Radiol. 2009;20:1240–3.  

    24.    Cooper CJ, Murphy TP, Matsumoto A, Steffes M, 
Cohen DJ, Jaff M, Kuntz R, Jamerson K, Reid D, 
Rosenfi eld K, Rundback J, Agostino RD, Henrich W, 
Dworkin L. Stent revascularization for the prevention 
of cardiovascular and renal events among patients 
with renal artery stenosis and systolic hypertension: 
rationale and design of the coral trial. Am Heart 
J. 2006;152:59–66.  

    25.    Khosla A, Misra S, Greene EL, Pfl ueger A, Textor SC, 
Bjarnason H, McKusick MA. Clinical outcomes in 
patients with renal artery stenosis treated with stent 
placement with embolic protection compared with 
those treated with stent alone. Vasc Endovascular 
Surg. 2012;46:447–54.  

    26.    Misra S, Sturludottir M, Mathew V, Bjarnason H, 
McKusick M, Iyer VK. Treatment of complex stenoses 
involving renal artery bifurcations with use of drug-
eluting stents. J Vasc Interv Radiol. 2008;19:272–8.  

     27.    Misra S, Thatipelli MR, Howe PW, Hunt C, Mathew 
V, Barsness GW, Pfl ueger A, Textor SC, Bjarnason H, 
McKusick MA. Preliminary study of the use of drug- 
eluting stents in atherosclerotic renal artery stenoses 
4 mm in diameter or smaller. J Vasc Interv Radiol. 
2008;19:833–9.  

    28.    Zeller T, Sixt S, Rastan A, Schwarzwälder U, Müller 
C, Frank U, Bürgelin K, Schwarz T, Hauswald K, 
Brantner R, Noory E, Neumann F-J. Treatment of 
reoccurring instent restenosis following reinterven-
tion after stent-supported renal artery angioplasty. 
Catheter Cardiovasc Interv. 2007;70:296–300.  

    29.    American College of Cardiology Foundation, 
American College of Radiology, American Institute 
of Ultrasound in Medicine, American Society of 
Echocardiography, American Society of Nephrology, 
Intersocietal Commission for the Accreditation of 
Vascular Laboratories, Society for Cardiovascular 
Angiography and Interventions, Society of 
Cardiovascular Computed Tomography, Society for 
Interventional Radiology, Society for Vascular 
Medicine, Society for Vascular Surgery, Mohler 3rd 
ER, Gornik HL, Gerhard-Herman M, Misra S, Olin 
JW, Zierler RE, Wolk MJ, Mohler 3rd ER. ACCF/
ACR/AIUM/ASE/ASN/ICAVL/SCAI/SCCT/SIR/
SVM/SVS 2012 appropriate use criteria for periph-
eral vascular ultrasound and physiological testing part 
I: arterial ultrasound and physiological testing: a 
report of the American College of Cardiology 
Foundation appropriate use criteria task force, 
American College of Radiology, American Institute 
of Ultrasound in Medicine, American Society of 
Echocardiography, American Society of Nephrology, 
Intersocietal Commission for the Accreditation of 

S. Misra



323

Vascular Laboratories, Society for Cardiovascular 
Angiography and Interventions, Society of 
Cardiovascular Computed Tomography, Society for 
Interventional Radiology, Society for Vascular 
Medicine, and Society for Vascular Surgery. J Am 
Coll Cardiol. 2012;60:242–76.  

      30.    Radermacher J, Chavan A, Bleck J, Vitzthum A, 
Stoess B, Gebel MJ, Galanski M, Koch KM, Haller H. 
Use of doppler ultrasonography to predict the out-
come of therapy for renal-artery stenosis. N Engl 
J Med. 2001;344:410–7.  

    31.    Lederman RJ, Mendelsohn FO, Santos R, Phillips 
HR, Stack RS, Crowley JJ. Primary renal artery stent-
ing: characteristics and outcomes after 363 proce-
dures. Am Heart J. 2001;142:314–23.  

      32.    Zeller T, Frank U, Muller C, Burgelin K, Sinn L, 
Bestehorn HP, Cook-Bruns N, Neumann FJ. 
Predictors of improved renal function after percutane-
ous stent-supported angioplasty of severe atheroscle-
rotic ostial renal artery stenosis. Circulation. 
2003;108:2244–9.  

    33.    van Ampting JM, Penne EL, Beek FJ, Koomans HA, 
Boer WH, Beutler JJ. Prevalence of atherosclerotic 
renal artery stenosis in patients starting dialysis. 
Nephrol Dial Transplant. 2003;18:1147–51.  

     34.    Watson PS, Hadjipetrou P, Cox SV, Piemonte TC, 
Eisenhauer AC. Effect of renal artery stenting on renal 
function and size in patients with atherosclerotic reno-
vascular disease. Circulation. 2000;102:1671–7.  

   35.    Sivamurthy N, Surowiec SM, Culakova E, Rhodes 
JM, Lee D, Sternbach Y, Waldman DL, Green RM, 
Davies MG. Divergent outcomes after percutaneous 
therapy for symptomatic renal artery stenosis. J Vasc 
Surg. 2004;39:565–74.  

   36.    Beutler JJ, Van Ampting JM, Van De Ven PJ, Koomans 
HA, Beek FJ, Woittiez AJ, Mali WP. Long-term 
effects of arterial stenting on kidney function for 
patients with ostial atherosclerotic renal artery steno-
sis and renal insuffi ciency. J Am Soc Nephrol. 
2001;12:1475–81.  

   37.    Korsakas S, Mohaupt MG, Dinkel HP, Mahler F, Do 
DD, Voegele J, Baumgartner I. Delay of dialysis in end-
stage renal failure: prospective study on percutaneous 
renal artery interventions. Kidney Int. 2004;65:251–8.  

   38.    Marone LK, Clouse WD, Dorer DJ, Brewster DC, 
Lamuraglia GM, Watkins MT, Kwolek CJ, Cambria 
RP. Preservation of renal function with surgical revas-
cularization in patients with atherosclerotic renovas-
cular disease. J Vasc Surg. 2004;39:322–9.  

     39.    Silva JA, Potluri S, White CJ, Collins TJ, Jenkins JS, 
Subramanian R, Ramee SR. Diabetes mellitus does 
not preclude stabilization or improvement of renal 
function after stent revascularization in patients with 
kidney insuffi ciency and renal artery stenosis. 
Catheter Cardiovasc Interv. 2007;69:902–7.  

    40.    Thatipelli M, Misra S, Johnson CM, Andrews JC, 
Stanson AW, Bjarnason H, McKusick MA. Renal 
artery stent placement for restoration of renal function 
in hemodialysis recipients with renal artery stenosis. 
J Vasc Interv Radiol. 2008;19:1563–8.  

    41.    Harden P, MacLeod M, Rodger R, Baxter G, Connell 
J, Dominiczak A, Junor B, Briggs J, Moss J. Effect of 
renal-artery stenting on progression of renovascular 
renal failure. Lancet. 1997;349:1133–6.  

    42.    Madder RD, Hickman L, Crimmins GM, Puri M, 
Marinescu V, McCullough PA, Safi an RD. Validity of 
estimated glomerular fi ltration rates for assessment of 
baseline and serial renal function in patients with ath-
erosclerotic renal artery stenosis: implications for 
clinical trials of renal revascularization. Circ 
Cardiovasc Interv. 2011;4:219–25.  

    43.    Ivanovic V, McKusick MA, Johnson III CM, Sabater 
EA, Andrews JC, Breen JF, Bjarnason H, Misra S, 
Stanson AW. Renal artery stent placement: complica-
tions at a single tertiary care center. J Vasc Interv 
Radiol. 2003;14:217–25.  

    44.    Rocha-Singh KJ, Novack V, Pencina M, D’Agostino 
R, Ansel G, Rosenfi eld K, Jaff MR. Objective perfor-
mance goals of safety and blood pressure effi cacy for 
clinical trials of renal artery bare metal stents in 
hypertensive patients with atherosclerotic renal artery 
stenosis. Catheter Cardiovasc Interv. 2011;78:
779–89.  

    45.    Taylor DC, Kettler MD, Moneta GL, Kohler TR, 
Kazmers A, Beach KW, Strandness Jr DE. Duplex 
ultrasound scanning in the diagnosis of renal artery 
stenosis: a prospective evaluation. J Vasc Surg. 1988;
7:363–9.      

20 Endovascular Treatment of Renal Artery Stenosis



325L.O. Lerman, S.C. Textor (eds.), Renal Vascular Disease, 
DOI 10.1007/978-1-4471-2810-6_21, © Springer-Verlag London 2014

        Introduction 

 Surgical treatment for most renal vascular dis-
eases changed with the introduction of potent 
anti-hypertensive medications and renal artery 
angioplasty and stenting. This change is high-
lighted at our own institution, where the Division 
of Vascular and Endovascular Surgery at Mayo 
Clinic performed between 80 and 120 primary 
renal artery reconstructions per year in patients 
with atherosclerotic disease prior to 2002. In 
recent years, the number of open surgical recon-
structions in our group averaged about 30–40 per 
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    Abstract  

  Surgical treatment of renovascular disease changed with the advent of 
stenting and the introduction of more potent anti- hypertensive medica-
tions. Currently, surgical renal revascularization is relegated to patients 
with recurrent in-stent stenosis, complex fi bromuscular disease and renal 
aneurysms, children and adolescents with renovascular disease, and renal 
artery bypass or endarterectomy done in conjunction with aortic aneurysm 
repair or aortofemoral bypass for occlusive disease. Renal artery recon-
structions are done with a variety of techniques, and are best done before 
there is irreversible renal parenchymal damage. Open surgical renal recon-
struction has become more complex since the advent of stenting. Careful 
surgical planning, renal protection, and technical execution of the opera-
tion are keys to success.  
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year, increased last year, and most of them are 
complex (Fig.  21.1 ).

   Currently, surgical renal revascularization is 
relegated to patients with recurrent in-stent reste-
nosis for atherosclerotic disease; complex fi bro-
muscular disease; renal artery aneurysms; 
children and adolescents with renovascular dis-
ease; and renal artery reconstructions done in 
conjunction with repair of abdominal aortic 
aneurysms or aortofemoral reconstructions for 
occlusive disease [ 1 ].  

    Indications 

 The primary indication for surgical or endovas-
cular intervention for renovascular disease should 
be failure of medical therapy. Such therapy 
includes angiotensin converting enzyme inhibi-
tors, angiotensin receptor blockers, statins, and 
tobacco cessation [ 2 – 4 ]. Treatment choice is 
infl uenced by patient comorbidities and anatomic 
factors, both of which affect operative risk and 
technical outcome. Our surgical group works 
closely with the nephrologists, to determine the 
need for intervention. Moreover, these decisions 
are infl uenced by best medical evidence, personal 
and institutional experiences. 

 Surgeons and nephrologists continue to 
struggle with the timing of, and predicted 
response from, renal reconstruction for occlu-
sive lesions. While the primary goal of therapy 
is to improve hypertension and protect renal 

function, these goals remain elusive for the indi-
vidual patient because of the variable patho-
physiologic responses of the kidney to decreased 
blood fl ow. The kidney responds to ischemia 
unlike other major organs. Not every patient 
with a high grade renal artery stenosis develops 
signifi cant hypertension, progressive renal dys-
function, or both. Why some patients with high 
grade stenoses have only modest hypertension, 
and others develop severe hypertension or renal 
function decline remains an enigma. Reductions 
in renal blood fl ow activate the renin angioten-
sin system, one of the primary targets of medi-
cal therapy. Adrenergic responses also occur, 
and these pathways now are treated with dener-
vation procedures. However, it may be the 
release of fi brogenic cytokines that leads to 
scarring and irreversible damage to the renal 
parenchyma when the critical threshold of renal 
blood fl ow and tissue oxygenation is exceeded. 
Since some of these pathways are activated in 
the absence of decreased renal oxygen tension, 
our ability to predict responses to renal inter-
vention is diffi cult [ 1 ]. 

 Currently, renal artery intervention is offered 
to patients with accelerated, resistant, or poorly- 
controlled hypertension; renal function decline; 
and cardiac destabilization syndromes such as 
fl ash pulmonary edema, congestive heart failure 
or unstable angina [ 4 ]. Individuals with signifi -
cant renal artery stenosis and accelerated hyper-
tension who are intolerant to medications also are 
candidates for intervention. To date, there is no 
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  Fig. 21.1    Numbers of primary 
renal artery reconstructions 
done at Mayo Clinic each year 
from 2007 to 2011 (Adapted 
with permission of Mayo 
Foundation for Medical 
Education and Research. 
All rights reserved. From 
Bower et al. [ 1 ])       
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single test or battery of tests that consistently pre-
dicts a positive response for each patient. We use 
a combination of clinical and laboratory criteria, 
renal resistive indices based on ultrasound imag-
ing and changes in renal parenchymal thickness 
or size as gauges for intervention. A novel tech-
nique has been introduced by Textor and 
Glockner, called Blood Oxygen Level Dependent 
magnetic resonance imaging [ 5 ]. In concept, the 
magnetic properties of oxygenated and deoxy-
genated hemoglobin, and the response to a furo-
semide challenge, are used to assess oxygen 
tensions within various areas of the kidney. As 
renal blood fl ow volume and glomerular fi ltration 
rates begin to decrease, cortical and medullary 
oxygenation initially is preserved, although there 
is a reduction in the furosemide-suppressible 
oxygen consumption (FSOC) of the kidney. 
Progressive loss in the FSOC response suggests 
histologic injury. While preliminary data are 
being accrued with this technique, the authors 
hope the test may be a tool to differentiate normal 
or at-risk tissue from that which already is irre-
versibly damaged.  

    Treatment 

 Our last detailed outcome analysis of open 
surgical renal reconstructions at Mayo Clinic 
was from 1998 to 2002 [ 6 ]. Of the 311 patients 
operated, 198 (63.7 %) were for atherosclero-
sis, 81 (26 %) were performed as part of other 
reconstructions, 21 (6.8 %) were done for fi bro-
muscular disease, and the remaining 11 (3.5 %) 
were done because of renal artery trauma or 
pseudoaneurysm. 

    Surgical Approach and Technique 

 The renal artery can be surgically reconstructed 
by a bypass or endarterectomy. Endarterectomy 
works well for atherosclerotic lesions confi ned to 
the fi rst 2 cm of the artery, though it is techni-
cally more demanding than bypass for most 
patients. Aorto-renal bypass is used if the disease 

extends beyond the fi rst 2 cm of the renal artery. 
These reconstructions are done through a mid-
line incision if the aorta requires replacement for 
occlusive or aneurysmal disease. A transperito-
neal infracolic exposure works well. There are 
several key steps needed for a technically suc-
cessful outcome (Fig.  21.2a–d ). First, the inferior 
mesenteric vein is ligated and divided along with 
its adjacent lymphatics, which allows the sur-
geon to incise an avascular tissue plane at the 
base of the left transverse mesocolon. This opens 
up the space around the pararenal aorta with 
upward and lateral retraction of the viscera. Next, 
the left renal vein is mobilized by ligating and 
dividing the gonadal, adrenal, and lumbar vein 
branches. The latter branch should be carefully 
ligated because in some patients, the renal artery 
lies in close proximity. Renal vein mobilization 
allows the surgeon to retract the vein cephalad or 
caudad to isolate the pararenal aorta. For endar-
terectomy, the renal arteries are circumferentially 
mobilized for 3 or 4 cm beyond the origins, so 
that the artery can be everted into the aorta. On 
the right side, one or more lumbar veins may 
require ligation and division to provide adequate 
mobilization of the renal artery. Large lumbar 
veins should be suture ligated at their confl uence 
with the inferior vena cava to avoid troublesome 
bleeding. We fi nd it best to place the proximal 
aortic cross- clamp between the superior mesen-
teric (SMA) and celiac arteries for endarterec-
tomy. This allows ample room for the surgeon to 
see the origins of the renal arteries from within 
the aorta. Exposure of the supra-mesenteric aorta 
requires ligation and division of adrenal or 
phrenic artery branches; and division of the mus-
culotendinous fi bers of the crura of the dia-
phragm, which often are adherent to the lateral 
sides of the aorta. These maneuvers provide a 
secure place for the aortic cross clamp 
(Fig.  21.2d ). Sequence of clamping depends on 
whether concomitant aortic reconstruction is 
done. In general, clamps are placed on the distal 
aorta or iliac arteries fi rst, then the SMA and 
renal arteries, and fi nally the supramesenteric 
aorta. The aorta is opened vertically above the 
renal artery origins, which may require extension 
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of the aortotomy to the left side of the SMA. An 
endarterectomy plane is created between the 
plaque and the aortic side wall. A button is cut 

around the origin of the renal artery, so that the 
renal artery can everted to provide adequate 
removal of the plaque and control of the endpoint 

a
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  Fig. 21.2    ( a – d ) The left renal vein crosses anteriorly 
over the aorta and covers access to the renal arteries as 
shown in ( a ). The left renal vein branches are ligated and 
divided to afford access to the renal arteries. The crura of 

the diaphragm must be divided on either side of the aorta 
to provide a secure place for the aortic clamp, as shown in 
( b – d ) ( a ,  b : With permission of Mayo Foundation for 
Medical Education and Research. All rights reserved)       
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(Fig.  21.3 ). Once the endarterectomy is com-
pleted on both sides, the aortotomy is closed pri-
marily with running Prolene suture. 
Back- bleeding and fore-bleeding from the aorta, 
visceral and renal arteries is done prior to trans-
fer of the aortic clamp to an infrarenal position. 
Generally, renal ischemia time is well under 
30 min with this technique. Aortic reconstruction 
then proceeds as needed. Mobilization of the left 
renal vein and renal arteries is done in similar 
fashion if a bypass is done. However, the aorta 
does not have to be exposed proximal to the renal 
artery origins in most circumstances. The aortic 
reconstruction is done with a prosthetic graft, 
often with pre-sewn 6–7 mm graft limbs to serve 
as the renal bypasses. The distal renal artery is 
clamped, the proximal renal artery is ligated and 
divided, and the renal artery is spatulated. The 
artery may be infused with cold renal perfusion 
solution if the surgeon anticipates a long, warm 
ischemia time. The distal anastomosis is com-
pleted in an end-to-end fashion.  Back- bleeding 
and fore-bleeding is allowed prior to completion 
of the anastomosis and restoration of blood fl ow 

to the renal artery, so that no thrombus or debris 
is washed into the kidney. Some deep or obese 
patients, or those with fragile renal arteries, are 
best served by performing the distal renal artery 
anastomosis fi rst, so that no tension is placed on 
the artery. A heel and toe suture facilitates the 
anastomosis (Fig.  21.4a ,  b ). The bypass grafts 
originate from either the anterolateral or lateral 
wall of the native aorta or graft. Once renal 
reconstructions are completed by any technique, 
intraoperative duplex imaging is performed to 
assess technical outcome. We have found this 
adjunct to be critical in preventing early failure 
of the renal reconstruction.

     Patients who do not require aortic reconstruc-
tion can have renal artery bypass from the aorta, 
hepatic, or iliac arteries via a right or left medial 
visceral rotation with the kidney left in place. 
The exposure can be done through a midline or 
subcostal incision, depending on body size and 
the width of the costal margin. In most circum-
stances, the proximal anastomosis is done fi rst, 
followed by the distal one, except for patients who 
require an ex vivo reconstruction. This  technique 

  Fig. 21.3    Schematic 
drawing of a transaortic 
renal artery renal artery 
endarterectomy.  Arrow  
shows direction of 
movement of the plaque 
during the endarterectomy. 
(With permission of Mayo 
Foundation for Medical 
Education and Research. 
All rights reserved)       
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is  outlined later in the chapter. If the aorta or 
iliac arteries are calcifi ed or moderately stenotic, 
infl ow from the hepatic or splenic arteries works 
well provided the celiac artery is not stenotic. 
High risk patients for aortic clamping also benefi t 
from these alternative infl ow sources.  

    Atherosclerotic Disease 

 The number of cases performed, and the demo-
graphics of patients operated for atherosclerotic 
renal artery disease, has changed at our institu-
tion over the past several decades (Table  21.1 ). 

Between 1970 and 1980, approximately 65 renal 
revascularizations were done per year. This num-
ber increased to a maximum of 76 operations 

a

b

  Fig. 21.4    ( a ,  b ) Schematic    drawing showing the techni-
cal steps of an aortorenal bypass, including the heel and 
toe suture. The bypasses originate on the anterolateral or 

lateral sides of the aortic graft ( a ,  b : With permission of 
Mayo Foundation for Medical Education and Research. 
All rights reserved)       

   Table 21.1    Changes in demographics for patients under-
going open renal artery reconstruction   

 Time period 

 1970–1980  1980–1993  1998–2002 

 Operations (N)  652  991  198 
 Age (years)  63.5  68.0  67 
 Gender (M:F)  3:1  3:1  1.4:1 
 CR <2 mg/dL (%)  85  69  81 
 CR >2 mg/dL (%)  15  31  19 
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per year in the 13 year period between 1980 and 
1993, but decreased in the last analysis to approx-
imately 40 cases per year. While men needed 
operation more often than women through the 
1990s, there was little gender difference in the 
period from 1998 to 2002. In the 1990s, individu-
als with stage 4 chronic kidney disease accounted 
for almost one-third of the group [ 7 ]. Thirty-day 
mortality was 3 %, even with advanced kidney 
disease, and nearly 75 % of patients needed aor-
tic reconstruction. Freedom from dialysis was 
approximately 75 % at 5 years. Age over 75 
years, congestive heart failure, and a preoperative 
serum creatinine greater than 2 mg/dL predicted 
a signifi cantly higher risk of perioperative mor-
tality. Even for patients with a preoperative serum 
creatinine more than 3 mg/dL, only 9 % needed 
early postoperative dialysis, and two thirds 
remained dialysis free at 5 years. By 2002, the 
number of men and women were nearly equal, 
most were operated when the serum creatinine 
was less than 2 mg/dL, and only one-fi fth had 
stages 2, 3 or 4 chronic kidney disease.

   Of the 198 patients surgically treated between 
1998 and 2002, 67 % of the patients had bilateral 
reconstructions and concomitant aortic recon-
struction. Thirty-day mortality was 2.5 %, and 
the risk of renal failure or early renal artery occlu-
sion was ≤1.5 %, which we believe is related to 
our routine use of intraoperative completion 
duplex ultrasound imaging. Importantly, dialysis 
free survival was 76 % at 5 years [ 6 ]. 

 A summary of selected series of surgical renal 
artery revascularization between 2000 and 2005 
is shown in Table  21.2  [ 6 ,  8 – 11 ]. Operative mor-

tality ranged from 2.5 to 7.5 %, and morbidity 
of any type occurred in 11–30 % of patients. 
Advanced age and congestive heart failure con-
tributed to the 4.6 % overall mortality rate in the 
series by Cherr et al. [ 8 ]. All but one of the 23 
patients who died within 30 days of operation 
in this report had bilateral renal reconstruction, 
or renal reconstruction combined with aortic or 
mesenteric artery revascularization. Specifi cally, 
the mortality rate for unilateral or isolated renal 
artery repair was 0.8 %, whereas that which 
followed combined aortic and bilateral renal 
artery reconstruction was 6.9 %, a signifi cant 
difference.

   Only a small percentage of patients had hyper-
tension cured among the series reported [ 6 – 11 ], 
but the majority had improvement in blood pres-
sure and renal function, the latter determined by 
estimated glomerular fi ltration rates in recent 
reports The Wake Forest group documented cure 
of hypertension in only 12 % of patients, improve-
ment in 73 %, and no change in 15 % [ 8 ]. The 
mean GFR increased signifi cantly after operation, 
with 43 % of patients showing improvement in 
renal function based on a 20 % or greater change 
in glomerular fi ltration rate. Preoperative chronic 
kidney disease, diabetes mellitus, and severe aortic 
occlusive disease were independently associated 
with death or dialysis during follow-up. Blood 
pressure cure and improvement in renal func-
tion signifi cantly improved dialysis- free survival. 
Interestingly, only patients with improvement 
in renal function had an increase in survival free 
from dialysis. Those with unchanged or worsened 
renal function had lower dialysis- free survival. 

   Table 21.2    Selected series of surgical renal artery revascularization 2000–2005   

 #  %  Renal function response, % 
 Hypertension 
response, % 

 Perioperative 
outcome, % 

 Author  Pts.  Bil. repair  Preop RI  Improved  Unchanged  Cured 
 Improved 
or stable  Death  Morbidity 

 Hansen  232  64  100  58  35  11  76  7.3  30 
 Paty a   414  NR  4  26  68  NR  5.5  11.4 
 Cherr  500  59  49  43  47  73  12  4.6  16 
 Marone  96  27  100  42  41  NR  4.1  NR 
 Mozes  198  65  57  28  67  2  59  2.5  19 

   a Pts. operated for either hypertension or renal salvage. Improvement was noted in 26, 68 % remained stable, and 6 % 
worsened. Specifi c renal function decline occurred in 3 %  
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The authors suggest that severe hypertension is 
the key preoperative characteristic associated with 
clinical benefi t, and improvement in renal func-
tion after operation stands as the most important 
response to predict dialysis- free survival. Factors 
that favored recovery of renal function include 
severe preoperative hypertension, bilateral or 
global atherosclerotic renovascular disease from 
renal artery stenoses exceeding 95 %, or patients 
with renal artery occlusion and acute, rapidly dete-
riorating renal function. 

 There are few randomized trials comparing 
surgical treatment to either best medical therapy 
or angioplasty. A study by Uzzo et al. [ 12 ] in 
2002, randomized 52 patients either with bilat-
eral renal artery stenoses, or stenosis involving a 
solitary kidney, to medical or surgical treatment. 
The primary outcome measure was event free 
survival, which was shown to be similar at 74 
months by statistical analysis. Importantly, 
patients with chronic kidney disease did better 
with operation than with medical treatment, but 
the specifi cs of medical treatment were unde-
fi ned. In 2009, Balzer compared operation to 
renal artery angioplasty in 49 patients with at 
least 70 % renal artery stenosis [ 13 ]. There was 
no signifi cant difference in primary patency, 
hypertension, or renal function response between 
the two groups, though both groups demon-
strated some improvement in blood pressure and 
renal function.  

    Failed Endovascular 
Revascularization 

 In our current practice, the primary indication 
for open surgical renal artery reconstruction for 
atherosclerosis, in the absence of aortic disease, 
is a patient who fails renal artery stenting. These 
patients often have multiple prior endovascu-
lar interventions, with stents that encroach into 
the bifurcation of the renal artery. Open repair 
is more challenging because of infl ammation 
and the need for more distal reconstruction. 
Although analysis is ongoing, these patients 
seem to be older and have more comorbidities 
than the aforementioned surgical groups [ 1 ]. 

Operations are more common in women, who 
have smaller arteries than men; and reconstruc-
tions are often to the primary branches or the 
distal main renal artery which makes operations 
more complex (Fig.  21.5 ). Concomitant aortic 
reconstruction is avoided and infl ow is chosen 
from the hepatic, splenic or iliac arteries. Renal 
protection is paramount for patients who require 
complex renal reconstruction and have either 
chronic kidney disease or a solitary kidney. In 
these circumstances, we more aggressively use 
cold renal perfusion solutions and topical cool-
ing than what was required in the past. For some 
patients, a modifi ed ex vivo technique, used by 
the Wake Forest group is helpful [ 14 ]. This tech-
nique leaves the kidney in situ and avoids renal 
vein division, as used in ex vivo reconstructions. 
Modifi ed ex vivo repair can be done when the 
reconstruction is taken to the distal main renal 
artery or the primary branches, especially in 
asthenic patients. The periureteral collaterals are 
occluded with a large vessel loop. A clamp is 
placed across the renal vein, and the renal artery 
is ligated and divided. Only a small venotomy 
is made in the renal vein, and the kidney is per-
fused with at least 300 mL of a cold renal perfu-
sion solution until the effl uent is clear. Topical 
slush is applied. At times, unique techniques 
are needed for revascularization as shown in 
Fig.  21.6a, b .

  Fig. 21.5    Patient with recurrent instent restenosis extend-
ing to the renal artery bifurcation. The reconstruction was 
done using a bifurcated saphenous vein bypass graft taken 
from the common iliac artery to each of the two primary 
renal artery branches (With permission of Mayo 
Foundation for Medical Education and Research. All 
rights reserved. From Bower et al. [ 1 ])       
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        Fibromuscular Dysplasia 

 Patients with complex fi bromuscular disease 
pose similar challenges. In analysis of patients 
treated for FMD between 1998 and 2004 at Mayo 
Clinic, 25 of the 26 patients had hypertension, 8 
had aneurysm, 6 had failed prior angioplasty, and 
1 had renal artery stenosis secondary to chronic 
dissection [ 15 ]. Patient age averaged 47 ± 14 

years. The most common arterial reconstruction 
was aortorenal bypass, used for 28 of the 32 
affected arteries. The other reconstructions 
included hepatorenal bypass or aneurysmorrha-
phy, with or without patch angioplasty, in 2 each. 
Seventeen needed reconstruction to the primary 
branches. Saphenous vein was the most common 
conduit. Two grafts failed and another graft 
became stenotic over time, all in men who had 

a

b

  Fig. 21.6    ( a ,  b ) Patient 
with bilateral, recurrent 
instent restenosis involving 
both right and a single left 
renal artery. Her aorta was 
calcifi ed from the origin of 
the superior mesenteric 
artery through the iliac 
arteries, the latter having 
moderate instent stenoses. 
The challenge was to obtain 
adequate infl ow, but 
minimize warm renal 
ischemia. The reconstruc-
tion was done using a 
modifi ed ex vivo technique 
A pantaloons graft was 
fashioned from the 
supraceliac aorta using an 
8 mm Hemashield graft and 
a bifurcated saphenous vein 
graft ( b ). The renal artery 
branches were sewn together 
fi rst using a modifi ed ex 
vivo technique to minimize 
warm renal ischemia time 
( a ,  b : With permission of 
Mayo Foundation for 
Medical Education and 
Research. All rights 
reserved)       
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prosthetic conduits. Response to hypertension is 
more predictable in this patient group compared 
to those with atherosclerotic disease, with nearly 
90 % of the patients having cured or improved 
hypertension 

 In 2007, the Wake Forest Group reported the 
outcomes of branched renal artery reconstruc-
tions with cold perfusion protection [ 14 ]. 
Seventy-eight renal arteries were repaired using 
ex vivo techniques for 49 kidneys, and in situ 
techniques in the remaining 29. The most com-
mon pathology was renal artery aneurysm in 50, 
followed by fi bromuscular disease in 37, athero-
sclerosis in 5 and arteritis in 2. Reconstructions 
were done primarily with saphenous vein in 69, 
with the remainder comprised of hypogastric 
artery, polytetrafl uroethylene grafts, composite 
grafts or aneurysmorrhaphy. A mean of 2.8 ± 1.6 
branches were repaired with a mean cold isch-
emia time of 125 min. There were fi ve early fail-
ures which resulted in nephrectomy in three and 
successful operative revision in one. Primary 
patency was 85 % at 12 months. There was 1 in-
hospital death (mortality rate of 1.3 %) in a 
patient with advanced cirrhosis who had a large 
symptomatic renal artery aneurysm but devel-
oped postoperative hemorrhage which led to mul-
tisystem organ failure. Two late deaths occurred, 
one at 8.4 years and the other at 14.2 years after 
operation, yielding a 10-year product-estimate 
survival of 90 %. Hypertension was present in 
over 93 % of patients prior to operation, and was 
cured in 15 % and improved in 65 %. 

 While endovascular techniques have been 
applied to select patients with renal artery aneu-
rysms, individuals with complex fusiform aneu-
rysms involving the primary or secondary 
branches still require open reconstruction. Ex 
vivo or modifi ed ex vivo surgical techniques are 
often needed (Fig.  21.7a–c ). With ex vivo repair, 
a T-incision is made in Gerota’s fascia, and the 
kidney is circumferentially mobilized. The ure-
ter and adjacent soft tissues are isolated with a 
large vessel loop as described for the modifi ed 
ex vivo technique. The renal artery and vein are 
divided, and the kidney is elevated to the abdom-
inal wall. The renal vein stump includes a small 
cuff of vena cava on the right side, whereas an 
oblique venotomy is made for the left renal vein. 

In some cases, the main renal artery and primary 
branches can be dissected free prior to division 
of the artery. If the aneurysm is hilar in location 
or intimately adherent to the adjacent vein 
branches, it is safer to divide the main renal 
artery and vein, cold perfuse the kidney, and 
then complete the dissection (Fig.  21.8a, b ). The 
kidney is infused with a cold hypertonic solution 
comprised of saline, albumin and heparin. 
Intravenous mannitol is given before and after 
the cross-clamp. The kidney is fl ushed until the 
effl uent from the renal vein is clear, and the kid-
ney is placed in an ice slush bath which allows 
ample time for meticulous reconstruction of the 
branches. Autogenous saphenous vein or hypo-
gastric artery is used for the reconstruction. The 
distal anastomoses are done with either running 
or interrupted suture depending on the size of the 
artery. The kidney is placed back in its bed, the 
renal vein anastomosis is performed fi rst, and 
the suture is tied approximately 2 mm away 
from the vein to allow for expansion of it with 
restoration of blood fl ow (growth factor). The 
graft is passed anterior to the vena cava and sewn 
to the aorta.

        Children and Adolescents 

 Children and adolescents with renovascular 
hypertension either have intimal fi bromuscular 
disease; developmental or congenital disorders 
such as neurofi bromatosis, mid-aortic coarcta-
tion, or diffuse aortic hypoplasia (Fig.  21.9a–c ) 
[ 16 ]. Included in this group are patients with 
Takayasu’s arteritis. The University of Michigan 
group has one of the largest experiences in treat-
ment of pediatric patients with abdominal aortic 
coarctation [ 16 – 19 ]. Their most recent report dis-
cusses treatment of 53 patients with abdominal 
aortic coarctation, treated either by thoracoab-
dominal bypass, patch aortoplasty, or interposition 
aortic grafting [ 17 ]. Dr. Stanley and colleagues 
found developmental disease as the etiology of 
the coarctation in 48, infl ammatory aortitis in 
only 4, and iatrogenic trauma in one. In contrast 
to other reports, 37 of the 53 patients had supra-
renal coarctation, 12 had intra-renal stenosis, and 
the remaining 4 had an infrarenal  coarctation. 
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Co-existing  occlusive disease was found in the 
visceral arteries in 33 patients and in the renal 
arteries in 46. Aortic and renal-related hyperten-
sion occurred in all but three patients, and only 
a small number had lower extremity ischemia 
or intestinal angina. Their preferred reconstruc-
tion was an aortoplasty unless the  aortic segment 

was too long, fi brotic, or small. Renal artery ste-
noses were corrected concomitantly as clinically 
needed, but few underwent reconstruction of the 
superior mesenteric or celiac arteries. In general, 
renal artery reimplantation is preferred to bypass, 
and hypogastric artery is preferred over saphenous 
vein because of late aneurysmal  degeneration of 

a

b c

  Fig. 21.7    ( a – c ) Patient with hypertensive spells, renal 
artery stenoses ( arrow ) and an aneurysm. The main renal 
artery had a high grade stenosis with a 2.5 cm aneurysm 
beyond    it ( a ). There was collateral refi lling of the main 
renal artery from an upper pole branch ( arrow ) and the 
gonadal artery ( arrow ). An ex vivo reconstruction was 

performed using saphenous vein as the arterial conduit 
( b ). Postoperative arteriogram showing a widely patent 
reconstruction ( c ). (All: With permission of Mayo 
Foundation for Medical Education and Research. All 
rights reserved. From Bower et al. [ 1 ])       
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vein grafts. The  reconstructions for aortic coarc-
tation were exceedingly durable, and only eight 
secondary renal or visceral reoperations and 
three aortic procedures were required during late 
follow-up. There was no perioperative mortality 

associated either with primary or secondary pro-
cedures, a refl ection of the technical excellence 
of the surgeons in this group. Angioplasty and 
stenting has been used to treat aortic coarcta-
tion causing secondary renovascular hyperten-
sion, but recurrent stenosis rates are higher than 
with open  reconstructions [ 20 ]. Intuitively, this 
technology may be applicable to short segment 
coarctations which do not involve the renal or 
visceral artery origins. Management of patients 
with aortic coarctation and renal artery disease 
secondary to Takayasu’s disease warrant com-
ment. The key to ensure long-term durability in 
these patients is to perform the aortic or branch 
vessel reconstructions to healthy, non-infl amed 
arteries (Fig.  21.10a, b ). Sometimes, a small 
piece of the artery can be sent to pathology to 
exclude the presence of infl ammatory or giant 
cells in the wall before the arterial anastomo-
sis is performed. In a study by Fields et al. [ 21 ] 
for whom 97 % of arterial reconstructions were 
done for occlusive lesions, the best outcomes 
were seen in patients with chronic disease no 
longer requiring steroids, whereas the worst 
outcomes occurred in those with acute presenta-
tions unresponsive to steroids. As a general prin-
ciple, patients with active disease should fi rst 
be medically managed whenever possible, with 
high dose steroids and other immunosuppressant 
agents as necessary to control the acute infl am-
matory phase.

        Complex Aortic Repair 

 Renal revascularization is necessary for patients 
with complex aortic aneurysms or dissections. 
In years past, patients with thoracoabdominal 
aortic aneurysms had the renal arteries reim-
planted onto the aortic graft as a patch, often 
reimplanting the right renal, superior mesenteric 
and celiac arteries together, with a separate 
bypass to the left renal. Current techniques avoid 
patches because of the risk of late patch graft 
aneurysms. 

 Debranching of the visceral and renal arteries, 
with separate graft limbs originating from the 

a

b

  Fig. 21.8    ( a ,  b ) Schematic drawing of an ex vivo recon-
struction in a patient whose hilar aneurysm was intimately 
adherent to the adjacent renal veins. A complex ex vivo 
reconstruction was done using saphenous vein as the con-
duit. Note the cuff of vena cava taken with the right renal 
vein, so that the venous anastomosis does not become ste-
notic ( a ). The primary and secondary renal artery branches 
were individually attached to the vein graft ( b ) (Both: 
With permission of Mayo Foundation for Medical 
Education and Research. All rights reserved)       
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aortic graft, now is preferred in our practice for 
thoracoabdominal and complex abdominal aortic 
aneurysms (Figs.  21.11a, b  and  21.12a–d ). While 
this technique adds more time to the operation, 
it is our belief that patients have less physi-
ologic stress, shorter visceral and renal ischemia 
times, and a lower risk of late aneurysms, fac-
tors which affect early and late outcomes. The 
most diffi cult artery to reconstruct during open 
thoracoabdominal aneurysm repair, especially if 
it is diseased, is the right renal because it is the 
furthest away from the surgeon in the operative 
fi eld. If atherosclerotic disease causes moderate 
to high grade stenosis and is isolated to the ori-
gin of the artery, an endarterectomy is done and 
the artery reimplanted onto the aortic graft, or 
bypassed. Some groups advocate placement of 
covered or bare metal stents into the right renal 
artery to correct a stenosis, which obviates the 

need for  endarterectomy [ 22 ]. The stent is placed 
into the artery under direct vision. This technique 
is useful when the surgeon is concerned that end-
arterectomy will not achieve an adequate distal 
endpoint.

    Several adjuncts are utilized to reduce warm 
ischemia time to the viscera, kidneys, spinal cord, 
and extremities during thoracoabdominal aortic 
aneurysm repair. The choice of technique 
depends on whether there is dissection, 
 atheromatous disease or dilatation of the distal 
aortic arch; the extent of the thoracoabdominal or 
abdominal aneurysm; and whether patient anat-
omy will allow for a sequential clamping of the 
aortic aneurysm as the reconstruction proceeds 
from proximal to distal. Left atriofemoral bypass 
with mild systemic cooling is a popular tech-
nique, and achieves these perfusion goals if the 
aorta can be sequentially clamped. If the aorta is 

a b c

  Fig. 21.9    ( a – c ) Young man with diffuse thoracic and 
upper abdominal coarctation ( a ). Portions of the thoracic 
aorta measured no more than 3 mm in diameter. He had 
poorly controlled hypertension, left ventricular hypertro-
phy, and short distance exertional dyspnea. An ascending 
aorta to infrarenal aortic bypass was done after a patch 
was placed on the aorta, extending from above the renal 

arteries onto the right common iliac. A postoperative CTA 
is shown in ( b ), schematically represented in ( c ). The ( top 
arrow ) shows the hypoplastic thoracic aorta (diffuse 
coarctation), ( Bottom arrows ) show renal arteries ( c : With 
permission of Mayo Foundation for Medical Education 
and Research. All rights reserved)       
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too diseased for distal clamping, then separate 
perfusion cannulas are brought from the bypass 
circuitry and placed into the visceral and renal 
arteries. Cerebrospinal fl uid drainage is an 
adjunct used with this technique to improve spi-
nal cord perfusion pressure. Cardiopulmonary 
bypass and hypothermia, with a brief period of 
circulatory arrest to perform the proximal aortic 
anastomosis, provides excellent organ protection 
without the need for a CSF drain. We prefer this 
technique for patients in whom the distal aortic 
arch is dilated or diseased, and for thoracoab-
dominal aneurysms that involve most of the tho-
racic and abdominal aorta, whether or not there is 
associated chronic aortic dissection. The down-

side of this technique is coagulopathy that occurs 
after the patient is rewarmed following the 
bypass run. 

 Complex abdominal aortic aneurysms that 
involve the renal artery origins can safely be 
reconstructed with a variety of techniques, 
depending on the quality of the aortic wall around 
the renal and visceral artery origins [ 23 ,  24 ]. One 
option is to bypass the visceral and left renal arter-
ies with branched grafts from the lower thoracic 
aorta before aortic clamping. In other cases, one 
renal artery (usually the right one) and the visceral 
arteries are included in a beveled proximal aortic 
graft anastomosis, with the remaining renal artery 
reimplanted as a button, or reconstructed with a 

a b

  Fig. 21.10    ( a ,  b ) Teenager with 5 drug hyperten-
sion, Takayasu’s arteritis, abdominal aortic coarctation 
with thickening of the lower descending thoracic aorta 
( middle pannel ). She had bilateral renal artery stenoses 
( left  pannel ) ( a ). Reconstruction was performed with a 

descending thoracic to  aortic  bifurcation bypass, a right 
iliorenal ( arrow ) saphenous vein bypass, and reimplanta-
tion of the left renal artery ( b ) (Both: With permission of 
Mayo Foundation for Medical Education and Research. 
All rights reserved. From Bower et al. [ 1 ])       
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bypass. Rarely, a patient with a pararenal aortic 
aneurysm, who has normal quality aorta at the 
SMA origin, can be reconstructed with a fi sh 

mouth technique, which avoids reimplantation or 
bypass of the renals. This anastomosis requires 
the suture line be sewn close to the renal artery 
origins, and is facilitated by starting the anasto-
mosis from the base of the SMA, and utilizing a 
parachute suture technique. Infusion of cold renal 
perfusion solutions to protect the kidney is used 
when the aortic repair is confi ned to the abdomen, 
and when warm renal ischemia time is expected to 
exceed 30 min. The cold perfusate is placed into 
the renal artery at 15 min intervals. 

 Hybrid aortic repair involves both open surgi-
cal reconstruction of the renal and/or visceral 
arteries, and placement of a stent graft in the 
aorta to repair an aneurysm (Fig.  21.13 ). This 
technique was developed by Dr. William 
Quinones-Baldrich at UCLA to reduce morbidity 
and mortality for patients with complex aortic 
aneurysms who cannot tolerate a large thora-
coabdominal incision because of cardiopulmo-
nary dysfunction [ 25 ]. The operations can be 
done at one operation; or staged, in which trans-
abdominal visceral and renal reconstructions are 
done at one procedure, and the stent graft is 
placed at a second operation. Staged reconstruc-
tions have the advantage of decreasing the total 
time for the repair, though it requires two anes-
thetics. Moreover, a staged reconstruction for a 
thoracoabdominal aneurysm may allow develop-
ment of a spinal cord collateral artery network, 
which could lower the risk of ischemic spinal 
cord injury when placement of the aortic stent 
graft will cover “critical” spinal arteries [ 26 ]. A 
disadvantage of a staged procedure is potential 
rupture of the aneurysm between the two opera-
tions. Success of this operation, in our opinion, is 
based on patient selection. Clearly, operations to 
separately reconstruct the visceral and renal 
arteries in deep or obese patients are technically 
demanding, which adds to the length and stress 
of the operation.

   In summary, renal artery reconstructions are 
done utilizing a variety of techniques for a wide 
range of pathologies. Intervention for occlusive 
lesions is best done before a patient sustains irre-
versible renal parenchymal damage, though the 
optimal timing of renal revascularization remains 
a challenge. Open surgical renal reconstructions 

a

b

  Fig. 21.11    ( a ,  b ) Patient with an extent III thoracoab-
dominal aortic aneurysm, which involved the lower 
descending thoracic and the entire abdominal aorta. The 
celiac, superior mesenteric and left renal arteries were 
reconstructed with a trifurcated graft originating from 
normal aorta above the aneurysm ( a ,  b ). The right renal 
artery was reimplanted onto the graft as shown in ( b ) ( b : 
With permission of Mayo Foundation for Medical 
Education and Research. All rights reserved)       
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Lung

Aortic Arch

a

c

b

d

  Fig. 21.12    ( a – d ) Young man with a progressive symp-
tomatic Stanford type B aortic dissection and aneurysmal 
degeneration of the thoracic and abdominal aorta. The true 
lumen was so compressed that it resulted in signifi cant 
renovascular hypertension ( a ,  b ). The patient was recon-
structed using cardiopulmonary bypass,  hypothermia, and 

a brief period of circulatory arrest to perform the upper 
aortic anastomosis. The visceral and renal arteries all 
were reconstructed with separate grafts, as shown in ( c ). 
Postoperative CT angiogram showing widely patent aortic 
and branch vessel reconstructions ( d )       
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have become more complex since the advent of 
stenting. Careful surgical planning and technical 
execution of the operation are keys to success for 
patients with recurrent in-stent renal artery steno-
sis, complex fi bromuscular disease or renal aneu-
rysm, long segment thoracic or abdominal aortic 
coarctation, or complex thoracoabdominal and 
abdominal aortic aneurysm or dissection.      
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        Endogenous Mechanisms for 
Restoration of Blood Delivery 
to the Stenotic Kidney 

 The irrefutable link between obstruction in the 
renal artery and a reduction in renal blood fl ow to 
generation of renovascular hypertension has been 

shown for the fi rst time in 1934 by Goldblatt and 
colleagues in a dog model [ 1 ]. Since then, 
obstruction of the renal artery has been shown to 
induce reproducible increases in blood pressure 
in many experimental models. A decrease renal 
arterial luminal diameter has been subsequently 
shown in humans to account to between 5 and 
10 % of cases of hypertension, which has been 
designated “renovascular hypertension.” 

 Given this causal relationship, the observation 
that restoration of renal arterial luminal patency 
does not consistently lead to a decrease in blood 
pressure or improvement in renal function has 
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    Abstract  

  The search for effective strategies to protect the stenotic kidney or to facili-
tate recovery of kidney function has been the holy grail of the fi eld of renal 
vascular disease and renovascular hypertension. Over the past few years, a 
number of novel interventions have been applied in an attempt to blunt and 
reverse functional and structural kidney remodeling distal to renal artery 
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been baffl ing. As described in other chapters in 
this book, a large number of clinical trials has 
shown that revascularization of a stenotic renal 
artery does not consistently lead to improved con-
trol of blood pressure or an increase in glomerular 
fi ltration rate. A number of factors may account 
for this inability of revascularization to preserve 
renal function, as outlined in other sections of this 
book. The search for alternative strategies to pro-
tect the stenotic kidney or to facilitate recovery of 
kidney function by revascularization has been the 
holy grail of the fi eld of renal vascular disease and 
renovascular hypertension. 

 It is important to remember that the kidney 
has potent endogenous mechanisms to facilitate 
and instigate its repair. One of the mechanisms 
activated during chronic and gradual obstruction 
of the renal artery is development of collateral 
circulation. The mechanisms and protective 
effects conferred by collateral vessels have been 
profoundly investigated in the coronary circula-
tion, in which development of collateral vessels 
bypassing an obstructed coronary artery is linked 
to lower morbidity and mortality secondary to 
obstructive coronary artery disease. In the car-
diac circulation, collateral vessels may emerge 
by recruitment of existing native collaterals or by 
 de novo  formation of new vessels [ 2 ]. The mech-
anisms involving recruitment of native collater-
als in the ischemic territory seem to include 
dilatation of existing vessels during a decrease in 
renal perfusion pressure, a decrease in shear 
stress, and an increase availability of vasodila-
tors. The angiogenic mechanisms that lead to for-
mation of new vessels involve upregulation of 
pro-angiogenic growth factors in the ischemic 
territory, possibly mediated by increased infl ux 
of infl ammatory cells, such as macrophages, that 
drill pathways for budding vessels. 

 Changes in shear stress are likely dominant 
mechanisms that underlie development of collat-
eral vessels in the renal circulation. The collateral 
vessels in the kidney develop in three phases that 
again include the recruitment of native vessels 
that perfuse the kidney, which subsequently 
mature within about 1 day. This process is fol-
lowed by new vessel formation, which instigates 
within a few days to form a network of collaterals 

around the obstructed segment. In addition to 
direct peri-stenotic collaterals, new vessels also 
seem to emerge from other vascular sources, 
including the aorta and other major arteries in the 
vicinity of the kidney, which enter either the renal 
hilum or penetrate the renal capsule [ 3 ]. 

 Of course, elevation of blood pressure is 
a major mechanism by which the kidney can 
immediately respond to a decrease in renal per-
fusion pressure, and increase its perfusion pres-
sure and blood supply. In response to injury to 
the renal parenchyma, the kidney decreases 
its fi ltration and metabolic function in order 
to decrease workload and minimize hypoxia. 
Several renal structures can enter a form of hiber-
nation, which decreases tubular cell death and 
increases the regenerative capacity of the tubules 
[ 4 ]. The kidney also recruits resident stem cells 
that exist in several niches in the kidney, includ-
ing the Bowman Capsule and the renal medulla. 
Circulating bone-marrow derived progenitor 
cells are mobilized in response to kidney isch-
emia and home to the stenotic kidney, stimu-
lated by homing and injury signals such as stem 
cell derived factor-1, stem cell factor, as well as 
infl ammatory mediators [ 5 ,  6 ]. These cells are 
retained in the kidney and seem to participate in 
its repair process [ 6 ]. Nevertheless, the majority 
of renal reparative cells is derived from resident 
stem cells rather than from circulating bone mar-
row derived stem cells.  

    Maneuvers to Decrease 
Revascularization Injury 

    Ischemic/Reperfusion 
and Mitochondrial Injury 

 Ischemia/reperfusion injury (IRI) has been stud-
ied predominantly in the context of acute kidney 
injury or kidney transplantation, and is suggested 
to involve an increase in oxidative stress due to the 
infl ux of oxygen and generation of reactive oxy-
gen species at the reperfusion stage. Generation 
of reactive oxygen species under these circum-
stances appears to be mediated by mitochon-
drial injury and opening of the  mitochondrial 

L.O. Lerman



347

 permeability transition pore (mPTP). Depletion 
of adenine nucleotide levels also leads to open-
ing of the renal mPTP, a high conduction channel 
that forms in the inner mitochondrial membrane 
during insults and may lead to apoptosis, infl am-
mation, and fi brosis. Excessive reactive oxygen 
species production in turn exacerbates mPTP 
opening, leading to mitochondrial depolarization 
and release of cytochrome C from the inner mito-
chondrial membrane into the cytosol, one of the 
earliest stages in the cascade of apoptosis. 

 A recent study has shown in a rat model of IRI 
that administration of a drug that prevents mPTP 
opening protected mitochondrial structure and 
respiration during early reperfusion, accelerated 
recovery of ATP, reduced apoptosis and necrosis 
of tubular cells, and abrogated tubular dysfunc-
tion [ 7 ]. Furthermore, infusion of this drug dur-
ing endovascular revascularization of the stenotic 
renal artery in pigs confers renal protection and 
results in improved renal function and structure 4 
weeks later, compared to a group that was treated 
with saline vehicle [ 8 ]. These results implicate 
mPTP formation in the mechanism of injury dur-
ing PTRA. This may also have an infl ammatory 
component, because several studies have shown 
release of infl ammatory mediators such as inter-
leukin- 6 or monocyte chemo attractant protein-1 
during or shortly after revascularization of an 
occluded renal artery. Clearly, this area warrants 
additional research.  

    Pharmacological Approaches 

 Numerous studies have shown the substan-
tial effi cacy of HMG-CoA reductase inhibitors 
(“statins”) for lowering plasma cholesterol levels. 
Furthermore, a considerable body of evidence has 
also established the pleotropic effects of statins, 
which involve improvement in vascular structure 
and function independent of their lipid lowering 
properties. In patients with renovascular disease, 
a recent population-based cohort study in over 
4,000 patients older than 65 years of age has 
demonstrated that statin treatment is associated 
with improved prognosis in elderly patients with 
renovascular disease (adjusted hazard ratio of 

0.51, 95 % confi dence intervals 0.46–0.57) [ 9 ]. 
Furthermore, statins decrease the rate of progres-
sion of renal insuffi ciency and overall mortality, 
irrespective of the progression of the severity of 
the obstructive lesion in the renal artery [ 10 ], sug-
gesting that statins exert their benefi cial effects 
by targeting intrarenal injury. 

 Interestingly, statins have also shown impres-
sive potency for treatment of acute conditions in 
cardiovascular medicine. In patients with acute 
coronary syndrome, statins appear to reduce 
 hospital mortality when treatment is initiated of 
the fi rst day of hospitalization [ 11 ]. Statin treat-
ment also reduces cardiovascular events in 
patients with chronic kidney disease, who also 
have either stable coronary artery disease or acute 
coronary syndrome [ 12 ]. It is important to note 
that studies have shown that pre-treatment with 
high doses of statins in patients undergoing percu-
taneous coronary intervention led to a 44 % reduc-
tion in periprocedural myocardial infarction (odds 
ratio 0.56, 95 % confi dence interval 0.44–0.71), 
as well as major adverse cardiac events within 30 
days after the procedure [ 13 ]. These observations 
warrant similar studies to be performed in patients 
with renovascular disease undergoing percutane-
ous revascularization of the stenotic renal artery. 

 Additional intriguing possibilities to improve 
kidney function or the success of revasculariza-
tion include the use of acetylcysteine, which has 
been proposed to offer some protection in con-
trast nephropathy. However, such studies remain 
to be performed.  

    Pre-conditioning 

 A recent study assessed the potential applica-
tion of remote ischemic pre-conditioning to 
attenuate contrast medium induced acute kidney 
injury in patients with impaired renal function 
undergoing elective coronary angiography [ 14 ]. 
Pre- conditioning was applied by intermittent 
arm ischemia achieved by infl ation and defl a-
tion of a blood pressure cuff. This study showed 
a substantial decrease in acute kidney injury in 
the patients undergoing remote ischemic pre- 
conditioning (odds ratio 0.21, 95 % confi dence 
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interval 0.07–0.57). It would be interesting to 
apply a similar maneuver before revasculariza-
tion to explore whether it could offer benefi t to 
patients with renovascular disease   

    Enhancement of Intra-renal 
Microcirculation 

    Cell-Based Repair 

 Studies over the past decade have established the 
contribution of renal vascular disease to kidney 
damage in patients with an obstructive lesion in 
the main renal artery. However, microvascular 
disease, the hallmark of atherosclerotic disease, 
does not spare the kidney. In patients and animal 
models of renovascular disease, both obliteration 
and remodeling of intrarenal microvessels have 
been consistently observed in the post-stenotic 
kidney. This microvascular loss appears to cor-
relate with poor recovery of the kidney following 
revascularization of the stenotic renal artery, con-
fi rming the contribution of the microcirculation 
to kidney injury. Loss of renal function and 
inability to recover it after revascularization 
seems to particularly correlate with the density of 
microvessels in the outer cortex [ 15 ], but the 
mechanistic underpinning of the specifi c signifi -
cance of these microvessels remains to be shown. 
Yet, a corollary of these observations is that res-
toration of the renal microcirculation may poten-
tially contribute to increase viability of the kidney 
and at least partial restoration of its function. 

 An important approach developed over the 
past few years involves cell-based therapy. 
Administration of endothelial progenitor cells, 
isolated and expanded from peripheral blood, 
into the stenotic kidney, improved renal function 
as well as the success of revascularization in a 
pig model of renal artery stenosis [ 16 – 18 ]. Such 
cells seem to be responding to specifi c injury and 
homing signals that are released from the ste-
notic kidney and facilitate homing, adherence, 
engraftment, and retention of circulating cells 
in injured organs [ 5 ]. Subsequently, mesenchy-
mal stem cells isolated from adipose tissue, have 
also shown marked potency in improving kidney 

recovery after revascularization [ 19 ]. Endothelial 
progenitor cells appear to have more potent pro-
angiogenic properties, which facilitate directly 
development of capillaries and small blood ves-
sels, although they seem to confer greater salu-
tary effects in the cortex than in the medulla [ 18 ]. 
Mesenchymal stem cells, on the other hand, are 
immunomodulatory and immune- privileged and 
have better effi cacy in attenuating infl ammation, 
an important component of the cascade leading to 
deterioration of kidney function and structure in 
renovascular disease [ 20 ]. In addition, they con-
tribute to generation of blood vessels, although 
this might be achieved indirectly by blunting 
infl ammation and fi brosis. These techniques lend 
themselves to potential use in humans. Several 
questions remain to be resolved, such as the feasi-
bility of using allogeneic versus autologous cells, 
the optimal dose, route, and timing of cell deliv-
ery, etc. Clinical trials are needed to determine 
the feasibility of implementing this technique in 
human renovascular disease.  

    Angiogenic Growth Factors 

 The integrity, function, and density of renal 
microvessels can be enhanced by direct delivery 
of angiogenic growth factors. A recent study has 
shown that intrarenal delivery of vascular endo-
thelial growth factor [ 21 ] or hepatocyte growth 
factor [ 22 ] can reverse kidney dysfunction and 
decrease its injury in an experimental renovascu-
lar disease swine model. These effects might be 
achieved by increased density of intra-renal 
microvessels, and speculatively collateral vessels 
as well. Overall, these renal protective effects of 
these angiogenic growth factors warrant addi-
tional studies and might also prove promising for 
translation to clinical medicine.   

    Anti-fi brotic Interventions 

 Tubulointerstitial fi brosis is a common denomina-
tor in many forms of kidney disease and charac-
terizes the development of chronic ischemia. 
Studies suggest that in atherosclerotic renovascular 
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disease, kidney damage is mediated in part by 
increased deposition of extracellular matrix, as 
well as attenuated removal of scar tissue from the 
kidney interstitium, overall resulting in irrevers-
ible fi brosis to kidney tissue. One attractive 
approach to arrest deterioration of kidney disease 
would be to interfere with the fi brogenic process. 

 Most of the approaches that have been 
attempted so far have been experimental. Among 
the most common drugs that could be used for 
this purpose are blockers of the renin-angiotensin- 
aldosterone system, such as angiotensin convert-
ing enzyme inhibitor or angiotensin receptor 
blockers. These have been discussed in length in 
other sections of this book. In addition, endothe-
lin- 1 is an important mitogen, which is expressed 
in large amounts in the kidney, particularly in the 
renal medulla, and both its receptors, ET-A and 
ET-B, are also widely expressed in the kidney. 
The ET-A receptor usually mediates vasocon-
striction and fi brogenesis, whereas ET-B contrib-
utes to release on nitric oxide and sodium 
secretion. A 6-week treatment with an ETA 
receptor blocker, initiated immediately after 
induction of renal artery stenosis, preserves kid-
ney function and microvascular density and 
reduces apoptosis, infl ammation, and glomerular 
sclerosis [ 23 ]. Therefore, ETA receptor blockade 
shows promise to slow the progression of renal 
injury and experimental renovascular disease. 
Blockade of the ETB receptor would likely be 
less favorable as it could block sodium excretion. 
Further studies are needed to examine the ability 
of endothelin-1 blockade to reverse existing kid-
ney injury and the feasibility of using this 
approach in humans. 

 Other factors involved in renal fi brosis that are 
downstream to these mechanisms could include 
cell cycle inhibitors, inhibitors of the mitogen 
activated protein kinase (MAPK), or the trans-
forming growth factor (TGF)-β pathway. In mice 
with two kidney, one clip (2K1C) hypertension, 
genetic depletion of the TGF-β effector smad-3, 
which in turn eliminates TGF-β signaling, sig-
nifi cantly attenuated atrophy, interstitial fi brosis, 
and infl ammation in the post stenotic kidney 
[ 24 ]. Therefore, abrogation of TGF-β smad-3 sig-
naling confers protection against development of 

fi brosis and atrophy in the stenotic kidney. Taken 
together, these observations suggest that interfer-
ence with fi brogenesis in the stenotic kidney may 
improve its fate.  

    Decrease in Tissue Infl ammation/
Immune Responses 

 As described in another section of this book, 
development of both acute and chronic ischemia 
in the kidney is characterized by substantial 
infl ammatory cell infi ltration into the injured kid-
ney. These subsequently release cytokines that 
induce damage in the kidney tissue. Activated 
fi broblasts in turn deposit extracellular matrix, 
contributed to the cascade of kidney tissue 
remodeling. Interference with this pathway could 
therefore, arrest one of the early steps in the 
vicious cycle that induces kidney injury in the 
post-stenotic kidney. Monocyte chemoattractant 
protein (MCP)-1 is an important chemokine, 
which mediates attraction of monocytes into sites 
of infl ammation. Systemic blockade of MCP-1 
improved renal blood fl ow, glomerular fi ltration 
rate, and endothelial function in the stenotic 
swine kidney and decreased tubular interstitial 
(albeit not vascular) oxidative stress, infl amma-
tion, and fi brosis [ 25 ]. Studies are needed to tar-
get specifi cally the population of infl ammatory 
(M1) macrophages phenotype. 

 Statins, mentioned earlier, also decrease 
infl ammation in many models of vascular injury. 
In pigs, statin upregulated inhibitors of TBF-β 
signaling and attenuated epithelial to mesenchy-
mal transition, thereby decreasing renal fi brosis 
[ 26 ]. Studies in pigs with renovascular disease 
have shown the potential of antioxidants to 
decrease kidney injury [ 27 ,  28 ]. Chronic admin-
istration of antioxidants appears to be superior to 
acute administration, as it improves not only 
hemodynamic effects such as vasoconstriction, 
but also chronic remodeling of the kidney tissue 
[ 29 ]. In a rat model, the superoxide anion scaven-
ger tempol has been shown to be more effective 
than an angiotensin II receptor blocker in increas-
ing oxygen consumption effi ciency in the ste-
notic kidney [ 30 ]. However, negative results 
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from clinical trials using antioxidants as the pri-
mary or secondary prevention do not encourage 
routine use of this approach in humans. The 
potential effi cacy of immuno-suppressants such 
as, Sirolimus or Rituximab, are yet to be tested in 
renovascular disease, but could be attractive 
options to decrease activation of the innate 
immune system, which is evident in severely ste-
notic kidneys.  

    Novel Injury Modulators 

 Several novel modulators of tissue injury should 
also be considered and evaluated in the context of 
renovascular disease. For example, given the evi-
dent apoptosis observed in the stenotic kidney, 
prior to substantial fi brosis, survival factors such 
as humanin or stat3 could potentially be boosted 
pharmacologically in order to improve the sur-
vival of renal cells. Along the same lines, block-
ade of apoptosis, a pre-programmed cell death, 
might be able to salvage some of the apoptotic, 
tubular, endothelial, organelle, or glomerular 
cells. In addition, agents that can induce hiberna-
tion, or suspend animation, could be useful in 
slowing the process of remodeling towards irre-
versible kidney damage and allow renal cells to 
survive in under conditions of lower perfusion, 
pressure, and oxygen tension. Similarly, diuretics 
that inhibit sodium reabsorption and oxygen con-
sumption can decrease the workload on tubules 
and improve kidney tissue oxygenation.  

    Summary: Future Directions 

 In summary, abundant new developments in our 
understanding of the mechanisms that lead to 
kidney dysfunction and structural alterations may 
afford opportunities of interrupting the vicious 
cycle that propagates kidney damage before it 
becomes irreversible. A number of such maneu-
vers that have been proposed or tested in the car-
diovascular system might potentially be adopted 
to protect the kidney as well. Novel imaging 
methods now allow high-resolution illustration 
of kidney structure and function to an extent 

never shown before, and may allow identifi cation 
and discrimination of new therapeutic targets. 
Multi-disciplinary collaboration of scientists 
involved in both basic and clinical research 
should be encouraged to acquire knowledge, 
increase our understanding of mechanisms, and 
develop methods for early detection, monitoring, 
and management of the post stenotic kidney. 
Such developments could improve our success in 
treating this important cause of kidney injury and 
cardiovascular morbidity and mortality.     
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