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  Pref ace   

 Hypertension is ubiquitous in chronic kidney disease (CKD); textbooks on hyperten-
sion in CKD are not. The specialist wants to master the art of managing hypertension 
in CKD, yet there are few resources to go to. This book, we hope, fi lls the vacuum 
for the specialist who wants a comprehensive review of hypertension in CKD. 

 In approaching the diffi cult task to fi ll this void, we created topics that would 
have minimal overlap among them and asked each of the authors to provide a com-
prehensive, yet succinct, narrative on the subject. Authors need little introduction as 
they are respected authorities in the fi eld from around the world; we are grateful for 
their efforts in creating this text. As editors, we did not try to change their opin-
ions—even when our approach may have been different—because the evidence 
base for practice is often thin and opinion-based. We did ask our authors to rational-
ize their unique approach in the hopes that this would allow the readers to appreciate 
the variations in practice among authorities. 

 Books are old-fashioned and often have the quality of being outdated even before 
they are published. So we may ask: why do we still read books? There is something 
real about holding a book; the smell of paper, turning the pages, highlighting, and 
making notes allow us to develop a GPS image in our brains; it provides a connec-
tion with the material that we feel is not possible with electronic texts. We are decid-
edly old-fashioned when it comes to touching real paper and learning by reading 
books on paper. 

 This book is written with primarily the renal fellow or a practicing nephrologist 
in mind. The renal fellow may want to master the subject and read the book cover to 
cover in bite-sized chapters. The practicing nephrologist may simply want to review 
a few areas of interest to her. Each chapter stands on its own, and the book, in order 
to be understood, does not need to be read from the fi rst page to the last. 

 We owe a debt of gratitude to our wives, Anuja and Ritu, while we took time to 
edit this work. The editorial team at Springer, in particular Barbara Lopez-Lucio, 
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gets a big thank you from us for keeping us on track; without the editorial team (and 
Barbara in particular), there was little hope of creating this textbook. 

 Lastly, we hope that our daughters, Radhika and Anika, both medical students, 
and Vikrum and Nikki, will join them in reading this text (and approve of it).  

  Boston, MA, USA     Ajay     K.     Singh    
 Indianapolis, IN, USA     Rajiv     Agarwal     

Preface
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    Chapter 1   
 Epidemiology of Hypertension in Chronic 
Kidney Disease                     

     Angela     Yee-Moon     Wang     

          Prevalence of Chronic Kidney Disease and Its Determinants 

 Chronic kidney disease ( CKD  ) is defi ned as persistent kidney damage, which is often 
refl ected by either a reduction in glomerular fi ltration rate or increased urine albumin 
excretion, or both. CKD is now a worldwide public health challenge. According to 
the 2010 Global Burden of Disease study, CKD is ranked 18th in the list of causes of 
total number of global deaths with an estimated annual death rate of 16.3 per 100,000 
[ 1 ]. The prevalence of CKD varies across different countries and regions and is esti-
mated to range between 8 and 16 % of the adult population [ 2 – 9 ]. The prevalence of 
CKD has shown a steady global increase over the years. For example, in the USA, the 
prevalence of CKD was estimated to be around 10 % between 1988 and 1994 and it 
increased to 13.1 % between 1999 and 2004 [ 4 ]. The prevalence estimates of CKD 
differ slightly depending on the GFR estimating equations used [ 4 ,  10 ]. The rise in 
CKD prevalence and incidence has been attributed to an aging population as well as 
an increased prevalence of hypertension, diabetes, and obesity, all of which are rec-
ognized as important global health challenges [ 4 ,  11 ,  12 ]. 

 According to the 2010  United States Renal Data System (USRDS  ) Annual Data 
Report, the leading causes of kidney failure in the USA are diabetes, hypertension, 
and glomerulonephritis. Hypertension and diabetes account for 99 and 153 per mil-
lion population of incident cases of  end-stage renal disease (ESRD  ), respectively 
[ 13 ]. The prevalence of stage 3 or higher CKD in diabetics in the USA exceeds 15 % 
[ 13 ]. Over 5 % of people with newly diagnosed type 2 diabetes already have CKD 
and an estimated 40 % of diabetics will develop CKD in their time course [ 14 ]. Data 
from World Health Organization showed that the number of individuals with 
 diabetes is currently around 154 million globally and is projected to double within 

        A.  Y.-M.   Wang ,  MBBS, MD, PhD, FRCP      (*) 
  Department of Medicine ,  Queen Mary Hospital, University of Hong Kong , 
  102 Pok Fu Lam Road ,  Hong Kong ,  China   
 e-mail: aymwang@hku.hk  

mailto:aymwang@hku.hk


2

the next 20 years. The increase is most notable in less developed countries, where 
the number of diabetic patients could rise from 99 million to 286 million by 2025 
[ 15 ]. China and India are projected to have 139 million people with diabetes in 2025 
[ 16 ]. A parallel increase in the global incidence and prevalence of CKD due to dia-
betic nephropathy is therefore anticipated. CKD in diabetes is associated with an 
increased risk of progression to  ESRD   [ 17 ]. 

 The  aging population   also in part explains an increase in the incidence of hyper-
tension, diabetes, and CKD worldwide. The prevalence of CKD was reported to be 
7.4 % among women aged 18–39 years and increased to 18.0 and 24.2 % among those 
aged 60–69 and 70 years or above, respectively, in the Chinese general population 
[ 2 ]. Similar parallel increase in CKD prevalence with aging was observed across the 
USA, Canada, and Europe although the absolute prevalence differed across countries 
[ 4 ,  8 ,  18 ]. Cardiovascular disease is also an important cause of CKD.  

    Defi nition of Hypertension 

 The  American Heart Association   defi nes hypertension as a blood pressure of 
140/90 mmHg or more, measured in clinic setting, based on two readings, 5 min 
apart and sitting in chair and confi rmed with elevated reading in contralateral arm.  

     Prevalence   of Hypertension in CKD 

 Hypertension is very common in CKD, with a prevalence estimated around 60–95 % 
in CKD stage 3–5 [ 19 – 22 ]. Hypertension has a complex interrelationship with 
CKD. Hypertension is an important modifi able cause for CKD as well as a conse-
quence of CKD. Nearly a billion of the adult population (around 26.4 %) in 2000 
had hypertension (defi ned as >140/90 mmHg) and this proportion is projected to 
increase by about 60 % to 1.56 billion by 2025 (24 % in developed countries and 
80 % in developing regions such as Africa and Latin America) [ 23 ]. A correspond-
ing global increase in the prevalence of CKD is therefore anticipated. The  Global 
Burden of Disease Study   identifi ed elevated blood pressure as the leading risk fac-
tor, among 67 studied, for death and disability-adjusted life years lost during 2010 
[ 24 ]. According to the USRDS Annual Data report for 2014, up to 25 % of CKD 
was attributed to hypertension. Of the 10.7 % of Medicare patients diagnosed with 
CKD in 2013, nearly half also have diabetes, and over 92 % also have hypertension 
[ 25 ]. The rate of ESRD caused by hypertension has grown 8.1 % since 2000, to 99.1 
per million population. In contrast, the incident rate of diabetic ESRD fell 1.5 % 
between 2007 and 2008, to 153 per million population—a rate nearly unchanged 
from that of 2000 while that of ESRD due to glomerulonephritis has fallen 23.4 %, 
to 23.7 per million population [ 25 ]. 

A.Y.-M. Wang
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 The prevalence of hypertension in CKD shows racial disparities in being higher 
among non-Hispanic blacks versus whites or Mexican Americans, as reported in 
several cohorts. In the Modifi cation of Diet in Renal Disease (MDRD) study, the 
prevalence of hypertension was higher in blacks versus whites [93 % versus 81 %] 
[ 26 ]. Similarly, in  Chronic Renal Insuffi ciency Cohort (CRIC  ) study, hypertension 
was reported in 93 % of African Americans versus 80 % of whites although 
Hispanics show a greater risk for CKD and ESRD compared to non-Hispanics [ 27 ]. 
Socioeconomic status and lifestyle also infl uence the prevalence of hypertension in 
CKD patients. Patients with poorer socioeconomic status, lower income, and educa-
tion level showed a higher prevalence of hypertension [ 27 ]. 

 The prevalence of hypertension increases with worsening  estimated glomerular 
fi ltration rate (eGFR  ), as shown in CRIC study [ 27 ] (see Fig.  1.1 ). The prevalence 
of hypertension was 92 % for those with eGFR <30 ml/min per 1.73 m 2  and 67 % for 
those with eGFR >60ml/min per 1.73 m 2 . The prevalence estimates for hyperten-
sion among CKD patients in China, India, and Mexico were similar to those reported 
in CRIC cohort [ 28 – 30 ].

   The  prevalence   of hypertension varies by the etiology of CKD. CKD due to dia-
betic nephropathy showed the highest prevalence of hypertension independent of 
kidney function [ 27 ]. Hypertension was also more frequent among patients with 
polycystic kidney disease, renal artery stenosis when compared to glomerulonephri-
tis, tubulointerstitial disease, or chronic pyelonephritis [ 31 ]. Albuminuria was an 
important, independent risk factor for hypertension as shown by pooled data from 
National Health and Nutrition Examination Survey (NHANES) III and NHANES 
1999–2005 [ 32 ,  33 ]. In the United States National Kidney Foundation’s Kidney 
Early Evaluation Program (KEEP), decreasing GFR by 10 ml/min/1.73 m 2 , increas-
ing age, obesity, African American race, and microalbuminuria were all associated 
with an increased prevalence of hypertension [ 22 ]. Urine albumin to creatinine ratio 
greater than 6.67 mg/g in men and above 15.24 mg/g in women resulted in doubling 
the risk of developing hypertension when accounting for baseline blood pressure, 
body mass index, and creatinine [ 34 ]. Higher albumin/creatinine ratios, even within 
the normal range, are independently associated with increased risk for development 
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of hypertension in the general population [ 35 ]. Proteinuria was shown to be one of 
the most important correlates of systolic blood pressure in older men, especially 
with ambulatory and home systolic blood pressure [ 36 ]. The association between 
albuminuria and hypertension may be mediated via an increased infl ammation, 
endothelial dysfunction, and renal sodium handling [ 37 ]. 

  Obesity   was an important predictor of hypertension among CKD patients. In the 
MDRD study, body mass index was a strong predictor of hypertension among 
patients with a GFR of 25–55 ml/min per 1.73 m 2  [ 26 ]. Likewise, both the KEEP 
(78.6 % versus 60.3 %) and NHANES study (52 % versus 30.8 %) showed a greater 
prevalence of hypertension among obese subjects as compared to non-obese sub-
jects [ 22 ]. Obesity was also an independent risk factor for CKD [ 38 ]. 

  Suboptimal blood pressure   control was common in CKD, especially those at the 
highest risk of adverse outcomes due to diabetes or albuminuria [ 39 ]. The NHANES 
data showed that elevated serum creatinine level was strongly related to suboptimal 
treatment of high blood pressure [ 20 ]. Only 36 % of subjects met the blood pressure 
target of <140/90 while only 14 % of treated hypertensive individuals met the older 
blood pressure target of <130/85 proposed for individuals with kidney disease [ 20 ]. 
In the KEEP program for people at high risk for CKD, the prevalence (86 %), aware-
ness (80 %), and treatment (70 %) of hypertension were high but good blood control 
was achieved in only 13 % [ 40 ]. Poor medication adherence was associated with 
23 % increased risk of uncontrolled hypertension [ 41 ]. These data suggest poorly 
controlled hypertension is associated with much of the high burden of CKD and 
there is a need to improve blood pressure control in CKD.  

    Clinic Blood Pressure and  Ambulatory Blood Pressure   

 The diagnosis and control of hypertension critically depend on accuracy of blood 
pressure measurements. Clinic blood pressure frequently overestimates and underes-
timates true blood pressure in hypertensive general population and this is also observed 
in patients with CKD. Misclassifi cation of blood pressure control at the offi ce was 
observed in 1 of 3 hypertensive patients with CKD, suggesting that ambulatory-based 
control rates were far better than offi ce-based rates [ 42 ]. Using ambulatory blood pres-
sure monitoring as the reference standard, home blood pressure monitoring showed 
the best diagnostic performance for hypertension compared with routine or standard-
ized clinic measurements in CKD. One week-averaged home blood pressure 
>140/80 mmHg was associated with awake ambulatory blood pressure >130/80, a 
threshold considered as hypertensive in the CKD population [ 43 ]. White coat hyper-
tension is defi ned as an elevated clinic blood pressure but controlled blood pressure 
out of clinics.  Masked hypertension   is defi ned as controlled blood pressure in clinic 
setting with elevated blood pressure out of clinics. According to a systematic analysis 
including six studies with 980 CKD subjects, the overall prevalence of white coat 
hypertension was 18.3 % (range, 10–28 %) and  masked hypertension   8.3 % (range, 
5–28 %). Notably, 40.4 % of subjects with CKD considered to have normal or 

A.Y.-M. Wang
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controlled blood pressure in fact had masked uncontrolled hypertension (range, 
26–54 %) while 30 % of subjects with CKD that were thought to have hypertension 
had normotension at home [ 44 ]. Similarly, a high rate of masked hypertension was 
observed in the follow-up study of the  African American Study of Kidney Disease 
(AASK  ) cohort; of the 61 % subjects with controlled clinic blood pressure, 70 % had 
 masked hypertension   [ 45 ]. This location- dependent hypertension, namely masked 
hypertension and white coat hypertension, has been shown to predict prognosis in 
patients with hypertension. Masked hypertension carries a risk equivalent to sustained 
hypertension, whereas white coat hypertension carries a risk almost equivalent to nor-
motension [ 46 ]. In the general population, the risk of CKD was signifi cantly increased 
in sustained hypertension, masked hypertension, and white coat hypertension [ 47 ]. 
The  AASK study   showed that target organ damage was more common in subjects 
with sustained or masked hypertension [ 45 ]. CKD patients with  masked hypertension      
were more likely to progress to end-stage renal disease [ 48 ]. The prevalence rates of 
masked hypertension depend very much on the defi nitions used to defi ne masked 
hypertension. Conventionally, masked uncontrolled hypertension was defi ned as 
clinic blood pressure >140/90 mmHg or daytime ambulatory blood pressure 
≥135/85 mmHg. In a recent study of 333 veterans with CKD, the prevalence of masked 
uncontrolled hypertension was 26.7 % defi ned by daytime ambulatory blood pressure, 
32.8 % by 24-hour ambulatory blood pressure and more than doubled to 56.1 % if 
defi ned by daytime or nighttime ambulatory blood pressure [ 49 ]. 

 Ambulatory blood pressure was superior to clinic blood pressure measurements 
in correlating with end-organ damage [ 36 ]. Ambulatory blood pressure showed a 
stronger association with proteinuria [ 36 ] and  echocardiographic left ventricular 
hypertrophy   [ 50 ,  51 ] than clinic blood pressure in CKD population. In keeping with 
these observations, a prospective cohort study conducted in 217 veterans with CKD 
showed that 24 h ambulatory systolic blood pressure provided additional prognos-
tic value for composite cardiovascular endpoint of myocardial infarction, stroke, 
and mortality beyond clinic blood pressure, indicating the importance of ambula-
tory blood pressure in predicting clinical outcomes in CKD (see Fig.  1.2 ) [ 48 ]. 
Clinic blood pressure above goal and ambulatory blood pressure at goal identify a 
low risk condition while clinic blood pressure at goal and ambulatory blood pres-
sure above goal are both associated with higher cardio-renal risk similar to that 
observed in patients with both clinic and ambulatory blood pressure above goal 
[ 52 ]. Furthermore, the defi nitions used to classify patients as having hypertension 
or normotension can infl uence the risk for being classifi ed as having masked hyper-
tension in favor of white coat hypertension. A meta-analysis has shown that when 
the thresholds for classifi cation of clinic and ambulatory blood pressure are equal, 
the risk for diagnosis of masked hypertension is less (risk ratio of 0.74). When the 
clinic blood pressure threshold is higher and home blood pressure threshold is 
lower, the risk (risk ratio of 1.36) for diagnosing masked hypertension is greater 
[ 44 ]. More recent analysis by Agarwal and co-workers showed that clinic blood 
pressure was a good determinant of masked uncontrolled hypertension with area 
under the receiver- operating characteristics curve of 0.82 (95 % confi dence inter-
vals, 0.76–0.87). Home blood pressure was no better than clinic blood pressure in 
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diagnosing masked uncontrolled hypertension in CKD. Thus, the use of home 
blood pressure to diagnose masked uncontrolled hypertension was not supported. 
Nevertheless, ambulatory blood pressure showed short-term reproducibility in 
diagnosing masked uncontrolled hypertension and may detect a phenotype with 
increased cardiovascular risk [ 49 ].

       Hypertension and  Kidney Outcomes   in Chronic 
Kidney Disease 

 There are compelling data from observational studies that high blood pressure was 
associated with the development and progression of CKD [ 53 – 55 ]. Lowering blood 
pressure has also been a key treatment strategy in slowing the progression of 
CKD. However, the blood pressure threshold level of which this risk was increased 
remains controversial. The  NHANES study   showed an eightfold higher risk of an 
elevated serum creatinine among those with hypertension versus those with a normal 
blood pressure [ 20 ]. In the Multiple Risk Factor Intervention Trial, systolic and dia-
stolic blood pressure was identifi ed as strong risk factors for progression to ESRD, 
independent of age, race, income, use of medication for diabetes mellitus, history of 
myocardial infarction, serum cholesterol concentration, and cigarette smoking as 
well as baseline serum creatinine and proteinuria over an average follow- up duration 
of 16 years [ 53 ]. Those with blood pressure more than 210/120 mmHg showed at 
least a 20-fold increased risk of ESRD than those with blood pressure less than 
120/80 mmHg. The estimated risk of ESRD associated with systolic blood pressure 
was also greater than that with diastolic blood pressure when both systolic and 
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diastolic blood pressure were considered together. The risk appeared to start at 
 systolic blood pressure of 140 mmHg rather than 130 mmHg and was the highest 
among those with systolic blood pressure of 150 mmHg or above [ 53 ]. 

 The  KEEP   cohort showed that high systolic blood pressure accounted for most 
of the risk of progression to ESRD [ 56 ]. There is also evidence that the risk of 
ESRD appeared to increase even with modest elevation of blood pressure and the 
observed relationship did not appear to be due to confounding by clinically evident 
baseline kidney disease. Notably, among subjects with eGFR over 60 ml/min per 
1.73 m 2 , those with blood pressure of 12–129/80–84 mmHg were 62 % more likely 
to develop ESRD while those with blood pressure of 130–139/85–89 mmHg were 
98 % more likely to develop ESRD compared to those with blood pressure below 
120/80 mmHg [ 57 ]. Several earlier clinical trials also established that lower blood 
pressure levels were associated with slower progression of CKD among subjects 
with proteinuria [ 55 ,  58 ]. 

 On the other hand, post-hoc analysis from the Homocysteinemia in Kidney and 
ESRD ( HOST  )  study  , a double-blind randomized controlled trial in 2056 subjects 
with advanced CKD (mean eGFR 18 ml/min per 1.73 m 2 ) showed no graded asso-
ciation between systolic blood pressure and cardiovascular events or ESRD. However, 
those with systolic blood pressure >157 mmHg were associated with an increased 
risk of ESRD [ 59 ]. A systematic analysis putting together 11 randomized controlled 
trials of 9287 patients with CKD concluded that a more intensive  blood pressure 
lowering   reduced the risk of composite kidney failure events by 17 % and the risk of 
ESRD alone by 18 %, especially those with proteinuria. However, intensive  blood 
pressure lowering   appeared to have no effect on kidney failure among those who did 
not have proteinuria [ 60 ]. Another systematic review of three large trials in this 
fi eld, namely the MDRD study [ 58 ,  61 ,  62 ], Ramipril Effi cacy in Nephropathy-2 
(REIN-2) study [ 63 ], and the AASK study [ 64 – 66 ] including 2272 CKD subjects 
failed to show any signifi cant benefi t by lowering blood pressure to less than 125/75 
to 130/80 as compared to 140/90 mmHg. However, subgroup analysis suggested 
that a lower target may benefi t in subjects with proteinuria [ 67 ]. 

 These observations are in contrast to the Systolic Blood Pressure Intervention 
Trial ( SPRINT     ) which is a randomized controlled trial that examined >9000 hyper-
tensive subjects with an increased cardiovascular risk but without diabetes. Among 
those with baseline CKD, the number of subjects showing ≥50 % decline in GFR or 
ESRD did not differ between intensive treatment (target 120 mmHg) versus stan-
dard treatment (target 140 mmHg). However, among those with no CKD at base-
line, those randomized to intensive treatment showed more adverse renal outcomes 
compared to standard treatment [ 68 ]. This fi nding adds to the growing uncertainties 
of target blood pressure for kidney protection in high risk subjects with and without 
CKD. Although the JNC 7 recommended a target blood pressure of less than 
130/80 mmHg for CKD subjects [ 69 ], more recent recommendations from JNC 8 
acknowledged the limitations of available evidence and suggest a target of less than 
140/90 mmHg be used [ 70 ]. The CRIC study showed that having longitudinal blood 
pressure values and time-updated systolic blood pressure greater than 130 mmHg 
may be more strongly associated with CKD progression than analyses based on a 
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single baseline systolic blood pressure [ 71 ]. Given the clinical uncertainties and the 
potential for harm, it appears that a BP target of <140/90 mmHg in the clinic or 
<135/85 mmHg at home appears reasonable even among those with CKD.  

    Hypertension and  Cardiovascular Outcomes   in CKD 

 Blood pressure is an important determinant of cardiovascular risk in the general 
population [ 72 ] and lowering blood pressure reduces cardiovascular events in this 
population [ 73 ,  74 ]. A previous meta-analysis showed that lowering blood pressure 
was the main target to lower major cardiovascular event risk in hypertensive sub-
jects [ 74 ]. Earlier study demonstrated the importance of blood pressure reduction in 
CKD. In the MDRD study, each 10 mmHg increase in follow-up systolic blood 
pressure increased the risk of hospitalization for cardiovascular and cerebrovascular 
disease by 35 % [ 61 ]. However, it remains controversial as to what ideal blood pres-
sure target should be in terms of cardiovascular protection in CKD. A recent sys-
tematic analysis including 26 trials with 152,290 participants of which 30,295 
subjects had CKD (defi ned as having eGFR <60 ml/min per 1.73 m 2 ) confi rmed that 
 blood pressure lowering   signifi cantly reduced the risk of major cardiovascular 
events by about one-sixth (for each 5 mmHg reduction in systolic blood pressure) in 
those with CKD (hazard ratio, 0.83, 95 % confi dence intervals, 0.76–0.90) and the 
risk reduction was very comparable to those without CKD (hazard ratio, 0.83, 95 % 
confi dence intervals, 0.79–0.88) [ 75 ]. Specifi cally, the systematic  analysis   showed 
that blood pressure lowering per se, rather than a particular anti-hypertensive drug 
class, was associated with cardiovascular risk reduction [ 75 ]. Notably, these obser-
vations are in keeping with the SPRINT trial showing that among adults with hyper-
tension but without diabetes, lowering systolic blood pressure to a target goal of less 
than 120 mmHg signifi cantly reduced the risk of fatal or non-fatal cardiovascular 
events and death from all causes as compared with the standard goal of less than 
140 mmHg [ 68 ]. On the other hand, two retrospective cohort studies raised uncer-
tainties with lower blood pressure targets [ 76 ,  77 ]. One study examined elderly 
veterans with CKD and initially uncontrolled hypertension and found higher mor-
tality among subjects treated to a systolic blood pressure of less than 120 mmHg 
versus 120–139 mmHg (hazard ratio, 1.7, 95 % confi dence intervals, 1.63–1.78) 
[ 77 ]. Another retrospective analysis of a large diverse cohort of hypertensive sub-
jects observed a U-shaped curve for the risk associated with both achieved systolic 
and diastolic blood pressure in relation to a composite endpoint of all-cause mortal-
ity or ESRD [ 76 ]. Thus, while lowering blood pressure is recognized as one of the 
core strategies in reducing cardiovascular risk in CKD, the blood pressure target 
that confers the largest cardiovascular benefi t has remained uncertain. Randomized 
trials rather than observational studies should inform clinical practice. Thus, guide-
lines such as the JNC 8 have taken the position that BP lowering to <140/90 mmHg 
measured in the clinic, even among those with CKD, appears reasonable.  
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    Conclusions 

 Both hypertension and CKD are important global health problems and are strongly 
interrelated. Hypertension may cause CKD and modify the outcomes of CKD. On 
the other hand, hypertension may also result from CKD. High blood pressure 
increases the onset and progression of CKD and worsens the clinical outcomes of 
CKD patients. More attention is needed to raise awareness of hypertension and 
improve blood pressure control among CKD population.     
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    Chapter 2   
 Assessment of Hypertension in Chronic 
Kidney Disease                     

     Aldo     J.     Peixoto     

       Hypertension is highly prevalent in chronic kidney disease (CKD). It is estimated 
that up to 80 % of patients have high blood pressure (BP) by the time they reach 
advanced stages of kidney disease (glomerular fi ltration rate <15 ml/min), and 
remains highly prevalent among dialysis [ 1 ] and kidney transplant [ 2 ] patients. 
Because of the importance of BP control to decrease cardiovascular risk and limit 
the progression of CKD, adequate assessment of hypertension is essential to the 
care of CKD patients. In this chapter, we review relevant aspects of the assessment 
of BP in the offi ce and out-of-offi ce environments in patients with CKD (not on 
dialysis) and with kidney transplants. Issues related to dialysis patients are dis-
cussed in Chap.   7    . 

    General  Elements   of the Assessment of Hypertension Burden 

 Besides the careful measurement of BP, the evaluation of hypertension in patients 
with CKD should include the same general approach as used in any patient with 
hypertension. Other critical components of the clinical evaluation include the con-
sideration of features that suggest secondary causes of hypertension other than 
CKD itself, the identifi cation of comorbid conditions that may impact on treatment 
decisions, the discussion of lifestyle practices and preferences that may affect man-
agement, and the systematic evaluation of extra-renal target organ involvement, 
such as cerebrovascular disease, cognitive impairment, left ventricular hypertrophy, 
heart failure, coronary disease, and peripheral arterial disease. 
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 Mounting evidence indicates that the objective assessment of extracellular fl uid 
volume expansion and systemic hemodynamics can improve BP management. Such 
measurements can be obtained with different non-invasive technologies. Although it 
is cumbersome to directly measure extracellular fl uid volume, various methods exist 
to estimate it indirectly and include bioimpedance, ultrasonographic measurement of 
inferior vena cava diameter and collapsibility with inspiration, estimation of right 
atrial pressure with hepatic vein fl ow patterns, or through thoracic ultrasound to esti-
mate the amount of extravascular lung water. Systemic hemodynamics, on the other 
hand, can be easily determined non-invasively through echocardiography, imped-
ance cardiography, bioreactance, and several oscillometric methods. Impedance 
 cardiography can simultaneously measure volume (thoracic fl uid content) and hemo-
dynamic variables (cardiac output, systemic vascular resistance). In patients with 
resistant hypertension, use of this technology to guide treatment resulted in better BP 
control in two randomized trials [ 3 ,  4 ]. The experience in non- dialysis CKD is small, 
but some have called for more extensive use of formal volume assessment in the 
treatment of hypertension [ 5 ], particularly in the setting of kidney disease, where 
extracellular fl uid volume expansion is common, and often covert. 

 Most relevant to the present discussion is the careful measurement of BP both in 
the offi ce and in the home and ambulatory setting. The following sections will cover 
each of these elements in detail.  

    Principles of  Blood Pressure Measurement   

 Adequate management decisions demand accurate BP measurement. Cuff-based 
brachial BP is the most commonly used method to measure BP, typically in the 
offi ce setting. However, current evidence progressively points to the value of out-of- 
offi ce BP methods, such as 24-hour BP monitoring (ABPM) and home BP monitor-
ing, as superior methods to evaluate BP burden and BP-related risk in hypertensive 
patients [ 6 – 8 ]. 

    Conventional Offi ce  Blood Pressure Measurement   

 BP measurement is traditionally made in the offi ce using either the  auscultatory tech-
nique   or oscillometric method (manual or automated cuff following specifi c propri-
etary algorithms to impute systolic and diastolic BP). In some countries such as in 
the USA, mercury sphygmomanometers are now seldom available in clinical prac-
tice because of environmental concerns [ 9 ], so most measurements are made either 
with aneroid devices or electronic oscillometric manometers. Both types of manom-
eters are accurate but should have periodic maintenance to ensure that they are prop-
erly calibrated. This is typically done every 12 months or anytime poor function is 
suspected or anticipated (such as following drop from height of the instrument). 
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 Most patients should have their BP measured in the arm in the seated position 
[ 10 ]. In selected situations, such as malformations, injuries or vascular disease of 
the upper extremities, or when comparisons of BP levels in the upper and lower 
extremities is warranted, it may be necessary to use thigh measurements with an 
appropriately sized thigh cuff, which should be obtained in the supine position to 
allow the cuff to be at the level of the heart. Thigh cuffs are most easily used with 
an oscillometric automated device, but can also be used with the auscultatory 
method (Korotkoff sounds are auscultated in the popliteal fossa). Table  2.1  provides 
the essential elements of proper BP measurement in the offi ce.

       Inter-Arm Blood Pressure Differences   

 As noted in Table  2.1 , patients should have their BP measured in both arms at the 
time of their initial evaluation and periodically thereafter. Differences >10 mmHg 
between arms can occur in a variable proportion of hypertensive patients (average 
~14 %) [ 11 ]. Inter-arm BP differences had been thought to be due to occlusive arte-
rial disease of the upper extremities, but this has not been confi rmed by prospective 
imaging studies [ 11 ], and the underlying mechanisms remain uncertain, possibly 
related to vascular calcifi cation and arterial stiffness. Regardless of this uncertainty 
there is general agreement that clinical decisions should be made based on BP levels 
from the arm with higher BP. 

     Table 2.1    Technique of  offi ce blood pressure measurement     

 Patient rests quietly for at least 3–5 min prior to measurements. 
 Patient sits on a chair with arm and back support, with both legs on the fl oor. 
 The arm is the preferred site of measurement, using a well-fi tting cuff based on arm 
circumference. The bladder length covers at least 80 % of the arm circumference. 
Recommended cuff sizes for adults are: 
 • “Small adult” (12 × 22 cm): for arm circumferences between 22 and 26 cm. 
 • “Adult” (16 × 30 cm): for arm circumferences between 27 and 34 cm. 
 • “Large adult” (16 × 36 cm): for arm circumferences between 35 and 44 cm. 
 • “Adult thigh” (16 × 42 cm): for arm circumferences between 45 and 52 cm 
 Lower end of the cuff rests 2–3 cm above the antecubital fossa. 
 Arm is positioned at the level of the heart. 
 At least two BP measurements are obtained and averaged. Obtain more measurements if there 
is disparity between the fi rst two values. Allow at least 1 min between readings. 
 BP is checked in both arms to identify inter-arm differences. If different, report the values 
obtained on the arm with higher BP. 
 If using the auscultatory method with a stethoscope, fi rst confi rm the approximate systolic BP 
through palpation to avoid errors due to the auscultatory gap. Use Korotkoff phase I 
(appearance) and V (disappearance) to defi ne systolic and diastolic BP, respectively. Record the 
value that is the nearest even number (nearest 2 mmHg). 
 If using an aneroid or mercury manometer, the cuff is defl ated at 2–3 mmHg/s. (Defl ation rates 
with oscillometric devices are defi ned by proprietary algorithms and usually not adjusted by the 
clinician.) 
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 A recent  meta-analysis   indicates that the presence of an inter-arm SBP difference 
>10 mmHg is associated with a 2.7-fold increase in risk of fatal and non-fatal car-
diovascular events in populations with increased vascular risk, including one with 
CKD [ 11 ]. Reproducibility of the difference, however, is limited. In one study of 
443 patients with simultaneous bilateral measurements on two separate occasions, 
the reproducibility of an inter-arm difference >10 mmHg or >20 mmHg was only 
27 % and 41 %, respectively [ 12 ]. Therefore, while recognizing inter-arm differ-
ences should be noted to optimize decisions on which BP level to use on a given 
visit, the limited reproducibility makes the prognostic implications of that differ-
ence still uncertain.  

     Pseudohypertension      

 Pseudohypertension is the detection of spuriously elevated BP due to poor compress-
ibility of the brachial artery and its branches. In the past, the Osler maneuver, or palpa-
tion of the radial artery during cuff infl ation above the systolic BP level, was purported 
to effectively diagnose pseudohypertension. However, several studies have repudiated 
this, and it is no longer considered to be a useful test [ 10 ]. Therefore, if pseudohyper-
tension is being considered in a patient, the only defi nitive means of confi rming it is 
through arterial cannulation and direct measurement of intra-arterial pressure.  

    The Auscultatory Gap 

 A common source of error when using the  auscultatory method      is the auscultatory 
gap, which consists of a prolonged period of disappearance of Korotkoff sounds 
after their initial appearance. Therefore, if the cuff is not infl ated high enough, the 
observer may record an incorrectly low systolic BP. The auscultatory gap is most 
common in older patients with underlying vascular disease and systolic hyperten-
sion with wide pulse pressure [ 10 ]. It can be easily avoided by identifi cation of the 
systolic BP through palpation of the radial or brachial artery so as to guarantee that 
the cuff is being infl ated to a pressure that is above the systolic BP. The auscultatory 
gap does not occur with oscillometric BP  mea  surements.  

    Orthostatic  Blood Pressure Measurement   s   

  Orthostatic hypotension   is common in patients treated for hypertension, especially 
in older patients (8–34 %) [ 13 ,  14 ]. It is recommended that standing BP be obtained 
as a screen for orthostatic hypotension in elderly patients with hypertension, as well 
as in patients at increased risk of autonomic dysfunction, such as those with diabe-
tes and kidney disease [ 7 ,  15 ]. Orthostatic vital signs (heart rate and BP) should be 
obtained after at least 5 min in the supine position followed by immediate assump-
tion of the standing position for up to 3 min [ 14 ]. The practical diffi culties of 

A.J. Peixoto



19

following this method in a busy offi ce cannot be ignored, so it is acceptable to com-
pare values in the seated position with those after standing for 1 min. This method 
is less sensitive for the detection of orthostatic hypotension but is better than no 
measurement at all [ 14 ]. The defi nition of orthostatic hypotension is a drop in BP 
>20/10 mmHg after 3 min of standing [ 16 ]. Among patients with supine hyperten-
sion, the required systolic fall in BP for the diagnosis is >30 mmHg because the 
level of baseline supine BP is directly proportional to the orthostatic BP drop [ 14 , 
 16 ]. Integration of the heart rate response to changes in BP with standing is impor-
tant to guide the differential diagnosis and further evaluation of orthostatic hypoten-
sion. In the absence of medications that slow heart rate, the lack of a rise in heart 
rate by at least 20 bpm in response to hypotension suggests barorefl ex or sympa-
thetic autonomic dysfunction. Conversely, patients with an appropriate heart rate 
response likely have volume depletion or excessive vasodilatation.  

     Offi ce BP Measurement   During Exercise 

 BP measurement is necessary during exercise stress testing, which is commonly per-
formed in the offi ce setting. There are issues related to both the measurement and the 
interpretation of BP levels during exercise. BP measurement may be diffi cult during 
exercise; auscultatory measurements can be plagued by diffi culties hearing Korotkoff 
sounds due to equipment noise, and many of the available automatic devices are 
inaccurate during exercise testing or have not been appropriately validated in this 
setting. As a general rule, the auscultatory method should be used preferentially, as it 
is less susceptible to systematic or random error during exercise. Oscillometric mea-
surements are not recommended to assess BP response to exercise. Some automated 
devices are available that concurrently record  Korotkoff   sounds with EKG which 
enable better separation of signal from noise during exercise. 

 On average, systolic BP increases by ~10 mmHg per metabolic equivalent 
(MET) of exercise (~30 mmHg during the early stages of aerobic exercise and by 
50–60 mmHg above baseline at peak exercise), with average increases higher in 
men than women [ 17 ]. Diastolic BP response is less adequately characterized; typi-
cally it stays the same or is slightly lower but may increase during exercise. Despite 
lack of formal guidelines, the generally accepted upper limit of BP during peak 
exercise is 210/110 mmHg for men and 190/110 mmHg for women [ 17 ]. 

 Several studies suggest that the delayed rate of recovery of systolic BP after 
exercise has been associated with the presence of coronary artery disease.   

     Automated Offi ce Blood Pressure Measurement   

 Multiple offi ce BP measurements can now be performed automatically while the 
patient is alone in the room. The devices are programmed to perform several sequen-
tial readings (typically 6), discard the fi rst reading, and provide an average that is 
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used as the value for the visit. Using this method, the white coat effect is largely 
eliminated [ 18 ,  19 ]. In addition, this automated approach results in better correla-
tions with ambulatory BP averages and left ventricular mass than routine offi ce BP 
[ 19 ,  20 ]. Obviously, this may lead to signifi cant slowing of patient fl ow in physician 
offi ces, but if planned appropriately, can be performed as the patient waits while the 
clinician see other patients. Using this technology is particularly relevant for patients 
who are being treated for hypertension and those who cannot or do not want to per-
form self-measured BP monitoring in the home environment (see below). This idea 
was initially launched by the BpTRU company (and the method is often referred to 
as “the BpTRU”), but others are now available on the market such as the Omron 
HEM-907 and the Welch-Allyn ProBP 2400.  

     Out-of-Offi ce   Blood Pressure  Monitoring   

 Even though offi ce BP has been the most commonly used measure to guide hyper-
tension diagnosis and treatment, growing evidence indicates that out-of-offi ce tech-
niques (home BP and ABPM) are better markers of hypertension-related risk and as 
such, have been increasingly used in research and clinical practice. Indications for 
home BP and ABPM are listed in Table  2.2  and a summary of the advantages and 
shortcomings of these monitoring methods is presented in Table  2.3 .

       Home  Blood Pressure Monitoring      

  Home BP monitoring   is performed by the patient in the home and/or work environ-
ment and is increasingly used in practice; as many as 65 % of patients with hyper-
tension own a home monitor [ 21 ], although accessibility to low-income patients is 
still a problem despite the availability of low cost devices ($40–50) and coverage by 
many healthcare insurance plans. 

 Just as with offi ce BP, it is important that the equipment works properly and fi ts 
the patient well. Home BP measurements should be obtained using the same atten-
tion to technique as described for offi ce BP (see Table  2.1 ). In general, it is preferred 
that the automatic oscillometric method be used for self-measured BP. Unfortunately, 
many of the marketed devices have not been appropriately validated and may not 
provide accurate readings. A list of independently validated devices can be found at 
  www.dableducational.org    . The preferred devices use arm cuffs. Finger cuffs are inac-
curate and wrist cuffs often provide incorrect readings because of inappropriate tech-
nique. As a result, only arm devices are recommended by current guidelines [ 21 ,  22 ]. 

 The reliability of reporting of home BP values by patients has been questioned in 
the past. This problem has been circumvented by the universal availability of a 
memory function in automated BP devices. Therefore, if the clinician has concerns 
about the values being reported, he can ask the patient to bring the machine and 
personally review the values recorded in the device memory. 
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    Table 2.2    Indications for  home BP and ABPM     

 Indication  HBP  ABPM  Comment 

 Identify white coat 
hypertension 

 ++  +++  ABPM still the “gold-standard” when patients 
have HBP values that are “borderline” 
(125–135/80–85 mmHg)  Identify masked 

hypertension 
 ++  +++ 

 Identify true resistant 
hypertension 

 ++  +++ 

 Evaluate borderline offi ce 
BP values without target 
organ damage 

 ++  +++ 

 Evaluate nocturnal 
hypertension 

 –  +++ 

 Evaluate labile 
hypertension 

 ++  ++  HBP better for infrequent symptoms or 
paroxysms, ABPM better if frequent within a 
24-h period  Evaluate hypotensive 

symptoms 
 +++  ++ 

 Evaluate autonomic 
dysfunction 

 +  ++  HBP useful to monitor orthostatic hypotension. 
ABPM useful to quantify supine hypertension 
and determine overall (average) BP levels 

 Clinical research 
(treatment, prognosis) 

 ++  +++ 

  From Elliott W, Peixoto AJ and Bakris G. Primary and Secondary Hypertension. In: Skorecki K, 
Chetow G, Marsden P, Taal M, Yu A (Eds.), Brenner & Rector’s The Kidney, 10th edition. 
Philadelphia: Elsevier 2016:1522–66, with permission  

   Table 2.3    Pros and cons of  home BP and ABPM     

 Home BP  ABPM 

 Pros  Cons  Pros  Cons 

 Multiplicity of 
measurements over a 
prolonged period of 
time 

 Requires patient 
training 

 Multiplicity of 
measurements 

 Inconvenient to patients, 
especially if multiple 
monitoring periods are 
necessary 

 Good reproducibility  Devices are 
possibly inaccurate 

 Excellent 
reproducibility 

 High cost 

 Elimination of the 
white coat effect 

 Patient reporting 
may be biased 

 Elimination of the 
white coat effect 

 Low reimbursement 
rates 

 Low cost  No reimbursement  BP measurement 
during sleep 

 Increases patient 
engagement 

 Superior prognostic 
value 

 Better prognostication 
than offi ce BP 

 For most patients, a BP log obtained over 7 days before each offi ce visit provides 
reproducible information that allows good prognostication and treatment decisions 
[ 22 ]. We instruct our patients to obtain readings in duplicate (about 1 min apart), 
twice daily (in the morning before taking medications and in the evening before 
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dinner) for a 7-day period. In some clinical situations, more frequent or more 
p rolonged monitoring may be needed. For example, patients with symptoms sug-
gestive of intermittent hypotension may benefi t from  BP   measurements during peak 
action of medications, such as in the mid-to-late morning or late evening, depending 
on the time when medications are taken. Patients with wide fl uctuations in BP can 
be monitored more often to better quantify the overall BP variability, though we 
prefer to use 24-hour ABPM in such patients. Detailed guidelines on the use of 
home BP are available from the European Society of Hypertension [ 22 ] and the 
American Heart Association [ 21 ]. 

 Normative values for home BP based on observed outcomes are now available 
[ 23 ]. These threshold levels were established using the observed cardiovascular event 
rates equivalent to those observed for offi ce BP of 120/80 mmHg (“optimal”) and 
140/90 mmHg (“hypertension”) in a large multinational cohort of patients [ 23 ]. Using 
this approach, the currently accepted level of “optimal” home BP is 121/78 mmHg, 
and the level defi ning “hypertension” is 133/82 mmHg (see Table  2.4 ).

       Ambulatory  Blood Pressure Monitoring      

 ABPM combines the ability to evaluate BP in the ambulatory setting with the unique 
feature of allowing the measurement of BP during sleep, which, as will be discussed 
below, provides additive prognostic information.  ABPM   is performed with a vali-
dated automated device (for a list, refer to   www.dableducational.org    ) that is fi tted 
on the patient using an appropriately sized cuff. ABP is usually performed over a 
24-hour period, although most devices can run for longer periods of time as allowed 
by battery life and number of readings stored in the memory. In some clinical situ-
ations, 48-hour monitoring is quite useful, such as in patients undergoing hemodi-
alysis, so that the entire interdialytic period can be evaluated. The device is 
programmed to infl ate periodically; a typical measurement interval is every 20 min 
during the daytime (7 AM–11 PM) and every 30 min at night (11 PM–7 AM), 
though these schedules can be adjusted based on individual needs. The patient keeps 
a log of activities during the monitoring period including the time of going to bed 
and waking up and time of taking antihypertensive medications (if any). It is 

   Table 2.4    Accepted upper 
limits of normal for home 
and  ambulatory blood 
pressure    

  24-hour ambulatory BP monitoring  
 24-hour BP  131/79 mmHg 
 Awake BP  138/86 mmHg 
 Sleep BP  120/71 mmHg 
  Home BP monitoring  
 Average BP a   133/82 mmHg 

   a Average of all values during the monitoring period, 
usually 7 days 
 Data based on equivalent of cardiovascular event rates 
observed at offi ce BP of 140/90 mmHg. Based on data 

from Kikuya et al. [ 29 ] and Niiranen et al. [ 23 ]  
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preferred that the periods designated as “night and day” refl ect the actual periods of 
sleep and wakefulness obtained from the patient’s diary. Most patients accept 
ABPM well, although sometimes sleep is affected (<10 % of cases) and rarely, 
patients have bruising or pain from the frequent cuff infl ations. Up-to-date guide-
lines that include practical information on  ABPM   are available from the European 
Society of Hypertension [ 24 ,  25 ]. 

 The generally accepted indications for ABPM are listed in Table  2.2 . The most 
commonly used indication is to rule out  white coat hypertension  . In fact, it is this 
property that has made ABPM recommended for defi nitive initial diagnosis of hyper-
tension by the British Hypertension Society [ 6 ] and the United States Preventive 
Services Task Force [ 8 ]. Another important clinical use is in the evaluation of patients 
with resistant hypertension. Mounting evidence indicates that almost 40 % of patients 
with “offi ce resistance” have controlled BP levels on ABPM, i.e., “offi ce resistance” 
[ 26 ]. Identifi cation of patients with true resistance is important to identify those with 
increased risk of adverse cardiovascular and renal outcomes [ 27 ,  28 ]. 

 Similar to home BP, outcomes-based normative values are available for ABPM 
(Table  2.4 ) [ 29 ]. When interpreting an ABPM recording, the clinician needs to take 
into account the total number of successful measurements; a generally accepted 
minimum of valid readings is 20 during wakefulness and 7 during sleep [ 25 ]. The 
key elements of the 24-hour BP profi le are the awake, asleep, and overall 24-hour 
BP levels, as these are the prognostic determinants in hypertension. 

 The blood pressure decline during sleep (“dipping”) is also calculated as the ratio 
between the asleep and awake BP. Normally, BP declines by ~15 % during sleep 
(i.e., a night/day ratio of 0.85). When evaluating the circadian BP profi le based on 
the behavior of BP during sleep, four patterns are described:

    1.    Dipper: normal BP decline during sleep, arbitrarily defi ned as between 10 and 20 %.   
   2.    Non-dipper: smaller than normal BP decline during sleep (between 0 and 10 %). 

This pattern is observed in 20–25 % of patients with essential hypertension, and 
with increasing frequency in patients with cardiovascular disease, kidney dis-
ease, and other causes of secondary hypertension.   

   3.    Reverse dipper (also called “Riser”): BP increases during sleep. This pattern is 
often observed in patients with advanced kidney disease, sleep apnea, or auto-
nomic dysfunction.   

   4.    Extreme dipper: greater than normal BP fall during sleep (>20 %).     

 In large observational studies, extreme dippers have lower fatal and non-fatal 
cardiovascular event rates than those whose BP decreases by less <20 %. Reverse 
dippers, on the other hand, have signifi cantly worse cardiovascular outcomes than 
all other patients [ 30 ]. 

 Most  software packages   provide information on the 24-hour BP variability (defi ned 
as the standard deviation of systolic and diastolic BP for each of the monitoring peri-
ods) and the BP load (percentage of readings above a certain threshold). Although 
some data have linked high BP variability and high BP load to adverse outcomes, they 
do not appear to provide additional information beyond what is obtained from aver-
age BP values [ 31 ], so we give limited relevance to these values.  
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    Integrating Home BP and ABPM into Clinical Decision Making 

 In deciding between home  BP and ABPM  , the clinician must take into account 
availability, costs, and patient preferences. For the initial evaluation of the patient, 
home BP is an adequate method, particularly in the primary care setting. In subspe-
cialty practices, however, ABPM is more easily available and is particularly useful 
for patients with borderline home BP values. A systematic review of 20 studies 
compared the agreement between offi ce, home and ABPM according to different 
BP thresholds [ 32 ]. Using a 24-hour BP average of 135/85 mmHg as the defi nition 
of HTN, an offi ce BP of 140/90 mmHg has a sensitivity of 75 % (95 % CI, 61–85 %) 
and specifi city of 75 % (95 % CI, 48–90 %) for the diagnosis of HTN. Likewise, a 
home BP average of 135/85 mmHg has a sensitivity of 86 % (95 % CI, 78–91 %) and 
a specifi city of 62 % (95 % CI, 48–75 %) for the diagnosis. Therefore, neither offi ce 
nor home BP has suffi cient sensitivity or specifi city for the diagnosis of HTN based 
on this analysis [ 32 ]. However, the use of different thresholds can produce adequate 
predictive values (positive and negative) that allow home BP to be integrated into 
the decision to obtain ABPM or not with greater precision [ 21 ]. A structured 
approach to this decision-making process is summarized below [ 21 ]:

•    If offi ce BP >140/90 mmHg, perform home BP monitoring.  
•   If home BP <125/76, continue to monitor (or continue same treatment).  
•   If home BP >135/85 mmHg, start treatment (or escalate therapy).  
•   If home BP between 125/76 and 135/85 mmHg, obtain ABPM.  
•   If 24-hour ABPM average <130/80 mmHg, continue same strategy. If higher, 

start or increase treatment.       

    Prognostic Relevance of  Out-of-Offi ce BP   

 Compared to isolated offi ce BP measurements, home BP and ABPM generally 
demonstrate stronger associations with target organ damage (especially left ven-
tricular hypertrophy and proteinuria) and cardiovascular and renal endpoints in 
hypertension [ 6 ,  33 ,  34 ]. There are several possible reasons for the better prognostic 
performance of home BP and ABPM. For example, home BP and ABPM include 
more readings, thus leading have lower variability and higher reproducibility of 
results, thus leading to a more precise determination of BP levels. Moreover, both 
techniques allow the detection of the white coat (high BP in the offi ce, normal at 
home) and masked effects (normal BP in the offi ce, high at home), which better 
refl ect overall BP burden to the patient.  White coat hypertension   affects 20–30 % of 
patients with a diagnosis of offi ce hypertension [ 35 ] and has generally been associ-
ated with similar cardiovascular outcomes as normotensive individuals [ 36 ], 
although recent data from the  International Database of Home Blood Pressure in 
Relation to Cardiovascular Outcome (IDHOCO  ) indicated a 42 % increase in risk of 
CV events compared with those with normal BP in the offi ce and at home, 
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especially among untreated patients [ 37 ]. Interestingly, treated hypertensive patients 
who retained a “white coat effect” had the same overall risk as treated patients 
whose BP was controlled both at home and in the offi ce.  Masked hypertension  , on 
the other hand, has a prevalence of 10–15 % in population studies and has been 
consistently associated with increased risk for adverse cardiovascular endpoints and 
mortality to a level that is identical to that of sustained hypertension [ 36 ]. Lastly, 
ABPM allows assessment of BP during sleep. Nighttime BP is a generally a slightly 
better marker of cardiovascular risk than daytime or 24-hour average BP [ 38 – 40 ]. 

 In a meta-analysis of studies that took into account both offi ce and ABPM in the 
assessment of cardiovascular events and mortality, only ABPM values, not offi ce, 
were signifi cant predictors of outcomes [ 39 ]. Along the same lines, a large cohort 
study that included simultaneous use of offi ce and home BP to predict cardiovascu-
lar events and mortality, only home BP values were signifi cant markers of risk [ 41 ]. 
The superiority of out-of-offi ce methods over offi ce BP has also been demonstrated 
in patients with resistant hypertension [ 28 ,  42 ], chronic kidney disease [ 27 ,  43 – 46 ], 
hemodialysis [ 47 ], and in the general population [ 48 – 50 ]. 

 Clinical trials testing the use of offi ce and out-of-offi ce BP during hypertension 
treatment, however, have been unable to show any differences with respect to BP 
control or changes in left ventricular mass [ 51 – 53 ]. However, these studies were all 
relatively small and limited to 6–12 months in duration. A detailed analysis for the 
United States Agency for Healthcare Research and Quality demonstrated that very 
large sample sizes would be required for defi nitive clinical trials comparing offi ce 
and home BP (between 6500 and 59,000 subjects followed for 10 years depending 
on the assumptions of baseline risk and differences between the two groups) [ 54 ], 
making it doubtful that such a randomized trial will be performed. 

 In summary, prospective cohort studies convincingly show the superiority of 
home BP and ABPM over offi ce BP measurements for the diagnosis of  hypertension 
and to predict hypertension-related outcomes. This evidence is already being incor-
porated into clinical practice guidelines for diagnosis of hypertension. Because it is 
unlikely that a defi nitive clinical trial will ever be performed in the treatment realm, 
decisions to use out-of-offi ce BP for hypertension management are now made pri-
marily on the basis of circumstantial evidence. We feel strongly that their use is 
warranted and our practice is to routinely use out-of-offi ce BP as a guide to hyper-
tension treatment. However, we acknowledge our practice is based on observational 
and not on clinical trial evidence. 

     Out-of-Offi ce BP   in Chronic Kidney Disease 

 Patients with CKD have a high prevalence of abnormal diurnal BP profi les, with 
decreased nocturnal BP dip [ 55 ]. Attention to this was raised by a landmark study 
in 1991 showing uniformly blunted circadian BP profi les in patients with CKD not 
on dialysis, patients on hemodialysis, and patients with a kidney transplant com-
pared with controls matched for age, sex, offi ce systolic BP and presence/absence 
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of antihypertensive drug therapy [ 56 ]. Average dipping during sleep (SBP%/DBP%) 
was 7 %/11 % in CKD patients (vs. 18 %/24 % in controls), 4 %/8 % in hemodialysis 
patients (vs. 14 %/24 % in controls), and 5 %/9 % in transplantation patients (vs. 
13 %/18 % in controls) [ 56 ]. Since then, many studies have confi rmed these obser-
vations. In an important analysis of the  African American Study of Kidney Disease 
(AASK  ) in patients with hypertensive nephrosclerosis with an average GFR of 
44 ml/min/1.73 m 2 , there was an 80 % combined prevalence of non-dipping (41 %) 
or reverse dipping (39 %) [ 57 ]. Another large cohort study of CKD patients with 
less severe loss of renal function (average eGFR 59 ml/min/1.73 m 2 ) showed a 61 % 
prevalence of non-dipping [ 58 ]. The prevalence of non-dipping, and more impor-
tantly, reverse dipping, which is associated with the highest cardiorenal risk, 
increases as eGFR falls [ 59 ] (see Fig.  2.1 ).

   As in essential hypertension, home BP and ABPM have been tested in their pre-
dictive ability for adverse clinical outcomes in CKD. Several small studies sug-
gested that the rate of loss of renal function and/or increase in proteinuria was 
greater in non-dipping than dipping patients with different causes of CKD [ 60 ], 
diabetic nephropathy [ 61 ], and IgA nephropathy [ 62 ]. However, more recent, larger 
studies have not confi rmed the relevance of non-dipping to CKD progression after 
adjustments for average BP and other factors [ 43 ,  45 ]. 

  Fig. 2.1    Relative distribution of circadian BP profi les in patients with CKD. Prevalence of dip-
ping classifi cations in terms of the sleep-time relative SBP decline—≥20 % (extreme-dipper), 
10–20 % (dipper), 0–10 % (non-dipper), <0 % (riser)—of hypertensive patients with CKD in rela-
tion to stage (disease severity)—Stage 1: GFR ≥90 ml/min/1.73 m 2 ; Stage 2: GFR 60–89 ml/
min/1.73 m 2 ; Stage 3A: GFR 45–59 ml/min/1.73 m 2 ; Stage 3B: GFR 30–44 ml/min/1.73 m 2 ; Stage 
4: GFR 15–29 ml/min/1.73 m 2 ; Stage 5: GFR <15 ml/min/1.73 m 2 . Reproduced with permission 
from Hermida R et al., Nephrol Dial Transplant. 2014;29:1160–7       
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 The evaluation of risk of progression to dialysis or death was performed in a 
study of 217 male patients with CKD due to multiple etiologies, mostly diabetes 
and hypertension (baseline eGFR 45 ml/min/1.73 m 2 ) [ 44 ]. After a median follow-
 up of 3.5 years, one standard deviation of home systolic BP (21 mmHg) was associ-
ated with 84 % increased risk (95 % CI = 1.46–2.32) of death or progression to 
ESRD after multiple relevant adjustments including offi ce BP [ 44 ]. In a companion 
paper published shortly thereafter, the same authors presented ABPM data for the 
same cohort showing that one standard deviation increase in 24-hour systolic BP 
(17 mmHg) resulted in a 62 % (95 % CI—1.21–2.18) increase in risk of dialysis or 
death after adjustment for clinic BP [ 43 ]. However, this prognostic advantage did 
not remain signifi cant after adjustment for other clinical factors. Of the individual 
components of ABPM, only nighttime systolic BP was a signifi cant predictor of 
death and dialysis risk on adjusted analyses (hazard ratio 1.79 for ESRD or death, 
1.90 for death) [ 43 ]. 

 In a multicenter study of 436 patients with CKD of varying etiologies, mostly 
hypertension, diabetes, and tubulointerstitial diseases (baseline eGFR 43 ml/
min/1.73 m 2 ), only ABPM, not offi ce BP, was associated with cardiovascular events, 
progression to dialysis or death during 4.2 years of follow-up [ 46 ]. The same group 
of investigators recently published further data on outcomes based on the degree of 
BP control in the offi ce, on ABPM, both or neither [ 63 ]. They considered offi ce BP 
as being at goal if less than 140/90 mmHg, whereas ABPM was considered at goal 
if daytime BP was <135/85 mmHg and nighttime BP was <120/70 mmHg. Among 
the 489 study subjects, 17 % were controlled both at home and offi ce, 22 % were 
controlled only on ABPM (i.e., a white coat effect), 15 % only in the offi ce (i.e., a 
masked effect), and 47 % on neither (“uncontrolled”). The group with a “white coat 
effect” had similar risk of cardiovascular events, dialysis, and death as the referent 
group (controlled BP in both settings). Conversely, the “masked effect” and 
 uncontrolled groups had 2.3 to 3.9-fold greater risk of negative outcomes than 
patients with controlled BP [ 63 ]. 

 In a 5-year longitudinal analysis of 617 African-American patients with hyper-
tensive nephrosclerosis found ABPM to be better than offi ce BP for prediction of 
loss of renal function and cardiovascular events [ 45 ]. Both daytime and nighttime 
BPs were associated with increased risk of cardiovascular events despite adjust-
ments for offi ce BP and other variables. On the other hand, ABPM values were only 
associated with the composite renal endpoint (doubling of serum creatinine, dialy-
sis, or death) in patients with controlled offi ce BP (systolic BP <130 mmHg) [ 45 ]. 

 In summary, similar to the general population, out-of-offi ce BP measurements 
are better predictors of renal and cardiovascular outcomes in patients with 
CKD. However, the available data are not as strong as the studies are not as well 
powered as studies in other hypertensive populations, and several inconsistencies 
remain with respect to the prognostic role of individual ambulatory BP variables 
(i.e., daytime vs. nighttime vs. 24-hour average vs. dipping status).  
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    Out-of-Offi ce BP in  Kidney Transplantation   

 Hypertension is present in the majority  of kidney transplant   recipients [ 64 ]. A recent 
study found only 16 % of recipients to be normotensive without the need for antihy-
pertensive therapy [ 65 ]. This study also showed poor BP control in 44 %, while 
10 % had  white coat hypertension   and 18 % had  masked hypertension  . Additionally, 
only 16 % of the recipients had a normal nocturnal dipping blood pressure pattern. 
This increased incidence of hypertension is in part a consequence of the immuno-
suppression regimen. In particular, corticosteroids and the calcineurin inhibitors 
(cyclosporine more so than tacrolimus) are associated with hypertension [ 66 ]. 
Furthermore, and consistent with native kidney disease, hypertension can be both a 
cause and a consequence of allograft renal insuffi ciency. A study addressing BP 
control by ABPM and offi ce BP in 868 kidney transplant recipients found that only 
34 % of participants had controlled ambulatory BP [ 64 ]. Circadian BP patterns 
showed a high proportion of reverse dippers (48 %) in addition to 34 % non-dippers, 
and only a small proportion (14 %) of normal dippers [ 64 ]. Another study compared 
offi ce BP and ABPM in patients with CKD and patients with a kidney transplant 
[ 67 ]. The investigators hypothesized that the immunosuppressants would lead to a 
greater degree of hypertension compared to patients with CKD and similar levels of 
renal insuffi ciency. While the offi ce-based BP levels were similar, ABPM identifi ed 
a signifi cant difference in both awake and asleep BP between the two groups (higher 
in transplant), and transplant recipients less often had a normal diurnal BP rhythm 
(21 % were dippers compared with 34 % of the CKD patients) [ 67 ]. In summary, 
nocturnal hypertension and non-dipping are common in transplant recipients, and 
likely occur to a greater extent than in patients with similar degrees of kidney dys-
function without a transplant. 

 Home BP monitoring has also been evaluated in kidney transplantation. 
Consistent with data from the general population, home BP in kidney transplant 
recipients better approximated ABPM than offi ce BP readings (72 % concordance 
versus 54 %) [ 68 ]. Moreover, compared with ABPM reference data, HBPM was 
both more sensitive and  specifi c   at detecting hypertension than offi ce-based BP 
measurements for the recipients studied. 

 Limited data are available to compare the prognostic relevance of out-of-offi ce 
versus offi ce BP in renal transplant recipients. ABPM correlates better with left 
ventricular mass than offi ce BP in renal transplant patients [ 69 ,  70 ]. Small prospec-
tive studies have shown stronger associations between ABPM-derived BP values 
and serum creatinine levels [ 71 ,  72 ] and vascular injury in the allograft [ 72 ], 
although not all studies have corroborated this [ 73 ]. The only long-term study eval-
uating graft failure and cardiovascular events in renal transplant patients included 
126 patients followed for 46 months [ 74 ]. In this study, the presence of a reverse 
dipper pattern on ABPM was associated with a 3.6-fold increase in risk of loss of 
allograft or cardiovascular event during follow-up ( P  = 0.02). Neither offi ce BP nor 
other measures derived from ABPM were associated with the outcomes in question 
[ 74 ]. In summary, the strength of the association between ABPM levels and clinical 
outcomes in renal transplantation is weak. 
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 One relevant point related to renal transplantation is the increasing use of ABPM 
to evaluate potential kidney donors, as several studies indicate that donor candidates 
with hypertension are at risk for worsened BP control following kidney donation 
[ 75 – 77 ] and the prevalence of  white coat hypertension   may be as high as 62 % in 
this patient group [ 78 ,  79 ]. Therefore, the use of ABPM allows for better risk strati-
fi cation prior to donation.      
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    Chapter 3   
 Pathophysiology of Hypertension in Chronic 
Kidney Disease and Dialysis                     

     Karen     A.     Griffi n      ,     Aaron     J.     Polichnowski     , and     Anil     K.     Bidani    

          Introduction 

 The close association between hypertension and severe kidney disease has been rec-
ognized for over 100 years. Such an association is only to be expected given the 
central role played by the kidneys in chronic BP regulation [ 1 – 6 ]. BP is a product of 
cardiac output (CO) and total peripheral resistance (TPR), and although an exceed-
ingly large number of perturbations can acutely increase BP by impacting one or 
both of these determinants, sustained hypertension can only result through the failure 
of the homeostatic mechanisms that restore normal BP. As emphasized by Guyton 
and his co-workers, while a variety of neurohormonal control systems including fac-
tors that infl uence vascular capacity and transcapillary fl uid exchange can be effec-
tive over the short term (hours), the primary mechanism for the long- term BP 
homeostasis is through the regulation of body fl uid volume by the kidneys because 
of its capacity for “ infi nite gain  .” The key component of this mechanism termed the 
renal body fl uid feedback mechanism is the pressure natriuresis/diuresis phenome-
non, i.e. the ability of the kidney to increase or decrease salt and water excretion in 
response to increases or decreases in renal perfusion pressure. Therefore, the devel-
opment of all forms of sustained HTN almost by defi nition requires an impairment 
of pressure natriuresis. However, it bears emphasis that the normal kidneys are able 
to increase salt excretion by several-fold in response to increases in salt intake with-
out an appreciable change in BP. Thus, the very frequency with which hypertension 
develops is indicative of the frequency with which the intrinsic renal and neurohor-
monal mechanisms fail to achieve the task of achieving sodium balance without a 
sustained increase in BP. This is perhaps not surprising given that the mammalian 
kidney has evolved to avidly conserve salt [ 7 ] and the very wide range of alterations 
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that can blunt the ability/effi ciency of sodium excretory mechanisms. In this context, 
it also needs to be acknowledged that despite extensive work, many aspects of the 
pressure natriuresis phenomenon remain to be fully explicated, particularly as they 
pertain to how the changes in BP are transmitted to and sensed by the kidneys so as 
to achieve the necessary adjustments in sodium excretion [ 8 – 11 ]. 

 It is also of note that despite the intimate association of  CKD and HTN  , subtle 
neurohormonal, hemodynamic, and tubular Na reabsorption abnormalities can 
impair pressure natriuresis without a decrease in GFR and/or other detectable 
defects in renal function, as in fact is postulated to occur in individuals with essen-
tial HTN [ 4 – 6 ,  12 ,  13 ]. In general, renal vasoconstrictor mechanisms favor sodium 
reabsorption and increased BP while renal vasodilators favor sodium excretion and 
reduced BP even in the absence of GFR changes. The associated alterations in the 
pressure natriuresis relationships probably result from an altered BP sensing by the 
renal parenchyma as well as direct effects on tubular sodium reabsorption. But pre-
dictably, the presence of a reduced GFR and/or enhanced Na reabsorption in renal 
disease states likely magnifi es the impact of such neurohormonal and hemodynamic 
determinants on the impairment of pressure natriuresis. Thus, it is not surprising 
that a strong correlation has been noted between the presence and severity of hyper-
tension and the magnitude of the decline in renal function with the prevalence of 
HTN ranging between 60 and 100 % in patients with CKD [ 6 ,  14 – 17 ]. Nevertheless, 
signifi cant variability is observed in the presence and severity of hypertension 
within and between renal disease etiologies, at any given reduction in GFR, likely 
refl ecting differences in the other associated modulators of pressure natriuresis 
[ 4 – 6 ,  8 – 11 ]. In any event, the likely presence of multiple interacting mechanisms 
with the potential to impair pressure natriuresis and to reduce the effi ciency of 
sodium excretion in CKD results in a hypertension that is more diffi cult to control 
and almost inevitably requires effective diuretic therapy in addition to other agents 
[ 4 ,  18 – 21 ]. 

  Factors That Promote Hypertension in CKD     By and large, these are the same 
factors that promote increased BP in individuals without CKD, but as noted earlier, 
their effects tend to be magnifi ed in CKD. However, the two factors that play a 
particularly predominant role in the pathogenesis of HTN in CKD patients are salt 
and the activity of the  renin–angiotensin–aldosterone system (RAAS  ). This is par-
ticularly true of ESRD patients on dialysis [ 22 – 26 ]. Therefore, these factors are 
discussed in somewhat greater detail.  

     Salt   

 Extensive studies in both humans and experimental animals have demonstrated a 
striking ability to adapt to very large increases in salt intake with only a mild and 
transient increase in BP, although some genetic and age-dependent individual vari-
ability is observed [ 4 – 6 ,  15 ]. This tolerance of large increases in salt intake without 
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developing sustained HTN is a function of the ability to re-achieve sodium balance 
by increasing urinary sodium excretion with only modest and transient sodium 
retention [ 4 – 6 ,  15 ]. This is made possible through the suppression of the Na reten-
tion mechanism (RAAS) and activation of the natriuretic systems including ANP. 
By contrast, individuals with CKD exhibit progressive increases in BP salt sensitivity 
with increasing loss of renal function [ 6 ,  14 ,  15 ]. The most extreme illustration of 
this phenomenon is provided by individuals with ESRD, particularly those without 
kidneys, in whom BP becomes extremely sensitive to changes in sodium intake and 
blood volume [ 22 – 26 ]. However, it bears emphasis that salt sensitivity is a continu-
ous rather than a categorical phenotype [ 4 ,  6 ,  27 ] and there is considerable variabil-
ity in the BP response to salt supplementation even in individuals with CKD, 
depending upon the pathophysiology associated with the underlying renal disease 
and its severity. 

 The different patterns of steady-state pressure natriuresis relationships that have 
been observed when HTN is due to renal mechanisms are schematically depicted in 
Fig.  3.1a  [ 3 – 5 ]. As illustrated in the schematic, most forms of renal dysfunction 
other than those due to a generalized increase in preglomerular resistance are asso-
ciated with increased BP salt sensitivity. However, the precise pattern and degree of 
salt sensitivity differs between the different mechanisms of renal HTN. This vari-
ability is believed to result from the differences in the degree to which the two com-
mon postulated pathways to salt sensitivity are being impacted: (1) loss of functional 
nephrons and (2) RAAS responsiveness [ 3 – 5 ]. In this context, it may be important 
to separate the effects of RAAS activation on BP per se from that on salt sensitivity 
of BP. While RAAS activation per se increases BP, it is the ability of salt to further 
modulate RAAS that determines salt sensitivity. As illustrated in Fig.  3.1b , increased 
BP salt sensitivity is observed somewhat counterintuitively, both with RAAS block-
ade and with continuous angiotensin II infusions. Accordingly in states of general-
ized preglomerular vasoconstriction (e.g., scleroderma and advanced hypertensive 
nephrosclerosis), it is the ability of RAAS to be suppressed by further increases in 
salt intake that renders the HTN in such states to be salt-insensitive. However, if the 
increases in preglomerular resistances are patchy or focal as in early hypertensive 
nephrosclerosis, renin release and RAAS suppressability are also non-homogenous 
and therefore BP tends to exhibit variable salt sensitivity [ 3 – 5 ,  12 ]. Similarly, in 
states of reduced  glomerular capillary fi ltration   coeffi cient ( K  f ) (e.g., glomerulone-
phritis), HTN develops due to the initial reductions in GFR, salt retention, and 
RAAS activation. But once HTN is established, the volume expansion suppresses 
RAAS and renders it less responsive to further changes in salt intake and thereby 
makes the BP more salt sensitive. Similarly, the increased sodium retention due to 
primary increases in tubular sodium reabsorption lead to volume expansion and 
RAAS suppression, resulting in salt-sensitive HTN. The clearest illustration of such 
a mechanism, although not directly relevant to CKD states, is provided by the 
monogenic forms of HTN. All of these involve mutations that result in an initial 
increase in distal renal tubular Na absorption, blunted pressure natriuresis, and salt- 
sensitive HTN [ 4 – 6 ,  28 ]. By contrast, in CKD states, the increased tubular Na 
 reabsorption is more likely to be secondary to increased RAAS activation. Although 
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  Fig. 3.1    ( a ) Steady-state relationships between  arterial pressure and urinary sodium excretio  n and 
sodium intake for subjects with normal kidneys and four general types of renal dysfunction that 
cause hypertension: decreased kidney mass, increased reabsorption in distal and collecting tubules, 
reductions in glomerular capillary fi ltration coeffi cient ( K  f ), and increased preglomerular resis-
tance. Note that increased preglomerular resistance causes  salt - insensitive  hypertension, whereas 
the other renal abnormalities cause  salt - sensitive  hypertension [ 4 ]. From Hall JE, Granger JP, do 
Carmo JM, da Silva AA, Dubinion J, George E, Hamza S, Speed J, Hall ME. Hypertension: 
Physiology and pathophysiology. Compr Physiol. 2012;2:2393–2442. Copyright Wiley 2012, used 
with permission. ( b ) Relationship between mean arterial pressure and sodium excretion (as an 
index of sodium intake) after steady state was achieved at four levels of sodium intake in dogs. 
Sodium intakes ranging from approximately 5–500 mEq/day were provided under normal condi-
tions with a functional renin–angiotensin system, after blockade of Ang II formation with chronic 
angiotensin-converting enzyme (ACE) inhibitor, and after infusing Ang II continuously at 5 ng/kg/min 
to prevent plasma Ang II levels from being suppressed on the high-salt diet. Note the sensitivity of 
blood pressure to sodium intake when Ang II levels are prevented from changing [ 5 ]. From Brands 
MW. Chronic blood pressure control. Compr Physiol. 2012;2:2481–2494. Copyright Wiley 2012, 
used with permission         
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the loss of functional nephrons in CKD also promotes BP salt sensitivity, the degree 
of actual BP salt sensitivity observed is likely to depend on the etiopathogenesis of 
the underlying renal disease, the extent of RAAS activation and its suppressability. 
This is most clearly illustrated in experimental models of  renal mass reduction 
(RMR  ). Strikingly different chronic BP responses are observed despite equivalent 
70–80 % reductions in renal mass and GFR produced by infarction vs surgical exci-
sion of renal tissue [ 4 ,  29 ,  30 ]. In the surgical excision models of RMR, both in the 
rat and the dog, HTN does not develop on a normal salt diet perhaps because com-
pensatory increases in SNGFR and tubular reabsorption are relatively balanced and 
the RAAS is suppressed due to the increased NaCl delivery to the macula densa. 
However, BP becomes very sensitive to increased salt intake as RAAS cannot be 
further suppressed. By contrast, when comparable RMR is achieved by infarction as 
in the conventional 5/6 renal ablation model, there is increased non-suppressible 
focal renin release from the peri-infarct areas and the animals rapidly develop HTN 
that is relatively salt-insensitive [ 4 ,  31 ,  32 ]. These considerations emphasize that in 
most renal diseases, a combination of interacting mechanisms are likely to be opera-
tive that infl uence the severity of HTN and its salt sensitivity. Furthermore, such 
patterns may not be fi xed and may change over time with the evolution/progression 
of the renal disease. However, as noted earlier, with the development of ESRD, 
 HTN   largely becomes salt and volume dependent and the infl uence of the other 
HTN promoting mechanisms, including RAAS and increased sympathetic activity 
becomes quantitatively reduced [ 6 ,  22 – 26 ]. Nevertheless, these determinants often 
modify the relationships between volume expansion, cardiac output, and peripheral 
resistance resulting in signifi cant individual variability in BP and its response to 
dialytic fl uid removal.

   Although the preceding discussion has emphasized the central role played by 
renal mechanisms of salt homeostasis in the pathogenesis of sustained hyperten-
sion, it also needs to be emphasized that not all states of impaired salt homeostasis 
and salt retention result in hypertension even in individuals with CKD. In general, 
salt retention tends to cause hypertension only when it results in an increase in 
effective circulatory volume as distinct from an increase in total extracellular fl uid 
volume or even absolute blood volume. Accordingly, salt retention does not lead to 
hypertension in states of increased vascular capacity and/or altered Starling forces 
at the peripheral capillaries which favor increased leakage of fl uids into the intersti-
tial compartment and/or into the peritoneal space [ 4 ,  6 ]. Recently, it has been sug-
gested that salt sensitivity even in the monogenic syndromes due to increased distal 
tubular sodium absorption is dependent not only on the sodium retention but also on 
a concomitant failure to reduce peripheral resistance (increase in vascular capacity) 
[ 33 ]. Evidence has also been obtained recently to indicate a signifi cant macrophage 
regulated and VEGF-C dependent subcutaneous storage capacity for sodium which 
may additionally buffer and modulate sodium retention and BP increases in sodium 
excess states, including those with ESRD [ 34 – 36 ]. 

 In any event, although controversy persists as to the advisability of more rigorous 
salt restriction measures in the general population [ 37 ], there is clear evidence of 
their usefulness and importance in the CKD population with HTN [ 38 ,  39 ].  

3 Pathophysiology of Hypertension in Chronic Kidney Disease and Dialysis



40

     Renin–Angiotensin–Aldosterone System   

 As is evident from the preceding discussion, RAAS plays a central and critical role 
in BP and volume homeostasis [ 3 – 6 ,  40 ,  41 ]. This hormonal cascade is initiated by 
the release of renin, a rate-limiting enzyme that catalyzes hydrolysis of angiotensin 
(Ang) I from the N-terminus of angiotensinogen. Renin is released from the juxta-
glomerular cells (JG) of the renal afferent arteriole in response to a number of stim-
uli including, but not limited to, decreased renal perfusion pressure, reduced chloride 
concentration at the macula densa cells, sympathetic nerve stimulation via β-1 
adrenergic receptors, and negative feedback by Ang II on the JG cells. As depicted 
in Fig.  3.2 , Ang I is hydrolyzed by the angiotensin-converting enzyme (ACE) to 
form the potent vasoconstrictor, Ang II. Although a number of other biologically 
active enzymatic products and components of this hormonal cascade have been 
described [ 42 ,  43 ], Ang II is the primary effector of both short term and long-term 
BP regulation by this system [ 3 – 5 ]. These effects are mediated both through its 
direct vasoconstrictive pressor effects and through its stimulatory effects on renal 
tubular sodium reabsorption. Both effects are primarily mediated through the AT 1  
receptor, although there is evidence that under certain conditions effects mediated 

  Fig. 3.2     Renin–angiotensin system (RAS  ) signaling cascade [ 42 – 46 ,  49 – 51 ]. Angiotensinogen is 
converted to Angiotensin I by the rate-limiting enzyme, renin. Angiotensin I is then converted to 
Angiotensin II by angiotensin-converting enzyme (ACE). It is now well recognized that most 
organs have all the components necessary to produce Angiotensin II locally. In the kidney, 
Angiotensin II acts on two major receptors, AT 1  and AT 2 , which can be found on most major cell 
types. The primary effects of AT 1  stimulation are afferent and efferent vasoconstriction and NaCl 
reabsorption. Angiotensin II also promotes the release of aldosterone from the adrenal cortex, 
which further increases sodium reabsorption via its actions on principal cells in the distal tubule 
and collecting ducts. In contrast, AT 2  stimulation promotes afferent and efferent vasodilation and 
natriuresis       
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by AT 2  receptors may be natriuretic and BP lowering [ 44 – 46 ]. In any event, by 
 virtue of its potent vasoconstrictor effects on the systemic and renal vasculature via 
the AT 1  receptor, Ang II contributes to the maintenance of BP during states of circu-
latory depression (hypotension) and/or volume depletion. The renal vasoconstric-
tive effects additionally potentiate the stimulatory effects of Ang II on Na 
reabsorption by most nephron segments leading to Na and volume conservation. 
The sodium conservation is further enhanced through the stimulation of aldosterone 
biosynthesis by Ang II (vide infra).

   In this context, it is worth noting that the kidney is unique in that its tissue con-
centrations of Ang II exceed what would be delivered by arterial blood fl ow and 
there is substantial evidence that renal Ang II may be largely generated locally from 
angiotensinogen delivered from the circulation as well as that produced by the prox-
imal tubule cells. All components required to generate intrarenal Ang II are present 
along the nephron [ 47 – 49 ]. There is also evidence that activation of intrarenal 
RAAS may be particularly relevant to tubular sodium reabsorption in the pathogen-
esis of salt-sensitive hypertension [ 50 ,  51 ]. In normal individuals when RAAS is 
fully functional and appropriately responsive to volume/Na and BP signals, the 
chronic renal pressure natriuresis relationship is quite steep and large changes in 
sodium intake can be achieved with minimal BP change. By contrast, when RAAS 
is inappropriately activated and/or is poorly suppressible by further increases in salt 
intake or perfusion pressure, pressure natriuresis is impaired and salt-sensitive 
hypertension develops, as is the case in most individuals with CKD. 

 Of note, despite the very frequent participation of RAAS in the pathogenesis of 
hypertension in CKD, the aspect that has received the greatest emphasis is its pos-
tulated role in mediating BP-independent renal damage and CKD progression [ 19 , 
 45 ,  52 ,  53 ]. Two sets of mechanisms are postulated for these adverse effects of Ang 
II on renal injury. It is widely believed that Ang II predominantly causes efferent 
arteriolar constriction, resulting in disproportionate P GC  elevations and progressive 
glomerulosclerosis (GS) [ 19 ,  54 ]. However, such selective efferent constriction has 
typically been observed in states of low perfusion pressure and reduced macula 
densa fl ow (e.g., renal artery stenosis, hypovolemia), which stimulate not only renin 
release but also concurrent cyclooxygenase-2-mediated  prostaglandin (PG  ) E 2  
release from the macula densa [ 55 ]. PGE2 attenuates afferent but not efferent 
responses to angiotensin II [ 56 ] (see Fig.  3.3 ). This results in selective efferent con-
striction and a context-appropriate preferential preservation of glomerular fi ltration 
rate and glomerular capillary pressure P GC  in renal hypoperfusion states [ 45 ,  57 ]. 
Hence the sensitivity to nonsteroidal anti-infl ammatory drug (NSAID) induced 
acute renal failure in such states. It is unlikely that a selective angiotensin II-mediated 
efferent constriction is a feature of ambient glomerular hemodynamics in the 
volume- replete normotensive or the volume-expanded hypertensive CKD states. 
Moreover, substantial evidence indicates that pathogenic glomerular hypertension 
in CKD models is primarily a consequence of an impairment of the autoregulatory 
responses of the dilated afferent arterioles that normally protect the glomerular cap-
illaries from transmission of systemic BP elevations, episodic or sustained [ 57 – 59 ]. 
Moreover, when exogenous Ang II is administered, clear evidence of both afferent 
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and efferent constriction as well as reduction in glomerular BP transmission is seen 
[ 60 ]. The second set of mechanisms believed to mediate the deleterious effects of 
Ang II in CKD involve several BP-independent tissue injury and fi brosis pathways 
[ 52 ,  53 ]. While such pathways have indeed been demonstrated in-vitro, it has been 
diffi cult to demonstrate the BP independence of such effects in-vivo when BP mea-
surements have been performed adequately. By contrast, there is fairly unambigu-
ous evidence of BP-dependent renoprotection by RAAS blockade [ 58 ,  59 ].

   As noted earlier, Ang II, via the AT 1  receptor, also stimulates the production of 
aldosterone by the zona glomerulosa of the adrenal cortex, the powerful Na retain-
ing hormone that contributes to the development of hypertension via the actions of 
the mineralocorticoid receptor on ENaC channels promoting the reabsorption of 
sodium and water along the distal tubules and collecting ducts [ 4 ,  5 ]. Its impact on 
the pressure natriuresis pattern is very similar to that of Ang II [ 3 – 5 ,  10 ]. In addition 

  Fig. 3.3    Schematic illustration of the interactions between  Angiotensin II (ANG II  ) and prosta-
glandin E2 (PGE 2 ) in regulating afferent arteriolar vasoconstriction at the juxtaglomerular appara-
tus (JGA) in states of renal hyperperfusion with reduced tubular fl ow and NaCl delivery at the 
macula densa (MD). The reduced NaCl delivery stimulates the release of both renin [ 4 – 6 ,  40 ] and 
PGE 2  [ 55 ]. PGE 2  attenuates the afferent arteriole myogenic responses to ANG II [ 56 ]. As shown in 
the diagram, the JGA consists of juxtaglomerular cells which secrete renin, the MD, and the extra-
glomerular mesangial cells. Adapted from Hunley TE, et al. in Avner ED, ed. Pediatric Nephrology, 
Sixth Edition, Vol 1, Springer-Verlag New York 2010       
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to these slower genomic effects mediated through the MR receptor, more rapid 
 non- genomic renal effects have also been described but their role in long-term BP 
homeostasis is unclear [ 5 ,  61 ]. More recently, pathways for salt-sensitive HTN that 
are mediated through the MR receptor independent of aldosterone have also been 
postulated [ 62 – 64 ]. Of note, although Ang II and plasma aldosterone tend to paral-
lel each other except in primary mineralcorticoid excess states, this may not hold 
true in CKD states. Angiotensin II and extracellular potassium levels, the two major 
regulators of aldosterone secretion may frequently change in different directions in 
CKD and utilize signaling pathways to differentially impact NaCl cotransporter 
activity [ 65 ].  

     Sympathetic Nervous System   

 While the aforementioned volume expansion and RAAS activity are the predomi-
nant mediators of hypertension in CKD/ESRD patients, activation of the sympa-
thetic nervous system (SNS) is also recognized to play a signifi cant role in this 
patient population [ 66 – 68 ]. Elevations in BP by the SNS can be achieved by exert-
ing both inotropic and chronotropic effects on cardiac output and through vasocon-
strictive effects on the vasculature, in addition to the effects mediated by the 
activation of renal nerves (via infra) [ 4 – 6 ,  66 – 70 ]. 

     Central Sympathetic Nervous System   

 Sustained overactivity of the sympathetic nervous system has been observed in sev-
eral types of human hypertension including, but not limited to, obesity, obstructive 
sleep apnea, early type 2 diabetes, heart failure, and chronic kidney disease/ESRD 
[ 67 ]. This may be the result of deactivation of inhibitory neural inputs (e.g., barore-
ceptors), activation of excitatory neural inputs (e.g., carotid body chemoreceptors, 
renal afferents), or stimulation by circulating angiotensin II, that activates excitatory 
brainstem neurons that are devoid of a blood–brain barrier [ 67 ,  71 ]. Both excitatory 
and inhibitory synaptic inputs received by the nucleus tractus solitarious (NTS) 
project to the rostral ventrolateral medulla, and from there preganglionic sympa-
thetic fi bers synapse in the adrenal medulla or the paravertebral sympathetic chain 
ganglia. Postganglionic fi bers releasing norepinephrine innervate the heart, blood 
vessels, and kidney.  

     Renal Sympathetic Nervous System   

 The renal sympathetic nerves contribute to hypertension through multiple pathways 
that include renal vasoconstriction via α 1A  adrenergic receptors on renal arterial 
resistance vessels, stimulation of renin release via β 1  adrenergic receptors on juxta-
glomerular granular cells, and increased renal sodium and water reabsorption via 
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α 1B  adrenergic receptors on renal tubular epithelial cells [ 4 – 6 ,  70 ,  71 ]. Increasing 
activity of SNS is seen with declining renal function. This is due to the fact that the 
kidney is richly innervated with sensory afferents projecting centrally to the nucleus 
tractus solitaries (NTS) evoking refl ex sympathetic excitation. These afferents can 
be activated by ischemic (adenosine) or uremic (urea) metabolites and have been 
implicated in the pathogenesis of hypertension observed with renovascular disease 
or CKD, respectively [ 6 ,  72 – 74 ]. The renal SNS also contributes to salt-dependent 
hypertension by shifting the pressure natriuresis curve to the right. Of note, the renal 
responses to sympathetic nerve stimulation are frequency dependent and can there-
fore be additively activated with the lowest frequency stimulating only sodium reab-
sorption, with the addition of renin release at the next highest frequency, and at the 
highest frequencies sodium reabsorption and renin release are accompanied by 
reductions in RBF and GFR [ 70 ,  71 ].   

    Endothelial Dysfunction, Nitric Oxide, and Oxidative Stress 

 Among its numerous biological functions, the vascular endothelium is also the site 
of synthesis of several vasoactive molecules including  nitric oxide (NO  ) and reac-
tive oxygen species (ROS) which are intimately involved in the regulation of vascu-
lar tone and BP. Although the term endothelial dysfunction has been used to refer to 
alterations of vascular function in several pathological states [ 75 – 77 ], the present 
discussion is primarily limited to the role of NO loss and oxidant stress in the patho-
genesis and pathophysiology of hypertension in CKD/ESRD states [ 78 – 82 ]. Loss of 
NO, particularly in the medullary circulation, has been shown to increase renal vas-
cular resistance, enhance the sensitivity to other vasoconstrictions, augment renal 
salt reabsorption, and impair pressure natriuresis. Such NO defi ciency can occur 
through multiple mechanisms including decreased endothelial arginine transport, 
altered NO synthase (NOS) expression, decreased NO bioavailability due to 
increased scavenging by ROS and/or NOS inhibition by endogeneous inhibitors 
including the NOS inhibitor, asymmetric dimethyl arginine (ADMA), the levels 
which are increased in CKD states [ 4 ,  78 – 82 ]. ROS also promote salt-sensitive 
hypertension, partly through limiting NO availability and partly through direct 
effects on the renal microvasculature and renal tubules that increase vasoconstric-
tion, particularly in the medulla, enhance sodium reabsorption, and impair pressure 
natriuresis relationships. As GFR declines with CKD, the effects of NO loss and 
increased ROS become further potentiated, setting up a vicious cycle.  

     Endothelin   

 One of the more potent systemic and renal vasoconstrictors produced by the endo-
thelium is endothelin (ET-1). Receptors for ET-1 are located throughout the body 
with the greatest concentration being located in the lungs and kidney. ET-1 acts on 
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both endothelin A (ET A ) and endothelin B (ET B ) receptors. ET A  effects are vasocon-
strictive and prohypertensive, while ET B  activation results in medullary vasodila-
tion and natriuresis [ 4 ,  6 ,  83 ]. Thus depending on the location and type of receptor 
activated, ET-1 can elicit a chronic hypertensive state or have an antihypertensive 
effect [ 4 ,  6 ,  84 ]. Sodium increases ET-1 expression in the kidney and the absence of 
ET-1 action on ET B  receptors results in salt-dependent hypertension [ 85 – 87 ]. In 
patients with renal disease and ESRD, plasma ET-1 levels are increased and corre-
late with BP [ 6 ,  88 ]. Supporting a role for ET-1 in CKD hypertension are the anti-
hypertensive effects of selective ET A  receptor blockade which has therefore emerged 
as a potential target for the treatment of hypertension in patients with CKD/ESRD 
[ 6 ,  89 ,  90 ]. Interestingly, treatment of anemia in patients with renal disease using 
human recombinant erythropoietin also has been shown to have adverse effects on 
endothelial function by increasing ET-1 production and increasing BP.  

     Dopamine and Renalase   

 Renal dopamine is natriuretic and is estimated to potentially impact approximately 
50 % of excreted sodium. Additionally, renal dopamine counteracts the effect of 
angiotensin II, thus making dopamine an important contributor to sodium homeosta-
sis and BP regulation [ 91 – 94 ]. A high-salt diet stimulates renal dopamine synthesis 
and excretion while a low salt diet has the opposite effect. Dopamine exerts its natri-
uretic effect through the activation of D1-like dopamine receptors in the proximal 
tubule which in turn reduces the activity of the Na/H exchanger (NHE3) by increas-
ing its internalization. There is also evidence to suggest that the renal vascular natri-
uretic response to D1-like receptor stimulation may differ between hypertensive and 
normotensive individuals. However, the contribution of the system to CKD hyper-
tension is probably mediated through changes in the activity of renalase. Renalase is 
a secreted amine oxidase that metabolizes circulating catecholamines, including 
dopamine [ 94 ,  95 ]. Renalase is highly expressed in the proximal tubule and is not 
only secreted in the blood but is also secreted in the urine. The activity of renalase is 
much higher in the urine than in the plasma. Recent data indicate that renalase defi -
ciency is associated with increased BP and elevated circulating catecholamines. This 
may occur through the action of urinary renalase on urinary catecholamines thereby 
regulating dopamine concentration in luminal fl uid and modulating proximal tubular 
sodium transport. Prior to the discovery of renalase it was thought that luminal dopa-
mine levels could only be regulated prior to secretion into the tubular lumen as the 
two enzymes that play an important role in the catabolism of dopamine, monoamine 
oxidase (MAO), and carboxy-O-methyl-transferase (COMT) are intracellular. 
However, inhibition of MAO and COMT does not have a signifi cant impact on dopa-
mine-dependent natriuresis in experimental models suggesting a role for renalase in 
the metabolizing and regulation of dopamine levels in the tubular lumen [ 96 ]. Studies 
in the renalase knockout mouse model which exhibit an elevated BP have also pro-
vided support for these concepts [ 95 ]. Increased dietary sodium has also been shown 
to inhibit renalase protein expression in experimental models of CKD and 
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salt-sensitive hypertension while administration of recombinant renalase has been 
shown to decrease BP in these models [ 96 ,  97 ]. Moreover, blood levels of renalase 
are signifi cantly reduced in end-stage renal disease patients [ 97 ,  98 ].  

    Other Pressor Factors 

 A discussion of the multiple other factors that have the potential to cause hyperten-
sion in CKD/ESRD patients is beyond the scope of this chapter. However, some of 
the factors that may be of particular relevance in CKD patients are briefl y 
discussed. 

     Parathyroid Hormone   

 Although the hypertension in most patients with CKD is primarily due to other fac-
tors, it has been suggested that the secondary hyperparathyroidism usually present 
in these patients may be contributory [ 99 ,  100 ]. Patients with primary hyperparathy-
roidism (PHPT) also often have hypertension, but the mechanisms have not been 
fully elucidated. It has been suggested that in addition to the activation of the sym-
pathetic RAAS, elevated serum and intracellular calcium levels may lead to an 
increase in vascular smooth muscle tone [ 101 ]. However, the relationship of these 
mechanisms in PHPT to the hypertension in the majority of CKD patients who tend 
to be normo- or hypocalcemic remains to be established.  

     Vitamin D   

 Patients with CKD often have reduced synthesis of calcitriol, the active form of 
vitamin D. Studies in animal models have suggested that vitamin D may play a role 
in the hypertension, left ventricular hypertrophy and diastolic dysfunction, and 
albuminuria observed in CKD states [ 102 – 105 ]. Some of the evidence comes from 
studies in vitamin D receptor knockout mice which develop elevated BP and left 
ventricular hypertrophy thought to be due to the loss of normal suppression of 
RAAS by vitamin D [ 103 – 105 ]. A relationship between vitamin D and BP has also 
been suggested on epidemiologic grounds based on the observation that the inci-
dence of hypertension increases at higher latitudes where low UV irradiation levels 
exist [ 106 ]. Similarly, studies by Harburg et al. have also shown that dark skin pig-
mentation affects UV light penetration and reduces the cutaneous synthesis of vita-
min D which is also associated with a higher BP in these populations [ 107 ]. 
However, more recent work by Liu et al. showing that the skin is capable of modu-
lating systemic NO bioavailability by its release from cutaneous stores with UV 
exposure has provided an alternative explanation for these associations. This effect 
may account for the latitudinal and seasonal variations of BP that are independent 
of vitamin D and may confound interpretations of previous work examining the 
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relationship between vitamin D and BP [ 108 ]. Similarly, although several epide-
miological studies have supported an association between Vitamin D defi ciency and 
hypertension [ 102 ,  109 ], clinical trials of Vitamin D supplementation have yielded 
negative results [ 110 ].  

     Calcium   

 Over the years there has been considerable debate as to the role of dietary and non- 
dietary calcium supplementation and its effects on hypertension. In addition to the 
direct vasoconstrictive effects of hypercalcemia [ 111 ], calcium has been shown to 
modulate the enzymatic activities that integrate the balance of synthesis and degra-
dation of the dominant second messenger for renin secretion, cAMP [ 112 ]. Acting 
primarily through adenylyl cyclase V activity, calcium does not directly control 
renin secretion but rather modulates the degree of response to the classic renin- 
stimulating pathways of the renal baroreceptor, macula densa, and renal nerves. 
Unlike most secretory cells, with the exception of the chief cells of the parathyroid 
gland, intracellular and extracellular calcium concentration exhibits an inverse rela-
tionship with cAMP-stimulated renin secretion, a response known as the “calcium 
paradox.” Taken together, these data suggest that calcium indirectly affects renin 
secretion by decreasing adenylyl cyclase activity in the JG cells and thereby reduc-
ing the synthesis of cAMP and the release of renin [ 112 – 115 ]. A Cochrane Review 
of 13 randomized, controlled trials of 485 hypertensive subjects found calcium 
supplementation to be associated with a statistically signifi cant decrease of systolic 
BP of −2.5 mmHg. However, the authors concluded that evidence for a causal asso-
ciation between calcium supplementation and reduction of BP was weak and may 
be compromised by potential bias. Larger and longer duration, double-blind 
placebo- controlled trials are therefore needed [ 116 ], particularly since adverse car-
diovascular effects of calcium supplementation have also been reported [ 117 ].  

     Hypokalemia   

 Dietary potassium seems to affect BP independent of sodium intake. Our modern diet 
is relatively high in salt (NaCl) and low in potassium compared to the diets consumed 
by our evolutionary ancestors. The results of the recent Prospective Urban Rural 
Epidemiology (PURE) trial in 102,216 adults from 18 countries conducted to exam-
ine the association between sodium intake and BP have shown a low potassium diet 
to be strongly associated with elevated BP and potassium excretion to be inversely 
associated with systolic BP [ 118 ]. A high potassium diet and intravenous potassium 
infusions have both been shown to suppress thiazide sensitive sodium chloride 
cotransporter (NCC) activity result in kaliuresis and natriuresis. A low K diet has the 
opposite effects [ 119 – 122 ]. Recent experimental data have shown that dietary potas-
sium defi ciency and hypokalemia lead to hyperpolarization of the distal convoluted 
tubule membrane and activation of NCC via WNK. This response represents an 
attempt to limit potassium losses even at the expense of raising the BP [ 123 ].   
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    Uric Acid 

 Although  uric acid (UA  ) has not been conventionally considered as a pressor factor, 
the association between increased UA levels and hypertension has been long known. 
Recent experimental and clinical studies have suggested that uric acid may play a 
primary role in the pathogenesis of hypertension [ 124 – 127 ]. However, there has been 
considerable controversy regarding the role of hyperuricemia in the pathogenesis of 
hypertension and not all guidelines have included uric acid as a risk factor of concern 
[ 128 ,  129 ]. Nevertheless, considerable inferential evidence is accumulating particu-
larly with respect to its role in the pathogenesis in the metabolic syndrome [ 124 – 127 ]. 
However, UA levels are commonly elevated in CKD but their specifi c contribution to 
hypertension in CKD patients remains unclear. The uncertainty has persisted as there 
has been no double-blinded, placebo-controlled trial of urate lowering medications in 
CKD, due to the potentially life-threatening side effects of allopurinol.   

    Translating Mechanisms to Patients 

     Obesity   

 The growing epidemic of obesity [ 130 ] is widely recognized to not only contribute to 
hypertension, diabetes, and CKD but also to be an independent risk factor for the 
pathogenesis and progression of CKD [ 131 – 137 ]. Hypertension related to obesity is 
on an upward trend with approximately two thirds of Americans being classifi ed as 
overweight (body mass index [BMI] >25) or obese (BMI >30). The pathogenesis of 
hypertension associated with obesity is multifactorial and in large part attributed to 
activation of the sympathetic nervous system (SNS), increased RAAS activity, release 
of cytokines from adipose tissues, and enhanced salt and water reabsorption [ 131 , 
 133 – 136 ]. Several mechanisms contribute to SNS activation including increased 
leptin levels, insulin resistance, obstructive sleep apnea (OSA) (vide- infra), and endo-
thelial dysfunction [ 131 ,  134 ,  135 ,  137 – 139 ]. The prohypertensive contributions of 
these mechanisms are further reinforced and exaggerated by the presence of CKD.  

     Obstructive Sleep Apnea   

 The pathogenesis of the OSA associated hypertension is believed to depend on peri-
odic asphyxia as a result of repeated episodes of upper airway collapse, which stim-
ulates muscle sympathetic nerve activity and BP [ 140 – 142 ]. It is thought that these 
sympathetic responses to acute episodes of hypoxia are altered over time, and lead 
to an enhanced chemorefl ex activity and alteration in arterial barorefl ex control that 
play a role in the pathogenesis of the chronic sympatho-excitation observed with 
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OSA. With time, the intermittent nocturnal sympathetic nerve activation gives rise 
to daytime activation of SNS even though arterial oxygenation and carbon dioxide 
levels are normal during this time [ 143 ]. The resulting effect is both daytime and 
nighttime hypertension. Of interest, animal studies have also shown that renal and 
adrenal denervation prevents the rise in BP from OSA by preventing the increase in 
sympathetic nerve activity (SNA) [ 144 ,  145 ]. Recommended treatment is the use of 
continuous positive airway pressure (CPAP) as it blunts nocturnal muscle SNA and 
its attendant elevations in nocturnal blood pressure. In addition to normalizing BP, 
the use of CPAP reduces daytime sleepiness and when used long-term, decreases 
muscle SNA [ 146 ,  147 ].  

     Metabolic Syndrome   

 The metabolic syndrome is defi ned by the International Diabetes Federation as hav-
ing a waist circumference ≥94 cm for men and ≥80 cm for women, plus any two of 
the following four factors: triglyceride level ≥150 mg/dL (1.7 mmol/L), HDL cho-
lesterol <40 mg/dL (1.03 mmol/L) in males and <50 mg/dL (1.29 mmol/L) in 
females, BP ≥130/85 mmHg, or fasting plasma glucose ≥100 mg/dL (5.6 mmol/L) 
[ 148 ]. Given the defi nition, the prevalence rate of hypertension in metabolic syn-
drome of up to 75 % is not surprising [ 149 ]. Its multifactorial pathogenesis is also 
not unexpected given the number of hypertensinogenic conditions frequently asso-
ciated with the metabolic syndrome that include but are not limited to central obe-
sity and insulin resistance [ 134 ,  139 ,  149 ,  150 ]. Consistent with this is the observation 
that individuals with the metabolic syndrome have a ~5.5-fold risk of diabetes and 
twofold risk of new hypertension as compared to individuals without the metabolic 
syndrome [ 151 ].  

     Diabetes Mellitus   

 The prevalence of hypertension in individuals with diabetes is approximately twice 
that of nondiabetics and increases with age [ 152 ]. Although the majority of diabet-
ics have essential hypertension and obesity as the etiology of their elevated BP, the 
development of diabetic nephropathy and CKD per se can lead to elevations in BP 
[ 152 ]. The mechanisms as in most forms of CKD likely depend on volume expan-
sion due to sodium and water retention associated with reduced renal function. 
While there is frequently evidence of suppression of peripheral RAS, it is believed 
that the degree of suppression is either not proportional to the volume expansion or 
that there is an activation of the intrarenal RAS, which contributes to the develop-
ment of hypertension [ 153 – 155 ]. However, as noted earlier, it is the BP-independent 
deleterious effects of RAS activation in accelerating the progression of diabetic 
nephropathy that have received greater emphasis [ 156 – 159 ]. Nevertheless, the 
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evidence of BP independence of the benefi ts is less defi nitive than has been implied 
[ 19 ,  58 ,  160 ]. Either the BP has been signifi cantly lower in the RAS blockade group 
or calcium channel blockers have been used in the comparator group which can 
independently adversely impact CKD progression through its deleterious effects on 
renal autoregulation [ 19 ,  59 ,  160 ,  161 ]. Of note, evidence for therapeutic superiority 
of RAS blockade was not seen in the diabetic individuals enrolled in the renal 
ALLHAT trial [ 162 ]. Moreover, trials of dual RAS blockade not only do not confer 
additional benefi ts but in fact increase the risk of adverse events [ 163 – 165 ]. 
Therefore, dual RAS blockade is no longer recommended. However, the use of 
single RAS blockade when combined with appropriate diuretic therapy is very 
effective as antihypertensive therapy supporting the role of volume/RAS dependent 
mechanisms in the pathogenesis of diabetic nephropathy associated hypertension. 

 An additional mechanism that has been postulated to contribute specifi cally to 
hypertension in the diabetic CKD patients is that of insulin resistance [ 149 ,  150 , 
 166 ,  167 ]. However, a number of experimental studies by Hall and co-workers have 
failed to demonstrate a hypertensive effect of chronic insulin infusion under several 
conditions including preexisting impairment of renal function [ 168 ,  169 ]. Consistent 
with these observations, patients with insulinomas and insulin resistance also do not 
exhibit hypertension [ 170 ,  171 ]. Diabetic individuals, however, are more prone to 
developing isolated systolic hypertension due to their hyperlipidemia and athero-
sclerotic vascular disease [ 166 ]. In addition, the progressive accumulation of ath-
erosclerotic plaques can result in narrowing of the renal arteries and the development 
of renovasular hypertension [ 172 ]. Diabetics, especially those with more advanced 
disease may exhibit supine hypertension with orthostatic hypotension. These indi-
viduals often have autonomic dysfunction that impairs their ability to adequately 
increase peripheral vascular resistance and heart rate when changing position from 
a supine to more upright posture [ 173 ].  

     Hyperaldosteronism   

 The contribution of secondary aldosteronism to increased sodium reabsorption, vol-
ume expansion, impaired pressure natriuresis, and hypertension was discussed ear-
lier. Therefore, this discussion is confi ned to primary aldosteronism which was fi rst 
described by Conn in 1955 and had a prevalence rate of <1 % in the general hyper-
tensive population [ 174 ]. The prevalence of hyperaldosteronism seems to have 
increased since the 1990s and has been estimated to range from ~5 to 15 % in the 
general and selective hypertensive populations [ 175 ]. It has been reported to be 
~20 % in patients presenting with resistant hypertension, defi ned as BP that remains 
elevated despite the use of three antihypertensive medications with one being a 
diuretic. Although not fully understood, this increase in prevalence is in part due to 
the recognition that not all patients with hyperaldosteronism present with hypokale-
mia and the inclusion of hypertensive individuals with normokalemia when screen-
ing for hyperaldosteronism has in part contributed to the increased prevalence rate. 
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Another contributing factor is the association of obesity with elevated aldosterone 
levels due to release of factors from adipocytes that function as aldosterone secreta-
gogues [ 176 ]. Aldosterone primarily acts on the mineralocorticoid receptor stimu-
lating serum and glucocorticoid-inducible kinase expression resulting in 
phosphorylation of the ubiquitin ligase, NEDD4 [ 177 ]. This leads to reduced ubiq-
uitylation of ENaC resulting in its accumulation at the plasma membrane and 
enhanced sodium reabsorption across principal cells. Although there is evidence 
that increased ENaC activation and Na reabsorption may be present in certain pro-
teinuric individuals [ 178 ,  179 ], there is limited evidence of an increase in the 
incidence of primary aldosteronism in CKD population.  

     Renovascular Disease   

 Only a brief discussion primarily focused on the pathophysiology of hypertension 
in renovascular disease is provided here as the overall subject is addressed more 
comprehensively in a separate chapter. Seminal work using experimental models of 
unilateral and bilateral renal artery stenosis dating back to the original studies of 
Goldblatt have established the essentials of the pathogenesis of hypertension in 
renovascular disease [ 4 ,  180 – 186 ]. These studies have demonstrated the critical role 
of the interactions between RAS and volume status in the pathogenesis of renovas-
cular hypertension and its sensitivity to RAS blockade. With unilateral renovascular 
disease and a normal contralateral kidney, hypertension develops initially because 
of the increased renin release from the stenosed kidney due to decreased renal per-
fusion pressure and ischemia. While there is increased salt and water retention by 
the ipsilateral stenosed kidney, there is increased salt and water excretion by the 
normal contralateral kidney in response to the increased perfusion pressure. Thus, 
volume expansion is prevented but the pressure natriuresis relationship to the nor-
mal contralateral kidney is nevertheless impaired due to an exposure to the increased 
systemic levels of angiotensin II. There is also evidence of recruitment of other 
pressor mechanisms such as activation of the SNS and increased oxidative stress, 
etc. [ 187 ,  188 ]. Because hypertension is primarily dependent on the increased renin 
release from the stenosed kidney, it is at least initially very responsive to RAS 
blockade. By contrast with bilateral renal vascular disease, the lack of escape from 
the salt retention by both kidneys results in volume expansion and the conversion of 
a renin-dependent to a volume-dependent hypertensive state, which is poorly 
responsive to RAS blockade. The same pathophysiology is observed with renal 
artery stenosis of a solitary kidney. However, in both instances, induction of volume 
depletion by salt restriction or diuretics restores the renin dependency of hyperten-
sion and its responsiveness to RAS blockade. However, it is of note that over time, 
even the unilateral renal artery stenosis hypertension becomes poorly responsive to 
RAS blockade. Such a change is believed to be due to the development of either 
gradually increasing volume expansion or the development of hypertensive renal 
damage in the previously normal unprotected contralateral kidney, thus resulting in 
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a pathophysiology very similar to that in bilateral renal artery stenosis models. 
Studies in human renovascular disease have in general confi rmed these pathophysi-
ological insights [ 185 ,  188 ,  189 ]. Such studies have also indicated that hemody-
namically signifi cant renal artery stenosis resulting in increased renin release is only 
observed with a translesional pressure gradient of 10–20 % and a decrease in lumi-
nal cross sectional area of 70–80 % [ 190 ,  191 ]. However, the pathogenesis of hyper-
tension in most human renovascular disease seems somewhat more complex 
because it is generally due to atherosclerotic disease, occurs in older individuals and 
often in the presence of essential hypertension as well as other comorbidities. 
Moreover, the very presence of CKD (elevated serum creatinine) indicates bilateral 
renal disease, either renovascular or due to other etiologies. Such complexity is also 
indicated by the relatively poor response in clinical trials to renovascular angio-
plasty and stenting [ 192 – 194 ]. And, if anything, the results have been even more 
disappointing with respect to recovery of renal function after such interventions 
even though there are often documented improvements in renal blood fl ow and per-
fusion. This has suggested that the pathogenesis of ischemic nephropathy is simi-
larly complex in the setting of atherosclerotic renal vascular disease, which is the 
subject of ongoing investigations [ 192 – 194 ].      
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    Chapter 4   
 Syndromes of Renovascular Hypertension                     

     Sandra     M.     Herrmann      and     Stephen     C.     Textor     

          Introduction 

 The central role of the kidney in the regulation of blood pressure was fi rst established 
by the seminal studies of Loesch and Goldblatt in 1933 and 1934, respectively. They 
described the rise in arterial pressure that followed clamping of renal arteries in dogs 
[ 1 ,  2 ]. The mechanisms underlying this form of hypertension were elucidated follow-
ing the pivotal discovery of the renal pressor system by Page and Braun-Menendez 
[ 3 – 5 ]. These fi ndings led to the fi rst surgical nephrectomy to cure hypertension in the 
late 1930s [ 6 ]. The concept of surgical treatment for renovascular hypertension 
(RVH) was appealing, since antihypertensive medications were not available until 
later. However, not all patients remained normotensive 1 year post surgery [ 7 ]. 
Therefore, there was great interest in defi ning this disease process, as well as those 
patients who would benefi t from either nephrectomy or, eventually, renal revascular-
ization. Over the last few decades, marked by the aging of the population and 
advances in imaging technology and therapy, there has been a paradigm shift in 
occlusive renovascular disease (RVD). Despite compelling evidence in recent clini-
cal trials favoring medical therapy, experienced clinicians still recognize the need for 
renal artery revascularization in high-risk patients, such as those presenting with 
fl ash pulmonary edema, accelerated hypertension, and a rapid decline in renal func-
tion [ 8 – 11 ]. Therefore, it is important to understand the mechanisms and implications 
of  renal artery stenosis  , as well as the risks and benefi ts of renal artery revasculariza-
tion in addition to medical therapy.  
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    Epidemiology and Causes of Renovascular  Disease   

 Renovascular disease is a major cause of secondary hypertension. It accounts for 
1–5 % of hypertension cases in the general population, and reaches a prevalence of 
20–40 % in highly selected referral populations [ 12 ,  13 ]. The vast majority of renal 
artery lesions (90 %) are caused by atherosclerosis, followed by variants of  fi bro-
muscular disease (FMD)  . Far less common causes include vasculitis, dissection, 
radiation, and extrinsic compression by  tumors   [ 14 ,  15 ] (see Fig.  4.1 ).

    Atherosclerotic renovascular disease (ARVD)   is typically seen in patients older 
than 65 years of age, often in conjunction with a number of comorbidities and pro-
gressive loss of renal function. Fibromuscular dysplasia, on the other hand, is com-
monly seen in women 15–50 years of age, not related to atherosclerosis and/or 
infl ammation and involving only a few additional vascular territories, mainly the 
carotid arteries [ 16 ,  17 ]. Multiple subtypes of FMD have been described, depending 
upon the portion of the vessel wall that is primarily involved. Medial fi broplasia, 
which is characterized by its classic “string of beads” appearance, represents the most 
common dysplastic lesion. This is followed by perimedial fi broplasia, characterized 
by a homogeneous collar of elastic tissue at the junction of the media and the adven-
titia. This subtype may also produce a “beaded” renal artery appearance, but luminal 
dimensions are typically much smaller than normally seen. Intimal and adventitial 
hyperplasia account for less than 10 % and 1 % of the other cases of FMD, respec-
tively [ 17 ]. The natural history of FMD tends to be more predictable than that of 
ARVD. Usually, FMD responds well to angioplasty and does not culminate in renal 
failure unless complicated by dissection or occasionally thrombosis [ 14 ]. The other 
miscellaneous causes of renal artery stenosis are fairly less common and include 
acute occlusion by an embolus or dissection of the aorta or renal  artery  , as illustrated 
in Table  4.1 .

  Fig. 4.1     High-grade renal artery stenosis   after radiation therapy with accelerated hypertension ( a ) 
resolved after revascularization ( b ). The magnetic resonance angiogram (MRA) and post-stent 
pictures are from a patient with accelerated hypertension presenting more than 20 years after radia-
tion for testicular cancer that resolved after revascularization       
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       Physiopathology of Renovascular  Hypertension   

 Evidence from experimental renovascular models demonstrate that the  renin–angio-
tensin–aldosterone system (RAAS)   and sodium retention play a major role in 
RVH. The precise role of each depends in part on whether a contralateral, nonste-
notic kidney is present. Seminal studies in animals performed by Mueller et al. [ 18 ] 
have shown that partial ligation of one renal artery reduces perfusion and  glomeru-
lar fi ltration rate (GFR)  ; this culminates in reduced excretion of salt and water. If the 
normal nonstenotic contralateral kidney is now removed, the stenotic kidney still 
promptly excretes the same amount of salt and water as both kidneys combined. 
Furthermore, there is little increase in GFR. Howard and colleagues [ 19 ] found 
similar results in patients, showing that reduced renal blood fl ow and consequently 
reduced perfusion pressure to the stenotic kidney was associated with a reduced 
water and sodium excretion as compared to the nonstenotic contralateral kidney. 
These studies underscored both the effect of the stenotic kidney in excretory func-
tion and the importance of the contralateral  kidney   in restoring homeostasis. As the 
renal perfusion pressure decreases and the fraction of salt and water absorbed in the 
proximal tubule increases, therefore, the kidney supplied by a narrowed artery 
excretes a lesser quantity of urine and sodium [ 20 ].  

  Table 4.1    Causes of 
 renovascular   disease  

  Unilateral renal artery disease  
 Unilateral atherosclerotic renal artery 
stenosis 
 Unilateral fi bromuscular dysplasias 
 Renal artery aneurism 
 Arterial embolus 
 Arteriovenous fi stula (e.g., congenital, 
traumatic) 
 Segmental arterial occlusion (e.g., 
posttraumatic, radiation, thrombi) 
 Extrinsic compression of renal artery 
(e.g., tumor) 
  Bilateral renal artery disease or solitary 
functional kidney  
 Renal artery stenosis to a solitary kidney 
 Bilateral renal artery stenosis 
 Aortic coarctation 
 Systemic vasculitis (e.g., polyarteritis 
nodosa, Takayasu’s arteritis) 
 Vascular occlusion due to endovascular 
stent graft 
 Atheroembolic disease 
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    Unilateral Renovascular  Disease   

 Unilateral renovascular hypertension in humans corresponds to the animal model of 
two-kidney one-clip (2K1C) Goldblatt hypertension, in which a normal, contralat-
eral  kidney   is present (see Fig.  4.2a ). The clipped kidney secretes renin, an enzyme 
localized in the juxtaglomerular cells of the kidney, which acts on its substrate 
angiotensinogen and leads to increased angiotensin I production. Angiotensin- 
converting enzyme located in the pulmonary capillary bed acts on angiotensin I to 
cleave off two amino acids to generate the eight amino-acid peptide angiotensin II. 
 Angiotensin II   acts as a potent vasoconstrictor, which leads to elevation in blood 
pressure [ 21 ]. Angiotensin II also acts indirectly through the central nervous system 
[ 22 ] and stimulates secretion of aldosterone by the adrenal cortex [ 23 ]. The rise in 
blood pressure stimulates pressure natriuresis by the intact contralateral kidney, 
which restores volume. Accordingly, the presence of the intact kidney prevents sig-
nifi cant sodium retention. Thus, hypertension in unilateral disease is not primarily 
volume dependent, but is “angiotensin-dependent,” and tests of both renin release 
and function demonstrate the effects of reduced perfusion to the stenotic  kidney  . 
Lateralization of renal vein renin secretion to the hypoperfused kidney as compared 
to the contralateral kidney (renin ratio levels >1.5) and asymmetric radionucleotide 
renography showing delayed uptake magnifi ed in the presence of captopril have 
been utilized to predict the response to revascularization. This model is most closely 
related to the early phase (see below) of rapidly developing renovascular hyperten-
sion, such as that associated with renal artery dissection.

   Based on pathophysiology and reversibility of hypertension, hypertension in the 
2K1C model can be better understood by considering three  phases  : acute, interme-
diate, and chronic. Phase I, also called the acute phase, occurs between 2 and 4 
weeks after clipping and is characterized by elevated plasma renin activity and 
angiotensin II. Phase II, the intermediate phase occurs between 5 and 9 weeks after 
clipping, wherein renin levels start to decline, but blood pressure remains elevated; 
removal of the clip or angiotensin II blockade still produces decline in blood pres-
sure. Phase III, or chronic phase, eventually develops beyond 9 weeks after clipping 
of renal artery. This phase is associated with reduced renin activity and angiotensin 
levels, but sustained hypertension. Removal of the clip in this phase no longer low-
ers the blood pressure [ 21 ]. It may be surprising that removal of the instigating 
lesion is no longer capable of restoring normotension in the chronic phase. 
Mechanisms that have been proposed for maintenance of hypertension include 
increased oxidative stress, infl ammation, and structural vascular changes [ 24 ,  25 ]. 

 RVD rarely affects both  kidneys   to an equal degree. Hence, the kidney with more 
signifi cant stenosis can lose viable function, as the contralateral unaffected kidney 
is capable of adaptive changes, developing hypertrophy, and undergoing a compen-
satory rise in single-kidney GFR, albeit to varying degrees. As a result, overall GFR 
may not change [ 26 ]. Unilateral ARVD is often accompanied by a progressive 
increase in oxidative stress and infl ammation, especially in an atherosclerotic 
milieu. These effects are refl ected by increased circulating and renal venous 
 infl ammatory biomarkers, evident not only from the stenotic kidney, but also from 
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the contralateral kidney [ 24 ,  27 ]. The long-term pro-infl ammatory effects of 
 elevated blood pressure and resultant renal damage—affecting both the  stenotic and 
the contralateral kidney  —likely are the result of complex interactions, including 
changes in renal hemodynamics, hormonal and sympathetic nervous activity in 
 conjunction with increased oxidative stress, and infl ammation leading to structural 
changes and fi brosis [ 28 ].  

  Fig. 4.2    Schematic view of  two-kidney one-clip   ( a ) and one-kidney one-clip ( b ) renovascular 
hypertension. The presence of a contralateral kidney exposed to elevated perfusion pressures in 
two-kidney one-clip hypertension tend to allow pressure natriuresis to ensue while ongoing stimu-
lation of renin release from the stenotic kidney. The one-kidney model (or bilateral renal vascular 
disease) eventually produces sodium retention and a fall in renin level with minimal evidence of 
angiotensin dependence, unless sodium depletion occurs       
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    Bilateral Renovascular Disease or Stenosis 
to a Solitary Functioning  Kidney   

 The  one-kidney one-clip (1K1C) model   corresponds to bilateral renovascular 
 disease or stenosis to a solitary functioning kidney in humans (see Fig.  4.2b ). 
Circumstantial evidence suggests that both renin and volume factors are involved. 
In this model, the contralateral kidney is removed. Decreased renal perfusion trig-
gers initial RAAS activation and sodium retention. Without a contralateral kidney, 
pressure natriuresis can no longer occur, and sodium retention becomes the primary 
mechanism supporting hypertension. The volume expansion associated with sodium 
retention inhibits renin secretion such that renin activity level is normal or low in 
this model [ 29 ]. Following clipping of the renal artery, glomerular fi ltration pressure 
is maintained distal to the stenosis by angiotensin II-mediated vasoconstriction 
preferentially on the efferent glomerular arterioles, which helps to maintain GFR 
despite reduced perfusion [ 30 ]. Therefore, administration of antihypertensive medi-
cations such as  angiotensin-converting enzyme (ACE)   inhibitors and  angiotensin 
receptor blockers (ARBs)   in patients with bilateral stenosis or solitary stenotic kid-
ney potentially causes worsening of renal function due to disruption of this 
mechanism. 

 Undoubtedly, the RAAS is a primary driver for the development of renovascular 
hypertension in both models. Animal models that lack angiotensin receptors (AT1 
receptor knockout animals), for example, fail to develop hypertension despite renal 
artery clipping [ 31 ]. However, other mechanisms play a substantial role in at least 
some of these  patients   (see Fig.  4.3 ).

        Renovascular Syndromes   

 Reduced renal perfusion provokes chronic stimulation of the RAAS and renal 
adrenergic nerves, and downstream adverse effects besides hypertension [ 32 ]. For 
example, angiotensin II has been implicated, in animal studies, in the development 
of renal damage by enhancing the effects of infl ammatory chemokines and factors 
promoting fi brosis [ 33 ]. Combined with severely decreased perfusion and evolving 
hypoxia, ischemic nephropathy develops, ultimately with irreversible kidney dam-
age [ 32 ]. Furthermore, chronic RAAS activity is implicated in the development of 
abnormal left ventricular remodeling, which leads to cardiac dysfunction [ 34 ]. 
Cardiac output is frequently elevated in patients with RVD, and demonstrates exag-
gerated responses to hypertension and to drugs that suppress sympathetic adrener-
gic function [ 20 ]. Heart failure and fl ash pulmonary edema are two of the clinical 
syndromes associated with  RVD   (see Table  4.2 ).

   The clinical manifestations of RVD are protean. New onset of  hypertension   in a 
young female patient should raise suspicion for secondary causes of hypertension, 
including renovascular hypertension. As such, sudden development of accelerated 
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hypertension (sometimes associated with hyponatremic-hypertensive syndrome in a 
patient not known to be hypertensive, or with previously well-controlled hyperten-
sion) can be seen in RVD, especially in patients with acute unilateral renal artery 
occlusion [ 35 ,  36 ]. 

 By far, the most common presentation of RVD is progressive worsening of pre- 
existent hypertension. This may be accompanied by a small increase in serum cre-
atinine concentration. RVD is especially common in patients with resistant 
hypertension. A review of patients older than 50 years of age referred to a hyperten-
sion center were found to have secondary causes in 12.5 %, the most common of 
which was RVD (35 %) [ 37 ]. Another usual clinical feature of RVD is worsening 

  Fig. 4.3    Schematic view of activation of the  renin–angiotensin system   in occlusive vascular dis-
ease. Decreased renal perfusion to the kidney provokes renin release by juxtaglomerular cells in 
the kidney, which leads to increased circulating and local angiotensin II; a downstream effect fol-
lows, which includes arteriolar vasoconstriction, sodium retention, and elevated systemic vascular 
resistance. Studies implicate angiotensin II in many other pathways of vascular and cardiac smooth 
muscle remodeling, activation of infl ammatory and fi brogenic cytokines, and induction of other 
vasoactive systems.  ACE  indicates angiotensin-converting enzyme,  LV  left ventricular. Adapted 
from: Garovic VD, Textor SC. Circulation. 2005;112:1362–1374       

    Table 4.2     Clinical syndromes   associated with renovascular disease   

 Onset of hypertension before age 30 or after age 50 
 Accelerated, resistant, malignant hypertension 
 Deterioration of renal function in response to renin–angiotensin blockade 
 Flash pulmonary edema 
 Progressive renal failure 
 Refractory congestive heart failure 
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kidney function after initiation of renin–angiotensin blockade therapy, which 
decreases systemic blood pressure and magnifi es the already reduced renal perfu-
sion provoked by the critical artery lesion. This usually is functional and reversible 
after discontinuation of the of renin–angiotensin blockade therapy [ 38 ]. Intolerance 
of these agents due to renal dysfunction can be particularly signifi cant in bilateral or 
solitary kidney RVD and renal artery revascularization should be considered in 
order to facilitate their re-introduction [ 39 ]. Bilateral RVD should also be consid-
ered in patients with a history of “fl ash” or episodic pulmonary edema, especially in 
patients with heart failure with a preserved ejection fraction (HFpEF) [ 40 ]. In one 
study, congestive heart failure was present in one-third of patients with ARVD and 
renal dysfunction. Referral of these patients for renal artery revascularization 
resulted in improvement of congestive heart failure (CHF) control and reduced 
number of hospitalizations [ 41 ]. Progressive renal dysfunction presenting with 
advanced renal failure is also another clinical presentation of RVD. Hypertension is 
usually present in these cases. Using data from the  United States Renal Data System 
(USRDS)  , Guo et al. [ 42 ] discovered the presence of ARVD in 11.2 % of patients 
aged 67 years or older at dialysis inception between 1996 and 2001. However, renal 
failure was attributed to ARVD in less than half of these patients. Anecdotal cases 
and observational series indicate that some patients may have some stabilization or 
improvement of kidney function after revascularization, although this is uncommon 
[ 43 ,  44 ]. Prospective randomized trials have failed to show compelling benefi ts of 
revascularization compared with current medical therapy. The only caveat with 
these studies is that a subgroup of high-risk patients, including those with episodes 
of fl ash  pulmonary   edema and rapidly deteriorating GFR and accelerated hyperten-
sion, were not included in prospective trials and may have experienced reduced 
mortality rates with effective renal revascularization [ 11 ].  

    Diagnostic Approach in Renovascular  Hypertension   

 Many patients are diagnosed with hypertension and treated with fi rst-line therapy 
for hypertension without screening for RVD. Indeed, such screening is not indicated 
unless the patient presents with clinical symptoms suggestive of RVD, as illustrated 
in Table  4.2 . The tools for screening allow for greater diagnostic sensitivity and 
accuracy than ever before, due to advances in noninvasive imaging techniques. In 
the past, most lesions were detected with the goal of identifying lesions suitable for 
revascularization. Results of recent randomized clinical trials have modifi ed this 
practice, favoring medical therapy as the initial mode of therapy [ 8 – 10 ]. 

 It is worth emphasizing that the presence of a renovascular lesion does not trans-
late necessarily into functional importance. Studies in humans using progressive 
balloon occlusion show that renin release does not occur until the pressure distal to 
the lesion falls at least 10–20 % below the pressure proximal to the lesion [ 45 ]. 
Some degree of renal artery stenosis is incidentally identifi ed in patients who are 
undergoing vascular imaging for different reasons [ 46 ,  47 ]. The great majority of 
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these stenotic lesions is minor, and does not produce a degree of obstruction hemo-
dynamically signifi cant enough to cause RVH. Actually, many patients have moder-
ate ARVD that remains clinically silent for several years. However, occlusive 
vascular disease progresses in a subset of patients with ARVD, which can cause 
progressive tissue injury and accelerating hypertension, in which case a benefi t 
from revascularization can be noted. Identifi cation of patients who would benefi t 
from further evaluation, however, remains challenging. Selecting patients for fur-
ther studies depends on the commitment to act upon the results of those tests. 
Clinicians need to ascertain when medical therapy alone is insuffi cient and further 
tests are to be pursued with the intention of restoring renal blood fl ow to a kidney 
that remains viable [ 48 ]. Several clinical features should be considered in this con-
text, particularly for the subset of patients with high-risk presentations [ 11 ,  49 ]. 

 Imaging procedures are important for  diagnosis  , the choice of diagnostic imag-
ing technique for RVD depends on patient characteristics, local availability, and 
expertise and is discussed further below.  

    Imaging 

     Duplex Doppler Ultrasonography   

 Ultrasonography is widely accepted as the fi rst-line diagnostic imaging test because 
of its availability and cost. Duplex Doppler renal ultrasonography combines grey- 
scale imaging from traditional ultrasound with a Doppler technique to assess renal 
blood fl ow velocities, evaluating renal morphology and the presence of signifi cant 
stenosis. With experienced operators, it is an excellent initial imaging study, with up 
to 95 % sensitivity and 90 % specifi city in dedicated laboratories, providing both 
structural and functional assessment of the kidneys [ 50 ,  51 ]. In a patient with normal 
cardiac function,  peak systolic velocities (PSV)   in the main renal artery range between 
60 and 100 cm/s. In a region of focal vascular disease, the reduced cross- sectional 
area of the stenotic segment causes increased blood velocity to maintain fl ow. 
Although relationships between PSV and the degree of vessel occlusion are approxi-
mate, PSV levels above 180–200 cm/s translate into more than 60 % lumen occlusion 
and are considered “hemodynamically signifi cant.” [ 52 ] (See Fig.  4.4a .) The 
 Cardiovascular Outcomes in Renal Atherosclerotic Lesions (CORAL)   trial required 
PSV values above 300 cm/s for entry by ultrasound criteria [ 10 ]. A more accurate 
method may be to calculate the ratio of the renal artery to aorta velocities (RA:aorta). 
A threshold of >3.5:1 ratio suggests relatively high-grade RVD. However, overlying 
bowel gas and complex anatomy may make assessment of the entire renal arterial tree 
technically diffi cult. Alternatively, evaluating the renal segmental arteriolar bed distal 
to the stenotic lesion, where the peak velocity is decreased, allows identifi cation of 
the loss of the normal sharp upstroke of velocity in systole causing parvus tardus 
waveform indicative of upstream vascular obstruction [ 53 ] (see Fig.  4.4b ).
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  Fig. 4.4    Duplex  ultrasound   showing renal artery peak systolic velocity ( a ) and parvus tardus in 
left segmental artery ( b ):  a  shows elevated peak systolic velocity of more than 500 cm/s of the left 
renal artery (LRA). PSV levels above 180–200 cm/s translate into more than 60 % lumen occlusion 
and are considered “hemodynamically signifi cant.”  b  demonstrates parvus tardus ( arrow ), note the 
slope of the systolic upstroke and absence of early systolic peak associated with diminished ampli-
tude of the waveform       
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   Another parameter obtained with Doppler ultrasound is the evaluation of  resis-
tive index (RI)  . The RI is defi ned as height of the PSV minus height of the  end- 
diastolic velocity (EDV)   divided by the PSV [RI = (PSV − EDV)/PSV] and refl ects 
the status of the fl ow characteristics in the renal microcirculation beyond the main 
renal arteries. RI < 0.8, in conjunction with clinical fi ndings, has been promoted as 
a useful parameter to predict benefi t after revascularization [ 54 ,  55 ]. However, 
similar outcomes have been reported independent of renal parenchymal values for 
RI greater than or less than 0.8 [ 56 ]. In our experience, lower RI likely is associated 
with better preserved renal fl ow characteristics and likely better kidney functional 
outcomes, but this alone is rarely decisive as to whether or not to proceed with renal 
artery  revascularization  . Situations that one may consider revascularization despite 
RI > 0.8 include patients with RVD without atrophic kidney presenting with recur-
rent fl ash pulmonary edema, rapidly declining kidney function, and/or refractory 
hypertension.  

    Computed Tomography and Magnetic Resonance  Angiography      

 Although catheter angiography remains the gold standard for imaging of the renal 
vascular system, it is costly, invasive, and adds the risks that come with intra-arterial 
instrumentation. It is commonly reserved for endovascular procedures, such as bal-
loon angioplasty and stenting. Advances in computed tomography angiography 
(CTA) and magnetic resonance angiography (MRA) have allowed for more precise 
evaluation of RVD and may be undertaken to defi ne vascular anatomy, functional 
characteristics, and abnormalities within the kidneys. 

 CTA is noninvasive and provides excellent spatial and temporal resolution for 
imaging of the renal arteries and surrounding tissues, making it sensitive for diag-
nosis of other secondary causes of hypertension, such as adrenal disease and other 
atherosclerotic disease [ 57 ]. Recent studies indicate that the risk of contrast-
induced changes in renal function from intravenous dosing is extremely low using 
standard volume expansion, possibly no different from a non-contrast CT, even 
among those with impaired kidney function [ 58 – 60 ]. Although gadolinium con-
trast-enhanced MRA provides excellent functional and structural vascular imag-
ingmagnetic  resonance angiography (MRA) of the kidney, the use of gadolinium 
for patients with any reduction in  estimated glomerular fi ltration rate (eGFR)   has 
virtually disappeared out of concern for the potential toxicity related to nephro-
genic systemic fi brosis (an eGFR of 40 mL/min/m 2  was defi ned by the American 
College of Radiology on MR safety as the cutoff below which no gadolinium 
should be given). CTA and MRA are of comparable accuracy, reaching sensitivity 
and specifi city >90 % in a number of single-center studies compared with catheter 
angiography [ 61 ,  62 ].  
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     Intra-Arterial Angiography   

 Intra-arterial angiography is considered the gold standard for the diagnosis of renal 
artery stenosis, but it is invasive and likely not indicated as the primary and initial 
diagnostic methodology. It should be reserved to confi rm the occlusive vascular 
lesion and to perform renal artery revascularization. Besides the concern of interob-
server variability in estimating stenosis severity, angiography per se does not provide 
reliable functional or hemodynamic information. However, measuring the pressure 
gradient during angiography overcomes these limitations and allows for functional 
evaluation of the hemodynamic signifi cance prior to revascularization [ 63 ]. Gradients 
above 22 mmHg are usually in agreement of estimating stenosis of 50 %, and there 
is a curvilinear relationship between the systolic resting gradient and systolic blood 
pressure [ 64 ]. The level of translesional pressure gradient helps to determine the 
hemodynamic signifi cance of an apparent occlusive lesion. Due to the invasive 
nature of intra-arterial angiography and its associated possible risks, such as vascular 
injury and bleeding, it should not be used as a screening method [ 65 ].  

     Radionucleotide Renography   

 After the injection of radioisotopes, the kidney can be visualized and the contribution 
of each kidney to the glomerular fi ltration can be estimated. The two most common 
radiolabelled pharmaceutical agents used are Tc99m-MAG3 (mercaptoacetyltrigly-
cine) and Tc99m-DTPA (diethylenetriamine pentaacetic acid), with the former being 
more reliable in renal insuffi ciency (MAG3 is secreted effectively by the proximal 
tubule, whereas DTPA is excreted by glomerular fi ltration). Any prescribed ACE 
inhibitor or ARB therapy must be discontinued 2–5 days previously. The criteria for 
RVD include (a) a decrease in the percentage of uptake of the isotope by the affected 
kidney to <40 % of the total; (b) delayed time to peak uptake of the isotope to >10–
11 min, well above the normal value of 6 min; and (c) delayed excretion of the iso-
tope with retention at 25 min or >20 % [ 48 ]. The addition of captopril and comparison 
with a baseline (non-captopril) renogram allows estimation of the functional role of 
angiotensin in maintaining glomerular fi ltration and exaggerates hemodynamic dif-
ferences between a kidney with stenosis and one without [ 66 ]. This test provides no 
information about the cause of the stenosis, nor does it reliably distinguish unilateral 
from bilateral RVD, since asymmetry can be presented if one side is more affected 
than the other [ 67 ,  68 ]. The sensitivity of renal renography 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 intervention based on positive results on angiography 
[ 62 ]. Moreover, renogram sensitivity decreases with the decline of renal function, 
especially when creatinine reaches levels >2 mg/dL or CKD stage 4 or 5 [ 69 ]. The 
role of renography in the current era is best used to determine split renal function 
prior to proceeding with therapeutic nephrectomy for RVD, however, captopril 
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renogram is not recommended by current American College of Cardiology-American 
Heart Association guidelines for the management of patients suspected of having 
RVD [ 49 ].   

    Selection of Therapy 

     Medical Therapy   for Renovascular Disease 

 Our understanding of therapy for ARVD has changed substantially over the last 
15–20 years, and its management for specifi c patients is more controversial than 
ever before. In the past, the lack of effective antihypertensive drug therapy led to 
more widespread efforts to identify and reverse RVH by means of either surgical or 
endovascular renal revascularization. Several prospective, randomized controlled 
trials in the last decade, however, indicate that many patients with ARVD can 
achieve satisfactory blood pressure control for years with current medical therapy 
alone [ 8 – 10 ]. Management of systemic atherosclerotic disease should be achieved 
with widespread administration of statins, aspirin, and smoking cessation. The 
development of specifi c clinical features over time, including progressive vascular 
occlusion, worsening of kidney function while taking ACE/ARB therapy, acceler-
ated hypertension, and recurrent pulmonary edema, warrant consideration for revas-
cularization and suggest that the atherosclerotic process has advanced [ 11 ,  70 ]. 

 It is important to reiterate that ARVD is part of the continuum of  atherosclerotic 
cardiovascular disease (ASCVD)  . Patients with signifi cant ARVD, as outlined in 
the CORAL trial, are far more likely to die from cardiovascular causes than to 
develop renal failure. The main goal of therapy is the  prevention   of events such as 
stroke and acute myocardial infarction, which can have a direct impact on survival 
[ 10 ]. Glucose control is also important. Hypertensive patients with ARVD of any 
extent, compared with hypertensive patients without ARVD, carry a substantially 
increased risk for future cardiovascular events, which indicates that systemic hyper-
tension is both a manifestation of ARVD and a risk factor for the progression and 
downstream consequences of ARVD. Therefore, even in patients with low-grade 
ARVD, aggressive pharmacological treatment strategies should be adopted as a pre-
ventive measure [ 71 ]. 

 With the current availability of broad-spectrum antihypertensives, the ability to 
control blood pressure in patients with ARVD has been greatly improved. Failure to 
achieve goal blood pressure in early trials was associated with treatment crossover 
rates to the interventional arm up to 40 %, whereas the crossovers in recent trials 
(ASTRAL and CORAL) were below 10 % [ 72 ,  73 ]. Angiotensin-converting enzyme 
inhibitors and angiotensin II receptor blockers are considered as fi rst-line drugs. If 
goal blood pressure is not reached, one may add a thiazide diuretic, calcium channel 
blocker, β[beta] blocker, or aldosterone antagonist [ 49 ,  72 ]. The use of a protocol- 
driven approach produced excellent overall blood pressure control in the CORAL 
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trial [ 10 ]. A caveat to recognize is the possible decline in renal function with ACE/
ARB therapy, especially with bilateral ARVD or solitary kidney. 

 On the other hand, reduction in renal perfusion pressure distal to the stenosis, 
especially if encountered on a chronic basis, can lead to cortical hypoxia, microvas-
cular rarefaction, and development of interstitial infl ammation, tubular atrophy, and 
irreversible fi brosis [ 74 – 76 ]. Decline in GFR by 20 % or doubling of serum creati-
nine, also known as a “renal event” in clinic trials, can be noted in 1 in 5 patients 
over 2–4 years [ 8 ,  9 ]. Progression is more likely in patients with bilateral renal 
artery stenosis or stenosis of a solitary functioning kidney [ 77 ]. Also, the rate of 
progression of ARVD is much greater in these  patients   (60 %) than the usual rate of 
35 % at 3 years, and more than 50 % at 5 years [ 78 ,  79 ] (see Fig.  4.5 ).

   The rate of occlusion is 2 % at 1 year, 5 % at 2 years, and may be as high as 15 % 
at 5 years [ 80 ]. Thus, without physical intervention, patients with ARVD are at risk 
of progression of stenosis to the point of complete occlusion, ischemic nephropathy 
to the point of end-stage renal disease, and acute kidney failure with antihyperten-
sive  therapy  , especially with renin–angiotensin inhibition. The only question 
remaining to the clinicians is: Which patients should be referred for revasculariza-
tion and at which time?  

  Fig. 4.5    Cumulative incidence of renal atrophy in atherosclerotic renovascular  disease  , as mea-
sured by renal artery Doppler ultrasonography. Standard error is 10 % through 24 months for all 
plots. ( Filled triangle ) indicates ≥60 % stenosis; ( open circle ), <60 % stenosis; ( fi lled square ), no 
stenosis.  P  = 0.009, log rank test. Reprinted with permission from Caps MT, Zierler E, Polissar NL, 
et al. Risk of atrophy in kidneys with atherosclerotic renal artery stenosis. Kidney Int. 
1998;53(3):735–42       
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    Revascularization Therapies for Renovascular  Disease   

 Various surgical interventions to control RVH have been pursued in the past, but 
largely were replaced by the introduction of catheter-based intervention, also known 
as  percutaneous transluminal renal angioplasty (PTRA)  , by Andreas Gruentzig in 
1978 [ 81 ]. Although not widely accepted initially, PTRA with stenting has now 
become the main mode of revascularization for patients with ARVD. Stenting yields 
higher procedural success and long-term patency rates, especially for ostial lesions, 
and is more effective in terms of improving blood pressure and stabilizing or 
improving renal function over time [ 65 ,  82 – 87 ]. In general, the maximum antihy-
pertensive response is observed within 2 days, and the fi nal durable outcome within 
2–4 weeks. The blood pressure-reducing effects in more recent trials ranged between 
8 and 16 mmHg, but not necessarily reduction of the number of antihypertensive 
medications [ 8 ,  9 ]. 

 The ideal candidate for PTRA is the patient who has ARVD with either drug 
intolerance or has refractory hypertension, recurrent fl ash pulmonary edema, refrac-
tory heart failure, or rapid decline of renal function [ 11 ]. 

 Similarly, patients with renal artery FMD undergoing PTRA have benefi cial 
long-term effects, however the longer the duration of the hypertension or higher the 
patients’ age the less the benefi t of PTRA and more adverse the prognosis of reno-
vascular hypertension in this population [ 88 ]. 

 The main risks of the procedure include bleeding at the access site, retroperito-
neal hematoma, and renal artery dissection. Other, more serious complications of 
the procedure include renal artery perforation, requiring surgery, and renal artery 
 thrombosis   contributing to acute kidney injury, otherwise seen with atheroemboli-
zation or as a contrast reaction. Depending on the extent of structural damage, acute 
kidney injury in this setting can be reversible or irreversible. 

 With the introduction of drug-eluting stents, acute restenosis rates have declined 
from 9–76 % to 0–4 %, and late restenosis from 25–45 % to 3–39 % compared to 
angioplasty alone [ 86 ]. In-stent restenosis, nevertheless, should be suspected clini-
cally with a rise in blood pressure and the need for intensive antihypertensive 
 therapy. These patients should undergo duplex ultrasonography, and decisions on 
repeat intervention should follow the general considerations, also taking into 
account that restenosis rates may be higher with bare-metal stents [ 89 ,  90 ]. 

 Retreatment with angioplasty with or without repeat stenting (preferably drug- 
eluting stents) can be attempted, but the restenosis rate after repeat intervention is 
higher. 

 In the current era, surgical renal revascularization surgery is preferred only for 
selected patients with complex anatomic lesions [ 91 ,  92 ], including multiple small 
renal arteries, early primary branching of the main renal artery, requirement for 
aortic reconstruction near the renal arteries for other indications (such as aneurysm 
repair or severe aortoiliac occlusive disease), or to avoid manipulation of a highly 
diseased aorta or failed endovascular stents, including repeated in-stent restenosis 
[ 49 ,  93 ]. For unilateral ARVD nephrectomy can be performed in cases with nearly 
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complete renal artery occlusion and a small atrophic kidney, or otherwise single 
bypass grafting (either aorto-renal or, in case of a diseased aorta, hepato-renal or 
spleno-renal bypass) or unilateral repair with contralateral nephrectomy of a non-
functioning, atrophic kidney [ 94 ]. Surgical intervention leads to improvement in 
hypertension in up to 95 % of patients [ 95 ]. It can even grant a “cure” in those with-
out concomitant essential (primary) hypertension or intrarenal vascular disease 
(nephrosclerosis) of the contralateral kidney due to chronic (usually >5 years) expo-
sure to hypertension [ 96 ]. Compared with PTRA, surgery used to have a higher 
primary success rate (approaching 100 %) and a fi vefold lower restenosis rate (4 %) 
at 2 years. However, with improvement in techniques and the possibilities of repeat 
intervention, the outcomes have become quite similar. 

 In distinction from  PTRA  , surgery has a tangible mortality risk that varies from 
less than 2.5–10 % depending on age, comorbidities (especially the severity of the 
extrarenal ASCVD), and surgical extent and experience [ 16 ,  73 ,  94 ,  95 ,  97 ,  98 ]. 
Independent risk factors for in-hospital mortality are age, history of chronic kidney 
disease, heart failure, or chronic lung disease, each increasing the risk twofold. As 
such, the ideal candidate is the younger individual (<65 years) without symptomatic 
coronary or cerebrovascular disease and who requires renal artery surgery only. 

 In more recent randomized controlled trials, it has been shown that patients with 
ARVD will escape early detection as a result of diminished enthusiasm for vascular 
intervention. This will certainly be appropriated for most of the patients with 
patients with ARVD, as suggested by CORAL and the other cohorts [ 8 – 10 ]. 
However, progressive occlusive vascular disease associated with clinical manifesta-
tions, including progression of chronic renal disease and recurrent pulmonary 
edema out of proportion to the degree of cardiac disease, will continue to develop. 
The role of nephrologists is to recognize this subgroup of patients at risk of develop-
ing ischemic nephropathy and other high-risk manifestations of  ARVD   at a time 
when they still may benefi t from revascularization with or without adjunctive 
maneuvers.   

    Summary 

 Renal vascular disease is a common cause of hypertension, particularly ARVD, in 
the elderly population. It can manifest from asymptomatic disease, be found inci-
dentally by imaging studies, or be identifi ed clinically by presenting with renovas-
cular syndromes such as accelerated hypertension, fl ash pulmonary edema, and/or 
progressive renal dysfunction. It is of paramount importance that the clinician eval-
uate the signifi cance of the RVD in the individual bases and weight the risk and 
benefi ts of renal artery revascularization versus medical therapy alone. Management 
of ASCVD and hypertension is the main goal of medical therapy. However, patients 
with a high risk of progression, such as patients with signifi cant renal artery stenosis 
with bilateral disease or solitary kidney are likely to benefi t from revascularization 
of the kidney by decreasing the risk of developing circulatory congestion and/or 
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progression of renal dysfunction. Follow-up is necessary, even after revasculariza-
tion, due to potential restenosis or disease recurrence. An algorithm for the  manage-
ment of ARVD   is provided for guidance (see Fig.  4.6 ).
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    Chapter 5   
 Resistant Hypertension in Chronic Kidney 
Disease                     

     Panagiotis     I.     Georgianos      and     Pantelis     A.     Sarafi dis     

          Introduction 

 Resistant hypertension was fi rst formally defi ned in the seventh report of the US 
Joint National Committee on Prevention, Detection, Evaluation of High Blood 
Pressure (JNC-7) as failure to achieve goal  blood pressure (BP)      <140/90 mmHg [or 
<130/80 mmHg for patients with chronic kidney disease (CKD) and diabetes] in 
patients who are adherent to maximal tolerated doses of ≥3 antihypertensive medi-
cations, including a diuretic [ 1 ]. Following this defi nition, those who are able to 
reach goal BP on treatment with ≥4 antihypertensive drugs are commonly classifi ed 
as having controlled resistant hypertension [ 1 ]. In addition, the term “ refractory 
hypertension  ” was introduced for patients who meet the defi nition of resistant 
hypertension, but their BP remains uncontrolled despite the use of ≥4 antihyperten-
sive medications at maximally tolerated doses [ 2 – 4 ]. 

 Prior to these defi nitions, the prevalence of resistant hypertension in the general 
population was poorly defi ned, since relevant data on the epidemiology of resistant 
hypertension were obtained from indirect sources, such as cross-sectional studies 
on hypertension control, large retrospective studies from tertiary referral centers, 
and hypertension outcome trials [ 5 ]. In recent years, large-scaled population studies 
including detailed records of the prescribed antihypertensive medication, although 
suffering from inherent limitations related to common causes of  pseudo-resistance  , 
provided more direct estimates of the burden of resistant hypertension, offering 
insight into an important issue [ 6 ]. Resistant hypertension is currently estimated to 
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affect about 9–12 % of hypertensives in the general population. Furthermore, recent 
studies on large cohorts of patients with CKD showed that resistant hypertension 
affects about 20–35 % of people with CKD depending on the stage of the disease 
[ 6 ]. This higher burden of resistant hypertension in the  CKD   setting may be relevant 
to specifi c factors associated with kidney damage per se, such as impaired sodium 
handling leading to volume overload, excessive activation of the sympathetic ner-
vous system (SNS), accelerated arterial stiffness, and endothelial dysfunction [ 6 – 8 ]. 
Importantly, a growing body of evidence from prospective observational studies 
started to shed light on the prognostic implications of resistant hypertension, show-
ing that this entity is a strong and independent predictor of adverse cardiovascular 
outcomes and progression to  end-stage renal disease (ESRD)   [ 9 ,  10 ]. 

 This chapter discusses the currently available evidence on the prevalence, inci-
dence, and prognosis of resistant hypertension, offering also insights into factors 
associated with pseudo-resistance and true resistance to antihypertensive treatment 
among patients with CKD.  

    Pseudoresistant Hypertension 

 Before discussing in detail the pathogenesis and epidemiology of resistant hyper-
tension, it is crucial to distinguish true resistance to therapy from the phenomenon 
of pseudo-resistance [ 3 ]. Pseudo-resistance relates to the appearance of uncon-
trolled BP under appropriate therapy with at least three antihypertensive agents in 
patients who have well-controlled hypertension. An important step in diagnostic 
evaluation of a patient with suspected resistant hypertension is the investigation and 
exclusion of specifi c factors giving falsely the impression of drug resistance, such 
as improper BP measurement technique, heavily calcifi ed arteries that are diffi cult 
to compress, inappropriate doses of drugs or prescription of drug classes that are not 
synergistic in reducing BP, and, most importantly, poor compliance to the prescribed 
antihypertensive regimen and white-coat hypertension [ 3 ]. 

    Non-Adherence to  Therapy   

 Poor compliance to the prescribed  antihypertensive therapy   is a major factor con-
tributing to pseudo-resistance. It is estimated that approximately 50 % of patients 
with newly diagnosed hypertension who initiate drug therapy stop following the 
regimen within the fi rst year of diagnosis [ 11 ,  12 ]. Other studies show signifi cant 
reductions in the percentage of patients who remain compliant with their antihyper-
tensive regimen in the long-term; 5–10 years after the onset of antihypertensive 
treatment, only 10–15 % of the originally treated patients are still adherent to their 
regimen [ 13 ]. Prevalence of non-adherence among patients presenting with resistant 
hypertension is likely to be much higher than originally reported, since recent 
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clinical studies using urinary therapeutic drug monitoring to evaluate drug intake 
without patients’ awareness of the test have shown that the majority of resistant 
patients were either poorly adherent or totally non-adherent to their drug therapies 
[ 14 ]. Potential factors contributing to poor compliance include drug-related side 
effects, complicated dosing schedules, poor relationship between physicians and 
patients, failure to educate the patient on the signifi cance of achieving adequate 
hypertension control, and high costs of therapy [ 3 ]. 

 Drug adherence should be addressed during every follow-up visit, with specifi c 
questions that emphasize on the importance of long-term compliance with therapy 
[ 15 ]. Drug adherence monitoring is suggested to be a benefi cial approach to distin-
guish patients with uncontrolled BP who exhibit perfect compliance to the pre-
scribed regimen and are possibly in need of additional diagnostic evaluations and 
therapeutic interventions from patients who are non-adherent and require interven-
tions aiming to improve long-term acceptance of the need to receive antihyperten-
sive treatment. In an observational study including 41 patients with hypertension 
resistant to a triple-drug regimen, Burnier and co-workers showed that electronic 
compliance monitoring over a 2-month period was associated with signifi cant 
reductions in ambulatory BP by 11 mmHg in systolic and 9 mmHg in diastolic 
BP. After the 2-month monitoring period, about one third of patients on  monitoring   
adherence normalized their BP, whereas another third of patients improved their BP 
control without any modifi cation in the background antihypertensive treatment 
throughout the study [ 16 ]. Single-pill antihypertensive combinations were shown to 
improve patient compliance and can be of particular help to overcome the problem 
of polypharmacy [ 17 ,  18 ].  

     White-Coat Effect      

 The white-coat effect [i.e., an elevation in BP that occurs during clinic visits with 
normal out-of-offi ce BP recordings obtained either with home or with  ambulatory 
BP monitoring (ABPM)  ] is another important component of pseudo-resistance [ 3 , 
 19 ]. Earlier studies using ABPM in order to confi rm the diagnosis of resistant hyper-
tension suggested that approximately 30 % of patients classifi ed as resistant hyper-
tensives on the basis of offi ce BP measurements indeed had normal ambulatory BP 
values [ 20 ,  21 ]. A more recent analysis of the Spanish Ambulatory Blood Pressure 
Monitoring Registry incorporating offi ce and ambulatory BP data from 68,045 
patients receiving drug treatment for hypertension aimed to clarify the infl uence of 
white-coat phenomenon on identifi cation of true drug resistance [ 22 ]. In this study, 
a total of 8295 patients met the defi nition of resistant hypertension on the basis of 
conventional offi ce BP recordings (i.e., uncontrolled offi ce BP >140/90 mmHg 
under treatment with ≥3 antihypertensive drugs, including a diuretic). However, 
when resistant hypertension status was determined according to the ambulatory BP 
values, only 5182 of these patients (62.5 %) had truly resistant hypertension, whereas 
the remaining 3113 patients (37.5 %) had normal ambulatory BP and were classifi ed 
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as white-coat resistant hypertensives [ 22 ]. A subsequent analysis from the Spanish 
ABPM registry showed that the prevalence of white-coat hypertension among 
patients with CKD is as high as 28.8 %, suggesting that the white-coat phenomenon 
is also quite common in these patients and should not be neglected in diagnostic 
approach of a patient with suspected resistant hypertension [ 23 ]. 

 Apart from its usefulness in confi rmation of the diagnosis of resistant hyperten-
sion, performance of  ABPM   offers several additional advantages in improving car-
diovascular risk stratifi cation of the patients [ 24 ], particularly in the setting of 
CKD. In this regard, ABPM provides the ability to record BP during the night-time 
period and to identify the presence of a “non-dipping” pattern, which is the diminu-
tion or reversal of the normal 10–20 % nocturnal fall in BP [ 24 ]. A growing body of 
evidence suggests that elevated night-time BP is stronger predictor of all-cause and 
cardiovascular mortality than day-time BP, whereas a non-dipping status has been 
shown to confer a twofold higher risk for  cardiovascular   morbidity and mortality in 
comparison with a normal dipping pattern, independently from the presence of hyper-
tension [ 25 – 27 ]. In addition, ABPM enables the identifi cation of masked hyperten-
sion, which is defi ned as abnormally elevated out-of-offi ce BP while BP measurements 
during clinic visits remain within the normal range [ 24 ]. Notably, in a recent obser-
vational study, in which 489 outpatients treated for hypertension with stage 2–4 CKD 
were prospectively followed for a median period of 5.2 years, masked hypertension 
was associated with 3.17 times higher risk for the occurrence of a composite cardio-
vascular endpoint consisting of fatal and nonfatal myocardial infarction, congestive 
heart failure, stroke, revascularization, peripheral vascular disease, and non-traumatic 
amputation relative to controlled offi ce and ambulatory BP [ 28 ]. Masked hyperten-
sion was also associated with a threefold greater risk for the combined renal endpoint 
of initiating dialysis or death. The overall cardio-renal risk attributable to masked 
hypertension was comparable with that of uncontrolled hypertension [ 28 ].   

    Truly Resistant Hypertension and Its Potential Causes 
in Chronic Kidney Disease 

 Renal parenchymal disease is considered as one of the most common medical 
causes of resistant hypertension. Multiple pathways associated with impaired renal 
function are likely to contribute to the development of resistance to antihypertensive 
drug treatment. These mechanistic  factors   are summarized in Table  5.1  and are dis-
cussed in detail below.

       Sodium and Volume Overload   

 A key factor responsible for many cases of resistant hypertension is excessive 
dietary salt intake leading to chronic volume overload [ 29 ]. This is supported by 
several studies showing that the vast majority of patients with resistant hypertension 
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have expanded plasma volume, which is causally related to a higher salt intake in 
comparison with the general population [ 30 ]. In a pilot, randomized, cross-over 
study including 12 patients with uncontrolled hypertension despite receiving ther-
apy with an average of 3.4 antihypertensive agents, Pimenta et al. compared the 
effects of a low (50 mmol/24 h) versus a high (250 mmol/24 h) sodium-containing 
diet on offi ce and 24-hour ambulatory BP [ 31 ]. The mean urinary sodium excretion 
was signifi cantly lower during the low-sodium than during the high-sodium intake 
period (46.1 ± 26.8 vs 252.2 ± 64.6 mmol/24 h). Dietary sodium restriction was 
associated with remarkable reductions in offi ce BP, by 22.7 and 9.1 mmHg in sys-
tolic and diastolic BP, respectively. These BP-lowering effects were consistent dur-
ing the whole 24-hour period [ 31 ]. Thus, sodium restrictive diet should be considered 
as an important part of the therapeutic approach of patients with resistant hyperten-
sion, particularly when CKD is present. 

 The major factor contributing to salt and fl uid accumulation in patients with 
CKD is impaired renal sodium handling and reduced capacity of the kidney to 
excrete daily sodium intake. Reduced nephron number and the potential excess of 
multiple sodium-retaining hormones such as aldosterone and endothelin create a 
sizable barrier to effi cient urinary sodium excretion [ 31 – 33 ]. Overactivity of the 
SNS, particularly when CKD is accompanied by other co-morbid conditions such 
as diabetes and heart failure, is another factor that may promote sodium retention 
[ 34 ,  35 ]. Failure to use diuretic agents in appropriate doses adjusted to the level of 
renal function is another major issue affecting effi cient sodium excretion, resulting 
in antihypertensive drug resistance. In patients with an   estimated glomerular fi ltra-
tion rate (eGFR)   <40 ml/min/1.73 m 2 , thiazide diuretics are unlikely to be effective, 
with a possible exception of metolazone, which is probably active down to an eGFR 
of 20 ml/min/1.73 m 2 , but is not available in many countries. Preliminary data sug-
gest that chlorthalidone may also be effective in advanced renal failure. However, 
for eGFR of <30 ml/min/1.73 m 2 , loop diuretics are often needed. Use of combina-
tions of loop diuretics with other diuretic  compounds   may be necessary in selected 
cases to enhance natriuresis [ 36 ].  

  Table 5.1     Factors   
contributing to 
antihypertensive drug 
resistance in CKD  

 Sodium and volume excess 
 Sympathetic nervous system overactivity 
 Overactivity 
of the renin–angiotensin–aldosterone-system 
 Increased endothelium-derived 
vasoconstrictors 
 Decreased endothelium-derived vasodilators 
 Arterial stiffness 
 Pre-existing hypertension 
 Specifi c medications (cyclosporine, 
tacrolimus, steroids, erythropoietin) 
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     Sympathetic Overactivity   

 Activation of the SNS is suggested to play a pivotal role in pathogenesis of hyper-
tension in CKD [ 8 ]. The kidney is a richly innervated organ and experimental stud-
ies suggest that the kidneys may be modulators of the SNS overactivity; this 
regulation is mediated through renal afferent nerves connected with integrative 
nuclei of the SNS in the central nervous system [ 37 ]. In animal studies, acute stimu-
lation of these afferent nerves in response to renal ischemia and reperfusion injury 
was shown to induce a refl ex elevation in efferent SNS activity and in BP levels [ 38 , 
 39 ]. In experimental models of 5/6 nephrectomized rats, the turnover rate and 
release of norepinephrine from the posterior hypothalamic nuclei were higher in 
CKD than in control rats; bilateral dorsal rhizotomy down-regulated the SNS activ-
ity and preserved the BP levels within the normal range [ 40 ]. In addition,  muscle 
sympathetic nerve activity (MSNA)   studies in hemodialysis patients showed that 
the rate of sympathetic discharge was twice the normal and correlated strongly with 
the rise in plasma catecholamine levels. In contrast, patients with bilateral nephrec-
tomy manifested lower MSNA, BP, and peripheral vascular resistance as compared 
with patients with retained native kidneys [ 41 ]. Taken together, the studies in ani-
mals and in humans support the notion that increased renal sensory impulses origi-
nating from the affected kidney and transmitted to the central nervous system 
activate brain regions involved in the noradrenergic control of BP, resulting in vaso-
constriction, sodium retention, and hypertension. However, the exact mechanisms 
mediating the development of the excessive sympathetic activation within the kid-
ney parenchyma still remain unclear. Other mechanisms potentially responsible for 
the increase in SNS activity in the CKD setting include decreased central dopami-
nergic tone, lower baroreceptor sensitivity, elevated plasma β-endorphin and 
β-lipotropin, increased serum leptin levels, and reduced renalase availability [ 8 ,  42 ].  

    Overactivity of the Renin–Angiotensin–Aldosterone- System      

 Excessive activation of the renin–angiotensin–aldosterone-system (RAAS) is sug-
gested to be another major pathway for sustained BP elevation, promotion of end- 
organ damage, and development of antihypertensive drug resistance, particularly in 
the setting of CKD. One clear mechanism through which aldosterone excess pro-
motes drug resistance, identifi ed shortly after the discovery of the hormone itself, is 
its action on the distal nephron of the kidney to regulate intravascular volume and 
promote sodium reabsorption [ 43 ]. The original belief that aldosterone acts solely on 
specifi c receptors in epithelial tissues and modulates electrolyte and water balance 
via a genomic mechanism has been challenged by the identifi cation of mineralocor-
ticoid receptors in non-epithelial tissues, such as heart, vasculature, and the brain, 
suggesting that aldosterone mediates target-organ damage through non- genomic 
mechanisms of action [ 44 ,  45 ]. This notion is supported by a number of animal and 
human studies showing that aldosterone exerts hypertrophic, proliferative, 
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proinfl ammatory, prothrombotic, and profi brotic actions in target organs beyond the 
kidney, inducing endothelial dysfunction, vascular infl ammation, fi brosis, and 
necrosis [ 44 ,  45 ]. This pathologic process leads to functional and structural altera-
tions of small and large arteries, leading to sustained BP elevation. Blocking the 
adverse actions of aldosterone on the vasculature through selective  mineralocorti-
coid receptor antagonists (MRAs)  , such as spironolactone and eplerenone, has 
gained renewed interest as a novel therapeutic approach of resistant hypertension in 
patients with or without CKD. This notion is strongly supported by the results of the 
 Anglo-Scandinavian Cardiac Outcomes Trial-Blood Pressure Lowering Arm 
(ASCOT-BPLA)   [ 46 ], in which fourth-line add-on therapy with spironolactone 
administered at a starting dose of 25 mg/day was accompanied by a mean BP reduc-
tion of 21.9/9.5 mmHg over a median treatment duration of 1.3 years. With close 
monitoring of serum potassium levels, add-on MRA therapy could be an effective 
and safe therapeutic approach of resistant hypertension even in the CKD setting [ 47 , 
 48 ].  

     Arterial Stiffness      

 A typical feature of arterial remodeling in CKD is long-term structural alterations in 
intrinsic elastic properties of the arterial wall. These alterations include fi broelastic 
intimal thickening, calcifi cation of elastic lamellae, increased extracellular matrix 
deposition, elastinolysis and elevated collagen along with reduced elastic fi ber con-
tent [ 49 ]. This arteriosclerotic process affects mainly the central arteries, such as the 
aorta and the carotid artery, where cushioning the stroke volume ejected by the left 
ventricle is essential in order to transform the pulsatile blood fl ow oscillations into 
the continuous fl ow pattern required for perfusion of organs and tissues [ 49 ]. The 
principal mechanism through which arterial stiffness contributes to BP elevation is 
that higher arterial stiffness (in other words, the higher velocity of pulse wave trans-
fer across the arterial tree) results in premature arrival of refl ected wave from the 
periphery back to the ascending aorta during the systolic phase of the cardiac cycle 
[ 50 ]. Thus, the forward- and backward-traveling pulse waves are in phase and their 
overlap during systole rather than diastole generates an  amplifi cation      effect on sys-
tolic and pulse pressures in the aorta [ 49 ,  50 ]. 

 The notion that arterial stiffness makes hypertension more resistant to antihyper-
tensive therapy is strongly supported by a post-hoc analysis of the Preterax in 
 Regression of Arterial Stiffness in a Controlled Double-Blind (REASON)   study 
[ 51 ]. In this study, 375 patients with essential hypertension were treated with either 
perindopril/indapamide combination (20/0.625 mg daily) or atenolol (50 mg daily) 
for 12 months. The study found that higher baseline aortic PWV was associated 
with smaller in extent reductions in offi ce BP levels and that baseline aortic PWV 
was an independent predictor of achievement of BP control after 12 months of ther-
apy [ 51 ]. In addition, a prospective analysis from the Framingham cohort study 
showed that reduced arterial compliance is a strong and independent predictor of a 
future diagnosis of hypertension over approximately 8 years of follow-up [ 52 ]. 
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The reverse phenomenon was not true, since higher BP levels were unable to predict 
greater changes in arterial stiffness over time. The role of arterial stiffness as predic-
tor of BP response to the antihypertensive therapy was evaluated in a post-hoc anal-
ysis of the Hypertension in  Hemodialysis patients treated with Atenolol or Lisinopril 
(HDPAL)   trial. In contrast to the observations in the general population, among 
hypertensive hemodialysis patients, aortic PWV at baseline was not predictor of the 
treatment-induced improvement in 44-hour interdialytic ambulatory BP over the 
course of the trial [ 53 ].  

     Endothelial Dysfunction   

 An imbalance between endothelium-derived vasoconstrictors and vasodilators in 
favor of the former may be another mechanistic pathway of resistant hypertension 
in CKD [ 8 ]. This is supported by animal studies showing down-regulation of the 
endothelial and inducible nitric oxide synthase activity in 5/6 nephrectomized rats, 
an alteration that resulted in sustained BP elevation [ 54 ]. Endothelial dysfunction is 
suggested to be the result of several mechanisms at play when renal function is 
impaired. One of these mechanisms is the higher circulating levels of  asymmetric 
dimethylarginine (ADMA)   in CKD; ADMA is an endogenous nitric oxide synthase 
inhibitor and its accumulation results in reduced generation of nitric oxide. The 
higher levels of ADMA result from both a diminished intracellular degradation by 
desamino- D -argininehydrolase and by reduced renal clearance of ADMA, since this 
molecule is mainly excreted by the kidney [ 55 ]. Apart from promoting endothelial 
dysfunction, ADMA also acts as a stimulus for increased generation of proinfl am-
matory mediators, such as interleukin-6 and profi brotic molecules such as trans-
forming growth factor-β [ 56 ]. Increased production of the potent endogenous 
vasoconstrictor endothelin-1 in patients with CKD is proposed to be another impor-
tant player in pathogenesis of resistant hypertension [ 57 ]. The pathologic effects of 
endothelin-1, including vasoconstriction, infl ammation, cellular injury and fi brosis, 
are mainly mediated by the endothelin-A receptors, which have recently become 
promising targets of therapy in preclinical and clinical studies [ 58 ]. Endothelin 
receptor blockers have been shown to produce signifi cant reduction in BP among 
patients with resistant hypertension, but their role in treating this entity in patients 
with CKD has not been specifi cally investigated.   

    Epidemiology of Resistant Hypertension 

    Prevalence 

 In the past, the exact prevalence of resistant hypertension in the general hyperten-
sive population was not established, since information on the epidemiology of resis-
tant hypertension was derived from indirect sources (i.e., observations on 
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hypertension control from population-based studies, retrospective studies from 
 tertiary hypertension centers, and sub-analyses of large randomized clinical trials in 
hypertension) [ 59 – 63 ]. Identifi cation of the exact burden of resistant hypertension 
would ideally require properly designed prospective studies using forced titration of 
 BP-lowering therapy   up to maximally tolerated doses of ≥3 agents, including a 
diuretic; ideally, relevant studies should exclude common causes of pseudo- 
resistance [ 3 ]. Population-based studies with detailed record of the prescribed anti-
hypertensive medications would also advance our knowledge; however, such studies 
would unavoidably suffer from inherent methodological limitations related to com-
mon causes of  pseudo-resistance   (e.g., white-coat effect, non-adherence to therapy, 
etc.) [ 3 ]. More recently, epidemiological studies have been performed to ascertain 
the prevalence of  resistant hypertension  . They are summarized in Table  5.2  and 
discussed in some detail below.

   An early retrospective, observational study using  electronic medical records   of 
the years 2002–2005 provided the fi rst direct estimate of the prevalence of resistant 
hypertension in the US hypertensive population [ 64 ]. In this analysis, 9.1 % of 
29,474 hypertensive participants from an ambulatory care setting (or 12.1 % of 
drug-treated patients) were classifi ed as having resistant hypertension, according to 
the defi nition of uncontrolled BP >140/90 mmHg despite the use of ≥3 antihyper-
tensive medications. Another 6 % of study participants had uncontrolled BP despite 
receiving ≥4 antihypertensive agents, but not a diuretic. Furthermore, around 29.5 % 
of participants had uncontrolled BP, without receiving therapy; of these, 10–15 % 
had resistant hypertension [ 64 ]. 

 A subsequent study [ 65 ] aimed to determine the prevalence of resistant hyperten-
sion in the USA using the 2003–2008  National Health and Nutrition Examination 
Survey (NHANES)   dataset. Resistant hypertension in this survey was defi ned as BP 
>140/90 mmHg and reported use of >3 different  antihypertensive medications   
within the previous month or use of ≥4 antihypertensive agents regardless of mea-
sured BP. In this analysis, 8.9 % of 5230 participants (or 12.8 % of drug-treated 
hypertensive participants) met the criteria of resistant hypertension according to the 
aforementioned defi nition [ 65 ]. Again, another 30.7 % of patients had uncontrolled 
BP without receiving antihypertensive treatment. Assuming that 10 % of these 
patients might have had resistant hypertension, the actual prevalence of resistant 
hypertension might have been another 3 % higher. 

 Trends in prevalence of uncontrolled hypertension and resistant hypertension 
during 1988–2008 in the USA were explored in another analysis of 13,375 hyper-
tensive adults participating in the 3 NHANES surveys (1988–1994, 1999–2004, 
2005–2008) [ 66 ].  Uncontrolled hypertension   was defi ned as BP >140/90 mmHg 
among drug-treated hypertensives and resistant hypertension was defi ned as uncon-
trolled hypertension among treated patients despite the reported use of ≥3 antihy-
pertensive drugs during the previous month. Rates of uncontrolled hypertension 
declined from 73.2 % in 1988–1994 to 52.5 % in 1999–2004. In contrast, the preva-
lence of resistant hypertension (expressed as percentage of drug-treated hyperten-
sives) exhibited an increasing trend from 15.9 % in 1988–1994 to 28.0 % in 
2005–2008 [ 66 ]. When patients with controlled BP treated with ≥4 antihyperten-
sive drugs were also considered as resistant hypertensives, the prevalence of resis-
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   Table 5.2    Prevalence of  resistant hypertension   in the general hypertensive population   

 Study ID 
 Population 
characteristics 

 Defi nition of resistant 
hypertension  Prevalence estimates 

 McAdam-Marx 
et al. [ 64 ] Clin 
Ther 2009 

 29,474 US adults 
with a diagnosis of 
hypertension in the 
General Electric 
Centricity Medical 
Record 

 Uncontrolled BP 
>140/90 mmHg (or 
>130/80 mmHg for 
those with diabetes or 
CKD) with ≥3 
antihypertensive drugs, 
including a thiazide 

 A total of 2640 out of 
29,474 hypertensive 
patients (9.1 %) were 
classifi ed as having 
resistant hypertension 

 Pershell et al. 
[ 65 ] 
Hypertension 
2011 

 5230 hypertensive 
US adults 
participating in the 
2003–2008 
NHANES dataset 

 Uncontrolled BP 
>140/90 mmHg with 
≥3 antihypertensive 
drugs in the previous 
month or reported use 
of ≥4 antihypertensive 
drugs regardless of BP 

 A total of 539 out of 5230 
hypertensive patients 
(8.9 %) met the criteria of 
resistant hypertension 

 Egan et al. [ 66 ] 
Circulation 2011 

 13,375 
hypertensive US 
adults from the 
NHANES datasets 
in the 3 time- 
periods (1988–
1994, 1999–2004, 
2005–08) 

 Uncontrolled BP 
>140/90 mmHg with 
≥3 antihypertensive 
drugs in the previous 
month or reported use 
of ≥4 antihypertensive 
drugs regardless of BP 

 5.5 % of all hypertensives 
in 1988–1994, 8.5 % of 
all hypertensives in 
1999–2004, and 11.8 % 
of all hypertensives in 
2005–08 had resistant 
hypertension 

 Brambilla et al. 
[ 68 ] J Hypertens 
2013 

 1312 drug-treated 
hypertensive 
participants of the 
BP-CARE study 

 Uncontrolled BP 
>140/90 mmHg despite 
the concurrent use of 
≥3 antihypertensive 
medications or use of 
≥4 antihypertensive 
drugs regardless of BP 

 A total of 255 patients 
(19.4 % of drug-treated 
hypertensive patients) 
were classifi ed as 
resistant hypertensives 

 Sim et al. [ 67 ] 
Mayo Clin Proc 
2013 

 470,386 
hypertensives 
participating in the 
Kaiser Permanente 
Southern California 
health system 
during 2006–2007 

 Uncontrolled BP 
>140/90 mmHg despite 
triple antihypertensive 
therapy or current use 
of ≥4 antihypertensive 
drugs irrespective of BP 
control 

 A total of 60,327 
participants (12.8 % of all 
hypertensives) or 15.3 % 
of those receiving 
antihypertensive 
medications fulfi lled the 
diagnostic criteria of 
resistant hypertension 

 Weitzman et al. 
[ 69 ] 
Hypertension 
2014 

 172,432 
hypertensive 
patients belonging 
to the Maccabi 
Healthcare System 
in Israel 

 Uncontrolled BP 
>140/90 mmHg despite 
the treatment with ≥3 
antihypertensive drugs 
at maximally tolerated 
doses, including a 
diuretic 

 0.86 % of the entire 
hypertensive population 
(or 2.26 % of 
hypertensives with 
uncontrolled BP) had 
resistant hypertension 

   US  United States,  NAHANES  National Health and Nutrition Examination Survey,  BP  blood pres-
sure,  CKD  chronic kidney disease,  BP-CARE  Blood Pressure control rate and CArdiovascular Risk 
profi lE (BP-CARE) study  
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tant hypertension among all adult US NHANES hypertensive participants was 5.5 % 
in 1988–2004, increased to 8.5 % in 1999–2004 and reached 11.8 % in the 
2005–2008. 

 The largest cross-sectional survey so far aiming to estimate the burden of resis-
tant hypertension in the USA [ 67 ] used data obtained from 470,386 hypertensive 
patients participating in the Kaiser Permanente Southern California health system 
during 2006–2007. By defi ning resistant hypertension as BP >140/90 mmHg despite 
triple antihypertensive therapy or current use of ≥4 antihypertensive drugs irrespec-
tive of BP control, study investigators observed that 12.8 % of all hypertensives (or 
15.3 % of those receiving antihypertensive medications) fulfi lled the diagnostic cri-
teria of resistant hypertension [ 67 ]. Black race, older age, male gender, obesity, 
impaired renal function, presence of diabetes, and history of previous  cardiovascular 
disease   were the main factors associated with higher risk of resistant hypertension. 
Paradoxically, rates of adherence to the prescribed antihypertensive regimen were 
higher among resistant hypertensives than in those with controlled hypertension. 

 Data on the prevalence of resistant hypertension in Europe were provided by the 
 Blood Pressure control rate and CArdiovascular Risk profi lE (BP-CARE)   study 
[ 68 ]. Among 1312 drug-treated hypertensive participants, 255 (19.4 % of the study 
cohort) were classifi ed as suffering from resistant hypertension according to the 
defi nition of uncontrolled BP >140/90 mmHg despite the concurrent use of ≥3 anti-
hypertensive medications or use of ≥4 antihypertensive drugs regardless of BP lev-
els [ 68 ]. Another recent survey in Israel incorporating data from 172,432 
hypertensive patients followed in the  Maccabi Healthcare System   showed that 
0.86 % of the entire hypertensive population (or 2.26 % of hypertensives with 
uncontrolled BP) had resistant hypertension [ 69 ]. Resistant hypertension was 
defi ned as uncontrolled BP >140/90 mmHg despite the treatment with ≥3 antihy-
pertensive drugs at maximally tolerated doses, including a diuretic, over the previ-
ous month of  BP measurement  . When analysis was performed taking into account 
the prescribed antihypertensive medications during the 2 previous months before 
the BP measurement, instead of the last month, estimated prevalence of resistant 
hypertension increased to 1.24 % of the entire hypertensive population (or to 3.24 % 
of those with uncontrolled BP) [ 69 ]. These estimates of the prevalence of resistant 
hypertension are far lower than previously reported. This may be explained by the 
fact that patients with controlled hypertension under treatment with ≥4 agents were 
not classifi ed as resistant hypertensives in this survey. Other factors, such as 
improved patient compliance, reduced physician inertia or even yearly higher aver-
age temperatures in the country of the last study compared to the USA, or North 
Europe may also apply. 

 Overt or incipient  CKD   is long considered as common cause of truly resistant 
hypertension [ 6 ]. As discussed above, several factors closely related to impaired 
renal function (such as greater diffi culty of excreting daily salt intake, increased 
SNS activity, endothelial dysfunction, higher levels of proinfl ammatory markers, 
and arterial stiffness) are likely to contribute to antihypertensive drug resistance in 
the CKD setting [ 8 ]. The phenomenon of resistant hypertension in patients CKD is 
also increasingly studied in recent years. Large epidemiological studies conducted 
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in the general hypertensive population showed that resistant hypertensives are more 
likely to have reduced kidney function and micro- or macro-albuminuria, suggest-
ing a higher burden of resistant hypertension in CKD. For example, in the NHANES 
2003–2008 dataset, 33.7 % of resistant hypertensives had eGFR <60 ml/min/1.73 m 2  
and 12.8 % had albumin-to-creatinine ratio (ACR) >300 mg/g relative to 16.5 and 
1.9 % of patients with controlled hypertension, respectively [ 65 ]. A retrospective 
study of 300 patients with hypertension and CKD referred to a nephrology clinic in 
Italy showed that prevalence of resistant hypertension increased from 26 to 38 % 
after the fi rst 6 months of standard nephrology care [ 70 ]. This observation should 
not be considered causally related, since simply intensifi cation of antihypertensive 
therapy may qualify the identifi cation of resistant hypertension, even when BP may 
be poorly controlled. 

 Two recent studies with more accurate methodology advanced our knowledge on 
the prevalence of resistant hypertension in the  CKD   population (see Table  5.3 ). The 
fi rst was an analysis from a population-based sample of US hypertensive adults 
participating in the  Geographic and Racial Differences in Stroke (REGARDS)   
study during 2003–2007 [ 71 ]. Resistant hypertension was defi ned as uncontrolled 
BP >140/90 mmHg, despite the current use of >3 antihypertensive drugs or therapy 
with ≥4 agents regardless of measured BP.  Antihypertensive drug   use was assessed 
via pill bottle review of all medications participants reported taking during the pre-
vious 2 weeks and BP was measured in the home setting. The original REGARDS 
study was designed to include 15,277 participants with history of hypertension 
under treatment with ≥1 antihypertensive drug. In the fi nal cohort of 10,700 patients 
eligible for determination of their resistant hypertension status, prevalence of resis-
tant hypertension was 15.8 % among those with eGFR ≥60 ml/min/1.73 m 2 , but 
24.9 % among those with eGFR 45–59 ml/min/1.73 m 2  (Stage 3A CKD) and 33.4 % 
among those with eGFR <45 ml/min/1.73 m 2  (Stage 3B or more advanced CKD). 
When participants were classifi ed according to the levels of albuminuria, the preva-
lence of resistant hypertension was 12.1, 20.8, 27.7, and 48.3 % for ACR <10, 
10–29, 30–299, and ≥300 mg/g, respectively [ 71 ]. It has to be noted that although 
the study provided important information, the reported rates of resistant hyperten-
sion, even when notably higher than the other reports, may still be an underestima-
tion of the exact prevalence for two reasons: fi rst, at the time of the study, the 
recommended threshold for BP lowering in CKD was at 130/80 mmHg in the offi ce; 
second, this study used home BP readings, for which the proposed thresholds for 
assessment of BP control are lower than the offi ce [ 72 ].

   Another prospective observational study including 436 patients with hyperten-
sion and CKD attending four outpatient nephrology clinics in Italy during 2003–
2005 used simultaneously offi ce BP readings and ABPM in order to determine the 
infl uence of the white-coat effect on estimation of the prevalence of resistant hyper-
tension [ 10 ]. At baseline, study participants were classifi ed into four different cate-
gories on the basis of a normal or high ambulatory  BP  , according to the 125/75 mmHg 
threshold for mean 24-hour ambulatory BP, and absence or presence of resistant 
hypertension, defi ned as offi ce BP >130/80 mmHg despite using ≥3 full-dose anti-
hypertensive drugs, including a diuretic. This study showed that 100 out of 436 
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study participants (22.9 %) had true resistant hypertension with high ambulatory BP 
and 31 participants had white-coat pseudoresistant hypertension (7.1 %). Another 
187 participants (42.9 %) had sustained hypertension (i.e., high ambulatory BP 
without resistant hypertension according to the offi ce readings) and 118 patients 
(27.1 %) had controlled hypertension (i.e., normal offi ce and ambulatory BP) [ 10 ]. 
Presence of diabetes, left ventricular hypertrophy, higher levels of proteinuria, and 
poor adherence to a sodium restrictive diet were signifi cant determinants of true 
resistant hypertension in multivariate analysis. Since publication of the Italian study, 
the threshold of diagnosis of hypertension in CKD has been changed to 
140/90 mmHg. Thus, the estimates provided may well be lower if the new thresh-
olds are utilized.  

    Incidence of  Resistant Hypertension   

 A recent retrospective cohort study aiming to evaluate the incidence of resistant 
hypertension in people adequately treated studied 205,750 subjects with newly diag-
nosed hypertension who participated in two health plan programs within the 
Cardiovascular Health Network registry in USA during 2002–2006 [ 9 ]. Over a 1.5-
year follow-up, a total of 42,474 patients (20.6 % of the original study cohort) were 
receiving ≥3 antihypertensive agents for at least 1-month. After excluding those who 
were non-adherent, on the basis of a >80 % pharmacy refi ll rate for all prescribed 
antihypertensive medications, the investigators showed that 1.5 years after treatment 
initiation, 1 in 50 patients became resistant to therapy on the basis of the  American 
Heart Association (AHA)   defi nition of having uncontrolled BP >140/90 mmHg on 
three medications or controlled BP on at least four antihypertensive medications. 

   Table 5.3    Prevalence of resistant hypertension among patients with chronic kidney  disease     

 Study ID  Population characteristics 
 Defi nition of resistant 
hypertension  Prevalence estimates 

 Tanner 
et al. [ 71 ] 
cJASN 
2013 

 10,700 hypertensive US 
adults participating in the 
REGARDS study 

 Uncontrolled BP 
>140/90 mmHg with 
≥3 antihypertensive 
drugs or use of >4 
antihypertensive drugs 
regardless of BP 

 15.8 % for eGFR ≥60 ml/
min/1.73 m 2 ; 24.9 % for 
eGFR 45–59 ml/
min/1.73 m 2 ; 33.4 % for 
eGFR ≤45 ml/min/1.73 m 2  

 De 
Nicola 
et al. [ 10 ] 
JACC 
2013 

 436 hypertensive CKD 
patients, defi ned as offi ce 
BP >130/80 mmHg and 
eGFR <60 ml/min/1.73 m 2  
or eGFR between 
60–90 ml/min/1.73 m 2  and 
albuminuria >300 mg/day 

 Uncontrolled offi ce BP 
>130/80 mmHg with 
≥3 antihypertensive 
drugs, including a 
diuretic, or >4 drugs 
and ABP 
>125/75 mmHg 

 A total of 100 out of 436 
patients (22.9 %) were 
classifi ed as resistant 
hypertensives 

   REGARDS  Geographic and Racial Differences in Stroke Study,  BP  blood pressure,  CKD  chronic 
kidney disease,  ABP  ambulatory blood pressure,  eGFR  estimated glomerular fi ltration rate  
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This accounts to an incidence rate for resistant hypertension of 1.9 % with a median 
follow-up of 1.5 years (0.7 cases per person-year of follow-up) [ 9 ]. With more 
extended follow-up, it is likely that the incidence would have been even higher, as the 
medications were further titrated for the remaining uncontrolled patients; further, on 
an even longer observational period, the increasing age and worsening obesity would 
further aggravate the risk of developing resistance to multiple drug therapy. In the 
presence of CKD, it could be hypothesized that the incidence rate of resistant hyper-
tension might be even higher. However, there is no study to assess the incidence of 
resistant hypertension in the CKD setting until now. 

 A post-hoc analysis of data from 3666 previously untreated hypertensive patients 
participating in the  Anglo-Scandinavian Cardiac Outcome Trial (ASCOT)   provided 
additional evidence on incidence and possible predictors of resistant hypertension 
[ 73 ]. In ASCOT study, 19,257 hypertensive patients with ≥3 other cardiovascular 
risk factors were randomly assigned to receive atenolol adding a thiazide diuretic or 
to amlodipine adding perindopril. ASCOT had a 2 × 2 factorial design and a sub-
group of 10,305 patients was further randomized to atorvastatin or placebo in a lipid-
lowering study-arm. Defi nition of uncontrolled BP (>140/90 mmHg) on treatment 
with ≥3 antihypertensive drugs was used for identifi cation of resistant hypertension. 
Among previously untreated hypertensive patients, 33 % (and among all participants 
50 %) developed resistant hypertension during a median follow-up of 5.3 and 4.8 
years, respectively (incidence rates of 75.2 and 129.7 cases per 1000 person-years, 
respectively) [ 73 ]. Multivariate analysis showed that independent predictors of inci-
dent resistant hypertension were raised systolic BP at baseline, diabetes, left ven-
tricular hypertrophy, male gender, obesity, and high alcohol intake. Importantly, 
patients randomized to receive amlodipine relative to atenolol, those previously 
administered aspirin and those randomized to atorvastatin relative to placebo were 
less likely to develop  resistant hypertension   over the course of the trial [ 73 ], suggest-
ing that the initial therapeutic approach after the diagnosis of hypertension may be of 
relevance for the risk of developing antihypertensive drug resistance.   

    Prognosis of  Resistant Hypertension   

 In comparison with patients achieving adequate BP control with fewer than three 
antihypertensive drugs, whether resistant hypertension per se signifi es an indepen-
dent prognostic association with cardiovascular and renal outcomes is an issue that 
remained unclear until recently. In addition to the cardio-renal risk attributable to 
the degree of BP elevation [ 1 ,  74 ], several lines of evidence suggest that resistant 
hypertension is also associated with a combination of other risk factors, which may 
further aggravate the risk of cardiovascular morbidity and mortality. In this regard, 
several epidemiological studies provided evidence that more patients with resistant 
hypertension have target-organ damage, higher number of comorbidities, and higher 
rates of documented cardiovascular disease than those with controlled hypertension 
[ 75 – 77 ]. Another source of data supporting the prognostic association of resistant 
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hypertension with cardiovascular and renal outcomes are clinical studies evaluating 
the patterns of ambulatory BP profi le in patients with resistant hypertension; these 
studies showed that resistant hypertension is associated with higher ambulatory BP 
values, a non-dipping night-time BP pattern and higher ambulatory arterial stiffness 
index [ 26 ,  78 ,  79 ], factors directly linked with increased risk for cardiovascular 
morbidity and mortality. 

 Over the past few years, a number of prospective observational studies evaluating 
“hard” cardiovascular and renal endpoints have provided additional evidence sup-
porting the strong and independent association of resistant hypertension with adverse 
outcomes. In the aforementioned study of Daugherty et al. [ 9 ], after excluding 
patients with known history of cardiovascular disease, patients who developed resis-
tant hypertension were more likely to reach the prespecifi ed combined outcome of 
all-cause mortality, myocardial infraction, congestive heart failure or CKD during a 
mean follow-up of 3.8 years [unadjusted  hazard ratio (HR)  : 1.54; 95 %  confi dence 
intervals (CI)  : 1.40–1.69] [ 9 ]. After adjustment for several risk factors, resistant 
hypertension remained signifi cantly associated with elevated risk of adverse cardio-
vascular outcomes (adjusted HR: 1.47; 95 % CI: 1.33–1.62). When patients with 
pre-existing cardiovascular disease were included in a secondary analysis, patients 
who developed antihypertensive drug resistance were again more likely to  experi-
ence   an adverse cardiovascular outcome at any time-point of follow- up relative to 
those without incident resistant hypertension (HR: 2.49; 95 % CI: 1.96, 3.15) [ 9 ]. 

 The association of resistant hypertension with cardiovascular outcomes was 
explored in a prospective study of 53,530 hypertensive patients with subclinical or 
established atherothrombotic disease enrolled in the international Reduction of 
Atherothrombosis for Continued Health (REACH) registry [ 80 ]. In this analysis, 
patients with resistant hypertension at baseline exhibited an 11 % higher risk of 
reaching the composite endpoint of cardiovascular death, myocardial infarction, or 
stroke at 4 years of follow-up (HR: 1.11, 95 % CI: 1.02–1.20;  P  = 0.017). 
Hospitalizations due to congestive heart failure were also higher among resistant 
hypertensives as compared to those with controlled hypertension [ 80 ]. The potential 
role of resistant hypertension as predictor of kidney injury progression was investi-
gated in a prospective analysis of 9974 hypertensive patients participating in the 
REGARDS study [ 81 ]. During a median follow-up of 6.4 years, the cumulative 
incidence of ESRD per 1000 person-years for hypertensive participants with and 
without treatment-resistant hypertension was 8.86 (95 % CI: 7.35–10.68) and 0.88 
(95 % CI: 0.65–1.19), respectively. After adjustment for several risk factors, patients 
with resistant hypertension had 6.3 times higher risk of incident ESRD throughout 
the study (HR: 6.32; 95 % CI, 4.30–9.30) [ 81 ]. 

 Subsequently, the prognostic signifi cance of resistant hypertension on cardiovas-
cular and renal outcomes was investigated in post-hoc analyses of two large-scaled 
randomized trials in hypertension. The fi rst incorporated data from 14,867 hyperten-
sive patients participating in the  Antihypertensive and Lipid-Lowering Treatment to 
Prevent Heart Attack Trial (ALLHAT) study   [ 82 ]. Study participants not at goal BP 
while taking ≥3 classes of antihypertensive medications or taking ≥4 classes of 
antihypertensive medications with controlled BP during the Year 2 ALLHAT study 
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visit were classifi ed as resistant hypertensives for the purposes of this analysis. After 
adjustment for several risk factors, patients with resistant hypertension versus those 
with controlled hypertension had 30 % higher risk of all-cause mortality (HR: 1.30; 
95 % CI: 1.11–1.52), 44 % higher risk of coronary heart disease (HR: 1.44; 95 % CI: 
1.18–1.76), 57 % higher risk of stroke (HR: 1.57; 95 % CI: 1.18–2.08), 88 % higher 
risk of congestive heart failure (HR: 1.88; 95 % CI: 1.52–2.34), and 95 % higher risk 
of developing ESRD (HR: 1.95; 95 % CI: 1.11–3.41) until the study completion 
[ 82 ]. In the second, 17,190 hypertensive patients with coronary artery disease par-
ticipating in the  INternational VErapamil SR-Trandolapril STudy (INVEST) trial   
were classifi ed as having controlled, uncontrolled, or resistant hypertension accord-
ing to the in-treatment BP levels achieved at the visit immediately prior to an event 
or censoring [ 83 ]. Resistant hypertension was defi ned as uncontrolled BP 
>140/90 mmHg on triple antihypertensive therapy or in any patient receiving at least 
four antihypertensive medications regardless of BP control. Compared with con-
trolled  hypertension  , resistant hypertension was independently associated with 27 % 
higher risk of the composite endpoint of fi rst occurrence of all-cause death, nonfatal 
myocardial infarction, or nonfatal stroke (HR: 1.27; 95 % CI: 1.13–1.43) [ 83 ]. In 
contrast, occurrence of adverse outcomes, with the exception of nonfatal stroke, was 
no different between patients with resistant and uncontrolled hypertension. 

 The long-term prognosis of resistant hypertension in CKD was investigated dur-
ing a prospective study of 436 hypertensive patients with non-dialysis requiring 
CKD under standard nephrology care over a mean follow-up period of 52 months 
[ 10 ]. The study had a composite cardiovascular outcome of cardiovascular death or 
nonfatal cardiovascular event requiring hospitalization (myocardial infarction, con-
gestive heart failure, stroke, revascularization, peripheral vascular disease, and non- 
traumatic amputation) and a composite renal endpoint of progression to ESRD 
requiring dialysis or death. Given the fact that elevated BP is a strong mediator of 
kidney injury progression in CKD, it was no surprise that patients with resistant 
hypertension had an adjusted twofold increased risk of reaching the composite 
 cardiovascular endpoint (HR: 1.98; 95 % CI: 1.14, 3.13) and an adjusted 2.6 times 
higher risk of reaching the renal endpoint during follow-up (HR: 2.66; 95 % CI: 
1.62, 4.37) in comparison with controlled hypertensives [ 10 ]. In contrast to true 
resistant hypertension, which predicted both cardiovascular and renal endpoints, 
patients with uncontrolled hypertension shared an adjusted 2.1-fold higher risk of 
reaching the composite renal outcome (HR: 2.14; 95 % CI: 1.35, 3.40), but had no 
additional cardiovascular risk as compared to patients who had their BP adequately 
 controlled   (adjusted HR: 1.11; 95 % CI: 0.67, 1.84) [ 10 ].  

    Conclusion 

 Resistant hypertension is a growing clinical problem that based on offi ce readings 
is estimated to affect about 9–12 % of hypertensives in the general population. 
Although CKD is for long considered as a major medical cause of resistance to 
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antihypertensive treatment, the epidemiology and pathogenesis of this phenomenon 
in the CKD was poorly studied until recently. Over the past few years, epidemio-
logical studies highlighted that the prevalence of resistant hypertension is much 
higher in the CKD than in the general hypertensive population, affecting approxi-
mately 20–35 % of people with CKD depending on the stage of the disease. Specifi c 
mechanisms associated with impaired renal function, such as greater diffi culty in 
excreting daily sodium intake, excessive SNS and RAAS activation, arterial stiff-
ness and endothelial dysfunction, are proposed to be prominent players in patho-
genesis of resistant hypertension in CKD. Furthermore, prospective observational 
studies over the past few years have demonstrated that resistant hypertension signi-
fi es an independent prognostic association with adverse cardiovascular outcomes 
and kidney injury progression to ESRD. Of importance, before labeling the diagno-
sis of resistant hypertension, a careful examination for and exclusion of factors 
related to pseudo- resistance, mainly non-adherence to therapy and white-coat phe-
nomenon, is required. Epidemiologic studies that account for pseudo-resistance are 
warranted in order to fully elucidate the exact prevalence, incidence, and prognostic 
signifi cance of truly resistant hypertension in CKD.     
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    Chapter 6   
 Hypertension in Pregnancy                     

     Sharon     Maynard     

          Physiology of Pregnancy 

  Pregnancy      is characterized by marked vascular and hemodynamic changes. Early in 
pregnancy, systemic vasodilation leads to decreased systemic vascular resistance 
and increased arterial compliance [ 1 ]. These changes are evident by 6 weeks of 
gestation [ 2 ]. These primary vascular changes lead to several other hemodynamic 
changes. Diastolic blood pressure falls by an average of 5 mmHg by the late second 
trimester [ 3 ]. Sympathetic activity is increased, refl ected in a 15 % increase in heart 
rate [ 4 ]. The combination of increased heart rate and decreased afterload leads to a 
large increase in cardiac output by the early fi rst trimester [ 5 ], which peaks at 50 % 
above pre-pregnancy levels in the third trimester [ 4 ,  6 ]. 

 The  renin–aldosterone–angiotensin system   is activated in  pregnancy   [ 3 ,  7 ]. This 
is driven by several factors, including extrarenal renin secretion by the ovaries and 
maternal decidua, a stimulatory effect of estrogen on renal renin release, and pri-
mary vasodilation. This leads to salt and water retention. Increased renal interstitial 
compliance may also contribute to volume retention, via an attenuation of the renal 
pressure natriuretic response [ 8 ]. Total body water increases by 6–8 l, leading to 
both plasma volume and interstitial volume expansion—hence most women have 
demonstrable clinical edema at some point during pregnancy. There is also cumula-
tive retention of about 1000 mmol of sodium distributed between the maternal 
extracellular compartments and the fetus [ 9 ]. The plasma volume increases out of 
proportion to the red blood cell mass, leading to mild physiologic anemia. 

 The mechanism of vasodilatation in  pregnancy   is not fully understood. The 
decrease in systemic vascular resistance is only partially attributable to the presence 
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of the low-resistance circulation in the pregnant uterus, as blood pressure and 
 systemic vascular resistance are noted to fall before this system is well developed. 
Reduced vascular responsiveness to vasopressors such as angiotensin 2 and vaso-
pressin is well documented [ 10 – 12 ]. 

 The hormone relaxin contributes to the global vasodilatory response [ 13 ]. 
Relaxin is a 6-kDa peptide hormone, structurally similar to insulin.  Relaxin   is 
released predominantly from the corpus luteum, rising early in gestation in response 
to  human chorionic gonadotrophin (hCG)  . In the renal circulation, relaxin increases 
endothelin and nitric oxide production, leading to generalized renal vasodilation 
and decreased renal afferent and efferent arteriolar resistance [ 14 ,  15 ]. This increases 
both renal blood fl ow and glomerular fi ltration rate, despite high levels of sympa-
thetic activity, renin, angiotensin II, and aldosterone.  

    Classifi cation of  Hypertensive Pregnancy   

 Hypertension in pregnancy is classifi ed into four categories: preeclampsia- eclampsia, 
chronic hypertension, chronic hypertension with superimposed  preeclampsia  , and 
 gestational hypertension  . Figure  6.1  outlines the clinical approach to diagnostic eval-
uation of women with hypertension in pregnancy. The diagnosis of chronic hyper-
tension in pregnancy is based on a history of hypertension prior to pregnancy, or a 
blood pressure above 140/90 mmHg prior to 20 weeks gestation. Gestational hyper-
tension and  preeclampsia   are characterized by the new onset of hypertension after 20 
weeks gestation, and hypertension resolves after delivery in most cases. 
Distinguishing chronic hypertension from  gestational hypertension  / preeclampsia   
based on the gestational age of the fi rst recorded blood pressure elevation can be 
subject to pitfalls, however. Some women lack consistent pre-pregnancy and prena-
tal care, and early pregnancy blood pressure readings are not available. The physio-
logic dip in blood pressure in the second trimester, which nadirs at about 28 weeks 
gestation [ 3 ], can mask the presence of chronic hypertension in mid-pregnancy. In 
cases of diagnostic uncertainty, the failure of blood pressure to normalize postpartum 
confi rms the diagnosis of chronic hypertension. The section “Diagnosis of 
Preeclampsia and Superimposed Preeclampsia” includes a detailed discussion of 
regarding diagnosis of  preeclampsia   and superimposed  preeclampsia  .

       Chronic Hypertension in  Pregnancy   

 The prevalence of chronic hypertension in pregnancy in the USA is increasing, from 
1.0 % in 1995–1996 to 1.76 % in 2007–2008 [ 16 ]. Hypertension in pregnancy is 
more common in women of advanced maternal age and black race [ 17 ]. It is associ-
ated with several medical comorbidities, including obesity, diabetes mellitus, 
chronic renal disease, thyroid disease, and collagen vascular disease [ 16 ]. 
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 There are several goals of care in the assessment and management of chronic 
hypertension in women who are pregnant or planning pregnancy. First, the diagno-
sis should be established, including assessment for secondary causes of hyperten-
sion and end-organ damage. The pregnancy risks (see section “Renovascular 
Hypertension”) should be communicated to the patient. The blood pressure should 
be managed, including the appropriate use of antihypertensive medications that are 
safe in pregnancy. Strategies to reduce the risk of  preeclampsia  , including the use of 
low-dose aspirin, should be considered. The patient should be monitored for the 
development of  preeclampsia  . These goals of care will be reviewed in detail in the 
following  sections  . 

Gestational Age at onset
of hypertension

Gestational
age at onset
of proteinuria

Gestational Age at
onset of proteinuria

Gestational
Hypertension

Before 20
weeks

Chronic hypertension
with chronic

kidney disease

Consider superimposed
preeclampsia, especially

if blood pressure is
worsening or any

features in Table 3

Preeclampsia

Before 20
weeks

After 20
weeks

After 20
weeks

Thrombocytopenia,
Renal Insufficiency,
Pulmonary Edema,
cerebral or visual

symptoms?

Before 20 weeks
gestation

Proteinuria?
> 300 mg/24 h

or
Protein: Creatinine ratio

> 0.3 mg/mg

NO

Chronic
Hypertension

YES

YES

NO

NO

Proteinuria?
> 300 mg/24 h

or
Protein: Creatinine ratio

> 0.3 mg/mg

After 20 weeks
gestation

YES

  Fig. 6.1    Diagnostic evaluation of hypertension in pregnancy       
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    Secondary Hypertension 

 The prevalence of secondary  causes   of hypertension in pregnancy is unknown, but 
is probably similar to that seen in healthy non-pregnant hypertensive women of 
childbearing age. In one retrospective study, 25 % of women in whom hypertension 
failed to resolve 6 months following  preeclampsia   were found to have a secondary 
cause of hypertension (primary aldosteronism and renovascular hypertension) [ 18 ]. 
Findings suggestive of a secondary cause of hypertension include severe or refrac-
tory hypertension, onset of hypertension at young age (<35 years), absence of fam-
ily history, and the presence of hypokalemia or palpitations. Secondary hypertension 
should also be suspected after  preeclampsia  , when blood pressure fails to resolve 
following delivery.  

    Primary Aldosteronism 

 A population-based  study   in the USA reported a diagnosis of  primary aldosteronism 
(PA)   in 0.02 % of pregnancies with chronic hypertension [ 16 ], and fewer than 50 
cases of primary aldosteronism in pregnancy have been described in the literature 
[ 19 ]. However, its true incidence is probably much higher, as primary aldosteronism 
is estimated to affect up to 10 % of non-pregnant patients with chronic hypertension. 

 Pregnancy is associated with changes in progesterone and the renin–angioten-
sin–aldosterone system that provide challenges to diagnosis and affect the clinical 
course of PA. Progesterone, which is increased throughout pregnancy, acts as a 
competitive antagonist to aldosterone at the mineralocorticoid receptor in the col-
lecting tubule [ 20 ]. This mitigates the hypokalemia and hypertension that might be 
expected from the high plasma aldosterone concentrations of normal pregnancy. For 
women with primary aldosteronism, the antagonistic effect of progesterone at the 
mineralocorticoid receptor sometimes leads to improvement in hypertension and 
hyperkalemia. However, such remission is not universal and women with primary 
aldosteronism may have a pregnancy-induced  exacerbation   of hypertension and 
hypokalemia [ 21 ]. 

 The diagnosis of PA should be considered in all hypertensive women who are 
pregnant or considering pregnancy, particularly if hypokalemia is present. Screening 
and diagnosis of PA during pregnancy can be challenging owing to the physiologic 
activation of the renin–angiotensin–aldosterone system in pregnancy. In normal 
pregnancy, plasma renin activity and aldosterone concentrations are typically fi ve to 
tenfold higher than in the non-pregnant state [ 3 ]. The major indicator of the pres-
ence of PA in pregnancy is suppression of the plasma renin activity [ 19 ]. The aldo-
sterone–renin ratio is useful when abnormal, however false negatives can occur, 
primarily due to pregnancy-induced stimulation of renin production [ 22 ]. Standard 
suppression testing with salt loading is not advisable due to potential exacerbation 
of hypertension, and adrenal vein sampling during pregnancy is not recommended 
due to the requisite radiation exposure. 
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 Most cases of PA in pregnancy result from an aldosterone-producing adenoma 
(APA) [ 23 ]. Imaging with MRI or ultrasound is safe. Since non-functional adeno-
mas are rare in women under 50, the diagnosis of APA vs.  idiopathic adrenal hyper-
plasia (IAH)   can often be made with imaging alone. 

 For women diagnosed with aldosterone-producing  adenoma   during pregnancy, 
there is little data to favor either immediate surgical adrenalectomy versus medi-
cal management until after delivery, though case reports have suggested success 
with both approaches. Conventional wisdom and expert opinion suggest surgical 
adrenalectomy is the optimal treatment in the fi rst and early second trimesters, 
while medical management is often favored after fetal viability (23 weeks gesta-
tion)    [ 24 ]. 

 For women with IAH or APA who are managed medically, adequate blood pres-
sure control is important, as most adverse pregnancy outcomes occur when blood 
pressure is uncontrolled [ 19 ]. Although there are several case reports of the use of 
 spironolactone   in pregnancy without adverse fetal effects, there is a theoretical risk 
of feminization and ambiguous genitalia in male fetuses and it is generally avoided 
in pregnancy.  Eplerenone   is a selective mineralocorticoid antagonist without clini-
cally signifi cant antiandrogenic effects. Animal studies have not shown any adverse 
fetal effects, and case reports describe its safe use in humans [ 24 ]. Hence, it is gen-
erally considered safe in pregnancy. Blood pressure targets are similar to those rec-
ommended in women with chronic primary hypertension in pregnancy: between 
120/80 and 160/105 for women without evidence of target organ damage, and below 
140/90 for women with evidence of target organ damage.  

    Renovascular Hypertension 

  Renovascular hypertension  , particularly due to fi bromuscular dysplasia, occasion-
ally presents in pregnancy. Published experience with renovascular hypertension in 
pregnancy is limited to case series and case reports. Renovascular hypertension 
during pregnancy is characterized by extremely high vascular resistance, likely 
mediated by high circulating angiotensin 2 levels [ 25 ]. Unrecognized renovascular 
hypertension in pregnancy can present as accelerated hypertension, or early or 
severe  preeclampsia   [ 26 ]. Neonatal complications are common, including iatro-
genic preterm delivery, placental abruption, and fetal demise. Computed tomogra-
phy (CT) is usually avoided in pregnancy due to fetal radiation exposure, but renal 
ultrasound with Doppler and magnetic resonance (MR) angiography are both safe 
diagnostic studies. 

 With regard to treatment, there is little evidence to guide the decision regarding 
revasularization vs. medical management. ACE inhibitors and angiotensin receptor 
antagonists are contraindicated in pregnancy. If blood pressure can be controlled 
medically with agents suitable for pregnancy, intervention can be deferred until 
after delivery. Successful angioplasty and stent placement in the second and third 
trimesters of pregnancy has been described in patients with refractory  hypertension   
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[ 25 ,  27 ]. Radiation exposure should be minimized (<5 rad) or avoided, particularly 
during fetal organogenesis in the fi rst trimester. Surgical repair during pregnancy is 
not a viable option, as cross clamping of the aorta may result in compromised 
placental perfusion.  

     Pheochromocytoma   

 Although rare,  pheochromocytoma   can be devastating when it fi rst presents during 
pregnancy. This syndrome occasionally is unmasked during labor and delivery, 
when fatal hypertensive crisis can be triggered by labor and spinal anesthesia [ 28 ]. 
Maternal and neonatal morbidity and mortality are as high as 50 % when the diag-
nosis is made during labor or after delivery, but much lower (less than 15 %) when 
the diagnosis is made antepartum [ 29 ]. Since prenatal diagnosis signifi cantly 
impacts both perinatal management and fetal and maternal mortality, the clinician 
needs to have a high level of suspicion for pheochromocytoma despite its low 
 incidence  . 

 Most women diagnosed with pheochromocytoma during pregnancy present in 
the second or third trimester with hypertension, palpitations, chest pain, pallor, 
sweating, nausea, or abdominal pain [ 29 ]. Paroxysmal, orthostatic, or severe hyper-
tension with complications such as pulmonary edema and heart failure should lead 
to consideration of pheochromocytoma. Although standard diagnostic testing for 
pheochromocytoma has not been specifi cally validated in pregnancy, there are no 
signifi cant alterations in catecholamine metabolism in pregnancy [ 23 ]. Thus, diag-
nosis is established as with non-pregnant individuals, with the measurement of 
abnormally high levels of plasma or urine catecholamines. Ultrasound and MRI can 
be used for imaging and tumor localization. 

 Once the diagnosis of pheochromocytoma has been established, management 
options include timely surgical removal or medical management with alpha- 
blockade until delivery. Among women diagnosed prior to 23 weeks, laparoscopic 
removal of the tumor during pregnancy appears to result in somewhat better neona-
tal outcomes in case reports and case series [ 29 ]. Alpha-adrenergic blockers such as 
 phenoxybenzamine   can be safely used in pregnancy. Beta-blockade, with  labetalol   
or selective beta-blockers such as propranolol, should be initiated only after alpha- 
blockade is established. Sodium restriction should not be prescribed, especially in 
the weeks preceding surgical resection, as volume depletion increases the likeli-
hood of postoperative  hypotension   [ 23 ]. 

 If medical management until delivery is elected, labor and vaginal delivery 
should be avoided, as labor can trigger severe hypertensive crisis. Prenatal consulta-
tion should be obtained with an anesthesiologist with expertise in pheochromocy-
toma. Resection of the pheochromocytoma can be successfully performed at the 
time of cesarean section, or following delivery [ 30 ].  
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    Genetic Causes of Hypertension and Hypokalemia 

 Glucocorticoid-remediable  aldosteronism  , or familial hyperaldosteronism type 1 
(FH-1), results from a hybrid recombination of the 11beta-hydroxylase and aldoste-
rone synthase genes. This leads to an abnormal aldosterone synthase protein in 
which aldosterone synthesis is regulated by  adrenocorticotropin (ACTH)  . Most 
women with FH-1 have stabilization or improvement in their hypertension and 
hyperkalemia during pregnancy [ 31 ]. This may be due to the antagonistic effects of 
progesterone on the mineralocorticoid receptor, as noted above. Progesterone also 
appears to directly inhibit both wild-type and chimeric aldosterone synthase genes, 
which may lead to amelioration of aldosterone production during pregnancy [ 32 ]. 

 Geller syndrome is a rare cause of early onset hypertension arising from an acti-
vating mutation of the mineralocorticoid receptor. This results in inappropriate recep-
tor activation by progesterone, and affected women develop a marked exacerbation 
of hypertension and hypokalemia in pregnancy, but without proteinuria or other fea-
tures of  preeclampsia   [ 33 ]. Geller syndrome clinically resembles primary aldosteron-
ism, but aldosterone  levels   are low-normal, with a normal aldosterone:renin ratio.  

    Cushing Syndrome 

  Hypercortisolism  , or  Cushing syndrome  , is a relatively uncommon cause of hyper-
tension in pregnancy. The clinical clues that usually suggest the diagnosis of 
Cushing syndrome may not be recognized, as they resemble symptoms of preg-
nancy itself: weight gain, edema, moon facies, abdominal striae, and glucose intol-
erance. Diagnosis is challenging, as both serum and urine cortisol are increased in 
normal pregnancy. The best initial screening test is a 24-hour urine collection for 
free cortisol, with cortisol excretion greater than 2 times the upper limit of normal 
strongly suggesting hypercortisolism [ 34 ]. Further details on the evaluation and 
management of Cushing syndrome in pregnancy are reviewed elsewhere [ 23 ].  

    Evaluation for End-Organ Damage 

 The presence of  end-organ damage in women   with chronic hypertension in preg-
nancy may impact the therapeutic blood pressure target (see  Pharmacotherapy: 
Blood Pressure Target ). Initial evaluation should always include measurement of a 
basic metabolic panel and quantifi cation of urine protein. The presence of an ele-
vated serum creatinine concentration or proteinuria can signify chronic kidney dis-
ease, which may be both a cause and a consequence of hypertension. If chronic 
kidney disease is present  without apparent cause, renal ultrasound should be 
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performed to evaluate for renal atrophy or polycystic kidneys. Proteinuria in early 
pregnancy in women with chronic hypertension is associated with an increased risk 
of  intrauterine growth restriction   and preterm delivery [ 35 ]. The detection of hypo-
kalemia can indicate the presence of other secondary forms of hypertension, such as 
primary aldosteronism or renovascular hypertension. Early measurement of creati-
nine and proteinuria establishes a baseline, which can be helpful in the subsequent 
diagnosis of superimposed  preeclampsia  . Echocardiogram to evaluate for left ven-
tricular hypertrophy should be considered, particularly in women with severe or 
longstanding  hypertension  .  

    Risk Assessment and Counseling 

 Women with chronic  hypertension   in pregnancy have an increased risk of several 
adverse pregnancy outcomes. Superimposed  preeclampsia   complicates approxi-
mately 25 % of these pregnancies [ 35 ], and risk is even higher when other  pre-
eclampsia   risk factors such as diabetes, obesity, or prior  preeclampsia   are present 
(see Table  6.1 ) [ 36 – 47 ]. Hypertension is associated with an increased risk of prema-
ture delivery (23–35 %),  intrauterine growth restriction   (13–21 %), placental abrup-
tion (1–3 %), and perinatal mortality (3–5 %) [ 36 ]. However, most adverse fetal and 
neonatal outcomes occur in women with uncontrolled hypertension (diastolic blood 
pressure >110 mmHg), superimposed  preeclampsia  , or preexisting cardiovascular 
and renal disease (ACOG practice bulletin 2013) [ 48 ]. Although the duration and the 
severity of hypertension are correlated with perinatal morbidity and  preeclampsia   
risk [ 49 ,  50 ], the treatment of hypertension with medications does not appear to pre-
vent these adverse outcomes (see Sect. 6.3.4.3). Women with mild, uncomplicated 
chronic hypertension usually have obstetric outcomes comparable to the general 
population [ 17 ]. The presence of baseline proteinuria increases the risk of preterm 
delivery and IUGR, but not  preeclampsia   per se [ 35 ].

   Table 6.1    Risk factors for 
 preeclampsia    

 Prior  preeclampsia   [ 37 ] 
 Renal disease [ 38 ] 
 Chronic hypertension [ 39 ] 
 Diabetes mellitus [ 37 ] 
 Primiparity [ 40 ] 
  Systemic lupus erythematosis   [ 41 ] 
  Antiphospholipid antibody syndrome   [ 37 ] 
 Multiple gestations [ 42 ] 
 Strong family history of cardiovascular disease [ 43 ] 
 Obesity (body mass index >30 kg/m 2 ) [ 44 ] 
 Family history of  preeclampsia   [ 45 ] 
 Advanced maternal age (>40 years) [ 37 ,  46 ] 
 Excessive gestational weight gain (>35 lbs) [ 47 ] 
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       Management of Chronic Hypertension in Pregnancy 

    Minimizing Preeclampsia Risk 

 The most effective  measure   for reducing  preeclampsia   risk among high-risk women, 
including those with chronic hypertension, is the early initiation of low-dose aspirin 
(pooled relative risk 0.76, 95 % CI, 0.62–0.95) [ 51 ]. When started early in pregnancy 
(before 16 weeks), aspirin may reduce the relative risk of  preeclampsia   by nearly 
50 %[ 52 ]. Whether later initiation of aspirin provides benefi t is less clear. Early ASA 
appears to be particularly effective in preventing severe and early onset  preeclamp-
sia  , and also reduces risk of  intrauterine growth restriction   [ 52 ,  53 ]. Most trials 
demonstrating benefi t used dosages of 60–100 mg/d [ 51 ]. Aspirin is typically held 
after 36 weeks gestation, to minimize theoretical risk of postpartum hemorrhage. 

 Daily calcium supplementation (1.5–2.0 g/d) appears to lower  preeclampsia   risk, 
particularly in populations with low baseline calcium intake and women at high 
 preeclampsia   risk [ 54 ]. Low-dose calcium (<1 g/d) may be similarly effective [ 55 ]. 

 Other interventions to reduce  preeclampsia   risk have generally demonstrated 
little or no benefi cial effect. These include vitamin C and vitamin E, bed rest, and 
dietary sodium restriction. A large randomized controlled trial is currently under-
way to assess the effect of folic acid supplementation on  preeclampsia   risk [ 56 ]. 
Vitamin D defi ciency is associated with increased  preeclampsia   risk [ 57 ], but trials 
demonstrating a benefi t of vitamin D supplementation are lacking. Neither sodium 
restriction nor diuretics appear to reduce the risk of  preeclampsia   [ 58 ,  59 ].  

    Non-Pharmacologic Interventions for Hypertension Control 

 In non-pregnant  individuals  , non-pharmacologic management strategies for hyper-
tension include regular aerobic exercise, weight loss (for overweight and obese 
individuals), and a diet low in sodium and rich in fruits and vegetables (DASH 
diet). None of these interventions has been rigorously evaluated in pregnant 
women with hypertension. A meta-analysis of 15 observational studies found 
reduced  preeclampsia   risk with increasing levels of physical activity before and 
during pregnancy [ 60 ]. Hence, regular aerobic exercise is recommended for hyper-
tensive pregnant women, so long as they are accustomed to exercise and their 
blood pressure is well controlled [ 61 ]. 

 Weight loss during pregnancy is not recommended, even in obese individuals. 
  The 2009 Institute of Medicine (IOM) guidelines     specifi es gestational weight gain 
targets based on pre-pregnancy body mass index [ 62 ]. Normal weight women are 
advised to gain between 25 and 35 lbs during the course of gestation; obese women 
(BMI ≥ 30 kg/m 2 ) are advised to gain between 11 and 20 lbs. Weight gain in excess of 
these amounts is associated with an increased risk of  preeclampsia   and eclampsia 
[ 63 ]. Although gestational weight gain has not been specifi cally studied in hyperten-
sive women, avoiding weight gain in excess of the IOM guidelines should be avoided. 
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 Dietary sodium restriction lowers blood pressure and is associated with a 
decreased risk of cardiovascular disease in non-pregnant individuals [ 64 ]. Thus, 
dietary sodium restriction (<2.0 g/day) is recommended in non-pregnant hyperten-
sive individuals by several major national and international organizations. In preg-
nancy, dietary sodium restriction could theoretically interfere with the physiologic 
plasma volume expansion of pregnancy. There are no studies on the effects of 
dietary sodium restriction in hypertensive pregnant women. The American College 
of Obstetrics and Gynecology 2013 Task Force suggests that dietary sodium restric-
tion not be used in this setting [ 65 ].  

     Pharmacotherapy  : Blood Pressure Target 

 When hypertension is severe (>160/105 mmHg), antihypertensive therapy is clearly 
indicated for the prevention of acute stroke and cardiovascular complications [ 61 ]. 
Treatment of mild and moderate hypertension in pregnancy is controversial. The 8th 
Joint National Commission recommends treating hypertension in members of the 
general population <60 years to a target blood pressure of less than 140/90 mmHg 
[ 66 ]. However, the strength of recommendation for the 18–29 age group is weak 
(grade E, expert opinion). Even for women over age 30, the evidence upon which 
the JNC guidelines are based uniformly excluded pregnant women. 

 There is little evidence that treatment of mild to moderate hypertension has a 
short-term benefi t for either mother or fetus. Several small clinical trials have evalu-
ated the impact of antihypertensive therapy vs. no treatment in such women, and 
these have been evaluated in meta-analyses [ 67 – 69 ]. Although antihypertensive 
therapy lowers the risk of severe hypertension, there is no benefi cial effect on the 
development of  preeclampsia  , neonatal death,  preterm birth  , small for gestational 
age babies, or other adverse outcomes [ 70 ]. 

 Potential maternal benefi ts of antihypertensive treatment need to be balanced 
against potential adverse fetal effects. Some evidence suggests that aggressive treat-
ment of mild to moderate hypertension in pregnancy may impair fetal growth. 
Treatment-induced falls in mean arterial pressure are associated with decreased 
birth weight and fetal growth restriction, presumably as a result of decreased utero-
placental perfusion [ 71 ]. For this reason, the American College of Obstetrics and 
Gynecology Task Force on Hypertension in Pregnancy recommends against antihy-
pertensive medication use in pregnant women with chronic hypertension and BP 
less than 160/105 mmHg in the absence of evidence of end-organ damage [ 61 ]. 
Similarly, the Seventh Report of the Joint National Committee on Prevention, 
Detection, Evaluation, and Treatment of High Blood pressure (JNC7) recommends 
initiating antihypertensive therapy only when maternal blood pressure exceeds 
150/100 mmHg [ 72 ]. JNC 8 provides no recommendation regarding treatment of 
hypertension in pregnancy [ 66 ]. For women with end-organ damage, such as car-
diac hypertrophy or chronic kidney disease, the ACOG Task Force suggests a blood 
pressure goal of less than 140/90 mmHg [ 61 ]. 
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 The  Control of Hypertension in Pregnancy Study (CHIPS)      recently added to the 
evidence base on this issue [ 73 ]. This was an open, multicenter, randomized trial in 
987 women with mild to moderate, nonproteinuric gestational or chronic hyperten-
sion. Women were randomized to treatment with pharmacotherapy to achieve tight 
(DBP target <85 mmHg) vs. less-tight (DBP target <100 mmHg) blood pressure 
control. There were no signifi cant differences in adverse neonatal outcomes (preg-
nancy loss or need for high-level neonatal care) between treatment groups. However, 
the less-tight control group had a higher incidence of severe hypertension, thrombo-
cytopenia, elevated AST or ALT with symptoms, and a trend toward a higher inci-
dence of HELLP syndrome. There was no difference between treatment groups in 
the incidence of IUGR or  preeclampsia  . The study was not powered to detect a dif-
ference in maternal cardiovascular events, and follow-up was short. A major contri-
bution of this trial, the largest and most well designed to date, was the assurance that 
tight blood pressure control was not associated with  intrauterine growth restriction   
or other adverse neonatal effects. Based on these data, it is reasonable to treat hyper-
tension in pregnancy to a diastolic blood pressure goal of less than 85 mmHg.   

    Monitoring of Women with Chronic Hypertension in Pregnancy 

 Close  monitoring   of blood pressure is important throughout pregnancy. Blood pressure 
often falls through the fi rst half of pregnancy, and rises in the last trimester, requir-
ing adjustments in medication. After 20 weeks gestation, monitoring for superim-
posed  preeclampsia   is required (see section “Diagnosis of Preeclampsia and 
Superimposed Preeclampsia”). This is accomplished through close blood pressure 
monitoring, frequent urinalysis for detection of proteinuria, and screening for  pre-
eclampsia   symptoms. Dipstick testing is routinely used for  preeclampsia   screening; 
results ≥1+ should be confi rmed with a random urine protein:creatinine ratio or 
24-hour urine collection for proteinuria. Women with chronic hypertension in preg-
nancy should be educated regarding signs and symptoms of  preeclampsia  , including 
headache, visual changes, edema, and upper abdominal pain. The use of home 
blood pressure monitoring using an automated cuff is useful both for ensuring 
appropriate dosing of antihypertensive medication and for  preeclampsia   surveil-
lance [ 61 ]. Patients should be instructed on proper use of home blood pressure mon-
itors, and instructed to call their provider if they have an increase in blood pressure, 
particularly when associated with signs or symptoms of  preeclampsia  . Women with 
suspected superimposed  preeclampsia   should be hospitalized for maternal and fetal 
evaluation and  monitoring   [ 61 ]. 

 Hypertension in pregnancy should be managed by an obstetrician with expertise 
in high risk pregnancies. Consultation with a maternal–fetal medicine physician is 
often helpful. Due to the increased risk for  intrauterine growth restriction  , fetal 
monitoring with ultrasound and antenatal fetal testing is recommended in women 
with chronic hypertension.  
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    Intrapartum and Postpartum Care 

  Oral antihypertensive medications   are frequently held during labor and delivery 
without adverse effects if hypertension is relatively mild. For women with more 
severe hypertension in pregnancy, intravenous agents can be used in the peripartum 
period (see section “Intravenous Agents”). Medications should be resumed follow-
ing delivery, unless blood pressure is low. Blood pressure should be reassessed 
within 6 weeks postpartum. For women with an indication for an ACE-I or ARB, 
these medications are safe in breastfeeding and can be safely started immediately 
following delivery.   

    Gestational Hypertension and Preeclampsia 

    Gestational Hypertension 

 Gestational hypertension is defi ned as the new onset of hypertension, without pro-
teinuria, after 20 weeks gestation. A subset of women with  gestational hypertension   
have unrecognized preexisting chronic hypertension. In such cases, if the woman 
presents for medical care during the second-trimester nadir in blood pressure, she 
may be inappropriately presumed to be previously normotensive. In such a circum-
stance the diagnosis of chronic hypertension is established postpartum, when blood 
pressure fails to return to normal. 

 Gestational hypertension progresses to overt  preeclampsia   in 10–25 % of cases 
[ 74 ]. When  gestational hypertension   is severe, it carries similar risks for adverse 
outcomes as  preeclampsia  , even in the absence of proteinuria [ 75 ]. A renal biopsy 
study suggests that a signifi cant proportion of women with  gestational hypertension   
have renal glomerular endothelial damage [ 76 ]. Hence,  gestational hypertension   
may share the same pathophysiologic underpinnings as  preeclampsia  , and should be 
monitored and treated as such. For these reasons, the American College of Obstetric 
and Gynecology guidelines no longer require proteinuria for the diagnosis of  pre-
eclampsia   if severe features are present (see Table  6.2 ).

       Preeclampsia 

    Preeclampsia is a pregnancy-specifi c syndrome characterized by hypertension and 
proteinuria, with onset in the second half of pregnancy. Preeclampsia affects 3–5 % 
of all pregnancies [ 49 ]. Although most cases of  preeclampsia   occur in healthy nul-
liparous women, several maternal and pregnancy risk factors are associated with a 
marked increase in  preeclampsia   risk (Table  6.1 ). Preeclampsia can lead to the 
development of severe maternal and fetal/neonatal complications. Maternal compli-
cations may include liver failure, hepatic hematoma or rupture, pulmonary edema, 
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seizures (eclampsia), hypertensive encephalopathy, intracranial hemorrhage, renal 
failure, placental abruption, and death. For the fetus,  preeclampsia   can lead to  intra-
uterine growth restriction  , placental abruption, stillbirth, and neonatal death [ 77 , 
 78 ]. Severe maternal complications can usually be avoided with careful prenatal 
monitoring and expedient delivery when severe features emerge. Since delivery is 
the defi nitive treatment for  preeclampsia  , premature delivery for maternal or fetal 
distress is often required, with consequent neonatal morbidity.  

    Pathogenesis 

 The  preeclampsia   syndrome is characterized by widespread  maternal endothelial 
dysfunction   [ 79 ]. Inadequate placental vascular development is an early event, par-
ticularly in early onset  preeclampsia   [ 80 ]. This early placental vascular insuffi ciency 
is incompletely understood, with genetic, immunologic, and environmental factors 
all playing a role. Preeclampsia is a state of sympathetic overactivity. Maternal vas-
cular reactivity to the vasopressors angiotensin II and norepinephrine is increased 
[ 81 ]. In normal pregnancy, the  renin–angiotensin–aldosterone system   is activated; 
in  preeclampsia  , plasma renin levels are low [ 82 ]. 

 The full-blown  preeclampsia   syndrome culminates in oxidative stress, endothe-
lial damage, and maternal end-organ dysfunction. Maternal diseases characterized 

      Table 6.2    Features of severe  preeclampsia     

 Feature  Comment 

 Severe hypertension  SBP ≥160 mmHg or diastolic blood pressure 
≥110 mmHg on two occasions at least 4 h apart 
(lower threshold may be applied if treated with 
antihypertensive medications). Treat with oral or 
intravenous agents 

 Thrombocytopenia  Platelet count less than 100,000/mcl 
 Microangiopathic hemolytic anemia  Schistocytes on peripheral smear 

 Low haptoglobin, elevated bilirubin, and/or lactate 
dehydrogenase levels 

 Impaired liver function  Liver enzymes >2-fold above normal 
 Severe persistent right upper quadrant 
pain or epigastric pain 

 May indicate liver injury 

 Progressive renal insuffi ciency  Serum creatinine >1.1 mg/dl or doubling of serum 
creatinine, in the absence of other reason for renal 
disease 

 Dyspnea  Pulmonary edema should be treated with loop 
diuretics 

 Persistent and/or severe headache  Can indicate erebral edema 
 Confusion/encephalopathy  Can indicate erebral edema 
 Visual disturbances  Blurry vision, scotomata, photophobia 
 Eclampsia  Seizures should be treated with magnesium sulfate 
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by vascular dysfunction, such as diabetes mellitus, chronic hypertension, chronic 
kidney disease, and obesity, are associated with increased  preeclampsia   risk. This 
suggests that maternal susceptibility contributes to pathogenesis. Molecular and 
cellular pathways linking placental insuffi ciency to subsequent maternal endothelial 
dysfunction include angiogenic factors such as sFlt1 (VEGFR1), angiotensin-2 
receptor autoantibodies, immunologic factors, and oxidative stress. A full discus-
sion of the pathogenesis of  preeclampsia   is beyond the scope of this book and is 
reviewed elsewhere [ 83 ].  

    Diagnosis of Preeclampsia and Superimposed Preeclampsia 

 The diagnostic criteria for  preeclampsia   are in evolution. Historically,  preeclampsia   
was defi ned by the new onset of hypertension (SBP >140 mmHg or DBP >90 mmHg) 
and proteinuria (>0.3 g/day in a 24-hour collection or random urine protein:creatinine 
ratio >0.3 mg protein/mg creatinine) after 20 weeks gestation. However,  preeclamp-
sia   complications are more strongly associated with the severity of hypertension 
than the presence or severity of proteinuria [ 75 ,  84 ]. Following the lead of other 
national and international organizations [ 85 – 87 ], the 2013 American College of 
Obstetrics and Gynecology Task Force on Hypertension in Pregnancy recom-
mended that proteinuria should no longer be required for the diagnosis of  pre-
eclampsia   (Table  6.3 ) [ 61 ,  88 ,  89 ]. These broader criteria allow for the diagnosis of 
 preeclampsia   in the absence of proteinuria when one or more other features of end- 
organ damage are present. In addition, the presence of severe proteinuria (>5 g/day) 
is no longer considered indicative of severe  preeclampsia  , as the degree of protein-
uria is poorly correlated with adverse outcomes [ 84 ]. The  HELLP syndrome ( h emo-
lytic anemia,  e levated liver enzymes, and  l ow  p latelets)   is a severe form of 
 preeclampsia  , not a distinct pathologic and clinical entity.

   The use of spot urine protein:creatinine ratio to quantify proteinuria in pregnancy 
has slowly gained broader use in the obstetric community. Suggested cutoffs for the 
diagnosis of abnormal proteinuria are >0.3 mg protein/mg creatinine, or >30 mg 
protein/mmol creatinine, ideally performed on a fi rst morning voided sample [ 88 ]. 

 The diagnosis of superimposed  preeclampsia   in the setting of chronic hyperten-
sion can be challenging. The presence of preexisting hypertension robs the clinician 
of  preeclampsia  ’s key diagnostic feature. Clinical practice guidelines variably defi ne 
superimposed  preeclampsia   as worsening hypertension, resistant hypertension, new 
or worsening proteinuria, or the presence of one or more systemic features of  pre-
eclampsia   in a woman with previously diagnosed chronic hypertension [ 88 ]. In the 
absence of baseline proteinuria, the new onset of proteinuria (>300 mg/day), usually 
with worsening hypertension, may be the most reliable sign of  superimposed  pre-
eclampsia  . When preexisting proteinuria is present, diagnosis is even more diffi cult. 
In these cases, a sudden, substantial increase in proteinuria, accompanied by wors-
ening blood pressure, should suggest superimposed  preeclampsia  . Features of severe 
 preeclampsia   such as headache, visual changes, epigastric pain, pulmonary edema, 
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thrombocytopenia, renal insuffi ciency, and elevated liver enzymes (Table  6.2 ) 
should also prompt consideration of superimposed  preeclampsia  .  

    Management 

 The defi nitive treatment for  preeclampsia   is delivery. However, early preterm deliv-
ery carries a high morbidity for the neonate. Mild  preeclampsia   remote from term 
can sometimes be managed for a few weeks with bed rest, antihypertensive 

   Table 6.3    Diagnostic criteria for  preeclampsia   [ 61 ,  88 ]   

  Preeclampsia  
 Hypertension  Systolic BP ≥140 mmHg or diastolic BP ≥90 mmHg after 

20 weeks gestation on two occasions at least 4 h apart in a woman 
with a previously normal blood pressure 

  And  
 Proteinuria  ≥300 mg/24 h (or this amount extrapolated from a timed 

collection) 
 or 
 Protein/Creatinine ratio ≥0.3 mg/mg or ≥30 mg/mmol [ 85 ,  89 ] 
 or 
 Dipstick 1+ (used only if other quantitative methods not available) 

  Or ,  in the absence of proteinuria ,  new onset hypertension with the new onset of any of the 
following : 
 Thrombocytopenia  Platelet count <100,000/ml 
 Renal insuffi ciency  Serum creatinine concentration greater than 1.1 mg/dl or a 

doubling of the serum creatinine concentration in the absence 
of other renal disease 

 Impaired liver function  Elevated blood concentrations of liver transaminases to twice 
normal concentrations 

 Pulmonary edema 
 Cerebral or visual symptoms 
  Superimposed    Preeclampsia    
 Chronic hypertension  Systolic BP ≥140 mmHg or diastolic BP ≥90 mmHg after 

20 weeks gestation on two occasions at least 4 h, or the use 
of antihypertensive medication prior to pregnancy 

  And  
 Worsening hypertension  A sudden increase in blood pressure in a woman with chronic 

hypertension that was previously well controlled or escalation of 
antihypertensive medications to control blood pressure 

  Or  
 New or worsening 
proteinuria 

 New onset of proteinuria in a woman with chronic hypertension 
or a sudden increase in proteinuria in a women with known 
proteinuria before or in early pregnancy 

  Or  
 One or more features of severe  preeclampsia   (Table  6.2 ). 
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medication, and close maternal and fetal monitoring [ 90 ]. However, progression to 
severe  preeclampsia   over days to weeks is typical. Expectant management of severe 
 preeclampsia   leads to a high rate of maternal morbidity and fetal and neonatal mor-
tality [ 91 ]. Immediate delivery should be considered with women with uncontrolled 
severe hypertension or other severe features of  preeclampsia   (Table  6.2 ). Delivery is 
also appropriate in those who develop even mild  preeclampsia   at or near term [ 92 ]. 

 Patients who develop  preeclampsia   with severe features should be monitored in 
a hospital setting. Hypertension should be treated with medication when severe 
(>150–160/100–110) [ 88 ]. Intravenous magnesium sulfate prevents the develop-
ment of seizures in women with  preeclampsia   [ 93 ], and is recommended when 
severe features are present. Magnesium is also used for the treatment of seizures if 
eclampsia occurs. Administration of antenatal corticosteroids to enhance fetal lung 
maturity is recommended prior to 34 weeks gestation [ 88 ]. 

 Following delivery,  preeclampsia   generally remits over a period of days to 
weeks. Antihypertensive therapy should generally be continued, and tapered as dic-
tated by the maternal blood pressure. Continued monitoring is important, as compli-
cations—particularly seizures—can occur in the postpartum period. A spontaneous 
diuresis usually ensues within days after delivery. Diuretics during this period may 
hasten improvement in hypertension but do not affect hospital length of stay or 
adverse outcomes [ 94 ].  

     Postpartum Hypertension and Preeclampsia   

 Newly recognized hypertension presenting in the postpartum period can be due to 
either postpartum  preeclampsia   or the new recognition of chronic hypertension. 
Since pregnancy itself can lower blood pressure, chronic hypertension is sometimes 
unmasked and fi rst diagnosed following delivery. 

 Postpartum  preeclampsia   can present up to 4 weeks following delivery, and can be 
severe: up to 1/3rd of eclampsia occurs in the postpartum period [ 95 ]. Most women 
who present with eclampsia or stroke in the postpartum period have prodromal symp-
toms, which can include headache, visual changes, nausea, vomiting, or epigastric 
pain [ 95 ]. For this reason, it is important that both pregnant women and their provid-
ers be informed regarding the signs and symptoms of postpartum  preeclampsia  . As 
with antepartum  preeclampsia  , early recognition and treatment with magnesium sul-
fate and antihypertensive medications may prevent severe  complications  .  

    Long-Term Outcomes After Preeclampsia 

 In the past, women with  preeclampsia   were reassured that the disease is cured by 
delivery, and future risk was limited to the higher probability of  preeclampsia   in 
subsequent pregnancies. There is now strong epidemiologic data to show that 
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women with a history of  preeclampsia   have a substantially increased risk of 
 cardiovascular, cerebrovascular, and renal disease later in life. 

 Hypertension and proteinuria begin to improve soon after delivery in the major-
ity of women with  preeclampsia  , and resolve completely an average of 5–6 weeks 
postpartum. However, up to 20 % of women have persistent hypertension 6 months 
postpartum [ 18 ]. Women who have had  preeclampsia   are more likely to have physi-
cal and biochemical markers of cardiovascular risk, such as obesity, hypercholester-
olemia, hypertension, and albuminuria, as compared with women who had 
normotensive pregnancies [ 96 – 98 ]. Long-term cardiovascular complications, 
including ischemic heart disease, cerebrovascular disease, and cardiovascular mor-
tality, are increased two to threefold in women with a history of  preeclampsia  , as 
compared to women with no such history [ 99 ,  100 ]. Severe  preeclampsia  , recurrent 
 preeclampsia  ,  preeclampsia   with  preterm birth  , and  preeclampsia   with  intrauterine 
growth restriction   are associated with the highest risk of adverse cardiovascular 
outcomes. The 2011 American Heart Association Guidelines now include a history 
of  preeclampsia   as a risk factor for cardiovascular disease [ 101 ]. 

 Preeclampsia, especially in association with low neonatal birth weight, also 
carries an increased risk of subsequent maternal kidney disease [ 102 ]. A 
Norwegian study using birth and renal registry data on over 570,000 women 
showed that  preeclampsia   is associated with a nearly fi vefold increase in the risk 
of subsequent ESRD [ 103 ]. Familial aggregation of risk factors does not seem to 
explain this risk [ 104 ]. 

 The mechanism underlying the link between  preeclampsia   and subsequent car-
diovascular and renal disease is unknown. Preeclampsia and cardiovascular disease 
share many common risk factors, such as chronic hypertension, diabetes, obesity, 
renal disease, and the metabolic syndrome. Still, the increase in long-term cardio-
vascular mortality holds even for women who develop  preeclampsia   in the absence 
of any overt vascular risk factors. Whether cardiovascular complications in these 
women result from vascular damage caused by  preeclampsia  , or simply refl ect the 
common subclinical risk factors shared by  preeclampsia   and cardiovascular disease, 
remains speculative. Regardless of etiology, it is recommended that women who 
with a history of  preeclampsia  , especially with  preterm birth   or  intrauterine growth 
restriction  , be screened for potentially modifi able cardiovascular and renal disease 
risk factors (hypertension, diabetes mellitus, hyperlipidemia, obesity) at their post-
partum obstetrician visit and yearly thereafter [ 61 ,  105 ].   

    Antihypertensive Drugs in Pregnancy 

 Treatment of blood pressure  in      pregnancy is frequently required for women with 
chronic hypertension in pregnancy,  gestational hypertension  ,  preeclampsia  , and 
superimposed  preeclampsia  . General principles of treatment are similar for all 
four disorders. The selection of oral vs. intravenous medications should be driven 
by the severity of hypertension and presence of end-organ damage, rather than by 
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the underlying etiology of hypertension. Even severe hypertension can frequently 
be managed with oral agents [ 106 ]. Thresholds for initiation of pharmacologic 
agents and therapeutic targets are discussed in Sects. 6.3.4.3 and “Management”   . 

    Oral Agents 

 Recommended antihypertensive  agents      in pregnancy are summarized in Table  6.4 . 
The major classes of medication used for treatment of hypertension in pregnancy 
are calcium channel blockers, beta-blockers, methyldopa, and hydralazine.

   Beta-adrenergic antagonists have been used extensively in pregnancy and are 
effective without known teratogenicity or known adverse fetal effects. Labetalol has 
found widespread use and acceptance, both as an oral and an intravenous agent 
[ 107 ].  Labetalol   is preferred over pure beta-blockers, as the alpha-blocking effect 
may augment placental perfusion. Some data suggest atenolol is associated with 
fetal growth restriction, so this agent is usually avoided [ 108 ]. 

 There is extensive clinical experience supporting the safety of calcium channel 
blockers in pregnancy. Long-acting nifedipine is the most well studied, and is both 
safe and effective [ 109 ]. Non-dihydropyridine calcium channel blockers such as 
verapamil and diltiazem have also been used without apparent adverse effects. 

  Methyldopa   continues to be widely used for the management of hypertension in 
pregnancy. Methyldopa is a centrally acting alpha-2 adrenergic agonist, now seldom 
used outside of pregnancy. Of all antihypertensive agents, it has the most extensive 
safety data and has no apparent adverse fetal effects. Limitations include short 
duration of action, sedation, and rare adverse effects include elevated liver enzymes 
and hemolytic anemia.  Clonidine   appears to be comparable to methyldopa in terms 
of mechanism and safety, but data are fewer. 

 Diuretics are usually avoided in  preeclampsia  , since blood volume is already 
low. In pregnant women with chronic hypertension, diuretics could theoretically 
impede the physiologic volume expansion of pregnancy. However, there is no evi-
dence that diuretics are associated with adverse fetal or maternal outcomes. Thus, 
although not considered fi rst-line, it is reasonable to continue thiazide diuretics 
when these agents are part of a stable pre-pregnancy antihypertensive regimen [ 58 ]. 
When hypertension in pregnancy or  preeclampsia   is complicated by pulmonary 
edema, loop diuretics are appropriate and effective [ 110 ].  Aldactone   can lead to 
feminization of male fetuses and are usually avoided. Eplerenone is a more specifi c 
antagonist to the mineralocorticoid receptor and theoretically would not lead to anti-
androgenic effects. Although experience with eplerenone in pregnancy is limited, 
case reports have described its successful use in the management of both primary 
aldosteronism and Gitelman syndrome in pregnancy [ 24 ,  111 ]. 

  Angiotensin-converting enzyme inhibitors (ACE-I)         and  angiotensin receptor 
antagonists (ARB)   are contraindicated in pregnancy. Exposure during the second 
and third trimesters leads to major fetal malformations including renal dysgenesis, 
perinatal renal failure, oligohydramnios, pulmonary hypoplasia, hypocalvaria, and 
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 intrauterine growth restriction   [ 112 ]. Evidence for teratogenicity with fi rst trimester 
exposure is less compelling. A large population-based study reported congenital 
malformations of the central nervous and cardiovascular systems were higher 
among women with fi rst trimester exposure to ACE inhibitors [ 113 ]. However, this 
study has been criticized for the presence of potential confounders and ascertain-
ment bias. Women with a compelling indication for ACE-I or ARB (such as diabetic 
nephropathy) can probably be continued on these agents while attempting concep-
tion, with discontinuation as soon as pregnancy is diagnosed. However, risks and 
benefi ts of this strategy should be discussed with the patient, with shared and indi-
vidualized decision-making. Women inadvertently exposed in early pregnancy can 
be reassured by a normal mid-trimester ultrasound examination. Fewer data are 
available on the effects of angiotensin receptor blockers, but a case series strongly 
suggests fetal effects are similar to ACE-I [ 114 ]. The American College of Obstetrics 
and Gynecology recommends that ACE-I and ARBs be avoided in all women of 
reproductive age with chronic hypertension unless there is a compelling indication, 
such as  proteinuric chronic kidney disease         [ 61 ].  

   Table 6.4    Antihypertensive medications in  pregnancy     

 Medication  Initial dose 
 Maximum daily 
dose  Side effects 

 Long-acting 
nifedipine (PO) 

 30 mg once daily  120 mg  Headache, edema 

 Labetalol (PO)  200 mg twice a day  1200 mg  Bronchospasm, fatigue 
  Labetalol   (IV)  IV bolus: 10–20 mg 

over 2 min; may 
administer 40–80 mg 
at 10-minute intervals 
 IV infusion: 1–2 mg/
min, titrate to response 

 300 mg  Bronchospasm 
 Contraindicated in patients 
with asthma or acute heart 
failure 

  Methyldopa   
(PO) 

 250 mg twice a day  1500 mg  Fatigue, sedation 

  Nicardipine   
(IV) 

 IV infusion: 3–5 mg/h  15 mg/h  Headache, edema, 
tachycardia 
 Suppresses uterine 
contractions 
 Central line preferred 

 Hydralazine 
(PO) 

 50–100 mg two or 
three times a day 

 300 mg  Tachycardia, hypotension 

  Hydralazine   
(IV) 

 5–10 mg IV/IM, may 
repeat every 20 min 

 20 mg (IV) 
 30 mg (IM) 

 Tachycardia, hypotension, 
headache, fetal distress. 
Consider preloading or 
coadministration of 
250–500 ml isotonic 
crystalloid fl uid 

  Nitroprusside   
(IV) 

 0.3–0.5 mcg/kg/min  2 mcg/kg/min, 
maximum duration 
24–48 h 

 Avoid unless no alternatives 
are available; risk for fetal 
cyanide toxicity 

  PO = oral; IV = intravenous  
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    Intravenous Agents 

 When hypertension in  pregnancy      is severe, treatment with intravenous agents is 
appropriate. This most frequently occurs in the setting of  preeclampsia   and super-
imposed  preeclampsia  . All intravenous medications commonly used for urgent con-
trol of severe hypertension are classifi ed as pregnancy class C by the U.S. Food and 
Drug Administration (risk not ruled out). Nevertheless, there is extensive clinical 
experience with several agents, which are widely used with no clinical evidence of 
adverse effects. Options for intravenous use include  labetalol  , nicardipine, hydrala-
zine, and diazoxide. 

 Intravenous  labetalol  , like oral  labetalol  , is safe and effective, with the major 
drawback being its short duration of action. Intravenous nicardipine is also short 
acting, and requires a continuous infusion treatment of hypertension [ 115 ]. The use 
of oral short-acting nifedipine is controversial due to well-documented adverse 
effects in the non-pregnant population. However, a recent trial suggests oral short- 
acting nifedipine is safe in hypertensive emergencies in pregnancy [ 116 ], and it may 
be an option in areas where intravenous agents are unavailable. 

 Hydralazine has been widely used as a fi rst-line agent for severe hypertension in 
pregnancy. However, a recent meta-analysis of 21 trials comparing IV hydralazine 
to either  labetalol   or nifedipine for acute management of hypertension in pregnancy 
suggested an increased risk of maternal hypotension, maternal oliguria, placental 
abruption, and low APGAR scores with hydralazine [ 117 ]. Hence, hydralazine 
should be considered second-line and its use limited. Nitroprusside continues to be 
used in many low and middle income countries [ 118 ], but must be used with great 
caution due to risks of maternal and fetal cyanide toxicity when used for more than 
short periods (>4 h). 

  Diazoxide   is a direct vasodilator which appears to be safe and effective in preg-
nancy for intravenous use to treat severe hypertension [ 119 ]. Because it inhibits 
insulin secretion, diazoxide should be avoided in type 2  diabetics     .  

    Antihypertensive Drugs in  Breastfeeding      

 There are few well-designed studies of the safety of antihypertensive medications in 
breastfeeding. In general, agents that are considered safe during pregnancy remain 
so in breastfeeding.  Methyldopa  , if effective and well tolerated during pregnancy, 
may be continued. Beta-blockers with high protein binding, such as  labetalol   and 
propranolol, are preferred over atenolol and metoprolol, which are concentrated in 
breast milk [ 107 ]. Diuretics may decrease milk production and should be avoided 
[ 107 ]. ACE inhibitors, particularly enalapril and captopril, are poorly excreted in 
breast milk and generally considered safe in lactating women [ 120 ]. Hence, in 
women with diabetes or proteinuric chronic kidney disease, initiation of ACE inhib-
itors should be considered immediately after delivery. Specifi c data on the 
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pharmacokinetics of each medication should be used to guide mothers to time 
breastfeeding intervals before or well after peak breast milk excretion to avoid sig-
nifi cant exposure to the baby. LactMed, a free online database maintained by the 
National Library of Medicine and the National Institutes of Health, is a useful clini-
cal tool for assessing the safety of specifi c medications in  breastfeeding      [ 121 ].      
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    Chapter 7   
 Hypertension in the Dialysis Patient                     

     Arjun     D.     Sinha     

          Introduction 

 Hypertension is both a cause and a consequence of the spectrum of chronic kidney 
disease (CKD) to end stage renal disease ( ESRD  ). Despite steady improvement, 
mortality remains high in the dialysis population with a 5-year survival rate only at 
40 % [ 1 ], which compares poorly to some advanced cancers [ 2 ]. Cardiovascular 
events remain the leading cause of death in dialysis [ 3 ], with hypertension an impor-
tant contributor. Thus the diagnosis and management of hypertension in dialysis is 
a vital topic to all dialysis patients and providers. This chapter will review the epi-
demiology, diagnosis, treatment, and prognosis of hypertension in the dialysis 
population.  

    Epidemiology 

 Blood pressure in the hemodialysis (HD) patient is a moving target that is infl u-
enced by when and where it is measured, complicating diagnosis. The epidemiol-
ogy of hypertension in HD therefore can vary depending not only on the BP cutoffs 
employed but also on when and where BP is measured: in the HD clinic before or 
after dialysis (called peridialytic BP) versus outside the dialysis unit using ambula-
tory BP monitoring (ABPM) or home BP monitoring during the  interdialytic period  . 
Table  7.1  summarizes the various methods of assessing BP in HD.
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      Epidemiology Using  Peridialytic BP      Measurements 

 Multiple observational studies using peridialytic BP have found a high prevalence 
of hypertension in HD ranging from 62 to 86 %; notably, these studies used different 
threshold BP values varying from 140/90 to 160/90 mmHg and variously included 
antihypertensive drug use in their defi nitions of hypertension [ 4 – 7 ]. More recent 
analyses of randomized trials have found similar rates of hypertension. 

 The Hemodialysis (HEMO) Study was a landmark large multicenter trial of HD 
dose and dialyzer fl ux on survival [ 8 ] that recruited clinically stable HD patients [ 9 ]. 
An analysis of the baseline characteristics of the fi rst 1238 subjects randomized into 
the HEMO Study between March 1995 and April 1998 found 72 % of the cohort to 
be hypertensive, defi ned as peridialytic BP ≥140/90 mmHg during the baseline HD 
session [ 10 ]. This rate of hypertension was despite 74.2 % of the cohort receiving 
antihypertensive medications, with a median of 1.0 drug per subject. 

 The BP data from an even larger randomized double blind and placebo con-
trolled trial of sodium ferric gluconate was examined in detail with similar results 
[ 11 ]. The original trial enrolled 2535 clinically stable HD patients between August 
1999 and October 2000 [ 12 ]. Using a defi nition of hypertension as pre-HD BP 
>150/85 averaged over 1 week or the use of antihypertensive medications, an analy-
sis of baseline data found a prevalence of 86 % for hypertension in this cohort [ 11 ]. 
Within the hypertensive subjects only 30 % were controlled, while 12 % weren’t 
treated pharmacologically and 58 % were treated but still uncontrolled [ 11 ], which 
is similar to previous reports [ 6 ].  

    Epidemiology Using Ambulatory BP  Measurements   

 A recent single center study of 369 prevalent and clinically stable HD patients employed 
44 h interdialytic ABPM and found a prevalence for hypertension at 86 % using a defi -
nition of hypertension as average ambulatory BP of ≥135/85 mmHg or antihyperten-
sive drug use; [ 13 ] this prevalence is similar to prior small studies of ABPM in HD 
[ 14 ]. In the cohort of 369 patients, hypertension was treated with medications in 89 % 
of patients but was controlled adequately in only 38 % of patients [ 13 ].  

   Table 7.1    Methods of hemodialysis BP measurement   

 Method  Description  Comments 

 Peridialytic BP  Measured both before 
and after HD 

 Easily available but highly variable 

 Intradialytic BP  Median of all BP measures 
during one HD run 

 Easily available but needs more study 

 Ambulatory BP  Measured every 20–30 min over 
44 h between HD runs 

 Gold standard but cumbersome 

 Home BP  Measured twice daily at home  Correlates well to ambulatory BP and 
accessible by most patients 
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    Epidemiology in Peritoneal Dialysis Patients 

 It has been suggested that peritoneal dialysis ( PD     ) controls hypertension better than 
HD, with a single center study of 56 prevalent and clinically stable PD patients fi nd-
ing that only 9 % of the cohort was hypertensive with BP >140/90 mmHg by stan-
dardized auscultated BP as compared to a hypertension prevalence of 56 % in the 
same center’s HD unit [ 15 ]. Similarly, control of BP was compared in the retrospec-
tive Peritoneal Dialysis Core Indicators Study in the mid-1990s that found among 
the 926 PD patients with BP data only 35 % were hypertensive with BP >150/90 mmHg 
with the cohort having an average BP of 139/80 as compared to a contemporaneous 
cohort of HD patients whose average pre-HD BP was 151/79 and post-HD BP 
137/74 mmHg [ 16 ]. A larger study using United States Renal Data System (USRDS) 
data from the Dialysis Morbidity and Mortality Wave 2 study in the late 1990s found 
that from 1034 PD patients 54 % had SBP >140 mmHg while on a mean of 1.6 anti-
hypertensive medications [ 17 ]. 

 While the above reported prevalence values for hypertension in PD patients are 
less than that generally reported for HD, this is not a universal fi nding. A prospec-
tive study of 504 prevalent and clinically stable PD patients found a hypertension 
prevalence of 88 % defi ned as BP >140/90 mmHg or use of antihypertensive medi-
cations, and of the hypertensive patients only 16 % were adequately controlled [ 18 ]. 
Additionally 24 h ABPM was performed, and of the 414 adequate examinations 
hypertension was present in 69 % based on BP load >30 %, with load defi ned as the 
percent of ambulatory BP readings >140/90 mmHg during the day or >120/80 mmHg 
at night. Also utilizing ABPM, a study of 22 HD and 24 PD patients that were well 
matched for major clinical characteristics found no signifi cant difference in either 
daytime or nighttime BP between the two groups [ 19 ]. Thus while there is a sugges-
tion that PD may control hypertension better than HD there is no conclusive evi-
dence that this is the  case     .   

    Diagnosis 

 ABPM is the accepted gold standard for diagnosing hypertension in the general 
population and in the ESRD population on dialysis [ 20 – 23 ]. ABPM not only per-
mits the diagnosis of nocturnal hypertension, it is also superior to peridialytic BP 
measurements in correlating end organ damage manifest as left ventricular hyper-
trophy ( LVH        ) [ 24 ] and predicting the outcome of mortality [ 25 ]. The proper ABPM 
technique includes employing a validated monitor [ 26 ] to measure BP every 20 min 
during the day from 6 AM to 10 PM and then every 30 min at night from 10 PM to 
6 AM [ 27 ]. This prolonged interval of measurement permits observation of the full 
change in BP during the interdialytic period, where SBP increases an average of 
2.5 mmHg every 10 h [ 28 ,  29 ]. Unfortunately, ABPM is also cumbersome to use, 
especially over 44 continuous hours, so it remains a research technique in ESRD. 
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 As ABPM is not used routinely, more convenient methods of measuring BP and 
diagnosing hypertension must be employed. Since BP changes both during the HD 
session and during the interdialytic interval there remains uncertainty about how 
best to diagnose and manage hypertension in the HD population, which may con-
tribute to both undertreatment [ 14 ,  30 ] and overtreatment of hypertension [ 31 ]. 
Further complicating matters, HD patients have signifi cant seasonal variability in 
BP with lower BP during the summer and higher during the winter [ 32 ], possibly 
due to temperature mediated vasodilation or sweat induced volume losses. 

 Classically, the peridialytic BP measures taken before and after an HD session 
have been used to diagnose and manage hypertension, and while there are no ran-
domized clinical trials to guide goal BP recommendations in ESRD, longstanding 
professional guidelines have employed  peridialytic BP values  . The National Kidney 
Foundation Kidney Disease Outcomes Quality Initiative (NKF KDOQI) guidelines 
recommend to target pre-HD BP <140/90 mmHg and post-HD BP <130/80 mmHg 
[ 33 ]. Unfortunately, making treatment decisions based on peridialytic BP can be 
associated with adverse outcomes, as shown by a study of 11 HD units in London, 
England that found those HD units with more patients reaching the post-HD BP 
goal had signifi cantly more episodes of symptomatic hypotension requiring saline 
infusion [ 34 ]. Peridialytic BP is highly variable such that the variability within a 
given patient over time is similar to the variability between patients [ 35 ], possibly 
due in part to these measurements often being made without attention to technique 
[ 36 ]. While peridialytic BP does have a statistically signifi cant relationship to the 
gold standard interdialytic ambulatory BP [ 37 ], it is because of the inherent vari-
ability in peridialytic measurements that a meta-analysis of 18 studies comparing 
peridialytic BP and  interdialytic   ABPM found very wide limits of agreement 
between the techniques such that peridialytic BP provides a very imprecise estimate 
of interdialytic BP [ 38 ]. In the meta-analysis the limits of agreement between pre-
 HD SBP and interdialytic ambulatory SBP ranged from +41.7 mmHg to −25.2 mmHg 
while the limits of agreement for post-HD SBP were similarly broad, which illus-
trates the reduced clinical utility of a diagnosis of hypertension or normotension 
based on peridialytic BP [ 38 ]. 

 A readily available alternative to peridialytic BP is to use all the BP measure-
ments made during a single mid-week HD session to calculate a median BP, which 
is easier to calculate at the bedside compared to mean BP. A study of 150 chronic 
HD patients found that median intradialytic BP had the best reproducibility and was 
superior to either pre- or post-HD BP or their average for predicting 44 h interdia-
lytic ambulatory BP [ 39 ]. In this study median intradialytic SBP >140 mmHg dur-
ing a mid-week HD session had an 80 % sensitivity and specifi city for diagnosing 
hypertension by gold standard ABPM [ 39 ]. Additionally, median intradialytic BP 
has been shown to change in response to interventional reduction in dry weight to 
reduce BP [ 40 ], further supporting the clinical usefulness of this measure. 

 Home BP monitoring is the third alternative to clinically inconvenient gold stan-
dard ABPM, as home BP monitoring is the recommended method to routinely diag-
nose and manage BP in general hypertension populations by both the American 
Heart Association [ 41 ] and the European Society of Hypertension [ 42 ] and its use is 
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feasible and practical both in patients with CKD and ESRD [ 43 ,  44 ]. Home BP 
monitoring is superior to peridialytic BP measurements by every methodological 
and clinical standard. This includes superior correlation with gold standard ABPM 
[ 45 ], week to week reproducibility [ 46 ], the ability to refl ect BP changes from inter-
ventional probing of dry weight [ 46 ], correlation to the end organ damage of LVH 
[ 24 ,  47 ], and predicting outcomes including cardiovascular events [ 48 ] and mortal-
ity [ 48 ,  49 ]. Table  7.2  summarizes the advantages of home BP  monitoring  .

   Two small randomized trials have found home BP monitoring to be benefi cial 
versus usual care for management of BP in HD patients. The fi rst randomized 34 
patients to home BP monitoring plus usual care versus usual care only over 12 
weeks and found that the home BP group had signifi cantly lower BP at the end of 
the study [ 50 ]. A subsequent trial of 65 HD patients randomized participants to 
usual hypertension care based on pre-HD BP versus open label monthly home BP 
monitoring for 6 months [ 51 ]. At the end of the trial the home BP monitoring group 
had a signifi cant reduction in ambulatory SBP both from baseline and versus the 
usual care group, which had no change in ambulatory SBP from baseline. However 
the primary endpoint of reduction in echocardiographic  LVH   was no different 
between groups, possibly due to lack of power and variability in the timing of the 
echocardiograms relative to the HD schedule [ 51 ]. 

 As with  ABPM  , home BP increases between HD sessions, at an average rate of 
4 mmHg every 10 h [ 52 ], so it is important to adequately sample home BP at spaced 
intervals between HD sessions. Randomized trials have used protocols of home BP 
monitoring performed twice daily over 4–7 days once per month [ 51 ,  53 ], which is 
a reasonable regimen for routine clinical use and decision making. Measurements 
performed more than once per month may be needed in more unstable patients 
including those recently hospitalized. Table  7.3  summarizes the suggested method 
of  home BP   monitoring.

   There are no randomized trials comparing goal BP levels in the dialysis population 
using any of the available BP methods including peridialytic BP, intradialytic BP, 
home BP, or interdialytic ambulatory BP. However, the American Heart Association 
defi nes hypertension as home BP >135/85 mmHg on average for the general popula-
tion [ 41 ], so a goal interdialytic home BP target of ≤140/90 mmHg is reasonable [ 54 ], 
as was used in a recent large randomized trial of BP control in HD [ 53 ]. 

  Table 7.2     Advantages   of 
home BP monitoring over 
peridialytic BP  

 1. Predicts gold standard 
ambulatory BP 

 2. Reproducibility 
 3. Refl ects changes in dry weight 
 4. Correlates to left ventricular 

hypertrophy 
 5. Predicts cardiovascular events 
 6. Predicts mortality 
 7. Randomized trial evidence for 

effi cacy of BP control 
 8. Recommended by major 

professional societies 
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     Intradialytic Hypertension   

 While the focus of diagnosis and treatment of hypertension in chronic HD is on 
interdialytic BP between HD sessions, the case of intradialytic hypertension merits 
special mention. BP normally declines during the HD, but approximately 5–15 % of 
chronic HD patients have a paradoxical rise in BP during the HD session [ 55 ]. 
Intradialytic hypertension has been described variously and there is currently no 
uniformly recognized defi nition.  Defi nitions   have included (1) a change in SBP or 
mean arterial pressure from pre-HD to post-HD over various thresholds from 
>0 mmHg to ≥10 mmHg change [ 56 ,  57 ], (2) a positive slope after regression of all 
intradialytic SBP values [ 58 ], or (3) BP increase during or immediately following 
HD resulting in post-HD BP >130/80 mmHg [ 55 ]. 

 Recently it has been recognized that  intradialytic hypertension   is associated with 
worse outcomes. Inrig and colleagues performed a secondary analysis of a random-
ized trial in 443 prevalent HD subjects and found intradialytic hypertension to be 
signifi cantly associated with greater mortality at 6 months [ 56 ]. Similarly, in a subse-
quent observational study of a cohort of 1748 incident HD patients Inrig and col-
leagues found 2-year survival to be signifi cantly decreased for each 10 mmHg increase 
in SBP from pre-HD to post-HD BP, however this relationship was limited to those 
whose pre-HD SBP was <120 mmHg [ 59 ]. Most recently, a prospective cohort study 
of 115 prevalent HD patients found an average pre-HD to post-HD rise in SBP of 
>5 mmHg to signifi cantly predict all-cause and cardiovascular mortality [ 60 ]. 

 Intradialytic hypertension has been associated with  interdialytic hypertension   as 
measured by 44 h ABPM [ 57 ,  58 ], so it is not surprising that the same mechanisms 
implicated in causing interdialytic hypertension between HD sessions have also 
been implicated in causing intradialytic hypertension during the HD session [ 55 ], 
but the preponderance of evidence currently points to volume overload and endothe-
lial dysfunction. Markers of volume overload such as increased cardiothoracic ratio 
have been associated with intradialytic hypertension [ 60 ], but most importantly 
interventional trials have shown volume removal though dry weight reduction 
improves intradialytic hypertension. An early study from the mid-1990s included 
seven patients with intradialytic hypertension and found them all to have marked 
cardiac dilation and to be very hypertensive with mean pre-HD BP 172/99 mmHg 
despite medications [ 61 ]. All subjects had subsequent reduction in dry weight with 
an average weight loss of 6.7 kg that was associated with an improvement in pre-
 HD BP by 46/21 mmHg despite discontinuation of all BP meds. More recently a 

  Table 7.3    Suggested method 
for home BP  monitoring    

 1. Check both morning and 
evening 

 2. Check for 4–7 consecutive days 
duration 

 3. Check once monthly or more 
often if clinically unstable 

 4. Goal  home BP ≤140/90   
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secondary analysis of the  Dry Weight Reduction in Hypertensive Hemodialysis 
Patients (DRIP)      trial [ 62 ] regressed the intradialytic BP values for the 150 trial sub-
jects and found that the quintile of subjects with the greatest reduction in dry weight, 
more than 0.94 kg reduction after the fi rst 4 weeks of the trial, also had the most 
positive BP slope at baseline as they were the only quintile with intradialytic hyper-
tension by this defi nition [ 58 ]. Importantly, after dry weight reduction this same 
quintile had reduction in BP slopes to fi nish the trial, meaning their intradialytic 
hypertension had resolved such that their BP slopes were similar to the other sub-
jects. Thus intradialytic hypertension appears to be a marker of volume overload 
that is amenable to dry weight  reduction  . 

 Additionally,  endothelial dysfunction   has been identifi ed as an important media-
tor as there is evidence for both a rise in endothelin-1 levels [ 63 ] and a decrease in 
nitric oxide during HD [ 64 ] in patients with intradialytic hypertension. The contri-
bution of endothelial function was investigated in 25 HD patients recruited in an 
8-week pilot study with a before–after design using carvedilol [ 65 ], which has been 
shown to block endothelin-1 release in vitro [ 66 ]. Subjects were administered 
carvedilol up to a dose of 50 mg twice a day, and while endothelin-1 levels were 
unchanged on carvedilol, fl ow mediated dilation signifi cantly improved [ 65 ]. Of 
clinical importance, the frequency of intradialytic hypertension was signifi cantly 
reduced from 77 % of HD sessions down to 28 % of sessions and average 44 h inter-
dialytic ambulatory SBP was also reduced from 155 to 148 mmHg with carvedilol 
treatment. 

 Thus based on the available evidence, a renewed focus on addressing volume 
overload should be a priority for those patients with a paradoxical rise in BP on HD, 
and specifi cally targeting endothelial dysfunction with agents such as carvedilol can 
also be considered. The  features   of intradialytic hypertension are summarized in 
Table  7.4 .

        Treatment 

 As an introduction to the specifi cs of treating hypertension on dialysis, it’s instruc-
tive to briefl y review the major modifi able causes of hypertension in this population 
with a focus on those etiologies that can currently be addressed. As both a cause and 

  Table 7.4    Features of 
 intradialytic hypertension    

 5–15 % prevalence 
 No single accepted defi nition 
 Associated with increased mortality 
 Caused by volume overload and 
endothelial dysfunction 
 Evidence for improvement with dry 
weight reduction and carvedilol 
therapy 
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a consequence of kidney disease, the pathophysiology of hypertension in CKD not 
only shares commonalities with the general hypertensive population but also has 
causes that are unique to kidney disease and its treatment. Table  7.5  summarizes the 
major modifi able causes of hypertension in ESRD.

      Risk Factors in Common with the General Population 

 Patients with CKD often carry a burden of pre-existing primary hypertension prior 
to the recognition of their kidney disease. Additionally, risk factors in the general 
hypertensive population are similarly present in the CKD population including obe-
sity, excessive salt intake, alcohol consumption, and physical inactivity. Obstructive 
sleep apnea ( OSA  )    is an additional comorbidity that is important to consider in 
more detail. 

 In the general population  OSA   frequently coexists with hypertension [ 67 – 69 ], 
with hypopnea leading to hypoxemia and ultimately to sympathetic activation. 
OSA is strongly linked with resistant hypertension as the presence of OSA is a 
risk factor for resistant hypertension and the severity of OSA correlates with the 
severity of hypertension [ 70 – 72 ]. Given this link it is important to note that OSA 
is a very  common in the setting of CKD with the prevalence increasing with 
declining renal function [ 73 ], culminating in a prevalence over 50 % for those 
patients on dialysis [ 73 ,  74 ]. The association between OSA and resistant hyper-
tension is similarly strong in ESRD as a recent cohort study of subjects with 
advanced CKD including 75 subjects on HD and 20 on PD found a sevenfold 
increased risk of resistant hypertension in those dialysis patients with severe OSA 
[ 75 ]. Interestingly, there is a growing recognition that  OSA   itself is caused or 
exacerbated by volume overload that leads to parapharyngeal edema, which wors-
ens at bedtime in the recumbent position, both in patients without CKD [ 69 ] and 
in those with ESRD [ 76 ,  77 ]. 

 While most studies of continuous positive airway pressure for OSA in the non- 
CKD population fi nd signifi cant improvement in BP, this improvement is typically 
modest compared to medication [ 78 ], with CPAP use yielding a 1.7 mmHg improve-
ment in mean 24 h ambulatory BP [ 79 ].  

   Table 7.5    Major treatable causes of hypertension in dialysis   

 Cause  Treatment 

 Obstructive sleep apnea  Continuous positive airway pressure 
 Volume overload  Dry weight reduction 
 Renin–angiotensin–aldosterone system  ACEi, ARB, and spironolactone 
 Sympathetic overactivity  Beta-blockers, renal nerve ablation 
 Erythropoietin  Reduce dose 
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    Causes of Hypertension Unique to End Stage Renal Disease 

 The two classic mechanisms felt to be responsible for hypertension in the “renopri-
val” state of ESRD are volume overload and an inappropriately activated renin–
angiotensin–aldosterone system ( RAAS           ) [ 80 ]. Sodium loading has long been 
clinically recognized as a major and essential contributor to hypertension both in 
those with normal renal function [ 81 ] and in the setting of kidney disease. As the 
glomerular fi ltration rate (GFR) declines less sodium is fi ltered leading to sodium 
retention and to an expanded extracellular fl uid volume. The increased plasma vol-
ume leads to increased cardiac output and then to increased total peripheral resis-
tance, whereby normal renal autoregulation would lead to a pressure natriuresis and 
normalization of BP [ 82 ], however this natriuresis is incomplete or absent in 
advanced  CKD   and ESRD and the increased total peripheral resistance persists. 
Randomized trial evidence confi rms that ultrafi ltration for volume removal improves 
BP on HD [ 62 ]. 

 The other classically recognized contributor is an inappropriately activated 
RAAS [ 83 ], possibly provoked by renal ischemia in patients with renovascular dis-
ease or by regional ischemia due to renal fi brosis. Unsurprisingly, angiotensin con-
verting enzyme inhibitor ( ACEi  ) therapy has been shown to be effective at reducing 
BP in dialysis patients [ 84 ,  85 ]. 

 Among the novel mechanisms of hypertension in advanced kidney disease, sym-
pathetic overactivity is now widely accepted as a contributor. Increased catechol-
amine levels [ 86 ] and increased catecholamine sensitivity [ 87 ] in CKD were both 
demonstrated in the 1980s, and increased catecholamine levels have been shown to 
predict cardiovascular events and mortality in chronic HD patients [ 88 ]. Unidentifi ed 
uremic toxins were originally thought to provoke this sympathetic overactivity, 
however Converse and colleagues implicated the diseased kidneys themselves via 
experiments wherein they measured muscle sympathetic nerve activity in three 
groups of subjects: those on chronic HD with their native kidneys, those on chronic 
HD status post bilateral nephrectomy, and normal controls [ 89 ]. They found 
increased sympathetic activity and higher BP in those chronic HD patients still with 
their native kidneys but those subjects who were surgically anephric have sympa-
thetic nerve activity and BP similar to the normal controls. Uremic toxins don’t 
appear to be the cause of the increased renal afferent nerve signals that increase 
sympathetic activity, as demonstrated by studies of patients who have normally 
functioning renal transplants and still retain their native kidneys; [ 90 ] but renal 
ischemia of the native kidneys is a likely contributor [ 91 ]. 

 Lastly, medications contribute to hypertension in ESRD. Conventional medica-
tions such as over-the-counter nonsteroidal anti-infl ammatory drugs and deconges-
tants can exacerbate hypertension, however erythropoiesis stimulating agents ( ESA        ) 
are commonly prescribed for the anemia of CKD and resultant hypertension has been 
recognized since the early days of ESA use in ESRD [ 92 ]. The incidence of hyperten-
sion provoked by ESA administration is associated with the ESA dose but is indepen-
dent of red blood cell mass or viscosity [ 93 ,  94 ]. While the exact mechanism of how 
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ESA use causes hypertension is unknown, the current evidence suggests that it is 
mediated via vasoconstrictor effects, likely through increased levels of endothelin-1 
or increased vasoconstrictive response to that peptide [ 95 – 97 ]. 

 Up to 30 % of dialysis patients develop hypertension or require an adjustment in 
antihypertensive medications with ESA use [ 98 ,  99 ], while the rise in BP with ESA 
use typically ranges from 5 to 8 mmHg in SBP and 4–6 mmHg in DBP [ 100 ]. The 
rise in BP with ESA administration is more likely in those with baseline hyperten-
sion [ 101 ] or a family history of hypertension [ 102 ]. There is unfortunately a pau-
city of evidence to guide the prevention of ESA induced hypertension but 
recommended strategies include changing to subcutaneous administration, reducing 
the goal hemoglobin level in those who are unresponsive to  ESA   therapy, minimiz-
ing the ESA dose by starting low and increasing slowly, and avoiding ESA use 
entirely [ 54 ].  

    Volume Control 

 The focus of nonpharmacologic treatment of hypertension on dialysis is to treat 
volume overload through complementary strategies both to reduce sodium intake by 
dietary sodium restriction and individualization of the dialysate sodium while also 
augmenting sodium removal by dry weight reduction, providing adequate time on 
dialysis, and considering frequent dialysis. Table  7.6  summarizes the  nonpharmaco-
logic treatment   of hypertension in dialysis. The archetype for this management of 
hypertension on dialysis is reported by Charra and colleagues from Tassin, France 
where patients are dialyzed for extended hours on a low sodium dialysate and low 
sodium diet is emphasized to the point where low sodium bread is provided to the 
patients [ 103 ]. They report excellent control of BP despite antihypertensive medica-
tion use at only 1–2 % [ 104 ], as well as low mortality with a 5-year survival rate 
reported at 87 % [ 105 ], which is more than twice the current reported 5-year sur-
vival rate in the USA [ 1 ]. More recently a trial of low sodium diet and dry weight 
reduction in 19 hypertensive HD patients with a before–after design found this com-
bined strategy reduced echocardiographic left ventricular hypertrophy [ 106 ]. 
Similar results have been reported in PD from a single center where all 47 of the 
center’s hypertensive patients had their antihypertensive medications withdrawn 
and BP was subsequently successfully controlled in 37 patients with a combination 
of strict low sodium diet and added ultrafi ltration [ 107 ].

  Table 7.6    Complementary 
components of 
 nonpharmacologic treatment   
of hypertension on dialysis  

 1. Dry weight reduction 
 2. Dietary sodium restriction 
 3. Dialysate sodium reduction 
 4. Adequate time on dialysis 
 5. Consideration of frequent 
dialysis 
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      Dry Weight  Reduction   

 Malignant hypertension was common in ESRD prior to the advent of chronic HD 
and since those earliest days  ultrafi ltration   has been recognized as an effective 
means of BP control in ESRD [ 108 ], including for the very fi rst chronic HD patient 
in the USA, Clyde Shields, under the care of Dr. Belding Scribner [ 109 ]. Only 
recently has the randomized controlled DRIP trial of dry weight reduction defi ni-
tively confi rmed those original observations [ 62 ]. The DRIP trial recruited 150 
chronic and stable HD patients with hypertension confi rmed by 44 h interdialytic 
ABPM despite being on an average of 2.6 antihypertensive medications who were 
then randomized in a two to one ratio to intervention versus usual care for the 
8-week trial. All subjects had their antihypertensive medications and their pre-
scribed time on HD kept stable, and all were visited by a study physician on each 
HD session during the trial. The intervention group received progressive reduction 
in dry weight by at least 0.2 kg each HD session until they had symptoms of hypo-
volemia. Compared to the control group at 8 weeks, the intervention group had 1 kg 
of weight reduction and average 44 h interdialytic ambulatory BP improved by 
6.6/3.3 mmHg [ 62 ]. Notably, by design those in the intervention group necessarily 
had to have symptoms of hypovolemia before dry weight reduction was stopped, but 
despite this requirement there was no change in any domain of the Kidney Disease 
Quality of Life questionnaire during the  trial  . 

   Management of Dry Weight 

 Unfortunately there is no single universally accepted defi nition of dry weight, but a 
reasonable standard is that used by Sinha and Agarwal who defi ne the dry weight as 
the lowest tolerated post-HD weight achieved via gradual change in post-HD weight 
at which there are minimal signs or symptoms of either hypovolemia or  hypervol-
emia   [ 110 ]. Thus, achieving and maintaining an adequately low dry weight is a 
hands-on and iterative process that requires attention to details beyond only the 
prescribed dry weight [ 111 ], including adherence to a low sodium diet, minimiza-
tion of dialysate sodium content, providing adequate time on HD, and consideration 
of more frequent dialysis. 

 When deciding whether to adjust the dry weight prescription, the fi rst step is the 
assessment for volume overload. Unfortunately, while the routine clinical exam per-
forms well at detecting acute or massive volume overload, it performs poorly at 
detecting subtle and chronic volume overload [ 110 ]. This is exemplifi ed by a cross 
sectional study of 150 chronic HD patients that found the presence of pedal edema 
to have no correlation with putative objective markers of volume overload including 
brain natriuretic peptide, echocardiographic inferior vena cava diameter, or relative 
plasma volume slope [ 112 ]. As another example, it is important to consider that all 
the hypertensive subjects of the DRIP trial were at their clinical dry weight as deter-
mined by their primary nephrologist to start the trial, yet the subjects of the inter-
vention group had their dry weight successfully reduced, which resulted in a 
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clinically signifi cant improvement in 44 h ambulatory BP [ 62 ]. This further 
 illustrates the diffi culty in detecting subtle volume overload that if removed by 
means of dry weight reduction will improve BP. 

 A number of experimental objective measures of volume status have been stud-
ied including  natriuretic peptides  , inferior vena cava diameter, relative plasma vol-
ume monitoring, and bioelectrical impedance analysis [ 113 ]. The latter two have the 
most supporting evidence with a secondary analysis of the DRIP trial showing that 
baseline relative plasma volume monitoring identifi ed the most volume overloaded 
subjects, who subsequently had the largest average reduction in weight at 1.5 kg and 
the largest improvement in ambulatory SBP at 12.6 mmHg [ 114 ]. Most recently, a 
randomized trial of bioelectrical impedance analysis to guide dry weight manage-
ment in a cohort of largely normotensive HD subjects found a signifi cant improve-
ment in LVH as well as improvement in peridialytic BP despite reductions in 
antihypertensive drug use for the intervention group [ 115 ]. 

 However, these objective measures of volume status remain investigational and 
remain to be adequately validated. Therefore the onus is on the treating nephrologist 
to have a high index of suspicion for occult volume overload. Signs that should 
prompt consideration for reduction in dry weight include uncontrolled hyperten-
sion, especially in those patients who are on multiple medications such as in the 
DRIP trial where subjects were on an average of 2.6 antihypertensive drugs at base-
line [ 62 ]. Numerous studies have shown that greater antihypertensive drug use is 
associated with worse control of hypertension [ 13 ,  116 ], which is plausibly due to 
inadequately addressed volume overload which could be improved with reduction 
in dry weight. Table  7.7  summarizes the  clinical signs   of volume overload.

   Another sign to consider reduction in dry weight is a low  interdialytic weight gain  . 
This comes from the observation that interdialytic weight gain tends to rise when dry 
weight is reduced and vice versa [ 117 ]. Additionally the secondary analysis of the 
DRIP trial that employed relative plasma volume monitoring found the fl attest rela-
tive plasma volume slopes, corresponding to the most volume overload, in the group 
with the lowest ultrafi ltration volume [ 114 ]. This is not surprising considering the 
mechanism of relative plasma volume monitoring, however the ultrafi ltration vol-
ume generally equals the interdialytic weight gain, and, as noted above, subsequent 
reduction in dry weight per the trial protocol in the group with the lowest interdialytic 
weight gain resulted in the greatest weight loss at 1.5 kg and in the greatest reduction 
in 44 h ambulatory SBP at 12.6 mmHg compared to any of the other groups with 
higher interdialytic weight gains. Thus low interdialytic weight gain may be a sign of 
occult volume overload and low interdialytic weight gain should not be considered to 

  Table 7.7    Clinical signs of 
volume overload on  dialysis    

 1. Elevated interdialytic BP by home or 
ambulatory monitoring 
 2. Multiple antihypertensive medications 
 3. Low interdialytic weight  gain   
 4. Classical signs: peripheral edema, 
pulmonary congestion, pleural effusion 
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be synonymous with euvolemia [ 118 ]. As a purely practical matter, a low interdia-
lytic weight gain also makes it easier to challenge the dry weight. 

 It is important to note that while volume overload is a major contributor to hyper-
tension in ESRD and volume removal is the foundation of hypertension control in 
 ESRD  , that hypertension and volume overload are not equivalent. The presence or 
absence of hypertension doesn’t defi nitively rule volume overload either in or out. 
This is illustrated by a study of 500 HD patients using bioelectric impedance that 
found 33 % of the cohort to be euvolemic and normotensive based on peridialytic 
BP, while 10 % were hypervolemic yet still normotensive, and 13 % were euvolemic 
but still hypertensive [ 119 ]. The distinction is even more important when outcomes 
are considered. Volume overload has been shown to be independently associated 
with mortality both when assessed by bioelectrical impedance [ 120 ] and by relative 
plasma volume monitoring [ 121 ], even after adjusting for BP in both studies. So 
while the presence or absence of hypertension is an important fi nding to guide the 
clinical assessment of volume status in dialysis, the treating nephrologist must keep 
an open mind and look for other confi rming signs. 

 The recommended method to reduce dry weight is in decrements as small as 
0.2–0.3 kg per HD session based on the recognition that even small changes in dry 
weight can improve BP, as the DRIP trial had only 1 kg reduction in the dry weight 
of the intervention group yet found a large change in ambulatory SBP, and other 
trials of dry weight management have similarly found signifi cant BP reduction with 
similar changes in dry weight of only 1 kg or less [ 122 ,  123 ]. An added benefi t of 
making small and gradual changes in dry weight is that it builds trust in patients 
who are often reluctant to permit their dry weight to be lowered for fear of provok-
ing symptoms such as cramping. 

 There are risks to challenging dry weight including increased  risk   of clotted vas-
cular access [ 49 ], accelerated loss of residual renal function [ 107 ], and increased 
frequency of intradialytic hypotension, which has been associated with myocardial 
stunning [ 124 ] and increased mortality [ 125 ]. As the DRIP trial lasted only 8 weeks 
long-term randomized trials are needed to examine the balance between benefi ts 
and risks of  dry weight reduction  .   

     Dietary Sodium Restriction   

 Despite recent observational evidence questioning the benefi ts of a low sodium diet 
for the general population [ 126 ], there is ample randomized trial evidence support-
ing the effi cacy of low sodium diet to treat resistant hypertension in those without 
kidney disease [ 127 ], to treat hypertension in stage 3–4 CKD [ 128 ], and for reduc-
tion of proteinuria and albuminuria in diabetic nephropathy [ 129 ]. In the HD patient 
sodium intake provokes increased interdialytic weight gain [ 130 ] which also leads 
to increased ultrafi ltration rates, both of which are associated with cardiovascular 
mortality [ 131 ,  132 ]. Restricting sodium intake reduces interdialytic weight gain, 
which will also practically improve the ability to achieve an adequately low dry 
weight with dialysis [ 133 ,  134 ]. However, in the dialysis patient, reducing dietary 
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sodium intake should be followed by probing dry weight to manage hypertension 
better. In the absence of probing dry weight, the full benefi t of restricting dietary 
sodium intake may not be realized. The American Heart Association recommends 
<1500 mg (equivalent to 65 mmol) daily intake [ 135 ], which is a reasonable pre-
scription for dialysis patients [ 54 ]. Notably, except for hyponatremia treatment, 
there is no rational role for fl uid restriction in dialysis patients [ 130 ,  136 ].  

     Dialysate Sodium Reduction   

 In the earliest days of chronic HD low dialysate sodium concentrations were used 
and sodium removal on HD was thus in part due to diffusion in addition to convec-
tive removal with ultrafi ltration. As the effi ciency of dialyzers improved and dialy-
sis times were reduced, higher dialysate sodium concentrations became the norm to 
reduce hemodynamic instability, cramping, and symptoms of disequilibrium [ 137 ] 
and initial studies suggested that hypertension wasn’t a complication [ 138 ]. 
However, more recently it has been recognized that higher dialysate sodium con-
centrations will reduce or reverse the diffusive removal of sodium on HD, which 
undermines the effective management of volume control [ 139 ]. As an example of 
the impact of dialysate sodium concentration, in a pilot study that reduced dialysate 
sodium from 137.8 to 135.6 mmol/L stepwise over 7 weeks, net sodium removal 
was signifi cantly increased from 383 to 480 mmol per HD session [ 140 ]. 

 Numerous studies have shown interdialytic weight gain to be directly related to 
dialysate sodium concentration with higher dialysate sodium leading to higher 
intradialytic weight gain [ 140 – 142 ]. Increased interdialytic weight gain is also seen 
with sodium profi les, also called sodium ramping, where the dialysate sodium con-
centration generally starts high and then is gradually reduced during the HD session 
[ 141 ,  143 ,  144 ]. While higher dialysate sodium concentrations are prescribed to 
promote hemodynamic stability, the resulting higher interdialytic weight gain can 
lead to higher ultrafi ltration rates which lead to the very hemodynamic instability 
originally to be avoided. Additionally, more recent studies of higher dialysate 
sodium concentrations, whether constant or with a profi le, have been associated 
with higher BP in some [ 143 ,  144 ], but not all  investigations   [ 142 ]. 

 An alternative to avoid the vicious cycle above is to individualize the dialysate 
sodium prescription to the patient’s pre-HD serum sodium. The importance of indi-
vidualization is illustrated by a cross sectional study of 1084 HD patients that exam-
ined the difference between the individual dialysate sodium concentration and the 
patient’s pre-HD serum sodium and found that this difference is directly related to 
interdialytic weight gain, with a higher dialysate sodium concentration relative to 
the pre-HD serum sodium being associated with greater weight gain [ 145 ]. A single- 
blind crossover study of 27 HD patients illustrated one method of individualizing 
the dialysate sodium concentration by fi rst dialyzing all patients with a standard 
138 mmol/L sodium dialysate for 3 weeks and then on a dialysate sodium concen-
tration set to 0.95 multiplied by the pre-HD serum sodium for 3 weeks [ 146 ]. On the 
low sodium dialysate prescription signifi cant reductions were seen in interdialytic 
weight gain by 0.6 kg, in the frequency of intradialytic hypotension, and in the 
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 pre- HD SBP in the hypertensive subjects. Based on these fi ndings it is reasonable to 
recommend that dialysate sodium be individualized to avoid being higher than the 
individual patient’s pre-HD serum sodium and possibly as low as 0.95 multiplied by 
the serum sodium in hypertensive individuals or those with high interdialytic weight 
gain precluding the achievement of an adequately low dry weight. 

 A trial in 25 PD patients employed a before–after design to investigate the use of 
low sodium dialysate over 2 months [ 147 ]. All subjects had one exchange per day 
changed to a low sodium solution, but 10 subjects had the dextrose concentration 
increased to compensate for reduced osmolality while 15 subjects had no change to 
their dextrose concentration. The fi rst group had signifi cantly improved BP along 
with markers of improved volume overload, suggesting that reducing dialysate 
sodium is only useful if it is accompanied by adequate  ultrafi ltration  .  

    Adequate Time on Dialysis 

 Despite reducing dietary sodium intake and the dialysate sodium concentration to 
reduce interdialytic weight gain, many attempts to reduce dry weight to improve 
BP will be precluded in many patients due to intradialytic hypotension or symp-
toms on HD including cramping. In these patients increasing the HD time can 
make ultrafi ltration easier to tolerate thus facilitating the achievement of an ade-
quate dry weight. Shorter HD times have recently been shown in a secondary anal-
ysis of the DRIP trial to be associated both with higher BP and slower improvement 
in BP when dry weight is reduced [ 148 ]. A randomized crossover trial of 38 HD 
patients evaluated time on HD by assigning subjects to 2 weeks of 4 h versus 5 h 
HD sessions and found signifi cantly less intradialytic hypotension and post-HD 
orthostatic hypotension during the longer HD runs [ 149 ]. An added salutary effect 
of longer HD time is that for a given amount of interdialytic weight gain, an 
increased HD time will lead to a lower ultrafi ltration rate, which has been associ-
ated with mortality [ 132 ]. 

 It is for all these reasons that the European Best Practice Guidelines recommend 
that HD should be delivered at least three times weekly for a total duration of at least 
12 h, unless substantial residual renal function remains [ 150 ]. However, in the USA a 
recent cohort study among 32,000 HD patients found that the average single HD ses-
sion was only 217 min and that one quarter of patients dialyzed less than 3 h and 
15 min per session [ 151 ]. The lower average treatment times in the USA are likely due 
to the practice of reducing the prescribed time to achieve a minimum goal Kt/V, how-
ever this practice should be avoided on account of the potential deleterious effects that 
shorter treatment time can have on volume status and hypertension [ 152 ].  

    Frequent Dialysis 

 An additional strategy to treat patients who cannot achieve an adequately low dry 
weight on a conventional three times weekly HD schedule is to consider a change 
in modality to more frequent dialysis. Observational studies have shown frequent 
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HD to be associated with reductions in BP despite lower antihypertensive drug 
use [ 153 ,  154 ], as well as with improvements in  LVH   [ 154 ]. More recently ran-
domized trials have confi rmed some of these fi ndings with trial of 52 patients that 
assigned subjects to either conventional 3 times weekly HD versus 6 nights weekly 
nocturnal HD for 6 months and found signifi cantly improved BP, lower antihyper-
tensive drug use, and improvement left ventricular hypertrophy in the nocturnal 
HD group [ 155 ]. The subsequent Frequent Hemodialysis Network ( FHN        ) 
Nocturnal trial recruited 87 HD patients and randomized them to 3 times weekly 
conventional HD versus 6 nights weekly nocturnal HD, and weekly average pre-
HD BP was signifi cantly improved in the nocturnal HD group despite a reduction 
in antihypertensive medication use; however, the trends toward improvement in 
the primary endpoints including LVH were nonsignifi cant, possibly due to lack of 
power from diffi cultly with subject recruitment [ 156 ]. The companion FHN trial of 
daily HD recruited 245 patients who were randomized to 3 times weekly conven-
tional HD versus 6 days weekly HD for 12 months and this trial did fi nd signifi -
cantly reduced hazard for both coprimary composite endpoints of death or increase 
in left ventricular mass and death or decrease in the physical-health composite 
score [ 157 ]. Both weekly average pre-HD SBP and the number of antihypertensive 
medications for the intervention group were reduced signifi cantly, as well. These 
improvements in BP and  LVH   are plausibly due to better control of volume [ 158 ], 
especially when it is recognized that the daily HD group had signifi cantly more 
ultrafi ltration per week at 10.58 L on average compared to 8.99 L for the control 
group [ 157 ].   

     Pharmacologic Treatment   

 Patients with ESRD are routinely excluded from drug trials, limiting the evidence 
base from which to make recommendations for antihypertensive drug therapy. Two 
meta-analyses of randomized trials employing antihypertensive drugs in dialysis 
have found signifi cant improvements in the cardiovascular event rates associated 
with treatment [ 159 ,  160 ], which was particularly pronounced in subjects with 
hypertension [ 160 ]. However, the trials included in these meta-analyses were highly 
heterogeneous, most trials weren’t limited to hypertensive patients, and only two 
trials targeted a specifi c BP goal. 

 Despite the benefi ts from the use of antihypertensive medication in ESRD, it 
must be emphasized that greater use of antihypertensive medications is associated 
with worse control of hypertension [ 13 ,  116 ], which is plausibly due to inadequately 
treated volume overload in those cases. Thus the fi rst step in treating hypertension 
in ESRD should be to address volume overload as able. All classes of antihyperten-
sive medications have roles in the treatment of hypertension in ESRD [ 161 ], as 
detailed below. 
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     Diuretics   

 While published evidence is lacking, diuretics are often used to address hyperten-
sion and volume overload in patients with signifi cant residual renal function, which 
includes those new to HD and nonoliguric patients on PD. In the setting of advanced 
renal failure higher doses of diuretics will be necessary to be effective [ 162 ]. 
However, in anuric patients even doses of furosemide as high as 250 mg intrave-
nously are ineffective [ 163 ]. While some investigators have suggested that thiazide 
diuretics exert an antihypertensive vasodilator effect [ 164 ,  165 ], the placebo con-
trolled administration of thiazides to anuric dialysis patients has been shown to have 
no effect on BP [ 166 ]. Thus, the role for diuretics in the treatment of hypertension 
in dialysis is at best limited to the subset of patients with signifi cant residual renal 
 function  .  

     Beta-Blockers   

 Beta-adrenergic blocking agents have well-established benefi ts in the non-dialysis 
population including in the setting of heart failure [ 167 ] and coronary artery disease 
[ 168 ]. As cardiovascular events are the leading cause of death in ESRD and increased 
sympathetic nervous system overactivity is common [ 89 ], beta-blockers are an 
attractive therapy in this population. A retrospective cohort study of PD patients 
found beta-blocker use to be associated with a signifi cantly reduced risk of new onset 
heart failure or the composite endpoint of new onset heart failure and cardiac mortal-
ity [ 169 ]. Cice and colleagues recruited 114 HD patients with reduced left ventricular 
ejection fraction <35 % and randomized them to carvedilol versus placebo and 
reported signifi cantly improved 2-year survival in the carvedilol group [ 170 ]. 

 Despite these encouraging fi ndings, enthusiasm for beta-blockers as fi rst line 
pharmacological treatment for hypertension in dialysis is tempered by the non- 
dialysis experience where beta-blockers are not recommended for initial monother-
apy of hypertension [ 171 ,  172 ], consequently  ACEi   medications are often instead 
recommended for initial therapy of hypertension [ 173 ]. While head to head studies 
of antihypertensives are few, a recent randomized controlled trial in HD comparing 
lisinopril to atenolol begins to address the question of which medication to prescribe 
fi rst for hypertension in HD. 

 The Hypertension in Hemodialysis Patients Treated with Atenolol or Lisinopril 
(HDPAL) trial recruited 200 chronic HD patients with hypertension confi rmed by 
44 h interdialytic ABPM and echocardiographic LVH and randomized them to lisin-
opril or atenolol based therapy for 12 months to determine which drug is superior 
for reduction of  LVH   [ 53 ]. All patients were treated to target goal home BP 
≤140/90 mmHg checked monthly, fi rst by maximizing the study drug, then by addi-
tion of other drugs, sodium restriction, and reduction in dry weight. The trial was 
terminated early by an independent data safety monitoring board for cardiovascular 
safety because of signifi cantly more serious adverse cardiovascular events in the 
lisinopril group, which had 43 events in 28 subjects compared to only 20 events in 
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16 subjects in the atenolol group (incidence rate ratio 2.36,  P  = 0.001). Similarly, the 
combined serious adverse events of myocardial infarction, stroke, hospitalization 
for heart failure, or cardiovascular death occurred 23 times in 17 subjects in the 
lisinopril group compared to only 11 events in 10 subjects in the atenolol group 
(incidence rate ratio 2.29,  P  = 0.002). LVH improved in both groups but no differ-
ences between drug groups were found. 

 While 44 h ambulatory BP improved similarly in both groups measured at base-
line, 3 months, 6 months, and 12 months, the monthly home BP was consistently 
lower in the atenolol group despite signifi cantly more antihypertensive medications 
and greater dry weight reduction in the lisinopril group [ 53 ]. Thus atenolol appears 
to be superior to lisinopril in terms of cardiovascular event rates and BP reduction. 
Based on the fi ndings of this head to head comparison of atenolol and lisinopril in 
HD patients it is recommended that beta-blockers be the fi rst line therapy for hyper-
tension. Table  7.8  summarizes the recommendations for pharmacologic therapy for 
hypertension in dialysis. Atenolol in particular may be practically useful as it can be 
dosed just 3 times per week after HD, as was the protocol in the HDPAL trial, and 
this schedule has been previously shown to signifi cantly reduce 44 h interdialytic 
ambulatory BP [ 174 ]. Three times weekly dosing permits the possibility of directly 
observed administration of atenolol in the HD unit to improve compliance with the 
antihypertensive  regimen  .

        Angiotensin Converting Enzyme Inhibitors      and Angiotensin Receptor 
 Blockers   

 It cannot be concluded from the HDPAL trial that  ACEi medications   are harmful 
because there was no placebo controlled group in the study [ 53 ]. Indeed, ACEi and 
angiotensin receptor blocker (ARB) drugs are mainstays of therapy in pre-dialysis 
CKD [ 175 ] and in cardiovascular disease [ 176 ,  177 ]. Both ACEi [ 84 ,  85 ,  178 ] and 
ARB medications [ 179 ] have been shown to improve BP in ESRD. As with ateno-
lol, both lisinopril [ 84 ] and trandolapril [ 178 ] have been shown to be effective at 
lowering BP when dosed only three times weekly after HD. 

 Three randomized clinical trials have examined ACEi or ARB therapy in HD 
patients with cardiovascular events as the primary endpoint, and they warrant more 
detailed mention. The only randomized clinical trial investigating an ACEi and cardio-
vascular events in HD patients is the Fosinopril in Dialysis Study (FOSIDIAL) [ 85 ], 
which recruited 397 chronic HD patients with  LVH   who were followed for a 2-week 
run-in period on fosinopril, and those who tolerated the therapy were randomized to 
fosinopril or placebo and treated to goal peridialytic <160/90 mmHg for 24 months 
[ 180 ]. No benefi t was found for fosinopril in decreasing cardiovascular events [ 85 ]. 

 Two randomized controlled trials have investigated ARB use in HD and found a 
benefi t for cardiovascular events. The fi rst enrolled 80 HD patients who were ran-
domized to candesartan or open label usual care for a planned 3 years [ 181 ]. The 
trial was stopped early on account of an interim analysis that found signifi cant and 
substantial benefi t for candesartan for the primary endpoint of cardiovascular events 
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as well as for mortality with zero deaths in the candesartan group and 18.9 % mor-
tality in the control group [ 181 ]. The second trial included 360 HD patients random-
ized to open label ARB therapy with losartan, valsartan, or candesartan versus usual 
care with goal peridialytic SBP <150 mmHg over 3 years [ 182 ]. ARB treatment 
signifi cantly reduced the primary endpoint of cardiovascular events with a 49 % 
reduction in risk of cardiovascular event ( HR  = 0.51,  P  = 0.002). 

 In the setting of the divergent outcomes for the three randomized clinical trials 
using ACEi or ARB drugs above, a recent meta-analysis examined the pooled results 
for cardiovascular events in the 837 total subjects in these trials and found a trend 
toward benefi t with a relative risk for cardiovascular events at 0.66, but this did not 
reach statistical signifi cance (95 % confi dence interval 0.35 to 1.25,  P  = 0.20) [ 183 ]. 
Each trial had different defi nitions for cardiovascular events, and not surprisingly 
signifi cant heterogeneity was found. Similarly, a systematic review of  ACEi   and 
ARB therapy in PD patients included three randomized clinical trials and found no 
improvement in cardiovascular events for the intervention  groups      [ 184 ]. 

 As ACEi and ARB therapy has been shown to delay progression of pre-dialysis 
chronic kidney disease [ 185 ], these agents may be effective at preserving residual 
renal function in dialysis patients, which is emerging as an important goal for both 
PD and HD patients [ 186 ]. Two randomized controlled open label trials in PD, one 
investigating ramipril in 60 subjects [ 187 ] and the other studying valsartan in 34 
subjects [ 188 ], both found active treatments reduced the rate of decline in GFR, 
while a meta-analysis pooled the difference between the intervention groups and the 
control groups at 12 months and found a clinically and statistically signifi cant ben-
efi t of 0.9 mL/min/1.73 m 2  in favor of the intervention groups [ 184 ]. In HD how-
ever, a recent randomized placebo controlled trial of irbesartan over 1 year in 82 
nonoliguric HD patients found no benefi t for irbesartan in decline of GFR or devel-
opment of anuria [ 189 ]. 

 The risk of  hyperkalemia      with  ACEi   or ARB use in dialysis appears low based on 
the evidence from the aforementioned randomized controlled trials in both HD [ 85 , 
 181 ,  182 ] and PD [ 187 ]. ACEi or ARB agents are a reasonable second choice after 
beta-blockers for an antihypertensive medication in dialysis based on their tolerabil-
ity, the evidence of benefi t in the non-dialysis population, and the randomized trial 
evidence of benefi t on intermediate end points such as reduction in  LVH   [ 183 ].  

   Table 7.8    Suggested approach to pharmacologic therapy for hypertension in dialysis   

 Medication Class  Comments 

 Beta-blockers  First line therapy, superior in trial vs. ACEi 
 ACEi or ARB  Second line therapy, superior to calcium channel 

blockers 
 Calcium channel blockers  Third line therapy 
 Centrally acting alpha agonists  Clonidine patch or guanfacine preferred 
 Direct vasodilators  Minoxidil preferred to hydralazine 
 Mineralocorticoid receptor antagonists  Emerging evidence of effi cacy and mortality benefi t 
 Loop and thiazide diuretics  Role limited only to those with substantial residual 

renal function 
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     Calcium Channel Blockers      

 Amlodipine has been shown to be effective versus placebo in improving BP in a 
randomized trial of 251 hypertensive HD patients where the primary endpoint of 
cardiovascular events showed no improvement for active treatment [ 190 ]. Calcium 
channel blockers have the practical benefi ts of being well tolerated and requiring 
only once a day dosing, however ACEi or ARB therapy is preferred before calcium 
blockers based on head to head trials showing calcium channel blockers to be sig-
nifi cantly inferior for regression of  LVH   [ 191 ,  192 ].  

     Centrally Acting Alpha Agonists      

 These medications are typically reserved only for those patients whose BP is uncon-
trolled on the combination of beta-blocker,  ACEi   or ARB, plus calcium channel 
blocker. To minimize pill burden and dosing schedule, it is recommended to avoid 
oral clonidine and to instead use the long acting clonidine patch, which can be 
administered once a week at the dialysis unit as directly observed therapy. As the 
clonidine patch can be expensive, a cheaper alternative is oral guanfacine, dosed 
only once daily at bedtime to minimize the impact of dose related drowsiness.  

     Vasodilators      

 Direct vasodilator agents are usually reserved as last line therapy for hypertension 
in ESRD. However, hydralazine use is becoming more common based on trial evi-
dence of benefi t for heart failure in the African-American population in combina-
tion with isosorbide dinitrate [ 193 ], but it is important to recognize that this 
combination of medications has not been studied in ESRD. Furthermore the pill 
burden and requirement of three times daily dosing of  hydralazine   makes it less 
attractive for use in ESRD. It is for that reason that minoxidil is usually preferable 
to  hydralazine   on account of its antihypertensive effectiveness with only once daily 
dosing in the setting of  CKD  .  

     Mineralocorticoid Receptor Antagonists   

  Mineralocorticoid receptor antagonists   have well-established roles in the non- 
dialysis population for treatment of resistant hypertension [ 194 ] and heart failure 
[ 195 ,  196 ]. In the dialysis population spironolactone has been shown to signifi -
cantly reduce 24 h ambulatory BP by 10.9/5.8 mmHg in a randomized controlled 
double blind trial of 76 hypertensive dialysis patients on HD or PD treated with 
spironolactone 25–50 mg daily versus placebo over 12 weeks [ 197 ]. Recently the 
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Dialysis Outcomes Heart Failure Aldosterone Study (DOHAS) clinical trial ran-
domized 309 HD patients to spironolactone 25 mg daily versus open label usual 
care for 3 years and found both cardiovascular death and hospitalizations and all- 
cause mortality were signifi cantly improved in the spironolactone group [ 198 ]. 
Importantly, spironolactone therapy was discontinued for hyperkalemia in only 
three patients during the trial. While the results of the DOHAS trial are very promis-
ing, they require confi rmation in future blinded randomized trials to balance the risk 
of hyperkalemia with the potential benefi ts before the routine use of spironolactone 
for hypertension in HD can be  recommended  .   

     Invasive Treatment   

 The history of invasive treatments for hypertension dates back at least to the 1930s 
when surgical sympathectomy was employed for essential hypertension [ 199 ]. As 
effi cacious oral antihypertensive agents with tolerable side effect profi les were dis-
covered, surgery fell out of favor as a treatment for simple hypertension. However, 
in the early era of chronic HD in the 1960s and 1970s it was recognized that a subset 
of patients with ESRD didn’t achieve adequate control of hypertension despite 
ultrafi ltration on HD and the use of the antihypertensive medications of the day 
[ 80 ]. As high renin levels were common in these cases, bilateral nephrectomy was 
advocated as an effective means to reduce renin levels and BP, though it was recog-
nized even then that other mechanisms likely were responsible for the improved BP 
after nephrectomy [ 80 ]. With the introduction of ACEi drugs bilateral nephrectomy 
too became much less common. 

 However, Converse and colleagues demonstrated that sympathetic overactivity 
from renal afferent nerves are a major source of hypertension in ESRD [ 89 ], and 
with the invention of a radiofrequency catheter based approach to target the renal 
nerves there has been renewed interest in renal sympathectomy via the endovascular 
approach [ 91 ]. A pilot study of renal denervation by radiofrequency ablation was 
performed in 12 chronic HD patients with uncontrolled hypertension and offi ce BP 
was reduced in the 9 patients who had the procedure versus unchanged BP in those 
3 patients whose atrophic renal arteries precluded the endovascular denervation pro-
cedure [ 200 ]. However, enthusiasm for renal denervation must be tempered by the 
experience with renal denervation in the resistant hypertension population without 
CKD where initial trials showed promise [ 201 ] but when a randomized, sham pla-
cebo controlled, and blinded trial was performed there was no BP reduction for the 
intervention [ 202 ]. While ESRD patients are an ideal group who may benefi t from 
this therapy, it remains to be seen whether the disappointing result from the random-
ized controlled trial of endovascular renal denervation will preclude further devel-
opment of this  technique  .   
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     Prognosis   

 Despite a strong and direct relationship between hypertension and cardiovascular 
and all-cause mortality [ 203 ] and copious evidence of benefi t for treatment of 
hypertension in the non-dialysis population [ 175 ], the relationship between BP and 
outcomes in dialysis patients remains a topic of controversial [ 204 ,  205 ]. Various 
studies have found an association between peridialytic hypertension and strokes 
[ 206 ], heart failure [ 207 ], arrhythmias [ 208 ], cardiovascular events [ 209 ], and all- 
cause mortality [ 210 ]. However, other studies suggest that peridialytic hypertension 
is protective and lower BP is associated with worse mortality [ 4 ,  211 – 213 ], and the 
risk of normotensive BP is magnifi ed when BP is considered as a time dependent 
co-variate [ 211 ,  213 ]. This paradoxical relationship between BP and mortality has 
been termed the “reverse epidemiology” of hypertension [ 205 ] and has raised con-
cern that treatment of hypertension may be harmful [ 214 ]. 

 When examining the prognostic value of hypertension in dialysis it is important 
to additionally consider severity of illness and dialysis vintage as well. This is illus-
trated by a retrospective cohort study of 2770 prevalent PD patients where a fully 
adjusted analysis found higher SBP, DBP, mean arterial pressure, and pulse pressure 
to be associated with decreased mortality during the fi rst year on dialysis [ 215 ]. 
However, higher SBP and pulse pressure were associated with increased mortality 
for those patients on dialysis ≥6 years. Similar fi ndings have been shown in a cohort 
of 16,959 HD patients where SBP <120 mmHg was associated with increased mor-
tality within the fi rst 2 years of starting dialysis, but SBP >150 mmHg was associ-
ated with increased mortality among those that survived at least 3 years [ 216 ]. These 
fi ndings suggest lower BP may be an indicator of more severe illness in those 
patients new to dialysis who are likely to have advanced chronic but unstable sys-
temic comorbidities that recently culminated in  ESRD  , whereas in the survivors that 
have been on dialysis for at least 6 years have a more normal relationship between 
hypertension and outcomes because they are less acutely ill. This explanation is 
further bolstered by the subgroup in the PD cohort who were listed for transplant 
within 6 months of starting dialysis, as in this healthier subgroup higher SBP, DBP, 
mean arterial pressure, and pulse pressure were not associated with improved mor-
tality during the fi rst year of dialysis [ 215 ]. 

 The technique of BP measurement also contributes to the controversial relation-
ship between BP and outcomes as the reverse epidemiology of hypertension is pri-
marily a phenomenon of peridialytic BP values. However, ambulatory BP has a 
strong relationship with mortality on HD, fi rst demonstrated by Amar and colleagues 
in a study of 57 HD patients [ 217 ]. Agarwal and colleagues have confi rmed the 
relationship between ambulatory BP and mortality in a cohort of 150 HD patients, 
and in the same cohort they also demonstrated home BP to similarly have a strong 
relationship with mortality [ 49 ]. In an expanded cohort of 326 HD patients followed 
for a mean of 32 months Agarwal subsequently has shown increased mortality at the 
extremes of ambulatory and home BP, and that mortality was best at a home SBP 
120–130 mmHg and ambulatory SBP 110–120 mmHg, while peridialytic BP had no 

A.D. Sinha



155

relationship with mortality in this cohort [ 25 ]. Most recently an analysis of the 
Chronic Renal Insuffi ciency Cohort (CRIC) study compared pre-HD SBP and out of 
HD unit SBP for prediction of mortality in the 403 subjects who started HD since the 
start of the study [ 218 ]. There were 98 deaths over a mean follow-up of 2.7 years 
and pre-HD SBP showed a U-shaped relationship to mortality consistent with 
reverse epidemiology of hypertension. However, in the 326 subjects who had BP 
checked out of the HD unit in a standardized manner during a research visit, there 
was a signifi cant and direct linear relationship between BP and mortality with haz-
ard ratio 1.26 for every 10 mmHg rise in SBP, which further emphasizes the impor-
tance of BP measurement technique when considering prognosis [ 218 ]. 

 Thus while there is concern for reverse epidemiology of hypertension when ana-
lyzing peridialytic BP, which would suggest that lowering BP would be harmful in 
HD patients, the evidence from ambulatory and home BP studies doesn’t support 
those conclusions, nor does the evidence from two meta-analyses of randomized 
clinical trials of antihypertensive medication use in HD which fi nd cardiovascular 
benefi t rather than harm with active  treatment   [ 159 ,  160 ].     

   References 

     1.    Saran R, Li Y, Robinson B, Ayanian J, Balkrishnan R, Bragg-Gresham J, et al. US Renal Data 
System 2014 Annual Data Report: Epidemiology of kidney disease in the United States. Am 
J Kidney Dis. 2015;65(6 Suppl 1):A7.  

    2.    O’Connell JB, Maggard MA, Ko CY. Colon cancer survival rates with the new American 
Joint Committee on Cancer sixth edition staging. J Natl Cancer Inst. 2004;96(19):1420–5.  

    3.   U.S. Renal Data System, USRDS 2013 Annual Data Report: Atlas of chronic kidney disease 
and end-stage renal disease in the United States, National Institutes of Health, National 
Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, MD, 2013.  

     4.    Salem MM. Hypertension in the hemodialysis population: a survey of 649 patients. Am 
J Kidney Dis. 1995;26(3):461–8.  

   5.    Mittal SK, Kowalski E, Trenkle J, McDonough B, Halinski D, Devlin K, et al. Prevalence of 
hypertension in a hemodialysis population. Clin Nephrol. 1999;51(2):77–82.  

    6.    Rahman M, Dixit A, Donley V, Gupta S, Hanslik T, Lacson E, et al. Factors associated with 
inadequate blood pressure control in hypertensive hemodialysis patients. Am J Kidney Dis. 
1999;33(3):498–506.  

    7.    Rahman M, Fu P, Sehgal AR, Smith MC. Interdialytic weight gain, compliance with dialysis 
regimen, and age are independent predictors of blood pressure in hemodialysis patients. Am 
J Kidney Dis. 2000;35(2):257–65.  

    8.    Eknoyan G, Beck GJ, Cheung AK, Daugirdas JT, Greene T, Kusek JW, et al. Effect of 
dialysis dose and membrane fl ux in maintenance hemodialysis. N Engl J Med. 
2002;347(25):2010–9.  

    9.    Greene T, Beck GJ, Gassman JJ, Gotch FA, Kusek JW, Levey AS, et al. Design and statistical 
issues of the hemodialysis (HEMO) study. Control Clin Trials. 2000;21(5):502–25.  

    10.    Rocco MV, Yan G, Heyka RJ, Benz R, Cheung AK. Risk factors for hypertension in chronic 
hemodialysis patients: baseline data from the HEMO study. Am J Nephrol. 2001;21(4):280–8.  

      11.    Agarwal R, Nissenson AR, Batlle D, Coyne DW, Trout JR, Warnock DG. Prevalence, treat-
ment, and control of hypertension in chronic hemodialysis patients in the United States. Am 
J Med. 2003;115(4):291–7.  

7 Hypertension in the Dialysis Patient



156

    12.    Michael B, Coyne DW, Fishbane S, Folkert V, Lynn R, Nissenson AR, et al. Sodium ferric 
gluconate complex in hemodialysis patients: adverse reactions compared to placebo and iron 
dextran. Kidney Int. 2002;61(5):1830–9.  

       13.    Agarwal R. Epidemiology of interdialytic ambulatory hypertension and the role of volume 
excess. Am J Nephrol. 2011;34(4):381–90.  

     14.    Cheigh JS, Milite C, Sullivan JF, Rubin AL, Stenzel KH. Hypertension is not adequately 
controlled in hemodialysis patients. Am J Kidney Dis. 1992;19(5):453–9.  

    15.    Boudville NC, Cordy P, Millman K, Fairbairn L, Sharma A, Lindsay R, et al. Blood pressure, 
volume, and sodium control in an automated peritoneal dialysis population. Perit Dial Int. 
2007;27(5):537–43.  

    16.    Rocco MV, Flanigan MJ, Beaver S, Frederick P, Gentile DE, McClellan WM, et al. Report 
from the 1995 Core Indicators for Peritoneal Dialysis Study Group. Am J Kidney Dis. 
1997;30(2):165–73.  

    17.    Goldfarb-Rumyantzev AS, Baird BC, Leypoldt JK, Cheung AK. The association between BP 
and mortality in patients on chronic peritoneal dialysis. Nephrol Dial Transplant. 
2005;20(8):1693–701.  

    18.    Cocchi R, Degli EE, Fabbri A, Lucatello A, Sturani A, Quarello F, et al. Prevalence of hyper-
tension in patients on peritoneal dialysis: results of an Italian multicentre study. Nephrol Dial 
Transplant. 1999;14(6):1536–40.  

    19.    Tonbul Z, Altintepe L, Sozlu C, Yeksan M, Yildiz A, Turk S. Ambulatory blood pressure 
monitoring in haemodialysis and continuous ambulatory peritoneal dialysis (CAPD) patients. 
J Hum Hypertens. 2002;16(8):585–9.  

    20.    Townsend RR, Ford V. Ambulatory blood pressure monitoring: coming of age in nephrology. 
J Am Soc Nephrol. 1996;7(11):2279–87.  

   21.    Mansoor GA, White WB. Ambulatory blood pressure monitoring is a useful clinical tool in 
nephrology. Am J Kidney Dis. 1997;30(5):591–605.  

   22.    Peixoto AJ, Santos SF, Mendes RB, Crowley ST, Maldonado R, Orias M, et al. Reproducibility 
of ambulatory blood pressure monitoring in hemodialysis patients. Am J Kidney Dis. 
2000;36(5):983–90.  

    23.    Thompson AM, Pickering TG. The role of ambulatory blood pressure monitoring in chronic 
and end-stage renal disease. Kidney Int. 2006;70(6):1000–7.  

     24.    Agarwal R, Brim NJ, Mahenthiran J, Andersen MJ, Saha C. Out-of-hemodialysis-unit blood 
pressure is a superior determinant of left ventricular hypertrophy. Hypertension. 
2006;47(1):62–8.  

     25.    Agarwal R. Blood pressure and mortality among hemodialysis patients. Hypertension. 
2010;55(3):762–8.  

    26.    Peixoto AJ, Gray TA, Crowley ST. Validation of the SpaceLabs 90207 ambulatory blood 
pressure device for hemodialysis patients. Blood Press Monit. 1999;4(5):217–21.  

    27.    Agarwal R, Lewis RR. Prediction of hypertension in chronic hemodialysis patients. Kidney 
Int. 2001;60(5):1982–9.  

    28.    Agarwal R, Light RP. Arterial stiffness and interdialytic weight gain infl uence ambulatory 
blood pressure patterns in hemodialysis patients. Am J Physiol Renal Physiol. 
2008;294(2):F303–8.  

    29.    Kelley K, Light RP, Agarwal R. Trended cosinor change model for analyzing hemodynamic 
rhythm patterns in hemodialysis patients. Hypertension. 2007;50(1):143–50.  

    30.    Cannella G, Paoletti E, Ravera G, Cassottana P, Araghi P, Mulas D, et al. Inadequate diagno-
sis and therapy of arterial hypertension as causes of left ventricular hypertrophy in uremic 
dialysis patients. Kidney Int. 2000;58(1):260–8.  

    31.    Bishu K, Gricz KM, Chewaka S, Agarwal R. Appropriateness of antihypertensive drug ther-
apy in hemodialysis patients. Clin J Am Soc Nephrol. 2006;1(4):820–4.  

    32.    Argiles A, Mourad G, Mion C. Seasonal changes in blood pressure in patients with end-stage 
renal disease treated with hemodialysis. N Engl J Med. 1998;339(19):1364–70.  

    33.   K/DOQI Workgroup: K/DOQI clinical practice guidelines for cardiovascular disease in dial-
ysis patients. Am J Kidney Dis. 2005;45(4 Suppl 3):S1–153.  

A.D. Sinha



157

    34.    Davenport A, Cox C, Thuraisingham R. Achieving blood pressure targets during dialysis 
improves control but increases intradialytic hypotension. Kidney Int. 2008;73(6):759–64.  

    35.    Rohrscheib MR, Myers OB, Servilla KS, Adams CD, Miskulin D, Bedrick EJ, et al. Age- 
related blood pressure patterns and blood pressure variability among hemodialysis patients. 
Clin J Am Soc Nephrol. 2008;3(5):1407–14.  

    36.    Rahman M, Griffi n V, Kumar A, Manzoor F, Wright Jr JT, Smith MC. A comparison of stan-
dardized versus “usual” blood pressure measurements in hemodialysis patients. Am J Kidney 
Dis. 2002;39(6):1226–30.  

    37.    Conion PJ, Walshe JJ, Heinle SK, Minda S, Krucoff M, Schwab SJ. Predialysis systolic blood 
pressure correlates strongly with mean 24-hour systolic blood pressure and left ventricular 
mass in stable hemodialysis patients. J Am Soc Nephrol. 1996;7(12):2658–63.  

     38.    Agarwal R, Peixoto AJ, Santos SF, Zoccali C. Pre- and postdialysis blood pressures are 
imprecise estimates of interdialytic ambulatory blood pressure. Clin J Am Soc Nephrol. 
2006;1(3):389–98.  

     39.    Agarwal R, Metiku T, Tegegne GG, Light RP, Bunaye Z, Bekele DM, et al. Diagnosing 
hypertension by intradialytic blood pressure recordings. Clin J Am Soc Nephrol. 
2008;3(5):1364–72.  

    40.    Agarwal R, Light RP. Median intradialytic blood pressure can track changes evoked by prob-
ing dry-weight. Clin J Am Soc Nephrol. 2010;5(5):897–904.  

     41.    Pickering TG, Miller NH, Ogedegbe G, Krakoff LR, Artinian NT, Goff D. Call to action on 
use and reimbursement for home blood pressure monitoring: a joint scientifi c statement from 
the American Heart Association, American Society Of Hypertension, and Preventive 
Cardiovascular Nurses Association. Hypertension. 2008;52(1):10–29.  

    42.    Parati G, Stergiou GS, Asmar R, de Leeuw P, Imai Y, Imai Y, et al. European Society of 
Hypertension guidelines for blood pressure monitoring at home: a summary report of the 
Second International Consensus Conference on Home Blood Pressure Monitoring. 
J Hypertens. 2008;26(8):1505–26.  

    43.    Agarwal R. Role of home blood pressure monitoring in hemodialysis patients. Am J Kidney 
Dis. 1999;33(4):682–7.  

    44.    Agarwal R, Peixoto AJ, Santos SF, Zoccali C. Out-of-offi ce blood pressure monitoring in 
chronic kidney disease. Blood Press Monit. 2009;14(1):2–11.  

    45.    Agarwal R, Andersen MJ, Bishu K, Saha C. Home blood pressure monitoring improves the 
diagnosis of hypertension in hemodialysis patients. Kidney Int. 2006;69(5):900–6.  

     46.    Agarwal R, Satyan S, Alborzi P, Light RP, Tegegne GG, Mazengia HS, et al. Home blood 
pressure measurements for managing hypertension in hemodialysis patients. Am J Nephrol. 
2009;30(2):126–34.  

    47.    Moriya H, Ohtake T, Kobayashi S. Aortic stiffness, left ventricular hypertrophy and weekly 
averaged blood pressure (WAB) in patients on haemodialysis. Nephrol Dial Transplant. 
2007;22(4):1198–204.  

     48.    Moriya H, Oka M, Maesato K, Mano T, Ikee R, Ohtake T, et al. Weekly averaged blood pres-
sure is more important than a single-point blood pressure measurement in the risk stratifi ca-
tion of dialysis patients. Clin J Am Soc Nephrol. 2008;3(2):416–22.  

      49.    Alborzi P, Patel N, Agarwal R. Home blood pressures are of greater prognostic value than 
hemodialysis unit recordings. Clin J Am Soc Nephrol. 2007;2(6):1228–34.  

    50.    Kauric-Klein Z, Artinian N. Improving blood pressure control in hypertensive hemodialysis 
patients. CANNT J. 2007;17(4):24–6.  

      51.    da Silva GV, de Barros S, Abensur H, Ortega KC, Mion Jr D. Home blood pressure monitor-
ing in blood pressure control among haemodialysis patients: an open randomized clinical 
trial. Nephrol Dial Transplant. 2009;24(12):3805–11.  

    52.    Agarwal R, Light RP. Chronobiology of arterial hypertension in hemodialysis patients: impli-
cations for home blood pressure monitoring. Am J Kidney Dis. 2009;54(4):693–701.  

        53.    Agarwal R, Sinha AD, Pappas MK, Abraham TN, Tegegne GG. Hypertension in hemodialy-
sis patients treated with atenolol or lisinopril: a randomized controlled trial. Nephrol Dial 
Transplant. 2014;29(3):672–81.  

7 Hypertension in the Dialysis Patient



158

      54.    Agarwal R, Flynn J, Pogue V, Rahman M, Reisin E, Weir MR. Assessment and management 
of hypertension in patients on dialysis. J Am Soc Nephrol. 2014;25(8):1630–46.  

      55.    Inrig JK. Intradialytic hypertension: a less-recognized cardiovascular complication of hemo-
dialysis. Am J Kidney Dis. 2010;55(3):580–9.  

     56.    Inrig JK, Oddone EZ, Hasselblad V, Gillespie B, Patel UD, Reddan D, et al. Association of 
intradialytic blood pressure changes with hospitalization and mortality rates in prevalent 
ESRD patients. Kidney Int. 2007;71(5):454–61.  

     57.    Van Buren PN, Kim C, Toto R, Inrig JK. Intradialytic hypertension and the association with 
interdialytic ambulatory blood pressure. Clin J Am Soc Nephrol. 2011;6(7):1684–91.  

      58.    Agarwal R, Light RP. Intradialytic hypertension is a marker of volume excess. Nephrol Dial 
Transplant. 2010;25(10):3355–61.  

    59.    Inrig JK, Patel UD, Toto RD, Szczech LA. Association of blood pressure increases during 
hemodialysis with 2-year mortality in incident hemodialysis patients: a secondary analysis of 
the Dialysis Morbidity and Mortality Wave 2 Study. Am J Kidney Dis. 2009;54(5):881–90.  

     60.    Yang CY, Yang WC, Lin YP. Postdialysis blood pressure rise predicts long-term outcomes in 
chronic hemodialysis patients: a four-year prospective observational cohort study. BMC 
Nephrol. 2012;13:12.  

    61.    Cirit M, Akcicek F, Terzioglu E, Soydas C, Ok E, Ozbasli CF, et al. ‘Paradoxical’ rise in blood 
pressure during ultrafi ltration in dialysis patients. Nephrol Dial Transplant. 1995;10(8):1417–20.  

         62.    Agarwal R, Alborzi P, Satyan S, Light RP. Dry-weight reduction in hypertensive hemodialy-
sis patients (DRIP): a randomized, controlled trial. Hypertension. 2009;53(3):500–7.  

    63.    El-Shafey EM, El-Nagar GF, Selim MF, El-Sorogy HA, Sabry AA. Is there a role for endo-
thelin- 1 in the hemodynamic changes during hemodialysis? Clin Exp Nephrol. 
2008;12(5):370–5.  

    64.    Chou KJ, Lee PT, Chen CL, Chiou CW, Hsu CY, Chung HM, et al. Physiological changes 
during hemodialysis in patients with intradialysis hypertension. Kidney Int. 
2006;69(10):1833–8.  

     65.    Inrig JK, Van BP, Kim C, Vongpatanasin W, Povsic TJ, Toto R. Probing the mechanisms of 
intradialytic hypertension: a pilot study targeting endothelial cell dysfunction. Clin J Am Soc 
Nephrol. 2012;7(8):1300–9.  

    66.    Saijonmaa O, Metsarinne K, Fyhrquist F. Carvedilol and its metabolites suppress endothelin-
 1 production in human endothelial cell culture. Blood Press. 1997;6(1):24–8.  

    67.    Goodfriend TL, Calhoun DA. Resistant hypertension, obesity, sleep apnea, and aldosterone: 
theory and therapy. Hypertension. 2004;43(3):518–24.  

   68.    Drager LF, Diegues-Silva L, Diniz PM, Bortolotto LA, Pedrosa RP, Couto RB, et al. 
Obstructive sleep apnea, masked hypertension, and arterial stiffness in men. Am J Hypertens. 
2010;23(3):249–54.  

     69.    Dudenbostel T, Calhoun DA. Resistant hypertension, obstructive sleep apnoea and aldoste-
rone. J Hum Hypertens. 2012;26(5):281–7.  

    70.    Goncalves SC, Martinez D, Gus M, de Abreu-Silva EO, Bertoluci C, Dutra I, et al. Obstructive 
sleep apnea and resistant hypertension: a case–control study. Chest. 2007;132(6):1858–62.  

   71.    Pedrosa RP, Drager LF, Gonzaga CC, Sousa MG, de Paula LK, Amaro AC, et al. Obstructive 
sleep apnea: the most common secondary cause of hypertension associated with resistant 
hypertension. Hypertension. 2011;58(5):811–7.  

    72.    Ruttanaumpawan P, Nopmaneejumruslers C, Logan AG, Lazarescu A, Qian I, Bradley 
TD. Association between refractory hypertension and obstructive sleep apnea. J Hypertens. 
2009;27(7):1439–45.  

     73.    Nicholl DD, Ahmed SB, Loewen AH, Hemmelgarn BR, Sola DY, Beecroft JM, et al. 
Declining kidney function increases the prevalence of sleep apnea and nocturnal hypoxia. 
Chest. 2012;141(6):1422–30.  

    74.    Forni OV, Ogna A, Pruijm M, Bassi I, Zuercher E, Halabi G, et al. Prevalence and diagnostic 
approach to sleep apnea in hemodialysis patients: a population study. Biomed Res Int. 
2015;2015:103686.  

A.D. Sinha



159

    75.    Abdel-Kader K, Dohar S, Shah N, Jhamb M, Reis SE, Strollo P, et al. Resistant hypertension 
and obstructive sleep apnea in the setting of kidney disease. J Hypertens. 2012;30(5):960–6.  

    76.    Tada T, Kusano KF, Ogawa A, Iwasaki J, Sakuragi S, Kusano I, et al. The predictors of central 
and obstructive sleep apnoea in haemodialysis patients. Nephrol Dial Transplant. 
2007;22(4):1190–7.  

    77.    Park J, Campese VM. Resistant hypertension and obstructive sleep apnea in end-stage renal 
disease. J Hypertens. 2012;30(5):880–1.  

    78.    Pepin JL, Tamisier R, Barone-Rochette G, Launois SH, Levy P, Baguet JP. Comparison of 
continuous positive airway pressure and valsartan in hypertensive patients with sleep apnea. 
Am J Respir Crit Care Med. 2010;182(7):954–60.  

    79.    Haentjens P, Van MA, Moscariello A, De WS, Poppe K, Dupont A, et al. The impact of con-
tinuous positive airway pressure on blood pressure in patients with obstructive sleep apnea 
syndrome: evidence from a meta-analysis of placebo-controlled randomized trials. Arch 
Intern Med. 2007;167(8):757–64.  

      80.    Lazarus JM, Hampers C, Merrill JP. Hypertension in chronic renal failure. Treatment with 
hemodialysis and nephrectomy. Arch Intern Med. 1974;133(6):1059–66.  

    81.    Murphy RJ. The effect of “rice diet” on plasma volume and extracellular fl uid space in hyper-
tensive subjects. J Clin Invest. 1950;29(7):912–7.  

    82.    Guyton AC, Coleman TG, Cowley Jr AV, Scheel KW, Manning Jr RD, Norman Jr RA. Arterial 
pressure regulation. Overriding dominance of the kidneys in long-term regulation and in 
hypertension. Am J Med. 1972;52(5):584–94.  

    83.    Schalekamp MA, Beevers DG, Briggs JD, Brown JJ, Davies DL, Fraser R, et al. Hypertension 
in chronic renal failure. An abnormal relation between sodium and the renin-angiotensin 
system. Am J Med. 1973;55(3):379–90.  

      84.    Agarwal R, Lewis R, Davis JL, Becker B. Lisinopril therapy for hemodialysis hypertension: 
hemodynamic and endocrine responses. Am J Kidney Dis. 2001;38(6):1245–50.  

        85.    Zannad F, Kessler M, Lehert P, Grunfeld JP, Thuilliez C, Leizorovicz A, et al. Prevention of 
cardiovascular events in end-stage renal disease: results of a randomized trial of fosinopril 
and implications for future studies. Kidney Int. 2006;70(7):1318–24.  

    86.    Ishii M, Ikeda T, Takagi M, Sugimoto T, Atarashi K, Igari T, et al. Elevated plasma catechol-
amines in hypertensives with primary glomerular diseases. Hypertension. 1983;5(4):545–51.  

    87.    Beretta-Piccoli C, Weidmann P, Schiffl  H, Cottier C, Reubi FC. Enhanced cardiovascular 
pressor reactivity to norepinephrine in mild renal parenchymal disease. Kidney Int. 
1982;22(3):297–303.  

    88.    Zoccali C, Mallamaci F, Parlongo S, Cutrupi S, Benedetto FA, Tripepi G, et al. Plasma nor-
epinephrine predicts survival and incident cardiovascular events in patients with end-stage 
renal disease. Circulation. 2002;105(11):1354–9.  

      89.    Converse Jr RL, Jacobsen TN, Toto RD, Jost CM, Cosentino F, Fouad-Tarazi F, et al. 
Sympathetic overactivity in patients with chronic renal failure. N Engl J Med. 
1992;327(27):1912–8.  

    90.    Hausberg M, Kosch M, Harmelink P, Barenbrock M, Hohage H, Kisters K, et al. Sympathetic 
nerve activity in end-stage renal disease. Circulation. 2002;106(15):1974–9.  

     91.    Schlaich MP, Socratous F, Hennebry S, Eikelis N, Lambert EA, Straznicky N, et al. 
Sympathetic activation in chronic renal failure. J Am Soc Nephrol. 2009;20(5):933–9.  

    92.    Buckner FS, Eschbach JW, Haley NR, Davidson RC, Adamson JW. Hypertension following 
erythropoietin therapy in anemic hemodialysis patients. Am J Hypertens. 1990;3(12 Pt 
1):947–55.  

    93.    Abraham PA, Macres MG. Blood pressure in hemodialysis patients during amelioration of 
anemia with erythropoietin. J Am Soc Nephrol. 1991;2(4):927–36.  

    94.    Kaupke CJ, Kim S, Vaziri ND. Effect of erythrocyte mass on arterial blood pressure in dialy-
sis patients receiving maintenance erythropoietin therapy. J Am Soc Nephrol. 
1994;4(11):1874–8.  

    95.    Carlini R, Obialo CI, Rothstein M. Intravenous erythropoietin (rHuEPO) administration 
increases plasma endothelin and blood pressure in hemodialysis patients. Am J Hypertens. 
1993;6(2):103–7.  

7 Hypertension in the Dialysis Patient



160

   96.    Carlini RG, Dusso AS, Obialo CI, Alvarez UM, Rothstein M. Recombinant human erythro-
poietin (rHuEPO) increases endothelin-1 release by endothelial cells. Kidney Int. 
1993;43(5):1010–4.  

    97.    Bode-Boger SM, Boger RH, Kuhn M, Radermacher J, Frolich JC. Recombinant human 
erythropoietin enhances vasoconstrictor tone via endothelin-1 and constrictor prostanoids. 
Kidney Int. 1996;50(4):1255–61.  

    98.    Eschbach JW, Abdulhadi MH, Browne JK, Delano BG, Downing MR, Egrie JC, et al. 
Recombinant human erythropoietin in anemic patients with end-stage renal disease. Results 
of a phase III multicenter clinical trial. Ann Intern Med. 1989;111(12):992–1000.  

    99.    Eschbach JW, Kelly MR, Haley NR, Abels RI, Adamson JW. Treatment of the anemia of 
progressive renal failure with recombinant human erythropoietin. N Engl J Med. 
1989;321(3):158–63.  

    100.    Krapf R, Hulter HN. Arterial hypertension induced by erythropoietin and erythropoiesis- 
stimulating agents (ESA). Clin J Am Soc Nephrol. 2009;4(2):470–80.  

    101.    Lebel M, Kingma I, Grose JH, Langlois S. Effect of recombinant human erythropoietin ther-
apy on ambulatory blood pressure in normotensive and in untreated borderline hypertensive 
hemodialysis patients. Am J Hypertens. 1995;8(6):545–51.  

    102.    Ishimitsu T, Tsukada H, Ogawa Y, Numabe A, Yagi S. Genetic predisposition to hypertension 
facilitates blood pressure elevation in hemodialysis patients treated with erythropoietin. Am 
J Med. 1993;94(4):401–6.  

    103.    Charra B. Control of blood pressure in long slow hemodialysis. Blood Purif. 
1994;12(4–5):252–8.  

    104.    Chazot C, Charra B, Laurent G, Didier C, Vo VC, Terrat JC, et al. Interdialysis blood pressure 
control by long haemodialysis sessions. Nephrol Dial Transplant. 1995;10(6):831–7.  

    105.    Charra B, Calemard E, Ruffet M, Chazot C, Terrat JC, Vanel T, et al. Survival as an index of 
adequacy of dialysis. Kidney Int. 1992;41(5):1286–91.  

    106.    Ozkahya M, Toz H, Qzerkan F, Duman S, Ok E, Basci A, et al. Impact of volume control on 
left ventricular hypertrophy in dialysis patients. J Nephrol. 2002;15(6):655–60.  

     107.    Gunal AI, Duman S, Ozkahya M, Toz H, Asci G, Akcicek F, et al. Strict volume control nor-
malizes hypertension in peritoneal dialysis patients. Am J Kidney Dis. 2001;37(3):588–93.  

    108.    Vertes V, Cangiano JL, Berman LB, Gould A. Hypertension in end-stage renal disease. N 
Engl J Med. 1969;280(18):978–81.  

    109.    Scribner BH. A personalized history of chronic hemodialysis. Am J Kidney Dis. 
1990;16(6):511–9.  

     110.    Sinha AD, Agarwal R. Can chronic volume overload be recognized and prevented in hemo-
dialysis patients? Semin Dial. 2009;22:480.  

    111.    Agarwal R, Weir MR. Dry-weight: a concept revisited in an effort to avoid medication- 
directed approaches for blood pressure control in hemodialysis patients. Clin J Am Soc 
Nephrol. 2010;5(7):1255–60.  

    112.    Agarwal R, Andersen MJ, Pratt JH. On the importance of pedal edema in hemodialysis 
patients. Clin J Am Soc Nephrol. 2008;3(1):153–8.  

    113.    Jaeger JQ, Mehta RL. Assessment of dry weight in hemodialysis: an overview. J Am Soc 
Nephrol. 1999;10(2):392–403.  

     114.    Sinha AD, Light RP, Agarwal R. Relative plasma volume monitoring during hemodialysis 
aids the assessment of dry weight. Hypertension. 2010;55(2):305–11.  

    115.    Hur E, Usta M, Toz H, Asci G, Wabel P, Kahvecioglu S, et al. Effect of fl uid management 
guided by bioimpedance spectroscopy on cardiovascular parameters in hemodialysis patients: 
a randomized controlled trial. Am J Kidney Dis. 2013;61(6):957–65.  

     116.    Grekas D, Bamichas G, Bacharaki D, Goutzaridis N, Kasimatis E, Tourkantonis 
A. Hypertension in chronic hemodialysis patients: current view on pathophysiology and 
treatment. Clin Nephrol. 2000;53(3):164–8.  

    117.    Sinha AD, Agarwal R. What are the causes of the ill effects of chronic hemodialysis? The 
fallacy of low interdialytic weight gain and low ultrafi ltration rate: lower is not always better. 
Semin Dial. 2014;27(1):11–3.  

A.D. Sinha



161

    118.    Hecking M, Karaboyas A, Antlanger M, Saran R, Wizemann V, Chazot C, et al. Signifi cance 
of interdialytic weight gain versus chronic volume overload: consensus opinion. Am 
J Nephrol. 2013;38(1):78–90.  

    119.    Wabel P, Moissl U, Chamney P, Jirka T, Machek P, Ponce P, et al. Towards improved cardio-
vascular management: the necessity of combining blood pressure and fl uid overload. Nephrol 
Dial Transplant. 2008;23(9):2965–71.  

    120.    Wizemann V, Wabel P, Chamney P, Zaluska W, Moissl U, Rode C, et al. The mortality risk of 
overhydration in haemodialysis patients. Nephrol Dial Transplant. 2009;24(5):1574–9.  

    121.    Agarwal R. Hypervolemia is associated with increased mortality among hemodialysis 
patients. Hypertension. 2010;56(3):512–7.  

    122.    Zhu F, Kuhlmann MK, Sarkar S, Kaitwatcharachai C, Khilnani R, Leonard EF, et al. 
Adjustment of dry weight in hemodialysis patients using intradialytic continuous multifre-
quency bioimpedance of the calf. Int J Artif Organs. 2004;27(2):104–9.  

    123.    Zhou YL, Liu J, Sun F, Ma LJ, Han B, Shen Y, et al. Calf bioimpedance ratio improves dry 
weight assessment and blood pressure control in hemodialysis patients. Am J Nephrol. 
2010;32(2):109–16.  

    124.    Burton JO, Jefferies HJ, Selby NM, McIntyre CW. Hemodialysis-induced cardiac injury: 
determinants and associated outcomes. Clin J Am Soc Nephrol. 2009;4(5):914–20.  

    125.    Shoji T, Tsubakihara Y, Fujii M, Imai E. Hemodialysis-associated hypotension as an inde-
pendent risk factor for two-year mortality in hemodialysis patients. Kidney Int. 
2004;66(3):1212–20.  

    126.    O’Donnell M, Mente A, Rangarajan S, McQueen MJ, Wang X, Liu L, et al. Urinary sodium 
and potassium excretion, mortality, and cardiovascular events. N Engl J Med. 
2014;371(7):612–23.  

    127.    Pimenta E, Gaddam KK, Oparil S, Aban I, Husain S, Dell’Italia LJ, et al. Effects of dietary 
sodium reduction on blood pressure in subjects with resistant hypertension: results from a 
randomized trial. Hypertension. 2009;54(3):475–81.  

    128.    McMahon EJ, Bauer JD, Hawley CM, Isbel NM, Stowasser M, Johnson DW, et al. A random-
ized trial of dietary sodium restriction in CKD. J Am Soc Nephrol. 2013;24(12):2096–103.  

    129.    Suckling RJ, He FJ, Macgregor GA. Altered dietary salt intake for preventing and treating 
diabetic kidney disease. Cochrane Database Syst Rev. 2010;12, CD006763.  

     130.    Ramdeen G, Tzamaloukas AH, Malhotra D, Leger A, Murata GH. Estimates of interdialytic 
sodium and water intake based on the balance principle: differences between nondiabetic and 
diabetic subjects on hemodialysis. ASAIO J. 1998;44(6):812–7.  

    131.    Kalantar-Zadeh K, Regidor DL, Kovesdy CP, Van WD, Bunnapradist S, Horwich TB, et al. 
Fluid retention is associated with cardiovascular mortality in patients undergoing long-term 
hemodialysis. Circulation. 2009;119(5):671–9.  

     132.    Flythe JE, Kimmel SE, Brunelli SM. Rapid fl uid removal during dialysis is associated with 
cardiovascular morbidity and mortality. Kidney Int. 2011;79(2):250–7.  

    133.    Krautzig S, Janssen U, Koch KM, Granolleras C, Shaldon S. Dietary salt restriction and 
reduction of dialysate sodium to control hypertension in maintenance haemodialysis patients. 
Nephrol Dial Transplant. 1998;13(3):552–3.  

    134.    Charra B. Fluid balance, dry weight, and blood pressure in dialysis. Hemodial Int. 
2007;11(1):21–31.  

    135.    Appel LJ, Frohlich ED, Hall JE, Pearson TA, Sacco RL, Seals DR, et al. The importance of 
population-wide sodium reduction as a means to prevent cardiovascular disease and stroke: a 
call to action from the American Heart Association. Circulation. 2011;123(10):1138–43.  

    136.    Tomson CR. Advising dialysis patients to restrict fl uid intake without restricting sodium 
intake is not based on evidence and is a waste of time. Nephrol Dial Transplant. 
2001;16(8):1538–42.  

    137.    Ogden DA. A double blind crossover comparison of high and low sodium dialysis. Proc Clin 
Dial Transplant Forum. 1978;8:157–65.  

    138.    Cybulsky AV, Matni A, Hollomby DJ. Effects of high sodium dialysate during maintenance 
hemodialysis. Nephron. 1985;41(1):57–61.  

7 Hypertension in the Dialysis Patient



162

    139.    Santos SF, Peixoto AJ. Revisiting the dialysate sodium prescription as a tool for better blood 
pressure and interdialytic weight gain management in hemodialysis patients. Clin J Am Soc 
Nephrol. 2008;3(2):522–30.  

     140.    Manlucu J, Gallo K, Heidenheim PA, Lindsay RM. Lowering postdialysis plasma sodium 
(conductivity) to increase sodium removal in volume-expanded hemodialysis patients: a pilot 
study using a biofeedback software system. Am J Kidney Dis. 2010;56(1):69–76.  

    141.    Daugirdas JT, Al-Kudsi RR, Ing TS, Norusis MJ. A double-blind evaluation of sodium gradi-
ent hemodialysis. Am J Nephrol. 1985;5(3):163–8.  

     142.    Barre PE, Brunelle G, Gascon-Barre M. A randomized double blind trial of dialysate sodiums 
of 145 mEq/L, 150 mEq/L, and 155 mEq/L. ASAIO Trans. 1988;34(3):338–41.  

     143.    Sang GL, Kovithavongs C, Ulan R, Kjellstrand CM. Sodium ramping in hemodialysis: a 
study of benefi cial and adverse effects. Am J Kidney Dis. 1997;29(5):669–77.  

     144.    Song JH, Lee SW, Suh CK, Kim MJ. Time-averaged concentration of dialysate sodium 
relates with sodium load and interdialytic weight gain during sodium-profi ling hemodialysis. 
Am J Kidney Dis. 2002;40(2):291–301.  

    145.    Munoz MJ, Sun S, Chertow GM, Moran J, Doss S, Schiller B. Dialysate sodium and sodium 
gradient in maintenance hemodialysis: a neglected sodium restriction approach? Nephrol 
Dial Transplant. 2011;26(4):1281–7.  

    146.    de Paula FM, Peixoto AJ, Pinto LV, Dorigo D, Patricio PJ, Santos SF. Clinical consequences 
of an individualized dialysate sodium prescription in hemodialysis patients. Kidney Int. 
2004;66(3):1232–8.  

    147.    Davies S, Carlsson O, Simonsen O, Johansson AC, Venturoli D, Ledebo I, et al. The effects 
of low-sodium peritoneal dialysis fl uids on blood pressure, thirst and volume status. Nephrol 
Dial Transplant. 2009;24(5):1609–17.  

    148.    Tandon T, Sinha AD, Agarwal R. Shorter delivered dialysis times associate with a higher and 
more diffi cult to treat blood pressure. Nephrol Dial Transplant. 2013;28(6):1562–8.  

    149.    Brunet P, Saingra Y, Leonetti F, Vacher-Coponat H, Ramananarivo P, Berland Y. Tolerance of 
haemodialysis: a randomized cross-over trial of 5-h versus 4-h treatment time. Nephrol Dial 
Transplant. 1996;11 Suppl 8:46–51.  

    150.   Tattersall J, Martin-Malo A, Pedrini L, Basci A, Canaud B, Fouque D, et al. EBPG guideline 
on dialysis strategies. Nephrol Dial Transplant 2007;22 Suppl 2:ii5–21.  

    151.    Foley RN, Gilbertson DT, Murray T, Collins AJ. Long interdialytic interval and mortality 
among patients receiving hemodialysis. N Engl J Med. 2011;365(12):1099–107.  

    152.    Twardowski ZJ. Treatment time and ultrafi ltration rate are more important in dialysis pre-
scription than small molecule clearance. Blood Purif. 2007;25(1):90–8.  

    153.    Woods JD, Port FK, Orzol S, Buoncristiani U, Young E, Wolfe RA, et al. Clinical and bio-
chemical correlates of starting “daily” hemodialysis. Kidney Int. 1999;55(6):2467–76.  

     154.    Chan CT, Floras JS, Miller JA, Richardson RM, Pierratos A. Regression of left ventricular 
hypertrophy after conversion to nocturnal hemodialysis. Kidney Int. 2002;61(6):2235–9.  

    155.    Culleton BF, Walsh M, Klarenbach SW, Mortis G, Scott-Douglas N, Quinn RR, et al. Effect 
of frequent nocturnal hemodialysis vs conventional hemodialysis on left ventricular mass and 
quality of life: a randomized controlled trial. JAMA. 2007;298(11):1291–9.  

    156.    Rocco MV, Lockridge Jr RS, Beck GJ, Eggers PW, Gassman JJ, Greene T, et al. The effects 
of frequent nocturnal home hemodialysis: the Frequent Hemodialysis Network Nocturnal 
Trial. Kidney Int. 2011;80(10):1080–91.  

     157.    Chertow GM, Levin NW, Beck GJ, Depner TA, Eggers PW, Gassman JJ, et al. In-center 
hemodialysis six times per week versus three times per week. N Engl J Med. 2010;363(24):
2287–300.  

    158.    Agarwal R. Frequent versus standard hemodialysis. N Engl J Med. 2011;364(10):975–6.  
     159.    Heerspink HJ, Ninomiya T, Zoungas S, de Zeeuw D, Grobbee DE, Jardine MJ, et al. Effect 

of lowering blood pressure on cardiovascular events and mortality in patients on dialysis: a 
systematic review and meta-analysis of randomised controlled trials. Lancet. 
2009;373(9668):1009–15.  

A.D. Sinha



163

      160.    Agarwal R, Sinha AD. Cardiovascular protection with antihypertensive drugs in dialysis 
patients: systematic review and meta-analysis. Hypertension. 2009;53(5):860–6.  

    161.    Levin NW, Kotanko P, Eckardt KU, Kasiske BL, Chazot C, Cheung AK, et al. Blood pressure 
in chronic kidney disease stage 5D-report from a kidney disease: improving global outcomes 
controversies conference. Kidney Int. 2010;77(4):273–84.  

    162.    Brater DC. Diuretic therapy. N Engl J Med. 1998;339(6):387–95.  
    163.    Hayashi SY, Seeberger A, Lind B, Gunnes S, Alvestrand A, do Nascimento MM, et al. Acute 

effects of low and high intravenous doses of furosemide on myocardial function in anuric hae-
modialysis patients: a tissue Doppler study. Nephrol Dial Transplant. 2008;23(4):1355–61.  

    164.    Pickkers P, Hughes AD, Russel FG, Thien T, Smits P. Thiazide-induced vasodilation in 
humans is mediated by potassium channel activation. Hypertension. 1998;32(6):1071–6.  

    165.    Eladari D, Chambrey R. Identifi cation of a novel target of thiazide diuretics. J Nephrol. 
2011;24(4):391–4.  

    166.    Bennett WM, McDonald WJ, Kuehnel E, Hartnett MN, Porter GA. Do diuretics have antihy-
pertensive properties independent of natriuresis? Clin Pharmacol Ther. 1977;22(5 Pt 
1):499–504.  

    167.    Foody JM, Farrell MH, Krumholz HM. beta-Blocker therapy in heart failure: scientifi c 
review. JAMA. 2002;287(7):883–9.  

    168.    Teo KK, Yusuf S, Furberg CD. Effects of prophylactic antiarrhythmic drug therapy in acute 
myocardial infarction. An overview of results from randomized controlled trials. JAMA. 
1993;270(13):1589–95.  

    169.    Abbott KC, Trespalacios FC, Agodoa LY, Taylor AJ, Bakris GL. beta-Blocker use in long- 
term dialysis patients: association with hospitalized heart failure and mortality. Arch Intern 
Med. 2004;164(22):2465–71.  

    170.    Cice G, Ferrara L, D’Andrea A, D’Isa S, Di BA, Cittadini A, et al. Carvedilol increases two- 
year survivalin dialysis patients with dilated cardiomyopathy: a prospective, placebo- 
controlled trial. J Am Coll Cardiol. 2003;41(9):1438–44.  

    171.    Mancia G, De BG, Dominiczak A, Cifkova R, Fagard R, Germano G, et al. 2007 Guidelines 
for the management of arterial hypertension: the task force for the management of arterial 
hypertension of the European Society of Hypertension (ESH) and of the European Society of 
Cardiology (ESC). J Hypertens. 2007;25(6):1105–87.  

    172.    Wiysonge CS, Bradley HA, Volmink J, Mayosi BM, Mbewu A, Opie LH. Beta-blockers for 
hypertension. Cochrane Database Syst Rev. 2012;11, CD002003.  

    173.    Denker MG, Cohen DL. Antihypertensive medications in end-stage renal disease. Semin 
Dial. 2015;28(4):330–6.  

    174.    Agarwal R. Supervised atenolol therapy in the management of hemodialysis hypertension. 
Kidney Int. 1999;55(4):1528–35.  

     175.    James PA, Oparil S, Carter BL, Cushman WC, Dennison-Himmelfarb C, Handler J, et al. 
2014 evidence-based guideline for the management of high blood pressure in adults: report 
from the panel members appointed to the Eighth Joint National Committee (JNC 8). JAMA. 
2014;311(5):507–20.  

    176.    Pfeffer MA, Braunwald E, Moye LA, Basta L, Brown Jr EJ, Cuddy TE, et al. Effect of cap-
topril on mortality and morbidity in patients with left ventricular dysfunction after myocar-
dial infarction. Results of the survival and ventricular enlargement trial. The SAVE 
Investigators. N Engl J Med. 1992;327(10):669–77.  

    177.    Pfeffer MA, McMurray JJ, Velazquez EJ, Rouleau JL, Kober L, Maggioni AP, et al. Valsartan, 
captopril, or both in myocardial infarction complicated by heart failure, left ventricular dys-
function, or both. N Engl J Med. 2003;349(20):1893–906.  

     178.    Zheng S, Nath V, Coyne DW. ACE inhibitor-based, directly observed therapy for hyperten-
sion in hemodialysis patients. Am J Nephrol. 2007;27(5):522–9.  

    179.    Saracho R, Martin-Malo A, Martinez I, Aljama P, Montenegro J. Evaluation of the Losartan 
in Hemodialysis (ELHE) Study. Kidney Int Suppl. 1998;68:S125–9.  

    180.    Zannad F, Kessler M, Grunfeld JP, Thuilliez C. FOSIDIAL: a randomised placebo controlled 
trial of the effects of fosinopril on cardiovascular morbidity and mortality in haemodialysis 

7 Hypertension in the Dialysis Patient



164

patients. Study design and patients’ baseline characteristics. Fundam Clin Pharmacol. 
2002;16(5):353–60.  

      181.    Takahashi A, Takase H, Toriyama T, Sugiura T, Kurita Y, Ueda R, et al. Candesartan, an 
angiotensin II type-1 receptor blocker, reduces cardiovascular events in patients on chronic 
haemodialysis--a randomized study. Nephrol Dial Transplant. 2006;21(9):2507–12.  

     182.    Suzuki H, Kanno Y, Sugahara S, Ikeda N, Shoda J, Takenaka T, et al. Effect of angiotensin 
receptor blockers on cardiovascular events in patients undergoing hemodialysis: an open- 
label randomized controlled trial. Am J Kidney Dis. 2008;52(3):501–6.  

     183.    Tai DJ, Lim TW, James MT, Manns BJ, Tonelli M, Hemmelgarn BR. Cardiovascular effects 
of Angiotensin converting enzyme inhibition or Angiotensin receptor blockade in hemodialy-
sis: a meta-analysis. Clin J Am Soc Nephrol. 2010;5(4):623–30.  

     184.    Akbari A, Knoll G, Ferguson D, McCormick B, Davis A, Biyani M. Angiotensin-converting 
enzyme inhibitors and angiotensin receptor blockers in peritoneal dialysis: systematic review 
and meta-analysis of randomized controlled trials. Perit Dial Int. 2009;29(5):554–61.  

    185.    Jafar TH, Stark PC, Schmid CH, Landa M, Maschio G, de Jong PE, et al. Progression of 
chronic kidney disease: the role of blood pressure control, proteinuria, and angiotensin- 
converting enzyme inhibition: a patient-level meta-analysis. Ann Intern Med. 
2003;139(4):244–52.  

    186.   Krediet RT. How to preserve residual renal function in patients with chronic kidney disease 
and on dialysis? Nephrol Dial Transplant. 2006;21 Suppl 2:ii42–ii6.  

     187.    Li PK, Chow KM, Wong TY, Leung CB, Szeto CC. Effects of an angiotensin-converting 
enzyme inhibitor on residual renal function in patients receiving peritoneal dialysis. A ran-
domized, controlled study. Ann Intern Med. 2003;139(2):105–12.  

    188.    Suzuki H, Kanno Y, Sugahara S, Okada H, Nakamoto H. Effects of an angiotensin II receptor 
blocker, valsartan, on residual renal function in patients on CAPD. Am J Kidney Dis. 
2004;43(6):1056–64.  

    189.    Kjaergaard KD, Peters CD, Jespersen B, Tietze IN, Madsen JK, Pedersen BB, et al. 
Angiotensin blockade and progressive loss of kidney function in hemodialysis patients: a 
randomized controlled trial. Am J Kidney Dis. 2014;64(6):892–901.  

    190.    Tepel M, Hopfenmueller W, Scholze A, Maier A, Zidek W. Effect of amlodipine on cardio-
vascular events in hypertensive haemodialysis patients. Nephrol Dial Transplant. 
2008;23(11):3605–12.  

    191.    London GM, Pannier B, Guerin AP, Marchais SJ, Safar ME, Cuche JL. Cardiac hypertrophy, 
aortic compliance, peripheral resistance, and wave refl ection in end-stage renal disease. 
Comparative effects of ACE inhibition and calcium channel blockade. Circulation. 
1994;90(6):2786–96.  

    192.    Shibasaki Y, Masaki H, Nishiue T, Nishikawa M, Matsubara H, Iwasaka T. Angiotensin II 
type 1 receptor antagonist, losartan, causes regression of left ventricular hypertrophy in end- 
stage renal disease. Nephron. 2002;90(3):256–61.  

    193.    Taylor AL, Ziesche S, Yancy C, Carson P, D’Agostino Jr R, Ferdinand K, et al. Combination 
of isosorbide dinitrate and hydralazine in blacks with heart failure. N Engl J Med. 
2004;351(20):2049–57.  

    194.    Chapman N, Dobson J, Wilson S, Dahlof B, Sever PS, Wedel H, et al. Effect of spironolac-
tone on blood pressure in subjects with resistant hypertension. Hypertension. 
2007;49(4):839–45.  

    195.    Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A, Perez A, et al. The effect of spironolac-
tone on morbidity and mortality in patients with severe heart failure. Randomized Aldactone 
Evaluation Study Investigators. N Engl J Med. 1999;341(10):709–17.  

    196.    Pitt B, Williams G, Remme W, Martinez F, Lopez-Sendon J, Zannad F, et al. The EPHESUS 
trial: eplerenone in patients with heart failure due to systolic dysfunction complicating acute 
myocardial infarction. Eplerenone Post-AMI Heart Failure Effi cacy and Survival Study. 
Cardiovasc Drugs Ther. 2001;15(1):79–87.  

A.D. Sinha



165

    197.    Ni X, Zhang J, Zhang P, Wu F, Xia M, Ying G, et al. Effects of spironolactone on dialysis 
patients with refractory hypertension: a randomized controlled study. J Clin Hypertens 
(Greenwich). 2014;16(9):658–63.  

    198.    Matsumoto Y, Mori Y, Kageyama S, Arihara K, Sugiyama T, Ohmura H, et al. Spironolactone 
reduces cardiovascular and cerebrovascular morbidity and mortality in hemodialysis patients. 
J Am Coll Cardiol. 2014;63(6):528–36.  

    199.    Allen EV. Sympathectomy for essential hypertension. Circulation. 1952;6(1):131–40.  
    200.    Schlaich MP, Bart B, Hering D, Walton A, Marusic P, Mahfoud F, et al. Feasibility of catheter- 

based renal nerve ablation and effects on sympathetic nerve activity and blood pressure in 
patients with end-stage renal disease. Int J Cardiol. 2013;168(3):2214–20.  

    201.    Krum H, Schlaich M, Whitbourn R, Sobotka PA, Sadowski J, Bartus K, et al. Catheter-based 
renal sympathetic denervation for resistant hypertension: a multicentre safety and proof-of- 
principle cohort study. Lancet. 2009;373(9671):1275–81.  

    202.    Bhatt DL, Kandzari DE, O’Neill WW, D’Agostino R, Flack JM, Katzen BT, et al. A con-
trolled trial of renal denervation for resistant hypertension. N Engl J Med. 
2014;370(15):1393–401.  

    203.    Lewington S, Clarke R, Qizilbash N, Peto R, Collins R. Age-specifi c relevance of usual blood 
pressure to vascular mortality: a meta-analysis of individual data for one million adults in 61 
prospective studies. Lancet. 2002;360(9349):1903–13.  

    204.    Dorhout Mees EJ. Hypertension in haemodialysis patients: who cares? Nephrol Dial 
Transplant. 1999;14(1):28–30.  

     205.    Kalantar-Zadeh K, Kilpatrick RD, McAllister CJ, Greenland S, Kopple JD. Reverse epidemi-
ology of hypertension and cardiovascular death in the hemodialysis population: the 58th 
annual fall conference and scientifi c sessions. Hypertension. 2005;45(4):811–7.  

    206.    Kawamura M, Fijimoto S, Hisanaga S, Yamamoto Y, Eto T. Incidence, outcome, and risk 
factors of cerebrovascular events in patients undergoing maintenance hemodialysis. Am 
J Kidney Dis. 1998;31(6):991–6.  

    207.    Foley RN, Parfrey PS, Harnett JD, Kent GM, Murray DC, Barre PE. Impact of hypertension 
on cardiomyopathy, morbidity and mortality in end-stage renal disease. Kidney Int. 
1996;49(5):1379–85.  

    208.    De Lima JJ, Lopes HF, Grupi CJ, Abensur H, Giorgi MC, Krieger EM, et al. Blood pressure 
infl uences the occurrence of complex ventricular arrhythmia in hemodialysis patients. 
Hypertension. 1995;26(6 Pt 2):1200–3.  

    209.    Takeda A, Toda T, Fujii T, Shinohara S, Sasaki S, Matsui N. Discordance of infl uence of 
hypertension on mortality and cardiovascular risk in hemodialysis patients. Am J Kidney Dis. 
2005;45(1):112–8.  

    210.    Tomita J, Kimura G, Inoue T, Inenaga T, Sanai T, Kawano Y, et al. Role of systolic blood 
pressure in determining prognosis of hemodialyzed patients. Am J Kidney Dis. 
1995;25(3):405–12.  

     211.    Zager PG, Nikolic J, Brown RH, Campbell MA, Hunt WC, Peterson D, et al. “U” curve 
association of blood pressure and mortality in hemodialysis patients. Medical Directors of 
Dialysis Clinic, Inc. Kidney Int. 1998;54(2):561–9.  

   212.    Port FK, Hulbert-Shearon TE, Wolfe RA, Bloembergen WE, Golper TA, Agodoa LY, et al. 
Predialysis blood pressure and mortality risk in a national sample of maintenance hemodialy-
sis patients. Am J Kidney Dis. 1999;33(3):507–17.  

     213.    Li Z, Lacson Jr E, Lowrie EG, Ofsthun NJ, Kuhlmann MK, Lazarus JM, et al. The epidemiol-
ogy of systolic blood pressure and death risk in hemodialysis patients. Am J Kidney Dis. 
2006;48(4):606–15.  

    214.    Lacson Jr E, Lazarus JM. The association between blood pressure and mortality in ESRD-not 
different from the general population? Semin Dial. 2007;20(6):510–7.  

     215.    Udayaraj UP, Steenkamp R, Caskey FJ, Rogers C, Nitsch D, Ansell D, et al. Blood pressure 
and mortality risk on peritoneal dialysis. Am J Kidney Dis. 2009;53(1):70–8.  

7 Hypertension in the Dialysis Patient



166

    216.    Stidley CA, Hunt WC, Tentori F, Schmidt D, Rohrscheib M, Paine S, et al. Changing rela-
tionship of blood pressure with mortality over time among hemodialysis patients. J Am Soc 
Nephrol. 2006;17(2):513–20.  

    217.    Amar J, Vernier I, Rossignol E, Bongard V, Arnaud C, Conte JJ, et al. Nocturnal blood pres-
sure and 24-hour pulse pressure are potent indicators of mortality in hemodialysis patients. 
Kidney Int. 2000;57(6):2485–91.  

     218.    Bansal N, McCulloch CE, Rahman M, Kusek JW, Anderson AH, Xie D, et al. Blood pressure 
and risk of all-cause mortality in advanced chronic kidney disease and hemodialysis: the 
chronic renal insuffi ciency cohort study. Hypertension. 2015;65(1):93–100.    

A.D. Sinha



167© Springer Science+Business Media New York 2016 
A.K. Singh, R. Agarwal (eds.), Core Concepts in Hypertension 
in Kidney Disease, DOI 10.1007/978-1-4939-6436-9_8

    Chapter 8   
 Hypertension in the Kidney Transplant 
Recipient                     

     Sebastian     Varas      and     John     Vella     

          Introduction 

 The year 1954 ushered the fulfi llment of a breakthrough achievement in the 
 management of irreversible kidney disease. Building on a program of preclinical 
research, the surgical team at the Peter Bent Brigham Hospital in Boston performed 
the fi rst successful transplant. The kidney recipient was a 23-year-old man with  end- 
stage renal disease (ESRD)   due to chronic glomerulonephritis complicated by 
severe hypertension. The donor was his identical twin-brother. In a world before the 
development of effective immunosuppression and antihypertensives, the team pro-
vided proof of concept that a vascularized solid organ could be transplanted suc-
cessfully. Pertinent to this chapter, the recipient battled hypertension before and 
after transplantation and died of myocardial infarction with a functioning allograft 
8 years later [ 1 ]. Since then, kidney transplantation has prolonged the lives of hun-
dreds of thousands ESRD patients [ 2 – 5 ], improved quality of life and is cost- 
effective compared with dialysis [ 6 – 10 ]. 

 Before the approval of cyclosporine in 1983 by the United States Food and Drug 
Administration (FDA), nearly half of all transplant recipients were hypertensive 
[ 11 ]. Currently, more than 90 % of kidney transplant recipients taking  calcineurin 
inhibitor-based therapy   are hypertensive [ 12 – 14 ]. Conversely, in a 2003–2005 
( n  = 94) cohort reported by Paoletti et al., only 5 % of kidney allograft recipients 
were normotensive as defi ned by  ambulatory blood pressure monitoring (ABPM)   of 
less than 130/80 mmHg without treatment [ 15 ]. This change in the reported 
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 incidence of HTN may partly refl ect changing defi nitions of high blood pressure 
(BP) over time; thus, direct comparisons may be misleading. 

 Kidney transplant recipients are at increased  risk   of cardiovascular disease 
(CVD) and death compared to the general population [ 16 ,  17 ]. Hypertension is an 
important independent traditional risk factor for the development of CVD, allograft 
dysfunction, and death with a functioning allograft [ 18 ,  19 ]. Opelz and coworkers, 
from the Collaborative Transplant Study group, were among the fi rst to confi rm not 
only a strong and graded relationship between post-transplant blood pressure and 
kidney allograft failure, but also demonstrated improved long-term outcomes when 
blood pressure was controlled (see Management). In  Opelz’s landmark multi- 
national study   published in 1998, a cohort of 29,751 kidney transplant recipients 
followed for 7 years indicated that HTN was a major predictor of subsequent 
allograft failure. Opelz and colleagues also demonstrated that the association of 
elevated BP and allograft survival was independent of prior episodes of transplant 
rejection; a concept that was later confi rmed by Mange and others [ 19 – 22 ]. It should 
be noted that most data pertaining to hypertension after kidney transplantation have 
accrued from clinical trials that focused on immunotherapeutic regimens, as well as 
analyses of registry databases, rather than studies focusing primarily on hyperten-
sion as an end-point [ 23 ].  

    Defi nitions and Diagnosis 

 According to the World Health Organization, approximately 1.5 billion people 
worldwide have hypertension (25 % of estimated global adult population), and the 
proportion of individuals whose hypertension is controlled with medication remains 
low [ 24 ,  25 ]. According to the 2012 NHANES analysis, 25.5 % of American adults 
are hypertensive [ 26 ]. 

 Several groups have developed guidelines to defi ne, diagnose, and treat elevated 
blood pressure levels in different populations, more recently with particular refer-
ence to elderly, diabetic (DM), chronic kidney disease (CKD) patients and kidney 
transplant recipients (see Table  8.1 ) [ 27 ].

   The 8th Joint National Committee guidelines (JNC  8     ) published in 2014 re- 
defi ned hypertension treatment targets. In adults with CKD and/or DM, pharmaco-
logic therapy is recommended when blood pressure exceeds 140/90 mmHg [ 28 ]. 
This relaxation of targets for the CKD/DM population is a major change from the 
JNC 7 guidelines. Inasmuch as JNC 8 extensively reviewed published evidence, 
there were no specifi c recommendations regarding patients with proteinuria, hyper-
tension, kidney transplantation, or living kidney donors. The  JNC 8 guidelines   are 
similar to those of the European Society of Hypertension/European Society of 
Cardiology (ESH/ESC) published in 2013 [ 29 ]. In the latter, two aspects were high-
lighted: target diastolic BP for diabetics was set at less than 85 mmHg, and an 
emphasis placed on ABPM as a valuable diagnostic tool to assist in the BP 
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management- decision-making process, compared to offi ce blood pressure measure-
ments (see Table  8.2 ) [ 27 ].

   Current Kidney Disease: Improving Global Outcomes (KDIGO) guidelines pub-
lished in 2012 recommend for adult kidney transplant recipients a goal BP of less 
than or equal to 130/80 mmHg irrespective of albuminuria level [ 30 ], and in 2014 
the European Renal Best Practice (ERBP) guidelines endorsed the above target BP 
and included defi nitions for HTN based on the method used for its measurement 
(see Table  8.2 ) [ 27 ,  31 ]. 

 In 2015, the  Systolic Blood Pressure Intervention Trial (SPRINT)   [ 32 ] deter-
mined that for patients at high risk for cardiovascular events but without diabetes 
mellitus, targeting a systolic BP of less than 120 mmHg, as compared with less than 
140 mmHg, resulted in lower rates of fatal and nonfatal major cardiovascular events 
and death from any cause, although signifi cantly higher rates of some adverse events 
were observed in the intensive-treatment group. The applicability of these conclu-
sions to the post-transplant population remains unclear as such patients were not 
included in the study groups. 

   Table 8.1     Blood pressure goals     

 Guideline  Population  Goal BP (mmHg) 

 JNC 8  General, age ≥60 years  <150/90 
 General, age <60 years  <140/90 
 DM or CKD  <140/90 

 JNC  7    General, any age  <140/90 
 DM or CKD  <130/80 

 KDIGO 2012 & ERBP  CKD without proteinuria  <140/90 
 CKD with proteinuria  ≤130/80 
 Kidney transplant recipient  ≤130/80 

   BP  blood pressure,  CKD  chronic kidney disease,  DM  diabetes mellitus,  ERBP  European Renal 
Best Practice,  JNC  Joint National Committee,  KDIGO  Kidney Disease: Improving Global 
Outcomes. Adapted from Rossi AP, Vella JP. Hypertension, Living Kidney Donors, and 
Transplantation: Where Are We Today? Advances in chronic kidney disease. 2015;22(2):154–64; 
used with permission [ 27 ]  

   Table 8.2     Defi nition   of 
hypertension by method of 
blood pressure measurement  

 Category 
 ESH/ESC (BP 
mmHg)  JNC 7 (BP mmHg) 

 Offi ce BP  ≥140/90  ≥140/90 
  Ambulatory BP  
   Daytime  ≥135/85  ≥135/85 
   Nighttime  ≥120/70  ≥120/75 
   24-h (mean)  ≥130/80 
 Home BP  ≥135/85  ≥135/85 

   BP  blood pressure,  ESC  European Society of Cardiology,  ESH  
European Society of Hypertension,  JNC  Joint National 
Committee. Adapted from: Rossi A. and Vella J. [ 27 ]  
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     Nocturnal and Masked Hypertension   

 Blood pressure can be measured in different ways: offi ce-based (OBPM), home or 
self-based (SBPM), and ambulatory 24-h (ABPM) measurement (see Table  8.3 ). In 
kidney transplant recipients, Prasad et al. found that OBPM may be elevated by 
3–4 mmHg more than the daily average BP [ 33 ]. Stenehjem et al. studying 49 kid-
ney recipients determined that  ABPM   was the most sensitive diagnostic method, 
detecting 84 % of uncontrolled hypertension, followed by 71 % with SBPM and 
47 % with OBPM. In this analysis, they also found non-dipping nocturnal hyperten-
sion in 82 % and reverse-dipping (i.e., nocturnal BP increase from daytime systolic 
BP by ABPM night-day BP ratio >0.1) in 39 % of the cohort [ 34 ,  35 ]. Ibernon et al. 
found reverse-dipping nocturnal hypertension in 31 % of a prospective cohort of 
126 kidney transplant recipients that was associated with increased risk of CV 
events or allograft failure. They also described associations between the reverse- 
dipping pattern and the presence of: pre-transplantation DM, increasing BMI, and 
the use of calcineurin inhibitor immunosuppressive drugs [ 36 ].

   The prevalence of  nocturnal hypertension   after kidney transplantation has been 
reported between 29 % [ 15 ] and 79 % [ 27 ,  37 ]. In the CKD population, nocturnal 
hypertension has been associated with increased mortality and left ventricular 
hypertrophy (LVH) [ 38 – 40 ]. LVH is known to be an independent marker of CV 
mortality as described in the Framingham study [ 41 ]. Wadei et al. have further 
described the negative impact of nocturnal hypertension in kidney recipients 1 year 
after transplant, reporting that for every 10 % increase in nocturnal systolic BP there 
was an associated decline in GFR by an average of 4.6 ml/min/1.73 m 2  ( p  < 0.04) 
[ 42 ]. In a later sub-cohort from this study, reduced GFR at 3 years post-transplant 
correlated with abnormal circadian BP pattern at 1-year ( p  ≤ 0.03), suggesting cau-
sation [ 43 ]. 

    Table 8.3    Post-transplantation hypertension  categories, prevalence, and risk factors     

 Category  Prevalence (%)  Potential risk factors 

 Masked hypertension  18–39 
 Nocturnal hypertension  29–79 
   Non- dippers    25–82 
   Reverse-dippers [ 36 ]  31–39  Pre-transplant HTN 

 Increased BMI 
 CNI-based immunotherapy 

 Resistant hypertension [ 54 ,  55 ]  7– 24    Male 
 Age >59 
 DM 
 Worse CV profi le 
 Poor eGFR 
 Increased 24-h proteinuria 
 Steroid immunotherapy 

   BMI  body mass index,  CNI  calcineurin inhibitor,  CV  cardiovascular,  DM  diabetes mellitus,  eGFR  
estimated glomerular fi ltration rate,  HTN  hypertension  
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 In the general population,  masked hypertension (MHT)   is predictor of worsened 
CV outcomes as Fagard et al. demonstrated in a 2006 analysis that indicated the rela-
tive risk of mortality was twofold higher compared with normotensives [ 44 ]. In the 
kidney transplant population, the prevalence of MHT was found to be at 18–39 % [ 45 ]. 
Kayrak and coworkers reported its prevalence in a cohort of 114 kidney transplant 
recipients, to be at 39 % (average daytime BP ≥ 135/85 mmHg, compared to OBPM 
previously deemed normal at <140/90 mmHg). Interestingly, the incidence of  MHT   
was 40 % in deceased-donor recipients versus 19 % in living-donor recipients [ 46 ]. 

 To further acknowledge and address the relationship between HTN and LVH in 
the kidney transplant population, Lipkin et al. analyzed data from a small observa-
tional cohort of normotensive kidney transplant recipients ( n  = 28; previous OBPM 
<140/90 mmHg) not taking antihypertensive medications. All patients were more 
than 12-months post-transplantation with stable kidney function (creatinine clear-
ance of 70 ± 4 ml/min) and without anemia or valvular heart disease. Several impor-
tant fi ndings were described: elevated left ventricular mass index (LVMI) was 
present in 25 % of the cohort and was more commonly found in the cyclosporine- 
treated recipients. When comparing ABPM versus OBPM, LVMI was more closely 
correlated with systolic BP than diastolic BP. 25 % were non-dippers and they also 
showed statistically signifi cant higher LVMI compared to dippers, a fi nding consis-
tent with that of the general population [ 40 ,  47 ]. These associations have been re- 
validated in most recent times by a cross-sectional investigation by Sezer et al. who 
studied a non-diabetic cohort of kidney transplant recipients ( n  = 98) more than 
12-months post-transplant, and examined the relationship between LVMI, ABPM, 
and renal resistive index (RRI; a sonographic measurement of renal arterial disease 
[ 48 ]). They described an association between RRI with mean systolic OBPM, and 
mean systolic diurnal and nighttime ABPM. After multiple logistic  regression   anal-
ysis, mean nighttime systolic BP and RRI were independent risk factors for 
increased LVMI [ 49 ].  

     Resistant Hypertension   

  Resistant hypertension (RH)   is defi ned as a blood pressure >140/90 mmHg, or 
≥130/80 in CKD or DM patients, while taking three or more full-dose antihyperten-
sives from different classes, one of which being a diuretic [ 28 ,  50 ,  51 ]. Persell et al. 
analyzed NHANES 2003–2008 data, and described the prevalence of RH in the 
USA at 12.8 % (roughly 50 % of the adult hypertensive population) [ 52 ]. Similarly, 
de la Sierra et al. reported the prevalence of RH in a Spanish population to be 12.2 % 
(OBPM-based) [ 53 ]. 

 In the kidney transplant population, data about RH is limited. Gago-Fraile et al. 
performed a cross-sectional analysis of 529 patients with a functioning allograft 
over 11.4 ± 6.5 years. Hypertension was prevalent in 85 % of patients, with RH in 
6.8 % of them. This subgroup tended to be older, diabetic, had inferior kidney 
 function (eGFR MDRD of 36.2 ± 20.4 ml/min per 1.73 m 2 ; more proteinuria [mean 
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2.55 ± 2.61 g/d]), and were steroid maintained [ 54 ]. Similarly, reporting for the 
RETENAL group (Control of Resistant Hypertension in Renal Transplant), Arias- 
Rodriguez et al. highlighted the current prevalence and potential implications of RH 
on kidney transplant patient’s CVD risk, patient and allograft survival. In this 
Spanish multi-center cross-sectional observational study, they described RH preva-
lence to be at 23.5 % (OBPM-based), citing as risk factors: men, older age, and 
worse CV risk profi le [ 55 ]. 

 In summary,  ABPM      use in the kidney transplant recipient population is a valu-
able tool to diagnose and classify hypertensive patients [ 56 – 58 ]. Masked and noc-
turnal HTN with its different categories are highly prevalent and associated with 
inferior allograft and patient outcomes (see Table  8.3 ).   

     Epidemiology   

 The leading cause of kidney allograft failure is death with a functioning graft, and 
the leading cause of death after kidney transplantation is cardiovascular disease, 
with an annual risk of 3.5–5 %, this being a 50-fold higher than the general popula-
tion [ 16 ,  17 ,  59 ]. Traditional risk factors for coronary heart disease (CHD) in the 
general population are the same for kidney transplant recipients, with the caveat that 
risk-prediction calculations validated and used in the general population underesti-
mate CHD risk in the latter group (see Fig.  8.1 ) [ 27 ,  60 ,  61 ].

       Pathogenesis 

 The  pathogenesis   of hypertension after kidney transplantation is complex, variable, 
and multifactorial. Initially, hypertension can be attributed to ESRD with concomi-
tant salt and water retention. As allograft function leads to auto-diuresis, blood pres-
sure often improves although with persistent dysregulation in salt, water, and use of 
immunotherapy with vaso-active consequence. This is superimposed on the recipi-
ent’s underlying CVD continuum that includes genetics, pre-transplant comorbidi-
ties, vascular calcifi cation, left ventricular hypertrophy as well as factors that relate to 
 immunosuppression  . Furthermore, Opelz et al. theorized that hypertension may trig-
ger mechanical injury that amplifi es immunologically induced processes [ 21 ]. This 
premise would be in harmony with Luft and Haller’s general fi nding that high blood 
pressure activates infl ammatory effector mechanisms in the renal tissue, that manifest 
themselves as tubulointerstitial infl ammation, with perivascular  monocyte   and mac-
rophage infi ltration, fi broblast proliferation, and increased interstitial matrix deposi-
tion, all yielding a not surprising fi brotic process [ 62 ]. In the early days of 
transplantation, chronic rejection and failure to remove the native kidneys were con-
sidered to be the most common causes of hypertension after transplantation [ 63 ]. 
More recently, chronic rejection seems to have been replaced by CNI-induced neph-
rotoxicity leading to hypertension as a more common issue [ 64 ]. 
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     Risk Factors   

 Multiple factors infl uence hypertension after kidney transplantation including pre- 
transplant HTN[ 65 ], increased body mass index (BMI), primary kidney disease, 
quality of the donor kidney, delayed graft function, acute rejection, immunosup-
pressive medications, transplant renal artery stenosis, and chronic allograft nephrop-
athy (see Fig.  8.1 ) [ 27 ]. It is useful to consider such elements as being those that 
derive from the donor, the recipient, and those related to the transplant itself (see 
Table  8.4 ) [ 27 ,  66 ,  67 ].

        Donor Characteristics   

 Non-modifi able factors such as donor age, gender, nephron mass, personal and fam-
ily history of HTN have all been associated with post-transplant hypertension. 
Ducloux et al. performed a retrospective cohort of 321 kidney recipients, and found 
by multivariate analysis that donor age was associated with post-transplant HTN 
risk by 28 % per each 10-year increase in donor age (RR 1.28, 95 % CI 1.05–1.59) 
[ 68 ]. It is known that recipients from expanded-criteria kidney donors (i.e., death 
from stroke; age >60; or age 50–59 with 2 of the following: HTN or serum 

  Fig. 8.1     Pathophysiology   of post-kidney transplant hypertension.  CNI  calcineurin inhibitor,  GC  
glucocorticoid,  GFR  glomerular fi ltration rate,  IF/TA  interstitial fi brosis and tubular atrophy,  NaCl  
sodium chloride,  TRAS  transplant renal artery stenosis. Adapted from: Rossi AP, Vella 
JP. Hypertension, Living Kidney Donors, and Transplantation: Where Are We Today? Advances 
in chronic kidney disease. 2015;22(2):154–64       
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creatinine ≥1.5 mg/dl) are associated with hypertension and reduced patient sur-
vival compared to recipients from standard-criteria donors [ 69 ]. Delahousse et al. 
described a longitudinal cohort of 78 fi rst deceased-donor kidney recipients in 
which donor age was associated with the development of recipient aortic stiffness 
(estimated via carotid-femoral pulse wave velocity Doppler measurement) [ 70 ]. 
Aortic stiffness has been previously well established as an independent predictive 
marker for total and CV mortality both in the general and ESRD populations. This 
concept has been validated in the transplant community when evaluating carotid 
artery pulse wave velocity [ 71 ], predicting the occurrence of CV events and 
decreased allograft function [ 72 ]. 

 In terms of gender, in the same evaluation from Ducloux et al., they only 
described a trend towards the prevalence of post-transplant HTN in male recipients 
who received a kidney from a female donor (RR 1.06, 95 % CI 0.99–1.14,  p  = 0.07). 

 Guidi et al., in a prospective observational study of 85 renal transplant recipients 
with stable kidney function not on cyclosporine, found that those without a family 
history of HTN engrafted with a kidney obtained from a donor with a positive fam-
ily history of HTN were more likely to be hypertensive compared to recipients 
whose allografts were procured from donors without a positive HTN family history. 
This effect was not found when the recipient had a family history of HTN [ 73 ]. It 
was found in follow-up that higher diastolic BP and greater degrees of acute kidney 
injury during acute rejection occurred more frequently on those recipients whose 
allograft came from hypertensive families, compared to kidneys from  normotensive 
  ones [ 74 ].  

   Table 8.4    Factors contributing to  hypertension   after kidney transplantation   

 Recipient  Donor  Transplant continuum 

 Pre-existing hypertension 
 Native kidney disease 
 Chronic kidney disease 
 Obesity 
 Genetics 

 Age [ 68 ,  70 ] 
  Gender   
 Hypertension 
 Nephron mass 
 Genetics 

 Delayed graft function 
  Immunotherapy  
 CNI (CsA > Tac) 
 Corticosteroids 
 mTORi/CNI combination 
  Allograft dysfunction  
 Acute rejection 
 Chronic allograft nephropathy 
 Thrombotic microangiopathy 
 Recurrent or de novo glomerulopathy 
  Surgical complications  
 TRAS 
 Page kidney 
 Ureteric stenosis 
 Lymphocele 

   CNI  calcineurin inhibitor,  CsA  cyclosporine,  mTORi  mammalian target of rapamycin inhibitor; 
Page kidney is a rare entity caused by extrinsic compression of the renal parenchyma from a hema-
toma or a mass; about 130 cases have been reported up to 2009 [ 66 ,  67 ];  Tac  tacrolimus,  TRAS  
transplant renal artery stenosis. Adapted from: Rossi A. and Vella J. [ 27 ]  
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    Role of  Immunosuppressive Medications   

 As summarized in the recent 2013 OPTN/SRTR annual report, immunosuppressive 
protocols for kidney transplantation have not changed signifi cantly since 2008. 
There has been a steady trend towards providing induction with the use of T-cell 
depleting antibodies (anti-thymocyte globulin—55.7 %) compared to interleukin-2 
receptor antagonists (basiliximab—36.8 %); for maintenance: among the CNIs, 
there has been a larger proportion of tacrolimus usage compared to cyclosporine; 
among the anti-metabolites, mycophenolate mofetil has triumphed compared to the 
mammalian target of rapamycin inhibitors ([mTOR inhibitors]: sirolimus, everoli-
mus), and less than 40 % of recipients used a glucocorticoid-free protocol [ 75 ]. 

     Glucocorticoids   

 The estimated incidence of  glucocorticoid  -associated HTN is approximately 15 % 
[ 76 ]. This result is greatest in kidney recipients with pre-transplant HTN and is 
more commonly seen when daily doses exceed 20 mg [ 77 ,  78 ]. 

 Glucocorticoid-associated HTN is mediated by mineralocorticoid-induced 
sodium retention, increased responsiveness to vasoconstrictors, and decreased vaso-
dilator production. Surprisingly, steroid-free or early withdrawal immunosuppres-
sive regimens have not shown benefi t in terms of BP control, albeit fi ndings of lower 
CV risk surrogates such as lesser use of anti-lipemic medications and new-onset 
diabetes after transplantation (see Table  8.5 ). In the FREEDOM trial, a 12-month 
open-label, international multi-center study ( n  = 337), in which de novo kidney 
transplant recipients were randomized to receive no steroids, steroids for 7 days 
post-transplant (steroid withdrawal), or standard steroid maintenance regimen, all in 
combination with: CsA, enteric-coated mycophenolate sodium, and basiliximab 
induction. No differences were observed in regard to systolic or diastolic BP 
between groups. Mean systolic BP at study end was 133 ± 20, 135 ± 8, and 
132 ± 16 mmHg in each group, respectively. There was a signifi cantly higher rejec-
tion incidence in the fi rst two groups, but more interesting there was no difference 
in patient or allograft survival at 12-months [ 79 ]. Kramer et al. compared the long- 
term effi cacy and safety of two steroid-free regimens (Basiliximab induction for all, 
then tacrolimus [Tac] monotherapy, and Tac/MMF, against a triple immunosuppres-
sive therapy [Tac/MMF/steroids]) in a randomized multi-center cohort of 421 kid-
ney transplant recipients. They concluded that despite a higher rate of acute rejection 
in the fi rst 6 months with the steroid-free regimens, the long-term patient and 
allograft survival was no different between groups. There was a non-signifi cant 
statistical trend towards a more promising CV risk by metabolic profi les with the 
Tac/Bas regimen compared to others, though no changes in BP among all groups 
[ 80 – 82 ]. Finally, to understand the rationale of the present state of practice in regard 
to steroid maintenance protocols in kidney transplantation, the work from Woodle 
et al. in a randomized, double-blind, placebo-controlled multi-center trial ( n  = 386) 
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comparing early GC-withdrawal (7 day,  n  = 191; 97 % prevalent HTN) versus long- 
term low-dose prednisone (5 mg/daily,  n  = 195; 94 % prevalent HTN), after 5 years 
of follow-up, found that there were no differences: in the proportion of patients 
experiencing the primary end-point (i.e., composite of death, allograft loss, or mod-
erate/severe acute rejection), patient death, death-censored allograft-loss, biopsy- 
 confi rmed   acute rejection (BCAR), and moderate/severe acute rejection. Kaplan 
Meier analysis revealed a higher incidence of BCAR with the early withdrawal regi-
men without differences between groups in allograft function ( p  = 0.04). Similarly, 
no signifi cant changes were found among both groups in systolic or diastolic BP, as 
well as on the number of antihypertensives needed (see Fig.  8.2 ) [ 83 ].

    In summary, it seems that low-dose prednisone therapy has a minimal effect on 
post-transplant HTN. This, concept was strengthened by a post-hoc analysis from 
Knight et al., of their 2010 published meta-analysis results of steroid avoidance/
withdrawal regimens and outcomes in kidney transplantation [ 84 ,  85 ], as well as 
confi rmed by Opelz and Döhler sub-analysis of the Collaborative Transplant Study 
(CTS), where from a cohort of 41,953 deceased-donor kidney transplant recipi-
entswas studied. They concluded that, 1-year post-transplant systolic BP associated 
with higher dose steroids, but during years 2–5 the association with de novo occur-
rence of DM or HTN was not present [ 86 ].  

     Calcineurin Inhibitors   

 Since FDA approval in 1983,  cyclosporine (CsA)   has been known to cause or exac-
erbate hypertension after transplantation [ 12 ,  87 – 90 ]. Calcineurin inhibitors induce 
endothelial dysfunction via  upregulation   of endothelin and inhibition of inducible 
nitric oxide [ 91 – 93 ], increased vascular resistance accompanied by failed 

   Table 8.5    Summary of  steroid withdrawal trials and post-transplant hypertension     

 Trials/Published  Follow-up  Study groups 
 Induction + maintenance 
immunotherapy  Size ( n )  Outcomes 

 FREEDOM [ 79 ] 
 2008 

 12-months  No GC 
 GC only 7-days 
post-transplant 
 Standard GC 
regimen 

 Basiliximab + 
 MPA, CsA 

 337  No intergroup 
BP change 
 No difference 
in patient or 
graft survival 

 ATLAS [ 80 – 82 ] 
 2005–2012 

 36-months  Tac 
 Tac/MMF 
 Tac/MMF/ GC   

 Basiliximab  421  No intergroup 
BP change 
 No difference 
in patient or 
graft survival 

 Woodle et al. [ 83 ] 
 2008 

 60-months  Early 
GC-withdrawal 
(7-day) 
 Standard GC 
regimen 

 Bas or Dac or ATG + 
 MMF, Tac 

 386  No intergroup 
BP change 
 No difference 
in patient or 
graft survival 

   ATG  anti-thymocyte globulin,  Bas  basiliximab,  CsA  cyclosporine,  Dac  daclizumab,  GC  glucocor-
ticoid,  MMF  mycophenolate mofetil,  MPA  mycophenolic acid,  Tac  tacrolimus  
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endothelium- dependent vasodilation [ 94 ,  95 ], and sodium retention via activation 
of the renin–angiotensin–aldosterone (RAAS) system [ 96 – 98 ]. Cyclosporine-
induced sympathetic nerve system activation generally only lasts 2 weeks after 
exposure. It seems there is little enhancement of sympathetic tone with tacrolimus 
[ 99 ]. Independent of the hemodynamic effect, CNIs may induce development of 
 interstitial fi brosis and tubular atrophy (IFTA)   via transforming growth factor-
β[beta], FGF-1, and osteopontin upregulation [ 100 ]. In a recent histopathology 
study, Singh et al. described fi nding chronic CsA changes in a pediatric cohort with 
idiopathic nephrotic syndrome. Protocol biopsies after 1 year of therapy revealed: 
upregulation of immunohistochemical markers for endothelial injury, oxidative 
stress, and fi brogenic cytokines, along with histological evidence of signifi cant glo-
merulosclerosis, IFTA, and arteriolar hyalinosis [ 101 ]. Lastly, there is evidence 
indicating tacrolimus induces direct activation of the tubular sodium chloride co-
transporter leading to hypertension via a mechanism similar to pseudohyperaldoste-
ronism type II (also known as Gordon syndrome) that is accompanied by 

  Fig. 8.2    Absence of HTN  benefi ts   in early steroid withdrawal versus low-dose maintenance regi-
mens. Absence of changes in the mean of: systolic blood pressure (SBP), diastolic blood pressure 
(DBP), and in the number of antihypertensive drugs used, in a comparison between low-dose ste-
roid maintenance (LDSM) versus early steroid withdrawal (ESWD) regimens. Adapted from: 
Woodle E., et al. [ 83 ]       
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hyperkalemia. In this study, a sodium-chloride channel blocking drug, hydrochloro-
thiazide, reversed tacrolimus-induced hypertension [ 102 ,  103 ]. 

 As previously reviewed by several authors, the  hypertensive and nephrotoxic 
effects   of CNIs have been observed in different organ transplant cohorts, including 
bone marrow and cardiac recipients, in whom the incidence of HTN increased from 
less than 10 % overall to 70–90 %, after the introduction of cyclosporine [ 12 ,  23 ,  27 , 
 104 ,  105 ]. Despite the observations linking CNIs with hypertension, withdrawal 
studies have been plagued by higher degrees of acute rejection and/or kidney 
allograft loss, especially for early CNI withdrawal [ 106 ,  107 ].  Tacrolimus   was 
FDA-approved in 1994 initially for liver and later for kidney transplantation. It is 
also associated with hypertension though to a lesser extent than cyclosporine [ 63 , 
 64 ,  108 ]. In a head-to-head comparison, Margreiter et al. reported that the effect of 
tacrolimus on BP is 5 % lower than that of cyclosporine [ 109 ]. Bolin et al. reported 
the results of the OPTIMA study, a prospective multi-center analysis ( n  = 328; stable 
kidney transplant recipients on CsA) that randomized patients to one of the three 
arms (i.e., continue CsA, convert to “reduced” Tac [serum target trough level 3.0–
5.9 ng/ml], or “standard” Tac [serum level 6.0–8.9 ng/ml]), in order to ascertain 
optimal tacrolimus trough levels to minimize adverse effects. Results at 12-months 
showed favorable eGFR improvements for the “reduced-Tac” group compared to 
CsA, improved lipids in the tacrolimus treated patients although with little differ-
ence in blood pressure between groups [ 110 ]. 

 The concept of CNI withdrawal as a means of prolonging allograft survival 
has been investigated. Mourer et al. found that late  CNI withdrawal   was signifi -
cantly associated with lowering of ambulatory day- and nighttime BP [ 111 – 113 ]. 
Nevertheless, such improvements may not necessarily translate into improved out-
comes such as reduced death from CVD. Roodnat et al. performed a 15-year fol-
low-up analysis ( n  = 212) [ 114 ] from a previous randomized multi-center cohort 
[ 115 ] and concluded that in CsA/MMF/Steroid treated patients, there was no ben-
efi t of CNI withdrawal regarding allograft and patient survival, or concerning prev-
alence of or death by comorbidities. However, rejection shortly after  CNI   withdrawal 
was associated with decreased allograft survival. And most recently, in an attempt 
to fi nd a more suitable kidney transplant recipient cohort that might truly benefi t 
from this strategy, the prospective Clinical Trials in Organ Transplantation-09 trial 
(CTOT-09) by Hricik et al., randomized 21 non-sensitized primary living-donor 
recipients (i.e., “immunologically quiescent”) at 6-months of stable post-transplan-
tation state, to either continuation or Tac withdrawal (after having received the 
current standard-of- care immunosuppressive therapy: rabbit ATG induction, and 
maintenance with Tac, MMF, Prednisone). The study was terminated prematurely 
due to unacceptable rates of acute rejection and/or de novo donor-specifi c antibod-
ies [ 116 ]. In summary,  CNI   withdrawal for management of hypertension in most 
patients seems most unwise.  
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    Belatacept 

  Belatacept      is a novel co-stimulation blocker that binds CD80/CD86 on antigen- 
presenting cells to prevent T cell activation [ 117 ]. It is generally used in conjunction 
with mycophenolate and steroids. Vincenti et al. analyzed the safety and effi cacy of 
belatacept compared to cyclosporine fi nding that 86 % of patients in the belatacept 
arm and 89 % in the cyclosporine arm were receiving antihypertensive medications 
[ 118 ]. However, long-term follow-up of the BENEFIT and BENEFIT-EXT trials 
showed that subjects in the belatacept arms had an SBP approximately 8 mmHg lower 
and a DBP approximately 4 mmHg lower than subjects in the cyclosporine arm [ 119 , 
 120 ]. Additionally, in the BENEFIT trial, 82 % of patients in the belatacept group and 
96 % of patients in the cyclosporine group were receiving at least one antihyperten-
sive [ 119 ]. Thus it appears that  belatacept   based  immunosuppressive   regimens are 
associated with less hypertension compared with cyclosporine based regimens.  

    Role of the Native  kidneys   

 In an era before effective antihypertensive agents were broadly available, bilateral 
native nephrectomy was a treatment option for dialysis or transplant patients with 
refractory hypertension. Fortunately, such procedures are rarely necessary at pres-
ent. Nevertheless, important information about the role of the native kidneys in the 
genesis of hypertension is available. Curtis et al. had described a 24 % prevalence of 
HTN in a cohort of kidney transplant recipients that were following an alternate-day 
prednisone protocol. In a sub-cohort analysis, they found that among 32 patients 
who had undergone bilateral native nephrectomies, only 6 % were hypertensive 
[ 121 ]. Remnant native kidneys have the potential to promote HTN via sympathetic 
nervous system (SNS) activation and/or through renin secretion. Their role in the 
kidney transplant recipient population, and pre- or post-transplant uni- or bilateral 
nephrectomy, has not yet been clearly delineated, as several small studies have 
revealed confounding results [ 122 ]. In 2002, Hausberg et al. hypothesized that 
improved blood pressure control after successful kidney transplantation may be 
associated with reduced sympathetic nervous system activation as seen in uremic 
patients. They found that  muscle sympathetic nerve activity (MSNA)   in kidney 
transplant recipients was no different compared with hemodialysis patients. 
However, among allograft recipients who had undergone bilateral nephrectomy 
post-transplantation, MSNA was signifi cantly lower and comparable to healthy 
controls (see Fig.  8.3 ) [ 123 ,  124 ].

       Transplant Renal Artery Stenosis 

 Transplant renal artery stenosis ( TRAS)      has been variably reported to develop in 
1–23 % of recipients, accounting for about 1–5 % of post-transplantation HTN cases 
[ 125 ,  126 ]. Based on 2000–2005 USRDS registry data, Hurst et al. described the 
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overall incidence of TRAS at 8.3 cases per 1000 patients-years (95 % CI 7.8–8.9). 
In addition, they found TRAS to be strongly associated with an increased risk for 
allograft loss including death (adjusted hazard ratio 2.84, 95 % CI 1.70–4.72) [ 127 ]. 
TRAS is often diagnosed between 3 and 24 months after surgery, with the highest 
frequency in the fi rst 6-month period, though it can present at any time. Early TRAS 
(0–3 months) is most likely related to donor vessel surgical trauma (at procurement, 
or implantation), suture technique, or malposition of the allograft [ 128 ,  129 ]. Risk 
factors associated with late  TRAS   (after 3-months post-transplantation) include: 
CMV infection [ 130 ], delayed graft function [ 131 ], acute rejection [ 131 ], prolonged 
ischemia time [ 132 ], multiple renal arteries implanted on a common aortic patch 
[ 133 ], and pediatric donor source [ 134 ]. TRAS was previously considered to be a 
more frequent complication in living-donor recipients compared to deceased donors, 
based on the observation that the living donor’s artery was anastomosed using an 
end-to-side technique to the recipient’s iliac artery compared to the use of the 
deceased donor’s aortic cuff or aortic patch. This association has been refuted, how-
ever; evidence comparing end-to-side versus end-to-end vascular anastomosis with 
TRAS has yielded variable conclusions [ 135 – 138 ]. It has been suggested that late 
stenosis may be more likely associated with atherosclerotic disease of either the 
allograft artery or the proximal iliac artery [ 139 ]. Diffuse stenosis may refl ect 
immune-mediated endothelial damage, as it was described in a case-series of 
deceased-donor kidney recipients by Porter et al. [ 140 ]. De novo donor-specifi c 
antibody generation was found to be more common in post-anastomotic TRAS, as 
described in a study by Willicombe et al. (hazard ratio (HR): 4.41 [2.0–9.73], 
 p  < 0.001), as well as to more likely have had “rejection with arteritis” (odds ratio 
(OR): 4.83 [1.47–15.87],  p  = 0.0095) [ 141 ]. Lastly, case reports have described 
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  Fig. 8.3    Potential implications of  sympathetic nerve activation   in native-nephrectomized kidney 
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malignant HTN from TRAS secondary to mechanical extrinsic compression by: an 
enlarged native polycystic kidney [ 142 ], or a compressive main donor artery pseu-
doaneurysm [ 126 ]. 

 Clinically, TRAS presents with worsening or refractory HTN, fl uid retention, 
fl ash pulmonary edema (“Pickering Syndrome” [ 143 ,  144 ]), and acute kidney injury 
([AKI], that may or may not be associated with either angiotensin-converting 
enzyme inhibitor [ACE-i] or angiotensin II-receptor blocker [ARB] initiation). The 
presence of a bruit over the kidney allograft suggests this diagnosis although such a 
fi nding is both insensitive and non-specifi c [ 145 ]. Severe stenosis can also be pres-
ent without an audible bruit [ 27 ,  126 ,  135 ]. 

 The “gold standard” diagnostic test for TRAS is  allograft arteriography     , though 
considering its invasive nature and risk for contrast-induced AKI, other imaging 
techniques have been studied. Kidney ultrasonography with Doppler has been 
reported to be useful for diagnosis of TRAS by several centers [ 125 ,  146 – 148 ]. 
Doppler criteria for TRAS include kidney allograft artery blood fl ow velocity above 
200 cm/s, a proximal to distal stenosis segment gradient of at least 2:1, and a parvus- 
tardus wave-form [ 147 ]. The resistive index (RI) is not a useful parameter for the 
diagnosis of TRAS [ 149 ,  150 ]. Gadolinium-enhanced magnetic resonance angiog-
raphy (MRA) has also been reported as effi cacious in some series (sensitivity and 
specifi city of 100 %) [ 151 ,  152 ]. The caveats are that surgical clips often obscure the 
origin of the kidney allograft vasculature (leading to “clip artifact”), and exposure 
to gadolinium is contraindicated when eGFR is less than 30 ml/min because of the 
increased risk for nephrogenic systemic fi brosis [ 153 ]. 

 Once TRAS is suspected, obtaining allograft histology may be an important 
management step to defi ne and grade the occurrence of co-morbid entities that 
could independently impact allograft prognosis [ 132 ,  134 ]. When the  allograft   is 
deemed viable, revascularization options include: medical therapy combined with 
either percutaneous transluminal angioplasty (PTA) ± stenting, or surgical revascu-
larization. Initial medical therapy is aimed at controlling HTN, preserving allograft 
viability, and mitigating risk of fl ash pulmonary edema and acute decompensated 
heart failure. Thus, use of loop diuretics is often necessary. Although the use of 
ACE-i/ARB medications may counteract the RAAS activation, they potentially can 
induce acute kidney injury, thus need to be used with caution [ 125 ]. 

 Data comparing PTA alone or with stenting have yielded variable results in terms 
of allograft function, blood pressure control, and rate of re-stenosis. Touma et al. 
performed a retrospective cohort of 17 kidney transplant recipients with angiography- 
proven TRAS (median follow-up of 19.6 months), and all with end-to-side anasto-
mosis to the external iliac artery. Five (29 %) underwent balloon-PTA alone versus 
12 who had a bare metal stent (BMS) placed. Their technical success rate was 
88.2 %, with eGFR correction, however, without signifi cant improvement in hyper-
tension control. In the early post-intervention period, there were 4 re-stenoses (1 
from PTA alone and 3 from BMS group; 25 % incidence) [ 154 ]. Reported re- stenosis 
rates vary between endovascular intervention (EVI) modality (i.e., PTA alone, bare 
metal stent [BMS], or drug-eluting stent [DES]). Post-PTA  alone    have   ranged from 
20 to 60 %[ 132 ,  134 ,  155 ], although it should be noted that PTA is often used as the 
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initial intervention, with the use of either bare metal or drug eluting stents reserved 
for lesions that recur. Marini et al. described a retrospective analysis of 62 TRAS 
cases that underwent PTA ± stent, achieving 90 % procedural success rate, signifi -
cant HTN control, and preserved allograft function up to 97 % in year-1 and 85 % in 
year-10 post-procedure [ 156 ]. When comparing drug eluting stents with bare metal 
stents and angioplasty alone, Biederman et al. described a technical success rate of 
98 % with improved blood pressure control, and reduced requirement for antihyper-
tensives at 30-day pre-EVI across all sub-groups, although this fi nding didn’t persist 
to the 180–360 days ( p  = 0.1) [ 157 ]. Surgical revascularization is technically chal-
lenging and is used mostly as the last resort for patients with recurrent disease after 
EVIs, or for those with lesions considered not suitable for EVIs. Its success rate 
seems to be similar to PTA with stenting, albeit an associated higher rate of morbid-
ity (e.g., allograft atheroembolization, allograft loss [approx. 30 %]) and mortality 
(5 % cases) [ 125 ,  128 ,  158 ]. There are currently no randomized controlled trials 
comparing between EVI modalities.  

     Non-Adherence   

  Adherence   is generally defi ned as the extent to which patients take medications 
prescribed by their health care provider. Although this defi nition is imperfect, it is 
generally used dichotomously in clinical trials, i.e.: “the patient is either taking or 
not taking medications.” In reality, the range of adherence goes from 0 to more than 
100 % if one includes patients who take more than that prescribed [ 159 ]. A detailed 
analysis of the reasons for adherence failure is beyond the scope of this chapter. 
However, in a recent comprehensive review of the literature, Vella and Cohen 
described that approximately 22 % of signifi cant medication non-adherence 
occurred in the  kidney transplant recipient   population, which in turn could be 
responsible for at least 36 % of allograft loss cases [ 160 ]. Morrissey et al. provided 
further insight into the complex nature of this huge problem. They incorporated 
patient’s failure to follow through with medical appointments and scheduled labora-
tory visits and clarifi ed the difference between the terms compliance and adherence. 
Of note, most data regarding adherence has been focused on immunosuppressive 
compliance and its association with allograft loss [ 161 ]. 

 Recently, a small but thorough prospective cohort from Czyzewski et al. exam-
ined medication adherence including antihypertensive drugs using the Morisky–
Green questionnaire [ 162 ], and found that 38 % of medication non-adherence was 
because of forgetfulness. Despite the well-known negative association between 
non-adherence and adverse medical outcomes, in this study, there was no signifi cant 
relationship among these variables [ 45 ]. 

 Correcting non-adherence is complex and requires a multidisciplinary patient- 
centered approach. McGillicuddy et al. recently published results of a proof-of- 
concept 3-month small prospective randomized controlled trial that included fi rst 
kidney transplant recipients with proven pre-intervention non-adherence and 
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HTN. By using home devices wirelessly connected to the transplant clinic: a 
Bluetooth BP monitor, an electronic medication tray, and a personal smartphone; 
they demonstrated that this protocol is feasible, safe, acceptable (>75 % of partici-
pants), enhanced adherence to  medications   and translated into improvement of 
offi ce-based systolic BP [ 163 ].    

    Management 

  Therapeutic lifestyle modifi cation   (e.g., weight loss, exercise, low salt diet) is gen-
erally recommended as fi rst-line therapy for patients in the general population. In 
truth, there are remarkably few data in the transplant population that have carefully 
examined the effi cacy of such interventions. Guida et al. studied the effects of a 
12-month dietary regimen on nutritional status and metabolic outcomes, on 46 
deceased-donor kidney transplant recipients, followed prospectively during their 
fi rst year post-transplantation. Adherence to  dietary recommendations   was related 
to gender (male better than female) and associated with weight loss primarily due to 
a decrease in fat mass, with decreases in total cholesterol and plasma glucose levels, 
and a concomitant increase in serum albumin level. No change in hypertension con-
trol was reported [ 164 ]. 

 Evidence supporting the importance of blood pressure control in long-term out-
comes has accrued from several sources. Mourad et al. were among the fi rst to show 
evidence suggesting that by maintaining normotension, there was concomitant 
allograft function preservation in their cohort of cyclosporine (CsA)-treated kidney 
recipients, during a follow-up period of 2.5 years; limitations of this study were its 
small size ( n  = 25) and short follow-up [ 165 ]. In 2005, Opelz and Döhler performed 
a larger retrospective study of 24,404 fi rst deceased donor kidney transplant recipi-
ents (age 20 or more; mainly on CsA-based immunosuppression) between 1987 and 
2000. They examined the association between BP control and kidney allograft and 
patient survival, and found that the best 10-year allograft and patient survival rates 
were obtained when systolic BP was maintained at less than or equal to 140 mmHg 
between 1 and 3 years post-transplantation (see Fig.  8.4 ) [ 22 ]. Furthermore, they 
showed that patients with elevated systolic BPs at 1 year post-transplantation that 
was subsequently controlled to less than or equal to 140 mmHg by 3 years showed 
signifi cantly better 10-year allograft survival compared to those without good 
 control [ 22 ].

       Pharmacotherapy   

 Given the known impact of immunosuppressive therapy on blood pressure, one 
option to consider for patients with suboptimal hypertension control is to consider 
converting immunotherapy. The risks and benefi ts of such conversion should be 
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discussed cautiously with the patient, and with input from the transplant nephrolo-
gist. Glucocorticoids (GC) may be minimized or even discontinued, although as 
previously mentioned, trials of steroid withdrawal have not demonstrated benefi t in 
terms of BP control. Among the CNIs, CsA is infrequently used as fi rst-line anti- 
rejection therapy currently. However, when used, its reduction or conversion to 
tacrolimus has been noted to promote BP control [ 109 ,  166 ]. The choice of immu-
notherapeutic drug to adjust should include consideration of individual patient’s 
co-morbidities, allograft function, estimated rejection risk, and the transplant pro-
gram’s protocols. Nevertheless, these strategies alone are rarely suffi cient to achieve 
normotension, and most kidney transplant recipients require specifi c antihyperten-
sive therapy, which needs to be individualized according to rejection risk while 
paying attention to potential drug–drug interactions (see Table  8.6 ) [ 27 ,  167 ].

   Lakkis and Weir recently published a simplifi ed  HTN   management plan based 
on an arbitrary timeline that aligns closely to specifi c time-points in the fi rst 
6-months post-transplant [ 168 ]. They suggested that within the fi rst weeks post- 
transplant, HTN may relate mostly to volume overload after surgery, initial high 
doses of CNI and glucocorticoids, thus recommending salt restriction, the use of 
diuretics to counteract GC- and CNI-induced salt and water retention, and calcium 
channel blockers (CCBs) to counteract CNI-vasoconstriction. Angiotensin- 
converting enzyme inhibitors (ACE-i)/angiotensin receptor blockers (ARB) are best 
avoided in this earlier period to allow for adequate allograft perfusion. Throughout 
the post-transplant timeline, β[beta]-blockers (BBs) can be generally and safely 
introduced. 
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    Calcium Channel Blockers 

 Calcium channel blockers ( CCBs)      reduce angio-myocytes’ contractility and induce 
vasodilation. Allograft afferent arteriole vasodilation leads to decreased mean arte-
rial pressure and total renal vascular resistance, promoting increased renal blood 
fl ow and GFR. Both dihydropyridines ([DHP], e.g., amlodipine, nifedipine) and 
non-dihydropyridines (e.g., diltiazem, verapamil) have been used in transplant 
recipients. The former are preferred due to their lack of signifi cant pharmacokinetic 
inhibitory interactions with CNIs and mTORi [ 169 ]. In a meta-analysis of 29 trials 
( n  = 2262) comparing CCBs with placebo or no therapy, Cross et al. described that 
at 12-months post-transplant, CCBs lowered allograft loss (RR 0.75, 95 % CI 0.57–
0.99;  p  = 0.04) and improved GFR by 4.5 ml/min (95 % CI 2.2–6.7 ml/min; 
 p  < 0.0001), but did not reduce death risk [ 170 ]. 

 Head-to-head trials comparing  DHPs      with ACE-I [ 171 ] or ARBs [ 172 ] have 
shown similar BP control. An exception to the overall accepted safe profi le that 
DHPs have with CNIs has been described among kidney transplant patients not 
expressing the cytochrome P450 CYP3A5 enzyme (an alternative metabolic path-
way for CNIs), yielding an increased risk for tacrolimus toxicity with the use of oral 
or intravenous nicardipine [ 173 – 175 ].  

     Diuretics   

 The use of  diuretics   varies among series, at approximately 2.6–10 % at 1-year post- 
transplant [ 167 ], versus 34 % in the late transplant period as described by 
Kurnatowska et al. [ 176 ]. In this study, there was a signifi cant trend towards higher 
prevalence of diuretic use that was associated with lower eGFR ( n  = 54 with eGFR 
<30 ml/min, 46 %,  p  = 0.03). Loop diuretics were the most commonly used, com-
pared to 8.4 % on thiazides and 4.2 % on aldosterone antagonists. Similar fi ndings 
were described on a sub-analysis from the international kidney transplant FAVORIT 
study [ 177 ,  178 ], by Carpenter et al., where thiazide use was found in 10 % of the 
cohort [ 179 ]. 

 In the general population, the ALLHAT study found that thiazides, specifi cally 
chlorthalidone, were more effective than lisinopril or amlodipine in lowering sys-
tolic BP [ 180 ]; similar comparative studies had been lacking in the kidney transplant 
population, until the work from Taber et al., who analyzed the safety and effi cacy of 
thiazides in a single-center retrospective cohort of 1093 adult recipients [ 181 ]. As 
described before, similarly in this study only 10 % of the cohort had been exposed to 
thiazides. These were introduced at a mean time of 2.4 ± 2.0 years post- transplant. 
Overall, thiazide-exposed patients had similar long-term clinical outcomes; without 
signifi cant differences between groups in terms of acute rejection, allograft and 
patient survival, hospital re-admission rates, hypotensive events, or electrolyte 
imbalances. Thiazide effi cacy, measured as a 10 % systolic BP reduction upon  ther-
apy   initiation was achieved in 44 % of the exposed cohort. After multivariate regres-
sion analysis, factors associated with thiazide effi cacy were: higher baseline systolic 
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BP and diastolic BP. Baseline eGFR was not associated with thiazide  effi cacy   (HR 
1.02, 95 % CI 0.98–1.06;  p  = 0.225).  

     ACE Inhibitors/ARBs   

 Blockade of the  renin–angiotensin–aldosterone system (RAAS)   is generally known 
to be associated with decreases of systolic BP, glomerular capillary pressure, protein-
uria, and CV events. Heinze et al. retrospectively analyzed over 2000 kidney trans-
plant recipients and found that 10-year survival rates were 74 % in patients receiving 
either an ACEi or an ARB, while survival was signifi cantly lower at 53 % in recipi-
ents not taking these agents; showing a hazard ratio of ACEi/ARB use for mortality 
at 0.57 (95 % CI 0.40–0.81), compared with nonuse [ 182 ]. Paoletti et al. also reported 
10-year outcomes in a small randomized trial of kidney recipients (all taking CNIs, 
MMF, and prednisone), 36 of them on ACE inhibition versus 34 patients not on these 
agents, demonstrating that the ACEi group had fewer CV events, less proteinuria, 
and increased survival but no signifi cant effect on allograft survival [ 183 ]. 

 In the kidney transplant population,  RAAS blockade   additionally takes care of 
other underlying hypertension-promoters such as: native kidney renin activity, CNI- 
induced increased angiotensin concentration, and CNI-induced increased expression 
of angiotensin receptors. Furthermore, ACEi/ARBs are also potentially benefi cial by 
preventing CNI-related fi brosis/tubular atrophy (IF/TA) [ 184 ], and disrupting the 
production of angiotensin-1 receptor antibodies, hence potentially preventing vascu-
lar rejection [ 185 ]. Nevertheless, despite their potential mitigation of IF/TA, enhanced 
 allograft   survival has not been conclusively attained. In the aforementioned retro-
spective analysis from Heinze et al., they described a 10-year actual allograft survival 
of 59 % in the ACEi/ARB group vs only 41 % in the nonusers ( p  = 0.0002). In con-
trast, Opelz et al. from the CTS trial group, in reviewing their large cohort of 17,209 
patients up until year 2004, in 33.5 % of them which were taking either ACEi orARBs, 
found no benefi cial relationship in terms of patient or allograft survival [ 186 ]. 
Furthermore, in a more recent investigation, the SECRET trial was a multi-center 
randomized double-blind study that compared candesartan to placebo. The candesar-
tan dose was escalated from 4 to 16 mg daily, aiming for a diastolic BP < 85 mmHg. 
This analysis was stopped prematurely after patient randomization, because the com-
posite primary end-point of all-cause mortality, CV morbidity, and allograft failure 
was much lower than expected. The treatment group experienced better systolic BP 
(absolute change −6.78 vs −0.60 mmHg,  p  < 0.001), improved diastolic BP (absolute 
change −4.81 vs −1.21 mmHg,  p  = 0.002), decreased proteinuria (median relative 
change from baseline for urinary protein/creatinine ratio −15.0 % vs 23.4 %, 
 p  < 0.001), but also exhibited higher serum creatinine (increased by 10.8 vs 4.3 %, 
 p  < 0.001) and increased serum potassium levels. However, there were no signifi cant 
differences in patient or allograft survival between groups [ 187 ]. 

 Despite the confl icting data about survival, these agents are used especially after 
the initial post-transplant state when  GFR   is felt to have reached a steady state. When 
these drugs are considered, surveillance for known adverse effects including AKI 
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and hyperkalemia needs to continue [ 188 ] [ 23 ,  27 ]. And lastly, they can decrease the 
hematocrit by 5–10 %[ 189 – 192 ], effect that might be useful in managing post-trans-
plantation erythrocytosis (defi ned as a hematocrit >51 %; condition affecting around 
10–15 % kidney recipients) [ 193 ], although potentially unfavorable for anemic 
patients. These are several reasons for the rationale of starting these drugs, when 
indicated, at least after the initial 3- to 6-month post-transplantation state.  

     Adrenergic Blockers   

 In a recent pharmaco-epidemiologic evaluation of 16,157 patients on their fi rst kid-
ney transplant anniversary, Lentine and colleagues found that BBs were the most 
commonly used antihypertensive agents (45–65 %), followed by CCBs at 40 % [ 167 ]. 
In general, β-blockers (BBs) decrease heart rate and sympathetic nervous tone; com-
bined α[alpha]-1-β blockade additionally induces vasodilation. Their pathophysio-
logic impact is to mitigate increased sympathetic nervous system tone that as 
described is related to either the presence of native kidneys and enhanced by CNIs 
(see Pathogenesis) [ 185 ]. Aftab et al. performed a retrospective analysis of 321 kid-
ney recipients followed for 10 years and found that the use of BBs was associated 
with better survival (HR 0.60, 95 % CI 0.26–0.98). Less than 20 % of this  cohort   had 
a history of coronary artery disease, suggesting that even patients without a previous 
CVD history may benefi t from this drug group [ 194 ]. The vasodilating BBs with 
selective α[alpha]-1 blockade (e.g., carvedilol, labetalol) may be better tolerated 
and associated with lesser adverse metabolic effects, compared to the traditional 
β1-selective blockers such as metoprolol or atenolol, which previously have been 
linked to weight gain and worsening of insulin resistance. Atenolol is often avoided 
in transplant recipients due to unpredictable pharmacokinetics given its renal elimi-
nation. Nevertheless, there is no data to support the use of one group or the other in 
the kidney transplant population [ 195 ]. Patients on β-blocker  therapy      before trans-
plantation should continue this medication perioperatively to prevent rebound HTN 
and tachycardia [ 27 ]. However, starting these agents in BB-naïve recipients immedi-
ately before transplant surgery is not recommended given a signifi cantly increased 
risk of 30-day all-cause mortality and stroke [ 196 ,  197 ].   

    Special Considerations 

     Ethnicity and Gender   

 At present, there is no current high-grade clinical research to support specifi c anti-
hypertensive therapies in the kidney recipient population based on differences in 
race or gender. In a recent systematic review from Brewster et al., no defi nitive 
answer was achieved when trying to understand the well-described fi nding that 
CCBs are more effective medications to lower BP in non-CKD blacks [ 198 ,  199 ]; 
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nevertheless, there is no reason to suspect that this would be different in a post- 
transplant black recipient. Lentine et al. also found that black race was indepen-
dently associated with an increased used of all classes of antihypertensives at 1-year 
post- transplant (CCBs adjusted OR (aOR): 1.49, 95 % CI [1.37–1.62],  p  ≤ 0.0001; 
BBs aOR: 1.20, 95 % CI [1.10–1.31],  p  ≤ 0.0001; ACE-i/ARBs aOR: 1.11, 95 % CI 
[1.01–1.22],  p  < 0.05–0.002)    [ 167 ].    

    Summary 

 Hypertension is common in kidney transplant recipients, and it is of critical impor-
tance due to its link towards increasing the risk for allograft failure and death. 
Numerous mechanisms and risk factors have been described. Its diagnosis seems to 
be inadequate just by offi ce BP monitoring, thus the use of ABPM has gained sig-
nifi cant popularity, though still unproven if chronotherapy translates into better hard 
clinical outcomes. Transplant renal artery stenosis induced HTN continues to be a 
diffi cult clinical scenario since re-stenosis is very frequent. Post-transplant hyper-
tension treatment is aimed at modifying the immunosuppressive medication regi-
men, and by judiciously using specifi c blood pressure lowering medications that are 
pharmaco-immunologically appropriate.     

  Disclosures   Astellas, Bristol Myers Squibb (Research Grants).  
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    Chapter 9   
 Hypertensive Urgencies and Emergencies                     

     Hina     K.     Trivedi     ,     Dipti     Patel     , and     Matthew     R.     Weir     

          Epidemiology 

 Hypertension is a common medical condition affecting nearly a billion people 
worldwide [ 1 ]. Of those, one to two percent of  patients   will present with acute 
hypertensive crises requiring medical treatment [ 2 ]. The true prevalence of hyper-
tensive crisis may be underestimated as few prospective studies have been done. 
Many, if not most, of these patients have previously diagnosed hypertension. Risk 
factors for hypertensive crisis include lack of a primary care physician, pain, emo-
tional stress, female race, obesity,  coronary artery disease (CAD  ), underlying 
hypertension requiring multiple medications and more often, non-adherence to 
medications [ 3 ]. 

 Similarly,  chronic kidney disease (CKD  ) is a highly prevalent disease affecting 
13.1 % of the US population, corresponding to just over 26 million people. 
Individuals with CKD are at increased risk for morbidity and mortality from  cardio-
vascular disease (CVD  ) [ 4 ]. The goal of CKD management is to stabilize kidney 
function and prevent further progression to end stage renal disease ( ESRD     ). One of 
the most important risk factors contributing to CKD is hypertension. Blood pressure 
management in CKD patients can be challenging, and may frequently require mul-
tiple antihypertensive agents to achieve recommended blood pressure goals. 

 The frequency of hypertensive emergencies and urgencies in the CKD popula-
tion, including those with ESRD on dialysis, has not been well described. This may 
be in part due to an under recognition and/or under-reporting of hypertensive crises 
in this patient population. 
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 Hypertensive crises are separated into hypertensive urgencies and hypertensive 
emergencies. There is no universally defi ned blood pressure threshold for hypertensive 
urgencies or emergencies. Classically, a hypertensive urgency is defi ned as severely 
elevated blood pressure, typically >180/120 mmHg. This  blood pressure elevation   
occurs in the absence of acute end organ damage. Examples of urgencies include 
hypertensive patients with CAD or chronic kidney disease (CKD), patients with a 
kidney transplant, preoperative and postoperative hypertension, and hypertension 
associated with burns. Hypertensive emergency refers to blood pressure elevation that 
is associated with target organ damage. Examples of emergencies include accelerated/
malignant hypertension, hypertensive encephalopathy, acute left ventricular failure/
pulmonary edema, acute aortic dissection, intracranial hemorrhage, pheochromocy-
toma/adrenergic crisis, eclampsia, substance/drug-induced hypertension, retinal hem-
orrhage,  papilledema  , acute myocardial infarction, stroke, acute renal dysfunction, 
epistaxis, and hypertension after coronary bypass or vascular surgery [ 5 – 7 ]. 

 Indeed, it is likely that while hypertension is an important etiologic factor for kid-
ney disease, intrinsic kidney disease likely predisposes patients to hypertensive crises 
as it is a risk factor for the development of hypertension. Both non-dialysis dependent 
and dialysis-dependent CKD patients often have elevated blood pressure either before 
or, and more often, after the diagnosis of CKD. Physicians should be mindful of the 
relationship between blood pressure elevation and chronic kidney disease.  

     Pathophysiology   

 If one considers the equation of cardiac output (CO) = heart rate (HR) × stroke vol-
ume (SV), and blood pressure = CO × total peripheral resistance (TPR), then one can 
better understand the pathophysiological processes that lead to accelerated increases 
in blood pressure. 

 The pathophysiology of hypertensive crises is poorly understood. A sudden rise 
in PVR causes an acute elevation in blood pressure leading to vasoconstriction via 
activation of hormonal systems such as the renin–angiotensin system (RAS), cate-
cholamines, endothelin, and vasopressin [ 8 ]. This subsequently increases mechani-
cal stress on the vessel wall leading to endothelial injury. 

 The  endothelium   plays a central role in the regulation of blood pressure. Through 
the secretion of various molecules, vascular tone is adjusted for any given blood 
pressure. Nitric oxide is secreted by the endothelium in response to sheer stress and 
is under the infl uence of stress hormones. This causes vasodilation, which is the 
initial compensatory mechanism in response to rapid blood pressure elevation. 
When this response is overwhelmed, subsequent endothelial injury may occur [ 8 ]. 
Additionally, upregulation of proinfl ammatory markers, cytokines, and endothelial 
adhesion molecules endorse local infl ammation further contributing to the loss of 
endothelial function. This stress and sympathetic activation causes activation of the 
coagulation cascade, platelets, and promotes fi brin deposition leading to a cycle of 
vascular injury, increased endothelial permeability, and higher blood pressures [ 3 ]. 
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 In a prospective, cross-sectional study by Derhaschnig et al., patients with hyper-
tensive emergency were found to have elevated markers of thrombogenesis, fi brino-
lysis, and markers of infl ammation as compared to patients with hypertensive urgency. 
While the study does not suggest a cause–effect relationship, endothelial dysfunction 
plays a role in altering biomarkers, specifi cally in hypertensive emergencies [ 9 ]. 
Furthermore, a pressure diuresis can occur, leading to volume contraction, diminished 
effective arterial blood volume, and activation of the  renin–angiotensin system  . 

 Multiple mechanisms exist which affect the hemodynamic environment of the 
renal vasculature. Intrinsic vasoactive mechanisms within the kidney can alter intra-
renal vascular resistance to maintain renal blood fl ow.  Renal autoregulation   allows 
the kidneys to maintain adequate, yet stable glomerular fi ltration across a wide 
range of perfusion pressures. This is thought to be mediated by two mechanisms: 
the myogenic response of the glomerular vasculature and the  tubuloglomerular 
feedback system (TGF  ) of the macula densa [ 10 ,  11 ]. The  TGF mechanism   senses 
and responds to the volume and composition of the glomerular fi ltrate. When distal 
delivery of fi ltrate is increased, the afferent arteriole is stimulated to constrict and 
limit fi ltration [ 11 ]. The second mechanism, the myogenic system, responds directly 
to changes in local pressure. For example, with decreased effective arterial blood 
pressure, afferent glomerular vascular resistance decreases to maintain renal blood 
fl ow, and angiotensin II-mediated efferent glomerular arteriolar vasoconstriction 
results in a restoration of glomerular pressure necessary for fi ltration. Conversely, 
 intrarenal vascular resistance   increases in response to increased arterial pressures. 
This is associated with a myogenic response of the afferent glomerular arteriole to 
vasoconstrict and reduce potentially damaging levels of systemic arterial pressure 
from entering the glomerular capillaries which usually see pressures approximately 
one half to two thirds of systemic pressure [ 11 ]. These changes occur rapidly, to 
protect the glomerulus from sudden changes in arterial pressures. However, when 
these autoregulatory systems are overwhelmed, for example in the setting of rapid 
changes in blood pressure, the glomeruli are susceptible to hypertensive injury 
hydraulic injury [ 12 ]. Furthermore, in the setting of CKD, the autoregulatory mech-
anisms are impaired and even modest increases in blood pressure may lead to glo-
merular capillary damage [ 11 ,  13 ]. 

 A number of factors appear to contribute to the challenges with blood pressure 
control in CKD patients. These factors center primarily around increased sodium 
and fl uid retention. This is due to ineffective pressure-natriuresis that often occurs 
with chronic renal impairment. With progressive kidney disease, there is an inability 
to suppress tubular sodium reabsorption due to increased  RAAS   and sympathetic 
nervous system activity. This dysregulation of these systems are often targets of 
blood pressure control in the CKD population [ 14 ]. 

 In  ESRD patients  , increased salt and fl uid intake and excessive interdialytic 
weight gain are major contributing factors to resistant hypertension. Additionally, 
inadequate ultrafi ltration with dialysis sessions may also lead to interdialytic hyper-
tension. Increased renin secretion occurs in the setting of an ultrafi ltration rate that 
exceeds the plasma refi ll rate during hemodialysis [ 15 ]. This topic is further dis-
cussed in another chapter. 
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 Sympathetic  nervous activity   from increased catecholamine release has also been 
noted in dialysis patients, leading to increased vasoconstriction. Another factor lead-
ing to diffi cult blood pressure control involves alterations in endothelin and nitric 
oxide (NO). Specifi cally,  asymmetric dimethylarginine (ADMA  ), a chemical which 
accumulates in patients on dialysis, inhibits NO thereby leading to vasoconstriction. 
Another cause of vasoconstriction is erythropoietin therapy.  Erythropoietin therapy      
has been known to cause a hypercoagulable state which can lead to hemoconcentra-
tion induced vasoconstriction. Lastly, increased intracellular calcium from hyperpara-
thyroidism can lead to vasoconstriction and elevated blood pressure as well [ 16 ].  

    Approaching the Patient 

 As previously mentioned, the clinical feature distinguishing hypertensive urgency 
from hypertensive emergency is evidence of end organ injury or dysfunction. The 
recognition of these signs and symptoms should prompt the individualization of 
treatment as will be discussed below. 

 A patient’s presenting complaints can vary, but are often related to the acute 
elevation in blood pressure. Common  symptoms   include chest pain, shortness of 
breath, headache, confusion, and focal neurologic complaints. A focused history 
including comorbid conditions, prescribed medications, use of over-the-counter 
medications, medication adherence, and use of recreational drugs should be taken. 
Confi rmation of the blood pressure should be made with manual blood pressure 
measurements of both arms. The physical exam should focus on identifying evi-
dence of target organ damage. A fundoscopic exam may reveal retinopathy with 
hemorrhage, exudates, or  papilledema  . Neurologic exam to identify focal neuro-
logic defi cits may point towards intracranial pathology. 

 Initial  laboratory tests   should include a basic metabolic panel to evaluate for elec-
trolyte abnormalities and renal dysfunction. A complete blood count with differential 
with low platelets suggests microangiopathic hemolysis and a peripheral blood 
smear should be examined if thrombocytopenia is present. A urinalysis with blood 
and protein points towards underlying renal disease and possible hemolysis. An elec-
trocardiogram should be performed in all patients to look for signs of ischemia. A 
chest X-ray is useful to quickly evaluate for aortic dissection. If clinical suspicion for 
aortic dissection is high, a CT angiogram of the chest should be pursued. A chest 
X-ray can also evaluate for pulmonary edema or other pulmonary processes. A renal 
ultrasound is warranted in patients with renal dysfunction. A CT or MRI of the brain 
is needed to determine if the patient is having a hemorrhagic or ischemic stroke. 

 The clinical presentation of  CKD and ESRD   patients can be similar to the 
general population with hypertensive crisis, presenting with end organ damage in 
a variety of forms including congestive heart failure, papilledema, hemorrhagic 
strokes, left ventricular hypertrophy, and acute coronary syndromes. This patient 
population though can have volume overload as a more prominent feature of 
their presentation. For example, CKD and ESRD patients often present with 
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acute pulmonary symptoms and evaluation should be focused on determining the 
volume status of the patient [ 16 ].  

    Treatment 

  Treatment   should be tailored to the clinical scenario, the degree of blood pressure 
elevation, and the presence or absence of end organ injury. Typically, therapies are 
fi rst instituted in the emergency department. 

    Hypertensive Emergency 

 If the patient is having a hypertensive emergency, they should be hospitalized, pref-
erably in an intensive care unit (ICU). The goal is to prevent and reverse end organ 
damage by lowering blood pressure in a monitored setting. Moreover, the duration 
of action of a medication should be considered so as to not cause signifi cant hypo-
tension and subsequent ischemic brain injury. Treating the  blood pressure   takes pri-
ority over determining the cause of the hypertensive crisis. 

 The choice of parenteral or oral medications for treatment depends on the 
patient’s comorbidities and clinical scenario. Generally, if the patient has a hyper-
tensive emergency and is admitted to the ICU, parenteral medications are the treat-
ment of choice. This allows for careful and controlled changes in blood pressure 
which are largely predictable to minimize the risk for worsening target organ injury. 

 How much should one lower the blood pressure? As will be discussed later, there 
are different targets depending on the target organ injury. The rule of thumb is low-
ering the  mean arterial pressure (MAP  ) no more than 15–25 % [ 17 ] within the fi rst 
few hours of a hypertensive emergency or no lower than 100 mmHg  diastolic blood 
pressure (DBP  ). Aim to lower  systolic blood pressure (SBP  ) by 20–40 mmHg 
within the fi rst half hour using parenteral medications. Another general recommen-
dation is to lower blood pressure cautiously to 140/90 mmHg [ 6 ]. 

 Generally, IV medications used to treat a patient over 12–24 h will allow for 
cerebrovascular autoregulation to re-establish. After this time, the provider should 
transition from parenteral to oral medications and monitor for postural hypotension. 
When treating this patient population, one must consider that often a pressure- 
natriuresis occurs due to substantial vasoconstriction. For this reason, diuretics 
should not be used initially unless there is clinical evidence of volume overload, and 
at times, fl uids are given to prevent too rapid a drop in blood pressure [ 6 ]. 

  Additional Considerations in the  CKD/Dialysis Population   
 The rules of managing hypertensive emergencies and urgencies in the general popu-
lation are applicable to the CKD population as well. Here, we illustrate using vari-
ous clinical scenarios:  
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 CASE #1: A 52-year-old man with a history of systolic heart failure, hyperten-
sion, diabetes mellitus type 2, coronary artery disease presents to the emergency 
room with hypertensive emergency. He has a history of tobacco abuse, without drug 
or alcohol use. Home medications include metformin, carvedilol, amlodipine, furo-
semide, and aspirin. He denies shortness of breath but complains of increased leg 
edema bilaterally. Vital signs are signifi cant for a blood pressure of 200/110 mmHg, 
heart rate of 89 bpm, and oxygen saturation of 86 % on room air, which improved to 
94 % on 6 l oxygen via nasal cannula. On physical exam, he is dyspneic, with crack-
les to the mid-lung, and 2+ lower extremity edema. CXR shows bilateral pleural 
effusions and vascular congestion. Upon lab review, serum creatinine is increased 
from his baseline creatinine 1.6 to creatinine 2.3, with an eGFR of 28 ml/min. How 
would you manage this patient? 

 Answer #1: Particular attention should be paid to the volume status of  CKD 
patients   and treatment of hypertensive crises should incorporate management of 
volume overload in this patient population. This includes not only the standard 
treatments as listed, but also the aggressive use of diuretic agents and renal replace-
ment therapy in certain clinical scenarios. While diuretics generally should not be 
used as single agents in the treatment of hypertensive crises, they can be used in 
combination with other drug classes for blood pressure control. 

 If this patient’s CKD was more advanced, one could consider renal replacement 
therapy with ultrafi ltration as a possible therapy. 

 In this clinical scenario, we would recommend starting nicardipine or labetalol 
IV infusion to lower blood pressure by 20 % within the fi rst few hours of treatment. 
Concurrently, given his presentation of volume overload, diuretic therapy with IV 
furosemide infusion should also be considered. If his CKD were more advanced in 
the setting of volume overload, dialysis with ultrafi ltration would likely need to be 
initiated for blood pressure management. 

 CASE #2: A 67-year-old African American female with a history of  diabetes 
mellitus type 2  , hypertension, and ESRD on dialysis for 1 year presents to the emer-
gency room with fatigue, dyspnea with exertion, and nausea. Her last dialysis ses-
sion was 5 days ago. She is anuric. On admission, her vitals are signifi cant for blood 
pressure 240/114 mmHg, heart rate of 92 bpm, and oxygen saturation of 88 % on 
room air improved to 96 % on BiPAP. Physical exam is signifi cant for elevated jugu-
lar venous pressure, bibasilar crackles, and 1+ lower extremity edema. CXR shows 
increased interstitial markings consistent with pulmonary edema. What is the best 
management for this patient? 

 Answer #2: Again, this patient shows signs of volume overload. However, this 
patient is a chronic dialysis patient who has been non-adherent to her outpatient 
dialysis regimen. Interdialytic fl uid intake, physical exam, and interdialytic weight 
gain are important markers that help determine the patient’s dry weight. In the 
 setting of volume overload, antihypertensive medications are of limited utility. In 
the acute setting, dialysis is best for volume removal and blood pressure control. 
The patient should have blood pressure lowered safely by 20 % to prevent cerebral 
hypoperfusion. If blood pressure is not adequately controlled with dialysis alone, 
she may require a labetalol or nicardipine drip for adequate blood pressure control. 
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 Undoubtedly, in  ESRD patients  , dialysis with ultrafi ltration is central to blood 
pressure management. Careful evaluation of volume status should fi rst be performed, 
as volume depletion can also sometimes present as severe hypertension. Target dry 
weight requires frequent evaluation and adjustment dependent on the physician’s 
clinical assessment of the patient. Adherence to scheduled dialysis treatments must 
be emphasized to the patient to avoid hypertensive crises as presented here.  

     Parenteral Medications   for Hypertensive Emergencies 

 See Table  9.1  for a listing of parenteral medications for hypertensive emergencies, 
including doses and onset of action.

      Vasodilators 

   Diazoxide      —benzothiadiazine drug, a pure arterial vasodilator [ 18 ,  19 ]. Usually 
begin 1 mg/kg and administer every 5–15 min to prevent sudden dangerous drops in 
blood pressure. Dosage reduction is required in the presence of renal disease 
because of prolonged half-life. An increase in cardiac output and heart rate occur, 
which could provoke cardiac ischemia in some patients. Concurrent beta blocker 
and diuretic administration is needed due to refl ex vasodilatory responses and salt 
and water retention. This medication is removed by hemodialysis and peritoneal 
dialysis but with low clearance due to high protein binding [ 5 ,  6 ]. 

   Hydralazine hydrochloride   —a direct acting vasodilator which relaxes vascular 
smooth muscle. Given IV or IM, it causes hypotension, but in an unpredictable 
manner. The onset of action is 10–30 min and the effect lasts up to 6 h [ 18 ,  19 ]. 
Hydralazine is considered a safe choice for patients with eclampsia. Side effects 
include refl ex tachycardia as well as salt and water retention. 

   Sodium nitroprusside   —a potent vasodilator. It acts on the excitation contrac-
tion coupling of vascular smooth muscle, dilating both arterioles and venous ves-
sels. It has the benefi t of rapid onset and offset. This drug should be avoided in 
patients with high intracranial pressure and those with renal impairment. Cyanide 
accumulation may occur in patients with CKD. 

 Nitroglycerin. 
   Nitroglycerin   —weak systemic arteriolar vasodilation with a dose-related 

response. 
 Its rapid onset of action, within 2–5 min, allows it to be a good choice to dilate 

coronary vessels increasing blood supply to ischemic regions in cases of unstable 
angina or acute myocardial infarction. Nitroglycerin reduces preload and cardiac 
output at lower dosages, and reduces afterload at higher doses. Side effects include 
headache, nausea, and vomiting. Prolonged use may lead to tolerance.  
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    Calcium Channel Blockers 

   Nicardipine hydrochloride      —a dihydropyridine calcium channel blocker (CCB) 
with fast onset of action, with a fi nal steady state after 50 h. Begin the infusion 
5.0 mg/h and titrate up. There is a dose dependent decrease in blood pressure. 
Nicardipine is effective in treating pediatric hypertensive emergencies [ 20 ,  21 ]. 

   Clevidipine butyrate   —a short-acting, third generation dihydropyridine cal-
cium channel blocker. It is metabolized by blood esterases and therefore can be 
used in cases of renal and liver impairment. It is also highly protein bound. Blood 
levels drop rapidly after terminating the infusion. The elimination half-life is 
15 min. Adverse effects include sinus tachycardia, headache, nausea, and chest 
discomfort [ 22 ]. In the ECLIPSE trial, in patients with preoperative HTN, clevidip-
ine treatment resulted in lower mortality rates than compared to those treated with 
nitroprusside.  

     Adrenergic Agents      

   Labetalol   —a combined alpha 1 and beta 2 adrenergic receptor antagonist with 
rapid onset of action. The drug can be given parenterally or orally [ 18 ,  23 ]. If given 
IV, the dose administered is 0.5–2.0 mg/min which will cause a rapid but not abrupt 
decrease in blood pressure. Avoid in patients experiencing acute heart failure, 
asthma, and AV block. Its main indications include aortic dissection, acute coronary 
syndrome, hypertensive encephalopathy, adrenergic crisis, and particularly useful 
and safe in pregnancy induced hypertensive crisis. 

   Esmolol hydrochloride   —a beta 1 selective blocker which acts immediately and 
has a short duration of action, with negligible concentrations at 30 min after discon-
tinuation. It also produces negative chronotropic and inotropic activity. It must be 
diluted to a concentration of 10 mg/ml. Extravasation can cause local irritation or 
skin necrosis. A loading dose and then infusion of a maintenance dose of the drug 
allows for steady state blood concentration to be achieved (see Table  9.1 ). It is used 
in patients with hypertensive crisis that are also tachycardic with increased cardiac 
output, such as in post-surgical patients. Esmolol is also used in patients with post-
operative hypertension. Use cautiously in patients with renal insuffi ciency [ 18 ,  23 ]. 

   Methyldopa   —a central alpha 2 adrenergic agent that is administered IV as a 
bolus. It has an unpredictable effect on blood pressure with delayed onset of action 
and peak effect. 

   Phentolamine   —an alpha receptor antagonist with a short lived effect that is 
used more often in cases of increased circulating catecholamines (i.e., 
 pheochromocytoma crisis, monoamine oxidase inhibitor and drug food interaction, 
clonidine withdrawal syndrome). The duration of action is 10–15 min with a short 
half-life (19 min) [ 18 ,  23 ]. Phentolamine may cause angina/cardiac arrhythmias.  
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    Other Parenteral Medications 

   Trimethaphan camsylate   —a ganglionic blocking agent with immediate onset of 
action. It decreases peripheral vascular resistance and usually decreases cardiac out-
put due to venous dilation and peripheral pooling of blood [ 18 ,  23 ]. Intra-arterial 
blood pressure monitoring is required. The patient must be supine to receive tri-
methaphan. Start the infusion at 1 mg/min and titrate up as needed. Trimethaphan is 
effective in the setting of acute aortic dissection. Watch for tachyphylaxis from vol-
ume expansion if infused for 48 h or more as well as histamine release. 

   Enalaprilat   —the active metabolite of enalapril, is administered IV slowly over 
5 min that is 1/4th the oral dose [ 24 ]. Onset of action is within 15 min and maximal 
effect is seen within 1–4 h. Initial dose in patients with renal insuffi ciency should be 
no more than 0.625 mg [ 6 ]. Enalaprilat is contraindicated in patients with renal 
artery stenosis and those who are pregnant. 

   Fenoldopam mesylate   —a dopamine(D1)-like receptor agonist which causes 
arteriolar vasodilation with a half-life of 5 min. Steady state concentrations are 
reached within 20 min. It increases blood fl ow in hypertensive and normotensive 
individuals [ 25 ,  26 ]. Fenoldopam is helpful in those with renal impairment as its 
target receptors are located in the renal and splanchnic arteries. Adverse effects 
include increased intraocular pressures, refl ex tachycardia, headache, fl ushing, 
hypotension, and nausea.  

     Diuretics   1  

 Furosemide, torsemide, bumetanide—loop diuretics, blocks NaK2Cl channel in the 
thick ascending limb of the Loop of Henle, preventing sodium and chloride reab-
sorption. Can be given as an IV bolus, IV continuous infusion [ 27 ].  

     Renal Replacement Therapy   

 Hemodialysis/isolated ultrafi ltration—intermittent hemodialysis is more predict-
able than peritoneal dialysis for acute fl uid removal as the ultrafi ltration rate is set 
by the provider.   

     Hypertensive Urgency   

 Patients with chronically elevated blood pressure and those with hypertensive 
urgencies should have slower reduction of their blood pressure, preferably over 
24–48 h and may not need hospitalization. Generally, blood pressure in a 

1   Not used in hypertensive emergencies in the general population, but may be considered 
in the CKD population if eveidence of volume overload. 
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hypertensive urgency is >200/130 mmHg but lacks target organ damage. Gradual 
lowering of blood pressure is necessary due to changes in autoregulation of cerebral 
blood fl ow. Normally, cerebral blood fl ow is regulated so perfusion is maintained at 
lower blood pressures. Perfusion is diminished in states of chronic hypertension to 
prevent cerebral edema. Rapid lowering could lead to cerebral ischemia or infarc-
tion. Sudden drops in blood pressure can even lead to myocardial ischemia, infarc-
tion, or arrhythmia. Patients with hypertensive urgency should be treated with oral 
medications rather than parenteral medications. 

 In patients with hypertensive urgency, a quiet dark room can decrease BP by 
20/10 mmHg. Treatment of pain is also important in order to prevent hypotension 
after the administration of antihypertensive medications. Preferably, one should 
start with oral medications such as clonidine or captopril, which have a quick onset 
of action and shorter half-life to allow for gradual blood pressure drop in the setting 
of a higher autoregulatory threshold [ 28 ,  29 ]. Then, longer acting medications can 
be added. Avoid IV hydralazine and sublingual nifedipine as these medications have 
been shown to cause severe and uncontrolled hypotension [ 2 ]. Sublingual nifedip-
ine capsules have been linked to stroke and heart attack in hypertensive subjects due 
to the overshooting of the blood pressure target [ 2 ]. 

 The goal of antihypertensive treatment is to reduce or reverse end organ damage 
while at the same time preventing hypoperfusion and ischemic injury. There is a 
higher risk of ischemia, coma, and death when diastolic pressure is lowered below 
90 mmHg or when initial blood pressure is dropped by 35 % [ 19 ]. 

 Patients with asymptomatic severe hypertension, as frequently seen in chroni-
cally hypertensive patients who either do not have a primary care physician or are 
non-adherent with their medication regimen, do not need emergent treatment. If 
non-adherent, their medication should be restarted, and efforts should be made to 
encourage compliance.  

    Oral Medications for Hypertensive Urgency 

 See Table  9.2  for a list of oral medications for use during hypertensive urgent 
treatment.

     Nifedipine   —rapid onset of action, can cause refl ex tachycardia, useful for 
hypertensive crisis. Can cause symptomatic hypotension. For this reason, one 
should only use long-acting preparations. 

   Clonidine   —a central alpha 2 agonist that allows for an immediate antihyperten-
sive effect but requires repetitive dosing which can lead to drowsiness. 

   Captopril or enalapril —  maximum effect in 2 h. Does not cause tachycardia. 
   Minoxidil   —direct vasodilator, 2.5–10 mg given every 4–6 h initially for hyper-

tensive emergency. Use with an adrenergic blocker or diuretic. 
   Labetalol   —an alpha 1 and beta antagonist, effective within 1–3 h but has an 

unpredictable dose response.   
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    Clinical Scenarios 

    Malignant and Accelerated HTN 

 From a historical perspective, there is no blood pressure which defi nes either malig-
nant or accelerated hypertension. Accelerated hypertension involves marked eleva-
tion of blood pressure which may be associated with headache, weight loss from 
pressure-natriuresis, retinopathy, and renal failure. The signs and symptoms of 
accelerated hypertension relate to the vascular injury due to uncontrolled hyperten-
sion. If papilledema is also found, this indicates malignant hypertension. In patients 
with malignant hypertension, patients may also have occipital headache, blurry 
vision, and confusion. Preferably, patients should be treated in the ICU in order to 
monitor and stabilize them. Again, treatment goal is to prevent and reverse end 
organ damage. Parenteral or any of the oral medications listed in Table  9.2  may be 
used. Malignant or accelerated hypertension is older terminology which has been 
removed from the National and International Blood Pressure Control guidelines and 
is referred to as hypertensive emergency [ 2 ,  6 ,  17 ].  

     Hypertensive Encephalopathy   

 Hypertensive encephalopathy can occur from severe hypertension or in cases of 
malignant hypertension and is associated with a poor prognosis if not quickly rec-
ognized and treated. More often than not, patients with hypertensive encephalopa-
thy also have renal impairment. The full syndrome can take 12–48 h to develop [ 6 ]. 
Symptoms include marked hypertension, headache, nausea, vomiting, papilledema 
(but can also be absent and should not exclude the diagnosis), visual issues, transient 

    Table 9.2    Rapid acting oral drugs for treating  hypertensive emergencies     

 Drug  Dose 
 Onset of 
action 

 Peak 
effect 

 Duration 
of action 

 Labetalol  100–400 mg q12h, max 2400 mg  1–2 h  2–4 h  8–12 h 
 Clonidine  0.2 mg initially, then 0.1 mg/h 

(0.8 mg max) 
 30–60 min  2–4 h  6–8 h 

 Diltiazem 
 Verapamil 

 30–120 mg q8h (480 mg max) 
 80–120 mg q8h (480 mg max) 

 <15 min 
 <60 min 

 2–3 h 
 2–3 h 

 8 h 
 8 h 

 Captopril 
 Enalapril 

 12.5–25 mg q6h 
 (150 mg max) 
 2.5–10 mg q6h 
 (40 mg max) 

 <15 min 
 <60 min 

 1 h 
 4–8 h 

 6–12 h 
 12–24 h 

 Prazosin  1–5 mg q2h 
 (20 mg max) 

 <60 min  2–4 h  6–12 h 
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focal neurologic defi cits. Progressive worsening of symptoms can result without 
treatment leading to coma and death. One must rule out ischemic or hemorrhagic 
stroke as well as uremic encephalopathy in the setting of renal failure. If symptoms 
improve rapidly with treatment, the diagnosis is likely hypertensive 
encephalopathy. 

 Blood pressure should be lowered within 3–4 h but the DBP should remain 
>100 mmHg to avoid risk of cerebral ischemia. Parenteral therapy is preferred over 
oral medications, especially in light of these patients having nausea and vomiting. 
Parenteral therapy should be continued for 8–12 h. If nausea has resolved, then the 
patient could be transitioned to oral medications such as minoxidil or nifedipine. 
Avoid medications that will cause cerebral vasodilation in the setting of hyperten-
sive encephalopathy or central nervous system hemorrhage.  

     Cerebral Infarction/CNS Bleeding   

 The approach to managing blood pressure in patients who are status post a cerebral 
thrombotic or hemorrhagic event is as follows: (1) Begin antihypertensive therapy 
if SBP > 220 mmHg or SBP > 130 mmHg. (2) Avoid thrombolytics unless the 
SBP < 180 mmHg or DBP < 110 mmHg. (3) In the case of a hemorrhagic stroke, 
SBP > 180 mmHg or SBP > 30 mmHg should be targeted. (4) Sodium nitroprusside 
should be avoided as initial therapy as it increases intracranial pressure. In the case 
of an ischemic or hemorrhagic infarction, autoregulation may not be normal. For 
this reason, managing such patients is problematic, without any clear guidelines. (5) 
Avoid lowering the blood pressure by more than 20 % and not lowering SBP below 
100 mmHg, at least initially [ 6 ].  

     Acute Aortic Dissection   

 Patients with acute aortic dissection present with severe chest, back, neck, or intra-
scapular pain, syncope, headache, blindness, hemoptysis, dyspnea, nausea, vomit-
ing, and even melena or hematemesis [ 6 ]. Abrupt pain is often the most characteristic 
sign. As patients may be unstable, stat CT angiography is most often used to diag-
nose an acute dissection. Direct vasodilators are contraindicated as they could 
refl exively stimulate the heart. Sodium nitroprusside along with labetalol or esmolol 
are considerations to bring blood pressure down in a smooth and controlled way. 
Trimethaphan can also be used as it has a negative inotropic effect, slowing down 
the pulsatile wave generated by the heart.  
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    Acute Left Ventricular Failure/Pulmonary Edema (Refractory 
to Conventional Medical Therapy) 

 The left ventricle must work harder when blood pressure is higher. In settings of 
severe hypertension, the left ventricle could fail leading to pulmonary edema. 
Sodium nitroprusside, diuretics, and other intravenous drugs should be used in this 
situation. Sodium nitroprusside lowers both afterload and preload allowing for 
increased cardiac output [ 5 ,  6 ].  

     Pheochromocytoma/Adrenergic Crisis   

 Patients with pheochromocytoma present with sustained or episodic hypertension 
associated with sweating, tachycardia, numbness and tingling of the feet and hands 
[ 5 ,  6 ]. The frequency of blood pressure elevation varies as the episodes can occur 
multiple times a day or only once a month. Plasma free metanephrines can be falsely 
positive in patients with chronic kidney disease (CKD) [ 30 ]. For this reason, plasma 
catecholamines may be a more useful screening tool in patients with advancing 
CKD. Phentolamine is preferable as it helps reduce blood pressure in the setting of 
alpha adrenergic-mediated hypertension [ 18 ]. A beta blocker like labetalol can be 
used after phentolamine or phenoxybenzamine is administered. 

 An adrenergic crisis can occur in any state of catecholamine excess. This condi-
tion may be seen in cases of abrupt clonidine or methyldopa withdrawal, acute spi-
nal cord injuries which lead to automatic hyperrefl exia, sympathomimetic drug use 
(i.e., cocaine, amphetamines), and interaction of tyramine containing compounds 
with monoamine oxidase inhibitors. These scenarios respond well to phentolamine 
or nitroprusside. However, it is important to avoid beta blockers as they can worsen 
a hypertensive crisis.   

    Conclusion 

 Hypertensive urgencies and emergencies are clinical syndromes caused by various 
clinical scenarios. The goal is to prevent end organ damage, or reverse it, if possible. 
It is important to distinguish between these two clinical syndromes as this helps 
direct treatment strategies, need for hospitalization, and level of care. Careful indi-
vidualization is always necessary. Progressive control of blood pressure in a prompt 
and controlled manner is essential to prevent hypoperfusion to vital organs. One 
must always consider why the crisis occurred, i.e. due to non-adherence or progres-
sion of the underlying secondary cause of hypertension, as this will assist in man-
agement and prevention. 
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 In patients with CKD and those on dialysis, hypertensive crises are frequently 
seen. Management of those patients often involves targeting volume overload either 
with parenteral medications and/or renal replacement therapy with ultrafi ltration.     
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    Chapter 10   
 Management of Hypertension in Chronic 
Kidney Disease                     

     Jordana     B.     Cohen       and     Raymond     R.     Townsend    

           Blood Pressure   Goals in Chronic Kidney Disease 

 Chronic kidney disease (CKD) and hypertension have an undeniably complex 
 relationship. Hypertension is both a product of underlying kidney disease and a risk 
factor for the development and progression of CKD [ 1 ]. The complexity of this 
relationship likely contributes to disagreement in the literature, and thus among 
experts, regarding optimal blood pressure goals in patients with CKD. Suffi cient 
 blood pressure   control can signifi cantly reduce the rate of worsening renal function 
in patients with CKD [ 2 ]. Although there have been no blood pressure target trials 
specifi cally focused on cardiovascular events, patients with concomitant hyperten-
sion and CKD are at increased risk of adverse cardiovascular and cerebrovascular 
outcomes. Thus, careful attention to the management of blood pressure in these 
patients is critical [ 3 ]. 

 In the 2014 Evidence-Based Management of Hypertension in Adults report, 
those empanelled as the  Eighth Joint National Committee (JNC8  ) performed an 
intensive, systematic review of the existing literature; the 2014 report used data 
from Fair- to Good-quality randomized controlled trials (RCTs), and resorted to 
expert opinion in areas where  RCTs   were either not available, confl icting in their 
conclusions, or failed to address a particular question [ 4 ]. The report recommended 
that individuals <70 years of age with reduced kidney function (defi ned as an esti-
mated  glomerular fi ltration rate [eGFR  ] of <60 mL/min/1.73 m 2 ) and patients with 
albuminuria (defi ned as >30 mg/g) at any level of  eGFR  , with or without diabetes, 
should be initiated on antihypertensive therapy for a  systolic blood pressure of 
≥140 mmHg or a diastolic blood pressure of ≥90 mmHg. Treatment should be 
titrated to achieve a goal systolic blood pressure of <140 mmHg and a goal diastolic 
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blood pressure of <90 mmHg [ 4 – 7 ]. RCTs demonstrate no added benefi t from 
stricter blood pressure control in patients with CKD with regard to progression of 
renal disease and adverse cardiovascular outcomes [ 8 – 10 ]. 

 The  Kidney Disease Improving Global Outcomes (KDIGO  ) Clinical Practice 
Guideline for the Management of Blood Pressure in CKD published in December 
2012 provided comprehensive guidance regarding an extensive range of topics in 
the management of hypertension in patients with CKD (Table  10.1 ) [ 11 ]. The 
 KDIGO guidelines   systematically and transparently drew from a broader body of 
evidence, scrutinizing and denoting the quality of the available data for each subject 
addressed. The KDIGO guidelines have similar recommendations to those empan-
elled as  JNC8   with regard to non-proteinuric patients with CKD. KDIGO recom-
mends that non-diabetic and diabetic adults with CKD and no albuminuria (defi ned 
as <30 mg per 24 h) should be treated with antihypertensive medications to main-
tain a goal blood pressure of ≤140 mmHg systolic and ≤90 mmHg diastolic [ 11 ].

      Blood Pressure Goals with  Albuminuria   

 The increased risk of adverse cardiovascular and cerebrovascular outcomes in 
patients with concomitant hypertension and CKD is further exacerbated by the pres-
ence of proteinuria [ 3 ]. Post-hoc analysis of the MDRD study indicated that patients 
with >3 g per 24 h of proteinuria had greater renal benefi t,  defi ned   as the slope of 
GFR change over time, from a blood pressure goal of <130/80 [ 8 ]. However, this 
fi nding was not consistent with primary analyses of other RCTs [ 9 ,  10 ]. As a result 
of the mixed available evidence, the recommendations regarding patients with albu-
minuria differ across treatment guidelines. Those empanelled as JNC8 recommend 
a goal systolic blood pressure of <140 mmHg and a goal diastolic blood pressure of 
<90 mmHg in these patients [ 4 ]. Acknowledging the limitations of the MDRD post- 
hoc analyses, the KDIGO report suggests that non-diabetic and diabetic adult CKD 
patients with any amount of albuminuria ≥ 30 mg per 24 h should be treated with 
antihypertensive medications to maintain a blood pressure of ≤130 mmHg systolic 
and ≤80 mmHg diastolic [ 8 ,  11 ].  

    Blood Pressure Goals in the Elderly 

 Those empanelled as  JNC8   recommend that patients who are ≥60 years of age 
without CKD should be treated with antihypertensive therapy to achieve a goal 
systolic blood pressure of <150 mmHg and a goal diastolic blood pressure of 
<90 mmHg [ 4 – 7 ]. The group noted that there is no clear evidence regarding optimal 
blood pressure treatment goals in individuals with CKD who are ≥70 years of age. 
They recommend that elderly patients be evaluated and treated on an individualized 
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basis, taking into account other associated comorbidities and risk of adverse effects 
from treatment [ 4 ]. 

 The  KDIGO guidelines   recommend a similar individualized approach to blood 
pressure targets according to age and coexisting comorbidities [ 11 ]. The authors 
noted that multiple studies in non-CKD elderly populations demonstrate a J-shaped 

  Table 10.1    Summary of the 
KDIGO 2012  guideline  s for 
blood pressure management 
in CKD patients [ 11 ]  

  General guidelines  
 Individualize blood pressure targets 
and agents based on age, 
comorbidities, and side effects 
 Monitor for orthostatic hypotension, 
particularly in the elderly 
 Recommend lifestyle modifi cation 
 Achieve or maintain a body mass 
index of 20–25 kg/m 2  
 Lower sodium intake to <2 g per day 
 Exercise at least 30 min 5 times per 
week 
 Limit alcohol intake to 2 drinks per 
day in men, 1 drink per day in women 
  Blood pressure management in 
diabetic and non-diabetic CKD 
patients  
 Urine Albumin Excretion <30 mg per 
24 h 
 Initiate therapy for blood pressure 
>140 mmHg systolic or >90 mmHg 
diastolic 
 Maintain blood pressure consistently 
≤140 mmHg systolic and ≤90 mmHg 
diastolic 
 Urine Albumin Excretion ≥30 mg per 
24 h 
 Initiate therapy for blood pressure 
>130 mmHg systolic or >80 mmHg 
diastolic 
 Maintain blood pressure consistently 
≤130 mmHg systolic and ≤80 mmHg 
diastolic 
 ARB or ACE-I is recommended 
  Blood pressure management in the 
elderly  
 Tailor blood pressure regimen based 
on age, comorbidities, and risk of 
medication interactions 
 Gradual escalation of therapy 
 Close monitoring for adverse effects 
 Orthostatic hypotension, acutely 
worsening azotemia, and electrolyte 
abnormalities 
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relationship between both systolic and diastolic blood pressure and survival [ 12 – 14 ], 
but that it appears to be safe to treat elevated blood pressures in elderly patients 
without CKD to a target level of <150/80 mmHg [ 5 ]. Much like JNC8, the KDIGO 
report states that the available data cannot be appropriately extrapolated to patients 
with CKD, and that it is not possible to provide a specifi c blood pressure target in 
elderly patients with CKD. The KDIGO report suggests an approach using the same 
goals as in younger patients with CKD, but emphasizes that treatment of hyperten-
sion in the elderly with CKD must be undertaken with greater caution and that treat-
ment goals should be achieved gradually. The  KDIGO guidelines   also promote 
asking about dizziness and assessing for postural hypotension, noting that elderly 
patients with CKD undergoing treatment for hypertension are particularly prone to 
orthostatic hypotension, which can be exacerbated by volume depletion from diuretic 
therapy [ 11 ,  15 ].  

     Target Versus Achieved Blood Pressure   

 The disparity in recommendations regarding blood pressure goals in patients with 
CKD across different guidelines may be attributable in part to perceived differences 
in target versus achieved blood pressures. Achieved blood pressures in clinical prac-
tice may not consistently correlate with target blood pressures [ 16 ], raising concern 
that target blood pressures should be made lower in order to reach optimum blood 
pressure control in a greater number of patients and  avoid   treatment inertia. Critics 
of more lenient target blood pressures argue that observational data supporting 
lower blood pressure goals are evidence of the discrepancy between target and actu-
ally achieved blood pressures in “real world” settings. These critics also argue that 
RCT populations are not always generalizable to “real world” settings, where 
patients tend to have decreased motivation and adherence and increased heterogene-
ity compared to trial participants [ 11 ,  16 ]. 

 Historically, some guidelines addressed the issue of achieved versus target blood 
pressure by recommending titration of treatment to a blood pressure that is lower 
than the recommended target blood pressure. The potential pitfalls of this approach 
include increased risk of adverse effects from medications, hypotension, and poten-
tial decreased survival in certain populations [ 12 – 14 ]. The KDIGO authors address 
the issue of achieved versus target blood pressure by recommending repeated offi ce 
blood pressure measurements, and by wording their guidelines to recommend that 
patients  consistently  meet their target blood pressure [ 11 ]. Additionally, ambulatory 
blood pressure monitoring and home blood pressure monitoring are superior options 
to offi ce-based measurements for prognostication of renal and cardiovascular out-
comes in patients with chronic kidney disease, and allow for more reliable assess-
ment of achieved blood pressure [ 17 ,  18 ].   
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    Management of Hypertension in CKD 

     Non-Pharmacologic Therapy   

 RCT and observational data support lifestyle modifi cations such as decreased 
sodium intake [ 19 ], increased exercise [ 20 ], weight loss [ 21 ], and reduction in alco-
hol intake [ 22 ] for the management of blood pressure in the general population [ 23 ]. 
Existing evidence indicates that blood pressure reduction through lifestyle modifi -
cations can signifi cantly improve cardiovascular and renal outcomes. Although 
mainly observational data are available in the CKD population, non-pharmacologic 
management with lifestyle modifi cations has become a key factor in the treatment 
of hypertension in patients with CKD. That said, most patients will require a com-
bination of non-pharmacologic and pharmacologic treatment in order to achieve 
blood pressure targets (Table  10.2 ).

      Reduced  Sodium Intake   

 Excess sodium and water retention is a major contributing factor to elevated blood 
pressure in patients with CKD [ 24 ,  25 ]. Patients with reduced GFR have impaired 
fi ltering of sodium and water, resulting in expansion of the extracellular volume and 
thus an increase in systemic blood pressure. High amounts of sodium intake in 
patients with CKD contribute to volume expansion (which can occur in the absence 
of peripheral edema) [ 26 ], increased fi ltration fraction resulting in increased  pro-
teinuria   [ 27 ], and hypo-responsiveness to pharmacologic antihypertensive therapies 
[ 28 ]. Since their elevated blood pressure is in part driven by this impairment in 
sodium excretion, patients with CKD tend to be sensitive to reductions in sodium 
intake. Although no RCTs have been performed evaluating the long-term effect of 
dietary sodium reduction in CKD patients, short duration RCTs have demonstrated 
that reduced sodium intake improves responsiveness to pharmacologic antihyper-
tensive therapy in these patients [ 29 – 31 ]. 

 There is no high-quality data on the ideal level of sodium intake in patients with 
CKD, however recent guidelines recommend a reduction in sodium intake to less 
than 2–2.3 g daily; more stringent sodium restriction does not appear to be benefi -
cial [ 11 ,  32 ]. Patient education on interpreting food labels and provider-initiated 
feedback on sodium reduction using 24 h urine sodium collection are valuable tools 
in effectively implementing sodium reduction in hypertensive patients [ 33 ].  

     Potassium Supplementation   

 A number of studies in non-CKD patients demonstrate that low dietary potassium 
intake increases  sodium sensitivity   in patients with normal renal function, and that 
dietary potassium intake is inversely proportional to blood pressure [ 34 ,  35 ]. 
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   Table 10.2    Summary of  non-pharmacologic and pharmacologic management   options in CKD   

 Non-pharmacologic  Summary of the literature 

 Reduced sodium intake  Reduce sodium intake to less than 2–2.3 g per day 
 Potassium supplementation  Benefi t in hypertension in inconclusive 

 Not recommended in CKD due to risk of hyperkalemia 
 Exercise  Aerobic exercise 30 to 40 min, fi ve to seven times weekly 
 Weight loss  Reduce or maintain body mass index <25 kg/m 2  
 Reduced alcohol intake  No studies in CKD 

 Recommendations per KDIGO; limit to 2 drinks per day in men, 
1 drink per day in women 

 Smoking cessation  No studies in CKD; strong evidence in diverse populations to 
support cessation 

 Pharmacologic 
 ACE-I/ARB  Recommended as fi rst-line therapy in most patients; best 

evidence is in the setting of proteinuria 
 No benefi t from dual ACE-I and ARB therapy, with increased 
risk of hyperkalemia and azotemia 

 Direct renin inhibition  Increased risk of nonfatal stroke, azotemia, hyperkalemia, and 
hypotension when given with ARB 
 Not currently recommended in CKD in combination with ACE-I 
or ARB 

 Diuretics  Thiazides have long-term benefi t in CKD, but are less effective 
than loop diuretics in advanced CKD 
 Chlorthalidone is more potent than hydrochlorothiazide; 
electrolyte abnormalities persist in CKD 
 Metolazone is useful for short-term adjunctive therapy along 
with loop diuretics 

 K-sparing diuretics and  Triamterene and amiloride not recommended due to risk of 
hyperkalemia 

 Mineralocorticoid 
antagonists 

 Spironolactone and eplerenone may be helpful as adjunct to 
ACE-I/ARB, however increase risk of hyperkalemia 

 Calcium channel blockers  Dihydropyridines may exacerbate extravascular volume 
expansion and albuminuria 
 Non-dihydropyridines may reduce albuminuria; however, 
increase risk of bradycardia 

 Beta blockers  Avoid giving with non-dihydropyridines due to risk of 
atrioventricular block and bradycardia 
 Atenolol and bisoprolol are renally eliminated 
 Atenolol may have greater mortality benefi t than metoprolol in 
older patients 

 Centrally acting alpha 
agonists 

 No interaction with other antihypertensives; useful as adjunctive 
therapy 
 Moxonide accumulates in kidney disease, and has increased risk 
of mortality in heart failure 
 Guanfacine has higher risk of sedation, postural hypotension, 
and sexual dysfunction 

(continued)
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Although some studies demonstrate that potassium supplementation can attenuate 
the effect of sodium on blood pressure, data on the effectiveness of potassium sup-
plementation in the treatment of hypertension is inconclusive [ 36 ]. One proposed 
explanation for the inconsistent evidence is that both reduction in dietary sodium and 
increase in dietary potassium intake work synergistically to reduce sodium retention 
[ 37 ]. Regardless, potassium excretion is signifi cantly impaired in the setting of 
reduced GFR, increasing the risk for hyperkalemia in patients with CKD. Given the 
limited evidence and potentially grave risk, there is no indication for potassium sup-
plementation in the management of hypertension in patients with CKD.  

    Exercise 

 Multiple  RCTs   demonstrate that aerobic exercise lasting 30–40 min four to seven 
times weekly contributes to a signifi cant reduction in blood pressure in the general 
population [ 20 ]. Resistance training at least 3 days per week, including three to four 
sets of eight to twelve repetitions, also signifi cantly reduces blood pressure in non- 
CKD patients, but to a lesser degree than aerobic exercise [ 20 ]. Multiple RCTs exist 
evaluating the role of aerobic exercise in CKD populations. These studies demon-
strated a signifi cant though modest reduction in systolic blood pressure and no 
overall reduction in diastolic blood pressure in CKD patients who undergo at least 
8 weeks of aerobic exercise intervention compared to controls [ 38 ]. No studies 
exist evaluating the role of resistance training in blood pressure reduction in patients 
with CKD.  

     Weight Loss   

 Excess adipose tissue contributes to increased sympathetic nervous activity and 
increased renin, angiotensin, and aldosterone activity [ 39 – 41 ]. Modest weight loss 
signifi cantly decreases muscle sympathetic nerve activity [ 42 ] and renin- 
angiotensin activity [ 43 ] in non-CKD obese patients. Based on multiple RCTs, 

Table 10.2 (continued)

 Non-pharmacologic  Summary of the literature 

 Alpha blockers  Increased risk of heart failure in high-risk hypertensive patients 
 High risk of postural hypotension, tachycardia, and falls, 
particularly in the elderly 

 Direct vasodilators  Hydralazine not generally recommended for long-term therapy 
due to need for frequent dosing 
 Minoxidil is useful in very resistant hypertension; however, high 
risk of side effects 
 Minoxidil should be administered with a beta blocker and 
diuretic due to risk of myocardial ischemia and volume 
expansion 
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remission of hypertension is observed in 75 % of non-CKD patients who lose 
weight after undergoing bariatric surgery [ 21 ]. Observational studies demonstrate 
a signifi cant reduction in blood pressure with both surgical and non-surgical weight 
loss in patients with CKD (with 9 mmHg reduction and 22.6 mmHg reduction 
observed, respectively) [ 44 ]. Although elevated body mass index may be protec-
tive in dialysis populations [ 45 ], evidence suggests that increased adipose tissue 
increases the rate of progression of CKD in pre-dialysis patients [ 46 ]. Due to the 
role of excess adipose tissue in increased blood pressure and deterioration of renal 
function, current guidelines recommend normalization of body weight to a body 
mass index of less than 25 kg/m 2  in hypertensive patients with CKD [ 11 ].  

    Reduced  Alcohol Intake   

 In non-CKD patients, reduction of alcohol intake results in a signifi cant decrease in 
both systolic and diastolic blood pressure [ 22 ]. No studies have specifi cally evalu-
ated the effect of reduction in alcohol intake on blood pressure in CKD patients, 
although there is also no evidence to suggest that the effect would vary signifi cantly 
from non-CKD patients. The KDIGO guidelines recommend a maximum of two 
alcoholic drinks per day for men and one drink per day for women with CKD, con-
sistent with current guidelines for the general population [ 11 ].  

     Smoking Cessation      

 Multiple observational studies demonstrate a signifi cant improvement in systolic 
and diastolic blood pressure following smoking cessation in diverse non-CKD pop-
ulations [ 47 – 49 ]. No studies specifi cally evaluate the effect of smoking cessation on 
blood pressure in patients with CKD. However, given the clear cardiovascular ben-
efi ts of smoking cessation across all populations of patients, smoking cessation is 
strongly recommended in CKD patients to aid in the reduction of overall cardiovas-
cular risk [ 11 ].   

     Pharmacologic Management   

 Patients with elevated blood pressure in CKD will likely benefi t most from a step-
wise approach to the management of their hypertension using a combination of 
lifestyle modifi cations and antihypertensive agents. Although adequate blood pres-
sure control has clear renal, cardiac, and  cerebrovascular benefi ts  , selection of spe-
cifi c antihypertensive medications should be made on an individual patient basis, 
particularly taking into account the potential for adverse effects [ 11 ]. 

J.B. Cohen and R.R. Townsend



227

    General Principles 

  Angiotensin   converting enzyme inhibitors (ACE-Is) and angiotensin receptor blockers 
(ARBs) are strongly recommended as fi rst-line therapy in patients with proteinuric 
CKD [ 4 ,  11 ,  50 ]; in patients with non-proteinuric CKD, there is no compelling evi-
dence to support the use of ACE-Is or ARBs as fi rst-line therapy, however these agents 
are still generally used for initial treatment of hypertension in most CKD patients [ 4 ]. 
The vast majority of patients with CKD will require a minimum of two to three antihy-
pertensive medications in order to achieve target blood pressures [ 51 ]. No RCTs exist 
comparing different approaches to adjusting antihypertensive regimens in these 
patients. Based on expert opinion, if patients fail to meet the appropriate treatment goal 
within 1 month of initiation of an intervention, either the dose of the initial therapy 
should be increased as tolerated or an additional therapy may be introduced [ 4 ]. When 
selecting second and third-line therapies, patient- specifi c comorbidities and patient tol-
erance of the respective treatment should be taken strongly into consideration. Given 
the particularly high incidence of cardiac disease in patients with CKD, close attention 
should be paid to the coexistence of cardiovascular disease or congestive heart failure 
[ 52 ]. Treatment regimens should be tailored accordingly in order to optimize cardiac 
remodeling, afterload reduction, and other end organ effects of these frequently associ-
ated comorbidities. 

 Taking into account the often complex treatment regimens required to achieve 
adequate blood pressure control in these patients, certain combinations of medica-
tions should be addressed with caution or altogether avoided due to increased risks 
of adverse outcomes. Combination of ACE-I and ARB therapy is not currently rec-
ommended in patients with diabetic and non-diabetic CKD due to the amplifi ed risk 
of  hyperkalemia   and  azotemia  , with no clear added benefi t based on RCTs [ 53 ,  54 ]. 
Although there is anti-proteinuric benefi t, the addition of an aldosterone antagonist 
to ACE-I or ARB therapy remains a point of controversy as well due to the potential 
increased risk of hyperkalemia [ 55 ]. The combination of non-dihydropyridine cal-
cium channel blockers and beta blockers should be avoided due to the possibility of 
developing atrioventricular block or symptomatic bradycardia [ 56 ]. On the other 
hand,  minoxidil   should only be used in combination with both a beta blocker and 
high-dose loop diuretic due to the increased risk of tachycardia, myocardial isch-
emia, and tubular sodium retention when it is used as  monotherapy   [ 57 ].  

    ACE-Is, ARBs, and Renin Inhibitors 

 Reduction of  proteinuria   can be achieved both with adequate blood pressure control 
and blockade of the  renin-angiotensin system  , and plays a critical role in decreasing 
the rate of progression of CKD [ 2 ]. ACE-Is or ARBs signifi cantly decrease the 
degree of proteinuria and delay the progression to end stage renal disease in diabetic 
and non-diabetic nephropathies when compared to both placebo and other antihy-
pertensive therapies [ 58 – 61 ]. Additionally, ACE-Is and ARBs have greater  renopro-
tective effect   at higher degrees of baseline proteinuria [ 59 ,  60 ]. Consequently, 
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patients with proteinuria should receive an ACE-I or ARB as fi rst-line therapy 
[ 4 ,  11 ,  50 ]. There is no strong evidence to support fi rst-line treatment with ACE-Is 
or ARBs in non-proteinuric patients with CKD, however experts do generally rec-
ommend initial therapy with ACE-Is or ARBs in non-black patients with CKD. Black 
patients with non-proteinuric kidney disease may be initiated on treatment with a 
thiazide-type diuretic, calcium channel blocker, ACE-I, or ARB, with second-line 
addition of an ACE-I or ARB if not used as initial therapy [ 4 ,  62 ]. 

  Aliskiren   is a direct renin inhibitor that prevents the conversion of angiotensino-
gen to angiotensin I. There are limited data on the use of aliskiren in patients with 
CKD. One small RCT in patients with diabetic nephropathy demonstrated a slight 
improvement in proteinuria and no improvement in blood pressure when aliskiren 
was used as an adjunct to ARB therapy [ 63 ]. Another, larger scale RCT of combina-
tion aliskiren and ARB therapy in patients with diabetic nephropathy was termi-
nated early due to an increased risk of adverse events (including nonfatal stroke, 
 azotemia  , hyperkalemia, and hypotension) in the absence of any clear benefi t [ 64 ]. 
Accordingly, direct renin inhibition in combination with an ACE-I or ARB is not 
currently recommended in the management of hypertension in patients with chronic 
kidney disease [ 11 ].  

     Diuretics   

 Given the high sensitivity of CKD patients to sodium and water retention, diuretic 
therapy is a critical component of blood pressure management in these patients 
[ 24 ,  25 ]. Diuretic therapy augments the antihypertensive and renoprotective effects 
of ACE-I or ARB therapy [ 29 – 31 ]. Additionally, diuretics can help to attenuate the 
increased risk of hyperkalemia that occurs as a result of treatment with ACE-Is or 
ARBs. Patients with CKD require relatively high doses of diuretics due to decreased 
secretion of diuretics by the renal tubules in the setting of impaired renal function 
[ 25 ]. Although loop diuretics are the mainstay of treatment in patients with advanced 
CKD (i.e., GFR <30 mL/min/1.73 m 2 ), multiple small RCTs support the use of  thia-
zide   diuretics as monotherapy or in conjunction with loop diuretics in patients with 
CKD [ 65 ,  66 ]. Thiazides may also decrease peripheral vascular resistance, contrib-
uting to greater long-term benefi t on blood pressure in addition to the acute improve-
ment in volume expansion [ 25 ]. However, thiazide diuretics are overall less effective 
than loop diuretics in patients with more advanced CKD, likely due to decreased 
fi ltered sodium load reaching the distal tubule [ 67 ]. Additionally, thiazide diuretics 
may induce or exacerbate diabetes and hyperlipidemia [ 68 ]. 

 Unlike traditional  thiazide diuretics  , metolazone remains effective in the setting 
of renal dysfunction [ 69 ]. However, the bioavailability of  metolazone   is unpredict-
able, and the medication should only be used for short durations of treatment, in 
combination with loop diuretics, and under close monitoring of serum electrolytes 
[ 67 ]. Observational data in patients with normal renal function demonstrates 
improved long-term cardiovascular outcomes with thiazide-like diuretics (chlortha-
lidone) compared to thiazide diuretics (hydrochlorothiazide) [ 70 ], though the results 
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are not upheld across all studies [ 71 ], and  chlorthalidone   is more highly associated 
with hypokalemia and  hyponatremia   in these patients. No evidence is available 
comparing the effectiveness of these medications in CKD patients; nonetheless, the 
increased potency of chlorthalidone is advantageous in the setting of reduced GFR, 
but the risk of hypokalemia persists [ 72 ,  73 ].  

    Potassium-Sparing Diuretics and Mineralocorticoid Antagonists 

  Potassium-sparing diuretics  , including triamterene and amiloride, are not typi-
cally recommended in patients with CKD due to the added risk of hyperkalemia. 
Strong evidence supports the use of spironolactone, an aldosterone antagonist, and 
eplerenone, a mineralocorticoid receptor blocker, as adjunctive therapy in the 
treatment of resistant hypertension and congestive heart failure in the absence of 
CKD [ 25 ,  74 ,  75 ].  Eplerenone   is favorable due to the absence of estrogen-like 
effects, though both medications are thought to be similarly effective. In patients 
with CKD, several RCTs demonstrate enhanced anti-proteinuric effects of ACE-Is 
or ARBs when given in combination with mineralocorticoid antagonists [ 55 ,  76 ], 
though the long- term effi cacy of this combination of medications remains unclear. 
The added benefi t of aldosterone antagonism in the treatment of CKD patients is 
thought to be due to a phenomenon identifi ed as aldosterone escape, which occurs 
via non-ACE activation of angiotensin II [ 77 ]. Additionally,  aldosterone   is thought 
to play a role in renal fi brosis, which is attenuated by treatment with an aldoste-
rone antagonist in animal studies [ 78 ]. Although many studies demonstrate no 
increased risk of adverse effects (specifi cally azotemia or hyperkalemia) from the 
use of aldosterone antagonists along with ACE-Is or ARBs [ 76 ], a meta-analysis 
suggests greater than twofold increase in relative risk of hyperkalemia with com-
bination therapy [ 55 ]. If utilized, combination of aldosterone antagonism and 
renin-angiotensin system blockade should be handled with caution, including 
close monitoring of renal function and potassium.  

    Calcium Channel Blockers 

  Dihydropyridine calcium channel blockers  , including amlodipine and nifedipine, 
are primarily selective for vascular smooth muscle, resulting in vasodilation. 
These medications are often associated with the development of peripheral edema. 
 Dihydropyridine calcium channel blockers   also primarily act on the afferent glo-
merular arteriole, resulting in increased albuminuria when used as monotherapy 
[ 79 ]. On the other hand, non-dihydropyridine calcium channel blockers, including 
diltiazem and verapamil, have a greater effect on the myocardium; these medica-
tions confer an increased risk of atrioventricular block or bradycardia, particularly 
when prescribed in combination with beta blockers [ 56 ]. Non-dihydropyridine 
calcium channel blockers have a vasodilatory effect on both the efferent and 
afferent glomerular arterioles, resulting in decreased albuminuria. While both 
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subclasses of medications have a similar capacity to lower blood pressure, 
 non-dihydropyridines are preferred in patients with existing albuminuria, particu-
larly if there is a contraindication to concomitant treatment with an ACE-I or ARB 
[ 79 ]. Due to the differential mechanisms of the calcium channel blocker sub-
classes, potential benefi t of combination dihydropyridine and non-dihydropyridine 
therapy in hypertensive patients has been proposed [ 80 ]; however, this has not 
been studied in CKD patients.  

     Beta Blockers   

 Beta blockers are particularly useful in targeting specifi c cardiac comorbidities in 
patients with CKD, including cardiovascular disease, congestive heart failure, and 
tachyarrhythmias. Of note, elimination of atenolol and bisoprolol is highly 
 dependent on renal function, extending their duration of action in patients with renal 
dysfunction [ 81 ].  Metoprolol   and  carvedilol   have the greatest mortality benefi t in 
non-CKD patients with congestive heart failure [ 81 ,  82 ]. Nonetheless, a recent 
large-scale observational study demonstrated that atenolol was associated with 
lower 90-day mortality than metoprolol in older patients, including patients 
with CKD; there was a similar risk of hospitalization for bradycardia or hypoten-
sion with both beta blockers, regardless of renal function [ 83 ].  

    Centrally Acting Alpha Agonists 

 Clonidine, methyldopa, guanfacine, and moxonidine are centrally acting alpha 2  
agonists that act by decreasing central sympathetic outfl ow, resulting in vasodila-
tion. While extensive data are not available in CKD patients, alpha 2  agonists do not 
tend to interact with other antihypertensive medications; they can therefore be used 
as relatively safe adjunctive therapy in CKD patients with resistant hypertension 
who are already being treated with multiple other medications [ 50 ]. Of note, mox-
onidine is associated with increased mortality in non-CKD patients with advanced 
heart failure [ 84 ]. Signifi cant renal excretion of moxonidine requires dose-reduction 
in the setting of CKD [ 85 ].  Guanfacine  , an alpha 2  agonist also utilized in the treat-
ment of attention defi cit hyperactivity disorder and anxiety, is associated with a 
higher frequency of sedation, orthostatic hypotension, and sexual dysfunction than 
the other alpha 2  agonists [ 86 ].  

     Alpha Blockers   

 Alpha 1  blockers cause peripheral vasodilation resulting in reduction in blood pres-
sure. Alpha 1  blockers may be useful in men who also have symptoms of benign 
prostatic hyperplasia. However, alpha 1  blockers are highly associated with postural 
hypotension, tachycardia, and increased risk of falls, particularly in the elderly [ 87 ]. 
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Additionally, the alpha 1  blocker arm of the  Antihypertensive and Lipid-Lowering 
Treatment to Prevent Heart Attack Trial (ALLHAT)   was terminated early based on 
an increased risk of combined cardiovascular events, particularly congestive heart 
failure, in high-risk hypertensive patients who received an alpha 1  blocker as opposed 
to chlorthalidone [ 88 ]. Consequently, alpha 1  blockers are not recommended as fi rst- 
line therapy in CKD patients due to an increased risk of adverse events compared to 
other antihypertensive agents.  

    Direct Vasodilators 

  Hydralazine   and minoxidil have a direct vasodilatory effect on vascular smooth 
muscle, resulting in a reduction in blood pressure. Given its short duration of action 
and need for frequent dosing,  hydralazine   is not generally recommended in the 
treatment of chronic hypertension in patients with CKD [ 50 ]. Minoxidil may have a 
role in the treatment of CKD patients with highly resistant hypertension, however it 
is often poorly tolerated due to a considerable range of side effects, including hirsut-
ism, pericardial effusion, severe volume expansion, and potentially myocardial 
ischemia.  Minoxidil   should only be administered along with a high dose diuretic 
and beta blocker, in order to limit adverse events [ 50 ,  57 ].    

     Pseudo-Resistant Hypertension   in CKD 

 CKD patients frequently require complex antihypertensive regimens, resulting in 
a high pill-burden. Poor adherence is a common issue in these patients, and may 
result in misperceived resistance to medication. As a result, patients may be pre-
scribed a greater number of medications, at higher doses than indicated by their 
degree of hypertension, increasing the risk of hypotension and other adverse 
effects when they do take their medications. Pill counting and monitoring of pre-
scription renewals may provide clues into the occurrence of this phenomenon, but 
are suboptimal options in the usual treatment setting. Ambulatory blood pressure 
monitoring can be particularly helpful in the identifi cation of these patients [ 89 ]. 
Additionally, providing empathy and carefully interviewing patients can shed 
light on specifi c barriers to appropriate use of medications, such as fi nancial 
restraints, insuffi cient motivation, poor understanding of the benefi ts of medica-
tions, adverse effects, and high pill-burden [ 23 ]. Prescribers are encouraged to 
educate patients accordingly, and to employ strategies to try to help minimize pill-
burden and maximize patient adherence. Examples of potential approaches include 
the use of less expensive or generic medications, as well as carefully coordinated 
and decreased frequency of dosing when possible, including the use of combina-
tion pills [ 11 ,  23 ,  89 ,  90 ].     
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    Chapter 11   
 Genetic Syndromes of Renal Hypertension                     

     Hakan     R.     Toka     

          Introduction 

 As outlined in the other chapters in this book, hypertension is a substantial public 
health problem affecting at least 25 % of the adult population in industrialized soci-
eties and over one billion people worldwide [ 1 ]. Hypertension is the major risk 
factor for  cardiovascular morbidity   [ 2 ] and as an independent risk factor may affect 
up to ~13 % of all deaths worldwide [ 3 ]. 

 Despite the important role of hypertension as a common cause of cardiovascular 
disease and death, its pathogenesis still remains largely unknown. Extensive investi-
gations over the last century led to the conclusion that hypertension has a multifacto-
rial etiology, including both polygenic and environmental factors. The fi rst physician 
to address the inheritance of hypertension was Wilhelm Weitz (1881–1969) from the 
Tubingen University in Germany. Weitz routinely measured blood pressure in all of 
his clinic patients, noticing that individuals with hypertension (at the time defi ned as 
blood pressure >160/110 mmHg) suffered  strokes   and heart attacks at a higher fre-
quency than his normotensive patients. Weitz also observed that fi rst degree relatives 
of hypertensives were twice as likely to have elevated blood pressure themselves. 
He therefore checked blood pressure in entire families including twins, and based 
on his observations proposed that hypertension is a genetic disorder, inherited in 
 autosomal dominant fashion [ 4 ]. More than two decades later, the British physician 
Robert (Baron) Platt proposed a similar model [ 5 ], suggesting bimodal distribution 
of blood pressure with hypertensive individuals as a distinct subpopulation. In 
 contrast to the theories of Weitz and Platt, Sir George Pickering, another British 
physician, believed that blood pressure variation follows a Gaussian distribution 
and that the etiology of hypertension is multifactorial, caused by multiple genes [ 6 ]. 
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Sir Pickering’s viewpoint was that blood pressure levels vary continuously, with 
hypertensives representing the upper end of the Bell curve. Although Platt’s model 
was favored during the 1940s and 1950s, Sir Pickering’s view ultimately dominated 
and has become the basis of today’s understanding of hypertension as a cardiovascu-
lar disease risk factor, determined by many components, including demographic, 
dietary, and numerous genetic factors. 

 The demographic  components   for hypertension are many, including age, gender, 
and body mass [ 7 ]. Various dietary factors have been implicated, mainly sodium, 
potassium, and calcium intake [ 8 ]. The role of  genetic factors   on blood pressure was 
demonstrated by extensive twin studies involving biological versus adopted sib-
lings. Twin studies have made a remarkable contribution, not only to the study of the 
genetics of hypertension, but also to the inheritance of complex diseases in general, 
addressing nature (inheritance) versus nurture (environmental) contributions. They 
clearly demonstrated an inheritable component of blood pressure. Monozygotic 
twins have by far greater concordance of blood pressure variation than dizygotic 
twins or biological siblings [ 9 ], whose blood pressure values might not differ sig-
nifi cantly from adopted siblings [ 10 ]. A more recent twin study compared the con-
tribution of genetic infl uences on blood pressure variation over time, studying 
 n  = 1577 individuals over nearly three decades (~1/3 identical twins and ~2/3 non- 
identical siblings) [ 11 ]. The analysis allowed for comparison of the relative contri-
bution of genetic and environmental factors across the fi rst half of the participant’s 
life span, comparing blood pressure levels of twins or siblings at four age ranges 
(averaging ages ~17, ~32, ~37, and ~44 years). The study analyses demonstrated 
heritability of blood pressure variation for all age groups (~48–60 % for systolic 
blood pressure and ~34–67 % for diastolic blood pressure) and that blood pressure 
levels can be explained by the same genetic factors across time. 

 In addition to twin studies, demonstrating heritability of  hypertension  , investi-
gating molecular mechanisms of blood pressure variation has been of great value. 
The identifi cation of genes with large effects on blood pressure variation helped 
tremendously to defi ne primary physiologic mechanisms and revealed previously 
unknown disease mechanisms, leading to development of novel drug therapies. 
Different approaches have been made to study the molecular basis of blood pressure 
variation including in vitro and in vivo studies, animal models, and population 
genetics (genome-wide association studies). The most successful approach, how-
ever, has been the investigation of Mendelian (monogenic) forms of arterial hyper-
tension and low blood pressure phenotypes, where single genes have large effects 
on blood pressure [ 12 ]. Many disease-causing mutations and their mechanisms have 
been identifi ed [ 13 ]. In the early 1990s, this was mainly accomplished by studying 
large pedigrees of individuals with noticeable blood pressure variation in conjunc-
tion with advances in genotyping technology and computational (linkage) analysis. 
Advances in studying polymorphic “ microsatellite  ” markers on a genome-wide 
level were followed by  single nucleotide polymorphism (SNP) technology   in the 
2000s. An additional approach was candidate gene analysis in conditions that had 
been previously studied in great detail. In the last decade, new advances in sequenc-
ing so-called next generation sequencing technology and computational tools have 
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made it possible to identify additional disease genes in small pedigrees and even in 
single individuals with “extreme” phenotypes of blood pressure variation [ 14 ,  15 ]. 
The relevance of recognizing rare disease genes has been substantiated in genetic 
studies in the general population by showing that rare allelic variation of  Mendelian 
disease   genes can have implications for the genetic structure of blood pressure 
variation in the general population [ 16 ]. 

 In the following paragraphs, rare genetic syndromes of hypertension and also 
renal salt wasting (lower blood pressure) are reviewed, comparing distinct molecular 
pathways of blood pressure control.  

    Genetic Syndromes of Renal Hypertension 

    Enhanced Sodium Reabsorption in the Collecting Duct 

     Glucocorticoid-Remediable Aldosteronism   (Familial 
Hyperaldosteronism Type 1) 

 The blood pressure in patients with  glucocorticoid-remediable aldosteronism 
(GRA  ) is salt-sensitive, increasing with dietary salt intake. Laboratory tests reveal 
mild hypokalemia and metabolic alkalosis (see Table  11.1 ). Renin levels are typi-
cally low while aldosterone values can be normal or elevated. Patients with this 
condition are often suspected of having primary  hyperaldosteronism  . Computerized 
tomography scanning of the adrenal glands will be negative for (unilateral) adrenal 
adenomas. Family history of high blood pressure is often positive, suggesting auto-
somal dominant inheritance. The blood pressure in GRA improves typically with 
diuretics, including blockers of the  epithelial sodium channel (ENaC  ) in the distal 
nephron. A distinguishing biochemical feature of GRA is the presence of steroid 
metabolites, which normally are not present in the urine.  Urine testing   in affected 
individuals will be positive for 18-hydroxycortisol and 18-oxocortisol. Recognition 
of these abnormal steroid products helped recognize the etiology of this condition. 
Computational analysis of a large kindred with GRA localized the responsible gene 
to chromosome 8q21. The enzyme 11-β-hydroxylase (encoded by the Cytochrome 
P450, Family 11, Subfamily B, Polypeptide 1 gene  CYP11B1 ), expressed in the 
zona fasciculata of the adrenal gland, resides within this locus. 11-β-hydroxylase is 
 adrenocorticotropic hormone (ACTH  )-responsive and part of the terminal steps of 
glucocorticoid biosynthesis. “Neighboring”  CYP11B1  on chromosome 8q21 resides 
the gene for aldosterone synthase ( CYP11B2 ), which has a highly similar nucleotide 
sequence (~95 % identical to  CYB11B1 ).  Aldosterone synthase   plays an important 
role in the fi nal steps of mineralocorticoid synthesis. In individuals with GRA, a 
chimeric gene is formed by the unequal crossing over at the chromosomal location 
8q21, consisting of the regulatory region of the 11-β-hydroxylase gene and the main 
structural portion of aldosterone synthase (see Fig.  11.1 ). The protein of this 
 CYP11B1/CYP11B2 -chimeric gene performs all of the same actions as aldosterone, 
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however protein expression is regulated by ACTH and not angiotensin 2. Metabolism 
of the  CYP11B1/CYP11B2  protein results in unusual urine metabolites mentioned 
above. Steroid treatment with prednisone ameliorates hypertension in GRA patients 
by suppressing the adrenal zona fasciculata, giving this condition its name [ 17 ,  18 ].

        Apparent Mineralocorticoid Excess 

 The biochemical presentation of  apparent mineralocorticoid excess (AME)      is simi-
lar to GRA (see Table  11.1 ). However, in contrary to GRA, urine analysis is negative 
for abnormal steroid metabolites. Instead, the urinary free cortisol-to-cortisone ratio 
is abnormally increased (ratio > 0.5) in the presence of normal serum cortisol levels. 
This fi nding was useful in identifying the disease gene for AME, a condition inher-
ited in autosomal recessive fashion. While the affi nity of  mineralocorticoid recep-
tors (MR  ) for aldosterone is higher than that for cortisol, circulating concentrations 
of cortisol are several orders of magnitude higher than aldosterone. A mechanism 
that serves to prevent MR activation by  cortisol   is the activity of 11β-hydroxysteroid 
dehydrogenase (11-β-HSD), which rapidly oxidizes cortisol to its “inactive” metab-
olite cortisone. This mechanism facilitates  mineralocorticoid pathway   regulation of 
the MR by aldosterone (angiotensin 2). Candidate gene analysis demonstrated that 
individuals with AME have bi-allelic loss-of-function mutations in the kidney 
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  Fig. 11.1    Unequal crossing over of two neighboring genes, encoding for 11β-hydroxylase ( CYP11B1 ) 
and aldosterone synthase ( CYP11B2 ), leads to gene fusion/duplication. The resulting chimeric gene 
consists of the regulatory 5′ region of the 11-β-hydroxylase gene and the structural portion of aldoste-
rone synthase gene. The protein of the  CYP11B1 / CYP11B2 -chimeric gene performs all of the same 
actions as aldosterone, however is regulated by ACTH (adrenocorticotropic hormone)       
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isoform of 11β-hydroxysteroid dehydrogenase (11-β- HSD2), rendering this enzyme 
incapable of converting cortisol to cortisone (see Fig.  11.2 ). The hypertension in this 
condition responds to both spironolactone and ENaC blockers. Individuals ingesting 
large amounts of licorice or other glycyrrhetinic acid-containing substances (certain 
liquors, chewing tobaccos, carbenoxolone, etc.) can develop features of AME, 
because glycyrrhetinic acid inhibits 11-β-HSD2 [ 19 ,  20 ].

        Liddle’s Syndrome   

 In 1963, Grant W. Liddle was the fi rst to describe patients with an autosomal domi-
nant form of hypertension associated with hypokalemia, metabolic alkalosis, and 
low aldosterone level [ 21 ]. He speculated that his patients had a genetic defect, 

  Fig. 11.2    Schematic illustration of one distal tubular epithelial cell, showing several defects (marked 
in  red ) leading to increased salt reabsorption and hypertension in the distal nephron (distal convoluted 
tubule or collecting duct). The main mechanism is increased activation of the MR (mineralocorticoid 
receptor), including a gain-of-function mutation increasing constitutive activity of the receptor. 
 WNK1  gain-of-function mutations lead to increased suppression of WNK4, which have dual func-
tions, NCCT activation, and ROMK (renal outer medullary potassium channel) suppression. 
Mutations in  CUL3  (cullin 3) and  KLHL3  (Kelch-like 3), which form an E3 ligase ubiquitination 
system that regulates substrates WNK1 and WNK4, can also lead to dysregulation of NCCT and 
ROMK in the distal nephron.  Red double lines  indicate loss-of-function effect on downstream targets. 
 PHA  pseudohypoaldosteronism, ENaC epithelial sodium channel, NCCT Na/Cl cotransporter       
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enhancing sodium reabsorption in the distal tubule segment. Renal transplantation 
in “Liddle’s patients,” who developed renal failure, “cured” hypertension, suggest-
ing that the etiology of this condition resided within the kidney. Hypertension in this 
syndrome was not responsive to spironolactone treatment, suggesting that the 
molecular defect was downstream of the mineralocorticoid receptor. This hypothe-
sis was supported by signifi cant improvement of hypertension with  ENaC blockers   
[ 22 ]. Candidate gene analysis of ENaC identifi ed gain-of-function mutations in two 
out of three subunits as cause for Liddle’s syndrome (see Fig.  11.3 ). Missense muta-
tions or deletions in the cytoplasmic tails of the β- or the γ-subunit of ENaC, which 
share ~35 % identity in their amino acid sequences, led to impaired deactivation of 
the channel from the cell surface in distal nephron epithelial cells [ 23 ,  24 ]. Disease- 
causing mutations typically occur in a proline-rich PY motif (PPPXY) of the cyto-
plasmic tails of these subunits, which interact with WW-domains of proteins that 
are known for  ubiquitination   and degradation of cell surface proteins, e.g. NEDD4-2 
(neural precursor cell-expressed developmentally downregulated gene 4-2). The PY 
motif of the cytoplasmic tails is also believed to have an important role for endocy-
tosis via clathrin-coated pits [ 25 ]. As a consequence, internalization of the ENaC 

Endocytosis

Cell surface

Clathrin-coated pits

Ubiquitination 

(Nedd4-2 / SGK1)

PPPXY

WW domain

Cell surface

Cell surface

Cell surface
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a ENaC regulation b  Liddle’s syndrome 
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b
g

  Fig. 11.3    ( a ) ENaC is a heteromeric membrane channel protein consisting of three subunits (α, β, 
and γ), whose surface expression is regulated by ubiquitination and endocytosis. Proline-rich PY 
motif (peptide sequence PPPXY) in the cytoplasmic tails of the ENaC subunits interact with 
tryptophan- rich WW-domains of proteins, such as NEDD4-2, known to ubiquitinate and degrade 
cell surface proteins. NEDD4-2 is regulated by the aldosterone-induced kinase SKG1 (Serum/
Glucocorticoid Regulated Kinase 1). The clathrin-based endocytic machinery plays also a role in 
internalization of ENaC. ( b ) Missense mutations or deletions in the PY motif of either the β- or the 
γ-subunit lead to impaired deactivation of ENaC from the cell surface in the distal nephron and 
increased sodium reabsorption       
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channels is impaired and they remain active on the apical cell surface, leading to 
increased sodium reabsorption (see Fig.  11.3 ). This mechanism explains the superb 
effi cacy of ENaC blockers (amiloride, triamterene) in the treatment of this disease 
(see Table  11.1 ).  Amiloride   is the preferred drug due to longer half-life and decreased 
risk of crystallizing in urine, which can occur transiently with triamterene in acidic 
urine and in some cases lead to irreversible renal tubular injury [ 26 ].

       Activating Mutation of the  Mineralocorticoid Receptor   

 Candidate screening of the mineralocorticoid receptor (MR) gene ( NR3C2 ) in 
patients with features resembling Liddle’s syndrome, who were tested negative for 
ENaC mutations, led to the identifi cation of individuals with  NR3C2- activating 
mutations [ 27 ]. The index case had a heterozygous mutation at codon 810 of the 
MR, resulting in a leucine (L) amino acid substitution for serine (S). All four 
affected family members carried the same S810L mutation, whereas unaffected 
members were all negative. The mode of transmission was autosomal dominant (see 
Table  11.1 ). Interestingly, affected women in this family exhibited a signifi cant 
worsening of their hypertension in pregnancy, suggesting that other steroids could 
act as an agonist of the mutated MR-S810L.  Structural protein analysis   revealed that 
mutated MR allowed for activation by steroids lacking the 21-hydroxyl group (e.g., 
progesterone), which under normal conditions is not possible.  Leucine   at position 
810 within helix 5 of the ligand-binding domain of the MR creates a novel interac-
tion with alanine of MR helix 3. This modifi cation explains why in in vitro studies 
compounds that are normally antagonists, such as spironolactone, can act as ago-
nists of MR-S810L [ 27 ].  

    Aldosterone-Producing Adrenal Adenomas (Familial Hyperaldosteronism 
Type III) 

 Approximately 5–10 % of patients referred for evaluation of secondary hyperten-
sion have aldosterone-producing adrenal adenomas (APA) or adrenal hyperplasia 
[ 28 ]. As in GRA and AME, these patients show fi ndings consistent with excessive 
aldosterone secretion (see Table  11.1 ). Family history is typically negative. Patients 
are identifi ed due to hypokalemia and frequently feature a characteristic adrenal 
mass on computerized tomography. Adrenal vein sampling demonstrates predomi-
nant aldosterone secretion from the gland harboring the tumor and is crucial for the 
diagnosis, allowing to distinguish APA from idiopathic hyperaldosteronism. 
Surgical removal of the affected adrenal gland ameliorates hypertension in most 
patients [ 28 ].  Exome sequencing   performed in 22 adrenal adenoma tissues showed 
that ~1/3 of all adenomas harbored novel somatic mutations at highly conserved 
residues (G151R and L168R) of the inwardly rectifying potassium channel  KCNJ5  
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(Kir3.4) [ 29 ]. Boulkroun and colleagues screened 380 adrenal tissue from individu-
als with APA and confi rmed that ~1/3 carried the same somatic  KCNJ5  mutations 
previously identifi ed [ 30 ].  KCNJ5  was further implicated as a rare cause of a 
Mendelian form of primary aldosteronism in one family (father and both daughters) 
with familial adrenal adenomas associated with severe hypertension [ 31 ].  Mutational 
analysis   revealed a novel germline mutation within a highly conserved residue of 
 KCNJ5  (T158A). Structural proteomics and in vitro experiments suggest that these 
rare  KCNJ5  mutations alter Kir3.4 channel function, leading to chronic depolariza-
tion of adrenal zona glomerulosa cells and causing constitutive aldosterone produc-
tion as well as adrenal cell proliferation [ 32 ]. Since the discovery of  KCNJ5  as 
cause for APA, somatic mutations in other genes, all expressed in adrenal glands, 
have also been recognized. These include somatic gain-of-function mutations in 
 CACNA1D  [ 33 ], encoding a voltage-gated calcium channel [ 33 ], loss-of-function 
mutation in  ATP1A1  [ 34 ], encoding the Na/K ATPase α1-subunit, and loss of func-
tion in  ATP2B3  [ 35 ], encoding a Ca (2+) ATPase. Interestingly, there is a gender 
discrepancy in the frequency of APA gene mutations; at least twice as many more 
females than males carry somatic mutations in  KCNJ5  [ 30 ], whereas mostly males 
will have somatic mutations in  ATP1A1  and  ATP2B3  [ 35 ].  

    Congenital Adrenal Hyperplasia 

  Congenital adrenal hyperplasia (CAH  ) refers to conditions inherited in autosomal 
recessive fashion that result from mutations of genes encoding for enzymes mediat-
ing biochemical steroidogenesis in the adrenal gland (see Fig.  11.4 ). In CAH, the 
adrenal glands secrete excessive or defi cient amounts of  sex hormones   and min-
eralocorticoids during prenatal development [ 36 ]. Poor cortisol production is a 
hallmark of all CAH types, which are classifi ed into the common, classical (so-
called salt-wasting or simple virilizing) CAH, mostly due to 21α-hydroxylase 
defi ciency, and the rare, non-classical forms (<5–10 %), which are associated with 
hypertension, caused by increased ACTH levels, leading to increased production 
of mineralocorticoid precursors (11-deoxy corticosterone and corticosterone). Loss-
of-function mutations in  CYP11B1  (11β-hydroxylase) and  CYP17A1  (cytochrome 
P450 17A1; 17α-hydroxylase) are both causes of these rare forms of CAH associ-
ated with hypertension [ 36 ]. Both cortisol and sex steroids are decreased. Patients 
typically develop hypertension in childhood due to volume expansion and feature 
hypokalemia and metabolic alkalosis (see Table  11.1 ). Treatment with glucocorti-
coids suppresses ACTH, thereby decreasing mineralocorticoid precursor produc-
tion and lowering blood pressure [ 37 ]. Female virilization (in 11β-hydroxylase 
defi ciency) and ambiguous genitalia in genetic males or failure of the ovaries to 
function at puberty in genetic females (in 17-α-hydroxylase defi ciency) are co- 
features of CAH.
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        Pathway of Enhanced Salt Reabsorption in the Distal 
Convoluted Tubule 

     Pseudohypoaldosteronism Type 2   

 Pseudohypoaldosteronism type 2 (PHA II) also known as  Gordon’s syndrome   is a 
unique form of hypertension syndrome associated with hyperkalemia and metabolic 
acidosis with mostly autosomal dominant inheritance [ 38 ] (see Table  11.1 ). 
 Hypercalciuria   has been reported in some cases, making this syndrome a near mir-
ror image of  Gitelman’s syndrome   [ 39 ]. In PHA II, renin activity is typically sup-
pressed and aldosterone levels can be normal or slightly elevated due to hyperkalemia. 
The hypertension is chloride-dependent because the exchange of bicarbonate or 
citrate infusions instead of chloride can ameliorate BP elevation [ 40 ]. In recent 
years, several genes have been identifi ed for the etiology of PHA II. Intronic dele-
tions in the  W ith- N o-Lysine( K ) kinase  WNK1  and missense mutations in  WNK4  
have been identifi ed in large pedigrees by computational analysis [ 41 ]. Both kinases 
are expressed in the distal nephron and have been implicated in the regulation of 
several transporters and channels since their discovery (see Fig.  11.2 ). The mutation 
in  WNK1  or  WNK4  leads to increased salt reabsorption in the distal nephron via 
activation of the Na + -Cl −  cotransporter (NCCT) regardless of volume status; this 
results in salt-sensitive hypertension and inhibition of K +  excretion despite marked 
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  Fig. 11.4    Steroidogenesis. The enzymes affected in congenital adrenal hyperplasia (CAH) are 
represented by  yellow  (salt-wasting, ~95 % of CAH) or  green bars  (salt-retaining, ~5 % of CAH) in 
the diagram. Depending upon which enzyme is unavailable, there is increased (21-hydroxylase, 
11β-hydroxylase) or decreased production of androgens (3β-HSD, 17α-hydroxylase), shown in the 
left low corner. Increased production of mainly mineralocorticoid precursors ( upper right ) occurs 
with bi-allelic loss-of-function mutations in  CYP11B1  (encoding for 11β-hydroxylase) and in 
 CYP17A1  (encoding for both 17α-hydroxylase and 17,20 lyase)       

 

H.R. Toka



247

hyperkalemia. The role of NCCT activation in the pathophysiology of PHA II 
explains why this condition is so susceptible to treatment with thiazide diuretics. 
 Thiazide   diuretics are very effective in this syndrome, normalizing all features of 
this rare condition. 

 The exact functions of the  WNKs   are still under investigation; at baseline, 
WNK1 appears to function as a suppressor of WNK4 by associating with WNK4 in 
a protein complex involving the kinase domains. In addition to NCCT, WNK4 was 
also found to regulate the renal outer medullary K +  channel (ROMK) in the DCT 
[ 42 ], explaining why loss of function leads to decreased ROMK activation and 
hyperkalemia. WNK kinase regulation of NCCT and probably also ENaC contrib-
utes to aldosterone’s ability to increase sodium reabsorption in the DCT and CCD 
in response to hypovolemia, and increase potassium excretion in response to hyper-
kalemia. A WNK kinase cascade (including SPAK-OSR1) is believed to regulate 
the SGK1/Nedd4-2/ENaC pathway in the cortical collecting duct by still unclear 
mechanisms, which are being elucidated [ 43 ]. Since their discovery, extra-renal 
WNK kinases have been identifi ed in numerous other tissues, making them a poten-
tial drug target not only for blood pressure regulation and potassium handling, but 
also potential targets for treatment of cystic fi brosis and central nervous system 
disorders, including autism, epilepsy, and stroke [ 44 ]. 

 Recently, two more gene defects for PHA II have been identifi ed by  exome 
sequencing   [ 45 ]; the study was motivated by the fact that the majority of patients 
with PHA II were negative for WNK mutations and did not display the usual auto-
somal dominant inheritance, but suggested a recessive model or de novo  occurrence. 
Novel, protein-altering allelic variants were identifi ed primarily in 2 genes; 24 PHA 
II index cases revealed novel mutations in the gene  KLHL3  (Kelch-like 3) that were 
predominantly at positions conserved among orthologs. Amid the remaining index 
cases of PHA II without mutations in  WNK1 ,  WNK4  or  KLHL3 , 17 were identifi ed 
with novel allelic variants in the gene  CUL3  (Cullin 3). Eight of these mutations 
were  de novo  and not present in parents. The molecular mechanism of KLHL3 and 
CUL3 in causing PHA II is not entirely unclear, however both proteins are expressed 
in the DCT and co-localize with WNK1, WNK4, and NCCT. Cullin3 and KLHL3 
form an E3 ligase ubiquitination system and probably regulate WNK1 and WNK4 
as substrates. Impaired  ubiquitination   of NCCT from the luminal cell surface in the 
DCT has been speculated as mechanism for PHA II in patients with KLHL3 and 
CUL3 mutations [ 45 ]. 

 All PHA II genes lead to increased stability and/or function of NCCT at the cell 
surface, ultimately resulting in hyperkalemic hypertension associated with meta-
bolic acidosis. However, the phenotype of patients with PHA II varies greatly. 
Whereas patients with CUL3 defects appear more severely affected as they develop 
PHA II at younger age, present with more severe  hyperkalemia   and acidosis, and 
also failure to thrive, patients with WNK1 mutations often feature only mild hyper-
kalemia and hypertension occurring at later age. Nevertheless, thiazide diuretics are 
a very effective treatment for all forms of PHA II, regardless of which gene is defec-
tive and the severity of presenting features [ 39 ].   
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    Pathways Affecting Autonomic (Sympathetic) Regulation 
of Blood Pressure 

    Hereditary Familial Pheochromocytoma 

  Pheochromocytoma (PCC  ) is caused by catecholamine-producing adrenal tumors 
and is associated with various symptoms depending on the type and secretory pat-
tern of the produced catecholamine(s). Hypertension can present as paroxysmal, 
labile hypertension, complicated by orthostatic hypotension, as well as persistent 
hypertension.  Hypokalemia   can often be found, and renin and aldosterone levels 
can be elevated due to decreased intravascular volume and regulation of renin secre-
tion by the sympathetic nervous system [ 46 ]. The frequency of hereditary, familial 
forms of PCC was reported to be ~25 %. The majority of these are associated with 
the type II multiple endocrine neoplasia syndrome (MEN II) and caused by gain-of- 
function mutations in the  RET  proto-oncogene [ 47 ]. Besides PCC, MEN II features 
medullary thyroid cancer (type IIA and IIB), hyperparathyroidism (type IIA), and 
mucosal neuromas (type IIB). Including  RET , more than 10 gene defects were asso-
ciated with PCC. Other examples are neurofi bromatosis type 1 ( NF1 ), Von Hippel- 
Lindau disease (   VHL        ), and familial extra-adrenal paragangliomas ( SDHB ,  SDHC , 
 SDHD ) [ 47 ]. The genes encoding for the succinate dehydrogenase subunits B 
( SDHB ), C ( SDHB ), and D ( SDHD ) are three of four proteins forming the succinate 
dehydrogenase protein complex, which participates in the Krebs cycle and the mito-
chondrial electron chain transport. More recently, a study utilizing exome sequenc-
ing from PCC tissues discovered novel, non-silent (amino acid-changing) somatic 
mutations in genes associated with  apoptosis-related pathways  . Mutations in one 
“cancer” gene, lysine (K)-specifi c methyltransferase 2D ( KMT2D ), were discov-
ered more frequently (~14 %, 14 out of 99 PCC tissues). KMT2D expression was 
upregulated in PCC tissues compared to normal adrenal gland tissue and KMT2D 
overexpression positively affected cell migration in vitro. Similar to somatic muta-
tions in  KCJN5 , responsible for ~1/3 of all aldosterone-producing adrenal adeno-
mas,  KMT2D  represents a recurrently mutated gene with potential implication for 
the development of PCC [ 48 ]. 

 The treatment of choice for PCCs is surgical resection of the affected adrenal 
gland(s) or paraganglioma, respectively. Treatment with irreversible alpha-blockade 
prior to surgery is mandatory to prevent hypertensive complications [ 46 ].  

    Autosomal Dominant Hypertension Associated with Brachydactyly Type E 

 The  autosomal dominant hypertension syndrome   associated with brachydactyly 
(HBS) was fi rst described in 1973 [ 49 ]. Affected family members were short in 
stature, developed hypertension in childhood, and died often before the age of 50. 
Short metacarpal bones (brachydactyly type E), cone-shaped epiphysis, and short 
end-phalanx of the thumb (brachydactyly type B) are found in all affected family 
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members with hypertension [ 50 ]. Contrary to previously described syndromes, 
HBS does typically not feature any associated biochemical abnormalities; blood 
pressure appears not salt-sensitive. Evaluation of the renin–angiotensin–aldosterone 
axis, as well as catecholamines, revealed no abnormalities [ 51 ]. Diuretics were not 
found to play a particular role in the treatment of this condition and patients typi-
cally require multiple anti-hypertensive medications [ 52 ].  Autonomic nervous sys-
tem   testing revealed an abnormal baroreceptor refl ex response, resulting in an 
excessive increase of blood pressure with sympathetic stimuli [ 53 ]. Affected indi-
viduals have increased sensitivity to the alpha-agonist phenylephrine at baseline 
compared to controls. This difference is diminished when the baroreceptor refl ex is 
blocked with  trimethaphan  . All tested affected patients feature neurovascular anom-
alies at the left ventrolateral medulla oblongata in MRI studies [ 54 ]. The gene locus 
was mapped to chromosome 12p [ 50 ], containing a complex chromosomal rear-
rangement in all affected individuals across all identifi ed families. The signifi cance 
of this rearrangement is poorly understood [ 55 ]. A recent study showed that affected 
individuals from six different families displayed novel gain-of-function mutations 
in highly conserved residues of the Phosphodiesterase 3A gene  PDE3A  [ 56 ]. In 
vitro analyses of mesenchymal stem cell-derived  vascular smooth muscle cells 
(VSMCs  ) and chondrocytes from affected individuals suggest that these mutations 
increase protein kinase A-mediated PDE3A phosphorylation, increasing cAMP- 
hydrolytic activity and thereby enhance cell proliferation. The level of phosphory-
lated VASP (vasodilator-stimulated phosphoprotein) was diminished in VSMCs, 
suggesting altered vascular smooth muscle cell biology. In addition, PTHrP levels 
were found to be dysregulated in chondrocytes. Cell-based studies demonstrated 
that available PDE3A inhibitors suppress these  mutant isoforms   [ 57 ]. Increasing 
cGMP levels to indirectly inhibit the PDE3A enzyme seemed to be effective in 
in vitro studies. Although the exact molecular mechanism of PDE3A mutations 
regulating blood pressure is still being investigated, VSMC-expressed PDE3A 
could be an interesting new therapeutic target for the treatment of hypertension.  

    Pathway with Unclear Mechanism:  Mitochondrial Gene Mutation 
Resembling Metabolic Syndrome   

 Lifton and coworkers described a familial form of hypertension, hypomagnesemia, 
and hyperlipidemia along the maternal lineage of a large family, indicating mito-
chondrial inheritance of this novel syndrome [ 58 ]. Sequencing of the  mitochondrial 
genome   of the maternal lineage identifi ed a homoplasmic mutation substituting 
cytidine for uridine immediately 5-prime to the mitochondrial tRNA anti-codon for 
Isoleucin (Ile). In silico analysis showed that uridine at this position is nearly invari-
ant among tRNAs stabilizing the tRNA anti-codon loop. Hypertension, hypomag-
nesemia, and hypercholesterolemia each showed 50 % penetrance among adults on 
the maternal lineage. The prevalence of hypertension showed marked age depen-
dence, increasing from 5 % in subjects under age of 30 years to 95 % in those over 
the age of 50 years. The mechanism of blood pressure elevation in this syndrome is 
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unexplained. In vivo nuclear magnetic resonance (NMR) spectroscopy of skeletal 
muscle in one affected individual showed decreased ATP production (in the setting 
of normal Krebs cycle function) [ 58 ]. Given the known loss of mitochondrial func-
tion with aging due to increased mitochondrial mutations, increased blood pressure 
could be due to loss of ATP production which has been associated with hyperten-
sion in the animal models [ 58 ]. Another possibility is the increased presence of 
reactive oxygen species (ROS) secondary to mitochondrial dysfunction that has also 
been associated with hypertension [ 59 ]. Epidemiological studies have shown that 
children of hypertensive mothers are more likely to develop hypertension, also sug-
gesting that the mitochondrial genome could be associated with inheriting hyperten-
sion [ 60 ,  61 ].    

    Genetic Syndromes of Decreased Blood Pressure 

    Pathways of Renal Salt Wasting in the TAL:  Bartter’s Syndrome   

 The apical membrane of the thick ascending limb (TAL) of Henle’s loop reabsorbs 
~25 % to ~35 % of the sodium load fi ltered in the glomeruli. The main driving force 
is the luminal Na-K-2Cl co-transporter NKCC2. The chloride imported by NKCC2 
exits the basolateral side of TAL epithelial cells via the chloride channel CLCNKB, 
which has an adjacent β-subunit called Barttin, co-localizing with CLCNKB at the 
basolateral membrane and regulating its intracellular traffi cking and function (see 
Fig.  11.5 ). Barttin also serves as β-subunit for a related chloride channel, CLCNKA, 
in potassium-secreting epithelial cells of the inner ear. The sodium imported from 
the TAL lumen via NKCC2 leaves the basolateral side of the cell via the Na/K- -
ATPase. Because chloride carries a negative charge, exit of unaccompanied chloride 
through basolateral CLCNKB depolarizes the TAL cell. The stoichiometry of the 
Na/K ATPase, three sodium outward per two potassium inward, partly counters this 
depolarization, however additional repolarization of the cell is accomplished by the 
apical potassium channel ROMK ( renal outer medullary K channel  ), which recycles 
the potassium imported into the cell via NKCC2 back into the lumen. The coordi-
nated operation of these apical and basolateral transporters and channels generates 
a lumen-positive electrical potential across the TAL (see Fig.  11.4 ). Reduced func-
tion of any one of these transporters or channels, secondary either to pharmacologi-
cal inhibition (loop diuretics) or genetic mutation, is associated with renal 
salt-wasting [ 62 ]. Patients with loss-of-function mutations in the above transporters 
or channels feature varying degrees of hypokalemic metabolic alkalosis, hypokale-
mia, and low(er) BP with elevated renin levels (known as Bartter’s syndrome). In 
addition, hypercalciuria can be seen, mainly in Bartter’s types 1, 2, and 5. Five dif-
ferent disease genes were identifi ed for this syndrome, four genes encoding for the 
proteins mentioned above, and a fi fth gene, the Calcium-Sensing Receptor ( CASR ), 
in which gain-of-function mutations can lead to a phenocopy of Bartter’s syndrome 
(see Table  11.2 ).
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    The various types of  Bartter’s syndrome   can differ in disease severity. Neonatal 
Bartter’s syndrome is the most common form (~90 % of all patients) and is typically 
noticed during pregnancy due to  polyhydramnios   (excess amniotic fl uid). Neonatal 
infants feature severe polyuria and polydipsia. Life-threatening volume contraction 
may result if the infant does not receive adequate fl uids after birth. The majority of 
infants are hypercalciuric and will develop nephrocalcinosis, which often progresses 
to renal failure. Failure to thrive is a typical occurrence in children with neonatal 
Bartter’s, caused either by loss-of-function mutations in  NKCC2  (type 1) or  ROMK  
(type 2) [ 63 ,  64 ]. In comparison, type 3 or “classic” Bartter’s is caused by loss-of- 
function mutations in CLCNKB and is usually diagnosed at school age or later, 
although symptoms of renal salt wasting may occur earlier in life [ 65 ]. In classic 
Bartter’s syndrome, increased urinary calcium excretion is signifi cantly milder and 
kidney stones can develop later in life if at all. Renal function is typically normal, 
however, progression to end-stage renal disease has been described [ 66 ]. Type 4 
Bartter’s is caused by mutations in Barttin ( BSND ), the accessory β-subunit of the 
CLCNKB [ 67 ]. Since Barttin is also expressed in the inner ear, affected individuals 
also suffer from sensorineural deafness. Gain-of-function mutations in the  CASR  
can feature renal salt wasting and hypercalciuria [ 68 ]. Although PTH levels are 
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  Fig. 11.5    Mutations in fi ve genes expressed in TAL epithelia lead to Bartter’s syndrome. NKCC1 
and ROMK mutations cause neonatal Bartter’s associated with nephrocalcinosis. CLCNKB 
defects lead to clinically milder type 3 or “classic” Bartter’s. BSND mutations (type 4) has similar 
clinical features, but is associated with sensorineural deafness. Type 5 is caused by CASR gain-of- 
function mutations, decreasing paracellular transport of calcium and magnesium, thereby altering 
the electrochemical driving force in the TAL. CASR is believed to increase Claudin 14 activity, 
which is a negative regulator of the paracellular claudin 16/19 cation channel complex. All defects 
can lead to renal salt wasting in TAL epithelia associated with low(er) blood pressure.  NKCC2  
Na-K-2Cl cotransporter,  ROMK  renal outer medullary K +  channel,  CLCNKB  Chloride Channel, 
Voltage-Sensitive Kb,  BSND  Barttin,  CASR  calcium-sensing receptor,  CLDN  Claudin       
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severely suppressed in this syndrome, which is also known as autosomal dominant 
hypocalcemia, this condition is classifi ed by some as Bartter’s type 5 due to the 
expression of CASR on the basolateral membrane of TAL epithelia.  

    Pathways of Renal Salt Wasting in the Distal Nephron 

     Gitelman’s Syndrome   

 Patients with Gitelman’s syndrome present with symptoms identical to those who 
are on thiazide diuretics. Richard Lifton and colleagues performed linkage analysis 
in several unrelated families with Gitelman’s syndrome and identifi ed the locus for 
the thiazide-sensitive NCCT gene ( SLC12A3 ). Several homozygous or compound 
heterozygous loss-of-function mutations in  SLC12A3  were identifi ed [ 69 ], which 
inactivate NCCT expressed in the apical membrane of DCT epithelia. The clinical 
symptoms include hypochloremic metabolic alkalosis, hypokalemia, hypomagne-
semia, and hypocalciuria (see Table  11.3 ). Affected individuals are typically asymp-
tomatic, however muscular cramps, weakness/fatigue, and irritability have been 
described. More severe symptoms such as tetany and paralysis are rare. Individuals 
with heterozygous loss-of-function mutations in NCCT may have a survival benefi t 
due to lower BP and increased bone mineral density [ 16 ,  70 ].

        Pseudohypoladosteronism Type 1 (PHA   I) 

 PHA I is characterized by salt wasting resulting from renal unresponsiveness to 
mineralocorticoids [ 71 ,  72 ]. Patients may present with neonatal renal salt wasting 
with hyperkalemic acidosis despite high aldosterone levels (see Table  11.3 ). Two 

    Table 11.2      Bartter’s syndrome   : Renal salt-wasting in the thick ascending limb (TAL) associated 
with hypercalciuria   

 Syndrome  Inheritance  K +   pH  Renin  Aldosterone  Treatment 
 Gene 
Locus  Gene 

 1  AR  ↓  ↑  ↑  ↑  Increase 
salt intake 
(for all 
types) 

 15q21   SLC12A1  (NKCC2) 

 2  AR  ↓  ↑  ↑  ↑  11q24   KCNJ1  (ROMK) 

 3  AR  ↓  ↑  ↑  ↑  1p36   CLCNKB  

 4  AR  ↓  ↑  ↑  ↑  1p32   BSND  (associated 
with deafness) 

 5  AD  ↓  ↑  ↑  ↑  3q21   CASR  (also known as 
Autosomal Dominant 
Hypocalcemia) 

   AR  autosomal recessive;  AD  autosomal dominant;  SLC12A1  solute carrier family 12, member 1; 
 KCNJ1  potassium inwardly rectifying channel, subfamily J, member 1;  CLCNKB  chloride chan-
nel, voltage-sensitive Kb;  BSND  Barttin;  CASR  calcium-sensing receptor  
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genetic subtypes can be distinguished, type I A, which is inherited in an autosomal 
dominant fashion, and type I B, which is transmitted in an autosomal recessive pat-
tern. PHA I A is caused by mutations in the MR gene and is typically milder than 
PHA I B [ 71 ]. Patients improve with age and usually become asymptomatic without 
treatment when they reach adulthood. Some adult patients are found to have ele-
vated aldosterone levels, however, they lack a history of the disease. This observa-
tion suggested that only those infants whose salt homeostasis is “stressed” by 
intercurrent illness and volume depletion develop clinically recognized PHA I. The 
recessive form, PHA 1B, is caused by loss-of-function mutations in any one of the 
three genes encoding for the α-, β-, or γ-subunits of ENaC leading to decreased 
channel activity and renal salt wasting (see Fig.  11.3 ) [ 72 ]. Patients with this form 
can feature a severe systemic disorder starting in infancy and persisting into 
adulthood.  

    Epilepsy, Ataxia, Sensorineural Deafness, and (Salt-Wasting) Tubulopathy 
(EAST Syndrome) 

  EAST   also known as SeSAME (Seizures, Sensorineural deafness, Ataxia, Mental 
retardation, and Electrolyte imbalance) syndrome features renal salt wasting and 
electrolyte imbalance, and added considerable new insight into renal electrolyte 
handling in the distal nephron [ 73 ,  74 ]. The mode of inheritance is autosomal reces-
sive and consanguinity has been described in some families. The responsible gene 
 KCNJ10 , identifi ed by linkage analysis, encodes for the potassium channel Kir4.1, 
expressed in the basolateral membranes of  distal convoluted tubule (DCT  ), connect-
ing tubule (CNT), and collecting duct epithelia. The identifi ed electrolyte and acid 
base abnormalities are similar to the one seen in  Gitelman’s syndrome  , including 
hypokalemia, hypomagnesemia, and metabolic alkalosis (see Table  11.3 ). Renin 
and aldosterone levels are elevated. Patients typically have normal blood pressure 
values but still crave salt, suggesting that they compensate for renal salt losses with 
increased consumption of salt, thereby maintaining normal blood pressure values 
[ 73 ]. In vitro studies suggest that loss-of-function mutations in  KCNJ10  impair the 
activity of the Na/K-ATPase, which is also located at the basolateral membrane of 
epithelia of the same nephron segments. Loss of Kir4.1 function probably impairs 
potassium cycling at the basolateral membrane and thereby inhibits the Na/K- -
ATPase function and sodium reabsorption [ 74 ]. The additional features seen in this 
syndrome are due to expression of Kir4.1 in neuronal tissue and in cells of the inner 
ear.   KCNJ1    0 -defi cient mice exhibit striking pathology of the entire central nervous 
system and display renal salt wasting and volume contraction [ 75 ].  

    Severe Hypotension Due to  Renal Tubular Dysgenesis (RTD  ) 

 Autosomal recessive RTD is a severe developmental disorder of abnormal renal 
tubular formation associated with persistent fetal oligoanuria and frequently in 
utero or perinatal death [ 76 ]. Parental consanguinity is present in ~1/3 of all reported 
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families [ 77 ]. Surviving newborn infants display severe and refractory hypotension 
requiring vasopressors, and typically need in addition respiratory assistance and 
dialysis after birth. Death likely occurs due to pulmonary hypoplasia and respiratory 
failure from early-onset oligohydramnios (Potter sequence). Only few individuals 
with RTD survived after days or weeks of intensive care [ 77 ]. Absence or paucity of 
differentiated proximal tubules is the histopathologic hallmark of this disorder, 
which is often associated with postnatal skull ossifi cation defects (hypocalvaria). In 
RTD, all tubules appear abnormally developed, primitive and reminiscent of col-
lecting tubules. RTD can also be found in children of women using  angiotensin-
converting-enzyme inhibitors (ACEi  ) during pregnancy. Hypocalvaria is also 
present in this acquired (secondary) form of RTD, also known as ACEi fetopathy 
[ 78 ]. The genetic forms of RTD are caused by loss-of-function mutations in four 
genes encoding for proteins of the  renin–angiotensin system (RAS  ). The genes 
shown in Table  11.2  include REN (renin), AGT (angiotensinogen), ACE, and 
AGT1R (angiotensin II receptor type 1). No correlation could be established 
between clinical course of disease and the type of mutations in 160 RTD cases [ 77 ].    

    Conclusion 

 The lessons learned from rare, inherited syndromes of blood pressure variation have 
been profound. They have led us to understand the primary physiology of blood 
pressure regulation and taught us disease mechanisms, which can lead to arterial 
hypertension, lower blood pressure, and associated disturbances of electrolyte and 
acid base homeostasis. Some of the genes discussed in this chapter (NCCT, NKCC2, 
and ROMK) were screened in participants of the Framingham Heart Study (FHS) 
population; rare, functional allelic variations were identifi ed and associated with 
decreased blood pressure, based on comparative genomics, genetics, and biochem-
istry [ 16 ]. It is likely that the combined effects of rare independent mutations may 
account for a substantial fraction of blood pressure variation in the general popula-
tion. The study of these rare conditions continues to be of great importance, helping 
us to improve our understanding of hypertension, its treatment and prevention.     
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    Chapter 12   
 Drug-Induced Hypertension in Chronic 
Kidney Disease                     

     Alfred     A.     Vichot      and     Mark     A.     Perazella     

          Introduction 

  Hypertension   is a common condition representing both a risk factor and a conse-
quence of CKD [ 1 ,  2 ]. Causal relationships between hypertension, CKD progres-
sion, and rising cardiovascular risk are well documented [ 3 – 5 ]. Hypertension’s 
increasing prevalence as CKD [ 6 ] progresses is also well established [ 7 – 9 ]. The 
identifi cation of factors that infl uence the onset and maintenance of hypertension is 
central to the management of CKD. 

 CKD is a highly prevalent disease with multiple  comorbidities   (pain, depression, 
anxiety, malignancy, etc.) and, by its nature, requires treatment with a number of 
medications that are prescribed or purchased over-the-counter. Many of these medi-
cations are associated with de novo hypertension and/or exacerbation of previously 
controlled hypertension. As such, drug-induced hypertension represents one such 
controllable factor that clinicians can modify. 

 Provider-prescribed and patient-initiated agents through over-the-counter pur-
chase warrant scrutiny for their effects on  blood pressure augmentation   in the CKD 
patient population. It is critical that all clinicians and healthcare providers, not only 
nephrologists, recognize that CKD patients are vulnerable to the blood pressure 
raising effects of drugs. The goal of this chapter is to identify exogenous agents that 
induce or exacerbate hypertension in CKD patients, to characterize pertinent  clinical 
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features associated with these agents, and to facilitate an understanding of how 
these agents affect blood pressure homeostasis in the setting of underlying CKD. 

    Blood Pressure Control and CKD 

  Mean arterial pressure (MAP)   is  classically   defi ned as the product of systemic vas-
cular resistance and cardiac output. Cardiac output is defi ned as the product of heart 
rate and stroke volume with the latter determined by the difference in end-diastolic 
volume (preload) and end-systolic volume (afterload and myocardial contractility). 

 The factors infl uencing cardiac output and systemic vascular resistance are well 
established and unknown. Baroreceptors, natriuretic peptides, the  renin–angioten-
sin–aldosterone system (RAAS)  , the kinin–kallikrein system, the adrenergic recep-
tor system, vascular endothelial growth factor signaling, and effectors of 
vasoconstriction and vasodilation all are known to interact with each other. 
Determining which of these factors actually contributes the most to blood pressure 
homeostasis is diffi cult because of the challenge in distinguishing primary responses 
from adaptive secondary responses [ 10 ]. 

 Under normal physiologic conditions, the RAAS and SNS are known to activate 
each other [ 11 – 14 ] and this relationship is further intensifi ed in the setting of CKD 
[ 15 – 17 ]. Calcium, uric acid, renalase, nitric oxide synthase inhibition, and vascular 
endothelial growth factor signaling have also been shown to infl uence blood pres-
sure homeostasis in CKD [ 18 – 24 ]. Given the various causes of CKD, it is unclear 
which system is driving the hypertensive phenotype and how many systems are 
affected by the introduction of an exogenous agent. 

 Many  medications   have been implicated in hypertension such as decongestants, 
birth control pills, androgens, combination antiretroviral therapy [ 25 ], alcohol, and 
illicit substances such as cocaine, methamphetamines, and bath salts [ 26 ,  27 ]. To 
make this review a useful reference for the practicing clinician, this chapter will 
focus on common clinical conditions and the agents used in the practice of CKD 
management that are known to augment or exacerbate the hypertensive phenotype 
(Table  12.1 ).

        Acute and Chronic Pain Syndromes 

 Acute and chronic pain are common symptoms experienced by patients with CKD 
[ 28 ,  29 ]. Although the effect of chronic pain on blood pressure elevation is not as 
clear as it is in the acute setting [ 30 – 32 ], the hypertensive effects of analgesics used 
for management of both forms of pain are well established, but not often recognized 
by most practitioners [ 33 ]. An understanding of the effects of the various analgesics 
prescribed to and self-administered by patients with CKD should be at the forefront 
of medical management and preventative care. 
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    Non-Steroidal Anti-Infl ammatory Drugs (NSAIDS) 

 NSAIDs are the foundation of pain management plans for headache, osteoarthritis, 
gout, and post-operative care [ 34 – 38 ]. In the setting of CKD, achievement of pain 
control with NSAIDs becomes a challenge because of their association with hyper-
tension and a wide variety of renal syndromes (hyponatremia, hyperkalemia, meta-
bolic acidosis, edema formation, acute and chronic papillary necrosis) [ 39 – 44 ]. As 
a result of differing opinions on the risk–benefi t profi le of NSAIDs in CKD, the 
reported prevalence and recommendations have been variable [ 45 – 48 ]. Although a 
discussion on the effects of NSAIDs on CKD progression is beyond the scope of 
this chapter, the effects of NSAIDs on blood pressure homeostasis in a patient group 
already predisposed to higher blood pressures will be discussed. 

  Table 12.1    Common 
conditions and therapies 
observed in CKD associated 
with hypertension  

  Acute and chronic pain    syndromes    
   Anthocyanins 
   Non-steroidal anti-infl ammatory 

drugs (NSAIDs) 
  Anemia  
   Erythropoiesis stimulating agents 

(ESAs)    
  Infl ammatory syndromes  
   Calcineurin inhibitors (CNIs) 
   Glucocorticosteroids 
  Mood disorders  
   Monoamine oxidase inhibitors 

(MAOIs) 
   Noradrenergic and specifi c 

serotonergic antidepressants 
(NaSSAs) 

   Serotonin-norepinephrine inhibitors 
(SNRIs) 

   St. John’s Wort (SJW) 
   Tricyclic antidepressants (TCAs) 
   Polypharmacy    
   Serotonin syndrome 
  Renal cell carcinoma  
   Anti-VEGF antibodies 
   Tyrosine kinase inhibitors (TKIs) 
  Withdrawal syndromes  
   Antihypertensive medications 
    Alpha-2 receptor agonists 
    Angiotensin-II receptors 

antagonists (ARBs) 
    Beta-adrenergic antagonists 
    Vasodilators 
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    Function 

 NSAIDs are a heterogeneous group of molecules that inhibit  cyclooxygenase- 
mediated synthesis   of prostaglandins from arachidonic acid (Fig.  12.1 ) [ 49 ]. 
Prostaglandins are local hormones with autocrine and paracrine function that are 
present in different tissues and, within the kidney, are known to infl uence auto- 
regulation of renal blood fl ow, water excretion, and natriuresis.  Prostaglandin (PG) 
synthesis      is affected by NSAID type, time of onset, duration of action, and prefer-
ence for  cyclooxygenase-1 (COX-1)   or  cyclooxygenase-2 (COX-2)   (Table  12.2 ).

     Prostaglandin-mediated effects   in the kidney are diverse [ 50 ]. The mechanisms 
by which NSAIDs augment hypertension are incompletely understood but are pos-
tulated to affect renal blood fl ow and natriuresis [ 51 ]. To provide an example, PGE 2  
is a major product of prostaglandin synthesis in the renal medulla and has been 
implicated in the inhibition of chloride uptake in the thick ascending limb of Henle 
[ 52 ,  53 ]. A neonatal variant of  Bartter’s syndrome   marked by hypotension and elec-
trolyte wasting occurs in the setting of excess PGE 2  production and can be reversed 
with indomethacin [ 54 ]. Conversely, when PGE 2  synthesis is impaired or produc-
tion is blocked with indomethacin, hypertension often occurs [ 51 ,  55 – 57 ]. 

  Renal sodium retention   promoted by NSAID use is most apparent in hyperten-
sive subjects [ 51 ,  55 – 57 ], but NSAIDs do not constitutively result in an elevation of 
blood pressure. Inhibition of the PGH 2 /TXA 2  pathway results in decreased periph-
eral myogenic constriction [ 58 ,  59 ] and the absence of the prostaglandin I 2  receptor, 
a promoter of renin release, results in decreased susceptibility to hypertension [ 60 ].  

Phospholipids
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  Fig. 12.1    Prostaglandin synthesis       
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    Antihypertensive Medication Interactions 

 NSAIDs can strengthen or weaken the effects of antihypertensive medications by 
prostaglandin-mediated pathways and other undefi ned routes. Most studies demon-
strate a tendency towards NSAID-induced antagonism of antihypertensive medica-
tions with either no change in blood pressure or a rise in blood pressure. The 
relationship between NSAIDs and several antihypertensive medication classes will 
be discussed below. 

    Loop Diuretics   

 NSAIDs, particularly indomethacin and sulindac, antagonize the effect of furose-
mide and bumetanide by reducing their natriuretic effect [ 61 – 64 ]. 

 The mechanisms proposed for this effect are NSAID-loop diuretic competition 
for transport into the proximal tubule via the organic acid transporter pathway [ 63 ] 
and enhanced sodium uptake in the loop of Henle [ 62 ].  

  Table 12.2    Currently 
available NSAIDS classifi ed 
 by   chemical structure and/or 
mechanism of action  

  Acetic acids    Propionic acids  
   Diclofenac    Dexibuprofen 
   Etodolac    Dexketoprofen 
   Indomethacin    Fenoprofen 
   Ketorolac    Flurbiprofen 
   Nabumetone    Ibuprofen 
   Sulindac    Ketoprofen 
   Tolmetin    Loxoprofen 

   Naproxen 
  COX-2    inhibitors       Oxaprozin 
   Celecoxib 
   Etoricoxib   Salicylic acids  

   Aspirin 
  Enolic acids 
(Oxicams)  

   Difl unisal 

   Droxicam    Salicylic acid 
   Lornoxicam    Salsalate 
   Meloxicam 
   Piroxicam 
   Tenoxicam 
  Fenamic acids  
   Flufenamic acid 
   Meclofenamic acid 
   Mefenamic acid 
   Tolfenamic  acid   
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    Thiazide Diuretics   

 NSAIDS, like indomethacin, ibuprofen, and sulindac, confer variable effects on 
blood pressure in the presence of thiazides [ 65 – 69 ]. The reason for these different 
observations is unclear with variability attributed possibly to NSAID type [ 66 ,  70 ] 
or thiazide clearance [ 67 ]. Antagonism of the antihypertensive effect is, however, 
more common.  

   Beta (β)-Blockers 

 NSAID effects on blood pressure also vary with different  beta-blockers  . Patients on 
indomethacin and piroxicam have been observed to increase blood pressure with 
pindolol, propranolol, oxprenolol, and atenolol [ 69 ,  71 – 74 ]. On the other hand, 
blood pressure control with propranolol was not affected by ibuprofen or sulindac 
[ 68 ,  74 ] nor was the effectiveness of atenolol attenuated by sulindac or fl urbiprofen 
[ 73 ,  75 ]. The mechanisms mediating the rise in blood pressure in the setting of 
NSAID use with  beta-blockers (BB)   are also unclear. Weakened RAAS blockade 
and enhancement of alpha-mediated vascular tone have been proposed [ 76 ].  

   Angiotensin Converting Enzyme Inhibitors ( ACEi        ) 

 Blood pressure effects in human subjects taking NSAIDs and ACEi have been stud-
ied. Indomethacin increases the blood pressure of subjects on captopril [ 77 – 80 ] 
while mildly attenuating the blood pressure control with lisinopril [ 81 ]. The reason 
for this variability is unclear. 

 Insights into the relationship between prostaglandin inhibition and ACE inhibition 
have come from Bartter’s syndrome—a syndrome associated with hypotension and 
salt wasting. Patients with Bartter’s syndrome typically have high plasma bradykinin, 
plasma renin activity (PRA), urinary kallikrein, and urinary prostaglandin E excretion 
[ 82 ]. Following the administration of indomethacin, plasma bradykinin, plasma 
renin, urinary kallikrein, and urinary prostaglandin E  excretion   are reduced with reso-
lution of hypotension and salt wasting [ 82 ]. A relationship between prostaglandins, 
the pro-hypertensive renin–angiotensin pathway and pro-hypotensive kallikrein–
kinin pathway is recognized, but the interplay is still not well understood [ 82 ,  83 ].  

    Vasodilators   

 Variable effects on blood pressure control are also observed with vasodilators. 
 Diclofenac has been shown to reduce the effect of dihydralazine [ 84 ]. 

Indomethacin, however, has been shown to attenuate the effects of hydralazine [ 85 ], 
but did not affect blood pressure control with pindacidil [ 86 ]. The mechanisms 
mediating this interaction are unclear.   
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    Meta-Analyses of NSAIDs and  Hypertension   

 As prostaglandins demonstrate pro-hypertensive and antihypertensive effects [ 87 , 
 88 ] that can be strengthened or weakened by blood pressure medications, 2 meta- 
analyses were performed to evaluate NSAID effects on blood pressure [ 89 ,  90 ]. 

 In the 1993 study by Pope et al., 54 studies with 123 NSAID treatment arms were 
evaluated and 92 % of the study subjects were determined to be hypertensive [ 89 ]. 
An elevation in blood pressure was found strictly in subjects with hypertension [ 89 ]. 
The NSAIDs determined to have the largest effect on blood pressure were indo-
methacin, naproxen, and piroxicam, which increased the mean arterial pressure 
(MAP) by 3.59, 3.74, and 0.49 mmHg, respectively. Conversely, ibuprofen, sulin-
dac, and aspirin did not have a large effect on blood pressure and were actually 
noted to reduce it by 0.83, 0.16, and 1.76 mmHg, respectively [ 89 ]. 

 In the 1994 study by Johnson et al., 38 randomized placebo-controlled trials and 
12 randomized trials comparing 2 or more NSAIDs were evaluated [ 90 ]. Of the 50 
independent trials evaluated, 76 % included antihypertensive therapy employed for 
1 week or longer [ 90 ]. When all the randomized placebo-controlled studies were 
pooled, all sub-types of NSAIDs administered demonstrated an increase in the 
supine mean blood pressure [ 90 ]. The mean rise in supine blood pressure was 
5.0 mmHg with the highest effect on blood pressure observed with piroxicam, indo-
methacin, and ibuprofen [ 90 ]. There was no notable effect on weight, urine sodium 
output, creatinine clearance, or urine prostaglandin secretion [ 90 ]. 

 Another notable feature was that the NSAID- induced   increase in blood pressure 
was higher in studies that involved antihypertensive therapy; a 4.7 mmHg increase 
in blood pressure was observed compared to the 1.8 mmHg increase observed in 
studies not involving antihypertensive medications [ 90 ]. NSAIDs antagonized beta- 
blockers, diuretics, and vasodilators to different degrees with the greatest pooled 
effect observed with beta-blockers: a 6.2 mmHg rise in blood pressure [ 90 ]. 

 The studies noted above demonstrate that NSAIDs increased blood pressure in 
subjects with hypertension or on antihypertensive therapy. Although these studies 
are not generalizable to the CKD population because they excluded elderly subjects 
and subjects with hypertension, it can be inferred that NSAIDs would be expected 
to exacerbate the hypertensive phenotype in this population because of its higher 
prevalence of hypertension. 

 A conclusion on which NSAID sub-type has the greater effect on blood pressure 
cannot be made from either meta-analysis because the study sizes varied and confi -
dence intervals were wide. Data stratifying subjects by duration of therapy, cumulative 
dosing, and by half-life of NSAID was also not robust enough to make inferences.   

    Cyclooxygenase-2 (COX-2) Inhibitors 

 Non-specifi c NSAIDs target the constitutive isoform of COX-1, an enzyme respon-
sible for otherwise normal physiologic functions. Disruption of the COX-1 pathway 
can result in upper  gastrointestinal (GI) complications  , platelet dysfunction, and 
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renal  toxicity   [ 91 – 93 ]. To bypass these complications of COX-1 inhibition and 
 target the inducible  COX isoform   that mediates infl ammation, COX-2 inhibitors 
were developed. 

 Similar to  non-selective NSAIDs  , COX-2 inhibitors also raise blood pressure. 
This effect was observed in several studies evaluating the incidence of GI complica-
tions when either non-selective NSAIDs or COX-2 inhibitors were used for pain 
control [ 94 ]. For example, the  Celecoxib Long-Term Arthritis Safety Study 
(CLASS)   study was designed to investigate the incidence of upper GI complications 
of celecoxib and other NSAIDs [ 94 ]. In this study, hypertension was observed in 
1.7 % of patients on celecoxib and 2.3 % of patients on NSAIDs [ 94 ]. In the  VIOXX 
Gastrointestinal Outcomes Research (VIGOR)   study, 8.5 % of 4047 subjects in the 
 rofecoxib treatment   arm had hypertension compared to the 5.0 % of 4029 subjects 
in the naproxen treatment arm [ 95 ,  96 ]. On 50 mg of rofecoxib, the mean systolic 
blood pressure was 133.2 mmHg (an increase of 4.6 mmHg from baseline) while 
the mean systolic blood pressure on 1000 mg of naproxen was 128.8 mmHg (a 
1.0 mmHg increase from baseline). In a post-hoc analysis of 50 separate studies 
involving more than 13,000 subjects enrolled in the celecoxib clinical trial program, 
complications from  celecoxib   were compared to NSAIDs or placebo [ 97 ]. In this 
study, hypertension was observed in 0.8 % subjects on celecoxib regardless of dose- 
or duration of therapy [ 97 ]. The  Successive Celecoxib Effi cacy and Safety Studies 
(SUCCESS)   VI and VII studies in older hypertensive patients with patients with 
osteoarthritis found rofecoxib as more likely to increase systolic blood pressure 
than celecoxib at week 6 [ 98 ,  99 ]. 

 While direct trial comparison is diffi cult due to design variation, subject characteris-
tics, endpoints, agents selected for investigation, and method of blood pressure measure-
ment, they still provide important information. Table  12.3  summarizes clinical studies 
[ 94 – 103 ] that have evaluated the effects of COX-2 inhibition on blood pressure.

   Blood pressure elevation by COX-2 inhibitors is mostly observed in hyperten-
sive states. Some authors have suggested that COX-2 inhibitors may cause hyper-
tension by augmentation of  angiotensin-II effects   [ 104 ,  105 ]. Others have suggested 
the role of dietary sodium as a mediator of hypertension. For example, rofecoxib 
was administered to  spontaneously hypertensive rats (SHR)   and normotensive 
 Wistar–Kyoto rat (WKY)   sustained on normal- to high-salt diets or low-salt diets 
[ 106 ]. COX-2 inhibitors signifi cantly elevated the blood pressure in both  rat models   
fed normal- to high-salt diets and did not effect rats fed a low-salt diet [ 106 ]. The 
authors of the study did not propose a mechanism for this observed difference. They 
did, however, suggest that salt deprivation could prevent hypertension in the setting 
of chronic COX-2 inhibitor use as a rise in blood pressure was noted to be indepen-
dent of genetic predisposition [ 106 ]. 

     Antihypertensive Medication Interactions   

 COX-2 inhibitors are variable in their effect on antihypertensive medications. 
 In one trial that evaluated the effects of COX-2 inhibitors with antihypertensive 

monotherapy (ACEi, BB,  calcium-channel blocker [CCB]  ) or antihypertensive dual 
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   Table 12.3    Studies evaluating effects Of COX-2 inhibition on  blood pressure control     

 Study (Year)  Study design  Enrollment  Duration  Incidence of hypertension 

 Catella- 
Lawson 
et al. [99] 
(1999) 

 Randomized, 
double-blind 
Controlled trial 1 
center 

 36 subjects 
 Ages: between 59 
and 80 years 
 Comorbidities: 
healthy 

 2 weeks  Mild BP increase in all 
groups: 
 12 subjects on 
Indomethacin 150 mg/day 
 12 subjects on 
Rofecoxib(MK-966) 50 mg/
day 
 12 subjects on Placebo 

 Emery et al. 
[98] (1999)    

 Randomized, 
Parallel-Group, 
Double-blind, 
Double-dummy 
Trial 
 132 centers 

 655 subjects 
 Ages: Age cut-off 
not defi ned 
 Comorbidities: 
Adult onset RA 

 24 weeks  1 % of 222 subjects on 
Celecoxib 400 mg/day 
 2 % of 239 subjects on 
Diclofenac 150 mg/day 

 Simon et al. 
[101] (1999) 

 Randomized, 
Double-Blind, 
Placebo-
Controlled Trial 
 79 centers 

 1149 subjects 
 Ages: >18 years 
of age 
 Comorbidities: 
RA 

 12 weeks  <1 % of 217 subjects on 
Celecoxib 800 mg/day 
 <1 % of 235 subjects on 
Celecoxib 400 mg/day 
 0 % of 240 subjects on 
Celecoxib 200 mg/day 
 <1 % of 225 subjects on 
Naproxen 1000 mg/day 
 <1 % of 231 subjects on 
Placebo 

 CLASS [92] 
(2000)    

 Prospective, 
Randomized, 
Double-blind, 
Controlled Trial 
 386 centers 

 8059 subjects 
 Ages: 
  > 18 years of age 
 Comorbidities: 
OA or RA 

 6 months  1.7 % of 3987 subjects on 
Celecoxib 800 mg/day 
 2.3 % of 3981 subjects on 
NSAIDS 
 1985 subjects on Ibuprofen 
2400 mg/day 
 1996 subjects on Diclofenac 
150 mg/day 

 Whelton 
et al. [95] 
(2000)    

 Post-hoc 
analysis of 12 
randomized 
controlled trials 

 3366 subjects 
with OA (3 
studies) 
 2091 subjects 
with OA (4 
studies ¶ ) 
 2250 subjects 
with RA (2 
studies) 
 327 subjects with 
RA (1 study ♯ ) 
 1633 subjects 
with OA and RA 
(2 studies) 
 Age: 62 years, 
range 18–93 (OA) 
 Age: 55 years, 
range 20–92 (RA) 

 12 weeks 
 ¶ 4 
weeks 
 ♯ 2–6 
weeks 

 0.8 % of 5704 subjects on 
Celecoxib 50–800 mg/day 
 0.7 % of 2098 subjects on 
NSAIDs 
 Diclofenac 100–150 mg/day 
 Ibuprofen 2400 mg/day 
 Naproxen 1000 mg/day 
 0.3 % of 1864 subjects on 
Placebo 
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therapy (diuretic plus ACEi, BB, or CCB), rofecoxib antagonized the effects of all 
hypertensive classes with a mean rise in systolic blood pressure [ 99 ]. The antago-
nistic effect of rofecoxib on CCBs was minimal, however, and was not statistically 
signifi cant [ 99 ]. In the same trial, celecoxib augmented the effect of ACEi mono-
therapy and dual therapy (diuretic plus ACEi, BB, or CCB) by causing a reduction 
in systolic blood pressure while slightly increasing the blood pressure of subjects on 
BB or CCBs [ 99 ]. Celecoxib was observed to have no signifi cant effect on the anti-
hypertensive actions of ACEi in another study [ 107 ]. Although celecoxib had less 
of an effect with ACEi than rofecoxib, the reasons for this discrepancy are unclear. 

 Based on current studies, both non-selective COX inhibition and COX-2 selec-
tive inhibition have the potential to raise blood pressure and  exacerbate   hyperten-
sion in at-risk patients.   

    Anthocyanins 

  Antioxidants   of plant origin are appealing form of medicinal therapy to some 
patients as they are free of synthetic compounds. Anthocyanins represent one class 
of these kinds of drugs. Anthocynanins provide the orange, red, and blue coloring 
to fruits, fl ower, and vegetables and also provide a natural remedy for suppression 
of infl ammatory pain by way of cyclooxygenase inhibition [ 108 ,  109 ]. Several 
authors have suspected an improvement in blood pressure control as a result of the 
anti-infl ammatory effect of anthocyanins and study results have been negative or 
equivocal to date [ 110 ,  111 ]. 

 A case report demonstrating the potential harmful effects of cherry extract, an 
anthocynanin, in the setting of CKD implied an effect similar to that of NSAIDs 
[ 112 ]. Although this supposition is reasonable and hypertensive effects can be sus-
pected, surveillance of compounds containing anthocyanins should be considered 
given their similarity to NSAIDs and the potential for augmenting blood pressures 
until more evidence supporting this effect accrues.  

    Treatment 

  Treatment   of NSAID-induced hypertension is fairly straightforward: abstinence 
from NSAIDs and use of an alternate agent for acute and chronic pain. Unfortunately, 
there are no specifi c guidelines for management of pain in the CKD population. The 
acuity, location, and source of pain are factors to consider as well as the clearance 
of the parent agent and its metabolites. When underlying pain symptoms require 
 NSAID   therapy for analgesia, using the lowest effective drug dose is recommended. 
Hypertension can be treated with calcium channel antagonists, and the sodium 
retaining effect of NSAIDs can be targeted with diuretics. Diuretic use may, how-
ever, increase the risk of AKI. Renin angiotensin system ( RAS  )       inhibitor therapy is 
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risky in CKD patients taking NSAIDs due to the risk for both  acute kidney injury 
(AKI)   and hyperkalemia. Thus, this drug combination should be avoided or moni-
tored very closely when employed. 

 Although acetaminophen has been associated with complications of acute liver 
failure, nephrotoxicity, and pyroglutamic (5-oxoproline) metabolic acidosis in the 
setting of malnutrition [ 113 – 115 ], it is generally regarded as a safer choice when 
dosed less than 4 g/day in the setting of CKD and the elderly [ 116 – 118 ].   

    Infl ammatory Syndromes 

 The spectrum of infl ammatory diseases affecting the glomerulus, tubulointersti-
tium, and systemic arteriovenous circulation is wide. From  systemic lupus erthy-
ematosus (SLE)   to the humoral and cellular immune responses involved with 
transplantation, treatments aimed at reducing infl ammation are common in 
CKD. With expanding insight into infl ammation’s role in CKD progression [ 119 ], 
the use of immunosuppressive strategies will continue to be frequently employed in 
the general and CKD population. Thus, an understanding of their hypertensive 
effects is paramount. 

    Glucocorticoids 

  Glucocorticoids   are mainstays of  anti-infl ammatory and immunosuppressive man-
agement  , especially in conditions often encountered in CKD: lupus nephritis, HIV 
nephropathy, IgA nephropathy, and transplantation [ 120 – 124 ]. These drugs are 
thought to reduce infl ammation mainly by two pathways: genomic induction or 
repression of gene transcription or non-genomic pathways involving  cytosolic and 
membrane-bound receptor interactions   [ 125 ,  126 ] (Figs.  12.2  and  12.3 ).

    As patients with  CKD   are predisposed to hypertension and glucocorticoids are 
implicated in causing hypertension, an understanding of glucocorticoid potency and 
mineralocorticoid activity is necessary to facilitate more widespread blood pressure 
surveillance and optimize blood pressure control. 

 Hypertension onset with corticosteroids is mediated by enhanced activity of the 
mineralocorticoid receptor. Under normal conditions, the  mineralocorticoid recep-
tor   is activated by  aldosterone   and induces increased expression of the sodium chlo-
ride co-transporter (NCC) and  epithelial sodium channel [ENaC]   [ 41 ,  127 ,  128 ]. 

 Activation of the  mineralocorticoid receptor   by cortisol represents an important 
pathway that mediates the development of hypertension. Although corticosteroids 
activate the glucocorticoid receptor, they also interact with the mineralocorticoid 
receptor setting in motion intracellular signaling pathways that promote sodium 
reabsorption via NCC and ENaC. Intracellular concentrations of corticosteroids are 
typically several folds higher than  aldosterone   and compete with aldosterone to bind 
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and activate the mineralocorticoid receptor. This does not occur, however, due to the 
activities of 11 beta-hydroxysteroid dehydrogenase (11B-HSD) which debulks 
intracellular cortisol by converting it to cortisone. When 11B-HSD is reduced in 
quantity, inhibited, or saturated, cortisol concentrations are not reduced and activate 
the mineralocorticoid receptor unopposed. This alteration is observed in conditions 
like  apparent-mineralocorticoid excess (AME)  , licorice consumption, and Cushing’s 
syndrome. High doses of exogenous glucocorticoids can overwhelm the capacity 
for 11B-HSD to metabolize the drug and protect the specifi city of mineralocorticoid 
binding to the receptor. In addition, glucocorticoids possessing higher degrees of 
mineralocorticoid activity are larger effectors of hypertension through activation of 
this pathway. 

 Another pathway that glucorticoids mediate hypertension is through potentiation 
of  catecholamine-induced vasoconstriction  . Interest in this pathway was mainly 
driven by studies of hypotension in the setting of acute adrenal insuffi ciency [ 129 ]. 
In human studies, greater pressor responses were seen with norepinephrine in the 
presence of glucocorticoids than in the absence of glucocorticoids [ 130 ,  131 ]. The 

  Fig. 12.2    Transcription inhibition, or transrepression, by glucocorticoids is considered to be the 
main anti-infl ammatory action of glucocorticoids. Glucorticoids enter the cell and bind to gluco-
corticoid receptors (GCR). On ligation, the GCR loses chaperone proteins including heat shock 
proteins. The Glucorticoid-GCR complex migrates into the nucleus and binds with transcription 
factors like AP-1 or NF-KB. This complex inhibits the transcription of target genes like IL-2. 
Excess glucocorticoids not metabolized by 11 beta-hydroxysteroid dehydrogenase are actively 
transported out of the cell by P-glycoprotein [ 125 ]       
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mechanisms underlying the vascular smooth muscle response to corticosteroids are 
unclear with some studies implicating 11B-HSD [ 132 – 134 ] 

 The prevalence, doses, and hypertensive effects of glucocorticoid use in different 
subpopulation of the  CKD   population are unknown. In one study, the hypertensive 
effects of  dexamethasone and methylprednisolone   were observed in the manage-
ment of steroid resistant nephrotic syndrome in pediatric subjects with proteinuria, 
but otherwise normal renal function [ 135 ]. Transient hypertension or worsening of 
pre-existing hypertension was seen in 54.4 % of patients with dexamethasone and 
47.6 % of subjects with methylprednisolone [ 135 ]. Although methylprednisolone 
has mineralocorticoid activity, the degree of blood pressure change caused by either 
agent was not included in the evaluation. 

     Treatment   

 Transplant recipients have provided a model for long-term management of hyper-
tension with glucocorticoids, as steroid-free regimens are not always possible or 
practical. Lowering the dose of glucocorticoids is a fi rst step, but there is no clear 

  Fig. 12.3    Transcription activation, or transactivation, is considered to be the main pathway medi-
ating the metabolic side effects of glucocorticoids. Glucorticoids enter the cell and bind to gluco-
corticoid receptors (GCR). On ligation, the GCR loses chaperone proteins including heat shock 
proteins. The GC-GCR complex creates a homodimer and begins transcription of genes involved 
in metabolism and lipocortin 1 [ 125 ]       
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evidence supporting one dose or agent over another. Ponticelli and colleagues have 
suggested that a dose of prednisone less than 10 mg/day makes little contribution to 
hypertension post-transplant [ 136 ]. 

 There is little evidence supporting a hypertensive agent of choice in the setting 
of escalation of immunosuppression with glucocorticoids. As the mechanism of 
glucocorticoid-mediated hypertension is by enhanced sodium and chloride uptake 
by NCC and ENaC, arguments can be made to use thiazide diuretics or potassium- 
sparing diuretics such as amiloride or triamterene. Calcium channel antagonists are 
frequently employed for hypertension in patients. They are effective and safe, 
although lower extremity edema can complicate therapy. Unfortunately, there is  no 
  evidence for this at this time to recommend a defi nitive drug regimen.   

    Calcineurin Inhibitors (CNIS) 

 Calcineurin inhibitors (CNI)    are  immunosuppressive therapeutic agents   used in 
transplantation, lupus nephritis, idiopathic membranous nephropathy, and other 
glomerular diseases manifesting as nephrotic states [ 137 – 140 ]. 

 Calcineurin inhibitors interfere in intracellular pathways mediating infl amma-
tion. Calcineurin is a serine/threonine protein phosphatase and plays a role in  intra-
cellular calcium-dependent signal transduction pathways   [ 141 ]. Expression of IL-2, 
a stimulator of T-cell growth and differentiation, is regulated by NFAT (nuclear 
factor of activated T cells). Calcineurin dephosphorylates and thereby activates 
NFAT triggering the cascade which causes activation of T cells and cellular immu-
nity [ 142 ]. The introduction of CNIs like cyclosporine and tacrolimus has revolu-
tionized the fi eld of transplantation by their ability to suppress T cell activation and 
prevent acute rejection, but they are not without risk. 

 CKD progression following transplant is a notable feature of both  renal and non- 
renal transplants   [ 143 – 150 ] and its association with CNIs has resulted in a pursuit 
of alternate strategies for long-term immunosuppression [ 151 ]. CNIs are also con-
tributors to CKD progression via their promotion of risk factors like hypertension, 
diabetes and dyslipidemia [ 152 – 156 ]. 

 Hypertensive physiology infl uenced by CNIs has been best observed in patients 
with liver disease that receive liver transplants. Patients with liver disease are typi-
cally characterized by reduced systemic vasoconstriction, increased cardiac output, 
and reduced mean arterial pressures. Following  liver transplantation  , portal hyper-
tension is reversed, systemic vasoconstriction increases and cardiac output normal-
izes resulting in an improvement in  hemodynamics and mean arterial pressures   
[ 157 ]. Despite the compensatory hemodynamic changes, more than 50 % of liver 
transplant patients develop hypertension within a year of transplant and this has 
been attributed to CNIs [ 157 ]. The contribution to hypertension from unrecognized 
CKD is another factor to consider. The prevalence of pre-transplant CKD in liver 
disease is likely underestimated given the decreased muscle mass and creatinine 
generation in this population [ 158 ,  159 ] 
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 The pathways mediating CNI- induced hypertension   are slowly becoming appar-
ent [ 160 ,  161 ]. CNIs mediate salt-sensitive hypertension in a manner very similar to 
pseudohypoaldosteronism type II (PHA II, Gordon’s syndrome) which causes con-
stitutive NCC activation in the distal convoluted tubule [ 160 ]. In an elegant study 
performed by Hoorn et al., tacrolimus administration increased phosphorylated 
NCC and the NCC-regulatory kinases WNK3, WNK4, and SPAK. Tacrolimus effect 
was exaggerated in NCC-overexpressing mice, minimized in NCC-knockout mice, 
and the observed  tacrolimus effect   was reversed with the use of  hydrochlorothiazide 
[ 160 ]. Thus, as with many forms of drug-induced hypertension, excessive sodium 
reabsorption ultimately promotes the elevation in blood pressure. 

 Top of Form The dose-related  blood   pressure responses to tacrolimus and cyclo-
sporine in the setting of CKD have not been documented, but in a study of hyperten-
sive liver transplant patients with normal renal function,  cyclosporine   had a greater 
effect on blood pressure than tacrolimus when administered with low-dose steroids 
[ 162 ]. The mean 24-h arterial blood pressure in cyclosporine treated patients was 
99.4 versus 95.8 mmHg with tacrolimus [ 162 ]. As the actual doses were not docu-
mented, recommendations cannot be made regarding the superiority of tacrolimus 
or cyclosporine, as this study was not generalizable to the  CKD   population.  

    Treatment 

 The  treatment   of CNI-related hypertension has evolved over time. Verapamil once 
held promise because of its immunosuppressive effects and its ability to counter 
CNI-induced reductions in renal blood fl ow [ 163 ,  164 ]. While verapamil can poten-
tially result in supra-therapeutic levels of cyclosporine through inhibition of the 
cytochrome p450 system [ 165 ,  166 ], providers saw this drug–drug interaction as an 
opportunity to reduce the total effective dose of cyclosporine and potentially reduce 
CNI-toxicity. Unfortunately, there was no evidence of benefi t in preventing rejection 
or reducing cyclosporine nephrotoxicity in a controlled, double-blind, randomized 
trial in deceased donor transplant recipients co-administered verapamil and cyclo-
sporine [ 167 ]. Current strategies now aim at blocking CNI effects in the kidney, with 
thiazide diuretics offering the most targeted approach to lowering blood pressure 
[ 160 ,  168 ]. Ultimately, CNI-related hypertension, as in other forms of hypertension, 
will likely require more than one antihypertensive agent after taking into account 
existing comorbidities, drug–drug interactions, and medication side- effect profi les.   

    Mood Disorders 

 Depression is a complex disease process commonly observed in patients with CKD 
[ 169 – 173 ]. Depression can be infl uenced by multiple stressors such as chronic pain, 
fatigue, itching, constipation, decreased appetite, restless legs, and erectile 
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dysfunction; by dietary changes associated with sodium, potassium, and phosphate 
restriction; and, fi nally, by lifestyle changes associated with dialysis planning and 
renal replacement therapy [ 169 – 173 ]. 

 The evidence supporting  depression and hypertension   risk has been mixed [ 174 –
 177 ]. In one study, subjects meeting  Diagnostic and Statistical Manual of Mental 
Disorders, Fourth Edition (DSM-IV)   criteria for major depressive disorder and 
anxiety disorder were selected and grouped into those taking antidepressants, those 
not taking antidepressants, and then compared them with subjects without MDD or 
anxiety disorder [ 178 ]. In this study, subjects with depression that were not on med-
ications had lower blood pressure and those subjects using tricyclic antidepressants 
( TCAs  )       or  noradrenergic and serotonergic (NS)   working antidepressants had 
increases in systolic and diastolic blood pressure [ 178 ]. 

    Antidepressants 

 Hypertensive  effects   of varying severity have been reported for TCAs [ 179 – 181 ], 
monoamine oxidase inhibitors (MAOIs) [ 182 ],  serotonin-norepinephrine inhibitors 
(SNRIs)   [ 183 ,  184 ], noradrenergic and specifi c serotonergic antidepressants 
(NaSSAs) [ 185 ], and St. John’s Wort (SJW) [ 186 ,  187 ] (Table  12.4 ). No docu-
mented case reports demonstrating augmented blood pressures isolated solely 
within the CKD population are available to review. There are, however, multiple 

  Table 12.4    Common 
 antidepressants   associated 
with hypertension  

 Monoamine oxidase inhibitors 
(MAOIs) 
    Moclobemide   
   Selegiline (Eldepryl, Emsam, 

Zelapar) 
 Noradrenergic and specifi c 
serotonergic antidepressants 
(NaSSAs) 
   Mirtazapine (Remeron) 
 Serotonin-norepinephrine 
reuptake inhibitors (SNRIs) 
   Duloxetine (Cymbalta) 
   Milnacipran (Savella) 
   Venlafaxine (Effexor XR) 
 St. John’s Wort 
 Tricyclic antidepressants (TCAs) 
   Amitriptyline (Elavil) 
   Doxepin (Silenor, Sinequan) 
   Imipramine (Tofranil) 
   Nortriptyline (Pamelor)    
   Trimipramine (Surmontil) 
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reports of serotonin-syndrome in the setting of acute kidney injury and end-stage 
renal disease [ 188 – 190 ] (Tables  12.5  and  12.6 ).

     The mechanism of  antidepressant mediated hypertension   is unclear but could 
center on unopposed activation of adrenergic and dopaminergic receptors (Figs.  12.4  
and  12.5 ). An example supporting this observation is serotonin syndrome, a condi-
tion classically composed of the clinical triad of mental status changes, autonomic 

  Table 12.5    Drugs commonly 
associated with serotonin 
syndrome  

   Analgesics      Antiemetics  
   Fentanyl    Granisetron 
   Meperidine    Metoclopramide 
   Pentazocine    Ondansetron 
   Tramadol 

  Antimigraines  
   Antibiotics       Sumatriptan 
   Linezolid a  
   Ritonavir   Cough and Cold  

   Dextromethorphan 
  Anticonvulsants  
   Valproate   Dietary supplements  

   Ginseng (Panax ginseng) 
  Antidepressants     St. John’s Wort (Hypericum 

perforatum) 
   MAOIs    Tryptophan 
    Clorgiline 
    Isocarboxazid   Drugs of abuse  
     Moclobemide      Ecstasy or 

Methylenedioxymethamphetamine 
    Phenelzine    Foxy Methoxy 

(5-methoxydiisopropyltryptamine) 
   SSRIs    LSD (Lysergic acid diethylamide)) 
    Citalopram    Syrian rue a  
    Fluoxetine 
    Fluvoxamine   Other  
    Paroxetine    Lithium 
    Sertraline 
   Other 
    Buspirone 
    Clomipramine 
    Nefazodone 
     Trazodone   
    Venlafaxine 

  Adapted from Boyer E, Shannon M. The serotonin syndrome. 
N Engl J Med. 2005;352(11):1112–20 
  MAOIs  monoamine oxidase inhibitors,  SSRIs  selective sero-
tonin reuptake inhibitors 
  a Monoamine oxidase inhibitor properties  
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  Table 12.6    Drug interactions 
associated with severe 
presentations serotonin 
syndrome  

   MAOIs    
   Phenelzine plus Meperidine 

(Analgesic) 
   Tranylcypromine plus 

Imipramine (TCA) 
  MAOIs Plus SSRIs  
   Phenelzine plus any SSRI 
   Moclobemide plus any SSRI 
  SSRIs  
   Citalopram plus Linezolid 

(Antibiotic) 
   Paroxetine plus Buspirone 

(Antidepressant, anxiolytic) 
   Other    
   Tramadol (Analgesic), 

Venlafaxine (SNRI) plus 
Mirtazapine (NaSSA) 

  Adapted from Boyer E, Shannon 
M. The serotonin syndrome. N 
Engl J Med. 2005;352(11):1112–20 
  MAOIs  monoamine oxidase 
inhibitors,  SSRIs  selective sero-

tonin reuptake inhibitors  

  Fig. 12.4     Tricyclic antidepressants   block the serotonin and norepinephrine transporters (and/or 
the norepinephrine receptor) resulting in an accumulation of serotonin and norepinephrine in the 
synaptic cleft       
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hyperactivity (such as hypertension, tachycardia, hyperhidrosis, and hyperthermia), 
and neuromuscular abnormalities (such as tremor, hyperrefl exia, muscle rigidity, 
and myoclonus). Serotonin syndrome results from excess stimulation of the  post- 
synaptic serotonin receptor   [ 191 ]. Treatment of serotonin syndrome is focused on 
symptom control geared and reducing further serotonin receptor stimulation with 
cyproheptadine, a 5-HT2A antagonist [ 191 ].

    The prevalence of serotonin syndrome is unknown because of its protean presen-
tation and its association with medications that are not otherwise associated with 
 depression management   [ 191 ]. Given the medication burden associated with CKD, 
hypertension as a result of serotonin syndrome and inadvertent drug interactions 
should be considered before  escalating    antihypertensive therapy  . 

    Treatment 

 Given the wide variety of anti- depressant   and anxiolytic medications on the market 
and the unclear mechanism mediating hypertension in some patients, no evidence- 
based recommendations can be made to discontinue or pursue an alternative agent. 
That said, if a medication has an acceptable effect on mood control, then close sur-
veillance of both blood pressures and weights would be warranted. If suspicion is 
present that hypertension is mediated directly or indirectly by an antidepressant, 
pursuit of alternate therapies that appropriately control mood without worsening 
blood pressure would be warranted. In addition to exercise and sodium reduction, a 
plan that would involve an antidepressant dose reduction, initiation of a new antihy-
pertensive, or the selection of another antidepressant would be recommended fol-
lowing a discussion of patient expectations of mood and blood pressure control.    

  Fig. 12.5    Monoamine oxidase inhibitors prevent degradation of serotonin and norepinephrine 
resulting in an accumulation of serotonin and norepinephrine in the synaptic cleft       
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    Anemia 

 Anemia is a common hematologic abnormality in patients with CKD, especially 
those with estimated glomerular fi ltration rates less than 30 ml/min and underlying 
diabetes mellitus [ 192 ]. Anemia in CKD is primarily due to a combination of endog-
enous erythropoietin (EPO) insuffi ciency, EPO hypo-responsiveness from infl am-
mation, and true or functional iron defi ciency [ 193 ]. Given the causes of anemia in 
this setting, therapeutic options typically involve oral or intravenous iron therapy, 
red blood cell transfusions, or erythropoiesis stimulating agents (ESAs). 

    Erythropoiesis Stimulating Agents (ESAs) 

  ESAs are a   mainstay of  anemia   management in CKD. After observational studies 
suggested that CKD and ESRD patients would benefi t from higher hemoglobin lev-
els, use of ESAs in the CKD population expanded tremendously in the 1990s and 
2000s. ESA use in the CKD population became more focused following several 
trials that demonstrate increased cardiovascular risk and a lack of benefi t at higher 
hemoglobin targets, ESAs [ 194 – 198 ]. 

    Adverse Drug Effects 

 In the Trial  to   Reduce Cardiovascular Events with Aranesp Therapy [ 199 ] study, 
4038 patients with diabetes and CKD were targeted to a hemoglobin level of 13 g/
dl with darbepoetin [ 198 ] as compared with a lower target (9.0 g/dl) with placebo. 
632 patients died or had a cardiovascular event on darbepoetin and 602 patients died 
or had a cardiovascular event when targeted to a higher hemoglobin level with no 
signifi cant difference detected [ 198 ]. Fatal or nonfatal stroke occurred in 101 
patients on darbepoetin compared to 53 patients on placebo. There was no signifi -
cant difference in systolic blood pressure between either group (median systolic 
blood pressure 134 mmHg), but the diastolic pressure was higher in the darbepoetin 
group compared to placebo (73 vs 71 mmHg, respectively). Although hypertension 
was not a primary end-point in these studies, it has become a well-established side 
effect of  ESAs   [ 200 ].  

    ESAs and Hypertension 

 The association between ESAs  and hypertension   is well documented [ 200 – 202 ], but 
the mechanisms mediating ESA-induced hypertension are unclear. Some studies 
have inferred that increased blood pressure is due to increased RBC mass and plasma 
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volume [ 203 ,  204 ]. Other studies suggest that erythropoietin effects a variety of 
vasoactive substances to raise blood pressure such as augmented endothelin- 1 [ 205 , 
 206 ] and thromboxane A2 [ 207 ] production and suppressed nitric oxide [ 208 ] and 
prostacyclin [ 209 ] synthesis. These combinations of pressor effects at the level of 
the vasculature, and likely within the kidneys, lead to an increase in blood pressure 
and frank hypertension. 

 There are a lack of data examining the level of increase in blood pressure in CKD 
patients exposed to ESA therapy for anemia, but data are available in other groups 
treated with these drugs, such as the hemodialysis population. In one study of nor-
motensive subjects, resting mean arterial pressure was found to increase in approxi-
mately 49 % subjects by 6 mmHg [ 204 ]. More robust data evaluating the hypertensive 
effects of ESAs are available from end-stage renal disease patients on hemodialysis 
[ 210 – 212 ]. A study that evaluated epoetin alfa in the dialysis population noted no 
blood pressure effects in groups of end-stage renal disease patients targeting both 
high and low  hemoglobin   levels [ 213 ]. However, routine monitoring of blood pres-
sure may miss a hypertensionogenic effect of EPO.  

     Treatment   

 Recognition of the hypertensive effect of ESAs was recognized early and promoted 
the creation of administrative guidelines that recommend holding the ESA therapy 
when blood pressure is above the upper limit of normal. This approach limits devel-
opment of severe and/or worsening hypertension in the CKD population. In addi-
tion, a slow increase in hemoglobin and hematocrit may limit development of 
hypertension. When hypertension develops on therapy, further drug ESA exposure 
is stopped until blood pressure is controlled with adjustment of the underlying anti-
hypertensive medication regimen.    

    Renal Cell Carcinoma in CKD 

 Renal cell carcinoma (RCC) is a relatively common cancer comprising 2–3 % of all 
cancers in the USA with an incidence of 5–10 cases per 100,000 in the general 
population [ 214 ]. Patients with inherited and  acquired cystic diseases   and  end-stage 
renal disease (ESRD)   are all at a greater risk for RCC than the general population 
[ 214 ]. For this reason, providers should be aware of the need for surveillance of 
RCC in the CKD and ESRD population and of current medical treatments available. 
In addition, treatment of RCC with radical or partial nephrectomy often leads to the 
development or further progression of CKD [ 215 – 217 ] Thus, there is a bi- directional 
relationship between RCC and CKD. Medical management of RCC with certain 
drugs can induce or exacerbate hypertension in this group of patients. The drug 
class most commonly associated with hypertension is the  anti-angiogenesis agents  . 
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    Anti-Angiogenic Therapy 

 Vascular endothelial growth factor ( VEGF        ) is a key regulator of angiogenesis 
 associated with tumor growth [ 218 ]. VEGF promotes growth of  arterial  , venous, 
and lymphatic endothelial cells [ 218 ] and has been shown to be variably expressed 
in multiple carcinomas (lung, breast, pancreas, ovary, and kidney) [ 219 – 223 ]. There 
are two main VEGF  receptor tyrosine kinases (RTKs)   known as VEGFR1 (Flt-1) 
[ 224 ,  225 ] and VEGFR2 (KDR) [ 226 ] with VEGFR2 acting as the major mediator 
of angiogenic effects of VEGF [ 218 ,  227 ]. 

 Medications targeting angiogenesis have emerged as an important primary or 
adjunctive therapy for many  malignancies   including RCC [ 228 ,  229 ]. They include 
 anti-vascular endothelial growth factor (VEGF) monoclonal antibody   (bevaci-
zumab), circulating VEGF decoy receptor molecule (afl ibercept), and VEGF  recep-
tor tyrosine kinase inhibitors   (sunitinib, sorafenib, axitinib, pazopanib, vandetanib) 
(Fig.  12.6 ) [ 228 ]. The  anti-cancer effi cacy   of these agents is based on interruption 
of unregulated tumor angiogenesis mediated by the VEGF signaling pathway [ 228 ]. 
The anti-angiogenic effect is also effective in a number of  non-malignant 
 neo- vascular processes   that are likely to be present in patients with underlying 
CKD. The benefi cial effects of the agents are countered by dose-dependent nephro-
toxicity, which includes hypertension, proteinuria, and renal lesions such as throm-
botic microangiopathy [ 228 ].

   The focus of this discussion will be on hypertension, both de novo and exacerba-
tion of underlying hypertension, as a complication of these drugs in patients receiv-
ing these drugs. 

     Anti-VEGF Monoclonal Antibodies   

 Studies of bevacizumab, an anti-VEGF monoclonal antibody, have implicated its 
use as a cause of hypertension [ 230 ]. A rise in blood pressure has been noted in 
20–30 % of bevacizumab-treated patients and 15–60 % of patients administered 
tyrosine kinase inhibitors [ 231 ]. 

 The effect of bevacizumab on blood pressure is dose-dependent and the severity 
of hypertension appears to refl ect the extent of target inhibition. A phase 2 study in 
patients with renal cell carcinoma (RCC) treated with placebo, bevacizumab (3 mg/
kg), or bevacizumab (10 mg/kg) noted that the rate of hypertension was signifi -
cantly higher in the high-dose group (36 %) compared with the low-dose group 
(3 %) [ 229 ]. A review of 7 clinical trials including 1850 patients described a signifi -
cant increase in hypertension in patients receiving bevacizumab [ 232 ]. The relative 
risks for hypertension were  dose   dependent with 3.0 for low dose and 7.5 for high 
dose [ 232 ].  

A.A. Vichot and M.A. Perazella



283

    Tyrosine Kinase Inhibitors (TKIs) 

 Tyrosine kinase inhibitors ( TKIs)      have been implicated in  hypertension  , nephrotic- 
range proteinuria, reversible posterior leukoencephelopathy syndrome, and throm-
botic  microangiopathy   [ 233 – 240 ]. The TKI effects on blood pressure have been 
shown to be  dose-dependent   [ 241 ]. A phase 1 study of sunitinib described hyperten-
sion in 5 of 28 patients, of which grade 3 or 4 hypertension developed in 2 patients 
treated at doses of >75 mg/day [ 242 ]. Hypertension occurred after approximately 
3–4 weeks of treatment. A dose of 50 mg/day was associated with 5 % hypertension 
in a phase 2 study in patients with advanced renal cell carcinoma; supporting the 
dose dependency of hypertension [ 243 ]. A systematic review and meta-analysis 
revealed signifi cant risk for hypertension with sunitinib [ 244 ]. The incidence of all- 
grade and high-grade hypertension were 21.6 % (95 % CI: 18.7–24.8 %) and 6.8 % 
(95 % CI: 5.3–8.8 %), respectively [ 244 ]. The risk varied with the  sunitinib   dosing 
schedule. Sunitinib was associated with a signifi cantly increased risk of high-grade 
hypertension (RR = 22.72, 95 % CI: 4.48–115.29,  p  < 0.001) [ 244 ]. 

  Fig. 12.6    Anti-angiogenesis medications work by preventing VEGF from interacting with VEGF 
receptor 1 or 2. Three main inhibitors are currently available: Bevacizumab, a human recombinant 
monoclonal antibody; Afl ibercept, a recombinant fusion protein which contains the extracellular 
domain of VEGF1 and VEGF2 receptors with the Fc portion of IgG1; and the Tyrosine kinase 
inhibitors, Axitinib, Pazopanib, Sorafenib, Sunitinib, and Vandetanib, which block VEGF from 
interacting with the membrane-bound VEGF receptor       
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  Sorafenib   was associated with development of hypertension in 86 of 202 patients 
(43 %) and antihypertensive therapy was needed in 46 % of patients [ 245 ]. An 
increase in systolic blood pressure greater than 10 or 20 mmHg was reported in 
75 % (15 of 20) and 60 % (12 of 20) of treated patients compared with their baseline 
after 3 weeks of therapy, respectively [ 246 ]. 

  Pazopanib      was found to signifi cantly increase the risk of hypertension in a meta- 
analysis conducted by the same group that studied axitinib [ 247 ]. 13 clinical trials 
with 1651 subjects with solid tumors on pazopanib were studied and hypertension 
grading was defi ned as above [ 247 ]. The use of pazopanib was associated with all- 
grade hypertension in 35.9 % of subjects with RCC and high-grade hypertension in 
6.5 % of subjects [ 247 ]. The risk of high-grade hypertension was similar to sorafenib 
and sunitinib, but the risk of all-grade hypertension was higher for pazopanib when 
compared to sorafenib (RR 1.99; 95 %, CI: 1.73–2.29,  p  = 0.00) and sunitinib (RR 
2.20; 95 %, CI: 1.92–2.52,  p  = 0.00), respectively [ 247 ]. 

  Vandetanib   also increased the risk of hypertension in cancer patients. In a sys-
tematic review and meta-analysis of 11 trials with 3154 patients, the risk of all- 
grade and high-grade hypertension was 24.2 and 6.4 %, respectively [ 248 ] 

 Finally,  axitinib   was associated with a high risk of hypertension in a study of 
1908 subjects from 10 clinical trials [ 249 ]. The risk of axitinib was also higher than 
the other four TKIs [ 249 ]. In this systematic review and meta-analysis, the use of 
axitinib was associated with all-grade hypertension in 40.1 % of subjects with RCC 
and high-grade hypertension in 13.1 % of subjects [ 249 ].  

     Mechanisms of Hypertension   

 Patients with an underlying history of hypertension and CKD appear more prone to 
developing hypertension with VEGF receptor kinase inhibitors. Increased sympa-
thetic activity, renalase defi ciency, and oxidative stress typically present in CKD 
[ 19 – 24 ] exacerbate hypertension following exposure to anti-angiogenesis medica-
tions [ 250 ]. Recent studies have advanced our understanding of the pathophysiol-
ogy of hypertension associated with this class of drugs. 

 VEGF modulates vascular contractility and blood pressure in humans (Fig.  12.7 ). 
An association between VEGF and blood pressure regulation was demonstrated by 
VEGF-induced nitric oxide (NO)-dependent relaxation in coronary arteries [ 251 ]. 
In a clinical trial examining the effect of VEGF on ischemia, a rapid decline in mean 
arterial pressure (~8–12 mmHg) was observed, in patients receiving an intravenous 
infusion of recombinant human VEGF 165  [ 252 ]. These data suggest that inhibition 
of the VEGF signaling pathway reduces NO production and increases blood pres-
sure through increased vasoconstriction and vascular resistance. Anti-angiogenesis 
inhibitors may also increase blood pressure by pressor effects that result from inhi-
bition of prostacyclin I2 (PGI2) production in the vascular endothelium [ 253 ].

   Hypertension induced  by   anti-angiogenesis agents may also result from a struc-
tural reduction in the total number of arteries and arterioles, known as rarefaction. 
Both spontaneously hypertensive rats and rats fed a high-salt diet develop capil-
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lary  rarefaction   early in the development of hypertension [ 254 ,  255 ]. In humans, 
microvascular rarefaction has been consistently observed in adults with hyperten-
sion [ 256 ]. VEGF signaling in endothelial cells is crucial to endothelial cell sur-
vival and inhibition is associated with apoptosis of these cells and the development 
of microvascular rarefaction [ 257 ]. In fact, this phenomenon has been shown in 
patients treated with VEGF inhibitors [ 258 ]. Although there is support for rarefac-
tion as a pathway mediating hypertension [ 259 ], there are some that question rar-
efaction as a cause given the degree of blood pressure change and the amount of 
rarefaction that actually occurs [ 260 ]. 

 Other mechanisms have also been speculated as causing blood pressure rise in 
patients treated with these drugs, including increased endothelin-1 activity and 
reduced pressure natriuresis, leading to hypervolemia [ 261 ]. Ultimately, this is a 
real phenomenon that occurs and must be recognized and treated by the healthcare 
provider.  

     Treatment   

 Hypertension management in patients with cancer and CKD is to maintain an 
acceptable blood pressure level to preserve continued but safe delivery of anti- 
angiogenesis therapy. Close monitoring of blood pressure and timely initiation or 
titration of hypertension medications are critical to achieve these goals. As there are 

  Fig. 12.7    VEGF blockade induces hypertension via several pathways including increased sys-
temic vasoconstriction from decreased nitric oxide and increased endothelin-1 production; 
increased afterload which is augmented by increased SVR and capillary rarefaction; and fi nally 
decreased pressure natriuresis which results in volume overload       
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data to suggest that hypertension associated with  anti-angiogenesis drug therapy   is 
a marker for tumor response, it is logical that continued drug treatment along with 
blood pressure control is warranted [ 262 ]. Hypertension can be controlled with 
standard oral hypertensive medications in most cases where therapeutic doses of 
these anti-VEGF agents are used. Non-dihydropyridine calcium-channel blockers 
and ACE-inhibitors/ARBs are acceptable and quite effective [ 263 ] Addition of a 
diuretic or escalation of the dose may be necessary in some patients. In patients who 
develop hypertensive  crisis   and posterior reversible encehalopathy syndrome [ 264 ] 
both described as a complication of therapy with these agents likely require perma-
nent discontinuation of anti-VEGF therapy.    

    Summary 

 In summary,    drug-induced hypertension is a fairly common condition in the setting 
of CKD. De novo hypertension or exacerbation of underlying hypertension occurs 
as a result of drug-induced systemic vasoconstriction or cardiac output, which either 
exacerbate or diminish compensatory mechanisms that occur in the setting of 
reduced renal mass or function. Knowledge of this physiology and adverse drug 
effect in this population is critical to proving care to these patients. As such, all 
healthcare providers should be cognizant of the medications and supplements that 
CKD patients are prescribed and over-the-counter medications that patients are self- 
administering. As hypertension represents a risk factor for progression of kidney 
disease, stroke, and heart disease, this represents a modifi able condition that can be 
identifi ed and targeted for intervention.     
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    Chapter 13   
 Diagnosis and Management of Hypertension 
in Children with Chronic Kidney Disease                     

     Susan     M.     Halbach      and     Joseph     T.     Flynn     

          Background 

 Hypertension is a leading cause and risk factor for chronic kidney disease (CKD) 
among adults in the USA [ 1 ]. The appropriate management of hypertension infl u-
ences both cardiovascular outcomes and the progression of kidney disease [ 2 – 4 ]. 
While hypertensive kidney disease, per se, is exceedingly rare in childhood, the 
infl uence of blood pressure ( BP  ) on both the progression of CKD in children and 
development of early cardiovascular disease is proving to be as signifi cant as in 
adults. Treatment of hypertension, therefore, remains one of the few available inter-
ventions that can infl uence the course of CKD in children. Over the past 10–20 
years, the organization of registries and multicenter research studies has contributed 
greatly to our understanding of the prevalence of hypertension in pediatric CKD, its 
relationship to markers of cardiovascular disease, and approaches to therapy. 
Managing hypertension in children with CKD requires familiarity with important 
differences in diagnostic and measurement techniques, complications that are asso-
ciated with hypertension in pediatric CKD and guidelines for pharmacotherapy.  

     Defi nition   of Hypertension 

 Because blood pressure (BP) is closely related to age and body size, using a single 
threshold value in diagnosing hypertension in children from birth to 18 years is not 
feasible [ 5 ,  6 ]. In addition, the time needed to correlate childhood BP values with 
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hard outcomes, such as mortality or major cardiovascular events, is suffi ciently long 
as to preclude its use as an indicator of desirable BP targets in childhood. Given this, 
the normative BP values for children currently in use are taken from population 
surveys of healthy children, and BP targets for treatment are based upon expert 
opinion, rather than upon data from clinical trials [ 7 ]. 

 Per  consensus guidelines  , a child is considered hypertensive when the average 
BP is >95th percentile for age, sex, and height percentile on 3 separate occasions 
(see Table  13.1 ) [ 7 ]. An average BP between the 90th–95th percentiles is classifi ed 
as pre-hypertensive, although in one recent consensus document, it was recom-
mended that BP values in this range in children with CKD should be considered 
hypertensive [ 8 ]. Recently there have been several studies linking these BP targets 
with intermediate outcomes, such as CKD progression,  proteinuria  , and other early 
markers of cardiovascular disease, but additional investigation is certainly needed. 
In addition, the increasing use of ambulatory BP monitoring ( ABPM  ) has provided 
valuable information in identifying children with CKD and hypertension who might 
otherwise have been missed, as it captures children with masked hypertension, 
many of whom may have nocturnal hypertension only.

       Prevalence of Hypertension and Controlled BP 
Among Children with CKD 

 Although the prevalence of primary pediatric hypertension has increased somewhat 
in recent years, it remains a relatively uncommon condition among children and ado-
lescents, with rates in screening studies ranging from 3 to 5 % [ 9 ,  10 ]. In the pediatric 
CKD population, however, elevated BP is quite common (Table  13.2 ). An early study 
characterizing hypertension among children with CKD was based on data from the 
 NAPRTCS   ( North American Pediatric Renal Trials and Collaborative Studies  ) regis-
try. Using casual measurements obtained in the clinical setting (including both oscil-
lometric and auscultatory BPs), data on 3861 children with CKD enrolled from 1994 
to 2001 demonstrated that hypertension was present in 28–41 % of patients [ 11 ]. 

   Table 13.1    Defi nition of hypertension in children and adolescents   

 SBP or DBP percentile a  

 4th Report [ 7 ]  KDIGO [ 8 ] 
 Normal  <90th  ≤90th 
 Pre-hypertension  90th to <95th or >120/80 even if 

<90th up to <95th 
 n/a 

 Stage 1 hypertension  95th to 99th + 5 mmHg  >90th 
 Stage 2 hypertension  >99th + 5 mmHg  n/a 

   SBP  systolic blood pressure,  DBP  diastolic blood pressure,  KDIGO  Kidney Disease: Improving 
Global Outcomes 
  a BP should be obtained by auscultation on at least 3 separate occasions; classifi cation should be 
based on the higher reading if SBP and DBP fall into different categories  
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   Table 13.2    Prevalence of HTN among children with CKD and ESRD   

 Study 
population 

 Method of BP 
measurement 

 Defi nition of 
HTN 

 % 
Hypertensive 

 % 
Controlled 

  CKD  
 Mitsnefes 
(2003) [ 11 ] 

 NAPRTCS 
( n  = 3861) 

 cBP  BP >95th 
percentile 

 28–41 % (BP 
only) 67 % 
(BP and/or 
meds) 

 33 % 

 Flynn 
(2008) [ 12 ] 

 CKiD ( n  = 432)  cBP  BP >90th 
percentile 
+/- meds or 
history of 
HTN 

 54 %  53 % 

 Samuels 
(2012) [ 13 ] 

 CKiD ( n  = 332)  ABPM  Mean BP 
≥95th 
percentile OR 
loads ≥25 % 

 52 % 
abnormal 
ABPM 

 Not reported 

  ESRD  
 Chavers 
(2009) [ 18 ] 

 USRDS 
( n  = 624) 

 cBP  BP > 95th 
percentile or 
meds 

 79 %  26 % 

 Halbach 
(2012) [ 17 ] 

 NAPRTCS 
( n  = 3447) 

 cBP  BP > 95th 
percentile or 
meds 

 81–84 %  15–26 % 

 Kramer 
(2011) [ 19 ] 

 ESPN/
ERA-EDTA 
( n  = 1315) 

 cBP  BP > 95th 
percentile or 
meds 

 68–70 %  26–45 % 

  Transplant  
 Sorof 
(1999) [ 20 ] 

 NAPRTCS 
( n  = 4821) 

 n/a  Medication 
use 

 60 %  n/a 

 Sinha 
(2012) [ 21 ] 

 Multicenter 
UK ( n  = 564) 

 cBP  BP > 95th 
percentile or 
meds 

 56–66 %  67 % 

 Seeman 
(2006) [ 22 ] 

 Single-center 
Czech 
Republic 
( n  = 36) 

 ABPM  BP >95th 
percentile or 
meds 

 89 %  47 % 

 Gulhan 
(2014) [ 23 ] 

 Single-center 
Turkey ( n  = 29) 

 ABPM  BP > 95th 
percentile or 
meds 

 93 %  18.5 % 

   ABPM  ambulatory blood pressure monitoring,  BP  blood pressure,  cBP  casual blood pressure, 
 CKD  chronic kidney disease,  CKiD  Chronic Kidney Disease in Children Study,  ESPN/ERA-EDTA  
European Society of Pediatric Nephrology/European Renal Association-European Dialysis and 
Transplant Association,  ESRD  end-stage renal disease,  HTN  hypertension,  NAPRTCS  North 
American Pediatric Renal Trials and Collaborative Studies,  UK  United Kingdom,  USRDS  United 
States Renal Data System  
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Among the patients with BPs in the normotensive range, approximately one-third 
had been prescribed antihypertensive medications. Taken together, patients with 
either controlled hypertension (normal BP and on medication), uncontrolled hyper-
tension (elevated BP and on medication) or undiagnosed hypertension (elevated BP 
and not on medication) comprised 67 % of this cohort. Additionally, among the 
hypertensive children, only one-third had a controlled BP, suggesting that hyperten-
sion was both common and undertreated. While valuable, these data are limited by a 
lack of standardized BP measurements.

   The  CKiD   ( Chronic Kidney Disease in Children  ) study, a multicenter prospec-
tive observational study of children with CKD in North America, has provided a 
more rigorous characterization of BP in children with CKD. Baseline  data   using 
casual BPs (cBP) obtained by auscultation according to standardized procedures 
were published in 2008 [ 12 ]. The defi nition of hypertension in this analysis was 
more inclusive and captured patients with elevated BP (>90th percentile), hyperten-
sive BP (>95th percentile), and those with controlled hypertension (antihyperten-
sive medications, personal history of elevated BP and normal BP). Applying this 
defi nition to the 432 children with available baseline study data, 54 % were classi-
fi ed as hypertensive. It is important to note that of the hypertensive patients, just 
under half (47 %) had either undiagnosed or uncontrolled hypertension, which rep-
resents one-quarter of the patients in the study. 

 Additional information regarding BP status in pediatric CKD comes from a later 
CKiD analysis based upon  ambulatory BP monitoring (ABPM  ) data [ 13 ].  ABPM   
recordings at 1 year after study entry were available on 332 children. Encouragingly, 
almost half of the subjects (42 %) had a normal recording, consistent with either 
normotension or controlled hypertension, and a small number had white-coat hyper-
tension (4 %). Among the children in this category, the majority (~75 %) had been 
prescribed antihypertensive medications. The percentage of study subjects with 
newly diagnosed confi rmed hypertension (defi ned as an elevated casual BP as well 
as abnormal ABPM recording) was actually fairly low, at 15 %. What was surpris-
ing was the signifi cant number of children observed to have masked hypertension, 
defi ned as a normal casual BP but abnormal  ABPM   recording. 116 children, or 35 % 
of the study subjects, were in this group, with a signifi cant proportion having abnor-
mal sleep BP. It is important to note that this study was conducted prior to the pub-
lication of updated AHA criteria for BP classifi cation on ABPM in pediatric patients 
[ 14 ]. The earlier classifi cation scheme did not specifi cally address how to incorpo-
rate either diastolic pressures or isolated nocturnal hypertension into the diagnosis. 
The  CKiD   investigators considered an ABPM recording as abnormal if the mean 
sleeping or wake BP was ≥95th percentile or if sleeping or awake BP loads were 
≥25 %. The rationale for this broader defi nition of hypertension (to include children 
who might otherwise be classifi ed as pre-hypertensive) is to account for the fact that 
children with CKD are at higher cardiovascular risk and their BP treatment goals are 
lower (≤90th percentile vs. ≤95th percentile) [ 8 ,  15 ,  16 ]. Using these criteria, those 
with masked hypertension, confi rmed hypertension and controlled hypertension 
(normal ABPM recording but history of hypertension) comprised nearly two-thirds 
(73 %) of the CKiD study cohort. 
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 Although it is diffi cult to draw direct comparisons between the CKiD and 
NAPRTCS studies due to differing defi nitions of hypertension and methods of mea-
suring BP, they both illustrate several features of hypertension among children with 
CKD. First, the overall prevalence is high, and likely higher than is commonly 
appreciated. Second, there is a sizeable portion of children with undiagnosed hyper-
tension, either because the patient has masked hypertension and the elevated BPs 
are not being captured, or because they are simply not recognized as being elevated. 
Lastly, even among children with treated hypertension, many remain uncontrolled. 

 The prevalence of hypertension in pediatric CKD is even higher in those with 
ESRD, either on dialysis or with a kidney transplant. Multiple large studies of the 
pediatric dialysis population have documented high rates of hypertension and poor 
BP control, both in the USA and in Europe [ 17 – 19 ]. In these large registry studies, 
between 70 and 80 % of children meet criteria for hypertension based on reported 
casual BPs and antihypertensive use. Among those patients on antihypertensive 
medications, the majority had uncontrolled BPs (52–74 %). In the transplant popu-
lation, reported rates of hypertension vary based on the defi nition used and method 
of measuring BP (ABPM or cBP). An early study using NAPTRCS data, where no 
BPs were available and hypertension was defi ned only by the use of antihyperten-
sive medications, reported a prevalence of approximately 60 % by 5-years post- 
transplant [ 20 ]. Newer studies, though smaller, have been more detailed in capturing 
the characteristics of hypertension after transplant. Recently published data from a 
large cohort of children transplanted in the United Kingdom showed a similar prev-
alence of hypertension (66 % at 1-year and 56 % at 5-years post-transplant) based on 
BP measurements and antihypertensive medication use [ 21 ]. Of the treated patients, 
approximately one-third were uncontrolled. Single-center studies using both ABPM 
and clinical criteria for hypertension (specifi cally antihypertensive use) report the 
highest prevalence—up to 90 % [ 22 ,  23 ]. Studies using ABPM have also demon-
strated that nocturnal hypertension is relatively common among pediatric renal 
transplant recipients [ 24 ].  

     Risk Factors   for Hypertension Among Children with CKD 

 There are several characteristics that have been identifi ed as carrying a higher risk for 
hypertension in children with CKD (Table  13.3 ). Some of these risk factors are con-
sistent with those associated with primary hypertension in both children and adults, 
such as obesity and black race [ 12 ]. Other factors are more specifi cally related to 
CKD. Longer duration of CKD and the presence of  glomerular disease   (versus non-
glomerular disease, such as structural abnormalities) had a higher risk for both hyper-
tension and uncontrolled BP in the CKiD cohort. Male sex was associated with 
uncontrolled BP among known hypertensive children but not hypertension in general. 
Interestingly, some factors that may be assumed to infl uence BP status, such as GFR 
and age, were not signifi cant predictors of either hypertension or controlled 
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BP. Parental history of hypertension and low birth weight, characteristics known to be 
associated with primary hypertension in otherwise healthy children and adults, were 
also not predictive of hypertension in this cohort. Common risk factors reported to be 
associated with hypertension in pediatric dialysis patients include glomerular disease, 
younger age, and shorter time on dialysis [ 17 ,  18 ]. Among pediatric transplant recipi-
ents, risk factors that appear to affect the risk for hypertension include immunosup-
pressive medications, time since transplant and donor type (deceased versus living 
donor [ 22 ,  23 ]).

    Proteinuria   has emerged recently as an important factor not only associated with 
CKD progression in children, but control of BP as well. Historically, the relation-
ship was felt to be the opposite after several large adult trials demonstrated that 
controlling hypertension reduced proteinuria, independent of the anti-proteinuric 
effects of medications such as ACE inhibitors. In part because of this relationship, 
most adult guidelines recommend lower BP treatment goals for adults with signifi -
cant proteinuria [ 8 ,  25 ]. Recently published longitudinal data from the CKiD study, 
however, show that the relationship between hypertension and proteinuria in the 
progression of CKD may be more complex. Kogon et al. observed that, over time, 
the presence of proteinuria was predictive of poorer BP control, even though the 
mean SBP decreased in the study cohort as a whole [ 26 ]. The investigators hypoth-
esized that proteinuria may alter vascular physiology thus making hypertension 
more diffi cult to treat in such patients. A separate analysis of the contributions of BP 
and proteinuria to CKD progression among children with non-glomerular disease 
showed both to be independent risk factors. Among children with normal BP,  pro-
teinuria   contributed to a faster rate of GFR decline, while among children with ele-
vated BP, GFR declined at all levels of proteinuria, suggesting that these two 
variables may not necessarily be additive in this population [ 27 ]. These fi ndings 
demonstrate that there is more to be learned about the relationship between protein-
uria and BP in children with CKD.  

    Pathophysiology 

 The  pathophysiology   of hypertension in children with CKD is similar to that in 
adults with CKD, though the vast majority of children do not have pre-existing 
primary hypertension prior to diagnosis with CKD. In the simplest terms, the two 

   Table 13.3    Risk factors for hypertension in children with CKD   

 CKD  Dialysis  Transplant 

 Age 
 Race 
 Obesity 
 Glomerular disease 
 Shorter duration of CKD 

 Age  Immunosuppressive medications 
 Race  Time since transplant 
 Glomerular disease 
 Shorter time on dialysis 

   CKD  chronic kidney disease  
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major mechanisms by which the BP is elevated are volume excess and activation of 
the  renin–angiotensin–aldosterone system (RAAS  ). Impaired salt and water excre-
tion leads to volume expansion and thereby increases cardiac output.  RAAS   activa-
tion contributes to hypertension via direct effects, such as vasoconstriction, and 
indirectly via actions of the sympathetic nervous system and decreased local produc-
tion of vasodilatory substances. Similar mechanisms are operative in children with 
end-stage renal disease. Volume overload is probably the major contributing factor to 
hypertension in pediatric dialysis patients; neurohumoral mechanisms are also 
important. For a more thorough discussion of hypertension in CKD and ESRD, the 
interested reader is encouraged to consult more comprehensive reviews [ 28 ].  

    Diagnosis 

    Measurement Methods 

 There are several factors to consider when assessing BP in children in the clinical 
setting. Access to the appropriate equipment is extremely important to obtain reli-
able BP measurements. A range of cuff sizes should be available, from infant to 
large adult and thigh cuff, and the correct one selected based on the mid-arm cir-
cumference [ 29 ]. In the event that a child is between cuff sizes, the larger cuff 
should be used, as the potential for a falsely low reading with a larger cuff is much 
lower than that of a falsely high reading with a cuff that is too small. As with stan-
dard recommendations for BP measurements in adults, the child should be calmly 
resting in a seated position with foot support for several minutes prior to cuff infl a-
tion and the arm should be supported at approximately the level of the heart. By 
convention and to eliminate the possibility of a falsely low BP in the rare case of 
coarctation of the aorta, the right arm is preferred.  Auscultatory measurements   are 
preferred and considered the gold standard method of BP measurement in pediatric 
CKD [ 30 ]. An auscultated BP in a child should correspond to the fi rst Korotkoff 
sound for systolic BP and the 5th Korotkoff sound for diastolic BP. Often the 5th 
Korotkoff sound can be heard all the way to zero mmHg; in such cases, the 4th 
Korotkoff sound should be used to estimate diastolic BP. 

 Although auscultation is recommended,  oscillometric devices   may be more com-
monly available in some settings. The principal disadvantage to these devices is that 
they are indirect measurements of BP and may not correspond to auscultated BP 
[ 31 ]. Oscillometric devices measure  mean arterial pressure (MAP  ) and through pro-
prietary algorithms that differ by manufacturer, calculate systolic and diastolic 
BP. The advantages to oscillometric devices include consistent repeated measure-
ments, elimination of bias, and ease of use [ 32 ]. They may also be the only way to 
obtain BP readings in infants and very young children, as it can be extremely diffi -
cult to measure BP by auscultation in this age group.  
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     Ambulatory Blood Pressure Monitoring (ABPM  ) 

 As  ABPM devices   have become more commonly available for use in children, they 
are becoming part of the standard evaluation for children with elevated BP. This is 
particularly pertinent to children with CKD who, as mentioned above, appear to 
have a fairly high prevalence of both nocturnal and masked hypertension. It is rec-
ommended that children and adolescents undergoing ABPM do so at a center with 
experience and the ability to interpret the readings according to age, sex, and height- 
specifi c norms. Dedicated pediatric equipment is necessary, with the application of 
the appropriate cuff size prior to initiating the test. Education of both parent and 
child is important and a diary should be kept with sleep and wake times along with 
periods of activity and timing of medications. One limitation of ABPM is the need 
for the child to be able to cooperate with the test, generally this  occur  s around age 
6–8 years. Children with developmental delays or other neurocognitive impair-
ments may not tolerate wearing the ABPM device at any age. As mentioned above, 
modifi ed consensus guidelines on the interpretation of ABPM were published in 
2014 [ 14 ]. Using data from ABPM and casual BPs, a child is classifi ed as having 
sustained hypertension, white-coat hypertension, masked hypertension, or pre- 
hypertension (Table  13.4 ).

       Normative Values 

 Because of the large variation in BP by age, sex, and height in children, reference 
tables are necessary to interpret BP readings in children, both for casual BPs and in 
interpreting ABPM.  Normative values   for casual BP are elaborated in the  4th Report  
and are derived from data on over 63,000 healthy children in the USA from ages 
1–17 years, including the  National Health and Nutrition Examination Survey 

   Table 13.4    Revised classifi cation for interpreting ABPM in children   

 Offi ce BP 
 Mean ambulatory 
SBP or DBP a  

 SBP or DBP 
load, % a  

 Normal  <90th percentile  <95th percentile  <25 
 White-coat hypertension  ≥95th percentile  <95th percentile  <25 
 Pre-hypertension  ≥90th percentile or 

>120/80 
 <95th percentile  ≥25 

 Masked hypertension  <95th percentile  >95th percentile  ≥25 
 Ambulatory hypertension  >95th percentile  >95th percentile  25–50 
 Severe ambulatory 
hypertension 

 >95th percentile  >95th percentile  >50 

  Adapted from Flynn et al. [ 14 ] 
  ABPM  ambulatory blood pressure monitoring,  BP  blood pressure,  SBP  systolic blood pressure, 
 DBP  diastolic blood pressure 

  a Applies to either sleep or wake period (or both)  
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(NHANES  ) [ 7 ]. It is important to note that NHANES specifi cally seeks to overs-
ample minority racial groups in the USA, so the diversity of this reference population 
makes the normative values applicable to a wide range of patient groups. The refer-
ence values used for ABPM interpretation are less robust. Due to the more resource-
intense nature of performing ABPM, obtaining such large, population- level sample 
sizes is much more diffi cult. The best available data, and those currently recom-
mended by consensus guidelines, are derived from a population of predominantly 
Caucasian children from Central Europe [ 14 ,  33 ,  34 ]. Secondly, in addition to the 
lack of diversity in patient selection, the data on diastolic BP norms have long been 
considered problematic. Despite the knowledge that both systolic and diastolic BP 
vary with age and height, the survey data in this reference group resulted in a very 
little differences in diastolic BP norms for a very wide range of heights. Finally, it has 
been noted that the reference population for this study included very few children 
who were shorter (<140 cm), a feature that may be of some importance when using 
these data to interpret ABPM studies in children with CKD [ 35 ].  

    Additional Testing: When Hypertension Is the Presenting 
Symptom 

 Occasionally, a child may have undiagnosed CKD and only come to medical atten-
tion due to elevated BP. Among children with secondary hypertension, renal disease 
is the most common etiology. After establishing a diagnosis of sustained hyperten-
sion, additional studies may be required to better elucidate the etiology of the kid-
ney disease.  Congenital anomalies of the kidneys and urinary tract (CAKUT  ) such 
as renal hypodysplasia, obstructive uropathy, or refl ux nephropathy can often be 
identifi ed on ultrasound, which should also include imaging of the bladder. Other 
imaging that may be needed to obtain a diagnosis includes a voiding cystourethro-
gram to evaluate for vesicoureteral refl ux or nuclear medicine studies, such as 
DMSA scan or MAG-3 renogram. Consultation with a pediatric urologist may be 
valuable in such cases.  

    Additional Testing: Evaluating for Target Organ Damage 

 Hypertensive  target organ damage   in children is less common and often more subtle 
than in adults. In cases of severe elevations in BP, children can have seizures, hyper-
tensive encephalopathy, and cardiac dysfunction [ 36 ]. Because outcomes such as 
death, myocardial infarction and stroke, either directly related to or in the setting of 
hypertension, are rare in children, research efforts have focused primarily on identify-
ing other early markers of developing cardiovascular disease. Some of these markers, 
including carotid intima-media thickness and pulse wave velocity are still primarily 
used as research tools and have not yet been adopted for clinical use [ 37 – 39 ]. 
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 The most common site for target organ damage among children with chronic 
hypertension is the heart, where there is a well-documented association between BP 
and both  left ventricular hypertrophy (LVH  ) and elevated left ventricular mass index 
(LVMI) [ 40 ,  41 ]. Echocardiograms are widely available and should be performed 
on children with confi rmed hypertension. The information obtained on echocardio-
gram should include both a subjective assessment of ventricular function and size, 
but also accurate measurements of LVMI by experienced technicians. The LVMI in 
children actually decreases from infancy until adulthood and interpretation should 
use pediatric reference values, which have been obtained from healthy children 
[ 42 ]. An LVMI >95th percentile for age and sex would be considered elevated and 
suggestive of sustained, uncontrolled hypertension.   

    Sequelae of Hypertension in Pediatric CKD (Table  13.5 ) 

     CKD Progression   

 The association between hypertension and CKD progression has been well estab-
lished in adults for almost two decades, through both observational and interven-
tional studies [ 2 ,  3 ]. Although hypertension as a primary cause of CKD in children 
is extremely rare, it appears to be a major contributor to progression in pediatric 
patients with established CKD. Early data examining this relationship comes from 
one of the few multicenter trials in the pediatric CKD population [ 43 ]. The trial was 
designed to test the effects on CKD progression of a low-protein versus conven-
tional diet over a period of 2–3 years, while simultaneously examining other factors, 
including BP. The 284 enrolled patients from 25 centers were ages 2–18 with stages 
3–4 CKD. The results demonstrated that protein restriction had no adverse effects 
on growth but did also not affect  glomerular fi ltration rate (GFR)   decline. In a mul-
tivariate analysis, only hypertension (defi ned as SBP >120 mmHg) and proteinuria 
(24-h urine protein >50 mg/kg) were independently correlated with GFR decline. 
Although this study was not designed to determine causality between these factors 
and CKD progression, the results were among the fi rst to suggest a key role for BP. 

  Table 13.5    Complications of 
hypertension in children with 
CKD  

 Cardiovascular 
 • LVH 
 • Increased cIMT 
 • Decreased HRV 
 • Increased BPV 
 Neurocognitive defi cits 
 Accelerated progression of CKD 

   CKD  chronic kidney disease,  LVH  
left ventricular hypertrophy,  cIMT  
carotid intimal-media thickness  
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 At least 2 large studies using data from the NAPRTCS registry have also reported 
hypertension to be an independent risk factor for CKD progression in children [ 11 , 
 44 ]. An analysis by Mitsnefes et al. reported that, among those children with a start-
ing eGFR (estimated GFR) between 50–75 mL/min/1.73 m 2 , hypertensive children 
progressed signifi cantly faster to the study endpoint (either renal replacement ther-
apy or a decline in eGFR by 10 mL/min/1.73 m 2 ) than normotensive children. A 
multivariate analysis also demonstrated  systolic hypertension   to be an independent 
risk factor for GFR decline, along with  African-American race  , glomerular disease 
and older age. This association was confi rmed by a later retrospective analysis of 
4166 children in the  NAPTRCS registry   with CKD stages II–IV and a small, single- 
center, retrospective study from Poland [ 44 ,  45 ]. 

 Evidence supporting the impact of hypertension on CKD progression is also 
provided by prospective data from the CKiD study. Although the study is ongoing, 
data examining changes in GFR over a 1-year period from study enrollment suggest 
that annualized GFR decline is faster among patients with an abnormal ABPM com-
pared to those with a normal ABPM, though the relationship was not statistically 
signifi cant [ 13 ]. BP appears to be an independent risk factor for GFR decline in 
children with non-glomerular disease as well as a signifi cant factor among children 
with rapid disease progression (defi ned as a decrease in GFR by 50 % or renal 
replacement therapy over a 1 year period) with both glomerular and non-glomerular 
disease [ 27 ,  46 ]. 

 Future analyses with longer follow-up time should be helpful in characterizing 
this relationship in more detail, but until then, it is important to recognize that 
appropriate treatment of hypertension remains one of the few interventions avail-
able for practitioners in slowing the progression of CKD.  

     Left Ventricular Hypertrophy (LVH  ) 

  LVH   is an important cardiovascular risk factor for adults and is not uncommon 
among children with CKD. Young adults diagnosed with CKD and ESRD during 
childhood have a dramatically elevated mortality rate compared to the general popu-
lation, with the majority of deaths due to cardiovascular disease [ 16 ]. In general, 
reported rates of LVH in mild to moderate CKD (Stages 2–4) range from approxi-
mately 20–50 %, with some variation due to methodology [ 47 – 51 ]. Some reports of 
LVH in pediatric CKD, including the earliest study from 1996, have not observed an 
association between BP and increased LVMI or abnormal cardiac geometry. In 
these studies, other factors such as GFR, sex, age, and evidence of anemia or infl am-
mation were instead reported to be signifi cant predictors of LVH [ 47 ,  48 ]. Other 
studies have contradicted these fi ndings. Sinha et al. published data in 2011 on 49 
children with non-hypertensive CKD from a single center and reported that 33 % 
had LVH. The authors also observed a positive association between LVMI and sys-
tolic BP, even within the “normal” range [ 49 ]. A cross-sectional analysis from the 
CKiD study, published in 2010, used both echocardiographic and ABPM data to 
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evaluate predictors of LVH. The authors reported that both confi rmed (OR 4.3) and 
masked (OR 4.1) hypertension were the strongest independent predictors of LVH 
and that GFR was not signifi cant [ 50 ]. 

 Two prospective studies provide additional information on how BP may be related 
to LVH in children with CKD. The ESCAPE trial, a randomized, multicenter trial 
that examined intensive (<50th percentile) versus conventional (<90th percentile) 
BP goals during treatment with ACE inhibition, collected echocardiographic data on 
84 patients at baseline, 1-year, and 2-years [ 52 ]. The overall prevalence of LVH 
decreased from 38 to 25 % for the entire study cohort and LVMI decreased among 
those patients who had LVH at baseline, but not in patients without LVH. Treatment 
to intensive BP goals did not appear to have an effect on LVMI, but was signifi cantly 
associated with improved systolic function, suggesting an independent drug effect on 
cardiac remodeling. Longitudinal data from the CKiD study looking at the effects of 
BP on LVMI and LVH were published in 2014 [ 53 ]. In this observational study, the 
prevalence  of   LVH also decreased over time. Signifi cant predictors of LVMI included 
SBP, anemia, and antihypertensive use with agents other than ACE/ARB. Taken 
together, these studies suggest that BP likely plays a role in the development/regres-
sion of LVH, but that other factors may be contributing as well.  

     Carotid Intimal Media Thickness (cIMT  ) 

 To evaluate the presence and development of atherosclerosis, another major risk 
factor for cardiovascular disease, intermediate markers of vasculopathy have been 
examined in children with CKD. These include arterial calcifi cation,  intimal media 
thickness (IMT  ), and measures of arterial stiffness. Several studies have docu-
mented an increase in cIMT among children with CKD compared to healthy con-
trols. A 2005 single-center study by Mitsnefes examined cIMT and other measures 
of cardiac function in healthy controls and children with either CKD or ESRD and 
their relationship to markers of calcium-phosphorus metabolism [ 54 ]. The authors 
observed that  cIMT   was increased in the CKD group compared to the control group 
and increased even further among patients on dialysis. The prevalence of hyperten-
sion increased from normal to CKD to dialysis, but BP was not examined as a pre-
dictor of cIMT in this analysis. To examine the evolution of vascular disease over 
time, a prospective study of 56 children from two centers in Europe looked at com-
parisons of vascular markers across the spectrum of CKD, from stages 2 to 5, 
including both dialysis and transplant, over a 1-year period [ 55 ]. cIMT was elevated 
above normal in all groups and found to worsen over time in both the CKD and 
dialysis groups. By contrast, renal transplant recipients showed improvement in 
cIMT measurements. Focusing solely on CKD stages 2–4, a cross-sectional analy-
sis from the CKiD study was published in 2012, looking at a subset of study partici-
pants in comparison with healthy controls [ 38 ]. Again, median cIMT was observed 
to be signifi cantly higher in the children with CKD. A multivariate analysis 
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demonstrated that hypertension and dyslipidemia were signifi cant predictors of 
increased cIMT, whereas markers of calcium and phosphorus metabolism were not.  

    Other Markers of  Cardiovascular Dysfunction   

 Using ABPM data from the CKiD study, investigators have demonstrated that among 
children with CKD, those with hypertension have increased BP variability (BPV) 
and decreased  heart rate variability (HRV  ) compared to those with normal BP [ 56 ]. 
All children in the analysis were untreated, thus removing any potential infl uence of 
antihypertensive medications. A low HRV has been reported in adult patients with 
ESRD, and correlates with an increased risk of cardiac death [ 57 ]. Increased BPV, a 
risk factor associated with adverse cardiovascular and cerebrovascular outcomes in 
hypertensive patients, has also been noted in the adult CKD population [ 58 ,  59 ]. 
Replicating these associations in children with CKD further illustrates that many 
aspects of cardiovascular risk are developing quite early in these patients.  

     Neurocognitive Function   

 While evidence of neurocognitive defi cits among adults with mild hypertension 
compared to normal controls was identifi ed over 25 years ago, it is only recently 
that similar studies have been conducted in pediatric patients with elevated BP. Using 
data from the NHANES III survey, Lande et al. demonstrated that children with 
elevated BP (defi ned as BP ≥ 90th percentile) had decreased performance on several 
cognitive measures compared to those with normal BP [ 60 ]. The same group pub-
lished a series of smaller studies looking at changes after treatment with antihyper-
tensive medications in children with primary hypertension. They observed that 
hypertensive children scored lower on parental reports of executive function and 
higher on measures of “internalizing” behaviors (such as depression and anxiety) 
compared to healthy controls [ 61 ]. After 1 year, parent ratings of executive func-
tioning improved (as did BP) in the hypertensive children, but there was no signifi -
cant change for the control group, suggesting that elevated BP could have subtle 
neurologic target organ changes [ 62 ]. 

 Extensive  neurocognitive testing   is also a component of the CKiD study and data 
collected at baseline were published in 2011 [ 63 ,  64 ]. Although the average test 
performances were in the normal range for the study group as a whole, a substantial 
proportion of participants scored at least one SD below the mean on several of the 
tests, including intelligence quotient (IQ) and executive functioning. Higher GFR 
was associated with lower risk of poor scores on tests of executive functioning. A 
multivariate analysis also demonstrated that elevated BP was independently associ-
ated with a lower performance IQ score. Although these studies are not defi nitive, 
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they suggest that elevated BP may have early and subtle effects on neurocognitive 
functioning in children. The long-term effects of these defi cits are unknown, but 
they add further impetus to achieving control of hypertension in children with 
CKD. Additional research in this area will be important as the life expectancy of 
patients with childhood onset CKD continues to improve.   

    Treatment 

    Goals of Therapy 

 There have been several clinical practice guidelines published over the past decade 
that include recommended treatment goals for children with CKD (Table  13.6 ). 
Perhaps the best known is the previously mentioned 4th Task Force Report, pub-
lished in 2004, which provided updated BP norms based on height, sex, and age [ 7 ]. 
The 4th Report recommends treatment of hypertension in children with CKD be 
targeted to <90th percentile. Guidelines from the  Kidney Disease Outcomes Quality 
Initiative (K/DOQ  I) were also issued in 2004 and specify similar treatment goals: 
BP should be <90th percentile or <130/80, whichever is lower [ 25 ]. Both of these 
guidelines are based partly on extrapolated data from adult evidence-based guide-
lines for the treatment of hypertension, specifi cally the JNC-7 report [ 65 ].

   Clinical trial evidence provided from the ESCAPE study led to the publication 
of updated guidelines by the  European Society of Hypertension (ESH  ) in 2009 [ 66 , 
 67 ]. This study was a randomized controlled trial in children with CKD undergo-
ing treatment with a fi xed dose of ramipril. Participants were assigned to either 
conventional BP (MAP by ABPM at the 50–90th percentile) or “intense” BP con-
trol (MAP by ABPM <50th percentile). Additional agents not targeting the renin–
angiotensin system were prescribed to achieve target BP. The investigators 
observed that those in the intensifi ed arm of the study had slower rates of CKD 
progression than those in the conventional treatment arm, particularly in cases of 
proteinuria. In part because of these fi ndings, the ESH guidelines from 2009 

   Table 13.6    Summary of clinical guidelines for treatment of hypertension in children with CKD   

 BP measurement 
method  Target BP 

 4th Report (2004) [ 7 ]  Auscultated cBP  <90th percentile 
 K/DOQI (2004) [ 25 ]  Auscultated cBP  <90th percentile or 130/80 
 ESH (2009) [ 68 ]  ABPM  <75th percentile MAP or <50th percentile 

if proteinuria 
 KDIGO (2012) [ 8 ]  Auscultated cBP  ≤50th percentile 

    CKD  chronic kidney disease  ,  BP  blood pressure,  cBP  casual blood pressure,  K/DOQI  Kidney 
Disease Outcomes Quality Initiative,  ESH  European Society of Hypertension,  KDIGO  Kidney 
Disease Improving Global Outcomes,  MAP  mean arterial pressure  
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stipulate that, among  children with CKD, BP should be targeted to less than the 
50th percentile by ABPM in those children with proteinuria and less than the 75th 
percentile in those without proteinuria. 

 The most recent guidelines were issued by the  Kidney Disease Improving Global 
Outcomes (KDIGO  ) initiative in 2012 [ 8 ]. Their fi rst recommendation states that anti-
hypertensive treatment should be initiated when BP is >90th percentile in children 
with CKD, which is a departure from all prior guidelines where no threshold is explic-
itly stated above which to start pharmacologic therapy. Additionally, treatment goals 
in these guidelines are more stringent and state that casual BP should be lowered to 
less than the 50th percentile, unless achieving this target is precluded by symptoms of 
hypotension. Notably, this recommendation received a grade of “low” quality of evi-
dence because it is based on a single trial (ESCAPE) and a single observational study 
(CKiD data). It is also complicated by the fact that the ESCAPE results were based 
upon ABPM, whereas the recommendation itself specifi es a casual BP target. 

 While it is encouraging that the past decade has seen the publication of more 
studies, including one large clinical trial, there is currently no consensus on the 
preferred guideline for the management of hypertension in children with 
CKD. Indeed, large clinical trials in adults that have been designed to identify the 
optimal threshold BP that will slow CKD progression have not yielded a defi nitive 
answer to date. There are also emerging data looking at various measures of hyper-
tension beyond casual BP measurements, including parameters of ABPM as well as 
pulse pressure and non-invasive measurements of central BP and how they relate to 
clinical outcomes [ 68 – 70 ]. Some evidence suggests that these measures may be 
more accurate prognostic indicators for such outcomes as cerebrovascular events, 
cardiovascular events, and CKD progression [ 71 ,  72 ]. More research is clearly 
needed in the pediatric population to elucidate the best BP target that will both mini-
mize CKD progression and also future cardiovascular disease risk.  

     Non-Pharmacologic Recommendations   

 In children and adults with primary hypertension, non-pharmacologic interventions 
are typically recommended as an adjunct therapy to medications [ 65 ]. These often 
include increased physical activity, weight loss, and a low-sodium diet. In children 
with hypertension secondary to CKD, such measures may not always be appropriate. 
While the prevalence of obesity among children with CKD is higher than previously 
thought, it is much lower than in the general pediatric population and may not be a 
primary contributor to elevated BP [ 73 ]. Similarly, some children with CKD second-
ary to dysplasia and/or obstructive nephropathy may be polyuric, with both salt and 
water wasting. Sodium restriction in these cases should be considered carefully in 
conjunction with a nutritionist to ensure that the child’s growth is not impacted. The 
relative contribution to BP reduction from non-pharmacologic interventions (such as 
increased physical activity or a specifi c total daily sodium intake) in children with 
CKD is unknown. Currently the recommendation would be to implement such 
changes on a case-by-case basis and as the clinical situation indicates.  
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     Medications   

 Until recently, there were very few antihypertensive medications whose safety and 
effi cacy had been studied in specifi cally in children. Since passage of the Food and 
Drug Administration Modernization Act (1997) and Best Pharmaceuticals for 
Children Act (2002) in the USA, enough data has been generated for most classes of 
antihypertensive medications to permit approval and labeling for pediatric use [ 74 ]. 
What is still lacking, however, are comparative prospective trials demonstrating 
superiority of one particular class of agent over another. Consensus guidelines cur-
rently recommend treating with a single agent to maximum dose, then adding addi-
tional agents if BP control has not been achieved [ 7 ]. Dosing recommendations for 
medications commonly used to treat pediatric hypertension are shown in Table  13.7 . 
Based on physiologic mechanism and available data from both clinical trials and 
observational studies, agents that act on the  renin–angiotensin–aldosterone system 
(RAAS  ) are currently recommended as fi rst-line therapy for hypertension in chil-
dren with CKD [ 74 ,  75 ]. This approach is supported by data from the CKiD study, 
which demonstrated that children receiving RAAS agents had better BP control than 
those receiving other classes of antihypertensives [ 12 ]. The impressive effects of the 
 RAAS   agent-based regimen used in the ESCAPE trial add further weight to the 
recommendations favoring this class of drugs in children with CKD [ 66 ].

    Additional agents are frequently required to achieve adequate BP control and 
selection is typically guided by clinical considerations. Evidence-based information 
is now available for children on dosing, safety, and effi cacy for most classes of anti-
hypertensive medications. Dual therapy with both ARB and ACE inhibitor may have 
additive effects on both BP and proteinuria, but recent publication of safety concerns 
with this combination in adults precludes making this a standard approach in chil-
dren [ 76 ]. Beta-blockers have been reported to have both anti-renin and anti- 
proteinuric effects in adults, in addition to their BP-lowering effects [ 77 ]. These 
agents should be avoided in children with reactive airways disease and diabetes, but 
are otherwise generally well tolerated. In patients with a component of volume over-
load, diuretics can be a helpful addition as second-line agents. Those with signifi cant 
proteinuria or reduced GFR may require higher doses to achieve an appropriate clini-
cal response, and loop diuretics are likely to be more effective than thiazides. 

 Previously,  dihydropyridine calcium-channel blockers (DHP CCBs  ) tended to be 
prescribed as fi rst-line therapy in children with CKD, but their lack of an anti- 
proteinuric effect makes them less desirable as monotherapy for many patients with 
CKD. Other classes of antihypertensive medications that have been used success-
fully in children include direct vasodilators, such as hydralazine or minoxidil, and 
central alpha-agonists. Aliskiren, a direct renin inhibitor, has been shown to be 
effective at lowering BP in adults and in one small pediatric study [ 78 ]. However, its 
clinical use is currently somewhat limited as adult trials have reported a signifi cant 
incidence of worsening renal function, hypotension, and hyperkalemia in patients 
with CKD [ 79 ]. There are currently several trials in process to assess the effi cacy 
and long-term safety of aliskiren in pediatric patients with hypertension. Given the 
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   Table 13.7    Antihypertensive medications and dosing in children and adolescents   

 Class  Drug  Starting dose  Interval  Maximum dose a  

 ARAs  Eplerenone  25 mg/day  QD – BID  100 mg/day 
 Spironolactone b   1 mg/kg/day  QD – BID  3.3 mg/kg/day up to 

100 mg/day 
 ARBs  Candesartan b   1–6 yrs: 0.2 mg/

kg/day; 
 QD  1–6 yrs: 0.4 mg/kg/day; 

 6–17 yrs: <50 kg 
4–8 mg QD 

 6–17 yrs: < 50 kg 16 mg 
daily 

 >50 kg 8–16 mg 
QD 

 >50 kg 32 mg daily 

 Losartan b   0.75 mg/kg/day 
(up to 50 mg 
QD) 

 QD  1.4 mg/kg/day (max 
100 mg QD) 

 Olmesartan b   20–35 kg: 10 mg 
QD 

 QD  20–35 kg: 20 mg QD 

 ≥35 kg: 20 mg 
QD 

 ≥35 kg: 40 mg QD 

 Valsartan b   <6 yrs: 5–10 mg/
day 

 QD  <6 yrs: 80 mg QD 

 6–17 yrs: 
1.3 mg/kg/day 

 6–17 yrs: 2.7 mg/kg/day 

 (up to 40 mg 
QD) 

 (up to 160 mg QD) 

 ACE 
inhibitors 

 Benzepril b   0.2 mg/kg/day 
(up to 10 mg/
day) 

 QD  0.6 mg/kg/day (up to 
40 mg/day) 

 Captopril b   0.3–0.5 mg/kg/
dose 

 BID – TID  0.6 mg/kg/day (up to 
450 mg/day) 

 Enalapril c   0.08 mg/kg/day  QD – BID  0.6 mg/kg/day (up to 
40 mg/day) 

 Fosinopril  0.1 mg/kg/day 
(up to 10 mg/
day) 

 QD  0.6 mg/kg/day (up to 
40 mg/day) 

 Lisinopril b   0.07 mg/kg/day 
(up to 5 mg/day) 

 QD  0.6 mg/kg/day (up to 
40 mg/day) 

 Quinapril  5–10 mg/day  QD  80 mg/day 
 α- and 
β-Adrenergic 
antagonists 

 Carvedilol b   0.1 mg/kg/dose 
(up to 6.25 mg 
BID) 

 BID  0.5 mg/kg/dose up to 
25 mg BID 

 Labetalol b   2–3 mg/kg/day  BID  10–12 mg/kg/day (up to 
1.2 g/day) 

 β-Adrenergic 
antagonists 

 Atenolol b   0.5–1 mg/kg/day  QD  2 mg/kg/day up to 
100 mg day 

 Bisoprolol/
HCTZ 

 2.5/6.25 mg 
daily 

 QD  10/6.25 mg daily 

 Metoprolol  1–2 mg/kg/day  BID  6 mg/kg/day (up to 
200 mg/day) 

 Propranolol c   1 mg/kg/day  BID – QID  8 mg/kg/day (up to 
640 mg/day) 

(continued)
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 Class  Drug  Starting dose  Interval  Maximum dose a  

 CCBs  Amlodipine b   0.06 mg/kg/day  QD  0.3 mg/kg/day (up to 
10 mg/day) 

 Felodipine  2.5 mg/day  QD  10 mg/day 
 Isradipine b   0.05–0.15 mg/

kg/dose 
 TID – QID  0.8 mg/kg/day up to 

20 mg/day 
 Extended-
release 
nifedipine 

 0.25–0.5 mg/kg/
day 

 QD – BID  3 mg/kg/day (up to 
120 mg/day) 

 Central 
a-agonist 

 Clonidine b   5–20 mcg/kg/
day 

 QD – BID  25 mcg/kg/day (up to 
0.9 mg/day) 

 Diuretics  Amiloride  5–10 mg/day  QD  20 mg/day 
 Chlorthalidone  0.3 mg/kg/day  QD  2 mg/kg/day (up to 

50 mg/day) 
 Furosemide c   0.5–2 mg/kg/

dose 
 QD – BID  6 mg/kg/day 

 HCTZ  0.5–1 mg/kg/day  QD  3 mg/kg/day (up to 
50 mg/day) 

 Vasodilators  Hydralazine  0.25 mg/kg/dose  TID – QID  7.5 mg/kg/day (up to 
200 mg/day) 

 Minoxidil  0.1–0.2 mg/kg/
day 

 BID – TID  1 mg/kg/day (up to 
50 mg/day) 

    ARA  aldosterone receptor antagonist,  ACE  angiotensin converting enzyme,  ARB  angiotensin 
receptor blocker,  BID  twice daily,  CCB  calcium channel blocker,  HCTZ  hydrochlorothiazide,  QD  
once daily,  QID  four times daily,  TID  three times daily 
  a The maximum recommended adult dose should not be exceeded 
  b Information on preparation of a stable extemporaneous suspension is available for these agents 
  c Available as a FDA approved commercially supplied oral solution  

Table 13.7 (continued)

available evidence in children with CKD, it seems clear that the fi rst-line agents 
should be ACE inhibitors and ARBs, then consideration of beta-blockers, CCBs 
and/or diuretics if clinically appropriate and fi nally expanding medication choice to 
other classes of antihypertensives if additional BP control is needed.   

    Summary/Conclusion 

 The past two decades have greatly advanced our knowledge of the prevalence, risk 
factors, complications and treatment of hypertension in pediatric CKD. Newer clin-
ical and research techniques have expanded our ability to detect evidence of early 
cardiovascular disease in this population and more studies characterizing the effects 
of antihypertensive medications in children have been published. The consistently 
high prevalence rates confi rm that detection and treatment of elevated BP should be 
a top priority for practitioners caring for children with CKD. Additional research 
correlating specifi c treatment goals with clinical outcomes will be an important 
future step in this area.     

S.M. Halbach and J.T. Flynn



317

   References 

    1.   U.S. Renal Data System, USRDS 2013 Annual Data Report: Atlas of Chronic Kidney Disease 
and End-Stage Renal Disease in the United States. Bethesda: National Institutes of Health, 
National Institute of Diabetes and Digestive and Kidney Diseases; 2013. Available at: http://
www.usrds.org/adr.aspx. Accessed 25 June 2015  

     2.    Klag MJ, Whelton PK, Randall BL, et al. Blood pressure and end-stage renal disease in men. 
N Engl J Med. 1996;34:13–8.  

    3.    Peterson JC, Adler S, Burkart JM, et al. Blood pressure control, proteinuria, and the progres-
sion of renal disease. The Modifi cation of Diet in Renal Disease Study. Ann Intern Med. 
1995;123:754–62.  

    4.    Prospective Studies Collaboration. Age-specifi c relevance of usual blood pressure to vascular 
mortality: a meta-analysis of individual data for one million adults in 61 prospective studies. 
Lancet. 2002;360:1913–20.  

    5.    Rosner B, Prineas RJ, Loggie JMH, et al. Blood pressure nomograms for children and adoles-
cents, by height, sex and age, in the United States. J Pediatr. 1993;123:871–86.  

    6.    Giliam RF, Prineas RJ, Horibe H. Maturation vs age: assessing blood pressure by height. J Nat 
Med Assoc. 1982;74:43–6.  

          7.   National High Blood Pressure Education Program Working Group on High Blood Pressure in 
Children and Adolescents. The fourth report on the diagnosis, evaluation, and treatment of 
high blood pressure in children and adolescents. Pediatrics 2004;114:555–576  

         8.    Becker GJ, Wheeler DC. KDIGO clinical practice guideline for the management of blood 
pressure in chronic kidney disease. Kidney Int. 2012;2:S337–414.  

    9.    Din-Dzietham R, Liu Y, Bielo MV, et al. High blood pressure trends in children and adoles-
cents in national surveys, 1963 to 2002. Circulation. 2007;116:1488–96.  

    10.    McNiece KL, Poffenbarger TS, Turner JL, et al. Prevalence of hypertension and pre- 
hypertension among adolescents. J Pediatr. 2007;150:640–4.  

      11.    Mitsnefes M, Ho P-L, McEnery PT. Hypertension and progression of chronic renal insuffi -
ciency in children: a report of the North American Pediatric Renal Transplant Cooperative 
Study (NAPRTCS). J Am Soc Nephrol. 2003;14:2618–22.  

       12.    Flynn JT, Mitsnefes M, Pierce C, et al. Blood pressure in children with chronic kidney disease. 
Hypertension. 2008;52:631–7.  

      13.    Samuels J, Ng D, Flynn JT, et al. Ambulatory blood pressure patterns in children with chronic 
kidney disease. Hypertension. 2012;60:43–50.  

       14.    Flynn JT, Daniels SR, Hayman LL, et al. Update: Ambulatory blood pressure monitoring in 
children and adolescents: a scientifi c statement from the American Heart Association. 
Hypertension. 2014;63:1116–35.  

    15.   Kavey RW, Allade V, Daniels SR, et al. Cardiovascular risk reduction in high-risk pediatric 
patients: a scientifi c statement from the American Heart Association Expert Panel on 
Population and Prevention Science: The Councils on Cardiovascular Disease in the Young, 
Epidemiology and Prevention, Nutrition, Physical Activity and Metabolism, High Blood 
Pressure Research, Cardiovascular Nursing, and the Kidney in Heart Disease; and the 
Interdisciplinary Working Group on Quality of Care and Outcomes Research: Endorsed by the 
American Academy of Pediatrics. Circulation 2006;114:2710–2738  

     16.    Parekh RS, Carroll CE, Wolfe RA, et al. Cardiovascular mortality in children and young adults 
with end-stage kidney disease. J Pediatr. 2002;141:191–7.  

      17.    Halbach SM, Martz K, Mattoo T, et al. Predictors of blood pressure and its control in pediatric 
patients receiving dialysis. J Pediatr. 2012;160:621–5.  

     18.    Chavers BM, Solid CA, Daniels FX, et al. Hypertension in pediatric long-term hemodialysis 
patients in the United States. Clin J Am Soc Nephrol. 2009;4:1363–9.  

     19.    Kramer AM, van Stralen KJ, Jager KJ, et al. Demographics of blood pressure and hypertension 
in children on renal replacement therapy in Europe. Kidney Int. 2011;80:1092–8.  

13 Diagnosis and Management of Hypertension in Children with Chronic Kidney…



318

     20.    Sorof JM, Sullivan EK, Tejani A, et al. Antihypertensive mediation and renal allograft failure: 
A North American Renal Transplant Cooperative Study report. J Am Soc Nephrol. 
1999;10:1324–30.  

     21.    Sinha MD, Kerecuk L, Gilg J, et al. Systemic arterial hypertension in children following renal 
transplantation: prevalence and risk factors. Nephrol Dial Transplant. 2012;27:3359–68.  

      22.    Seeman T, Simkova E, Kreisinger J, et al. Control of hypertension in children after renal trans-
plant. Pediatr Transplant. 2006;10:316–22.  

      23.    Gulhan B, Topaloglu R, Karabulut E, et al. Post-transplant hypertension in pediatric kidney 
transplant recipients. Pediatr Nephrol. 2014;29:1075–80.  

    24.    McGlothan KR, Wyatt RJ, Ault BH, et al. Predominance of nocturnal hypertension in pediatric 
renal allograft recipients. Pediatr Transplant. 2006;10:558–64.  

      25.   National Kidney Foundation. KDOQI Clinical practice guidelines on hypertension and antihy-
pertensive agents in chronic kidney disease. Am J Kidney Dis. 2004;43:S1–290  

    26.    Kogon AJ, Pierce CB, Cox C, et al. Nephrotic-range proteinuria is strongly associated with 
poor blood pressure control in pediatric chronic kidney disease. Kidney Int. 2014;85:
938–44.  

     27.    Fatallah-Shaykh SA, Flynn JT, Pierce CB, et al. Progression of pediatric CKD of nonglomeru-
lar origin in the CKiD cohort. Clin J Am Soc Nephrol. 2015;10:571–7.  

    28.    Hadstein C, Schaefer F. Hypertension in children with chronic kidney disease: pathophysiol-
ogy and management. Pediatr Nephrol. 2008;23:363–71.  

    29.    Gomez-Marin O, Prineas RJ, Rastam L. Cuff bladder width and blood pressure measurement 
in children and adolescents. J Hypertens. 1992;10:1235–41.  

    30.    Flynn JT, Pierce CB, Miller ER, et al. Reliability of resting blood pressure measurement and 
classifi cation using an oscillometric device in children with chronic kidney disease. J Pediatr. 
2012;160:434–40.  

    31.    Park MK, Menard SW, Yuan C. Comparison of auscultatory and oscillometric blood pressures. 
Arch Pediatr Adolesc Med. 2001;155:50–3.  

    32.    Butani L, Morgenstern BZ. Are pitfalls of oscillometric blood pressure measurements prevent-
able in children? Pediatr Nephrol. 2003;18:313–8.  

    33.    Wuhl E, Witte K, Soergel M, et al. German Working Group on Pediatric Hypertension. 
Distribution of 24-h ambulatory blood pressure in children: normalized reference values and 
role of body dimensions. J Hypertens. 2002;20:1995–2007.  

    34.    Soergel M, Kirschstein M, Busch C, et al. Oscillometric twenty-four-hour ambulatory blood 
pressure values in children and adolescents: a multicenter trial including 1141 subjects. 
J Pediatr. 1997;130:178–84.  

    35.    Flynn JT. Ambulatory blood pressure monitoring in children: imperfect yet essential. Pediatr 
Nephrol. 2011;26:2089–94.  

    36.    Baracco R, Mattoo TK. Pediatric hypertensive emergencies. Curr Hypertens Rep. 2014;16:456.  
    37.    Shroff R, Degi A, Kerti A, et al. Cardiovascular risk assessment in children with chronic kid-

ney disease. Pediatr Nephrol. 2013;28:875–84.  
    38.    Brady TM, Schneider MF, Flynn JT, et al. Carotid intima-media thickness in children with 

CKD: results from the CKiD study. Clin J Am Soc Nephrol. 2012;7:1930–7.  
    39.    Lindblad YT, Axelsson J, Balzano R, et al. Left ventricular diastolic dysfunction by tissue Doppler 

echocardiography in pediatric chronic kidney disease. Pediatr Nephrol. 2013;28:2003–13.  
    40.    Hanevold C, Waller J, Daniels S, et al. The effects of obesity, gender and ethnic group on left 

ventricular hypertrophy and geometry in hypertensive children: a collaborative study of the 
International Pediatric Hypertension Association. Pediatrics. 2004;113:328–33.  

    41.    Daniels SR, Loggie JM, Khoury P, et al. Left ventricular geometry and severe left ventricular 
hypertrophy in children and adolescents with essential hypertension. Circulation. 1998;97:
1907–11.  

    42.    Khoury PR, Mitsnefes M, Daniels SR, et al. Age-specifi c reference intervals for indexed left 
ventricular mass in children. J Am Soc Echocardiogr. 2009;22:709–14.  

    43.    Wingen AM, Fabian-Bach C, Schaefer F, et al. Randomized multi-centre study of a low- protein 
diet on the progression of chronic renal failure in children. Lancet. 1997;349:1117–23.  

S.M. Halbach and J.T. Flynn



319

     44.    Staples AO, Greenbaum LA, Smith JM, et al. Association between clinical risk factors and 
progression of chronic kidney disease in children. Clin J Am Soc Nephrol. 2010;5:2172–9.  

    45.    Ksiazek A, Klosowska J, Sygulla K, et al. Arterial hypertension and progression of chronic 
kidney disease in children during 10-year ambulatory observation. Clin Exp Hypertens. 
2013;35:424–9.  

    46.    Warady BA, Abraham AG, Schwartz GJ, et al. Predictors of rapid progression of glomerular 
and nonglomerular kidney disease in children and adolescents: The Chronic Kidney Disease in 
Children (CKiD) Cohort. Am J Kidney Dis. 2015;65:878–88.  

     47.    Johnstone LM, Jones CL, Grigg LE, et al. Left ventricular abnormalities in children, adoles-
cents and young adults with renal disease. Kidney Int. 1996;50:998–1006.  

    48.    Matteucci MC, Wuhl E, Picca S, et al. Left ventricular geometry in children with mild to mod-
erate chronic renal insuffi ciency. J Am Soc Nephrol. 2006;17:218–26.  

    49.    Sinha MD, Tibby SM, Rasmussen P, et al. Blood pressure control and left ventricular mass in 
children with chronic kidney disease. Clin J Am Soc Nephrol. 2011;6:543–51.  

    50.    Mitsnefes M, Flynn J, Cohn S, et al. Masked hypertension associates with left ventricular 
hypertrophy in children with CKD. Clin J Am Soc Nephrol. 2010;21:137–44.  

    51.    Simpson JM, Savis A, Rawlins D, et al. Incidence of left ventricular hypertrophy in children 
with kidney disease: impact of method of indexation of left ventricular mass. Eur J Echocardiogr. 
2010;11:271–7.  

    52.    Matteucci MC, Chinali M, Rinelli G, et al. Change in cardiac geometry and function in CKD 
children during strict BP control: A randomized study. Clin J Am Soc Nephrol. 2013;8:203–10.  

    53.    Kupferman JC, Friedman LA, Cox C, et al. BP control and left ventricular hypertrophy regres-
sion in children with CKD. J Am Soc Nephrol. 2014;25:167–74.  

    54.    Mitsnefes MM, Kimball TR, Kartal J, et al. Cardiac and vascular adaptation in pediatric 
patients with chronic kidney disease: role of calcium-phosphorus metabolism. J Am Soc 
Nephrol. 2005;16:2796–803.  

    55.    Litwin M, Wuhl E, Jourdan C, et al. Evolution of large-vessel arteriopathy in paediatric patients 
with chronic kidney disease. Nephrol Dial Transplant. 2008;23:2552–7.  

    56.    Barletta GM, Flynn J, Mitsnefes M, et al. Heart rate and blood pressure variability in children 
with chronic kidney disease: a report from the CKiD study. Pediatr Nephrol. 2014;29:1059–65.  

    57.    Fukuta H, Hayano J, Ishihara S, et al. Prognostic value of heart rate variability in patients with 
end-stage renal disease on chronic haemodialysis. Nephrol Dial Transplant. 2003;18:318–25.  

    58.   Gorostidi M, Sarafi dis P, Sierra Ade L, et al. Blood pressure variability increases with advanc-
ing chronic kidney disease stage (abstract). A cross-sectional analysis of 14,382 hypertensive 
patients from Spain. J Hypertens. 2015;33 Suppl 1:e40  

    59.    Tanner RM, Shimbo D, Dreisbach AW, et al. Association between 24-hour blood pressure vari-
ability and chronic kidney disease: a cross-sectional analysis of African Americans participat-
ing in the Jackson heart study. BMC Nephrol. 2015;16:84.  

    60.    Lande MB, Kaczorowski JM, Auinger P, et al. Elevated blood pressure and decreased cogni-
tive function among school-age children and adolescents in the United States. J Pediatr. 
2003;143:720–4.  

    61.    Lande MB, Adams H, Falkner B, et al. Parental assessments of internalizing and externalizing 
behavior and executive function in children with primary hypertension. J Pediatr. 
2009;154:207–12.  

    62.    Lande MB, Adams H, Falkner B, et al. Parental assessment of executive function and internal-
izing and externalizing behavior in primary hypertension after anti-hypertensive therapy. 
J Pediatr. 2010;157:114–9.  

    63.    Hooper SR, Gerson AC, Butler RW, et al. Neurocognitive functioning of children and adoles-
cents with mild-to-moderate chronic kidney disease. Clin J Am Soc Nephrol. 2011;6:1824–30.  

    64.    Lande MB, Gerson AC, Hooper SR, et al. Casual blood pressure and neurocognitive function 
in children with chronic kidney disease: a report of the children with chronic kidney disease 
cohort study. Clin J Am Soc Nephrol. 2011;6:1831–7.  

     65.    Chobanian AV, Bakris GL, Black HR, et al. Joint National Committee on Prevention, Detection, 
Evaluation and Treatment of High Blood Pressure; National Heart, Lung and Blood Institute; 

13 Diagnosis and Management of Hypertension in Children with Chronic Kidney…



320

National High Blood Pressure Education Program Coordinating Committee. Seventh report of 
the Joint National Committee on Prevention, Detection. Hypertension. 2003;42:1206–52.  

     66.    The ESCAPE Trial Group. Strict blood-pressure control and progression of renal failure in 
children. N Engl J Med. 2009;361:1639–50.  

    67.    Lurbe E, Cifkova R, Cruickshank JK, et al. Management of high blood pressure in children and 
adolescents: recommendations of the European Society of Hypertension. J Hypertens. 
2009;27:1719–42.  

     68.    Gorostidi M, Sarafi dis PA, de la Sierra A, et al. Differences between offi ce and 24-hour blood 
pressure control in hypertensive patients with CKD: a 5693-patient cross-sectional analysis 
from Spain. Am J Kidney Dis. 2013;62:285–94.  

   69.    Cha RH, Kim S, Ae YS, et al. Association between blood pressure and target organ damage in 
patients with chronic kidney disease and hypertension: results of the APrODiTe study. 
Hypertens Res. 2013;37:172–8.  

    70.    Gabbai FB, Rahman M, Hu B, et al. Relationship between ambulatory BP and clinical out-
comes in patients with hypertensive CKD. Clin J Am Soc Nephrol. 2012;7:1770–6.  

    71.    Fedecostante M, Spannella F, Cola G, et al. Chronic kidney disease is characterized by “double 
trouble” higher pulse pressure plus night-time systolic blood pressure and more severe cardiac 
damage. PLoS One. 2014;9(1):e86155.  

    72.    Yano Y, Bakris GL, Matsushita K, et al. Both chronic kidney disease and nocturnal blood pres-
sure associate with strokes in elderly. Am J Nephrol. 2013;38:195–203.  

    73.    Wilson AC, Schneider MF, Cox C, et al. Prevalence and correlates of multiple cardiovascular risk 
factors in children with chronic kidney disease. Clin J Am Soc Nephrol. 2011;6:2759–65.  

     74.    Ferguson M, Flynn JT. Rational use of antihypertensive medications in children. Pediatr 
Nephrol. 2014;29:979–88.  

    75.    Gartenmann AC, Fossali E, von Vigier RO, et al. Better renoprotective effect of angiotensin II 
antagonist compared to dihydropyridine calcium channel blocker in childhood. Kidney Int. 
2003;64:1450–4.  

    76.    The ONTARGET Investigators. Telmisartan, ramipril or both in patients at high risk for vascu-
lar events. N Engl J Med. 2008;358:1547–59.  

    77.    Wright Jr JT, Bakris G, Greene T, et al. African American study of kidney disease and hyper-
tension: effect of blood pressure lowering and antihypertensive drug class on progression of 
hypertensive kidney disease: results from the AASK trial. JAMA. 2003;288:2421–31.  

    78.    Sullivan JE, Keefe D, Zhou Y, et al. Pharmacokinetics, safety profi le, and effi cacy of aliskiren 
in pediatric patients with hypertension. Clin Pediatr. 2013;52:599–607.  

    79.    Harel Z, Gilbert C, Wald R, et al. The effect of combination treatment with aliskiren and block-
ers of the renin-angiotensin system on hyperkalemia and acute kidney injury: systematic 
review and meta-analysis. BMJ. 2012;344:e42.    

S.M. Halbach and J.T. Flynn



321© Springer Science+Business Media New York 2016 
A.K. Singh, R. Agarwal (eds.), Core Concepts in Hypertension 
in Kidney Disease, DOI 10.1007/978-1-4939-6436-9_14

    Chapter 14   
 Devices to Treat Hypertension in Chronic 
Kidney Disease                     

     George     Thomas     

          Hypertension and Chronic Kidney  Disease      

  High blood pressure (BP)   is seen in up to 85–95 % of patients with  chronic kidney 
disease (CKD)  , and can be a cause or consequence of CKD [ 1 ].  Resistant hyperten-
sion   (defi ned as BP that is not at goal despite the use of at least 3 antihypertensive 
medication classes including a diuretic, or BP that is at goal but requires 4 or more 
medications) [ 2 ] is associated with CKD. The prevalence of resistant hypertension 
has been estimated to be as high as 23 % in patients with CKD [ 3 ], and adverse 
cardiovascular and renal outcomes have been reported in patients with resistant 
hypertension compared to those without resistant hypertension [ 4 – 6 ]. Additionally, 
the prevalence of resistant hypertension has been reported to increase with decreas-
ing kidney function (from 15.8 % in those with eGFR ≥ 60 ml/min/1.73 m 2  to 33.4 % 
in those with eGFR < 45 ml/min/1.73 m 2 ) [ 7 ]. 

 Optimal BP control is one of the most important targets that must be achieved for 
cardiovascular protection and to prevent adverse renal outcomes in CKD. A step-
wise combination of lifestyle modifi cations and pharmacologic therapy is the cor-
nerstone of management of hypertension in these patients, with individualization of 
BP targets and choice of pharmacologic agents depending on age, comorbidities, 
and side effect profi le or tolerance to medications. Data available from the 2007–
2012 NHANES analysis reported in the 2014 USRDS Annual Report show that 
despite increasing awareness and treatment of hypertension, only about 27 % of 
patients with CKD have BP at target [ 8 ]. 

 Recent interest in device therapies for hypertension management as potential 
complementary or alternative treatments to pharmacologic therapy has increased 
due to suboptimal control rates of hypertension, and due to the possibility that in 
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many cases effective pharmacologic treatment may be limited by inadequate doses 
or inappropriate combinations of antihypertensive medications, concurrent use of 
agents that raise BP, noncompliance with dietary restrictions, and side effects that 
result in poor compliance with medications. Additionally, although some novel 
molecules are being studied, there has only been a modest advance in pharmaco-
logic options for hypertension  management     . 

 This chapter discusses the use of catheter-based  renal denervation   and carotid 
baroreceptor stimulation therapies for hypertension management, including their 
pathophysiological basis and results of clinical trials using these devices. Other 
device therapies (including central arteriovenous anastomosis and the use of carotid 
implant devices) are briefl y reviewed. It should be noted that at the time of writing 
this chapter, these devices and techniques have not been approved by the  Food and 
Drug Administration (FDA)   in the USA for routine clinical use; use of these devices 
and techniques is limited to investigational purposes only in the USA.  

     Catheter-Based Renal Denervation   

    Pathophysiology 

 A variety of evidence suggests that hyperactivation of the sympathetic nervous sys-
tem plays a major role in initiating and maintaining hypertension. For example, 
drugs that inhibit the sympathetic drive at various levels have a blood pressure- 
lowering effect, providing indirect evidence of the importance of sympathetic 
mechanisms in hypertension. Furthermore, microneurographic measurements show 
a high level of muscle sympathetic nerve activity ( MSNA  )    in hypertensive patients, 
which is the centrally originated postganglionic sympathetic nerve activity directed 
towards the resistance vasculature; as well as have high levels of regional  norepi-
nephrine (NE)   spillover, which is the amount of transmitter that escapes neuronal 
uptake and local metabolism and thus “spills over” into the circulation [ 7 ]. 

 The kidneys have a dense network of postganglionic sympathetic nerve fi bers 
that end in the efferent and afferent renal arterioles, the juxtaglomerular apparatus, 
and the renal tubular system [ 9 ]. An increase in efferent signals to the kidney leads 
to renal vasoconstriction and decreased renal blood fl ow (via α (alpha)1A receptor 
activation), stimulation of renin release (via β (beta)1 receptor activation) (with sub-
sequent activation of the renin–angiotensin–aldosterone pathway), and increased 
tubular sodium retention (via α (alpha)1B receptor activation). Afferent renal sym-
pathetic nerves originate mostly from the renal pelvic wall, with mechanoreceptors 
and chemoreceptors that respond to stretch and ischemia, respectively. Afferent sig-
nals from the kidney, which are increased in states of renal parenchymal injury, 
hypoxia, and renal ischemia (as in CKD) modulate central sympathetic outfl ow, 
leading to increased sympathetic efferent discharge to the kidneys, heart, and 
peripheral blood vessels. This enhanced sympathetic outfl ow can play a role in 
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 subsequent target-organ damage such as left ventricular hypertrophy, congestive 
heart failure, and progressive renal damage [ 9 – 13 ]. 

 Studies of  renal denervation      in animals, using surgical and chemical techniques, 
have further helped to establish the role of renal sympathetic nerves in hypertension. 
In a rat model of CKD, the increase in BP associated with fi ve-sixths nephrectomy 
is prevented by interrupting afferent sensory signals. The increased secretion of 
norepinephrine from the posterior hypothalamic nuclei in this rat model is prevent-
able by  dorsal rhizotomy   (which is a procedure that specifi cally severs the afferent 
renal nerve fi bers at the entrance to the ganglionic dorsal root). Progression of renal 
disease was also prevented by dorsal rhizotomy in this model. These observations 
suggest that afferent signals from diseased kidneys to central integrative vasomotor 
centers in the brain cause increased central sympathetic efferent discharge and con-
tribute to hypertension and deterioration of renal function [ 14 ]. 

 In DOCA-salt rat models, a model wherein uni-nephrectomized rats are given 
salt and deoxycorticosterone acetate, which has mineralocorticoid activity, there is 
a rise in BP that plateaus at about 3 weeks of DOCA-salt administration; in this 
model, subsequent  renal denervation   increased natriuresis and attenuates hyperten-
sion compared to a sham group that did not get denervation, suggesting that these 
responses result from, at least in part, loss of efferent renal nerve activity [ 15 ].  

     Technique   

 The concept of sympathetic denervation for blood pressure control is not new. More 
than a half century ago, surgical sympathectomy (including thoracolumbar sympa-
thectomy, splanchnicectomy, and celiac ganglionectomy) was sometimes performed 
to control blood pressure in patients with malignant hypertension. This was effec-
tive but caused debilitating side effects including postural hypotension, erectile dys-
function, and syncope. Smithwick and Thompson reported that in 1266 hypertensive 
patients who underwent this procedure, the 5-year mortality rates were 19 %, com-
pared to 54 % in 467 medically treated controls. Forty-fi ve percent of those who 
survived the surgery had signifi cantly lower blood pressure afterward, and the anti-
hypertensive effect lasted 10 years or more [ 16 ]. The procedure fell out of favor due 
to the morbidity associated with this nonselective approach and with increased 
availability of antihypertensive drug therapy. 

 Catheter-based  renal denervation   is a more selective and less invasive technique 
that interrupts the afferent and efferent renal nerves which run together in a mesh 
like network in the adventitial layer of the renal arteries. The location of the nerves 
in the renal arteries is conducive to an approach with a specially designed catheter 
that is inserted percutaneously through the femoral artery and advanced into the 
renal arteries. Renal denervation in humans has been achieved by delivery of radio-
frequency energy or norepinephrine depleting pharmaceuticals through the catheter, 
and applied to the endoluminal surface of the artery; thereby selectively targeting 
renal sympathetic nerves without affecting the abdominal, pelvic, or lower- extremity 
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nerves [ 17 ,  18 ]. While several  renal denervation   systems of varying designs have 
been in use outside the USA, this review will be limited to studies using Medtronic’s 
SYMPLICITY  renal denervation   system (Medtronic, Inc., Mountain View, CA), 
which has the vast majority of clinical data to  date  . 

 The SYMPLICITY studies used a unipolar platinum electrode mounted on the 
fl exible tip of a non-occlusive catheter, delivering radiofrequency energy at 5–8 W 
(lower than that used for cardiac electrophysiologic procedures) to the wall of the 
renal artery. The procedure is performed on both renal arteries, with 4–6 sites 
ablated in a longitudinal distal-to-proximal and rotational manner in 2-min treat-
ments at each site (with a distance of at least 5 mm between sites to avoid overlap-
ping lesions) to cover the full circumference of the artery. The system is designed to 
automatically shut off after the designated ablation time or if the impedance or 
temperature exceeds pre-programmed safety limits. The procedure does not require 
general anesthesia and there is no device implantation involved; intravenous pain 
medications and sedatives are needed for pain management during the procedure. 
Median procedure time is reported to be about 38 min. Patients with renovascular 
abnormalities were not enrolled in the SYMPLICITY trials [ 19 – 21 ]. While it is 
known from prior anatomic studies that renal nerve density tends to increase from 
the proximal to distal end of the artery and that most nerves are located ≤2.5 mm 
from the lumen, the nerves are not imaged or mapped before or after treatment [ 22 ]; 
therefore, it is not known whether all ablation sites along the renal artery produce 
the same degree of denervation. 

 Studies using  optical coherence tomography (OCT)   have shown that radiofre-
quency energy delivered by the  renal denervation   catheter causes transmural tissue 
necrosis and loss of endothelium, along with local thrombus formation and renal 
artery spasm [ 23 ]. Smaller vessels are felt to be more prone to spasm, however, 
persistent fl ow-limiting spasm appears to be rare. Patches of edema along the artery 
are common, and are referred to as “denervation notching,” which are reported to 
resolve without issues [ 24 ]. It is unclear whether these acute injury responses have 
any long-term impact. 

 Histologic data from pre-clinical studies in pigs, in which renal vessels that 
underwent denervation using the SYMPLICITY catheter were examined at 6 
months, indicated radiofrequency energy induced renal nerve injury (with thicken-
ing and fi brosis of the perineural sheath in the nerve from treated vessel, along with 
a hypercellular appearance of the nerve bundle), and showed complete healing of 
the renal  artery   [ 25 ]. 

 In a study in 25 patients who underwent  renal denervation   and had signifi cant BP 
reduction at follow-up, multi-unit  MSNA   was moderately decreased, and all proper-
ties of single-unit MSNA including fi ring rates of individual vasoconstrictor fi bers, 
fi ring probability, and multiple fi ring incidence of single units within a cardiac cycle 
were substantially reduced at follow-up. No changes were noted in a control group 
of ten patients. This would suggest that modulation of renal sympathetic nerve 
activity is the primary mechanism by which denervation reduces BP [ 26 ]. In con-
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trast to this, however, another study in 13 patients who underwent denervation 
showed no change in MSNA, despite BP-lowering effect (the authors specifi cally 
noted variable effects of denervation on BP in individual patients). There was no 
relationship between the effect on BP and the effect on MSNA [ 27 ]. This raises 
questions regarding variable effi cacy of denervation and variable effects on MSNA 
even if the procedure effectively disrupted the function of renal nerves.  

    Therapeutic Effectiveness and  Safety   

    SYMPLICITY HTN-1 and SYMPLICITY HTN-2 

  SYMPLICITY HTN-1   was a proof-of-principle (fi rst in man) study with an initial 
cohort of 45 patients, which was later expanded to 153 patients. Offi ce BP, which 
was the primary endpoint, was reduced by an average of 27/17 mmHg at 12 months, 
and fi nal follow-up at 36 months showed persistent BP reduction by an average of 
32/14 mmHg in 88 patients. Heart rate did not change signifi cantly from baseline to 
36 months. According to the investigators, there were no major procedure-related or 
device-related complications. One patient had a new angiographically confi rmed 
80 % stenosis 24 months after denervation, which was successfully stented [ 19 ,  28 ]. 

  SYMPLICITY HTN-2   was the fi rst randomized controlled trial in  renal denerva-
tion  , and it enrolled patients who had a systolic BP of 160 mmHg or higher (or 
150 mmHg or higher in patients with type 2 diabetes). Compared to control group 
( n  = 54) who continued treatment with antihypertensive medications alone, offi ce 
BP in the denervation group ( n  = 52) at the end of 6 months reduced by an average 
of 32/12 mmHg compared with average change of 1/0 mmHg in control group. The 
results were less striking in 20 patients who also had 24 h ambulatory blood pres-
sure monitoring done in SYMPLICITY HTN-2, which showed an average reduc-
tion of only 11/7 mmHg post denervation. The large discrepancy between offi ce BP 
and ABPM responses raises the possibility that a substantial effect of  renal denerva-
tion   is reduction in the “white-coat effect.” Long-term follow-up in 40 of the 52 
patients who initially had denervation reported sustained BP reduction by an aver-
age of 33/14 mmHg at 36 months. 85 % of these patients achieved an SBP reduction 
of ≥10 mmHg (defi ned as “responders”). Per trial design, patients in the control 
group were eligible to get  renal denervation   at the end of 6 months—this cross over 
group had an average systolic BP reduction of 33 mmHg at 30 months post denerva-
tion. There was a mean decrease in heart rate of 4 beats per minute, which persisted 
through 36 months of follow-up. No serious procedure-related or device-related 
complications were reported, and the occurrence of adverse events did not differ 
between groups at the time of primary analysis. No renal vascular events were 
 reported   [ 20 ,  29 ].  
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     SYMPLICITY HTN-3   

  SYMPLICITY HTN-3      was the largest double-blinded randomized controlled trial 
in  renal denervation  , and randomized 535 patients in the USA in a 2:1 ratio to 
undergo denervation or a sham procedure. In an effort to minimize possible white- 
coat resistant hypertension, eligibility criteria included 24 h ABPM systolic 
BP ≥ 135 mmHg in addition to offi ce systolic BP ≥ 160 mmHg on full and stable 
doses of at least 3 antihypertensive medications including a diuretic. A small design 
change in the catheter used in SYMPLICITY HTN-3 was that it was more fl exible 
compared to the stiffer earlier version. In contrast to the dramatic results from ear-
lier SYMPLICITY trials, SYMPLICITY HTN-3 showed only a 2.3 mmHg systolic 
BP difference between the denervation group and the sham procedure group 
( p  = 0.26), and the between-group difference did not meet the superiority margin of 
5 mmHg. Additionally, the change in 24 h ABPM, which was a major secondary 
endpoint, showed only a difference of 1.9 mmHg between the groups ( p  = 0.98). 
Follow-up at 12 months indicated that in denervation subjects, the offi ce systolic BP 
change was greater than that observed at 6 months (−15.5 ± 24.1 mmHg vs. 
−18.9 ± 25.4 mmHg, respectively;  p  = 0.025), but the 24 h systolic BP change was 
not signifi cantly different at 12 months ( p  = 0.229). There were no signifi cant differ-
ences in safety between the groups at 6 months and 12 months [ 30 ,  31 ]. 

 The results of SYMPLICITY HTN-3 have brought into question whether the 
effi cacy of  renal denervation   has been overestimated. The reasons for the discrep-
ancy in results between the earlier trials and SYMPLICITY HTN-3 have been 
extensively discussed in the literature, including the difference in patient charac-
teristics (more African Americans in SYMPLICITY HTN-3), catheter design, 
experience of operators and the possibility of a learning curve with possible proce-
dural shortcomings (post hoc analysis indicated that 253 of the participants ran-
domized to the active treatment arm of the study did not have circumferential 
ablation of both renal arteries) [ 32 – 35 ]. It should be noted that there are currently 
no consistent or reliable predictors of response to  renal denervation   (other than that 
those with higher baseline blood pressures tend to show more response). 
Measurement of  MSNA   and norepinephrine spillover on a routine basis is not fea-
sible in clinical practice. Although the incidence of de-novo renal artery stenosis 
attributable to the procedure is reportedly low, longer term follow-up is needed to 
assess this more carefully. The long-term evaluation of renal function is discussed 
in the next  section     .   

     Renal Function and Hemodynamics   

 The fi nal 3-year report of  SYMPLICITY HTN-1   noted that mean eGFR had 
decreased from 83.6 ml/min/1.73 m 2  to 74.3 ml/min/1.73 m 2 —28 patients had a 
decrease in eGFR by more than 25 % at 1 or more time points during follow-up (of 
which decreases were transient in 16 patients). No signifi cant change in renal 
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function was reported in  SYMPLICITY HTN-2   (in the fi nal 36-month follow-up 
report) or SYMPLICITY HTN-3 (in the 6-month primary end point report) 
[ 28 – 30 ]. 

 A study in 88 patients who underwent  renal denervation      examined renal resistive 
index in the interlobar arteries, renal function, and urinary albumin excretion, mea-
sured before and at 3 and 6 months of follow-up after denervation. Renal resistive 
index decreased signifi cantly from baseline to 3 and 6 months after denervation. 
Mean Cystatin C GFR and urinary albumin excretion remained unchanged; how-
ever, the number of patients with microalbuminuria or macroalbuminuria decreased. 
No renal vascular events were noted through the 6 months of follow-up [ 36 ]. 

 Renal perfusion was assessed by magnetic resonance imaging with arterial spin 
labeling (MRI-ASL) in a study in 19 patients who underwent denervation, along 
with assessment of Cystatin C and serum creatinine before and at 1 day and 3 
months after denervation. Central hemodynamics using pulse wave analysis were 
assessed before and at 6 months after denervation: there was signifi cant reduction in 
peripheral and central blood pressures after denervation; renal perfusion and func-
tion did not change signifi cantly. Additionally, renal vascular resistance (calculated 
as mean arterial pressure (mmHg) divided by renal perfusion measured by MRI- 
ASL (ml/min per 100 g kidney tissue) was signifi cantly reduced 3 months after 
denervation [ 37 ]. 

 Longer term follow-up is important to assess evolution of renal function post 
denervation, especially the effects of intensive diuretic or renin–angiotensin inhibi-
tors, if any, in the setting of  renal denervation     .  

     Durability of Effects   

 In studies that did show benefi t ( SYMPLICITY HTN-1   and  SYMPLICITY HTN- 
2  ), BP reduction was reported to be persistent through 36 months [ 28 ,  29 ]. Data 
from animal experiments suggests that renal re-innervation might occur; re- 
innervation has been reported to be complete and functional at 8 weeks post dener-
vation in rats, and in 12–16 months in dogs [ 38 ,  39 ]. Human experience with renal 
transplantation indicates that although there is anatomic re-innervation of the effer-
ent nerves, the functional signifi cance of this is unclear [ 40 ,  41 ].  

     Cost-Effectiveness and Quality of Life   

 A study prior to results of  SYMPLICITY HTN-3   used a state-transition Markov 
model to assess the cost-effectiveness of  renal denervation  . This model, based on 
effect size from  SYMPLICITY HTN-2   results, concluded that  renal denervation   
may be a cost-effective treatment strategy for treatment of resistant hypertension (to 
an order of magnitude below the recognized threshold of $50,000 per QALY) [ 42 ]. 
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However, this conclusion may no longer be valid based on results of SYMPLICITY 
HTN-3 which did not indicate effi cacy with  renal denervation  . Additionally, the 
model assumes that  renal denervation   will lower cardiovascular morbidity and mor-
tality by lowering BP; morbidity and mortality data are not available for  renal 
denervation   in resistant  hypertension  . 

 Health related  quality of life (QOL)   measures were examined in a small study of 
62 patients who underwent  renal denervation  , using the Outcomes Study 36-Item 
Short-Form Health Survey (SF-36) and the Beck Depression Inventory-II (BDI-II). 
Improvements in QOL measures (comparing before and 3 months after  renal dener-
vation  ) were reported, not associated with magnitude of BP reduction [ 43 ].  

    Renal Denervation  in CKD   

 An eGFR lower than 45 ml/min/1.73 m 2  was arbitrarily chosen as a contraindication 
for  renal denervation   in the SYMPLICITY trials. Thus, little evidence exists on the 
effect of denervation in moderate-to-severe CKD patients. One small study in 15 
patients with stage 3–4 CKD found that mean changes in offi ce systolic and dia-
stolic BP at 1, 3, 6, and 12 months were −34/−14, −25/−11, −32/−15, and 
−33/−19 mmHg, respectively. Night-time ambulatory BP signifi cantly decreased, 
restoring a more physiologic dipping pattern. There were no signifi cant changes in 
eGFR or microalbuminuria in 3–6 months of follow-up. Additional benefi ts included 
a trend towards increased hemoglobin concentration, decrease in brain natriuretic 
peptide, and a signifi cant reduction in arterial stiffness [ 44 ]. Although benefi cial 
effects on progression of CKD and albuminuria may be expected from a blood 
pressure-lowering effect and direct benefi cial effect of less sympathetic activity 
with  renal denervation  , the evidence is currently limited. In patients on hemodialy-
sis, only case reports and a small series have been published reporting safety and 
signifi cant blood pressure decrease after denervation, although in the series only 
systolic BP, not diastolic BP, decreased [ 45 ]. In hemodialysis patients, suitability of 
the renal arteries (of the atrophic kidneys) for denervation would be of  concern  .  

    Other Uses 

 Small studies have reported other benefi ts of  renal denervation   beyond BP lowering 
in conditions associated with underlying enhanced sympathetic drive, including 
improved glucose metabolism, improved apnea–hypopnea index in obstructive 
sleep apnea, improved insulin sensitivity in polycystic ovarian syndrome, and 
reduced recurrences of atrial fi brillation [ 46 – 49 ]. Left ventricular mass regression 
and improvement in diastolic function has also been reported [ 50 ]. Thus, there is 
some evidence that there may be pleiotropic effects of  renal denervation   beyond BP 
reduction; these require further investigation to assess potential utility.  
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    Summary 

 Although there is an attractive underlying rationale with strong pre-clinical data,  renal 
denervation   did not show signifi cant benefi t in the largest clinical trial to date. 
Interestingly, a randomized study published after  SYMPLICITY HTN-3   showed that 
adjusted drug treatment (with emphasis on drug adherence) was superior to  renal dener-
vation   in patients with “true” treatment resistant hypertension [ 51 ]. Other  renal dener-
vation   devices, including those with multi-electrode catheters, and non-invasive 
ultrasound based technology, are also being studied [ 52 ]. It is possible that this proce-
dure may still have a place in management of resistant hypertension, but not before 
there is better understanding of its effects, including identifying response predictors and 
appropriate selection of patients who may benefi t from the procedure, ability to better 
assess degree of ablation, and long-term follow-up for durability of effects and safety.   

     Baroreceptor Activation Therapy   

       Pathophysiology 

 Arterial baroreceptors located in the carotid sinus (at the bifurcation of the external 
and internal carotid arteries) respond to increased BP (via stretch stimulation due to 
vascular distension) and send signals to the  nucleus tractus solitarius (NTS)   located 
in the medulla. Under normal physiological conditions, baroreceptor fi ring exerts a 
tonic inhibitory infl uence on sympathetic outfl ow; when activated, there is increase 
in efferent parasympathetic and decrease in efferent sympathetic activity from the 
medullary center, causing bradycardia and peripheral vasodilation which counter-
acts the increases in BP. 

 Experimental animal models have also evaluated the effect of long-term stimula-
tion of baroreceptors using carotid sinus electrode implants in dogs; a signifi cant 
reduction in mean arterial pressure and plasma catecholamines has been demon-
strated in these models, without a concomitant increase in plasma renin activity. 
Studies have also shown that in animals with angiotensin-II induced hypertension, 
prolonged activation of the carotid baroreceptors results in decreased renal sympa-
thetic nerve activity in those with an intact barorefl ex mechanism, along with a 
resultant increase in  natriuresis   [ 53 – 56 ].  

       Technique 

 Modulation of the barorefl ex mechanism is not a new concept; in the 1960s, case 
reports and case series with use of implantable electronic devices showed angina 
and blood pressure reduction [ 57 – 60 ], however, technical limitations precluded 
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more widespread use. The devices were bulky, needed frequent recharging, and it 
was diffi cult to adjust the frequency and amplitude of stimulation. Adverse effects 
reported with these devices included dysphagia, coughing, gagging, and dyspnea 
[ 61 ]. 

 Newer devices have been developed with changes in generator and lead technol-
ogy. The Rheos Barofl ex Activation Therapy System (CVRx Inc., Minneapolis, 
MN) works by electrically activating the carotid barorefl ex. Increased signaling to 
the medullary brain centers results in changes in sympathetic and parasympathetic 
output to offset the perceived rise in blood pressure. This surgically implanted 
device consists of a battery-powered generator and 2 leads (with 5 electrodes), 
which run from the generator to the left and right carotid sinuses. The device is 
implanted in infraclavicular position, and is programmable by an external system 
linked telemetrically to the generator, and allows the physician to non-invasively 
adjust the stimulation parameters delivered to the leads. The implantation procedure 
requires surgical skill, and has been compared with carotid endarterectomy. The 
procedure is done under general anesthesia, and medications include anesthetic 
agents that blunt the barorefl ex system should be avoided. Electrode placement in 
the area of the carotid sinus is done in a position that provides optimal hemody-
namic response. The lead is connected to the generator and activated with impulses 
of 3 V, 100 Hz and a pulse width of 480 μ[mu]s; within 1 min, stimulation using 
these parameters at a correct location should reduce systolic blood pressure by at 
least 10–20 mmHg and heart rate by 5–10 beats/min. Once optimal location is con-
fi rmed, the electrode was sutured in place on the superfi cial aspect of the artery, 
avoiding direct suturing to the carotid  sinus   [ 62 ,  63 ]. 

 Adverse events attributed to the Rheos device were mainly surgical (noted 
below), and although the side effect profi le was felt to compare favorably with the 
results from endarterectomy trials involving intervention in the same anatomical 
region, a second-generation system of barorefl ex activation therapy Barostim neo 
(CVRx Inc., Minneapolis, MN) has been designed to address shortcomings of the 
original Rheos device. A single electrode lead (compared to 5 electrodes with the 
Rheos device) is implanted at one carotid site (typically on the right), thus reducing 
the operating fi eld and possible surgical complications. The battery is also smaller, 
with an extended life span (≈3 years). Average implantation procedure time for the 
Barostim device is reported to be 107 ± 28 min [ 52 ,  64 ,  65 ]. Patient with carotid 
artery stenosis or orthostatic hypotension were not enrolled in the barorefl ex activa-
tion therapy trials discussed below.  

       Therapeutic Effectiveness and Safety 

 The prospective nonrandomized DEBut-HT trial was a multicenter feasibility trial 
for the early generation Rheos device, performed in 45 patients with resistant hyper-
tension. In this proof-of-concept study, there was a reduction of 21 ± 4/12 ± 2 mmHg 
( n  = 37) in offi ce BP at 3 months, with further decreases of 30 ± 6/20 ± 4 mmHg 
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( n  = 26) at 1 year and 33 ± 48/22 ± 26 mmHg ( n  = 17) at 2 years (all  p  = <0.005), 
respectively. There was also a statistically signifi cant reduction in 24 h ambulatory 
blood pressures at 1 year follow-up (no signifi cant change was noted at 3 month 
follow-up). In contrast, no BP change was observed in 10 control patients who did 
not get device implantation. In total, 8 serious adverse events (7 procedure-related 
and 1 device-related) were reported. A sub-study of 12 patients from the DEBut-HT 
trial demonstrated that  MSNA   and BP were decreased after activation of  barorefl ex 
activation therapy (BAT)      and increased without activation, providing evidence that 
reduction of sympathetic outfl ow is the primary mechanism for BP reduction with 
this therapy. The DEBut-HT trial did not report any carotid artery stenosis as 
assessed by ultrasound at 1 year. No evidence of orthostatic hypotension was found, 
and no events of collapse or syncope were reported in 32 patients after 3 months of 
device therapy in the DEBut-HT trial [ 66 ]. 

 The double-blind, randomized, parallel-design Rheos Pivotal trial enrolled 256 
patients with resistant hypertension. One month after Rheos device implantation, 
patients were randomized in a 2:1 manner to immediate BAT (device on) or delayed 
BAT (device remained off for 6 months). The pre-specifi ed acute primary effi cacy 
end point (proportion of patients achieving BP reduction of ≥10 mmHg after 6 
months with a superiority margin of 20 %) was not met, and the secondary effi cacy 
end point (mean change in systolic BP after 6 months) failed statistical signifi cance 
(group A [device on]: −16 ± 29 versus group B [device off]: −9 ± 29 mmHg;  p  = 0.08). 
The sustained primary effi cacy end point, defi ned as BP reduction of ≥10 mmHg 
post-implant to 12 months, with ≥50 % of BP reduction seen at month 6 (primary 
end point) was reached. The procedural primary safety end point (30 day event free 
rate) was not met, mainly because of surgical complications (4.8 %) and transient 
(4.8 %) or residual (4.4 %) nerve injuries, but the pre-specifi ed criteria of both ther-
apy (6 month event free rate) and device safety (12 month event free rate) were met 
[ 67 ]. After completion of the Rheos Pivotal Trial, participants continued in an open- 
label, nonrandomized follow-up for an average of 28 ± 9 months. A mean BP reduc-
tion of 36/16 mmHg ( p  < 0.001) was observed in the selected group of long-term 
responders ( n  = 245, 76 %), defi ned by achieved systolic BP ≤ 140 mmHg 
(≤130 mmHg for patients with diabetes or CKD) or systolic BP reduction 
of ≥ 20 mmHg from device  activation  . ABPM results are not available from this 
study [ 68 ]. 

 Using the newer Barostim neo device, a single-arm open-label study enrolling 30 
patients with resistant hypertension showed a BP reduction of 
26.0 ± 4.4/12.4 ± 2.5 mmHg after 6 months. ABPM results are not available from 
this study. Three perioperative and 1 long-term procedure-related complication 
occurred [ 65 ]. The randomized Barostim Hypertension Pivotal trial is currently 
recruiting patients, and aims to study the safety and effi cacy of the newer device, 
and includes assessment of change of 24-h ambulatory  systolic blood pressure 
(SBP)   between baseline and 12 months post-activation as a secondary outcome 
measure.  
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     Renal Function   

 The Rheos pivotal trial and the Barostim study did not specify any exclusion based 
on renal function, whereas the DEBut-HT trial specifi ed exclusion of patients on 
dialysis. In the Rheos pivotal trial, the estimated  glomerular fi ltration rate (GFR)   
decreased from 92 to 87 ml/min/1.73 m 2  in group A (immediate activation/device 
on) at month 6—these values did not change any further after 12 months of therapy. 
Patients with highest GFR showed the greatest decrease in glomerular fi ltration. 
Group B (delayed activation/device off) showed the same trends as group A even 
before device activation at month 6. Systolic BP reduction seemed to be signifi -
cantly related to the change in glomerular fi ltration rate in both groups. Albumin/
creatinine ratio did not change in both groups during follow-up. Thus, barorefl ex 
activation therapy was associated with an initial mild decrease in glomerular fi ltra-
tion rate, attributed to be a hemodynamic response to the drop in blood pressure, and 
long-term treatment (up to the time of 12 month follow-up) did not result in further 
decrease in  renal function   [ 67 ,  68 ].  

     Cost-Effectiveness and Quality of Life   

 A German study reported Barostim BAT to be cost-effective compared with optimal 
medical treatment with an incremental cost-effectiveness ratio of €7797 per QALY. In 
the model, Barostim reduced lifetime rates of myocardial infarction by 19 %, stroke 
by 35 %, heart failure by 12 %, and end-stage renal disease by 23 % [ 69 ]. It should be 
noted, however, that this model evaluated the cost-effectiveness of the second- 
generation Barostim System, whereas clinical effectiveness data are based on the 
fi rst generation Rheos device. Additionally, the morbidity and mortality data are not 
available for BAT from current studies, and clinical effectiveness was extrapolated 
over a lifetime assuming durable effects. Additional considerations would include 
requirement for hospital stay after surgery, and need for surgical replacement of the 
implanted generator at least every 3 years (which is lifespan of the Barostim device).  

    Barorefl ex Activation Therapy  in CKD   

 The effect of BAT (using Barostim device) on renal function in 23 CKD patients 
with resistant hypertension (defi ned as systolic BP > 130 mmHg despite the use of 
at least 3 antihypertensive medications including a diuretic) was reported in a small 
pilot study. After 6 months of BAT, the offi ce systolic and diastolic BP decreased 
signifi cantly. Mean systolic BP decreased from 161 ± 31.9 to 144 ± 32.3 mmHg and 
mean diastolic BP decreased from 87.4 ± 15.2 to 77.7 ± 17.1 mmHg) ( p  < 0.01). The 
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mean decrease of systolic ABPM was −5.7 ± 15.4 mmHg which was not statistically 
signifi cant. Proteinuria decreased after 6 months of BAT by a median of −29.2 % 
(−67.6 ± 42.1 %) ( p  = 0.01) and albuminuria by a median of −19.0 % (−60.9 ± 5.1 %) 
( p  = 0.01), with more pronounced effects in those with higher stages of CKD. Serum 
creatinine ( p  = 0.66), eGFR-MDRD ( p  = 0.82), and CKD-EPI creatinine equation 
( p  = 0.98) did not differ in the follow-up compared to baseline. Renin and aldoste-
rone levels did not change before and after BAT, and a non-statistically signifi cant 
trend for increase in fractional excretion of sodium and 24 h urinary sodium was 
noted [ 70 ].  

    Other Uses 

 In a randomized trial of medical therapy vs. Barostim BAT in addition to medical 
therapy for NYHA III heart failure and ejection fraction ≤30 %, the group that 
received BAT had signifi cantly improved functional status, quality of life, exercise 
capacity, N-terminal pro-brain natriuretic peptide, and a non-signifi cant trend for 
lower heart failure hospitalizations at 6 months. No interactions with existing 
implantable cardiac rhythm management devices (pacemakers or ICDs) were seen 
[ 71 ]. An echocardiogram sub-study of the DeBUT-HT trial using the Rheos device 
in 34 patients indicated that after 1 year of BAT, there was reduced left atrial (LA) 
dimension, left ventricle (LV) wall thicknesses, LV mass, and LV stroke work 
( p  < 0.001). Signifi cant reduction in mitral A-wave velocity, LA dimension, and LV 
mass index (LVMI) suggested reduced LV diastolic fi lling pressures with BAT. No 
signs of deteriorating LV systolic function were present (i.e., no reduced LV ejec-
tion fraction and no increased LV end-diastolic diameter) [ 72 ]. These cardioprotec-
tive effects of BAT need to be evaluated in larger trials.  

    Summary 

 As with  renal denervation  , more data on effi cacy, safety, and durability of effects, 
especially with the newer generation Barostim devices, will be needed before wide-
spread use of this technique. While there are no head-to-head comparisons of  renal 
denervation   vs. BAT in patients with resistant hypertension, the Barostim BAT 
study showed lower BP and heart rate in a subset of patients who had previously 
undergone  renal denervation   therapy that failed to adequately control their hyper-
tension [ 65 ]. A pre-clinical study in dogs with complete bilateral  renal denervation   
has also demonstrated that intact renal nerves were not required for BAT to provide 
BP and heart rate reductions [ 73 ]. Grassi and colleagues have summarized similari-
ties and differences between  renal denervation   and baroreceptor stimulation [ 61 ].   
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    Other Devices 

    Arteriovenous  Fistula   

 The ROX coupler system (ROX Medical Inc., San Clemente, CA) attempts to lower 
blood pressure by targeting the mechanical characteristics of the arterial tree in 
hypertension, and involves the addition of a low-resistance, high compliance venous 
segment to the stiff central arterial tree (that occurs with chronic hypertension). The 
device creates a 4 mm arteriovenous fi stula (AVF) between the iliac artery and vein, 
generating a sustained calibrated shunt volume (≈800 ml/min) within a short period 
of time (≈1 h). A reduction in total systemic vascular resistance, despite an incre-
ment in cardiac output, is considered to be the key mechanism by which blood pres-
sure is lowered [ 52 ]. Adverse effects include induction of venous stenosis and 
thrombosis and potential worsening or development of right ventricular failure. The 
randomized ROX CONTROL HTN study showed that in the ROX coupler group 
( n  = 44), offi ce BP decreased by 26.3/20.1 mmHg (control group ( n  = 39) 
3.7/2.44 mmHg) and ambulatory BP by 13.5/13.5 mmHg (control group 
0.5/0.1 mmHg) after 6 months. Patients with eGFR of less than 30 ml/min/1.73 m 2  
were excluded from this study [ 74 ]. There are no reports of this device being specifi -
cally tested in CKD patients.     

     Carotid Implant Device   

 A fi rst-in-man study (CALM-FIM_US) of the MOBIUS HD device (Vascular 
Dynamics Inc., Mountain View, CA) is currently recruiting patients to evaluate effi -
cacy and safety of a device implanted in the region of the carotid sinus, and designed 
to amplify baroreceptor signaling and lead to blood pressure lowering 
(NCT01831895).      
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