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Update on Diagnosis and Treatment of Resistant Hypertension
Eduardo Pimenta

Resistant hypertension is an increasingly common medical problem, 
and patients with this condition are at a high risk of cardiovascular 
events. The prevalence of resistant hypertension is unknown, but 
data from clinical trials suggest that 20% to 30% of hypertensive 
individuals may be resistant to antihypertensive treatment. The 
evaluation of these patients is focused on identifying true resistant 
hypertension and contributing and secondary causes of hypertension, 
including hyperaldosteronism, obstructive sleep apnea, chronic 
kidney disease, renal artery stenosis, and pheochromocytoma. 
Treatment includes removal of contributing factors, appropriate 
management of secondary causes, and use of effective multidrug 
regimens. More established approaches, such as low dietary salt 
and mineralocorticoid receptor blockers, and new technologies, 
such as carotid stimulation and renal denervation, have been used 
in the management of patients with resistant hypertension.
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INTRODUCTION
Resistant hypertension is defined as a blood 

pressure (BP) that remains above goal in spite of 
use of 3 antihypertensive medications prescribed at 
optimal dose amounts. According to the Scientific 
Statement for Diagnosis and Treatment of Resistant 
Hypertension published by the American Heart 
Association in 2009, one of the three agents should 
ideally be a diuretic.1 Hypertensive patients whose 
BP is controlled on 4 or more antihypertensive 
medications and patients who have uncontrolled 
BP on regimens of 3 drugs from other classes and 
who do not tolerate diuretics are also considered 
to have resistant hypertension. 

The prevalence of resistant hypertension is 
unknown, but data from clinical trials suggest 
that 20% to 30% of hypertensive individuals may 
be resistant to antihypertensive treatment.2,3 For 
example, in the Antihypertensive and Lipid-
Lowering Treatment to Prevent Heart Attack 
Trial (ALLHAT), 34% of participants remained 
with uncontrolled BP despite an average of 2 
antihypertensive medications after approximately 
5 years of follow-up.2 At the end of the ALLHAT, 

27% of participants were controlled on 3 or more 
medications, and overall, 49% of participants were 
controlled on 1 or 2 medications. This means that 
approximately 50% of participants needed 3 or more 
BP medications. However, the real prevalence of 
resistant hypertension may be underestimated in 
the ALLHAT, because patients with a history of 
difficult-to-treat hypertension (defined as 2 or more 
medications to achieve a BP lower than 160/100 
mm Hg) were excluded from the study. 

Factors that predispose to antihypertensive 
t r e a t m e n t  r e s i s t a n c e  i n c l u d e  p o p u l a t i o n 
characteristics, such as increased life expectancy, 
higher obesity rates, and decreased physical activity, 
as well as provider characteristics, including 
inadequate attention to systolic BP elevations 
and the more aggressive BP goals recommended 
by guidelines. Furthermore, contributing factors 
(Table 1) and secondary causes of hypertension are 
more likely to present in patients with resistant 
hypertension (Table 2). All patients confirmed to 
have resistant hypertension should be therefore 
investigated for these secondary causes and, when 
possible, referred to an appropriate specialist.1 
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The impact of treatment of resistant hypertension 
on cardiovascular morbidity and mortality has not 
been specifically addressed. Furthermore, there are 
few high-quality data comparing cardiovascular risk 
in patients with resistant hypertension with those 
in whom hypertension is more easily controlled. 
However, because cardiovascular risk increases 
linearly and progressively with BP levels and 
that lowering of BP reduce cardiovascular and 
renal morbidity and mortality,4 it is reasonable to 
conclude that patients with resistant hypertension 
are likely to have a higher risk and benefit from 
antihypertensive treatment. 

In the present article we discuss the assessment 
and treatment approaches that have been specifically 
tested in patients with confirmed resistant 
hypertension. 

PSEUDORESISTANCE
Pseudoresistance is defined as factitious lack of 

BP control caused by inaccurate measurement 
of BP, inappropriate drug choices or doses, 
nonadherence to prescribed therapy, or the “white-
coat” effect. Pseudoresistance should be ruled out 
in patients with uncontrolled BP. Identification 
of pseudoresistance avoids overtreatment and 
excessive and expensive evaluation.5 

White-coat effect  and poor adherence to 
prescribed medications are common causes of 
uncontrolled hypertension. White-coat effect is the 
difference between office BP and ambulatory or 
home BP measurements and can be calculated as the 
mean office BP minus mean daytime ambulatory BP. 
Ambulatory and home BP monitoring are important 
methods to evaluate patients with uncontrolled BP 
and to assess true treatment resistance in clinical 
practice. Poor adherence to prescribed medications 
is a common cause of uncontrolled hypertension. 
High cost of treatment, poor relations between 
doctor and patient, complex medical regimens, and 
adverse effects of medical therapy are additional 
causes of poor adherence (Figure 1).6

Clinical inertia, defined as the provider’s failure 
to increase therapy when the treatment goal is 
not reached, is a major contributor to suboptimal 
medical treatment and results in uncontrolled 
hypertension.7 Common causes of clinical inertia 
include lack of knowledge of treatment guidelines, 
underestimation of cardiovascular risk, and the 
use of spurious reasons to avoid intensification 

Figure 1. Consequences of poor adherence.

Contributing Factors
Volume expansion

Excess sodium intake
Volume retention secondary to chronic kidney disease
Inadequate diuretic therapy

Obesity
Exogenous substances

Nonsteroidal anti-inflammatory agents
Oral contraceptives
Alcohol
Corticosteroids
Anabolic steroids
Sympathomimetic agents (nasal decongestants, diet pills, 

and cocaine)
Caffeine
Cyclosporine
Erythropoietin
Chemotherapeutic agents
Antidepressants

Table 1. Contributing Factors and Secondary Causes of 
Resistant Hypertension

Secondary Causes
Primary aldosteronism
Obstructive sleep apnea
Chronic kidney disease
Renal artery stenosis
Pheochromocytoma
Central nervous system tumors
Coarctation of the aorta
Thyroid diseases

Table 2. Secondary Causes of Hypertension
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of therapy, eg, physician perception (without 
patient input) that the patient will not accept more 
medications. 

SECONDARY HYPERTENSION
The prevalence of secondary hypertension is 

higher in patients with resistant hypertension than 
in the general hypertensive population. The most 
common secondary causes of resistant hypertension 
are primary aldosteronism (PA), chronic kidney 
disease, renal artery stenosis, and obstructive 
sleep apnea (OSA). The prevalence of secondary 
hypertension increases with age, mainly due to 
increases in the risk of developing chronic kidney 
disease, OSA, and renal artery stenosis.

Primary Aldosteronism
Primary aldosteronism is the most common 

cause of secondary hypertension and is a frequent 
contributor to treatment resistance. The prevalence 
of PA is greater than previously thought, partially 
because hypokalemia and adrenal tumors are no 
longer necessary criteria for the diagnosis of PA. 
In fact, a substantial proportion of patients with 
PA have normal potassium.8 Multiple studies have 
confirmed a prevalence of PA of approximately 
10% among general hypertensive patients, and the 
prevalence is positively correlated with the severity 
of BP.9 Among untreated patients, the prevalence 
of PA increases with increasing severity of the 
hypertension, from 2% in patients with stage 1 
hypertension to 8% in those with stage 2 hypertension 
and 13% in those with stage 3 hypertension.10 

The prevalence of PA is even higher in patients 
with resistant hypertension, approaching 17% to 
22% in multiple studies (Figure 2).11-14 For example, 
in a prospective study 18 of 88 patients (20%) with 
resistant hypertension referred to the University 
of Alabama at Birmingham were diagnosed with 
PA based on a suppressed plasma renin activity 
(< 1.0 ng/mL/h) and a high 24-hour urinary 
aldosterone excretion (> 12 µg/24 h) during high 
dietary sodium intake (> 200 mEq/24 h).11 The 
prevalence of PA was similar in African-American 
and white patients. Because of its high prevalence 
in this patient group, all patients with resistant 
hypertension, even those with normal potassium 
levels, should be evaluated for PA. 

We have shown that patients with resistant 
hypertension are characterized by higher aldosterone 

levels. In a cross-sectional analysis, 279 consecutive 
patients with resistant hypertension were compared 
to 53 controls (with normotension or hypertension 
controlled on 2 antihypertensive medications and 
less).15 Plasma aldosterone, aldosterone-renin ratio, 
and 24-hour urinary aldosterone were significantly 
higher in patients with resistant hypertension than 
in controls. Patients with resistant hypertension 
had lower levels of plasma renin activity and 
higher levels of brain and atrial natriuretic peptides 
compared to controls, providing the evidence that 
intravascular fluid retention plays an important role 
in hypertension resistant to treatment. It is of note 
that 85% of patients with resistant hypertension 
were on recommended doses of thiazide diuretics.

Aldosterone-renin ratio is considered the 
most rel iable test  for screening of  PA, but 
false-positive and false-negative results may 
occur depending on posture, time of the day, 
salt intake, plasma potassium, and concurrent 
medications.16 Medications such as diuretics, 
angiotensin-converting enzyme (ACE) inhibitors, 
and angiotensin receptor blockers (ARBs) can 
mask the diagnosis of PA by causing false-
negatively low aldosterone-renin ratios. However, 
although interfering medications should be ideally 
stopped before screening for PA, the risk of 
stopping medications in patients with resistant 
hypertension needs to be carefully assessed in 
order to avoid loss of hypertension control. If 

Figure 2. Prevalence of primary aldosteronism among patients 
with resistant hypertension in multiples studies of Birmingham,11 
Seattle,12 Oslo,13 and Prague.14
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aldosterone-renin ratio is positive, PA has to be 
confirmed by fludrocortisone suppression test, 
oral sodium loading, and saline infusion testing 
or captopril challenge test.17 After confirmation 
of PA, lateralization of the source of the excessive 
aldosterone secretion demonstrated by adrenal vein 
sampling is critical to guide the management of 
PA. Unilateral adrenalectomy usually has a major 
beneficial effect in patients with confirmed PA 
and lateralization of aldosterone overproduction 
to one adrenal on adrenal venous sampling, not 
only on hypertension control, but also on quality 
of life, reduction in risk of cardiovascular and 
renal target organ damage and risk of events.17-20

Obstructive Sleep Apnea
Obstructive sleep apnea, which is defined as 

preserved and increased respiratory effort despite 
partial or complete occlusion of the upper airway, 
is a strong and independent risk factor for the 
presence and future development of hypertension 
and cardiovascular diseases.21-25 Cross-sectional 
studies indicate that the severity of OSA is related 
to BP and that hypertension occurring in individuals 
with OSA is more likely to be severe and resistant 
to treatment.21,25,26 In 42 patients with resistant 
hypertension referred to a university center, Logan 
and colleagues found that 83% of participants 
had unsuspected OSA (apnea-hypopnea index 
[AHI] ≥ 10/h).27 The prevalence and severity 
were significantly higher in men than in women 
with resistant hypertension. Furthermore, studies 
have shown that OSA and hyperaldosteronism, 
both highly prevalent in patients with resistant 
hypertension, are related and may interact on a 
pathophysiologic basis.28-30 

Chronic Kidney Disease
Chronic kidney disease is not only a common cause 

of resistant hypertension, but also a consequence of 
poor BP control over time. Fluid retention, excessive 
activation of the renin-angiotensin-aldosterone 
system (RAAS) and concomitant medicines are 
related to treatment resistance in patients with 
impaired kidney function.31

Albuminuria and glomerular filtration rate 
should be assessed in all patients with resistant 
hypertension. Because increases in the serum 
creatinine occurs in a late stage of kidney disease, 
glomerular filtration rate should be estimated by 

the use of the Modification of Diet in Renal Disease 
(MDRD) Study or Cockcroft-Gault equation.32 
Dietary salt reduction plays an important role in 
order to reduce volume expansion in patients with 
chronic kidney disease. Loop diuretics effectively 
reduce volume and facilitate BP control in patients 
with a creatinine clearance lower than 30 mL/
min. Blockade of the RAAS in patients with 
impaired kidney function reduces cardiovacular 
risk, improves BP control, and reduces proteinuria 
and progression to end-stage renal disease.33 
Angiotensin-converting enzyme inhibitors and 
ARBs are indicated in patients with mild to 
severe chronic kidney disease, particularly in the 
presence of microalbominuria or macroalbuminuria. 
Reductions in the glomerular filtration rate can 
occur after starting ACE inhibitors or ARBs. These 
changes are usually limited and transitory and are 
not an indication for cessation of therapy.

Renal Artery Stenosis
Renovascular disease is commonly found 

among patients with resistant hypertension and 
multiple risk factors.34,35 Stenotic lesions are 
largely secondary to atherosclerosis (90%), and 
their prevalence increases with age.36 Renal artery 
stenosis is more common in patients with extrarenal 
atherosclerotic disease.36 Fibromuscular dysplasia 
is present in approximately 10% of cases of renal 
artery stenosis and are more frequent in young 
women. Fibromuscular dysplasia is successfully 
treated with balloon angioplasty.37

Patients with resistant hypertension and known 
atherosclerotic disease, declining kidney function, 
or a history of flash pulmonary edema have an 
increased likelihood of atherosclerotic renal arterial 
disease. These patients have to be evaluated with 
renal artery Doppler ultrasonography, renal 
nuclear medicine scan, computed tomography 
scan, or magnetic resonance angiography of 
the renal arteries. The choice of treatment for 
atherosclerotic renal lesions is controversial due to 
a lack of strong evidence in favor of either medical 
treatment or revascularization for BP control and 
preservation of kidney function.38,39 The renal 
venous-renin ratio study is the only diagnostic 
procedure able to determine renin production of 
each kidney separately and can be of considerable 
assistance in treatment decision making. It predicts 
improvement of hypertension after nephrectomy 
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in patients suspected of having unilateral renal 
renin hypersecretion associated with ipsilateral 
marked or complete loss of kidney function.40-42 

Pheochromocytoma
Although the prevalence of pheochromocytoma 

in general hypertensive population is low (0.1% to 
0.6%),43,44 the diagnosis and treatment are extremely 
important due to difficult-to-control hypertension, 
the possibility of precipitating hypertensive crisis 
if the tumor is stimulated, and the possibility 
that the tumor could be malignant.45 The clinical 
presentation of pheochromocytoma is widely 
variable, but the triad of headache, palpitations, 
and sweating are the most common findings.46 All 
patients with resistant hypertension and symptoms 
typical of pheochromocytoma should be screened. 
Plasma free metanephrines are the best screening 
test for pheochromocytoma, with high sensitivity 
(99%) and specificity (89%).47 Surgical removal of 
the tumor is the appropriate treatment.

TREATMENT
Salt Reduction

Sodium causes target organ-damage not only 
through hemodynamic mechanisms, ie, BP, but also 
through nonhemodynamic mechanisms. Dietary 
salt intake induces a complex series of events in 
the endothelium that appear to be independent of 
BP and the RAAS.48 

Observational  studies and cl inical  tr ials 
performed in general and hypertensive populations 
indicate that a high dietary salt intake is associated 
with higher BP. For example, in the INTERSALT 
study, a multinational evaluation that included 
more than 10 000 normotensive and hypertensive 
participants from 52 populations, differences in 
dietary sodium ingestion of 100 mmol per day 
were associated with differences in systolic BP of 
approximately 2.2 mm Hg after adjustment for age, 
sex, potassium excretion, body mass index, and 
alcohol intake.49 The positive relation between salt 
ingestion and level of BP appeared to be stronger 
in patients with hypertension. Meta-analyses have 
suggested that low-salt intervention in hypertensive 
patients decreases systolic and diastolic BP by 
3.7 mm Hg to 7.0 mm Hg and 0.9 mm Hg to 2.5 
mm Hg, respectively.50-52 

Although the effects of reducing dietary sodium 
intake on BP levels have been evaluated in the 

general hypertensive population, few studies have 
examined the role of dietary salt in patients with 
resistant hypertension per se. In one study, 16 
patients with “refractory” hypertension, defined 
as uncontrolled BP on maximum doses of at least 
1 diuretic and 1 sympatholytic agent, were treated 
with extreme dietary salt restriction (10 mmol 
of sodium per day) in combination with intense 
diuretic therapy (either hydrochlorothiazide 100 
mg or furosemide 80 mg to 200 mg daily) after 
ceasing other antihypertensive therapy.53 Systolic 
and diastolic BP decreased on average by 21 mm 
Hg and 7 mm Hg, respectively. However, this 
study had limited practical implications, because 
the definition of refractory hypertension differs 
from the current definition and such extreme 
sodium restriction (< 1.0 g of salt) would be almost 
impossible in the real life without home delivery 
of specially prepared meals. Furthermore, the 
study did not assess the effects of low-salt diet in 
combination with other antihypertensive therapies.

More recently, we published the results of 
a 4-week randomized cross-over study which 
included 12 patients with resistant hypertension.54 
Participants were on an average of 3.4 ± 0.5 
medications, and all the patients were on a thiazide 
diuretic (hydrochlorothiazide, 25 mg/d) and 
an ACE inhibitor or an ARB. Participants were 
randomized to low- or high-salt diet for 1 week 
and crossed over to the opposite diet for 1 week 
after 2 weeks of wash out. Patients remained on 
the same antihypertensive treatment throughout 
the study. The low-salt meals were designed by 
nutritionists on individual basis in order to provide 
50 mmol of sodium per day (2.8 g of salt). During 
the high-salt diet, patients received more than 250 
mmol/d of sodium (14.3 g of salt). Adherence to 
diet was confirmed by measurement of 24-hour 
urinary sodium excretion. The mean office systolic 
and diastolic BP reduced by 22.7/9.1 mm Hg during 
low- compared to high-salt diets. Low-salt diet 
decreased daytime, nighttime, and 24-hour systolic 
and diastolic BP to a similar degree to office BP, 
when compared to high-salt ingestion. The effect 
of low-salt diet on ambulatory BP was persistent 
throughout the 24-hour period (Figure 3). The BP 
reduction achieved during the low-salt ingestion 
was estimated as being equivalent to adding 
2 antihypertensive medications.55 Considering 
BP reductions that have been observed in our 
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study compared to clinical trials with unselected 
and untreated hypertensive subjects, our study 
suggested that patients with resistant hypertension 
are particularly salt sensitive.55

In our study, plasma renin activity increased 
and brain natriuretic peptide, body weight, and 
creatinine clearance decreased significantly with 
low-salt compared to high-salt diet, suggesting 
intravascular fluid retention with high-salt diet. 
It is of note that intravascular fluid retention was 
observed in spite of the use of conventional diuretic 
therapy (hydrochlorothiazide, 25 mg/d). 

Continuous Positive Airway Pressure
Continuous positive airway pressure (CPAP), 

which is used for treatment of OSA, has minimal 
BP effect.56-58 However, CPAP treatment seems to 
have greater antihypertensive effect in patients 
with more severe hypertension. For example, in 
a retrospective study, effects of CPAP therapy on 
BP were assessed in patients with OSA (AHI > 5 
events per hour) and hypertension.59 After 1 year 
of follow-up, treatment with CPAP significantly 
reduced mean arterial pressure in patients with 

resistant hypertension, but not in patients with 
controlled hypertension. In a different study, 64 
patients with resistant hypertension and OSA 
(AHI > 15 events per hour) were randomized to 
treatment with CPAP added to conventional medical 
treatment or conventional treatment alone for 3 
months.60 Reduction in 24-hour diastolic BP was 
significantly greater in patients with confirmed 
resistant hypertension (office BP > 140/90 mm Hg 
and 24-hour BP > 125/80 mm Hg) treated with 
CPAP compared to those treated with conventional 
treatment (-4.9 ± 6.4 versus 0.1 ± 7.3 mm Hg, 
P = .03). Reductions in daytime diastolic, 24-hour 
diastolic and systolic BP were also significantly 
greater among patients who used CPAP more 
than 5.8 hours per night. These results suggest 
that OSA should be investigated in patients with 
resistant hypertension, and CPAP therapy is 
recommended for those with OSA. However, more 
studies are necessary to confirm the CPAP effects 
on BP reduction.

Aldosterone Receptor Blockers
The addition of low doses of mineralocorticoid 

Figure 3. Comparison of 24-hour ambulatory blood pressure values during low- and high-salt diet. Data are presented as mean ± 
standard error. Adapted from a study published in 2009 by Pimenta and colleagues.54
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receptor blockers to the current treatment effectively 
reduces BP in patients with resistant hypertension 
(Figure 4).61-67 In a prospective study, patients with 
resistant hypertension received spironolactone (12.5 
mg/d to 25 mg/d) in addition to their current 
treatment which included an ACE inhibitor or 
ARB and a diuretic.63 Systolic and diastolic BP 
reduced by 25 mm Hg and 12 mm Hg, respectively, 
after 6 months of treatment. There was a similar 
BP reduction in patients with compared to those 
without PA. Furthermore, BP reduction was not 
predicted by baseline plasma aldosterone or renin 
levels or by 24-hour urinary aldosterone, and BP 
reduction was similar in African-American and 
white participants. In the Anglo-Scandinavian 
Cardiac Outcomes Trial-Blood Pressure Lowering 
Arm (ASCOT), 1411 participants who finished the 
study and BP had uncontrolled on 3 antihypertensive 
agents received spironolactone (mean dose, 25 mg) 
as a fourth drug.64 Systolic and diastolic BP reduced 
by 21.9 mm Hg and 9.5 mm Hg, respectively, after 
an average of 1.3 years, independently of age, sex, 
smoking, and diabetes status.

T h e  a b o v e  r e s u l t s  r a i s e d  t h e  q u e s t i o n 
whether the dual blockade of the RAAS with 
spironolactone in combination with an ACE or 
ARB is more effective than dual blockade with 
an ACE inhibitor and an ARB. In a prospective 
open-label crossover study, 42 patients with true 
resistant hypertension (determined by ambulatory 
BP monitoring) received an ACE inhibitor for 12 
weeks in addition to their treatment, if they were 
already being treated with an ARB, or an ARB, if 

they were being treated with an ACE inhibitor.68 
After 4 weeks of washout without the added 
RAAS blocker, patients received spironolactone, 
25 mg, for 12 weeks in addition to their current 
treatment. Spironolactone was increased to 50 mg 
after 4 weeks if necessary. The combination of an 
ACE inhibitor with an ARB reduced office BP by 
12.9/2.2 mm Hg and 24-hour BP by 7.1/3.4 mm 
Hg. In contrast, the addition of spironolactone 
reduced office and 24-hour BP by 32.2/10.9 mm 
Hg and 20.8/8.8 mm Hg, respectively. The study 
not only showed the small BP effect of combining 
ACE inhibitor and ARB, but also confirmed that 
spironolactone should be considered in all patients 
with uncontrolled hypertension on three or more 
antihypertensive agents.69 

Spironolactone, in addition to the lowering 
BP effect, seems to reduce the severity of OSA 
in patients with resistant hypertension. In a 
prospective open-label study, 12 patients with 
resistant hypertension and OSA, defined as AHI of 
15 events per hour or higher, had spironolactone 
added to their current antihypertensive treatment 
for 8 weeks when polysomnography was repeated.70 
Apnea-hypopnea index, hypoxic index, weight, and 
clinical and ambulatory BP significantly reduced, 
and plasma renin activity significantly increased 
after treatment. These results support the concept 
that aldosterone-mediated chronic fluid retention 
may influence severity of OSA.

Eplerenone, a more selective mineralocorticoid 
receptor blocker, also effectively reduces BP in 
patients with resistant hypertension. In an open-

Figure 4. Spironolactone-induced blood pressure reductions observed in studies of patients with resistant hypertension.61-64,66 Adapted 
from a review published in 2007 by Pimenta and colleagues.65
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label non-placebo-controlled study, 52 patients 
with resistant hypertension received 50 mg to 100 
mg of eplerenone daily for 12 weeks.71 Eplerenone 
reduced clinic and 24-hour BP by 17.6/7.9 mm Hg 
and 12.2/6.0 mm Hg, respectively. Similar to the 
studies with spironolactone, BP reductions were 
weakly related to baseline serum aldosterone and 
unrelated to plasma renin activity, age, gender, 
or race. 

Spironolactone at the studied doses (12.5 mg to 
50 mg) is usually well tolerated even in combination 
with ACE inhibitors or ARBs. Serum potassium and 
creatinine levels should be monitored in patients 
treated with mineralocorticoid receptor antagonists. 
Potassium supplementation or salt substitutes 
that contain potassium should be discontinued 
or reduced in patients who are started on these 
agents. Spironolactone-associated hyperkalemia 
is uncommon in patients with normal kidney 
function, but risk of hyperkalemia is increased in 
older patients, in patients receiving ACE inhibitors 
or ARBs and/or non-steroidal anti-inflammatory 
drugs, and in patients with chronic kidney disease 
or diabetes mellitus. In these higher-risk patients, 
spironolactone can be started at 12.5 mg daily. 

Breast tenderness with or without gynecomastia, 
occurs  in  less  than  10% of  men who take 
spironolactone, 25 mg daily, and its occurrence 
increases sharply with higher doses.63,64 The more 
selective mineralocorticoid receptor antagonist 
eplerenone has lower affinity for progesterone 
and androgen receptors and is better tolerated 
than spironolactone.72 

Amiloride, which antagonizes aldosterone 
action by blocking the epithelial sodium channel, 
has been demonstrated to effectively reduce BP 
in patients with aldosterone-related hypertension. 
However, there is less experience using it to 
specifically treat resistant hypertension.13,73 Like 
direct mineralocorticoid receptor antagonists, there 
is a risk of hyperkalemia. 

FUTURE PERSPECTIVES
Endothelin Receptor Blockers

Endothelin, which has been recognized as 
a potent vasoconstrictor factor,  modulates 
cardiovascular function, and stimulation of 
endothelin receptors in the vascular system 
produces marked sustained hypertension.74 
Furthermore, endothelin administration results in 

renal vasoconstriction associated to a decrease in 
sodium excretion.75 The endothelin receptor type 
A is widely expressed and is the main receptor 
of the endothelin system in the vascular smooth 
muscle.76 Because plasma endothelin levels have 
been related to severity of hypertension, endothelin 
antagonists have been tested in patients with 
resistant hypertension. 

A randomized double-blinded placebo-controlled 
trial (DORADO) tested darusentan, a selective 
endothelin type A receptor antagonist, in 379 
patients with resistant hypertension who were 
receiving at least 3 antihypertensive medications 
including a diuretic.77 Participants received placebo 
or darusentan, 50 mg, 100 mg, or 300 mg, for 14 
weeks. Clinic systolic and diastolic BP were reduced 
by 9 ± 14 mm Hg and 5 ± 8 mm Hg, 17 ± 15 mm Hg 
and 10 ± 9 mm Hg, 18 ± 16 mm Hg and 10 ± 9 mm 
Hg, and 18 ± 18 mm Hg and 11 ± 10 mm Hg with 
placebo and darusentan at doses of 50 mg, 100 mg, 
and 300 mg, respectively (P < .001 for all the three 
darusentan doses compared to placebo). There were 
no significant differences between darusentan dose 
groups. In a different study, patients with resistant 
hypertension who had been treated with at least 3 
antihypertensive agents, including a diuretic, were 
randomly assigned to receive darusentan, central 
α2-agonist guanfacine or placebo for 14 weeks.78 
Office systolic BP reduction with darusentan was 
significantly greater than that with guanfacine 
(15 ± 14 mm Hg versus 12 ± 13 mm Hg, P < .05), but 
not greater with placebo (14 ± 14 mm Hg). However, 
24-hour systolic BP reduction with darusentan 
(9 ± 12 mm Hg) was significantly higher than that 
with guanfacine (4 ± 12 mm Hg) or placebo (2 ± 12 
mm Hg). In both studies, adverse effects related 
to fluid retention occurred in approximately 30% 
of patients treated with darusentan despite the 
use of diuretics.77,78 One study reported modest 
increases in serum creatinine and decreases in 
estimated glomerular filtration rate with 100 mg 
and 300 mg of darusentan.77

The endothelin type A receptor antagonist 
darusentan seems to be effective in the treatment 
of resistant hypertension, but volume retention and 
exacerbation of heart failure, in spite of diuretic 
use, occur in almost one-third of patients. More 
data on BP, as well as hypertension-related target-
organ damage and cardiovascular events, and more 
safety data are needed before endothelin type A 
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receptor antagonist can be employed in the routine 
treatment of patients with resistant hypertension.

Baroreflex Activation
The carotid sinus is an important modulator of 

autonomic tone and regulates BP. The brain receives 
signals from the baroreceptors through afferent 
nerves, which subsequently reduces sympathetic 
outflow and BP. Clinical and experimental studies 
have demonstrated that electrical stimulation of 
carotid artery reduces BP.79-83 However, electrical 
carotid sinus nerve stimulation in humans did 
present some limitations such as reduced long-
term effect, unknown amount of stimulation 
required and size of the device, and orthostatic 
hypotension. Also, the development of new and 
effective antihypertensive medications prevented 
the development of new devices for some time.

A new implantable pulse generator, which is 
implanted in the chest similarly to a pacemaker, has 
been tested in patients with resistant hypertension. 
This device has leads that tunnel subcutaneously 
and are bilaterally attached to the carotid sinuses. 
In a nonrandomized prospective feasibility study 
designed to assess safety and efficacy of the pulse 
generator, 45 patients with resistant hypertension 
with baseline mean BP of 179/105 mm Hg on 
a median of 5 antihypertensive medications, 
received the device.84 Only 37, 26, and 17 patients 
completed the 3-month, 1-year, and 2-year follow-
up, respectively. For these time points, office BP 
was reduced by 21/12 mm Hg, 30/20 mm Hg, and 
33/22 mm Hg, respectively. The mean 24-hour 
ambulatory BP was reduced by 6/4 mm Hg, 13/8 
mm Hg, and 24/13 mm Hg for the same periods. 
One patient died 6 days after operation due to 
angioneurotic edema before device activation. 
Other serious adverse events included preoperative 
stroke, infection, generator dislocation, tongue 
paresis (likely due to hypoglossal nerve injury), 
and moderate pulmonary edema. Complications 
related to surgery are the major limitations to 
carotid stimulation despite overall good results. 
Furthermore, BP responses to baroreflex activation 
are largely variable with some patients not 
demonstrating any BP reduction at all. 

Renal Denervation
The sympathetic nervous system is an important 

contributory mechanism in both acute and 

chronic BP pressure elevation. Radical surgical 
procedures, such as thoracic, abdominal, or 
pelvic sympathectomy, effectively reduced BP in 
patients with malignant hypertension. However, 
these procedures were associated with high rates 
of short-term and long-term complications.85-88 
Surgical renal denervation effectively reduces BP, 
which suggests that the sympathetic outflow to 
the kidneys is activated in patients with essential 
hypertension and other diseases that present with 
sympathetic system overactivity, such as congestive 
heart failure.89,90 

These findings have stimulated novel treatments 
such as percutaneous catheter-based radiofrequency 
ablation of the afferent and efferent renal nerves, 
which lie in the wall of the renal artery.91 In a 
safety and proof-of-principle study, 45 patients 
with resistant hypertension underwent renal 
sympathetic denervation through percutaneous 
radiofrequency ablation. Office BP was reduced 
by 14/10 mm Hg, 21/10 mm Hg, 22/1 mm Hg, 
24/11 mm Hg, and 27/17 mm Hg after 1, 3, 6, 
9, and 12 months of follow-up, respectively. 
Renal noradrenaline spillover was measured in 
10 patients and was reduced by a mean of 47%. 
Periprocedure complications included renal artery 
dissection related to the catheter placement before 
delivery of radiofrequency energy in 1 patient and 
development of pseudo-aneurism of the femoral 
artery in another patient. Renal angiography was 
repeated 14 to 18 days after renal sympathetic 
ablation in 14 patients and showed no evidence of 
renal artery stenosis. Magnetic resonance imaging 
performed after 6 months in 14 patients showed 
a nonobstructive lesion in an untreated location 
in 1 patient.91

In the Simplicity HTN-2 Trial, 106 patients with 
resistant hypertension (baseline BP of 178/97 
mm Hg on 5.2 antihypertensive medications) 
were  randomized to  renal  denervat ion or 
medical treatment.92 Change to baseline doses of 
antihypertensive medications were not allowed 
in any of the groups, unless judged medically 
necessary due to signs and symptoms related to 
BP elevation. Clinic BP reduced by 32/12 mm Hg 
(P < .001 both for systolic and diastolic) 6 months 
after renal denervation and by 1/0 mm Hg in the 
control group. Ambulatory BP monitoring data was 
available for 32 patients and showed a 24-hour BP 
reduction of 11/7 mm Hg. 
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Renal  sympathet ic  denervat ion through 
percutaneous radiofrequency is a potentially major 
new addition to the range of treatment for patients 
with poorly controlled hypertension. Furthermore, 
these studies have provided interesting new 
information and opened up new avenues of 
exploration regarding the role of renal sympathetic 
activity in BP regulation and the development of 
essential hypertension. Further studies are needed 
to address the long-term effects of renal denervation 
and its safety and effectiveness in other disease 
states such as congestive heart failure.

CONCLUSIONS
Resistant hypertension is an increasingly common 

medical problem and patients with this condition 
are at a high risk of cardiovascular events. Because 
secondary hypertension may be the underlying 
cause of resistant hypertension, and sometimes 
a specific and definite treatment is available, a 
thorough investigation is mandatory in patients with 
resistant hypertension. However, in the majority 
of these patients, an underlying cause cannot be 
found. More established approaches, such as low 
dietary salt and mineralocorticoid receptor blockers 
are indicated for these patients. New technologies, 
such as carotid stimulation and renal denervation, 
may be used in the near future in the management 
of patients with resistant hypertension.

CONFLICT OF INTEREST 
None declared.

REFERENCES
1. Calhoun DA, Jones D, Textor S, et al. Resistant 

hypertension: diagnosis, evaluation, and treatment. A 
scientific statement from the American Heart Association 
Professional Education Committee of the Council for High 
Blood Pressure Research. Hypertension. 2008;51: 
1403-19.

2. Cushman WC, Ford CE, Cutler JA, et al. Success and 
predictors of blood pressure control in diverse North 
American settings: the antihypertensive and lipid-lowering 
treatment to prevent heart attack trial (ALLHAT). J Clin 
Hypertens (Greenwich). 2002;4:393-404.

3. Hajjar I, Kotchen TA. Trends in prevalence, awareness, 
treatment, and control of hypertension in the United 
States, 1988-2000. JAMA. 2003;290:199-206.

4. Lewington S, Clarke R, Qizilbash N, Peto R, Collins R. 
Age-specific 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: 
1903-13.

5. Pimenta E, Gaddam KK, Oparil S. Mechanisms and 
treatment of resistant hypertension. J Clin Hypertens 
(Greenwich). 2008;10:239-44.

6. Pimenta E, Oparil S. Fixed combinations in the 
management of hypertension: patient perspectives and 
rationale for development and utility of the olmesartan-
amlodipine combination. Vasc Health Risk Manag. 
2008;4:653-64.

7. Okonofua EC, Simpson KN, Jesri A, Rehman SU, 
Durkalski VL, Egan BM. Therapeutic inertia is an 
impediment to achieving the Healthy People 2010 blood 
pressure control goals. Hypertension. 2006;47:345-51.

8. Pimenta E, Calhoun DA. Primary aldosteronism: diagnosis 
and treatment. J Clin Hypertens (Greenwich). 2006;8: 
887-93.

9. Stowasser M. Update in primary aldosteronism. J Clin 
Endocrinol Metab. 2009;94:3623-30.

10. Mosso L, Carvajal C, Gonzalez A, et al. Primary 
aldosteronism and hypertensive disease. Hypertension. 
2003;42:161-5.

11. Calhoun DA, Nishizaka MK, Zaman MA, Thakkar RB, 
Weissmann P. Hyperaldosteronism among black and 
white subjects with resistant hypertension. Hypertension. 
2002;40:892-6.

12. Gallay BJ, Ahmad S, Xu L, Toivola B, Davidson RC. 
Screening for primary aldosteronism without discontinuing 
hypertensive medications: plasma aldosterone-renin ratio. 
Am J Kidney Dis. 2001;37:699-705.

13. Eide IK, Torjesen PA, Drolsum A, Babovic A, Lilledahl NP. 
Low-renin status in therapy-resistant hypertension: a clue 
to efficient treatment. J Hypertens. 2004;22:2217-26.

14. Strauch B, Zelinka T, Hampf M, Bernhardt R, Widimsky J, 
Jr. Prevalence of primary hyperaldosteronism in moderate 
to severe hypertension in the Central Europe region. J 
Hum Hypertens. 2003;17:349-52.

15. Gaddam KK, Nishizaka MK, Pratt-Ubunama MN, et al. 
Characterization of resistant hypertension: association 
between resistant hypertension, aldosterone, and 
persistent intravascular volume expansion. Arch Intern 
Med. 2008;168:1159-64.

16. Stowasser M, Taylor PJ, Pimenta E, Ahmed AH, Gordon 
RD. Laboratory investigation of primary aldosteronism. 
Clin Biochem Rev. 2010;31:39-56.

17. Funder JW, Carey RM, Fardella C, et al. Case detection, 
diagnosis, and treatment of patients with primary 
aldosteronism: an endocrine society clinical practice 
guideline. J Clin Endocrinol Metab. 2008;93:3266-81.

18. Catena C, Colussi G, Nadalini E, et al. Cardiovascular 
outcomes in patients with primary aldosteronism after 
treatment. Arch Intern Med. 2008;168:80-5.

19. Sukor N, Kogovsek C, Gordon RD, Robson D, Stowasser 
M. Improved quality of life, blood pressure, and 
biochemical status following laparoscopic adrenalectomy 
for unilateral primary aldosteronism. J Clin Endocrinol 
Metab. 2010;95:1360-4.

20. Catena C, Colussi G, Lapenna R, et al. Long-term cardiac 
effects of adrenalectomy or mineralocorticoid antagonists 
in patients with primary aldosteronism. Hypertension. 
2007;50:911-8.



Resistant Hypertension—Pimenta

225Iranian Journal of Kidney Diseases | Volume 5 | Number 4 | July 2011

21. Grote L, Ploch T, Heitmann J, Knaack L, Penzel T, Peter 
JH. Sleep-related breathing disorder is an independent 
risk factor for systemic hypertension. Am J Respir Crit 
Care Med. 1999;160:1875-82.

22. Peppard PE, Young T, Palta M, Skatrud J. Prospective 
study of the association between sleep-disordered 
breathing and hypertension. N Engl J Med. 
2000;342:1378-84.

23. Nieto FJ, Young TB, Lind BK, et al. Association of sleep-
disordered breathing, sleep apnea, and hypertension in a 
large community-based study. Sleep Heart Health Study. 
JAMA. 2000;283:1829-36.

24. Young T, Peppard PE, Gottlieb DJ. Epidemiology of 
obstructive sleep apnea: a population health perspective. 
Am J Respir Crit Care Med. 2002;165:1217-39.

25. Somers VK, White DP, Amin R, et al. Sleep apnea and 
cardiovascular disease: an American Heart Association/
american College Of Cardiology Foundation Scientific 
Statement from the American Heart Association Council 
for High Blood Pressure Research Professional Education 
Committee, Council on Clinical Cardiology, Stroke Council, 
and Council On Cardiovascular Nursing. In collaboration 
with the National Heart, Lung, and Blood Institute National 
Center on Sleep Disorders Research (National Institutes of 
Health). Circulation. 2008;118:1080-111.

26. Calhoun DA, Harding SM. Sleep and hypertension. 
Chest.138:434-43.

27. Logan AG, Perlikowski SM, Mente A, et al. High 
prevalence of unrecognized sleep apnoea in drug-
resistant hypertension. J Hypertens. 2001;19:2271-7.

28. Gonzaga CC, Gaddam KK, Ahmed MI, et al. Severity of 
obstructive sleep apnea is related to aldosterone status 
in subjects with resistant hypertension. J Clin Sleep Med. 
2010;6:363-8.

29. Pimenta E, Calhoun DA, Oparil S. Sleep apnea, 
aldosterone, and resistant hypertension. Prog Cardiovasc 
Dis. 2009;51:371-80.

30. Goodfriend TL, Calhoun DA. Resistant hypertension, 
obesity, sleep apnea, and aldosterone: theory and 
therapy. Hypertension. 2004;43:518-24.

31. Campese VM, Mitra N, Sandee D. Hypertension in renal 
parenchymal disease: why is it so resistant to treatment? 
Kidney Int. 2006;69:967-73.

32. Levey AS, Coresh J, Balk E, et al. National Kidney 
Foundation practice guidelines for chronic kidney disease: 
evaluation, classification, and stratification. Ann Intern 
Med. 2003;139:137-47.

33. Casas JP, Chua W, Loukogeorgakis S, et al. Effect of 
inhibitors of the renin-angiotensin system and other 
antihypertensive drugs on renal outcomes: systematic 
review and meta-analysis. Lancet. 2005;366:2026-33.

34. Aqel RA, Zoghbi GJ, Baldwin SA, et al. Prevalence of 
renal artery stenosis in high-risk veterans referred to 
cardiac catheterization. J Hypertens. 2003;21:1157-62.

35. Tumelero RT, Duda NT, Tognon AP, Thiesen M. 
Prevalence of renal artery stenosis in 1,656 patients who 
have undergone cardiac catheterization. Arq Bras Cardiol. 
2006;87:248-53.

36. Safian RD, Textor SC. Renal-artery stenosis. N Engl J 
Med. 2001;344:431-42.

37. Birrer M, Do DD, Mahler F, Triller J, Baumgartner I. 
Treatment of renal artery fibromuscular dysplasia with 
balloon angioplasty: a prospective follow-up study. Eur J 
Vasc Endovasc Surg. 2002;23:146-52.

38. Textor SC. Progressive hypertension in a patient 
with “incidental” renal artery stenosis. Hypertension. 
2002;40:595-600.

39. Garovic VD, Textor SC. Renovascular hypertension and 
ischemic nephropathy. Circulation. 2005;112:1362-74.

40. McPhaul JJ, Jr., McIntosh DA, Williams LF, Gritti EJ, 
Malette WG, Grollman A. Remediable Hypertension 
Due to Unilateral Renal Disease: Correlation of Split 
Renal-Function Tests and Pressor Assays of Renal 
Venous Blood in Hypertensive Patients. Arch Intern Med. 
1965;115:644-51.

41. Kirkendall WM, Fitz AE, Lawrence MS. Renal 
hypertension. Diagnosis and surgical treatment. N Engl J 
Med. 1967;276:479-85.

42. Gordon RD, Tunny TJ, Evans EB, Fisher PM, Jackson 
RV. Unstimulated renal venous renin ratio predicts 
improvement in hypertension following nephrectomy for 
unilateral renal disease. Nephron. 1986;44 Suppl 1:25-8.

43. Omura M, Saito J, Yamaguchi K, Kakuta Y, Nishikawa 
T. Prospective study on the prevalence of secondary 
hypertension among hypertensive patients visiting 
a general outpatient clinic in Japan. Hypertens Res. 
2004;27:193-202.

44. Sinclair AM, Isles CG, Brown I, Cameron H, Murray 
GD, Robertson JW. Secondary hypertension in a blood 
pressure clinic. Arch Intern Med. 1987;147:1289-93.

45. Manger WM. An overview of pheochromocytoma: history, 
current concepts, vagaries, and diagnostic challenges. 
Ann N Y Acad Sci. 2006;1073:1-20.

46. Lenders JW, Eisenhofer G, Mannelli M, Pacak K. 
Phaeochromocytoma. Lancet. 2005;366:665-75.

47. Chen H, Sippel RS, O’Dorisio MS, Vinik AI, Lloyd 
RV, Pacak K. The North American Neuroendocrine 
Tumor Society consensus guideline for the diagnosis 
and management of neuroendocrine tumors: 
pheochromocytoma, paraganglioma, and medullary 
thyroid cancer. Pancreas. 2010;39:775-83.

48. Sanders PW. Vascular consequences of dietary salt 
intake. Am J Physiol Renal Physiol. 2009;297:F237-43.

49. [No author listed]. Intersalt: an international study of 
electrolyte excretion and blood pressure. Results for 24 
hour urinary sodium and potassium excretion. Intersalt 
Cooperative Research Group. BMJ. 1988;297:319-28.

50. Midgley JP, Matthew AG, Greenwood CM, Logan AG. 
Effect of reduced dietary sodium on blood pressure: a 
meta-analysis of randomized controlled trials. JAMA. 
1996;275:1590-7.

51. He FJ, MacGregor GA. Effect of modest salt reduction 
on blood pressure: a meta-analysis of randomized 
trials. Implications for public health. J Hum Hypertens. 
2002;16:761-70.

52. Cutler JA, Follmann D, Allender PS. Randomized trials 
of sodium reduction: an overview. Am J Clin Nutr. 
1997;65:643S-51S.

53. Gavras H, Waeber B, Kershaw GR, et al. Role of reactive 



Resistant Hypertension—Pimenta

226 Iranian Journal of Kidney Diseases | Volume 5 | Number 4 | July 2011

hyperreninemia in blood pressure changes induced by 
sodium depletion in patients with refractory hypertension. 
Hypertension. 1981;3:441-7.

54. Pimenta E, Gaddam KK, Oparil S, et al. Effects of dietary 
sodium reduction on blood pressure in subjects with 
resistant hypertension: results from a randomized trial. 
Hypertension. 2009;54:475-81.

55. Appel LJ. Another major role for dietary sodium reduction: 
improving blood pressure control in patients with resistant 
hypertension. Hypertension. 2009;54:444-6.

56. Alajmi M, Mulgrew AT, Fox J, et al. Impact of continuous 
positive airway pressure therapy on blood pressure 
in patients with obstructive sleep apnea hypopnea: a 
meta-analysis of randomized controlled trials. Lung. 
2007;185:67-72.

57. Haentjens P, Van Meerhaeghe A, Moscariello A, et 
al. The impact of continuous 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;167:757-64.

58. Bazzano LA, Khan Z, Reynolds K, He J. Effect of 
nocturnal nasal continuous positive airway pressure on 
blood pressure in obstructive sleep apnea. Hypertension. 
2007;50:417-23.

59. Dernaika TA, Kinasewitz GT, Tawk MM. Effects of 
nocturnal continuous positive airway pressure therapy in 
patients with resistant hypertension and obstructive sleep 
apnea. J Clin Sleep Med. 2009;5:103-7.

60. Lozano L, Tovar JL, Sampol G, et al. Continuous positive 
airway pressure treatment in sleep apnea patients with 
resistant hypertension: a randomized, controlled trial. J 
Hypertens. 2010;28:2161-8.

61. Lane DA, Shah S, Beevers DG. Low-dose spironolactone 
in the management of resistant hypertension: a 
surveillance study. J Hypertens. 2007;25:891-4.

62. Ouzan J, Perault C, Lincoff AM, Carre E, Mertes M. The 
role of spironolactone in the treatment of patients with 
refractory hypertension. Am J Hypertens. 2002;15:333-9.

63. Nishizaka MK, Zaman MA, Calhoun DA. Efficacy of 
low-dose spironolactone in subjects with resistant 
hypertension. Am J Hypertens. 2003;16:925-30.

64. Chapman N, Dobson J, Wilson S, et al. Effect of 
spironolactone on blood pressure in subjects with resistant 
hypertension. Hypertension. 2007;49:839-45.

65. Pimenta E, Calhoun DA. Resistant hypertension and 
aldosteronism. Curr Hypertens Rep. 2007;9:353-9.

66. Mahmud A, Mahgoub M, Hall M, Feely J. Does 
aldosterone-to-renin ratio predict the antihypertensive 
effect of the aldosterone antagonist spironolactone? Am J 
Hypertens. 2005;18:1631-5.

67. de Souza F, Muxfeldt E, Fiszman R, Salles G. Efficacy 
of spironolactone therapy in patients with true resistant 
hypertension. Hypertension. 2010;55:147-52.

68. Alvarez-Alvarez B, Abad-Cardiel M, Fernandez-Cruz 
A, Martell-Claros N. Management of resistant arterial 
hypertension: role of spironolactone versus double 
blockade of the renin-angiotensin-aldosterone system. J 
Hypertens. 2010;28:2329-35.

69. Pimenta E, Calhoun DA. Treatment of resistant 
hypertension. J Hypertens. 2010;28:2194-5.

70. Gaddam K, Pimenta E, Thomas SJ, et al. Spironolactone 
reduces severity of obstructive sleep apnoea in patients 
with resistant hypertension: a preliminary report. J Hum 
Hypertens. 2010;24:532-7.

71. Calhoun DA, White WB. Effectiveness of the selective 
aldosterone blocker, eplerenone, in patients with resistant 
hypertension. J Am Soc Hypertens. 2008;2:462-8.

72. Flack JM, Oparil S, Pratt JH, et al. Efficacy and tolerability 
of eplerenone and losartan in hypertensive black and 
white patients. J Am Coll Cardiol. 2003;41:1148-55.

73. Saha C, Eckert GJ, Ambrosius WT, et al. Improvement 
in blood pressure with inhibition of the epithelial sodium 
channel in blacks with hypertension. Hypertension. 
2005;46:481-7.

74. Yanagisawa M, Kurihara H, Kimura S, et al. A novel potent 
vasoconstrictor peptide produced by vascular endothelial 
cells. Nature. 1988;332:411-5.

75. Clavell AL, Stingo AJ, Margulies KB, Brandt RR, Burnett 
JC, Jr. Role of endothelin receptor subtypes in the in vivo 
regulation of renal function. Am J Physiol. 1995;268: 
F455-60.

76. Schirger JA, Boerrigter G, Burnett JC. Endothelin 
in hypertension. In: Oparil S, Weber MA, editors. 
Hypertension,a companion to Brenner & and Rector’s the 
kidney. 2nd ed. Philadelphia: Elsevier; 2005. p. 159-68.

77. Weber MA, Black H, Bakris G, et al. A selective 
endothelin-receptor antagonist to reduce blood pressure 
in patients with treatment-resistant hypertension: a 
randomised, double-blind, placebo-controlled trial. Lancet. 
2009;374:1423-31.

78. Bakris GL, Lindholm LH, Black HR, et al. Divergent results 
using clinic and ambulatory blood pressures: report of a 
darusentan-resistant hypertension trial. Hypertension. 
2010;56:824-30.

79. Warner HR. The frequency-dependent nature of blood 
pressure regulation by the carotid sinus studied with an 
electric analog. Circ Res. 1958;6:35-40.

80. Carlsten A, Folkow B, Grimby G, Hamberger CA, 
Thulesius O. Cardiovascular effects of direct stimulation 
of the carotid sinus nerve in man. Acta Physiol Scand. 
1958;44:138-45.

81. Schwartz SI, Griffith LS, Neistadt A, Hagfors N. Chronic 
carotid sinus nerve stimulation in the treatment of 
essential hypertension. Am J Surg. 1967;114:5-15.

82. Bilgutay AM, Lillehei CW. Treatment of Hypertension with 
an Implantable Electronic Device. JAMA. 1965;191: 
649-53.

83. Bilgutay AM, Lillehei CW. Surgical treatment of 
hypertension with reference to baropacing. Am J Cardiol. 
1966;17:663-7.

84. Scheffers IJ, Kroon AA, Schmidli J, et al. Novel baroreflex 
activation therapy in resistant hypertension: results of a 
European multi-center feasibility study. J Am Coll Cardiol. 
2010;56:1254-8.

85. Morrissey DM, Brookes VS, Cooke WT. Sympathectomy 
in the treatment of hypertension; review of 122 cases. 
Lancet. 1953;1:403-8.



Resistant Hypertension—Pimenta

227Iranian Journal of Kidney Diseases | Volume 5 | Number 4 | July 2011

86. Smithwick RH, Thompson JE. Splanchnicectomy for 
essential hypertension; results in 1,266 cases. J Am Med 
Assoc. 1953;152:1501-4.

87. Evelyn KA, Singh MM, Chapman WP, Perera GA, Thaler 
H. Effect of thoracolumbar sympathectomy on the clinical 
course of primary (essential) hypertension. A ten-year 
study of 100 sympathectomized patients compared with 
individually matched, symptomatically treated control 
subjects. Am J Med. 1960;28:188-221.

88. Hoobler SW, Manning JT, Paine WG, et al. The effects of 
splanchnicectomy on the blood pressure in hypertension; 
a controlled study. Circulation. 1951;4:173-83.

89. Esler M, Jennings G, Korner P, et al. Assessment 
of human sympathetic nervous system activity from 
measurements of norepinephrine turnover. Hypertension. 
1988;11:3-20.

90. Esler MD, Hasking GJ, Willett IR, Leonard PW, Jennings 
GL. Noradrenaline release and sympathetic nervous 
system activity. J Hypertens. 1985;3:117-29.

91. Krum H, Schlaich M, Whitbourn R, et al. Catheter-based 

renal sympathetic denervation for resistant hypertension: 
a multicentre safety and proof-of-principle cohort study. 
Lancet. 2009;373:1275-81.

92. Esler MD, Krum H, Sobotka PA, Schlaich MP, Schmieder 
RE, Bohm M. Renal sympathetic denervation in patients 
with treatment-resistant hypertension (The Symplicity 
HTN-2 Trial): a randomised controlled trial. Lancet. 
2010;376:1903-9.

Correspondence to:
Eduardo Pimenta, MD, FAHA
Hypertension Unit, Princess Alexandra Hospital, 5th Floor, 
Ipswich Rd, Woolloongabba, Brisbane, QLD, 4102, Australia
Tel: +61 7 3176 5866
Fax: +61 7 3176 2969
E-mail: e.pimenta@uq.edu.au

Received March 2011
Accepted April 2011


