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ARTICLE INFO ABSTRACT

Keywords: Introduction: There is a lack of consensus regarding the best add on therapy for treatment of resistant hyper-
Resistant hypertension tension (RH). This is likely secondary to a paucity of data on the comparative effectiveness of proposed therapies
Beta-blocker for RH

Mineral corticoid receptor antagonist

. Methods: Placebo-controlled and sham-controlled randomized clinical trials testing therapies for the treatment of
Renal denervation

RH were included in this meta-analysis. Therapies with two or more studies were included as subgroups in this
meta-analysis. The primary outcomes being tested were 24-hr systolic blood pressure (SBP) and office SBP.
Results: Eight studies were identified that tested mineralocorticoid receptor antagonist (MRA) including 1,414
participants. The raw mean difference (RMD) between MRA and placebo control was statistically significant for
24-hour SBP (-10.56 mmHg; 95% confidence interval (CI) -12.82 to -8.30), 24-hour diastolic (DBP) (-5.48 mmHg;
95% CI -8.48 to -2.58), office SBP (-11.97 mmHg; 95% CI -16.41 to -7.54), and office DBP (-4.14 mmHg; 95% CI
-5.62 to -2.65). Six studies were identified that tested renal denervation (RD) including 989 participants. The
RMD between RD and sham control was not statistically significant for 24-hour SBP (-1.84 mmHg; 95% CI -3.92
to 0.24), 24-hour DBP (-0.66 mmHg; 95% CI -1.85 to 0.54), office SBP (-1.57 mmHg; 95% CI -6.04 to 2.89), and
office DBP (-1.49 mmHg; 95% CI -3.52 to 0.55). Four studies were identified that tested endothelin receptor
antagonists (ERA) including 1,193 participants. The raw mean difference (RMD) between ERA and placebo
control was statistically significant for 24-hr systolic (SBP) (-7.02 mmHg; 95% CI -9.15 to -4.90, 24-hr diastolic
(DBP) (-6.22 mmHg; 95% CI -7.61 to -4.82), office SBP (-5.84 mmHg; 95% CI -10.08 to -1.60), and office DBP
(-3.73 mmHg; 95% CI -5.87 to -1.59).

Discussion: MRA lowers BP in patients with RH more than RD, which seems to have little to no effect in RH. ERAs
lead to a statistically significant reduction in BP but the confidence in efficacy is limited due to the low number of
studies and differences in trial population. Individual factors and their impact on treatment response in RH
should be investigated in future research.

RD renal denervation
Abbreviations RH resistant hypertension
al alpha-1 SBP systolic blood pressure
al alpha —2
fB beta-blocker 1. Introduction
BP blood pressure
BRA baroreflex activation Patients who have uncontrolled blood pressure (BP) despite being on
CI confidence interval maximally tolerated doses of 3 antihypertensive medications of different
DBP diastolic blood pressure classes (one of which must be a diuretic) or who are controlled on 4 or
ERA endothelin receptor antagonist more antihypertensive medications are defined as having resistant hy-
MRA mineralocorticoid receptor antagonist pertension (RH). [1-3] An estimated 10-14% of hypertensive patients
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have treatment-resistant hypertension with the burden of RH being
highest for patients with chronic kidney disease (CKD). [4] The most
common fourth-line treatment is the addition of a mineralocorticoid
receptor antagonist (MRA) to the treatment regimen. [5] In recent years,
other pharmacological interventions as well as various device-based
strategies have been tested for treatment of RH. The main objective of
this study was to assess efficacy of therapies for RH. For the purposes of
minimizing bias, we only selected studies with either placebo or sham
control.

2. Methods

Electronic databases PubMed and Cochrane Register of Clinical Tri-
als were searched by two independent investigators (M.A. and R.B.)
from database inception to March 18th, 2022. Placebo-controlled and
sham-controlled randomized clinical trials testing different in-
terventions for RH in adult patients (>18 years of age) were selected. We
used search terms: “resistant hypertension”” AND “sham-controlled trial”
OR “placebo-controlled trial” AND “randomized-controlled trial (Sup-
plement Table 1). Trials were categorized based on the intervention

Table 1
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being tested versus control. Each included study was independently
assessed for internal validity using the Cochrane bias assessment. [6]
The biases assessed included selection bias (random sequence genera-
tion and allocation concealment), performance bias (blinding of par-
ticipants and personnel), detection bias (blinding of outcome
assessment), attrition bias (incomplete outcome data), reporting bias
(selection reporting), and other bias (industry sponsored trials, handling
of control subjects, choice of comparator, etc.).

Two investigators (M.A. and R.B.) independently reviewed all
studies meeting the inclusion criteria and performed standardized data
extraction. Trials not including a sham-control or placebo-control were
not included in this analysis. The prespecified primary efficacy outcomes
were the cumulative raw mean differences and 95% confidence interval
(CD) in 24-hour ambulatory systolic BP (SBP) and diastolic BP (DBP), and
office SBP and DBP. Cumulative raw mean differences and 95% CI for
each subgroup were calculated. Results from the intention-to-treat
analysis in trials were used to calculate raw mean difference. A sensi-
tivity analysis for outcome effect estimate was performed for each
endpoint by systematically excluding each study. We prespecified an I?
value > 30% as the cutoff for moderate heterogeneity. If heterogeneity

Lists all the studies included in this meta-analysis, intervention tested in each study, mean age of trial participants, percent of female participants, and baseline blood

pressures for each study.

Study Blinding Follow up Intervention Dose Age Female Baseline 24- Baseline 24- Baseline Baseline
time (weeks) percent hr SBP hr DBP Office SBP Office DBP
Abolghasmi et al. Double 12 Spironolactone 25 mg/ 49.54 19 170.5 94
2011 blind day (46.34%)
Ni et al. 2014 Double 12 Spironolactone 25-50 55.32 31 146.25 90.25
blind mg/day (40.78%)
Oxlund et al. 2013 Double 16 Spironolactone 50 mg/ 63.39 28 143.5 78 141.5 77.5
blind day (23.53%)
Vaclavik et al. 2014 Double 8 Spironolactone 25 mg/ 60.05 42 143.8 82.15 154.1 92.1
blind day (37.83%)
Williams et al. 2015 Double 12 Spironolactone 25-50 61.4 105 157 90
blind mg/day (31.3%)
Rossignol et al. 2018  Double 32 Spironolactone 25 mg/ 72.42 244 148 88
blind day (60.55%)
Karns et al. 2012 Double 8 Eplerenone 50 mg 58 25 153.8 89.1 153.4 90.1
blind BID (37.88%)
Schneider etal. 2017  Double 26 Eplerenone 50 mg 59.91 10 162.5 92.5
blind BID (19.10%)
Azizi et al. (TRIO) Single 8 Renal 52.55 27 144.75 89.25 155.3 100.4
2021 blind Denervation (19.85%)
Desch et al. 2015 Double 24 Renal 60.9 19 140.3 79.6
blind Denervation (26.76%)
Bhatt et al. Single 24 Renal 57.36 210 159.3 89.45 179.95 97.7
(SIMPLICITY) blind Denervation (39.25%)
2014
Mathiassen et al. Double 24 Renal 55.64 51 152.5 90 163 92.5
(RESET) 2016 blind Denervation (73.91%)
Schmieder et al. Double 24 Renal 61.12 21 155.6 86.85 182.9 99.85
(WAVE) 2018 blind Denervation (25.93%)
Kario et al. Single 12 Renal 53.11 35 (35.7%) 161.7 93.8 159 96.5
(REQUIRE) 2021 blind Denervation
Black et al. 2007 Double 10 Darusentan 300 mg/ 62.34 47 134 78 149.4 81.5
blind day (40.87%)
Bakris et al. 2010 Double 14 Darusentan 179 mg/ 62.25 378 (45%) 135 78 152 88
blind day
Schailch et al. 2022 4 Aprocintental 25 mg/ 61.7 197 137.3 82.5 153.3 87.4
day (40.5%)
Weber et al. 2009 Double 14 Darusentan 300 mg/ 62 191 (50%) 134 78 151 86
blind day
Bakris et al. 2010 Double 14 Guanfacine 1mg 62.25 378 (45%) 135 78 152 88
blind daily
Ranasinghe et al. Double 13 Propranolol 40-80mg 56.63 24 150.9 86.2 158.85 89.6
2020 blind TID (72.73%)
Williams et al. 2015 Double 12 Bisoprolol 5-10 mg 61.4 105 157 90
blind (31.3%)
Williams et al. 2015 Double 12 Doxazosin 4-8 mg 61.4 105 157 90
blind (31.3%)
Bisognano et al. Double 24 Baroreflex 53.29 103 168.5 100.5
(RHEOS) 2011 blind activation (38.87%)
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was found, a sensitivity analysis was conducted to assess if exclusion of
any one study significantly reduced or eliminated heterogeneity.

A two-sample, two-treatment model was used to perform the meta-
analysis. Analysis was performed using Comprehensive Meta-Analysis
Version 3, Biostat, Englewood, NJ, 2013. For endpoints with moderate
heterogeneity, a random-effects model was used; and for those without
heterogeneity, a fixed-effects model was used.

3. Results

Twenty studies were identified that included 4452 participants.
[7-26] Thirteen trials compared medications to a placebo, with some
testing multiple medications compared to placebo. [7-12,19-24,26] Of
these, there were 8 trials testing MRA, 4 testing endothelin receptor
antagonists (ERA), 2 testing beta blockers ($B), 1 testing an alpha-1 (a1)
antagonist, and 1 testing an alpha-2A (a2A) agonist. Seven trials
compared device-based invasive interventions to sham control. [13-18,
25] There were 6 trials testing RD and 1 trial testing baroreflex activa-
tion (BRA) (Fig. 1). The mean age (+SD) was 58.89 (£5.05) years. The
lowest average age was 49 years, and the highest average age was 74
years at baseline. Forty-five percent of participants were women. The
mean follow-up time was 16.14 weeks (Table 1). The two domains most
likely to be judged at high risk of bias were selection bias and other bias
(Supplement Fig. 2). Explanations for assessment of other bias are pro-
vided in detail in the supplement (Supplement Table 2).

3.1. 24-hour ambulatory BP

Fifteen trials reported 24-hour (hr) ambulatory BP, with some testing
multiple medications compared to placebo. This included 6 trials for RD,
4 trials for MRA, 4 trials for ERA, and 1 trial each for B and a2A agonist.
[8-10,13-22,24,26] Meta-analyses were conducted for interventions
tested in 2 or more trials.

The 4 trials testing MRA had a total of 411 participants with a mean
age of 59 years, and 35.0% of the participants were female. Trial

P

Baroreflex Activation —
1 Trial (n=265)

[

Endothelin Receptor
Antagonist
4 Trials (n=1,193)
Mean BP Difference:
e 24 hr SBP: -7.02 mmHg
o Office SBP: -5.84 mmHg
Confidence in effect: Low[¥]

e

Alpha-1 Antagonist
1 Trial (n=282)

Alpha-2 Agonist S
1 Trial (n=849)
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participants were on an average of 3.8 medications and had a mean
baseline BP of 147/85 mmHg with a mean follow up time of 11.0 weeks
(Fig. 2). [8-10,22] Ni et al. and Karns et al. were judged to be at mod-
erate to high risk of bias (Supplement Fig. 2). [8,22] Oxlund et al., and
Vaclavik et al. were judged to be at low risk of bias (Supplement Fig. 2).
[9,10] Raw mean difference for SBP reduction between the MRA arm
and placebo control arm was —10.56 mmHg and was statistically sig-
nificant (95% CI —12.82 to —8.30). There was no interstudy heteroge-
neity (1? = 0.00%) (Fig. 2). The effect estimate was not sensitive to the
exclusion of any trials. Raw mean difference for DBP reduction between
the MRA arm and placebo control arm was —5.48 mmHg and was sta-
tistically significant (95% CI —8.39 to —2.58). There was a moderate
level of interstudy heterogeneity (I = 59.00%) (Fig. 3). The heteroge-
neity was sensitive to the exclusion of Karns et al. (I2 = 0.00%). The
effect estimate was also sensitive to the exclusion of Karns et al. (—3.90;
95% CI —5.81, —1.99) by reducing the treatment effect by approxi-
mately 1.6 mmHg; however, it remained statistically significant.

The 6 trials testing RD had a total of 989 participants with a mean
age of 57 years, and 35.2% of the participants were female. Trial par-
ticipants were on an average of 4.4 medications and had a mean baseline
BP of 152/88 mmHg with a mean follow up time of 19.3 weeks (Fig. 2).
[13-18] Schmieder et al. was judged to be at moderate risk of bias and
all other trials were low risk of bias (Supplement Fig. 2). [17] Raw mean
difference for SBP reduction between the RD arm and sham control arm
was —1.84 mmHg and was not statistically significant (95% CI —3.92 to
0.24) (Fig. 2). Raw mean difference for DBP reduction between the RD
arm and sham control arm was —0.66 mmHg and was not statistically
significant (95% CI —1.85 to 0.54) (Fig. 3). There was no interstudy
heterogeneity for either SBP or DBP outcomes (I? = 0.00%). The effect
estimates were not sensitive to the exclusion of any trials.

The 4 trials testing ERA had a total of 1193 participants with a mean
age of 62 years, and 44.1% of the participants were female. Trial par-
ticipants had a mean baseline BP of 135/79 mmHg and a mean follow up
time of 10.5 weeks. Total baseline medications were not provided in any
of the trials. [19-21,26] Black et al. was judged to be at high risk of bias.

Beta Blocker
2 Trials (n=592)
Mean BP Difference:

¢ Office SBP:-6.83 mmHg

Confidence in effect: Low[X]

Mineralocorticoid Receptor
Antagonist
8 Trials (n=1,414)
Mean BP Difference:
e 24 hr SBP:-10.56 mmHg
¢ Office SBP: -11.97 mmHg
Confidence in effect: Moderate to High [:I

Renal Denervation
6 Trials (n=989)
Mean BP Difference:

e 24 hr SBP: -1.84 mmHg
¢ Office SBP:-1.57 mmHg

Confidence in effect: High

Fig. 1. Illustrated image depicting the site of action in the human body for each intervention tested. The figure provides the number of trials for each intervention,
number of participants in each trial, the systolic blood pressure outcomes, and the level of confidence the investigators have in the effect estimate.
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24-hour Systolic Blood Pressure
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Intervention Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI Year IV, Random, 95% CI
MRA
N-411 Baseline BP - 147/85 @Karns 2012 147 123 33 0 123 33 145% -14.70[-20.63,-8.77) 2012
Mean Age =59 Mean follow up = 11.0weeks | @Oxlund 2013 -97 1315 61 -08 291 58 446% -890[12.28,-552 2013 ——
Percent female = 35.0% Hﬂﬂ;gellwi*!":ono% ®Ni2014 -11.5 154 40 05 1492 36 11.0% -12.00[(18.82,-5.18] 2014 E—
e e velue <0.001 @Vaciaiik 2014 126 126 74 -21 132 76 20.9% -10.50(14.63,-6.37) 2014 —a—
“Lowe risk. 20/28 domains Subtotal (95% CI) 208 203 100.0% -10.56 [-12.82, -8.30] <*
-Intermediate risk: 4/28 domains Heterogeneity: Tau? = 0.00; Chi*= 2.97, df = 3 (P = 0.40); F= 0%
High risk: 4/28 domains Test for overall efiect: Z= 9.16 (P < 0.00001)
ERA
N=1193 Baseline BP = 135/79 @ Black 2007 82 112 76 0 112 39 242% -9.20[1352,-4.88] 2007 —
ean e i M::‘Q‘:’"Z:’{‘;;j}f’;;i“ Weber 2009 829 2548 80 -107 325 130 72% -8.22(16.12,-0.32) 2009 —
Aecrage meds - Notprovided P vslie 20,008 Bakris 2010 -8.89 2472 279 -1.92 2434 102 147% -6.97[1251,-1.43] 2010 —_—
Bias Assessment: Schlaich 2022 59 163 243 0 163 244 539%  -5.90[8.80,-3.00] 2022 -
~Low risk: 18/28 domains ~ Subtotal (95% CI) 678 515 100.0%  -7.02[-9.15,-4.90] L 2
Intermediate risk: 6/28 domains Heterageneity: Tau®= 0.00; Chi*= 1.64, df= 3 (P = 0.65); *= 0%
CHigh sk 3/28 domeine Testfor overall effect: 7= 6.48 (P < 0.00001)
RD
N=g89 Baseline BP = 152/88 @ Bhatt SIMPLICITY) 2014 675 1511 360 -479 1725 167 465%  -1.96[5.01,1.00 2014 —-
Mean Age =57 Mean follow up =133 weeks | (@Desch 2015 -7 1087 32 -35 981 35 17.3%  -350[850,1.50] 2015 —
ZE'"""E"':'Ej:f—Z% "“*";E“;ﬂ‘v_oo:ﬂ”% @ Mathiassen (RESET) 2016 -37 164 35 -26 128 33 89% -1.10[-8.07,5.87) 2016 _—
Bine Accevement. vee s Schmieder (WAVE V) 2018 -5.4 2232 20 -7.6 1699 26 40%  220[-8.22,1262) 2018 —
~Low risk: 26/42 domains @ +zizi (TRIO) 2021 -87 2087 69 -49 2336 67 7.8% -3.80[11.25 365 2021 —
rln:\mkdia;ui;k: 12/42 domains @ Kario (REQUIRE) 2021 -66 1578 69 -65 1555 67 156%  -010[537,517) 2021 :—
~High risk: 1/42 domains Subtotal (95% CI) 594 395 100.0%  -1.84[-3.92,0.24]
Heterogeneity: Tau?= 0.00; Chi*= 1.73, df = 5 (P = 0.88); F= 0%
Testfor overall effect: Z=1.73 (P = 0.08)
20 -0 10 20
Favours [intervention] Favours [control]
Office Systolic Blood Pressure
Interventional Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI _Year IV, Random, 95% CI
MRA
N=1284 Baseline BP = 155/89
Mean Age =61 Mean ollow up - 16 3 weeks @ Abloghasmi 2011 36 14 19 -5 1414 22 112% -31.00(39.63,-2237] 2011 +——
Percent female=36.72%  Heterogeneity I*=80.00 % Karns 2012 9.9 8 33 0 8 33 169%  -9.90(13.76,-6.04] 2012 ——
puerage meds =351 P value <0.001 @ Oxund 2013 -105 1584 61 53 1787 58 142% -1580[-21.90,-9.70] 2013 —_—
Lo isk: 37142 doenains Vaclavik 2014 76 155 74 77 144 36 144%  -990[1578,-4.02) 2014 —_—
Intermediate risk: 5/49 domains Williams 2015 -20.7 1852 285 -10.8 1816 274 17.7%  -9.90[12.84,-6.86] 2015 ——
“High risk: 7/43 domains Schneider 2017 -3 20 25 30 19 26 91%  -500(15.71,571) 2017 —
'@rRossionol 2018 -15.65 19.47 164 -982 1952 174 165%  -5.83-9.99,-1.67] 2018 ——
Subtotal (95% CI) 661 623 100.0% -11.97 [-16.41, -7.54] =
Heterogeneity: Tau® = 26.53; Chi*= 30.70, df = 6 (P < 0.0001); IF= 80%
Test for overall effect Z= 5.29 (P < 0.00001)
- ERA
N=1237 Baseline BP = 151/86
Mean Age =52 Mean followup - 105 weeks | @Black 2007 -11.5 1575 76 0 1575 39 19.8% -11.50[17.58,-5.42] 2007 —_——
Percent female =44.1%  Heterogeneity I =75.00% Weber 2009 -18 196 77 -8 1855 130 216% -10.00(-15.42,-4.58] 2009 —
puerage meds ~notprovided - Pualue<0.001 Bakris 2010 15 14 317 <14 14 111 288% -1.00 -4.03,2.03] 2010 —u
“Low risk: 1/28 domains Schlaich 2022 152 1403 243 -115 1406 244 300%  -3.70[-6.19,-1.21] 2022 ——
Imermediate risk: 6/28 domains Subtotal (95% CI) 713 524 100.0%  -5.84[-10.08,-1.60] -
-High risk: 3/28 domains Heterogeneity: Tau®=14.02; Chi*=14.38, df=3 (P =0.002); F=79%
Test for overall effect Z= 2.70 (P = 0.007)
N=844 Baseline BP = 168/97 RD
Mean Age = 56 Mean follow up = 170 weels | @)Bhatt (SIMPLICITY) 2014 1413 2393 353 -11.74 2594 171 412% -2397.01,2.23) 2014 ———
e ey Meterogeneity P=20.00% | schmieder WAVE 1) 2018 -20.9 303 20 -335 242 26 85%  1260(1.83,27.03) 2018 T
Bias Assessment. ’ @~zizi (TRIO) 2021 -85 2629 64 -28 2786 66 17.5%  -570[(15.01,361] 2021 e
~Low risk: 18/28 domains Kario (REQUIRE) 2021 11 17.44 88 -8 1706 66 327% -2.00[-7.82,3.82] 2021 ———
-Intermediate risk: 9/28 domains Subtotal (95% CI) 515 329 100.0% -1.57 [-6.04, 2.89] -
High risk: 1/28 domains Heterogeneity: Tau®= 7.03; Chi*= 456, df=3 (P = 0.21); F= 34%
estfor overall effect Z= =04
Testf Il effect Z=0.69 (P = 0.49)
N=592 Baseline BP = 158/30 BB
MemnApe=3) % M:;"'oﬂwxsljltgg;ks Williams * 2015 -163 1852 285 -108 1816 274 783%  -5.50[-8.54,-2.48] 2015 E =
rcent female = erogeneity I2 = :
i v Ranasinghe 2020 2297 13 18 -18.07 1483 15 21.7% 2020 —_—
e e provided Pualue=0007 Subtotal (95% C1) 303 289 100.0% -
-Low risk: 12/14 domains Heterogeneity: Tau®=5.76; Chi*=1.44, df=1 (P =0.23); F=31%
-Intermediate risk: 2/14 domains Test for overall effect Z= 2.70 (P = 0.007)
-High risk: 0/14 domains.
+ + + +
220 -10 10 20

Favours [interventional] Favours [control]

Fig. 2. Individual trial level data showing baseline characteristics and raw mean difference between control arm and intervention arm for systolic blood pressure

outcomes for each intervention tested.

[20] All other trials were judged to be at moderate risk of bias (Sup-
plement Fig. 2). [19,21,26] Raw mean difference for SBP reduction
between the ERA arm and placebo control arm was —7.02 mmHg and
was statistically significant (95% CI —9.15 to —4.90) (Fig. 2). Raw mean
difference for DBP reduction between the ERA arm and placebo control
arm was —6.22 mmHg and was statistically significant (95% CI —7.61 to
—4.82) (Fig. 3). There was no interstudy heterogeneity for either SBP or
DBP outcomes (12 = 0.00%). The effect estimates for either outcome was
not sensitive to the exclusion of any trials.

3.2. Office BP

Seventeen trials reported office BP, with some testing multiple
medications compared to placebo. [7,9-13,15,17-26] This included 4
trials for RD, 7 trials for MRA, 3 trials for ERA, 2 trial for BB, and 1 trial
each for a2A agonist, al antagonist, and baroreflex activation.

86

Meta-analyses were conducted for interventions tested in 2 or more
trials.

The 7 trials testing MRA had a total of 1284 participants with a mean
age of 61 years, and 36.7% of the participants were female. Trial par-
ticipants were on an average of 3.6 medications and had a mean baseline
BP of 155/89 mmHg with a mean follow up time of 16.3 weeks. [7,9-12,
22,23] Abolghasmi et al., and Karns et al. were judged to be at high risk
of bias. [7,22] Schneider et al. was evaluated to be at moderate to high
risk of bias (Supplement Fig. 2). [23] The raw mean difference for SBP
reduction between the MRA arm and placebo control arm was —11.97
mmHg and was statistically significant (95% CI —16.41 to —7.54)
(Fig. 2). There was substantial interstudy heterogeneity (1% = 80.00%)
and it was sensitive to the exclusion of Abolghasmi et al. (I2 = 0.00%).
The clinical effect declined by approximately 2.4 mmHg but remained
statistically significant (—9.56; 95% CI —12.05, —7.08). Raw mean
difference for DBP reduction between the MRA arm and placebo control
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24-hour Diastolic Blood Pressure

Intervention Control Mean Difference Mean Difference
Study or Subgroup Mean  SD Total Mean  SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
MRA
N=411 Baseline BP = 147/85
Mean Age =59 Mean tollow up - 11 e e | @ Kams 2012 87 805 33 0 805 33 249% -9.70[-1358,-582) 2012 —
Percent female = 35.0 % Heterogeneity I = 53.00 % Oxlund 2013 -42 817 61 -03 622 58 33.0% -390[6.50,-1.30) 2013 ——
Average meds 3.3 P value <0.001 @nizts 75 1373 40 -15 171 36 124% -6.00[-13.02,1.02] 2014 —_—
las Assessment. @ vaclavik 2014 55 76 74 -2 78 36 208% -3.50(6.58,-0.42) 2014 ——
a8 domains Subtotal (95% CI) 208 163 100.0% -5.48(8.39,-258] -
-High risk: 4/28 domains Heterogeneity: Tau®= 4.90, Chi*= 7.30, df= 3 (P = 0.06), F= 59%
Test for overall effect Z= 3.70 (P = 0.0002)
N=1,193 ERA
Mean Age = 62 @ ciack 2007 72 813 76 0 843 39 19.7% -7.20(1034,-4.06] 2007 ——
Percent female =44.1%  Heterogeneity ' Weber 2008 732 1755 80 -07 2041 130 7.2% -6.62[-11.83,-1.41] 2008
'&";‘EE&"*;’:;“‘" provided P value <0.001 Bakris 2010 -7.41 1537 279 -1.11 1495 102 166% -6.309.72,-2.88] 2010 —
“Low sk 16728 domains Schlaich 2022 58 1043 243 0 1043 244 565% -5.80[7.65,-3.95 2022 -
ntermediate risk: 6/28 domains Subtotal (95% Cl) 515 100.0% -6.22[7.61,4.82) <
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Fig. 3. Individual trial level data showing baseline characteristics and raw mean difference between control arm and intervention arm for diastolic blood pressure

outcomes for each intervention tested.

Abbreviations: Mineralocorticoid receptor antagonist (MRA), Endothelin receptor antagonist (ERA), Beta-blocker ($B), Renal Denervation (RD).

arm was —4.14 mmHg and was statistically significant (95% CI —5.62 to
—2.65) (Fig. 3). There was a moderate level of interstudy heterogeneity
(’= 43.00%), which was also sensitive to the exclusion of Abolghasmi
et al. (I2 = 0.00%). The clinical effect declined by about 0.5 mmHg but
remained statistically significant (—3.63; 95% CI —4.71, —2.54).

The 4 trials testing RD had a total of 844 participants with a mean
age of 56 years, and 27.7% of the participants were female. Trial par-
ticipants were on an average of 4.4 medications and had a mean baseline
BP of 168/97 mmHg with a mean follow up time of 17.0 weeks. [13,15,
17,18] Schmieder et al. was evaluated to be at moderate risk of bias
(Supplement Fig. 2). [17] Raw mean difference for SBP reduction be-
tween the RD arm and sham control arm was —1.57 mmHg and was not
statistically significant (95% CI —6.04 to 2.89). There was a moderate
level of interstudy heterogeneity (I> = 34.00%) and it was sensitive to
the exclusion of Schmieder et al. (I = 0.00%) (Fi g. 2). The clinical effect
increased by about 1 mmHg with the exclusion of Schmieder et al. but
remained not statistically significant (—2.63; 95% CI —6.01, 0.64). Raw
mean difference for DBP reduction between the RD arm and sham
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control arm was —1.49 mmHg and was not statistically significant (95%
CI —3.52 to 0.55) (Fig. 3). The effect estimate was not sensitive to the
exclusive of any trial. There was no significant interstudy heterogeneity
(1% = 3.00%).

The 4 trials testing ERA had a total of 1237 participants with a mean
age of 62 years, and 44.1% of the participants were female. Trial par-
ticipants had a mean baseline BP of 151,/86 mmHg and a mean follow up
time of 10.5 weeks. Total baseline medications were not provided.
[19-21,26] Black et al. was evaluated to be at high risk of bias. [20] All
other trials were evaluated to be at moderate risk of bias (Supplement
Fig. 2). [19,21,26] Raw mean difference for SBP reduction between the
ERA arm and placebo control arm was —5.84 mmHg and was statisti-
cally significant (95% CI —10.02 to-1.60). There was substantial inter-
study heterogeneity (I?= 79.00%) and this was not sensitive to the
exclusion of any individual trials (Fig. 2). The effect estimate was sen-
sitive to the exclusion of Schlaich et al. (—7.15; 95% CI —14.48, 0.17).
Raw mean difference for DBP reduction between the ERA arm and
placebo control arm was —3.73 mmHg and was statistically significant
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(95% CI —5.87 to —1.59) (Fig. 3). There was a substantial level of
interstudy heterogeneity (I2 =70.00%) and it was sensitive to the
exclusion of Bakris et al. (I = 0.00%). The clinical effect increased by
about 1.0 mmHg with the exclusion of Black et al. and remained sta-
tistically significant (—4.79; 95% CI —6.59, —3.00).

The 2 trials testing BB had a total of 592 participants with a mean age
of 59 years, and 52.01% of the participants were female. Trial partici-
pants had a mean baseline BP of 158/90 mmHg and a mean follow up
time of 13 weeks. Total baseline medications were not provided. [11,24]
Both studies were evaluated to be at moderate risk of bias (Supplement
Fig. 2). Raw mean difference for SBP reduction between the BB arm and
placebo control arm was —6.83 mmHg and was statistically significant
(95% CI —11.79 to —1.88) The effect estimate was not sensitive to the
exclusion of either trial. There was moderate interstudy heterogeneity
(12 = 32.00%). Since there were only two trials sensitivity analyses for
heterogeneity were not performed. Raw mean difference for DBP
reduction between the BB arm and placebo control arm was —5.42
mmHg and was statistically significant (95% CI —7.20 to —3.64). The
effect estimate was not sensitive to the exclusion of either trial and there
was no interstudy heterogeneity (IZ = 0.00%).

4. Discussion

In this meta-analysis of sham and placebo-controlled trials for
resistant hypertension MRAs were found to have a statistically signifi-
cant effect on all 4 outcomes tested and had the largest clinical effect on
2 of 4 outcomes (24 hr SBP and office SBP). Significant interstudy het-
erogeneity was found for 2 outcomes and when it was resolved with
removal of key trial(s), the effect was reduced; however, remained sta-
tistically significant. ERAs were also found to have a statistically sig-
nificant effect on all 4 outcomes, but these results should be viewed
cautiously because significant interstudy heterogeneity was found for 2
out of 4 outcomes and information on baseline medications were not
provided. Furthermore, the average patients in ERA trials had the lowest
baseline BP. RD consistently had the smallest clinical effects for each
outcome that was tested and none reached statistical significance.
Compared to the other treatments tested, RD trials enrolled the most
patients who on average had higher baseline BP and were on the most
medicines. Given the significant differences in baseline characteristics
and study design we opted not to conduct subgroup interaction testing.

To the best of our knowledge, this is the largest meta-analysis testing
efficacy of treatments verses placebo or sham-control for resistant hy-
pertension. We preferred this approach over a network approach
because we wished to exclude trials that had active control arms or no
control arms in an effort to minimize the impact of trial design features
and bias susceptibility on results. Drastic differences in efficacy of in-
terventions have been seen demonstrated previously when comparing
data from open-label non-controlled pilot studies versus sham-
controlled trials. Data from initial pilot studies for RD showed as
much as 22/11 mmHg of BP reduction. [27] However, subsequent
meta-analyses of sham-controlled trials have shown this reduction to be
on the order of 4/2 mmHg. [28]

The administration of MRA as a fourth-line agent significantly
reduced 24-hour ambulatory BP and office BP compared with placebo in
this meta-analysis. Although the underlying mechanism of RH is un-
clear, there is some evidence that RH is generally volume-dependent,
attributable to differing levels of aldosterone excess. [29,30] There is
evidence that patients with RH have higher plasma aldosterone levels
compared with nonresistant hypertension. [31] A previous
meta-analysis has shown that spironolactone increased the concentra-
tion of serum potassium compared to placebo. However, when
compared with other interventions such as
angiotensin-converting-enzyme inhibitors (ACE-I), beta blockers, and
alpha antagonists there was no significant difference in the serum po-
tassium concentration with the use of spironolactone. [32]

The administration of ERAs as a fourth-line agent significantly
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reduced 24-hr ambulatory BP and office BP compared with placebo
based on the results of our meta-analysis. Endothelin-1 (ET-1) is a 21
amino acid vasoconstrictor peptide that activates calcium flux in smooth
muscle cells causing vasoconstriction. ET-1 levels have been shown to
positively correlate with blood pressure, and ERAs have been shown to
lower blood pressure in animal models. [33,34] However, the antihy-
pertensive effectiveness of ERAs have remained controversial in human
studies. A previous meta-analysis testing use of ERA for the treatment of
hypertension reported side effects of edema, headaches, dizziness,
anemia, fatigue, and hypotension; however, mortality was not signifi-
cantly different between the ERA group and placebo. Of the 3406 pa-
tients included in this meta-analysis, 506 patients had at least one severe
adverse event defined as cardiovascular events, acute pulmonary
edema, dyspnea, severe allergies, or severe liver dysfunction. The ma-
jority of these adverse events were considered unrelated to treatment as
15.7% of patients in the ERA group and 12.8% in the placebo group
experienced these side effects. [35] However, due to a statistically sig-
nificant difference in side effects from Darusentan use as compared to
placebo, the drug was no longer developed for use in RH. Despite side
effects reported in hypertension trials, ERAs continue to be used safely
and efficaciously for pulmonary hypertension. [36] Given the efficacy of
ERAs seen in our analysis, further investigation for treatment of RH
would be warranted.

The administration of beta-blockers (pB) as a fourth-line agent
significantly reduced office BP compared with placebo based on the
results of the 2 trials included in our meta-analysis. Use of BBs to treat
hypertension started in 1960s due to the markedly lower side effect
profile when compared to other drugs available at that time. [37] Since
then, agents like ACE-Is, ARBs, and CCBs have been shown to be superior
to BBs in reducing BP. [38,39] There has been very little investigation
into the role of BBs in treating RH. Mechanistically, beta-blockers could
be an appropriate treatment for RH, as they have been shown to be
accompanied by deactivation of the sympathetic nervous system. [40]
More research and higher quality studies, that provide information on
background medication use, are needed to better understand the role of
beta blockers in RH.

Renal denervation did not significantly reduce 24-hour ambulatory
BP and office BP compared with placebo based on the results of our
meta-analysis. There are potential mechanisms to explain this observa-
tion. RD aims to reduce BP by reducing a patient’s sympathetic output
via a variety of mechanisms including lowering plasma renin activity
and ultimately, angiotension-II. [3] RH has been shown to develop from
an aldosterone-induced volume excess, and such hyperaldosteronism
most commonly is not affected by angiotensin-II. [30] Despite the large
number of studies evaluating use of RD in treating hypertensive patients
over the past years, the complex pathophysiology underlying RD is only
partly understood. Sympathetic activity has known vasoconstrictive
effects, but RD does not seem to significantly alter renal blood flow. [41,
42] How other components of the sympathetic nervous system
compensate for the effects of RD remains unknown and could possibly
help explain this phenomenon. RD’s effects on sodium excretion are
unknown, and none of the studies included in our analysis evaluated
sodium excretion. The only human trial investigating this endpoint
showed mixed results. While RD led to higher sodium excretion, patients
with a stronger BP response after RD showed a diminished effect on
sodium excretion compared to those with less BP changes. Further
investigation into RD’s effects on sodium excretion could help explain its
reduced efficacy for treating RH. [43]

There are important limitations to this meta-analysis. Many of our
efficacy outcomes have significant heterogeneity, which is likely related
to the complexity of patients being studied. Factors including age, BMI,
diet, baseline BP level, baseline medication burden and kidney function,
among other things, are likely to be related to variation in response to
RH treatments. Future studies should attempt patient-level meta-ana-
lyses that focus on the role of these individual features in relation to
treatment response. When comparing the clinical effects of these
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treatments to each other we cannot exclude that differences in trial
populations account for the differences in treatment response that we
observed. In general, we believe the MRA and RD populations were
similar enough to conclude with low to moderate confidence that MRA
lowers BP more effectively than RD in RH patients. (Table 1) Chen et al.
conducted a meta-analysis looking at all trials testing use of spi-
ronolactone for the treatment of RH. Part of their analysis included a
subgroup analysis of two trials directly comparing spironolactone and
RD showing a 9/3 mmHg greater reduction in 24-hr BP for spi-
ronolactone versus RD. [32,44,45] However, the difference in the ERA
population compared to others was so striking that it renders us unable
to reach any general conclusions about ERA compared to MRA or RD.
Besides MRA, ERA and RD, the other treatments had too few studies with
too many limitations to make any generalizable statements about effi-
cacy. Additionally, we pooled primary and secondary endpoints in this
present meta-analysis as not all studies reported office BP or 24-hr
ambulatory BP as the primary outcome. Finally, we were unable to
meta-analyze safety outcomes due to lack of standardized reporting of
safety outcomes.

5. Conclusion

In conclusion, we have low to moderate confidence that MRA lowers
BP in patients with RH more than RD, which seems to have little to no
effect. Due to either the low number of trials or major differences in the
patient population being tested, we do not have sufficient confidence to
render a judgment on the efficacy of the other treatments for RH. Future
work should focus on the role of individual factors in moderating
treatment response and the conduct of high quality RCTs comparing
interventions.
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