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Refractory hypertension (RfHTN), an extreme phenotype 
of antihypertensive failure, is defined as failure to control 

blood pressure (BP) with ≥5 antihypertensive agents, including 
chlorthalidone and a MR (mineralocorticoid receptor) antago-
nist.1 This phenotype represents a subgroup of patients with 
resistant hypertension (RHTN) defined as lack of BP control 
in spite of the use of ≥3 antihypertensive agents, including 
a diuretic, or controlled BP with use of ≥4 antihypertensive 
agents, so-called controlled RHTN.2

The prevalence of RfHTN among patients referred to 
hypertension specialty clinics has been reported to be between 
5% and 10%.3,4 RfHTN patients are more often women and of 
African ancestry as compared with patients with controlled 
RHTN.1 Furthermore, patients with RfHTN have persistent 
BP elevation by ambulatory monitoring and a low rate of 
white coat effect.5 Not surprisingly, large, community-based 
cohort studies have shown that RfHTN is associated with an 

increased risk of stroke and coronary heart disease as com-
pared with hypertensive patients in general.4

Prior studies have indicated that RHTN is generally attrib-
utable to persistent intravascular fluid retention. Taler et al6 
found that thoracic fluid content was increased in patients 
with uncontrolled RHTN, and intensification of diuretic ther-
apy was necessary to counteract this fluid retention to control 
BP. In a study by Gaddam et al,7 patients with uncontrolled 
RHTN with higher levels of B-type natriuretic peptide (BNP) 
along with greater left atrial (LA) and left ventricular (LV) 
volumes had significant improvement in BP, and normaliza-
tion of intracardiac volumes after diuresis was enhanced using 
spironolactone.

In contrast, few recent studies have demonstrated that tho-
racic fluid content is similar in patients with RfHTN and con-
trolled RHTN.1 However, the RfHTN patients had elevated 
heart rate and urinary normetanephrine levels as compared 
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lack of blood pressure control with ≥5 medications, including a long-acting thiazide and a mineralocorticoid receptor 
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with ≥3 antihypertensive medications, including a diuretic. RHTN is generally attributed to persistent intravascular fluid 
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RfHTN is characterized by persistent fluid retention, indexed by greater intracardiac volumes determined by cardiac 
magnetic resonance when compared with controlled RHTN patients. Consecutive patients evaluated in our institution 
with RfHTN and controlled RHTN were prospectively enrolled. Exclusion criteria included advanced chronic kidney 
disease and masked or white coat hypertension. All enrolled patients underwent biochemical testing and cardiac magnetic 
resonance. The RfHTN group (n=24) was younger (mean age, 51.7±8.9 versus 60.6±11.5 years; P=0.003) and had a 
greater proportion of women (75.0% versus 43%; P=0.02) compared with the controlled RHTN group (n=30). RfHTN 
patients had a greater left ventricular mass index (88.3±35.0 versus 54.6±12.5 g/m2; P<0.001), posterior wall thickness 
(10.1±3.1 versus 7.7±1.5 mm; P=0.001), and septal wall thickness (14.5±3.8 versus 10.0±2.2 mm; P<0.001). There 
was no difference in B-type natriuretic peptide levels and left atrial or ventricular volumes. Diastolic dysfunction was 
noted in RfHTN. Our findings demonstrate greater left ventricular hypertrophy without chamber enlargement in RfHTN, 
suggesting that antihypertensive treatment failure is not attributable to intravascular volume retention.   (Hypertension. 
2018;72:343-349. DOI: 10.1161/HYPERTENSIONAHA.118.10965.) • Online Data Supplement
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with controlled RHTN.1,8 These differences suggest a poten-
tial mechanistic distinction between RfHTN and RHTN in 
general in that RfHTN may be more neurogenic in cause, 
that is, secondary to excess sympathetic output, as opposed to 
being volume dependent, that is, persistent intravascular fluid 
retention, as is typical of RHTN. If true, such a mechanis-
tic distinction would have important therapeutic implications 
in that the treatment of RfHTN may require more effective 
sympatholytic therapies for BP control as opposed to further 
intensification of diuretic therapy.

The objective of our study was to determine whether 
antihypertensive treatment failure in patients with RfHTN 
is characterized by persistent intravascular fluid retention as 
demonstrated by higher LA and LV end-diastolic (LVED) vol-
umes and higher BNP levels. Patients with controlled RHTN 
served as the comparator group. We performed extensive 
laboratory testing and cardiac phenotyping of patients with 
RfHTN to assess ventricular dimensions, ventricular function, 
and the LV mass/volume ratio as compared with controlled 
RHTN.

Methods
The authors declare that all supporting data are available within the 
article.

Study Population
We prospectively enrolled consecutive patients who were referred 
to the University of Alabama at Birmingham Hypertension Clinic 
for uncontrolled RHTN (automated office BP [AOBP] >135/85 
mm Hg with use of ≥3 antihypertensive medications, including 
a diuretic) between April 2014 and January 2018. RfHTN was 
defined as lack of BP control despite the use of ≥5 antihyperten-
sive agents, including chlorthalidone and an MR antagonist, typi-
cally spironolactone, after a minimum of 3 follow-up visits. Office 
BP readings were obtained using AOBP as described below. All 
patients were evaluated for hyperaldosteronism and pheochromo-
cytoma. Renal artery stenosis was assessed if clinically indicated. 
Exclusion criteria were nonadherence based on self-report or low 
medication refill rates; chronic kidney disease stages 4 or 5 (esti-
mated glomerular filtration rate <30 mL/min per 1.73 m2), or if 
pregnant or nursing. All patients underwent 24-hour ambulatory 
BP monitoring (ABPM). RfHTN patients with white coat effect 
(defined as ambulatory awake BP <135/85 mm Hg and clinic AOBP 
>135/85 mm Hg) were excluded, as well as controlled RHTN with 
uncontrolled masked hypertension, (defined as ambulatory awake 
BP >135/85 mm Hg and clinic AOBP <135/85 mm Hg). The 
University of Alabama at Birmingham Institutional Review Board 
approved the study, and written informed consent was obtained 
from all participants.

Automated Office BP Measurement
The clinic AOBP was measured using the BpTRU device (Coquitlam 
BC, Canada), after at least 5 minutes of quiet rest in a sitting position 
with the back supported and the arm supported at heart level.9 An 
appropriate sized cuff was used with a cuff bladder encircling at least 
80% of the arm.10,11 The BpTRU AOBP device automatically obtains 
6 serial BP readings, 1 minute apart, before displaying the average 
of the last 5 readings with mean arterial pressure and BP variability. 
The assessments were unattended, that is, unobserved in clinic.10,12–15 
A BP cutoff of ≥135/85 mm Hg for elevated BP was used based on 
recent literature validating automated BP devices.16,17

Twenty-Four Hours ABPM
Study patients also underwent ABPM using an automated, non-
invasive, oscillometric device (Oscar 2; SunTech Medical Inc, 

Morrisville, NC).18,19 ABPM measurements were obtained every 
20 minutes during the daytime (awake) and every 30 minutes dur-
ing the night-time (asleep) phases of the 24-hour period. Awake 
and asleep times were self-reported by the patient. ABPM was 
determined to be valid if >80% of measurements were successful. 
Controlled BP by ABPM was defined as mean daytime (awake) BP 
<135/85 mm Hg.18,19

Cardiac Magnetic Resonance Imaging
All patients underwent cardiac magnetic resonance (CMR) to 
evaluate cardiac and aortic structure and function. CMR was per-
formed with a 1.5-T clinical scanner optimized for cardiac imaging 
(Signa, GE Healthcare) using a 4-element phased-array surface coil 
and prospective electrocardiographic triggering as described pre-
viously.20 Imaging was performed using a rapid steady-state free 

Table 1.  Baseline Characteristics in Refractory and Controlled Resistant 
Hypertension

Patient Characteristics

Refractory 
Hypertension 

(n=24)

Controlled 
Resistant 

Hypertension 
(n=30) P Value

Demographics

 ������������������������������� Age, y 51.7±8.9 60.6±11.5 0.003

 ������������������������������� Women (%) 18 (75.0%) 13 (43.3%) 0.02

 ������������������������������� Blacks (%) 19 (79.2%) 16 (53.3%) 0.05

 ������������������������������� Body mass index, kg/m2 34.6±4.8 31.7±5.7 0.05

 ������������������������������� Body surface area, m2 2.00±0.26 2.06±0.26 0.428

Comorbidities, n (%)

 ������������������������������� Lifelong nonsmoker 14 (58.3) 20 (66.7) 0.4

 ������������������������������� Dyslipidemia 11 (45.8) 17 (56.7) 0.43

 ������������������������������� Congestive heart failure 5 (20.8) 1 (3.3) 0.04

 ������������������������������� Arrhythmia 2 (8.3) 4 (13.3) 0.56

 ������������������������������� Coronary artery disease 3 (12.5) 2 (6.7) 0.46

 ������������������������������� Peripheral vascular 
disease

4 (16.7) 1 (3.3) 0.09

 ������������������������������� Diabetes mellitus 12 (50) 7 (23.3) 0.04

 ������������������������������� Prior stroke/transient 
ischemic attack

5 (20.8) 2 (6.7) 0.12

 ������������������������������� Obstructive sleep apnea 12 (50) 11 (36.7) 0.32

Automated office BP

 ������������������������������� Systolic BP, mm Hg 164.8±21.5 115.6±12.1 <0.0001

 ������������������������������� Diastolic BP, mm Hg 95.8±13.0 69.9±8.1 <0.0001

 ������������������������������� Heart rate, bpm 75.3±13.3 68.0±11.1 0.03

Biochemical testing

 ������������������������������� B-type natriuretic 
peptide, pg/mL*

24.8 (2.0–141.5) 15.4 (2.0–242.2) 0.38

 ������������������������������� 24-hour urine sodium, 
mmol/d

162.7±76.8 149.4±47.6 0.446

 ������������������������������� 24-hour urine 
proteinuria, mg

435.2±731.3 170.0±324.5 0.154

 ������������������������������� 24-hour urine 
creatinine, mg

1601.7±662.9 1686.1±613.0 0.636

BP indicates blood pressure.
*Median (range).
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precession cine sequence (10 k-space lines per segment). Standard 
short-axis and 2- and 4-chamber images were obtained from appro-
priate scout images and used for all the quantitative of right ven-
tricular, LV, and LA volumes. Cine images were reconstructed into 
20 cardiac phases.

Slice thickness for the short-axis, 2-chamber, and 4-chamber im-
ages was 8 mm without any slice gap. The following parameters 
were used: matrix size, 256×128; field of view, 40×40 cm; typical 
repetition time, 3.9 ms; typical echo time, 1.6 ms; flip angle, 45°; 
bandwidth, 125 Hz per pixel; and typical acquired temporal resolu-
tion, 39 ms. CAAS Flow and CAAS MRV software (Pie Medical 
Imaging, Maastricht, the Netherlands) was used to evaluate ven-
tricular and atrial volume and function. LA contours were manually 
drawn on 2- and 4-chamber long-axis views at ventricular end sys-
tole; this phase corresponds with the largest LA area. The inferior 
LA border was defined as the plane of the mitral annulus. We ex-
cluded the pulmonary veins and the LA appendage as recommended 
by echocardiographic guidelines.21 The LA base-to-mitral-valve 
length was obtained from the middle of the plane of the mitral an-
nulus to the posterior wall. LA volume was calculated by the area-
length method V=8/3π (A

2ch
 A

4ch
/L), where A

2ch
 and A

4ch
 represent 

the LA area acquired from the long-axis 2- and 4-chamber views 
by planimeter, respectively, and L is the shortest length from basal 
wall to the mitral valve annulus. Short-axis cine MR imaging (MRI) 
was performed, and the epicardial and endocardial contours of the 
ventricles at end systole and end diastole were manually drawn for 
each slice.22 Chamber volumes and LV mass were indexed to the 
body surface area. Ventricular ejection fraction (EF) was calculated 
as EF=(EDV−ESV)/EDV×100, where EDV stands for end-diastolic 
volume and ESV for end-systolic volume.

For assessment of diastolic function, segmentation for each short-
axis slice was performed across all temporal phases. Volumetric data 
were used to analyze the LV volume-filling time course.23,24 The fol-
lowing CMR diastolic parameters were evaluated:

1.	 Peak filling rate: Maximal LV filling rate defined by maximal 
change in LV volume between sequential temporal phases (Δ 
volume/Δ phase). This index was also adjusted for stroke vol-
ume to generate normalized peak filling rate.24

2.	 Diastolic volume recovery: Proportion of diastole required for 
recovery of 80% of stroke volume.24

The LV inflow contour was manually traced throughout the cardiac 
cycle, and velocity encoded, phase contrast MRI was performed to 
obtain early and late LV filling velocities.25

Statistical Analysis
Descriptive statistics are presented as mean±SD, median with 
range, or frequency number and percentage within the group, as 
appropriate. Between-group differences were compared by inde-
pendent Student t test or nonparametric Wilcoxon rank-sum test 
for continuous variables, as appropriate, and by χ2 test for categori-
cal variables. The P values are provided for descriptive purposes. 

Reported P values are 2 sided with P<0.002 considered significant 
after applying a Bonferroni correction for multiple testing of car-
diac parameters. Differences in baseline characteristics (Tables  1 
and 2) are considered statistically significant for P<0.05. Data 
analyses were performed using SAS version 9.3 (SAS Institute Inc, 
Cary, NC).

Results
A total of 224 patients were screened for study participation. 
After diagnostic testing, 24 patients with RfHTN were enrolled 
and 30 patients with controlled RHTN were recruited for the 

Figure 1.  Schematic of enrolled study 
participants. ABPM indicates ambulatory blood 
pressure monitoring; AOBP, automated office 
blood pressure monitoring; CMR, cardiac 
magnetic resonance; MRI, magnetic resonance 
imaging; RfHTN, refractory hypertension; and 
RHTN, resistant hypertension.

Table 2.  Antihypertensive Medications in Patients With Refractory and 
Controlled Resistant Hypertension

Antihypertensive 
Class

Refractory 
Hypertension 

(n=24)

Controlled 
Resistant 

Hypertension 
(n=30) P Value

Angiotensin-
converting enzyme 
inhibitors

11 (45.8%) 17 (56.7%) 0.303

Angiotensinogen 
receptor blockers

13 (54.2%) 12 (40.0%) 0.223

Calcium channel 
blockers

24 (100.0%) 23 (76.7%) 0.011

Thiazide diuretics 24 (100.0%) 29 (96.7%) 0.556

Loop diuretics 0 1 (3.3%) 0.556

Amiloride 0 1 (3.3%) 0.556

Mineralocorticoid 
receptor antagonists

24 (100.0%) 20 (66.7%) 0.001

α-Blockers 1 (4.2%) 2 (6.7%) 0.585

β-Blockers 7 (29.2%) 11 (36.7%) 0.387

Combined α-β 
blockers

12 (50.0%) 5 (16.7%) 0.010

Central acting α2 
agonists

17 (70.8%) 6 (20.0%) <0.001

Nitrate vasodilators 3 (12.5%) 0 0.082

Other vasodilators 6 (25.0%) 0 0.005

Total antihypertensive 
medications

6 (5–7) 4 (3–7) <0.001
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comparator group (Figure  1). RfHTN patients had a higher 
clinic heart rate and BP, were younger, and more likely to be 
women and black (Table  1). By definition, RfHTN patients 
were on more antihypertensive agents (median [range], 6 
[5–7] versus 4 [3–7] medications; P<0.001; Table 2). Patients 
with RfHTN had a higher mean body mass index and a higher 
prevalence of diabetes mellitus. Notably, the RfHTN group 
had more patients with a prior heart failure diagnosis, but no 
difference in known coronary artery disease, prior cerebrovas-
cular events, or confirmed obstructive sleep apnea.

There was no difference in the mean BNP levels between 
the 2 groups (RfHTN: 24.8 pg/mL [2.0–141.5 pg/mL] versus 
controlled RHTN: 15.4 pg/mL [2.0–242.2 pg/mL]; P=0.38). 
There was no difference in 24-hour levels of urinary sodium 
excretion (RfHTN: 162.7±76.8 versus controlled RHTN: 
149.4±47.6 mmol/d; P=0.446).

CMR-Derived Measurements

Cardiac Morphology
Patients with RfHTN had greater LV mass indexed by body 
surface area: (88.3±35.0 versus 54.6±12.5 g/m2; P<0.0001), 
as well as greater interventricular septal thickness (14.5±3.8 
versus 10.0±2.2 mm; P≤0.0001) and posterior wall thickness 
(10.1±3.1 versus 7.7±1.5 mm; P=0.0005) than patients with 
controlled RHTN (Table  3; Figure  2). There was no differ-
ence in LA volume indexed by body surface area (RfHTN: 
31.8±8.3 versus controlled RHTN: 33.1±13.1 mL/m2; 
P=0.68) or LVED volume (RfHTN: 142.9±42.8 mL versus 
controlled RHTN: 138.5±36.3 mL; P=0.69) between the 2 
groups. Patients with RfHTN had a greater LV mass/LVED 
volume ratio than patients with controlled RHTN (1.3±0.4 
versus 0.8±0.2 g/mL; P<0.0001).

A modest linear association within the 2 groups was found 
between systolic BP and LV mass (Pearson correlation, 0.308; 
P=0.023), along with diastolic BP and LV mass (Pearson cor-
relation, 0.502; P<0.001; Figure S1A and S1B in the online-
only Data Supplement).

Systolic and Diastolic Functions
Volumetric assessment by MRI did not reveal differences in 
right ventricular or LV EF among groups. Furthermore, flow 
assessment across ascending aorta did not reveal differences 
in cardiac output or stroke volume (Table 4). Although most of 
the diastolic function parameters were not different between 
groups, the RfHTN group showed impaired diastolic function 
evidenced by a lower peak filling rate (normalized by LV stroke 
volume) compared with the RHTN group (Table 3). RfHTN 
patients had higher resting heart rates, which was reflected by 
a trend toward a shorter time in diastole (497.3±95.9 versus 
564.7±128.7 ms; P=0.04).

Discussion
There are several key findings of our study. This is the first 
detailed cardiovascular phenotyping of patients with RfHTN 
using CMR, a technique considered to be the gold standard 
for the assessment of cardiac structure and function. Second, 
we found no difference in LA and LVED volume between 
the 2 study groups along with similar levels of BNP, sug-
gesting that patients with RfHTN do not have persistent fluid 

retention as a cause of their antihypertensive treatment fail-
ure. Third, our study demonstrated more pronounced cardiac 
remodeling in RfHTN subjects as evidenced by increased 

Table 3.  CMR-Based Cardiac Anatomy of Patients With Refractory and 
Controlled Resistant Hypertension

Cardiac Parameters

Refractory 
Hypertension 

(n=24)

Controlled 
Resistant 

Hypertension 
(n=30) P Value

Left ventricle

 ������������������������������� Left ventricular mass, g 179.4±75.0 115.2±37.9 0.0002

 ������������������������������� Left ventricular mass index, 
g/m2

88.3±35.0 54.6±12.5 <0.0001

 ������������������������������� Left ventricle end-systolic 
volume, mL

54.5±26.4 52.0±20.8 1.0

 ������������������������������� Left ventricle end-diastolic 
volume, mL

142.9±42.8 138.5±36.3 0.69

 ������������������������������� Left ventricle end-diastolic 
volume indexed body 
surface area, mL/m2

70.7±17.2 67.0±12.5 0.375

 ������������������������������� Left ventricle end-systolic 
dimension, mm

32.8±8.6 32.8±6.4 0.99

 ������������������������������� Left ventricle end-diastolic 
dimension, mm

47.3±6.7 48.9±5.4 0.34

 ������������������������������� Left ventricle posterior wall 
thickness, mm

10.1±3.1 7.7±1.5 0.0005

 ������������������������������� Inter ventricular septum 
thickness, mm

14.5±3.8 10.0±2.2 <0.0001

 ������������������������������� Left ventricular mass/left 
ventricular end-diastolic 
volume, g/mL

1.3±0.4 0.8±0.2 <0.0001

Left atrium

 ������������������������������� Left atrium volume, mL 65.8±21.6 67.9±29.3 0.77

 ������������������������������� Left atrium volume indexed 
by body surface area, mL/m2

31.8±8.3 33.1±13.1 0.68

Right ventricle

 ������������������������������� Right ventricle end-systolic 
volume, mL

57.4±18.8 65.6±24.1 0.19

 ������������������������������� Right ventricle end-diastolic 
volume, mL

135.1±40.6 147.2±37.4 0.27

 ������������������������������� Right ventricle end-diastolic 
volume indexed body 
surface area, mL/m2

66.8±16.1 71.1±12.1 0.268

 ������������������������������� Right ventricle end-diastolic 
dimension, mm

36.5±6.5 40.7±7.1 0.03

Right atrium

 ������������������������������� Right atrium dimension, mm 41.1±8.0 48.0±7.3 0.009

 ������������������������������� Inferior vena cava, mm 18.7±5.5 20.6±4.2 0.52

CMR indicates cardiac magnetic resonance.
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LV mass and wall thickness, without significant increases in 
chamber volume as compared with patients with controlled 
RHTN. Fourth, systolic function was preserved in both 
groups. However, there was evidence for abnormal diastolic 
filling in patients with RfHTN as compared with controlled 
RHTN subjects.

Persistent fluid retention is thought to broadly underlie 
the development of RHTN. Taler et al6 reported that RHTN 
is characterized by intravascular fluid retention, as evi-
denced by increased thoracic impedance and the observa-
tion that intensification of diuretic therapy facilitated better 
BP control in these patients. Our group previously reported 
that patients with RHTN have greater end-diastolic vol-
umes and higher BNP levels than control patients without 
RHTN7,26 and that this fluid retention could be overcome 
with use of spironolactone.7 In the current study, we did 
not observe any significant differences in cardiac chamber 
volumes or BNP levels between patients with RfHTN and 
patients with controlled RHTN, arguing against persistent 
fluid retention as the cause of the antihypertensive treat-
ment failure. This suggests that alternative mechanisms 
may be driving the lack of treatment response. The higher 
resting heart rates and higher urinary metanephrine levels 
observed in earlier studies suggest heightened sympathetic 
activity as a potential cause of RfHTN. If so, this carries 
important clinical implications in that such patients failing 
maximal or near-maximal antihypertensive treatment may 
best respond to more effective sympatholytic interventions, 
either pharmacologic or device-based, as opposed to con-
tinued intensification of diuretic therapy, which has been 
generally recommended for continued lack of BP control in 
patients with RHTN.

The current study demonstrates that patients with RfHTN 
have a greater prevalence of LV hypertrophy, characterized by 
a greater LV mass index and wall thickness as compared with 
patients with controlled RHTN. Previous studies of patients 
with RfHTN have likewise reported a high prevalence of LV 
hypertrophy based on ECG criteria4 and M-mode echocar-
diography.8 The greater LV mass is no doubt attributable, at 
least in part, to the longstanding, poorly controlled hyperten-
sion characteristic of RfHTN.

There were no differences in systolic function between 
the 2 study groups. However, patients with RfHTN had signs 
of diastolic dysfunction or subclinical heart failure with 
preserved EF. First, the LV mass/LVED volume ratio in the 
RfHTN group was >1 g/mL and greater than in the control 

group, concordant with findings from prior studies in patients 
with heart failure with preserved EF.27 Second, RfHTN 
subjects showed a delayed LV filling pattern that has been 
described in patients with diastolic dysfunction,24 as well as 

Figure 2.  Representative cardiac magnetic 
resonance images from patients with refractory 
hypertension (A), demonstrating increase 
ventricular wall thickness with similar end-
diastolic volumes when compared with patients 
with controlled resistant hypertension (B).

Table 4.  Cardiac Systolic and Diastolic Function Properties Measured With 
Cardiac MRI in Refractory and Controlled Resistant Hypertension

Cardiac Parameters

Refractory 
Hypertension 

(n=24)

Controlled 
Resistant 

Hypertension 
(n=30) P Value

Flow across ascending aorta

 ������������������������������� Cardiac output, L/min 4.8±1.3 4.6±1.5 0.64

 ������������������������������� Stroke volume, mL/beat 69.6±19.7 68.5±18.0 0.84

Left ventricle

 ������������������������������� Left ventricle stroke 
volume, mL

88.1±24.1 86.1±22.6 0.76

 ������������������������������� Left ventricle ejection 
fraction, %

62.9±9.1 63.1±8.2 0.95

 ������������������������������� Early diastolic mitral inflow 
maximal velocity (E), cm/s

47.1±8.6 46.2±12.6 0.79

 ������������������������������� Late diastolic mitral inflow 
maximal velocity (A), cm/s

48.6±13.8 41.5±12.6 0.10

 ������������������������������� E/A ratio maximal velocity 
ratio

1.07±0.55 1.27±0.76 0.12

 ������������������������������� Total time in diastole (D), 
ms

497.3±95.9 564.7±128.7 0.04

 ������������������������������� Time to recover 80% of LV 
stroke volume (P), ms

457.1±90.2 519.1±118.3 0.04

 ������������������������������� Left ventricle diastolic 
volume recovery (P/D)

0.92±0.03 0.92±0.07 0.95

 ������������������������������� Left ventricle peak filling 
rate, mL/s

376.5±123.5 422.1±158.3 0.27

 ������������������������������� Left ventricle peak filling 
rate normalized by stroke 
volume

4.5±1.0 5.3±1.3 0.03

Right ventricle

 ������������������������������� Right ventricle stroke 
volume, mL

77.6±24.4 81.5±20.9 0.54

 ������������������������������� Right ventricle ejection 
fraction, %

57.6±6.0 56.0±8.4 0.46

LV indicates left ventricle; and MRI, magnetic resonance imaging.
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in clinical heart failure, despite no differences in EF among 
groups.

Although we did not detect differences between the 2 
study groups, the small sample size of patients with RfHTN 
reduces the statistical power of the analysis, increasing risk 
of a type II error. Study limitations include the small number 
of patients with RfHTN. Study strengths include the rigorous 
characterization of the 2 phenotypes based on extensive bio-
chemical testing, ABPM, and cardiac MRI.

In conclusion, the current study demonstrates similar 
intracardiac chamber volumes and BNP levels in patients 
with RfHTN and controlled RHTN, suggesting that antihy-
pertensive treatment failure in these patients is not from lack 
of effective diuresis when treated with chlorthalidone and 
spironolactone. Instead, it suggests a mechanism of treat-
ment failure separate from persistent fluid retention, such as 
increased sympathetic tone.1 Further, patients with RfHTN 
have evidence of adverse cardiovascular remodeling com-
pared with controlled RHTN, placing them at increased risk 
for adverse cardiovascular events.1,28

Perspectives
Patients with RfHTN represent a subset of individuals with 
hypertension that remains uncontrolled despite maximal anti-
hypertensive treatment, including use of long-acting thiazide 
diuretics and MR antagonists. Our detailed cardiac pheno-
typing analysis using CMR demonstrated greater ventricular 
wall thickness without chamber enlargement in patients with 
RfHTN compared with patients with controlled RHTN. These 
findings are in agreement with prior studies from our group, 
suggesting that the failure of antihypertensive to control BP 
in RfHTN is not attributable to persistent fluid retention but 
instead is mediated by other mechanisms, such as increased 
sympathetic tone.
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What Is New?
•	Patients with refractory hypertension have increased cardiac damage 

compared with controlled resistant hypertension.
•	Cardiac magnetic resonance imaging showed evidence of increased left 

ventricular mass and wall thickness without cardiac chamber enlarge-
ment in refractory hypertension patients.

What Is Relevant?
•	 In patients with resistant hypertension, lack of blood pressure control 

despite multiple medications is associated with adverse cardiovascular 
remodeling.

•	There is no evidence of chamber enlargement in refractory hypertension 
patients to suggest persistent excess intravascular volume as a cause of 
antihypertensive treatment failure.

Summary

Patients with refractory hypertension have greater left ventricular 
mass and adverse vascular remodeling compared with controlled 
resistant hypertension patients, without evidence of greater intra-
vascular volume to explain their antihypertensive treatment failure.

Novelty and Significance
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Figure S1: Plot graph showing linear correlation between SBP and LV mass 

(S1A) and DBP and LV mass (S1B). 

 


