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ABSTRACT
Objective To test the effectiveness of an impedance 
cardiography (ICG) guided treatment strategy on 
improving blood pressure (BP) control in real- world 
clinical practice.
Design A single- centre, pragmatic randomised trial.
Setting A hypertension clinic of the Peking University 
People’s Hospital in Beijing, China.
Participants Adults who sought outpatient care for 
hypertension in the hypertension clinic at the Peking 
University People’s Hospital between June and December 
2019.
Interventions A computerised clinical decision support of 
recommending treatment choices to providers based on 
patients’ haemodynamic profiles measured by ICG.
Main outcome measures Changes in systolic BP (SBP) 
and diastolic BP (DBP) levels at the follow- up visit 4–12 
weeks after baseline. Secondary outcomes included 
achievement of BP goal of <140/90 mm Hg and the 
changes in BP by baseline BP, age, sex and body mass 
index (BMI).
Results A total of 102 adults (mean age was 54±14 
years; 41% were women) completed the study. The mean 
baseline SBP was 150.9 (SD of 11.5) mm Hg and mean 
baseline DBP was 91.1 (11.3) mm Hg. At the follow- up 
visit, the mean SBP and DBP decreased by 19.9 and 
11.3 mm Hg in the haemodynamic group, as compared 
with 12.0 and 4.9 mm Hg in the standard care group 
(p value for difference between groups <0.001). The 
proportion of patients achieving BP goal of <140/90 mm 
Hg in the haemodynamic group was 67%, as compared 
with 41% in the standard care group (p=0.017). The 
haemodynamic group had a larger effect on BP reduction 
consistently across subgroups by age, sex, BMI and 
baseline BP.
Conclusions An ICG- guided treatment strategy led to 
greater reductions in BP levels than were observed with 
standard care in a real- world population of outpatients 
with hypertension. There is a need for further validation 
of this strategy for improving blood pressure treatment 
selection.
Trial registration number NCT04715698.

BACKGROUND
Hypertension is a haemodynamic- related 
disorder characterised by abnormalities of 
the cardiac output (CO), systemic vascular 
resistance (SVR) or a combination of both.1 
Despite that hypertension is routinely diag-
nosed and managed based on degree of 
blood pressure (BP) elevation alone, patients 
with similar degree of BP elevation can 
have different underlying haemodynamic 
profiles.2 3 These variations in haemodynamic 
profiles may have important implications for 
treatment selection because the choice for 
patients with a higher CO might be different 
than for those with a higher SVR. Selecting 
treatment strategies based on haemodynamic 

Key questions

What is already known about this subject?
 ► Hypertension is a hemodynamic- related disorder 
characterized by abnormalities of the cardiac out-
put, systemic vascular resistance, or a combination 
of both. Measurement of the various hemodynamic 
parameters using impedance cardiography (ICG) in 
stable patients with hypertension provides informa-
tion that may enable more effective targeted drug 
management.

What does this study add?
 ► This study shows an ICG- guided treatment strate-
gy could lead to greater reductions in blood pres-
sure levels than were observed with standard 
care in a real- world population of outpatients with 
hypertension.

How might this impact on clinical practice?
 ► As clinical care is moving towards precision medi-
cine, our findings identify the needs of more refined 
hemodynamic measurement to facilitate personal-
ized treatment in patients with hypertension.
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profiles for patients with hypertension may improve BP 
control.

Impedance cardiography (ICG) is a safe and accurate 
non- invasive tool to measure haemodynamic parame-
ters4 5 that can be performed in the outpatient setting.6 7 
Measurement of the various haemodynamic components 
using ICG in stable patients with hypertension provides 
information that may enable more effective targeted 
drug management. Although several previous studies 
have used ICG to evaluate haemodynamic parameters 
and demonstrated that ICG- guided therapy improves BP 
control,7–9 they used a traditional randomised controlled 
trial design, in which the operationalisation of the inter-
vention had stricter instructions and patients were more 
frequently monitored than routine clinical care. Whether 
an ICG- guided strategy for hypertension treatment can 
lead to improvements in BP control in real- world clin-
ical settings has been rarely tested. Additionally, previous 
studies were all conducted in the USA8 9; no study has 
focused on low- income and middle- income counties 
where healthcare resources are limited, patient charac-
teristics and clinical practice patterns are different.

Accordingly, we conducted a pragmatic randomised 
trial to produce preliminary data about the effective-
ness of ICG- guided strategies for patients with hyperten-
sion in routine clinical care in China. We hypothesised 
that selecting antihypertensive therapy based on each 
patient’s haemodynamic profile measured by ICG could 
lead to more effective BP reduction and hypertension 
control than standard care in hypertensive patients in a 
real- world setting.

METHODS
Eligibility
The study population was patients who sought outpatient 
care for hypertension in the hypertension clinic of the 
Cardiology Department at the Peking University People’s 
Hospital between June and December 2019 in Beijing, 
China. Patients were eligible if they were 18–85 years old, 
were local residents, had a diagnosis of essential hyper-
tension and were currently on less than four antihyper-
tensive medications of different classes with systolic BP 
(SBP) of ≥140 mm Hg or diastolic BP (DBP) of ≥90 mm 
Hg. If patients were on a combination antihypertensive 
drug, they would be considered on multiple classes of 
antihypertensive drugs. Patients were excluded if they 
were already on four or more antihypertensive agents of 
different classes (considered as resistant hypertension); 
had on- site SBP of <140 mm Hg and DBP of <90 mm Hg; 
had secondary hypertension, severe renal disease, cancer, 
severe valvular disease, cerebrovascular event within 6 
months, atrial fibrillation; or had uncontrolled diabetes 
with fasting blood glucose of 11.1 mmol/L.

Randomisation and procedure
After informed consent, patients meeting inclusion/
exclusion criteria were randomised in a 1:1 ratio to the 

haemodynamic group or the standard care group. Simple 
randomisation was performed using a random number 
generator with concealed allocation. Randomisation was 
performed at the patient rather than the provider level, 
as outpatients at the participating clinic may be cared 
for by different providers throughout the study. All study 
investigators were blinded to patient randomisation 
status until enrolment was complete.

Patients’ information including age, sex, weight, 
height, BP and antihypertensive medications was 
collected by nurses during the outpatient visit. Weight 
was measured to the nearest 0.1 kg with patients wearing 
light indoor clothing and no shoes. Height was measured 
to the nearest 0.1 cm, using a portable stadiometer 
(Omron HNJ- 318; Omron Corporation, Kyoto, Japan) 
with patients standing without shoes and heels against 
the wall. BP was measured on the right upper arm after 
5 min of rest in a seated position using an electronic 
BP monitor (Omron HBP- 9020; Omron Corporation). 
ICG data were collected by trained technicians at each 
visit in all patients, but ICG findings were not revealed 
in the standard arm to physicians or patients. ICG was 
performed with patients in the supine position, resting 
for 3 min before measurement. By applying a constant, 
low amplitude, high- frequency, alternating electrical 
current to the thorax, ICG device measures the corre-
sponding voltage to detect beat- to- beat changes in 
thoracic electrical resistance, known as impedance and 
with it stroke volume is estimated.10 11 Then, using heart 
rate, mean arterial BP and BMI, other haemodynamic 
parameters are calculated, including CO, cardiac index 
(CI), SVR, SVR index (SVRI), arterial stiffness index (AS) 
and a volume parameter—thoracic blood saturation ratio 
(TBR).12 The ICG device used (CHM P2505, designed by 
Beijing Li- Heng Medical Technologies, manufactured 
by Shandong Baolihao Medical Appliances) was devel-
oped based on improved hardware and advanced digital 
filtering algorithms,13 and has been validated versus both 
invasive thermodilution and non- invasive echocardiog-
raphy in different settings.14–16

Intervention
After randomisation, therapy was initiated in all patients. 
Physicians in both groups were encouraged to prescribe 
medications consistent with the 2018 Chinese hyperten-
sion guideline,17 their clinical judgement, and patient 
clinical characteristics. In the haemodynamic group, 
physicians were provided with patients’ ICG findings 
and a computerised clinical decision support of recom-
mended treatment choices based on patients’ haemody-
namic profiles. Specifically, the clinical decision support 
system determined the haemodynamic phenotype of a 
patient in three steps: first, the computer system calcu-
lated the population mean and SD of each haemody-
namic parameter (eg, HR, CI, AS, SVRI, TBR) given 
patient’s gender, age, weight, height and BMI, using data 
from a large sample of 114 198 generally healthy Chinese 
adults (see detailed description in online supplemental 
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file 1).2 3 Because haemodynamic parameters vary by 
age, gender, height and weight, we used personalised 
cutoffs as opposed to one- size- fits- all cutoffs to define 
haemodynamic phenotypes. Second, the computer 
system determined if the patient had an elevated haemo-
dynamic parameter based on whether the patient’s value 
was greater than the population mean plus one SD of 
the respective parameter. Finally, the clinical decision 
support categorised patients into four clinically relevant 
haemodynamic phenotypes, including cardiac pheno-
type (high HR or high CI), arterial vascular phenotype 
(high AS), peripheral vascular phenotype (high SVRI) 
and volemic phenotype (high TBR).18 19 These four 
haemodynamic phenotypes included cardiac phenotype 
(high HR or high CI), arterial vascular phenotype (high 
AS), peripheral vascular phenotype (high SVRI) and 
volemic phenotype (high TBR). Suggested treatment 
strategies were then provided for each phenotype (see 
details in figure 1). Physicians were instructed to use this 
information to guide decisions about pharmacological 
agents and dosing. Physicians could share ICG infor-
mation with patients in the haemodynamic arm. In the 
standard care group, physicians were not provided with 
patients’ ICG findings and were instructed to use their 
own clinical judgement to make treatment decisions. 
To minimise the potential confounding due to lifestyle 
modification, physicians in both groups were instructed 
not to prescribe non- pharmacological interventions as 
part of their treatment plans. All patients in both groups 
received education on the importance of medication 
compliance.

Outcome measures
All patients were required to return to the clinic for a 
follow- up visit between 4 and 12 weeks after the base-
line visit. During the follow- up visit, BP was measured 
on the right upper arm after 5 min of rest in a seated 
position using an electronic BP monitor (Omron HBP- 
9020). The technicians who measured BP were blinded 
to the intervention arm. The primary study end points 
were changes in SBP and DBP from baseline. Secondary 
study end points included (1) achievement of BP goal 
of <140/90 mm Hg and (2) changes in SBP and DBP by 
baseline BP, age, sex and BMI.

Statistical analysis
We described continuous variables as mean±SD and cate-
gorical variables as n (%). Differences in continuous vari-
ables between treatment groups were examined by the 
Student’s t- test and in categorial variables using Fisher’s 
exact tests. Subgroup analysis was performed by baseline 
BP, age, sex, BMI and haemodynamic phenotype. We 
used Breslow- Day test to test the consistency of different 
stratified OR across subgroups and used Forest plots 
for visualisation. We performed additional evaluation 
of changes in haemodynamic parameters between base-
line and follow- up visit by pair- sample t- test. Statistical 
significance was defined as a two- tailed p<0.05. All statis-
tical analyses were conducted using R, V.3.4.1 (The R 
Foundation for Statistical Computing, Vienna, Austria). 
The study followed the guidelines for randomised trial, 
described in the Consolidated Standards of Reporting 
Trials statement.20

Figure 1 Suggested treatment strategy for the haemodynamic group. CCB, calcium channel blockers; RASI, renin- 
angiotensin system inhibitors. In case of evaluation of multiple indicators, first consider the highest one, or considering drug 
combinations. In case that the recommended drug is already used, consider dose titration, switching to extended release 
formulation or switching to a different in the same drug class. Based on hemodynamic phenotyping, final drug choices should 
take in consideration comorbidity and other clinical info. ↑ : Value greater than “baseline + 1SD”, baseline and SD based on 
large sample Chinese general population, adjusted for individual factors such as: age, sex, height and weight. HR ↑ *: HR>75 b/
min; But in case of low cardiac output (CI<baseline- 2SD), use beta- blockers cautiously. AS, aortic/arterial stiffness; CI, cardiac 
index; SVRI, systemic vascular resistance index; TBR, thoracic blood standing/supine ratio.
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Patient involvement
No patients were involved in the development of the 
research question or the outcome measures, or in devel-
oping plans for the design and implementation of the 
study. The data are deidentified and, therefore, cannot 
be shared with the study participants directly.

RESULTS
Characteristics of study population
Between 1 June and 31 December 2019, we screened 201 
patients presenting to the hypertension clinic for outpa-
tient care, from which we excluded 87 individuals whose 
baseline BP value is less than 140/90 mm Hg, leaving 
114 patients randomised to the intervention and control 
arms. We further excluded 12 patients who did not 
make follow- up visits within 4–12 weeks. Finally, a total 
of 102 patients (51 in the standard care group and 51 
in the haemodynamic group) completed the study and 
were analysed (online supplemental figure 1). Among 
102 patients, the mean age of 54±14 years and 41% were 
female. Patients had a mean SBP of 150.9 (±11.5) mm Hg, 
mean DBP of 91.1 (±11.3) mm Hg, mean CI of 3.1 (±0.7) 
L/min/m2, mean SVRI of 3017 (±731) dynes s/cm5/m2, 
mean heart rate of 72 (±10.6) beats/min (table 1).

In the haemodynamic group, 13 patients had cardiac 
phenotype (high HR or high CI), 11 had arterial vascular 
phenotype (high AS), 30 had peripheral vascular 

phenotype (high SVRI) and 17 volemic phenotype (high 
TBR), respectively. In the control group, 13 patients had 
cardiac phenotype, 18 had arterial vascular phenotype, 
26 had peripheral vascular phenotype and 11 volemic 
phenotype, respectively. There were no statistically 
significant differences in the number and class of anti-
hypertensive medications, patient demographic, clinical, 
BP or ICG variables at baseline between the haemody-
namic group and the control group (table 1 and online 
supplemental tables 1–3). Baseline ICG variables and 
patient characteristics by haemodynamic phenotype were 
presented in online supplemental tables 1 and 2.

Effect of the ICG-guided treatment strategy on BP control
BP and ICG values at the baseline and follow- up visit as 
well as their differences between the two visits are shown 
in online supplemental table 4 and figure 2. Both SBP and 
DBP reductions were significantly greater in the haemo-
dynamic group from baseline to follow- up visit compared 
with the standard care group (SBP reductions: 19.9±10.7 
vs 12.0±11.8 mm Hg, p<0.001; DBP reduction: 11.3±6.2 
vs 4.9±9.9 mm Hg, p<0.001). Final BP was lower in the 
haemodynamic group compared with the standard care 
group (SBP: 131.9±10.9 vs 138.0±13.7 mm Hg, p<0.001; 
DBP: 81.4±7.7 vs 84.6±12.9 mm Hg, p<0.001). The propor-
tion of patients achieving BP goal of <140/90 mm Hg was 
also larger in the haemodynamic group compared with 
the standard care group (67% vs 41%; p=0.017).

Subgroup analyses by patient gender (men vs women), 
age (≥50 years vs <50 years), BMI (≥24 vs <24 kg/m2) 
and baseline BP level (baseline SBP ≥160 vs 140–159 mm 

Table 1 Characteristics of study participants at baseline

Overall
(n=102)

Intervention 
group
(n=51)

Control 
group
(n=51)

Male, n (%) 60 (59%) 32 (63%) 28 (55%)

Female, n (%) 42 (41%) 19 (37%) 23 (45%)

Age, mean (SD) 54±14.0 55±12.4 54±15.5

BMI (kg/m2) 26.7±3.8 26.4±3.7 27.0±3.9

SBP (mm Hg) 150.9±11.5 151.8±12.6 150.0±10.3

DBP (mm Hg) 91.1±11.3 92.7±9.6 89.5±12.6

HR (BPM) 72±10.6 73±11.2 70.0±10.0

CI (L/min/m2) 3.1±0.72 3.1±0.64 3.0±0.80

AS (mm Hg/mL/b) 0.82±0.33 0.82±0.36 0.82±0.30

SVRI (dyn s m2/cm5) 3017±731 3057±678 2975±720

TBR (%) 0.78±0.11 0.79±0.11 0.76±0.10

Diabetes, n (%) 25 (25%) 13 (25%) 12 (24%)

CHD, n (%) 4 (4%) 2 (4%) 2 (4%)

Stoke, n (%) 1 (1%) 1 (2%) 0 (0%)

CKD, n (%) 9 (9%) 7 (14%) 2 (4%)

The data of the two groups were not statistically significant 
(p>0.05 for all).
AS, aortic resistance index; BMI, body mass index; CHD, coronary 
heart disease; CI, cardiac output index; CKD, chronic kidney 
disease; DBP, diastolic blood pressure; HR, heart rate; SBP, 
systolic blood pressure; SVRI, systemic vascular resistance index; 
TBR, thoracic blood volume saturation.

Figure 2 Blood pressure (BP) reduction and achievement 
of BP goals in haemodynamic and standard care groups. A: 
Haemodynamic group, B: standard care group. DBP, diastolic 
BP; ICG, impedance cardiography; SBP, systolic BP.
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Hg; baseline DBP ≥90 vs <90 mm Hg) have consistently 
shown a greater BP reduction in the haemodynamic 
group compared with the standard care group. The 
differences between the two groups were statistically 
significant for all subgroups, except for DBP in men, 
SBP in the age of <50 years and DBP in BMI of <24 kg/
m2 where the differences between the two groups were 
non- significant. The proportion of patients achieving 
BP goal of <140/90 mm Hg was statistically significantly 
larger in the haemodynamic group compared with the 
standard care group for subgroups of men, age of <50 

years, baseline SBP of <160 mm Hg and baseline DBP 
of ≥90 mm Hg (figure 3).

Figure 4 showed BP reduction between two treatment 
groups by haemodynamic phenotypes. BP reduction was 
significantly larger in haemodynamic group compared 
with the standard care group for patients with hyperdy-
namic phenotype (high HR or high CI), arterial hyper- 
resistive phenotype (high AS) and peripheral artery 
hyper- resistive phenotype (high SVRI). BP reduction was 
not statistically significant in patients with high volume 
phenotype (high TBR).

Figure 3 Achievement of BP goals by age, sex, BMI, baseline BP, use of medication at baseline. AS, aortic resistance index; 
BMI, body mass index; BP, blood pressure; DBP, diastolic BP; ICG, impedance cardiography; SBP, systolic BP; SVRI, systemic 
vascular resistance index.

Figure 4 BP reduction by patients with different haemodynamic phenotypes. A: Haemodynamic group, B: standard care 
group. AS, arterial stiffness index; BP, blood pressure; DBP, diastolic BP; ICG, impedance cardiography; SBP, systolic BP; SVRI, 
systemic vascular resistance index.
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Correlation between antihypertensive agents and changes in 
haemodynamic parameters
In haemodynamic group, CI was statistically significantly 
reduced from baseline to follow- up visit in patients treated 
with beta- blockers (p=0.044, figure 5). TBR was statisti-
cally significantly reduced in patients treated with thiazide 
or thiazide- like diuretics (p=0.001). Both AS and SVRI 
were statistically significantly reduced in patients treated 
with calcium channel blockers (p=0.003), and SVRI was 
statistically significantly reduced in patients treated with 
renin- angiotensin system inhibitors (p<0.001).

DISCUSSION
In a trial of stable hypertensive patients routinely seen 
in clinical practice in China, we showed that an ICG- 
guided treatment strategy was more effective in reducing 
BP than standard therapy. These results were consistent 
across subgroups based on age, sex, BMI, baseline BP 
and haemodynamic phenotype. Our findings suggest 
that antihypertensive therapy tailored to each patient’s 
haemodynamic abnormality could lead to more effective 
antihypertensive regimens and lay the groundwork for a 
more definitive trial.8 9 21 22

Of note, the reductions in BP in both groups were 
large, with an almost 20 mm Hg decrease in SBP in the 
ICG- guided intervention group. The magnitude of the BP 
reduction in our study is largely consistent with previous 
studies conducted in the USA. Smith et al conducted 
a randomised controlled trial of 164 uncontrolled 

hypertensive patients on 1–3 medications.8 After 3 
months of treatment, patients in the ICG- guided group 
had an average SBP reduction of 19 mm Hg compared 
with 12 mm Hg in the standard care group. Taler et al 
randomised 104 patients with hypertension uncontrolled 
on two or more drugs to a 3- month trial of ICG- guided 
therapy or standard therapy directed by a hypertension 
specialist.9 In this study, the mean BP reduced from 
169/87 mm Hg to 139/72 mm Hg in the ICG- guided 
group versus from 173/91 mm Hg to 147/79 mm Hg in 
the control group. We further extended previous studies 
by using a pragmatic design to test the ICG- guided inter-
vention in real- life clinical practice and conducting the 
study in a low- income and middle- income country. We 
also provided a clinical decision support tool in addition 
to the ICG report to facilitate the antihypertensive treat-
ment selection, producing a magnitude of BP improve-
ment in routine clinical practice similar as that in the 
clinical trials.

There are several potential explanations for the 
findings in this study. First, the presumed mechanism 
for improved BP control with ICG- guided interven-
tion is primarily due to personalised antihypertensive 
drug selection targeted at the haemodynamic cause of 
elevated BP. High BP results from one or more haemo-
dynamic abnormality, including elevated CO, SVR and 
blood volume.23 Different antihypertensive agents act 
on different mechanisms to reduce BP by reducing CO 
or SVR. For example, beta- blockers block the effects of 

Figure 5 Impact of different antihypertensive agents on haemodynamic parameters. AS, arterial stiffness index; BB, beta- 
blockers; CB, calcium channel blockers; CI, cardiac index; DD, diuretics; RASI, renin‐angiotensin system inhibitors; TBR, 
thoracic blood saturation ratio.
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the hormone epinephrine and make the heart to beat 
more slowly and with less force, which then reduce CO 
and lower BP. Angiotensin- converting enzyme inhibitors 
(ACEIs)/(angiotensin receptor blockers interfere with 
the body’s renin- angiotensin- aldosterone system that 
leads to increased sodium and urine excreted, reduced 
resistance in blood vessels and increased venous capacity, 
which then reduce SVR and lower BP. Our ICG- guided 
intervention provides data on the underlying cause of 
elevated BP and uses clinical decision support to guide 
clinicians in selecting antihypertensive therapies targeted 
at the haemodynamic abnormality associated with 
the elevated BP, thereby maximising the BP lowering 
response for the given therapeutic selection.

Second, the larger reduction in BP in the intervention 
group may have been, in part, a reflection of improve-
ment in therapeutic inertia. Therapeutic inertia, which 
refers to the failure of clinicians to initiate or intensify 
treatments when the BP is not at goal, has been showed 
as a most common cause of uncontrolled BP in actively 
treated patients.24 25 Providing clinician access to ICG 
findings of patients’ haemodynamic profiles and clinical 
decision support tool for treatment selection may reduce 
therapeutic inertia in the intervention group.

Finally, the improvement of BP may, at least in part, 
be associated with improved communications and shared 
decision- making between the physician and the patient. 
The ICG report has served as a tool for physicians to 
communicate with and educate patients on the under-
lying haemodynamic abnormalities associated with their 
high BP and rationale for antihypertensive therapy selec-
tion in the intervention group. Previous studies have 
reported that patient–physician communication is an 
integral part of clinical practice and patients who under-
stand explanations from their physicians are more likely 
to acknowledge health problems, modify behaviour and 
adhere to medications accordingly.26–28

Our findings have important clinical implications. 
Current diagnosis and management of hypertension are 
primary based on degree of BP elevation alone, with little 
attention paid to the underlying haemodynamic profile. 
Our study provides evidence for better identification of 
responders to a particular treatment regimen by profiling 
patients based on their haemodynamic profile using a 
simple, non- invasive test. As clinical care is moving towards 
precision medicine, our findings identify the needs of more 
refined haemodynamic measurement to facilitate person-
alised treatment in patients with hypertension. Addition-
ally, the use of ICG- guided treatment strategy to achieve 
greater BP control offers a potential for better short- term 
use of healthcare resources. This is particularly relevant in 
low- income and middle- income counties where resources 
to improve hypertension control are limited and need to 
be more efficiently used. Given hypertension affects over 
one billion adults (30% of the global adult population) in 
the world,29 such an approach has a large potential benefit 
in improving hypertension control and subsequently 
reducing a large number of cardiovascular events.

Several limitations should be considered in the inter-
pretation of this study. First, this is a study with limited 
number of participants and relatively short follow- up. 
We did not collect long- term follow- up data, which could 
have been useful to assess the long- term effect of ICG- 
guided treatment strategies in improving BP control. 
Second, our findings also warrant further study in other 
populations, as our study was conducted among a mostly 
urban, working class Chinese population and thus the 
results may not be generalisable to other populations. 
Third, we did not assess medication compliance among 
hypertensive patients, which may affect BP values of 
patients in the two arms. However, we used a pragmatic 
design to evaluate the effectiveness of interventions and 
we expect the medication compliance would be anal-
ogous to the scenarios in real- life routine clinical prac-
tice. Mediation refill rates were similar in the two arms 
as all patients fulfilled their prescriptions at the hospital 
pharmacy on the same day of the clinical encounters. 
Finally, we did not measure patients’ behaviour change 
at home and patients may make lifestyle adjustment, such 
as reducing salt intake. However, this should be equally 
possible in both intervention and control groups given 
patients blinded in the trial.

In conclusion, a treatment strategy guided by haemody-
namic measurements reduced BP more effectively than 
standard care in this trial in China. These findings justify 
further large- scale studies to provide more definitive 
evidence.
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Appendix Text 1. Original Study Protocol 
 

I. Background 

Patients with hypertension have been treated according to hypertension guidelines and physicians’ 

experience, but several studies show that only about 35% with hypertension have their blood pressure 

under control. One of the reasons is that patients have diverged conditions of disease and risk factors, 

and the selection of a medicine and dosage regimen is sometimes suboptimal, leading to poor patient 

outcomes. Therefore, rational prescribing taking into account the variation in the patients is beneficial 

to improve the blood pressure control rate.  

 

In this study, a non-invasive hemodynamic monitoring device: Impedance Cardiography (ICG) is 

used to measure the hemodynamic parameters of hypertensive patients, which can distinguish 

hyperdynamic, high-resistance, high-volume or hybrid phenotypes of hypertension. The goal is to 

optimize the treatment regimen according to the patient's hemodynamic characteristics. We plan to 

conduct a single-center, pragmatic randomized trial involving adults with uncontrolled hypertension 

who seek outpatient care at the Peking University People’s Hospital between June and December 

2019 in Beijing, China. This will improve the control rate and reduce medical costs. This study 

explores the correlation between the efficacy of common antihypertensive drugs and the 

hemodynamic characteristics of patients, uses a simple ICG technique to distinguish the 

hemodynamic phenotypic characteristics of the hypertensive population, and explores the clinical 

value of the treatment of hypertensive patients based on the hemodynamic phenotypic characteristics 

of hypertension.  

 

II. Study objectives 

1. Understand the hemodynamic characteristics of hypertensive patients. 

2. Compare the control rate of blood pressure with and without hemodynamic information, including 

the changes of blood pressure and control rate 

 

III. Efficacy parameters 

Primary parameters: the change from baseline in SBP and DBP in 2 months post baseline 

Secondary parameters: the BP control rate at 2 months post baseline 

 

IV. Inclusion criteria 

1. Inclusion criteria. 

1)  meeting the diagnostic criteria for hypertension of the Chinese Guidelines for the Prevention and 

Treatment of Hypertension 2018, with current guideline blood pressure ≥ 140/90 mmHg. 

2)  Patients with primary hypertension, previously untreated or treated with 1-2 antihypertensive 
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drugs 

3)  Age 18 to 85 years 

4)  Agree to sign the informed consent form 

2. Exclusion criteria. 

1)  Unstable hemodynamic disease, or acute myocardial infarction, heart failure within 6 months, and 

chronic kidney disease CKD < 45ml-min-1-(1.73m2) -  

2)  High doses of diuretics as well as B-blockers (usually double doses), which cannot be stopped 

3)  Atrial fibrillation with severe arrhythmias. 

4) Severe aortic regurgitation 

5) Pleural effusion 

6)  Height and weight out of range: 120-230 cm, 30-230 kg 

7)  Use of 3 or more hypertensive drugs 

8)  Known secondary hypertension. 

9)  Refusal to sign the informed consent form. 

 

V. Study methods 

1. Method of measurements 

1)  blood pressure measurement equipment: Omron automatic electronic blood pressure measurement 

device model: HBP1300 (certified by the UK, US and EU). 

2)  Cardiac hemodynamic monitor (ICG) (software configuration: Hemodynamics™, model CHM 

P2505, certified by China’s National Medicinal Products Agency)  

 

2. Study design 

1)  All patients take blood pressure measurements at seated and supine positions. Seated blood 

pressure measurement: outpatient clinic office, 30 minutes of sitting rest, no smoking, alcohol or 

coffee before blood pressure measurement. Three consecutive blood pressure measurements were 

taken with the sitting arm parallel to the atrial level, with an interval of 1 minute each time, and the 

difference in blood pressure values should be less than 4 mmHg for each measurement, and the 

average value was taken. 

2)  All patients take cardiac hemodynamic measurements (ICG) at baseline visit. Sitting and lying 

blood pressure measurements are taken before ICG measurements, with the same method as above in 

the sitting position and 5 minutes in the lying position, with the blood pressure measurement arm 

abducted at 45 degrees, and the same measurement time and method as above. 

3)  Record the available hypertension treatment drugs and the dose used 

4)  Observe the attainment status and hemodynamic characteristics of blood pressure in hypertensive 

patients at baseline level and after two months. 
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5)  Patients are randomly divided into two groups (hemodynamic-guided group, conventional 

treatment group) in a 1:1 ratio, with stratified randomization factors including the study center and the 

number of medications currently taken at baseline visit. 

Randomization procedure: At the baseline visit, the system automatically generates randomized 

groups to assign patients to the hemodynamic or conventional treatment groups. At the 2-month visits, 

the subject grouping remains the same treatment group. The nurses who take the BP and ICG 

measurements are blinded to the treatment assignment. 

ICG Report forms: physicians are given the ICG report forms if the patients are randomly assigned to 

the hemodynamic group, while physicians are not given the ICG report forms if the patients are 

randomly assigned to the conventional treatment group 

 

VI. Efficacy parameters 

1) Change from baseline in SBP and DBP at 2-month post baseline 

2) BP control rate at 2-month post baseline 

3) Change from baseline in hemodynamic parameters: CI, HR, AS, SVRI, TBR 

 

VII. Statistical analysis methods 

The total sample size of this study is to be 100 individuals (50:50) . This sample size is considered to 

be adequate to detect desirable differences between the treatment groups.  

Statistical analyses will take into account the various influencing factors. p-values less than 0.05 are 

considered statistically significant. 

The statistical approach will be based on ANCOVA model, and the model dependent variables 

include: systolic blood pressure, diastolic blood pressure, mean arterial pressure, and hemodynamic 

parameters (CI, AS, SVRI, TBR, etc.) ; independent variables include: subgroup factors, central 

factors, and individualized factors such as baseline blood pressure, baseline hemodynamic parameter 

values, baseline antihypertensive medication, age, gender, height, and weight. Subgroup analysis will 

consider age, gender, treated/untreated, baseline hemodynamic phenotype classification, and baseline 

hypertension medication. 

  

VIII. Safety assessment 

This study does not involve safety assessment. 

 

IX. Study management 

Informed Consent 

1)  The investigator or his representative will explain to the subject the nature of the study and answer 

all questions regarding the study. 
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2)  Subjects must be informed of their voluntary participation in the study. 

3)  Subjects must sign an informed consent form that meets the requirements of the regulations, ethics 

committee or research center. The person authorized to obtain informed consent must also sign the 

informed consent form. 

4)  A copy of the informed consent form must be provided to the subject or the subject's legal 

representative. 

5)  The original signed and dated informed consent form will be retained at the Research Center and 

must be kept in a secure location. 

Data Protection 

1)  After informed consent has been obtained, a unique subject number will be assigned to patients 

enrolled in the study. All subject records or data sets forwarded to the sponsor will contain only the 

subject number; the subject's name or any information that identifies him/her will not be forwarded. 

2)  Subjects must be informed that the study will use their personal data in accordance with laws and 

regulations relating to data protection and privacy protection. The extent of the data disclosure must 

also be explained to the subject. 

3)  Subjects must be informed that their medical records may be accessed by other authorized 

personnel designated by the sponsor, members of relevant ethics committees, and inspectors from 

regulatory agencies. All such persons will treat the subject's information in strict confidence. 

Study Management 

In accordance with the Code of Quality Management for Medical Device Clinical Trials, the Principal 

Investigator makes decisions and discussions on behalf of all investigators of this study. 

This study will be posted on the following clinical study registry website: clinicaltrials.gov 

Regulatory and Ethical Considerations 

The study will be conducted in accordance with the study protocol and the following requirements. 

- Declaration of Helsinki 

- The Code of Practice for the Quality Management of Clinical Trials of Medical Devices 

- Applicable laws and regulations 

The protocol, protocol amendments (if applicable) , informed consent, and other relevant documents 

must be submitted to the Ethics Committee by the investigator and reviewed and approved by the 

Ethics Committee prior to the start of the study. 

Data Quality Assurance 

1)  All subject data will be recorded in a paper CRF, and the investigator is responsible for manually 

signing the CRF as a means of confirming the completeness, accuracy, legibility, and timeliness of the 

data. 

2)  The investigator is required to maintain the original data to support the information in the CRF. 

3)  The investigator must allow for study-related monitoring, ethics committee review, regulatory 
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agency visits, and direct access to study documents and raw data.  
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Appendix Text 2. Description of database of 114,198 generally healthy Chinese adults 

For each patient, the clinical decision support system determined his or her hemodynamic 

phenotype using personalized cutoffs of hemodynamic parameters (e.g., HR, CI, AS, SVRI, 

TBR) based on patient’s gender, age, weight, height and BMI, using data from a large sample 
of 114,198 generally healthy Chinese adults. This database have been previously described.

1,2
 

In brief, a total of 116,851 individuals (65,172 men and 51,679 women), aged 20-80 years, 

underwent impedance cardiography (ICG) — a non-invasive method of measuring the 

hemodynamic parameters — at 51 sites of iKang Health Checkup Centers throughout China 

between January 2012 and October 2018. The ICG test was offered to all individuals who 

came in for a routine annual physical examination at these health checkup centers as a part of 

their employment benefits, and the majority were urban, working class, asymptomatic 

patients. We excluded 2653 people with outliers of weight, height, blood pressure (BP), heart 

rate, stroke volume, and baseline thoracic impedance due to concerns regarding accurate 

measurement of ICG parameters in these individuals. The remaining 114,198 individuals 

(64,229 men and 49,969 women) with accurate ICG measurements were used to determine 

the personalized cutoffs of hemodynamic parameters. Information on the individual’s age, 
sex, geographical region, weight, height, SBP, and DBP was collected by nurses at the health 

checkup centers. Weight was measured using a standardized instrument to the nearest 0.1kg 

and height was measured to the nearest 0.1 cm using a portable stadiometer (Omron HNJ-318; 

Omron Corporation, Kyoto, Japan) with patients standing without shoes and heels against the 

wall. Body mass index (BMI) was calculated as a person's weight in kilograms divided by the 

square of height in meters. BP was recorded, after resting for 5 mins in a seated position, on 

the right arm using an automated blood pressure monitor (Omron HBP-9020; Omron 

Corporation, Kyoto, Japan) soon after which the patients underwent the ICG test. This 

standardized protocol was followed consistently across all sites. 

 

Reference: 

 

1. Mahajan S, Gu J, Lu Y, et al. Hemodynamic Phenotypes of Hypertension Based on 

Cardiac Output and Systemic Vascular Resistance. Am J Med 2020;133:e127-e39. 

2. Mahajan S, Gu J, Caraballo C, et al. Relationship of Age With the Hemodynamic 

Parameters in Individuals With Elevated Blood Pressure. J Am Geriatr Soc 2020. 
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Supplemental Table S1. Baseline hemodynamic profiles of study participants by 

hemodynamic phenotype and intervention group 

 

Intervention Group Control Group 

Cardiac 
phenotype 

(high HR 
or high CI) 

Arterial 
vascular 

phenotype 

(high AS) 

Peripheral 
vascular 

phenotype 

(high SVRI) 

Volemic 
phenotype 

(high TBR) 

Cardiac 
phenotype 

(high HR 
or high CI) 

Arterial 
vascular 

phenotype 

(high AS) 

Peripheral 
vascular 

phenotype 

(high 
SVRI) 

Volemic 
phenotype 

(high TBR) 

N 13 11 30 17 13 18 26 11 

HR (BPM) 81 (11.7) 75 (8.7) 71 (11.1) 68 (11.1) 77 (10.8) 72 (9.2) 69 (9.6) 68 (10.8) 

CI (L/min/m2) 3.65 (0.69) 2.85 (0.48) 2.75 (0.43) 3.12 (0.70) 3.71 (0.74) 2.86 (0.49) 2.7 (0.55) 2.91 (0.68) 

AS 
(mmHg/mL/b) 0.78 (0.35) 1.01 (0.34) 0.83 (0.35) 0.78 (0.47) 0.72 (0.25) 0.97 (0.25) 0.82 (0.29) 0.79 (0.39) 

SVRI 
(dyn·s·m2/cm5) 2496(649) 3249 (763) 3400(467) 2999 (722) 2404 (536) 3135 (679) 3411 (425) 3085 (690) 

TBR (%) 0.8 (0.11) 0.76 (0.11) 0.78 (0.12) 0.88 (0.09) 0.79 (0.11) 0.77 (0.12) 0.74 (0.10) 0.87 (0.07) 
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Supplemental Table S2. Baseline characteristics of study participants by hemodynamic 

phenotype and intervention group 

 

Intervention Group Control Group 

Cardiac 
phenotype 

(high HR 
or high CI) 

Arterial 
vascular 

phenotype 

(high AS) 

Peripheral 
vascular 

phenotype 

(high 
SVRI) 

Volemic 
phenotype 

(high TBR) 

Cardiac 
phenotype 

(high HR 
or high CI) 

Arterial 
vascular 

phenotype 

(high AS) 

Peripheral 
vascular 

phenotype 

(high 
SVRI) 

Volemic 
phenotype 

(high TBR) 

N 13 11 30 17 13 18 26 11 

Male, n (%) 10 (77%) 6 (55%) 17 (57%) 12 (71%) 4 (31%) 12 (67%) 15 (58%) 10 (91%) 

Female, n (%) 3 (23%) 5 (45%) 13 (43%) 5 (29%) 9 (69%) 6 (33%) 11 (42%) 1 (9%) 

Age, mean 
(SD) 53.8 (14.0) 59.6 (7.8) 53.1 (11.4) 56.4 (13.3) 52.8 (13.8) 51.9 (16.0) 50.5 (13.9) 61.4 (13.2) 

BMI (kg/m2) 26.4 (5.2) 25.7 (4.0) 26.4 (4.4) 26.1 (3.3) 24.6 (3.2) 28.3 (4.7) 28.3 (4.4) 27.3 (2.4) 

SBP (mmHg) 149.8(10.2) 156.4(13.6) 152.4(13.6) 149.9(11.7) 145.2(10.5) 156.2 (9.5) 152.2(11.3) 149.3(7.8) 

DBP (mmHg) 88.6 (8.8) 90.3 (13.7) 96.3 (6.6) 91.8 (10.1) 89.2 (8.9) 88.6 (16.6) 94.2 (10.6) 87.1 (12.2) 

Diabetes, n 
(%) 1 (7.7%) 2 (18.2%) 7 (23.3%) 5 (29.4%) 2 (15.4%) 2 (11.1%) 6 (23.1%) 3 (27.3%) 

CHD, n (%) 0 (0%) 0 (0%) 2 (6.7%) 0 (0%) 0 (0%) 1 (5.6%) 1 (3.8%) 0 (0%) 

Stoke, n (%) 0 (0%) 0 (0%) 0 (0%) 1 (5.9%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

CKD, n (%) 1 (7.7%) 1 (9.1%) 2 (6.7%) 4 (23.5%) 0 (0%) 0 (0%) 1 (3.8%) 1 (9.1%) 
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Supplemental Table S3. Number and class of medications prescribed at baseline and 

follow-up visit in hemodynamic and standard care groups 

  Baseline Follow-up 

  

Intervention 
group (n=51)  

Control 
group (n=51)  

P 
value 

Intervention 
group (n=51)  

Control group 
(n=51)  

P 
value 

Antihypertensive 
medication (n±SD)  1.39±0.18 1.41±0.16 0.988 2.37±0.16 2.41±0.18 0.812 

RASI 41% 45% 0.842 76% 84% 0.455 

BB 39% 35% 0.838 63% 47% 0.163 

CCB 27% 31% 0.828 47% 67% 0.071 

DD 31% 29% 1.000 52% 35% 0.161 

RASI: renin‐angiotensin system inhibitors, BB: beta-blockers, CCB: calcium channel blockers, DD: 
diuretics, SD: standard deviation. 
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Supplemental Table S4. BP reduction and achievement of BP goals in hemodynamic and 
standard care groups 

 

 N 

Baseline BP 

(mmHg)  

Follow-up BP 

(mmHg)  

BP reduction 

(mmHg)  

Goal 

achievement 

rate (%)  SBP DBP SBP DBP SBP DBP 

Intervention 

group 
51 

151.8 ± 

12.6 

92.7 ± 

9.6 

131.9 ± 

10.9 

81.4 ± 

7.7 

-19.9 ± 

10.7*** 

-11.3 ± 

6.2*** 
67** 

Control 

group 
51 

150.0 ± 

10.3 

89.5 ± 

12.6 

138.0 ± 

13.7 

84.6 ± 

12.9 

-12.0 ± 

11.8 

-4.9 ± 

9.9 
41 

SBP: systolic blood pressure, DBP: diastolic blood pressure, BP: blood pressure. 

** p<0.05，***p<0.001 
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