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Abstract

Parathyroid hormone has been related with the risk of hypertension, but the matter 
remains controversial. We examined the association of parathyroid hormone with central 
blood pressure and its determinants in 622 normotensive or never-treated hypertensive 
subjects aged 19–72 years without diabetes, cardiovascular or renal disease, or 
cardiovascular medications. The methods were whole-body impedance cardiography and 
analyses of pulse wave and heart rate variability. Cardiovascular function was examined 
in sex-specific tertiles of plasma parathyroid hormone (mean concentrations 3.0, 4.3 and 
6.5 pmol/L, respectively) during head-up tilt. Explanatory factors for haemodynamics were 
further investigated using linear regression analyses. Mean age was 45.0 (s.d. 11.7) years, 
BMI 26.8 (4.4) kg/m2, seated office blood pressure 141/90 (21/12) mmHg, and 309 subjects 
(49.7%) were male. Only five participants had elevated plasma parathyroid hormone and 
calcium concentrations. Highest tertile of parathyroid hormone presented with higher 
supine and upright aortic diastolic blood pressure (P < 0.01) and augmentation index  
(P < 0.01), and higher upright systemic vascular resistance (P < 0.05) than the lowest tertile. 
The tertiles did not present with differences in pulse wave velocity, cardiac output, or 
measures of heart rate variability. In linear regression analyses, parathyroid hormone was 
an independent explanatory factor for aortic systolic (P = 0.005) and diastolic (P = 0.002) 
blood pressure, augmentation index (P = 0.002), and systemic vascular resistance  
(P = 0.031). To conclude, parathyroid hormone was directly related to central blood 
pressure, wave reflection, and systemic vascular resistance in subjects without 
cardiovascular comorbidities and medications. Thus, parathyroid hormone may play  
a role in the pathophysiology of primary hypertension.

Introduction

A great majority of hypertensive subjects (~90%) have 
primary hypertension with an undefined aetiology (1). 
Circulating parathyroid hormone (PTH) concentration 
has been associated with blood pressure (BP) (2, 3, 4) 
and risk of hypertension in the general population (5). 
However, the influence of PTH on vascular function and 
haemodynamics remains controversial.

Receptors for PTH have been discovered in 
cardiomyocytes (6), vascular smooth muscle cells (7) and 
in the endothelial cells (8). In experimental animals acute 
PTH administration induces vasodilatation (9), while 
subacute infusion of a physiological PTH dose in healthy 
humans elevates BP (10). The link between chronically 
elevated PTH and BP remains unclear, but in the general 
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population high serum PTH concentration is associated 
with high aldosterone levels (11), elevated aldosterone-
to-renin ratio (12), impaired endothelial function (13), 
and arterial stiffness (14). However, contrary reports also 
exist (15). In primary hyperparathyroidism, whether 
accompanied by hyper- or normocalcemia, hypertension 
is detected in 40–65% of patients (4, 16). Structural and 
functional alterations in arteries (17, 18, 19), and enhanced 
reactivity to the pressor factors of the sympathetic 
nervous system and the renin-angiotensin-aldosterone 
axis (16, 20, 21), may contribute to the elevation of BP in 
hyperparathyroidism.

We recently found that plasma total calcium 
concentration was directly linked to the level of BP 
via elevated systemic vascular resistance (SVR) in 
normotensive and hypertensive subjects without 
antihypertensive agents (22). In the present cross-sectional 
study, we examined whether plasma PTH, a key regulator 
of calcium levels (23), is associated with central BP and 
its haemodynamic determinants in 622 normotensive 
or never-treated hypertensive subjects, who had plasma 
PTH and calcium concentrations predominantly within 
the normal range. Passive head-up tilt was included to 
examine haemodynamics at rest and during physiological 
activation of the sympathetic nervous system. To our 
understanding, similar comprehensive evaluations of 
supine and upright haemodynamics in relation to plasma 
PTH levels have not been performed previously.

Subjects and methods

Study population

Subjects were selected from an ongoing investigation 
on haemodynamics in primary and secondary 
hypertension (DYNAMIC study, clinical trial registration 
NCT01742702), currently comprising 1349 subjects. The 
enrolment has been previously described (22). The study 
was approved by the ethics committee of the Tampere 
University Hospital (code R06086M) and the Finnish 
Medicines Agency (Eudra-CT number 2006-002065-39), 
and it complies with the Declaration of Helsinki. Signed 
informed consent was obtained from all participants.

This study population comprised 309 men and 313 
women aged 19–72 years after exclusion of subjects who 
had (i) antihypertensive or other medications with direct 
haemodynamic influences (such as α1-adrenoceptor 
blockers for prostate hyperplasia, and β2-adrenoreceptor 
agonists for asthma), (ii) history of cardiovascular or 

cerebrovascular disease, (iii) heart rhythm other than 
sinus, (iv) diabetes mellitus, (v) chronic kidney disease 
(estimated glomerular filtration rate (GFR) < 60 mL/
min/1.73 m2, or proteinuria), (vi) chronic liver disease, 
(vii) secondary hypertension (24), (viii) psychiatric illness 
other than mild depression or anxiety, or (ix) alcohol or 
substance abuse. Plasma PTH and calcium concentrations 
were not among the exclusion criteria. Recordings were 
not performed to subjects having any acute illness. 

Based on office BP measurements and the ESH/ESC 
hypertension criteria (24), 39% of the study participants 
were normotensive (93 men and 151 women) and 
60.4% were hypertensive (214 men and 158 women). In 
total 158 (25.4%) of the participants used one or more 
medications (Supplementary Table 1, see section on 
supplementary materials given at the end of this article). 
Vitamin D supplements were used by 101 subjects and 
calcium supplements by 19 subjects. One hundred and 
eight women were post-menopausal.

Laboratory analyses

Blood and urine samples were collected after ~12 h of 
fasting. The detailed protocol for laboratory analyses has 
been described previously (22). The reference range for 
plasma intact PTH in our laboratory is 1.6–6.9 pmol/L, 
and for plasma total calcium 2.15–2.51 mmol/L.

Protocol for haemodynamic measurements

Prior to the recordings the participants were directed 
to abstain from caffeine, smoking, and heavy meals for 
≥4 h, and from alcohol for ≥24 h. Beat-to-beat supine 
haemodynamic data were recorded for 5 min, followed by 
5 min of passive head-up-tilt (25) according to a previously 
described protocol (22). The mean values of each minute 
during the 10-min recording were calculated for statistics. 
For pulse wave velocity only the supine (0–5 min) values 
were used.

Pulse wave analysis

A tonometric sensor (Colin BP-508T, Colin Medical 
Instruments Corp., USA) was used to record a continuous 
radial BP and pulse waveform, calibrated four times 
during the 10-min recording by contralateral brachial BP 
measurements. Aortic BP and pulse wave reflections were 
derived utilising a transfer function (SphygmoCor® PWMx, 
AtCor Medical, Australia) (26). Aortic pulse pressure, 
augmentation pressure, and augmentation index (AIx; 
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aortic augmentation pressure/aortic pulse pressure × 100) 
adjusted to heart rate 75 b.p.m. were determined using 
SphygmoCor® software.

Impedance cardiography

Whole-body impedance cardiography (CircMon®, JR 
Medical Ltd., Estonia) was utilised to determine beat-to-
beat heart rate, stroke volume, cardiac output, aortic-to-
popliteal pulse wave velocity (PWV), extracellular water 
volume (ECW), and ECW balance, as previously described 
(22, 27). SVR was calculated from tonometric BP and 
cardiac output: assumed normal central venous pressure 
(3 mmHg) was subtracted from mean arterial pressure, 
and the value was divided by cardiac output (27). Mean 
ECW balance in the lowest PTH tertile was adjusted to 1.0. 
The repeatability and reproducibility of the protocol have 
been shown (25, 28, 29).

Frequency domain analysis of heart rate variability

Cardiac autonomic tone was evaluated using frequency 
domain analyses of heart rate variability (HRV) (30, 
31). One-channel electrocardiograms were recorded 
at a sampling rate of 200 Hz (22). The Fast Fourier 
Transformation was utilised to calculate (i) power in 
low frequency (LF) range (0.04–0.15 Hz), (ii) power 
in high frequency (HF) range (0.15–0.40 Hz), and (iii) 
LF/HF ratio. HF oscillations relate to parasympathetic 
tone, while the LF oscillations are mainly mediated by 
alterations in sympathetic tone but are also influenced 
by parasympathetic activity (32). The LF/HF ratio reflects 
cardiac sympathovagal balance (33).

Statistical analyses

The subjects were stratified into PTH tertiles within 
each sex, and one-way ANOVA was applied to assess 
differences between the tertiles. Haemodynamics in the 
PTH tertiles were compared using multivariable ANOVA 
(MANOVA) for repeated measures, with adjustments for 
the demographic, clinical and biochemical variables that 
presented with significant differences between the tertiles. 
The Bonferroni correction was applied in post hoc analyses 
and Levene’s test was used to test the homogeneity of 
variances. Pearson’s (rP) and Spearman’s (rS) correlations 
were calculated, as appropriate.

Multivariable linear regression analyses with backward 
elimination were used to investigate the explanatory factors 
for the haemodynamic variables. The selection criterium 

for potential explanatory variables was that they correlated 
significantly (P < 0.05) with aortic systolic BP, diastolic BP, or 
PTH. The skewed distributions of PTH, 25-hydroxyvitamin 
D3 (25(OH)2D3), C-reactive protein (CRP), triglycerides, 
alkaline phosphatase (ALP), alanine aminotransferase 
(ALT), renin, aldosterone, alcohol consumption, and dairy 
product consumption were Lg10-transformed. Smoking 
status was categorised to current smokers, previous smokers 
or never smokers using two discrete variables. The final 
model included age, sex, BMI, cystatin C derived estimated 
GFR (34), ECW balance, smoking status, vitamin D 
supplement use; plasma concentrations of natrium, calcium,  
phosphate, uric acid, low-density lipoprotein (LDL) 
cholesterol, high-density lipoprotein (HDL) cholesterol, 
glucose, and insulin; Lg10 of plasma CRP, PTH, 25(OH)2D3, 
ALP, ALT, triglycerides, renin, and aldosterone; and Lg10 
of alcohol and dairy product consumption. Additionally,  
PWV was included in the regression models for aortic 
systolic BP, diastolic BP, and AIx.

SPSS version 26.0 (IBM SPSS) was used for statistics. The 
results were presented as means, and s.d., s.e., or 95% CI of 
the mean. P < 0.05 was considered statistically significant.

Results

Study population

The total study population comprised 622 subjects and 
49.7% were men. Mean age was 45.0 (s.d. 11.7) years, 
BMI 26.8 (s.d. 4.4) kg/m2, and seated office BP 141/90 (s.d. 
21/12) mmHg. The clinical characteristics in sex-adjusted 
tertiles of plasma PTH are presented in Table 1. Altogether 
143 of the participants (23%) were obese (BMI > 30 kg/m2),  
243 (39%) were overweight (BMI 25.1–30 kg/m2), while 
236 (38%) had BMI ≤25 kg/m2. Age and BMI were 
higher in PTH tertiles 2 and 3 vs tertile 1. A significant 
correlation was observed between PTH and BMI in the 
obese participants (rS = 0.247, P = 0.003), in the overweight 
participants (rS = 0.152, P < 0.017), but not in subjects 
with BMI ≤ 25 kg/m2 (rS = 0.087, P = 0.182). Dairy product 
consumption was lower in PTH tertile 3 vs tertile 1. There 
were no differences in volume homeostasis (ECW and 
ECW balance), proportion of current smokers, alcohol 
consumption, or proportion of vitamin D or calcium 
supplement users between the PTH tertiles. Mean seated 
office BP, mean supine brachial BP (both measured 
with auscultatory method), and mean supine radial BP 
(measured with applanation tonometry) were higher in 
PTH tertiles 2 and 3 than in tertile 1.
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Plasma PTH was above the reference limit in 52 
participants (range 7.0–19.7 pmol/L), plasma total calcium 
in 20 participants (range 2.52–2.98 mmol/L), and both PTH 
and calcium were elevated in 5 participants. Elevated calcium 
with normal PTH was observed in 15 subjects, and elevated 
PTH with normal calcium was observed in 47 subjects.

The mean values of fasting blood and plasma 
biochemistry were within the reference limits except for 
total and LDL cholesterol that were slightly above the upper 
reference limits in tertiles 2 and 3 (Table 2). Plasma total 
calcium concentrations did not differ, whereas phosphate 
was lower in PTH tertile 3 than in tertiles 1 and 2, and 
25(OH)D3 was lower in PTH tertiles 2 and 3 than in tertile 1. 
Creatinine did not differ, but plasma cystatin C was higher 
and estimated GFR lower in PTH tertiles 2 and 3 than in 
tertile 1. Uric acid, ALT and ALP were higher in PTH tertile 
3 than in tertile 1. In tertile 3 ALP was also higher than 
in tertile 2. There were no differences in plasma sodium, 
potassium, renin or aldosterone concentrations, but total 
and LDL cholesterol were higher in the PTH tertiles 2 and 
3 vs tertile 1, while HDL cholesterol was higher in tertile 
3 vs tertiles 1 and 2. Fasting plasma glucose was higher 
in PTH tertiles 2 and 3 than in tertile 1, and QUICKI was 
lower in PTH tertile 3 than in tertile 1.

Supine and upright haemodynamics in tertiles of 
plasma PTH

Due to the above differences between the PTH tertiles, the 
MANOVA for repeated measures analyses were adjusted for 
age, BMI, QUICKI, dairy product consumption, estimated 

GFR, and plasma phosphate, 25(OH)2D3, uric acid, ALT, 
ALP, LDL cholesterol, and triglycerides.

The analyses showed significant differences between 
the PTH tertiles in upright aortic systolic BP (Fig. 1A), and 
supine and upright aortic diastolic BP and AIx (Fig. 1B  
and C). In post hoc analyses aortic diastolic BP and AIx  
were higher in PTH tertile 3 than in tertile 1. No differences 
were detected in the forward pressure wave between  
the tertiles (P = 0.336).

PWV (Fig. 1D), and supine and upright heart rate  
(Fig. 2A) and cardiac output (Fig. 2B) were corresponding 
in all PTH tertiles, and so were ECW volume (P = 0.135) 
and ECW balance (P = 0.580) even after all above 
adjustments. Stroke volume or left ventricular ejection 
duration were also corresponding in the PTH tertiles 
(P = 0.204 and P = 0.802, respectively). In contrast, SVR 
presented with significant differences between the PTH 
tertiles, and a significant linear time-interaction was also 
observed (P = 0.031) indicating that the difference in 
SVR was especially noticeable during the upright posture  
(Fig. 2C). In post hoc analyses SVR was higher in PTH 
tertile 3 vs tertile 1.

In the HRV analyses, HF power was significantly 
reduced (P < 0.001) and LF/HF ratio increased (P < 0.001) 
in the upright vs the supine position. However, the HRV 
indices HF power, LF power, and LF/HF ratio did not 
present with any significant differences between the PTH 
tertiles during either supine or upright posture (Fig. 3) 
(P > 0.099 for all comparisons).

Exclusion of the five subjects with elevated calcium 
and PTH values, or the 20 subjects with elevated 

Table 1 Demographics, clinical characteristics and laboratory results in tertiles of plasma parathyroid hormone concentration 
adjusted for sex.

Demographics and clinical characteristics PTH tertile 1 (n = 206) PTH tertile 2 (n = 208) PTH tertile 3 (n = 208)

Males (%) 49.5 50 49.5
Age (years) 42.3 (12.7) 45.8 (10.8)a 47.0 (11.2)a

BMI (kg/m2) 25.4 (3.9) 27.1 (4.1)a 27.9 (4.7)a

Extracellular water volume (L) 12.9 (1.9) 12.9 (1.8) 13.0 (1.8)
Extracellular water balance 1.00 (0.12) 0.99 (0.10) 0.98 (0.10)
Current smokers (%) 15.5 12 10.6
Alcohol consumption (standard drinks/week) 5.0 (6.6) 4.5 (5.3) 4.2 (5.5)
Dairy product consumption (standard dose/day) 3.5 (2.3) 3.1 (2.0) 2.8 (1.9)a

Calcium supplement users (%) 1.9 3.8 3.8
Vitamin D supplement users (%) 18.9 15.9 13.9
Seated brachial office blood pressure measured by 

physician (mmHg)
136 (21)/86 (11) 143 (20)a/90 (12)a 144 (20)a/93 (12)a,b

Supine brachial blood pressure measured by  
nurse (mmHg)

127 (17)/78 (11) 134 (18)a/81 (12)a 136 (19)a/84 (12)a

Supine radial laboratory blood pressure (mmHg) 127 (19)/72 (12) 132 (19)a/76 (12)a 135 (20)a/79 (13)a

Results shown as mean (s.d.).
aP < 0.05 vs tertile 1; bP < 0.05 vs tertile 2.
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calcium concentration, did not alter the results. In 
the 47 participants with probable normocalcemic 
hyperparathyroidism (elevated PTH and normal plasma 
calcium), a significant correlation was observed between 
PTH and mean aortic diastolic BP (rP = 0.355, P = 0.014), 
but not between PTH and mean aortic systolic BP.

Explanatory variables for haemodynamic variables 
in linear regression analyses

Potential explanatory factors for the mean values of the 
haemodynamic variables during the 10-min recording 
period were examined using multivariable linear regression 
analyses. These analyses showed that plasma PTH 
concentration was an independent explanatory variable 
for aortic systolic BP, aortic diastolic BP, AIx, and SVR  
(Table 3). Plasma PTH concentration was not an explanatory 
variable for cardiac output or PWV (data not shown).

If the five subjects with elevated calcium and PTH values 
were excluded, PTH remained a significant explanatory 
variable for aortic systolic and diastolic BP (P < 0.001 
for both), SVR (P = 0.015) and AIx (P = 0.001). If the  

20 subjects with elevated plasma calcium concentration 
were excluded, the results did not change significantly, 
either (data not shown).

When the regression analyses were performed 
separately for men and women, plasma PTH was an 
independent explanatory variable of aortic systolic BP in 
men (beta = 0.169, P = 0.004) but not in women (P = 0.197), 
while PTH was a significant explanatory variable for aortic 
diastolic BP in both men (beta = 0.137, P = 0.019) and in 
women (beta = 0.126, P = 0.042).

Discussion

Our results for the first time showed that subjects divided 
to tertiles of plasma PTH concentration presented with 
differences in supine and upright central diastolic BP, wave 
reflection, and upright central systolic BP. Moreover, a 
direct relation between PTH and SVR was observed during 
the vasoconstriction induced by upright posture. Higher 
BMI is associated with higher BP (1), while we found that 
PTH correlated with BMI in the obese and overweight 

Table 2 Fasting blood and plasma biochemistry results in tertiles of plasma parathyroid hormone concentration adjusted for sex.

PTH tertile 1 (n = 206) PTH tertile 2 (n = 208) PTH tertile 3 (n = 208)

PTH (pmol/L) 3.0 (3.0–3.1) 4.3 (4.2–4.3)a 6.5 (6.3–6.8)a,b

Calcium (mmol/L) 2.3 (2.3–2.3) 2.3 (2.3–2.3) 2.3 (2.3–2.3)
Phosphate (mmol/L) 1.0 (1.0–1.0) 1.0 (1.0–1.0) 0.9 (0.9–0.9)a,b

25(OH)D3 (nmol/L) 82 (76–88) 70 (65–75)a 63 (59–67)a

1,25(OH)2D3 (pmol/L) 107 (102–112) 108 (103–113) 110 (105–115)
Haemoglobin (g/L) 144 (142–146) 144 (143–146) 145 (143–146)
C-reactive protein (mg/L) 1.6 (1.2–2.2) 1.6 (1.3–1.8) 1.8 (1.5–2.2)
Creatinine (μmol/L) 74 (73–76) 73 (72–75) 74 (72–76)
Cystatin C (mg/L) 0.8 (0.8–0.8) 0.9 (0.8–0.9)a 0.9 (0.8–0.9)a

Uric acid (μmol/L) 290 (280–300) 307 (297–317) 313 (302–325)a

ALT (U/L) 27 (25–29) 30 (27–33) 33 (30–37)a

ALP (U/L) 58 (56–60) 60 (58–63) 66 (64–69)a,b

Sodium (mmol/L) 140 (140–1416) 140 (140–141) 141 (140–141)
Potassium (mmol/L) 3.8 (3.8–3.9) 3.8 (3.8–3.9) 3.8 (3.7–3.8)
Renin (ng Ang I/mL/h) 1.0 (0.9–1.1) 1.0 (0.8–1.1) 1.0 (0.8–1.1)
Aldosterone (pmol/L) 518 (470–567) 493 (458–528) 519 (449–588)
Total cholesterol (mmol/L) 5.0 (4.8–5.1) 5.2 (5.1–5.4)a 5.3 (5.1–5.4)a

Triglycerides (mmol/L) 1.2 (1.0–1.3) 1.2 (1.2–1.3) 1.4 (1.2–1.6)a

HDL cholesterol (mmol/L) 1.6 (1.6–1.7) 1.6 (1.5–1.7) 1.5 (1.5–1.6)
LDL cholesterol (mmol/L) 2.9 (2.7–3.0) 3.1 (3.0–3.2)a 3.2 (3.1–3.3)a

Glucose (mmol/L) 5.3 (5.3–5.4) 5.5 (5.4–5.6)a 5.5 (5.5–5.6)a

Insulin (mU/L) 7.5 (7.8–8.3) 8.2 (7.3–9.0) 11.4 (7.5–15.2)
Estimated GFR (mL/min/1.73 m2) 103 (100–105) 97 (95–100)a 96 (94–99)a

QUICKI 0.365 (0.356– 0.374) 0.354 (0.349–0.359) 0.349 (0.342–0.356)a

Results shown as mean (95% CI of the mean). Due to missing values, all blood and plasma biochemistry results were available in tertile 1 for 197 subjects, 
in tertile 2 for 194 subjects, and in tertile 3 for 186 subjects.
aP < 0.05 vs tertile 1; bP < 0.05 vs tertile 2.
1,25(OH)2D3, 1,25-dihydroxyvitamin D3; 25(OH)D3, 25-hydroxyvitamin D3; ALP, alkaline phosphatase; ALT, alanine aminotransferase; GFR, glomerular 
filtration rate (estimated by cystatin C based CKD-EPI formula); HDL, high-density lipoprotein; LDL, low-density lipoprotein; PTH, parathyroid hormone; 
QUICKI, quantitative insulin sensitivity check index.
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subjects, but not in normal weight participants. The 
regression analyses confirmed that PTH was directly 
related with central BP, wave reflection, and SVR, but not 
with cardiac output, or indices of large artery stiffness  
and HRV.

All study subjects were without secondary 
hypertension (24), cardiovascular, renal, or liver diseases, 
diabetes, or medications with direct cardiovascular 
influences. Plasma PTH and calcium concentrations 
were not among the exclusion criteria. Five subjects 
presented with elevated PTH and calcium, 15 presented 
with elevated calcium but normal PTH, while 47 
presented with elevated PTH but normal plasma calcium 
concentration suggesting the presence of normocalcemic 
hyperparathyroidism. Dairy product consumption was 
lowest in PTH tertile 3, plasma 25(OH)D3 was highest 
in the PTH tertile 1, while no differences in plasma 
1,25-dihydroxyvitamin D3 (1,25(OH)2D3) or total calcium 
concentrations were detected between the tertiles. These 
findings were expected, considering the feedback systems 
of calcium regulatory hormones (23). The differences 
in the metabolic profiles between the highest vs lowest 

PTH tertiles closely resemble the metabolic alterations 
reported in patients with normocalcemic primary 
hyperparathyroidism vs controls (35).

In experimental animals 1,25(OH)2D3 is a negative 
regulator of the renin-angiotensin-aldosterone system 
(RAAS) (36). Also in humans, lower plasma levels of 
25(OH)D3 and 1,25(OH)2D3 have been associated with 
elevated renin and angiotensin II concentrations, but 
many of the study subjects were concomitantly exposed 
to medications influencing RAAS activity (37). In spite 
of the reported bidirectional relationship between PTH 
and the RAAS (38, 39), we did not observe differences 
in plasma renin and aldosterone concentrations, or in 
volume homeostasis (ECW and ECW balance), between 
the PTH tertiles. These findings correspond to the 
matching 1,25(OH)2D3 concentrations in all tertiles, 
as the active vitamin D metabolite down-regulates 
renin expression via the vitamin D receptor (36). Our 
observations correspond to a German study showing 
no associations between plasma PTH and renin and 
aldosterone concentrations in a large cohort of general 
population (12).

Figure 1
Aortic systolic blood pressure (A), diastolic blood 
pressure (B), augmentation index adjusted to 
heart rate of 75 b.p.m. (C), and pulse wave 
velocity (D) in tertiles of plasma parathyroid 
hormone concentration adjusted for sex; mean 
(circle) with s.e.m. (whiskers), multivariable ANOVA 
for repeated measures with the Bonferroni 
correction. The covariates were age, body mass 
index, quantitative insulin sensitivity check index, 
dairy product consumption, estimated glomerular 
filtration rate, and plasma concentrations of 
phosphate, 25-hydroxyvitamin D3, uric acid, 
alanine aminotransferase, alkaline phosphatase, 
low-density lipoprotein cholesterol, and 
triglycerides. **P < 0.01 tertile 3 vs tertile 1 during 
the 10 min of recording.
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Figure 2
Heart rate (A), cardiac output (B), and systemic vascular resistance (C) in 
tertiles of plasma parathyroid hormone concentration adjusted for sex; 
mean (circle) with s.e.m. (whiskers), multivariable ANOVA for repeated 
measures with the Bonferroni correction. Covariates as in Fig. 1.  
*P < 0.05, tertile 3 vs. tertile 1 during the 10 min of recording.

Figure 3
Heart rate variability in supine (solid boxes) and upright (striped boxes) 
positions: high-frequency power (A), low-frequency power (B), and 
low-frequency – high-frequency ratio (C) in tertiles of plasma parathyroid 
hormone concentration adjusted for sex; median (thick line inside box), 
25th to 75th percentile (box), and range (whiskers, outliers omitted).
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PTH has been directly associated with the level 
of peripheral BP (2, 3), and the risk of hypertension in 
patients with primary hyperparathyroidism (4, 40) and 
in the general population (5, 40). In 3620 Norwegian 
normocalcemic subjects with normal kidney function and 
without antihypertensive medications, PTH was directly 
related with peripheral systolic and diastolic BP (3). 
Similar results were found in a large U.S. cohort of subjects 
(2). However, central aortic BP, rather than peripheral BP, 
better reflects the pressure load to the vital organs heart, 
kidneys and the brain, and may be more relevant for the 
pathogenesis of cardiovascular diseases (41, 42).

Patients with primary hyperparathyroidism may 
present with increased PWV (i.e. large artery stiffness) (43). 
However, two case-control studies found no differences 
in PWV between patients with hyperparathyroidism and 
controls (44, 45), and some smaller studies reported no 
associations between PTH and PWV (43, 46). However, in a 
Chinese study with 1052 untreated subjects, higher plasma 
PTH was associated with increased PWV independent of 
the level of BP (14). Three population studies in elderly 
subjects likewise reported a direct association between 

PTH and large artery stiffness. The relation, however, 
was attenuated when analyses were adjusted for BP (13, 
15, 47). In the present study, no association was found 
between plasma PTH and PWV.

Central BP is influenced by forward waves and 
backward waves reflected from the peripheral circulation 
(48). Forward wave amplitude is significantly influenced 
by aortic stiffness, and is also the major determinant 
of central pulse pressure (49, 50). In the present study, 
forward wave amplitude did not differ between the plasma 
PTH tertiles, consistent with the finding of unaltered 
PWV. The magnitude and timing of the backward waves 
are determined by characteristics of the whole arterial 
bed (51). The wave reflections occur from multiple 
locations in the arterial system, the dominating regions 
being the terminal abdominal aorta (52, 53) and high-
resistance arterioles (54, 55). The variable AIx quantifies 
the augmentation of the central pulse pressure due to 
wave reflection (50). AIx has been reported to predict 
cardiovascular events and mortality independently of 
peripheral BP (56). Previous results concerning wave 
reflection and PTH have been conflicting, showing either 

Table 3 Significant explanatory variables for aortic systolic and diastolic blood pressures, augmentation index (adjusted to heart 
rate of 75 b.p.m.), and systemic vascular resistance in linear regression analysis.

Aortic systolic blood pressure B Beta P Aortic diastolic blood pressure B Beta P

Model (R2 = 0.400) Model (R2 = 0.391)
 (constant) −0.545  (constant) 28.046
 PWV 2.969 0.315 <0.001  PWV 1.984 0.31 <0.001
 Estimated GFR −0.163 0.163 <0.001  Estimated GFR −0.114 −0.168 0.001
 Calcium 26.461 0.16 <0.001  Calcium 15.944 0.143 0.001
 BMI 0.604 0.146 0.001  LDL cholesterol 1.716 0.134 0.004
 LDL 2.295 0.121 0.007  Age −0.135 −0.129 0.021
 PTH (Lg10) 14.249 0.12 0.003  PTH (Lg10) 9.573 0.119 0.005
 ECW balance 14.315 0.082 0.037  Phosphate −7.79 −0.106 0.014

 BMI 0.286 0.103 0.022
 Alcohol, drinks per week (Lg10) 2.865 0.1 0.012

Augmentation index (adjusted 
to heart rate of 75 b.p.m.)

 
B

 
Beta

 
P

 
Systemic vascular resistance

 
B

 
Beta

 
P

Model (R2= 0.567) Model (R2 = 0.264)
 (constant) −17.264  (constant) 44.021
 Age 0.521 0.553 <0.001  Sex (male) −201.93 −0.324 <0.001
 Sex (male) −9.91 −0.449 <0.001  Age 6.251 0.235 <0.001
 Smoking (present) 3.949 0.119 0.001  Calcium 382.502 0.134 0.002
 PTH (Lg10) 8.114 0.112 0.002  ECW balance 354.311 0.118 0.009
 LDL cholesterol 0.883 0.076 0.045  Smoking (previous) 73.793 0.109 0.013
 CRP (Lg10) 2.014 0.072 0.044  PTH (Lg10) 199.785 0.098 0.031

 Vitamin D supplement use 73.631 0.087 0.042

Variables in Model: age, sex, BMI, estimated GFR (CKD-EPI-Cystatin C), ECW balance, Lg10 of alcohol consumption, Lg10 of dairy product consumption, 
smoking status, vitamin D supplement use, Lg10 of fasting plasma glucose, Lg10 of fasting plasma insulin, Lg10 of C-reactive protein, Lg10 of PTH, calcium, 
phosphate, Lg10 of 25(OH)D3, sodium, uric acid, Lg10 of alkaline phosphatase, Lg10 of alanine aminotransferase, LDL cholesterol, HDL cholesterol, Lg10 of 
triglycerides, Lg10 of renin, Lg10 of aldosterone, and PWV (PWV not for systemic vascular resistance).
CRP, C-reactive protein; ECW, extra-cellular water; GFR, glomerular filtration rate; LDL, low-density lipoprotein; PTH, parathyroid hormone; PWV, pulse 
wave velocity.
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unchanged (45, 46) or increased AIx patients with primary 
hyperparathyroidism (17, 57). In the present study, AIx 
was higher in the PTH tertile 3 than in tertile 1, while  
PTH was also an explanatory factor for AIx in the 
regression analysis.

We found that SVR was increased in the highest vs 
lowest PTH tertile, and the regression analysis confirmed 
the relation between plasma PTH and SVR. In contrast, 
no differences in heart rate, cardiac output, or cardiac 
autonomic tone (HRV) were observed between the 
PTH tertiles. These results indicate that the influence 
of PTH on BP was mediated via an effect on SVR. 
Notably, the elevating influence of PTH on SVR was 
especially observed during the head-up tilt, which was 
also characterised by the activation of the sympathetic 
nervous system, as documented by increased cardiac 
sympathovagal balance (LF/HF ratio). Our findings are 
complemented by previous reports showing that PTH 
increases vascular reactivity to the effects mediated by the 
sympathetic nervous system, endocrine factors, and the  
RAAS (16, 20, 21).

The present direct association between PTH and AIx 
can be explained by the observed increase in SVR. In 
addition to large arterial stiffness and the pattern of left 
ventricular ejection, the magnitude of AIx is influenced 
by resistance vessel tone (58). Indeed, AIx was associated 
with the level of peripheral arterial resistance in subjects 
without antihypertensive medications (55). Furthermore, 
vasoconstriction induced by angiotensin II increases 
AIx, whereas vasodilatation induced by nitroglycerin 
reduces AIx, independent of the level of aortic PWV (58). 
The possibility that the association of PTH with AIx was 
secondary to changes in cardiac function was excluded 
by the findings that neither stroke volume nor ejection 
duration were associated to PTH.

The association between SVR, AIx and PTH may be 
related to changes in endothelium-mediated arterial tone 
(4, 13, 59). Endothelial function has been reported to 
inversely correlate with the magnitude of AIx in healthy 
subjects (59). In a large cohort without cardiovascular 
diseases, higher PTH associated with lower flow-mediated 
dilation, independent of serum calcium and 25(OH)D3  
concentrations or estimated GFR, a finding relating 
impaired endothelial function with higher level of PTH 
(13). Our findings associating higher plasma PTH with 
increased central BP and AIx could explain the reported 
link between increased PTH, higher left ventricular mass, 
and risk of incident heart failure (60).

Our study has limitations. The cross-sectional design 
does not allow conclusions of causality, and selection bias 

caused by the recruitment of voluntary subjects cannot 
be excluded. Although comprehensive adjustment for 
confounders was performed, many of the clinical and 
biochemical variables are closely correlated, leading 
to a potential multicollinearity problem. Our analyses 
were based on plasma total calcium concentrations, and 
information about plasma ionised calcium or urinary 
calcium excretion was not available. We applied non-
invasive indirect methods for the haemodynamic 
measurements, and the results on stroke volume are 
based on mathematical processing of the bioimpedance 
signal (27), while central aortic BP and pulse wave 
reflections are derived from the tonometry signal (26). 
The strengths of our study are the comprehensive 
biochemistry analyses, adjustment for the use of vitamin 
D and calcium supplements and dairy products, and 
the simultaneous assessment of several haemodynamic 
variables (51).

To conclude, plasma PTH concentration was 
directly related to central BP, SVR and wave reflection 
in normotensive or never-treated hypertensive subjects 
without cardiovascular comorbidities and medications. 
Elevated plasma PTH concentration may play a role in the 
pathophysiology of primary hypertension.
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