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Introduction: Arterial hypertension is often associated with a stiff aorta as a result of collagen accumulation 
in the aortic wall and may produce chest pain. In the present study, possible interrelationships between aor-
tic function, collagen turnover and exercise-induced chest pain in patients with arterial hypertension and an-
giographically normal coronary arteries were investigated.
Methods: Ninety-seven patients with arterial hypertension, angiographically normal coronary arteries and 
no evidence of myocardial ischemia on nuclear cardiac imaging during exercise test were studied. Of these, 
43 developed chest pain during exercise (chest pain group) while 54 did not (no chest pain group). Carotid 
femoral pulse-wave velocity (PWVc-f) was used to assess the elastic properties of the aorta. Amino-termi-
nal pro-peptides of pro-collagen type I, (PINP, reflecting collagen synthesis), serum telopeptides of collagen 
type I (CITP, reflecting collagen degradation), pro-metalloproteinase 1 (ProMMP-1), and tissue inhibitor of 
metalloproteinase 1 (TIMP-1, related to collagen turnover) were measured in plasma by immunoassay.
Results: The chest pain group had higher PWVc-f, higher ΡΙΝΡ and ΡΙΝΡ/CITP ratio, and lower proMMP-1/
TIMP-1 ratio compared to the no chest pain group. PWVc‑f (t=2.53, p=0.02) and PINP (t=2.42, p=0.02) 
were independently associated with the presence of chest pain in multiple regression analysis.
Conclusions: Patients with arterial hypertension, exercise-induced chest pain and angiographically normal 
coronary arteries, without evidence of exercise-induced myocardial ischemia, had a stiffer aorta compared 
to those without chest pain. Alterations in collagen type I turnover that favor collagen accumulation in the 
aortic wall may contribute to aortic stiffening and chest pain in these patients.

E xercise-induced chest pain is not 
uncommon in patients with ar-
terial hypertension, even if they 

have angiographically normal coronary 
arteries.1 Dysfunctional endothelium in 
the epicardial coronary arteries and im-
paired myocardial microcirculatory func-
tion have both been proposed as impor-
tant pathophysiological mechanisms.2-4 
However, in patients with normal myo-
cardial perfusion, other causes should be 
considered. The possibility that the chest 
pain may be of aortic origin has been sug-

gested but has not been extensively stud-
ied.5-7

Aortic pain is the leading symptom 
for catastrophic aortic events, such as dis-
section, hematoma and penetrating ulcer. 
Aortic pain, however, may be present in 
an anatomically normal but functionally 
abnormal aorta. A stiff aorta is less disten-
sible; thus, an increase in aortic wall ten-
sion may occur during exercise, when the 
central aortic blood pressure suddenly ris-
es.8 Previous studies have shown that aor-
tic stiffness is associated with alterations 
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in collagen turnover in patients with arterial hyper-
tension.9-11

In this study, we hypothesized that exercise-in-
duced chest pain in patients with arterial hyperten-
sion and angiographically normal coronary angiogra-
phy could be associated with a stiff aorta. The interre-
lationships among aortic dysfunction, plasma markers 
of collagen turnover, and chest pain were also inves-
tigated. 

Methods

Study population

Study participants were selected from the database of 
the catheterization laboratory of the University Hos-
pital of Alexandroupolis. From January 2008 to De-
cember 2009, 3146 patients underwent coronary ar-
teriography, of whom 526 had angiographically nor-
mal coronary arteries; 385 of the latter also had arte-
rial hypertension. Patients older than 70 years, those 
with diabetes mellitus, osteoporosis, left ventricu-
lar hypertrophy on the echocardiogram (defined as 
left ventricular mass >150 g/m2 for men and >120 g/
m2 for women12), more than moderate impairment 
of left ventricular systolic function (ejection fraction 
<40%), valvular heart disease, aortic dilatation (de-
fined as ascending aortic diameter >32 mm for men 
and >28 mm for women13) and those who had surgi-
cal or percutaneous aortic intervention were excluded 
from the study. 

Participants who met the above criteria under-
went an exercise stress test with nuclear imaging in 
order to assess the possibility of myocardial ischemia. 
Eighteen individuals did not give informed consent. 
One hundred five patients had normal nuclear stud-
ies without myocardial perfusion defects. Of those, 
97 had adequate studies for further analysis: 43 had 
chest pain during the exercise test while 54 did not. 
The protocol was approved by the Institutional Re-
view Board for Human Biomedical Research from 
the University Hospital of Alexandroupolis. Written 
informed consent was obtained from all participants 
prior to the study.  

Cardiovascular evaluation

History, physical examination and blood pressure 
measurements were performed in all patients. Brachi-
al artery pressure was measured with subjects in the 
supine position after they had been seated for at least 

5 min. The average of two measurements was used 
for the analysis. 

The exercise stress test was performed using the 
Bruce protocol, with the patient walking on a tread-
mill under a workload that gradually increased at 
3-minute intervals. Blood pressure was measured 
manually every 3 minutes during exercise until the 
test was stopped, and every 3 minutes during the re-
covery period. At peak exercise, a single dose of in-
travenous 3 mCi Thallium-201 was injected and im-
ages were obtained 3 minutes and 3 hours after the 
injection. Myocardial perfusion was assessed in the 
short, vertical and horizontal axis views. 

Left ventricular (LV) mass and function were 
measured by echocardiography using a GE VingMed 
System 5 device, according to the recommendations 
of the American Society of Echocardiography.14,15 
The elastic properties of the aorta were assessed in 
terms of carotid-femoral pulse-wave velocity (PWVc-
f) using applanation tonometry with a SphygmoCor 
device (AtCor Medical, Sydney, Australia).5 Coro-
nary arteriography was performed using the standard 
Judkins technique. By definition, all patients had an-
giographically normal coronary arteries.

Indices of collagen synthesis and degradation

Free amino-terminal pro-peptides of pro-collagen 
type I (PINP) were used as an index of collagen syn-
thesis; serum telopeptides of type I collagen (CITP) 
were used as an index of collagen degradation; and 
serum levels of pro-metalloproteinase-1 (ProMMP-1) 
and its tissue inhibitor TIMP-1 were used as indices 
of collagen turnover. All measurements were per-
formed using commercially available immunoassay 
techniques.9

Statistical analyses

Statistical analyses were performed using the SPSS 
(Statistical Package for Social Sciences, Chicago IL, 
USA) software for Windows (Version 11.0). Results 
are presented as mean ± 1 standard deviation (SD) 
for continuous variables and as percentages for cate-
gorical data. Normal distribution was tested using the 
Kolmogorov–Smirnov test. Normally distributed data 
were compared using Student’s t-test. Non-normal-
ly distributed data were compared using the Mann–
Whitney U-test.

For simple linear correlation analysis, Pearson’s 
correlation coefficient was used. Multiple linear re-
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gression analysis was performed using the “back-
ward” deletion method, where significant determi-
nants for the presence of chest pain were entered into 
the analysis in a single initial step and then variables 
were removed one at a time, retaining only the statis-
tically significant ones. In another model of multiple 
linear regression analysis a forced entry was used to 
analyse the influence of antihypertensive medications 
on the results. In order to detect possible associa-
tions between PWVc-f and different indices of colla-

gen turnover, quartiles of PWVc-f were used and ana-
lyzed with ANOVA. A p-value <0.05 was considered 
statistically significant.

Results

Demographic data and clinical characteristics of the 
study population are presented in Table 1. Resting 
hemodynamics and data from the exercise stress test 
are shown in Table 2. Heart rate and systolic arterial 

Table 1. Demographic data and clinical characteristics of the study population. 

Parameter 	 Chest pain  n=43	 No chest pain n=54	 p

Age (years)	 62 ± 7	 61 ± 7	 0.28
Gender (% M)	 35	 38	 0.77
Height (cm)	 168.7 ± 4.3	 172.2 ± 4.8	 0.34
ΒΜΙ (kg/m2)	 26.7 ± 3.2	 27.1 ± 3.2	 0.42
Smoking (%)	 13	 12	 0.88
LVMI (g/m2)	 98.3 ± 14.6	 96.1 ± 13.2	 0.67
Aortic diameter (mm)	 29.3 ± 1.5	 29.7 ± 1.7	 0.42
Transmitral flow E/A 	 0.89 ± 0.22	 0.93 ± 0.23	 0.16
Total cholesterol (mg/dL)	 211.8 ± 48.7	 205.3 ± 45.2	 0.27
LDL cholesterol (mg/dL)	 130.7 ±  31.3	 126.8 ± 27.4	 0.33
HDL cholesterol (mg/dL)	 55.7 ± 10.0	 55.2 ± 13.5	 0.40
TG (mg/dL, median-interquartile range)	 116.0 (86.0-277.2)	 133.7 (93.9-284.3)	 0.61
CRP (mg/dl)	 0.68 ± 0.20	 0.66 ± 0.21	 0.72
PWVc-f (m/sec)	 11.8 ± 2.6	 10.3 ± 1.8	 0.04
PINP (ng/mL)	 31.3 ± 7.1	 24.6 ± 6.2	 0.02
CITP (ng/mL)	 0.28 ± 0.08	 0.32 ± 0.11	 0.18
PINP/CITP	 118.4 ± 16.6	 87.7 ± 13.2	 0.04
proMMP-1 (ng/mL)	 5.3 ± 1.1	 4.7 ± 1.0	 0.07
TIMP-1 (ng/mL)	 18.9 ± 4.1	 22.7 ± 4.3	 0.11
proMMP-1 / TIMP-1 ratio	 0.8 ± 0.19	 0.3 ± 0.12	 0.04
β-blockers (%)	 45.6	 47.2	 0.27
ACEI (%)	 38.2	 39.8	 0.23
ARBs (%)	 42.4	 44.9	 0.09
CCBs (%)	 38.2	 36.5	 0.38
Diuretics (%)	 33.7	 33.1	 0.50

ΒΜΙ – body mass index; LVMI – left ventricular mass index; LDL – low-density lipoprotein; HDL – high-density lipoprotein; TG – triglycerides; CRP – 
C-reactive protein; PWVc-f – pulse-wave velocity (carotid-femoral); PINP – amino-terminal pro-peptides of pro-collagen type I; CITP – serum telopeptides 
of type I collagen; ProMMP-1 – pro-metalloproteinase-1; TIMP-1 – tissue inhibitor of metalloproteinase 1; ACEI – angiotensin-converting enzyme inhibitor; 
ARBs – angiotensin II receptor blockers; CCBs – calcium channel blockers.

Table 2. Basic hemodynamic parameters at rest and peak exercise.  

Parameter	 Chest pain	 No chest pain	 p

SBP at rest (mmHg)	 135.5 ± 13.0	 132.0 ± 14.5	 0.31
DBP at rest (mmHg)	 80.0 ± 9.0	 85.0 ± 9.0	 0.75
Mean AP at rest (mmHg)	 98.6 ± 13.3	 98.8 ± 13.5	 0.82
SBP (peak exercise) (mmHg)	 185.5 ± 14.0	 180.5 ± 11.5	 0.38
DBP (peak exercise) (mmHg)	 90.0 ± 9.5	 95.5 ± 10.0	 0.04
Heart rate at rest (b/min)	 67 ± 12	 72 ± 14	 0.44
Heart rate (peak exercise) (b/min)	 149.6 ± 16.8	 152.2 ± 17.0	 0.60
Total exercise time (min:s)	 6:16 ± 2:07	 6:54 ± 2:16	 0.22
METS 	 8.3 ± 2.3	 8.8 ± 2.5	 0.27

SBP – systolic arterial pressure; DBP – diastolic arterial pressure; AP – arterial pressure; METS – metabolic equivalents of the task.
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pressure were similar at rest and at peak exercise in 
both groups.

Chest pain, PWVc-f, and indices of collagen turnover 

PWVc-f was greater in patients with chest pain com-
pared to those without (Figure 1). Mean PINP levels 
were also greater in those with chest pain, while CITP 
levels did not differ significantly between the two 
groups. The PINP/CITP ratio was significantly higher 
in patients with chest pain compared to those with-
out (Figure 2). Serum TIMP-1 and proMMP-1 con-
centrations were similar in the two groups, while the 
proMMP-1/TIMP-1 ratio was significantly greater in 
the chest pain group (Figure 2, Table 1).

In a multiple regression analysis model that includ-
ed age, gender, peak systolic arterial pressure, left ven-
tricular mass index, PINP, and smoking, PINP (t=5.20, 
p=0.02), peak diastolic blood pressure (t=4.72, p=0.03) 
and PWVc-f (t=4.60, p=0.03) were associated with the 
presence of exercise-induced chest pain (Table 3).

After adding the use of antihypertensive drugs to 
the model via forced entry, PWVc-f (t=2.53, p=0.02) 
and serum PINP levels (t=2.42, p=0.02) remained sig-
nificantly associated with the presence of chest pain. No 
association was found between chest pain and drugs in-
terfering with the renin–angiotensin system (angiotensin 
converting enzyme inhibitors, t=-1.28, p=0.20; angio-
tensin receptor blockers, t=-0.93, p=0.35).

Associations between markers of collagen turnover and 
PWVc-f

Using quartiles of PWVc-f, significant associations were 

found between PWVc-f and PINP (ANOVA, p=0.02); 
and between PWVc-f and the proMMP-1/TIMP-1 ra-
tio (ANOVA, p=0.03). In multiple regression analysis 
where age, gender, systolic arterial pressure, smoking and 
lipid profile were included, PINP concentrations were al-
so significantly associated with PWVc-f (t=2.34, p=0.02).
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Figure 2. Serum PINP levels, ΡINP/CITP ratio and proMMP-1/
TIMT-1 ratio were significantly higher in patients with chest pain 
compared to those without. PINP – amino-terminal pro-peptides 
of pro-collagen type I; CITP – serum telopeptides of type I col-
lagen; ProMMP-1 – pro-metalloproteinase-1; TIMP-1 – tissue 
inhibitor of metalloproteinase 1. 

Figure 1. Carotid-femoral pulse wave velocity (PWVc-f) was sig-
nificantly greater in patients with chest pain compared to those 
without. 
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Discussion

Chest pain in patients with angiographically normal 
coronary arteries is not uncommon.16,17 Different 
etiologies have been proposed to explain this phe-
nomenon.2-7,18 The present study has shown that pa-
tients with arterial hypertension and angiographically 
normal coronary arteries who experience exercise-
induced chest pain without evidence of myocardial 
ischemia on nuclear cardiac imaging had stiffer aor-
tas compared to those without chest pain during exer-
cise. The present study also suggested that alterations 
in collagen metabolism may affect aortic function in 
those patients.

A stiff aorta may be related to exercise-induced 
chest pain in patients with arterial hypertension in 
many ways (Figure 3). First, a sudden rise in aor-
tic (central) systolic pressure will result in tension of 

the aortic wall, which may stimulate aortic pain fibers 
and cause chest pain.5-8 The aortic adventitia contains 
pain fibers that run in close relation to those from the 
heart. Clinical and experimental observations suggest 
that stretch of the aortic wall may produce chest pain 
of aortic origin. Balloon inflation—e.g. during angio-
plasty for aortic coarctation—causes pain that disap-
pears immediately after deflation.19

Second, increased aortic stiffness may be asso-
ciated with lower diastolic aortic (central) pressure 
during exercise, thus leading to a decrease in sub-
endocardial blood flow and possibly ischemic chest 
pain.20 In this study, the mean diastolic arterial pres-
sure was significantly lower in the chest pain group 
compared to the no chest pain group. However, cen-
tral diastolic pressure was not measured during exer-
cise. Additionally, all participants had normal myo-
cardial perfusion imaging studies by protocol. Third, 
aortic stiffness has been also implicated in impaired 
cardiac microcirculatory function and reduced coro-
nary flow reserve.2-4,21 Clinically, these patients may 
experience myocardial ischemia and chest pain dur-
ing exercise in the setting of angiographically normal 
coronary arteries. However, measurements of coro-
nary flow reserve were not performed in the present 
study. Finally, a combination of multiple factors may 
be responsible.

Studies have suggested that alterations in colla-
gen turnover may contribute to aortic stiffness in hy-
pertensive patients through a process known as vas-
cular remodeling.9-11,22-26 The results of the present 
study confirm and further expand the association be-
tween collagen, aortic function and chest pain of aor-
tic origin.

The predominance of the female gender may be 

Pain of aortic origin

Central
representation

Physical or emotional
stress

Rise in aortic pressure

Acute stretching
of the aorta

Chest pain

Aortic plexus
Aortic pain fibers

Stiff aorta

Figure 3. Mechanisms possibly related to chest pain of aortic ori-
gin. Schematic presentation.

Table 3. Multiple linear regression analysis for the presence of chest pain (ordinal, R2=0.46, p=0.0006).

Parameter	 Estimate	 Std Error	 ChiSquare	 Prob>ChiSq

PINP	 -0.25	 0.11	 5.20	 0.02*
DBP (peak exercise)	 0.10	 0.04	 4.72	 0.03*
SBP (peak exercise)	 0.18	 0.07	 1.08	 0.34
PWVc-f 	 -0.74	 0.34	 4.60	 0.03*
PINP/CITP	 0.01	 0.01	 1.30	 0.25
Gender 	 1.25	 1.18	 1.13	 0.29
Age	 -0.09	 0.09	 1.07	 0.30
pro-MMP1	 0.23	 0.23	 1.01	 0.31
LVMI	 0.02	 0.02	 0.65	 0.41
Pro-MMP-1 /TIMP-1	 0.33	 0.74	 0.20	 0.65
Smoking 	 0.21	 0.29	 0.62	 0.17

*Statistically significant. 
Abbreviations as in Table 1.
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related to the fact that chest pain in patients with an-
giographically normal coronary arteries is more com-
mon in woman.

Collagen turnover is relatively slow and thus it 
is difficult to determine the contribution of colla-
gen changes to the elastic properties of the arterial 
wall. Further, a single time point for measuring these 
markers cannot fully represent the dynamic changes 
that occur throughout the development of vascular 
remodeling in the case of arterial hypertension.27 Cir-
culating markers of collagen turnover may reflect col-
lagen deposition and degradation in any tissue, and 
serum levels of proMMP-1 and TIMP-1 do not nec-
essarily reflect their activity in the aortic wall. An ef-
fort was made to exclude patients with left ventricu-
lar hypertrophy, osteoporosis, heart failure, or other 
conditions that may affect the measurement of col-
lagen turnover indices. Finally, even if it is difficult to 
decide whether the pain is aortic in origin, the pres-
ent study demonstrated that hypertensive individuals 
with chest pain and a normal coronary angiogram had 
a stiffer aorta compared to those without chest pain. 

Clinical implications

In several diseases and conditions that are often asso-
ciated with a stiff aorta, such as chronic renal failure, 
coronary artery disease, arterial hypertension, syn-
drome X, and old age, some episodes of chest pain 
may be related to the stiff aorta.28,29 Studies have 
shown that treatment with renin–angiotensin–aldoste-
rone system antagonists may prevent excessive aortic 
depositions of collagen in hypertensive animals, and 
possibly in humans, with a parallel improvement in ar-
terial elastic properties and cardiovascular risk.30-32 

In conclusion, a stiff aorta may contribute to 
chest pain during exercise in patients with arterial 
hypertension and angiographically normal coronary 
arteries. Alterations in collagen type I turnover that 
favor excessive collagen deposition in the aortic wall 
may be responsible for aortic stiffening.33 The study 
of the pathophysiological mechanisms of adverse aor-
tic remodeling in patients with arterial hypertension 
may help us to better understand, identify, monitor 
and treat these patients with stiff aorta and chest pain 
of aortic origin. 
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