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ORIGINAL RESEARCH

Comparison Between Invasive and 
Noninvasive Methods to Estimate 
Subendocardial Oxygen Supply and 
Demand Imbalance
Paolo Salvi , MD, PhD; Corrado Baldi, MD; Filippo Scalise , MD; Andrea Grillo , MD, PhD;  
Lucia Salvi, MD; Isabella Tan , PhD; Lorenzo De Censi , MD; Antonio Sorropago, MD; Francesco Moretti , MD; 
Giovanni Sorropago, MD; Lan Gao, MD, PhD; Matteo Rovina, MD; Giulia Simon , MD; Bruno Fabris, MD; 
Renzo Carretta , MD, PhD; Alberto P. Avolio , PhD; Gianfranco Parati , MD

BACKGROUND: Estimation of the balance between subendocardial oxygen supply and demand could be a useful parameter to 
assess the risk of myocardial ischemia. Evaluation of the subendocardial viability ratio (SEVR, also known as Buckberg index) 
by invasive recording of left ventricular and aortic pressure curves represents a valid method to estimate the degree of myo-
cardial perfusion relative to left ventricular workload. However, routine clinical use of this parameter requires its noninvasive 
estimation and the demonstration of its reliability.

METHODS AND RESULTS: Arterial applanation tonometry allows a noninvasive estimation of SEVR as the ratio of the areas 
directly beneath the central aortic pressure curves obtained during diastole (myocardial oxygen supply) and during systole 
(myocardial oxygen demand). However, this “traditional” method does not account for the intra- ventricular diastolic pressure 
and proper allocation to systole and diastole of left ventricular isometric contraction and relaxation, respectively, resulting in 
an overestimation of the SEVR values. These issues are considered in the novel method for SEVR assessment tested in this 
study. SEVR values estimated with carotid tonometry by "traditional” and "new” method were compared with those evaluated 
invasively by cardiac catheterization. The “traditional” method provided significantly higher SEVR values than the reference 
invasive SEVR: average of differences±SD= 44±11% (limits of agreement: 23% –  65%). The noninvasive “new” method showed 
a much better agreement with the invasive determination of SEVR: average of differences±SD= 0±8% (limits of agreement: 
- 15% to 16%).

CONCLUSIONS: Carotid applanation tonometry provides valid noninvasive SEVR values only when all the main factors determin-
ing myocardial supply and demand flow are considered.

Key Words: arterial stiffness ■ cardiovascular prevention ■ myocardial ischemia ■ myocardial oxygen demand ■ subendocardial 
viability ratio

Myocardial ischemia is a major cause of death 
and disability worldwide. Myocardial ischemia 
can be the consequence of atherosclerotic 

coronary artery disease as well as an imbalance be-
tween subendocardial oxygen supply and demand.1 

However, while the path for the diagnosis and pre-
vention of coronary artery disease appears to be well 
defined at the present time, the criteria for diagnosis 
of myocardial ischemia due to an imbalance between 
oxygen supply and demand still remain uncertain; this 
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condition is mostly defined based on exclusion or pre-
sumption diagnosis. It should be noted that the inci-
dence of myocardial damage and myocardial infarction 
unrelated to acute atherothrombotic coronary artery 
disease increases with age. In patients older than 
75 years, myocardial damage and myocardial infarc-
tion resulting from discrepancy between oxygen sup-
ply and demand are more common than myocardial 
infarction caused by coronary artery disease.2

The introduction of the subendocardial viability 
ratio (SEVR) represents the first valid attempt to es-
timate the degree of myocardial perfusion relative to 
left ventricular (LV) workload, providing a useful tool in 
the diagnosis of myocardial ischemia due to demand/

supply discrepancy. SEVR was introduced by Gerard 
Buckberg and Julien Hoffman at the beginning of the 
1970s3,4 by analyzing LV and aortic pressure curves 
during invasive hemodynamic studies performed in 
large animals3 and in humans.5 An adequate suben-
docardial perfusion is almost exclusively guaranteed 
during the diastolic phase of the cardiac cycle. Indeed, 
during the systolic phase, blood supply to the suben-
docardial layers is limited due to the presence of extra-
vascular compressive forces (owing to LV contraction 
and to LV intracavity pressure increase). Since blood 
pressure (BP) in the coronary arteries, in the pres-
ence of undamaged vessels, is equivalent to that in 
the ascending aorta,6 it was estimated that the area 
between the aortic and LV pressure curves in diastole 
represents the pressure that maintains adequate sub-
endocardial blood flow supply in the diastolic phase of 
the cardiac cycle (DPTI, diastolic pressure- time index). 
The subendocardial oxygen need is closely related 
to cardiac work, therefore to LV afterload. The latter 
may be represented by the area under the LV pressure 
curve in systole (SPTI, systolic pressure- time index), 
from the onset of LV systole to the dicrotic notch.7,8 The 
DPTI:SPTI ratio thus represents the balance between 
oxygen subendocardial supply and demand.4,9,10 
However, the evaluation of SEVR, as described by 
Buckberg and Hoffmann, required invasive catheter-
ization, and this has been a major limitation which has 
restricted its application in clinical practice.

The use of arterial applanation tonometry for accu-
rate recording of arterial pulse waves has introduced a 
new approach for noninvasive assessment of the sub-
endocardial oxygen demand and supply ratio.11 This 
is a simple test, fast to perform, well tolerated by the 
patient, reproducible and extensively validated.12,13 At 
present, transcutaneous tonometry is considered the 
reference method for noninvasive recording of cen-
tral aortic BP, allowing the morphological analysis of 
the pulse pressure waveform.14 The currently available 
devices using arterial tonometry estimate SEVR val-
ues based on the central pulse pressure waveform. 
The pressure waveform of the ascending aorta can 
be directly recorded from the common carotid artery 
waveform, or estimated from the radial artery wave-
form, using a transfer function. However, the two com-
ponents of the SEVR, DPTI and SPTI, are only roughly 
estimated by the approach based on use of tonometric 
devices.15 This could lead to unreliable SEVR values. 
DPTI represents the area under the diastolic portion 
of the central aortic pressure wave, and is obtained by 
multiplying the mean value of BP during the diastolic 
phase of cardiac cycle by the diastolic time.16 SPTI rep-
resents the area under the systolic portion of the pres-
sure wave, obtained by multiplying the mean value of 
BP during the systolic phase of cardiac cycle by the LV 
ejection time.16 This “traditional” method of evaluation 

CLINICAL PERSPECTIVE

What Is New?
• This study demonstrates for the first time the 

possibility of obtaining an accurate noninvasive 
assessment of the myocardial oxygen supply 
and demand balance, as estimated by suben-
docardial viability ratio.

What Are the Clinical Implications?
• An accurate noninvasive estimation of the sub-

endocardial oxygen supply and demand bal-
ance could be a useful parameter to assess the 
risk of myocardial ischemia, particularly in those 
forms of myocardial damage that are not justi-
fied by overt coronary artery disease.

Nonstandard Abbreviations and Acronyms

CR coefficient of repeatability
CV coefficient of variation
DPTI diastolic pressure- time index
DT diastolic time
GRC global reflection coefficient
ICT isovolumic contraction time
LVDP left ventricular diastolic pressure
LVEDP left ventricular end diastolic pressure
LVET left ventricular ejection time
LVMDP left ventricular mean diastolic pressure
MDBP mean diastolic blood pressure
MSBP mean systolic blood pressure
PWV pulse wave velocity
RW time delay between the “R” wave of the 

ECG and the carotid wave
SEVR subendocardial viability ratio
SPTI systolic pressure- time index
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of the SEVR, however, does not take into account ei-
ther the LV diastolic pressure (LVDP), or LV isovolumic 
contraction phase, nor isovolumic relaxation phase. 
Considering the importance of these three compo-
nents in the evaluation of SEVR,15,17,18 in recent years 
we have described an original method to estimate 
these parameters in a noninvasive way by combining 
analysis of the aortic pressure waveform with pulse 
wave velocity assessment.19 These studies led to the 
implementation of a “new” method to noninvasively es-
timate SEVR using the aortic pressure waveform, as 
obtained by arterial tonometry, and estimated LVDP, LV 
isovolumic contraction and relaxation phase.

The aim of this study was to investigate whether an 
imbalance in the subendocardial oxygen supply and 
demand can be effectively assessed noninvasively by 
arterial tonometry. SEVR values obtained using the 
“new” method were compared to the SEVR evaluated 
invasively by catheterization as well as the SEVR ob-
tained noninvasively by the “traditional” method.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Subjects
All suitable consecutive patients undergoing cardiac 
catheterization at the Interventional Cardiology Unit of 
the Monza Polyclinic Hospital (Monza, Italy) were re-
cruited in this study over a 2- month period. The ex-
clusion criteria were: age <18 years, body mass index 
>35  kg/m2, emergency hospitalization, heart failure 
with unstable hemodynamic conditions, atrial fibrilla-
tion or paced cardiac rhythm, aortic stenosis, severe 
cardiomyopathy and severe primary mitral regurgita-
tion. The latter was defined by regurgitant volume 
≥60 mL/beat, regurgitant fraction ≥50%, and effective 
regurgitant orifice area ≥40 mm2.

The protocol was approved by Local Ethics 
Committees (approval number IAI.2017.01.24.01) 
and was conducted in accordance with the Helsinki 
Declaration. All participants gave their written informed 
consent to our study procedures.

Protocol of the Study
Patients already prepared for angiographic examination 
were transported on a wheeled bed to a room oppo-
site to the angiographic room, where noninvasive re-
cordings of pulse pressure waveforms were performed 
at carotid, femoral and brachial artery sites by arterial 
applanation tonometry. Recordings were performed in 
the morning, in a quiet and comfortable environment, 
with soft natural lighting and controlled temperature 

(21.5±0.5 ℃). Patients had been fasting for 8  hours 
at the time of the test and had abstained from caf-
feine, tobacco, large meals, or intense physical activity 
since the day before. Subjects refrained from taking 
any vasoactive medication for at least 2 hours before 
the procedures. Tests began after a resting period of 
at least 15 minutes in supine position, during which pa-
tients’ anthropometric data and medical history were 
collected from medical records. BP measurements 
were assessed simultaneously with each pulse wave 
recording, through a brachial cuff of suitable size, by 
a validated Omron 705IT oscillometric device (Omron 
Corporation, Kyoto, Japan).20 Immediately after the 
end of these noninvasive measurements, patients were 
transferred, always in the supine position on the same 
wheeled bed, to the angiographic room. Recording of 
the intra- arterial and intra- ventricular pressure waves 
were obtained before starting the scheduled diagnostic 
tests. Thus, no drug was administered before or during 
the invasive pulse wave recording. The catheter was 
advanced through the right femoral artery up to the 
ascending aorta and positioned, under fluoroscopic 
guidance, at 2 cm above the aortic valve for record-
ing of the aortic pressure waveform. Simultaneously, 
a trained operator recorded the pressure curve at the 
right carotid artery by means of a transcutaneous to-
nometer. Immediately after this double measurement 
(invasive in the ascending aorta and noninvasive in the 
carotid artery), the catheter was advanced inside the 
ventricular cavity to record the intraventricular pressure 
curve.

Invasive Assessment of the 
Subendocardial Viability Ratio
A pigtail fluid- filled 6 French angiographic catheter was 
used to record aortic and LV pressure waves. The fre-
quency response of the catheter system was evaluated 
in the standard manner by the “pop test.”21 The system 
was calibrated against a mercury sphygmomanometer, 
zeroed and checked for air bubbles before each new 
examination. The waveforms were obtained at a sam-
pling rate of 1 kHz and analyzed by custom- designed 
software packages (SPEGL, Milan, Italy). First, the 
Pressure Wave Skimmer (version PWS.4) was used 
to select the cardiac cycles recorded simultaneously 
by invasive catheter and transcutaneous tonometer. 
Second, the aortic, ventricular and carotid pressure 
curves were analyzed with the InvaSEVR software 
(version 1.0.7j). Ten consecutive beats were analyzed. 
The heart period was defined by the R- R interval on 
the electrocardiogram simultaneously recorded with 
the pressure waveforms. LV ejection time was defined 
as the time from the foot of the early ascending phase 
of the aortic pressure waveform to the dicrotic notch. 
Diastolic time was calculated as R- R interval minus LV 
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ejection time. LV effective compression time was cal-
culated as the systolic contraction time divided by total 
heart period. SEVR was assessed as DPTI: SPTI ratio 
(Figure 1A). DPTI was calculated as the area between 
the aortic and LV pressure curves in diastole, and rep-
resents an index of oxygen supply to the myocardium. 
SPTI was calculated as the area under the systolic LV 
pressure curve and represents an index of oxygen de-
mand by the LV myocardium. These areas, thus, re-
flect blood flow supply (DPTI) and demand (SPTI), and 
their ratio (SEVR) indirectly gives information on the ad-
equacy of subendocardial blood flow.

NonInvasive Estimation of Subendocardial 
Viability Ratio by Arterial Tonometry
Central BP values and aortic pressure waveforms were 
obtained directly from the common carotid artery using 
a validated high fidelity PulsePen tonometer (DiaTecne, 
San Donato Milanese, Italy).13,22,23 The carotid pressure 
waveforms recorded by the PulsePen are very close to 
those obtained invasively by means of an intra- arterial 
catheter. Several studies demonstrated that central 
BP values and pulse pressure waveforms recorded 
in the common carotid artery by applanation tonom-
etry are a reliable surrogate for central aortic waveform 
analysis.14,24 Pulse pressure waveforms were recorded 
with patients resting supine and in a temperature- 
controlled environment in accordance with consensus 
recommendations.15

Central BP values were obtained from the carotid 
BP waveform after calibration with brachial mean and 
diastolic BP. Diastolic BP was obtained from the mea-
surements by a validated oscillometric sphygmoma-
nometer at the brachial artery. Mean arterial pressure 
was defined by adding diastolic BP to the mean value 
(integral) of the brachial pulse waveform, which was 
recorded by the tonometer, and automatically calcu-
lated by WPP- software inbuilt in the PulsePen system 
as previously described.25

As for the invasive assessment, the tonometric 
SEVR is given by the DPTI:SPTI ratio. Two different 
methods were evaluated in this study to estimate SEVR 
by noninvasive tonometry. The “traditional” method 

(Figure  1B) is currently used in research and clinical 
practice and implemented by the majority of pulse 
wave analysis devices on the market. This standard-
ized method estimates the SEVR simply as the ratio 
between the areas below the central aortic pressure 
wave during diastole (DPTI) and during systole (SPTI), 
respectively. The “new” method (Figure 1C   ), based 
on the results of recent clinical studies of our research 
groups,19 was developed in an attempt to make the 
noninvasive SEVR estimate more concordant with the 
SEVR invasively measured by catheterization.

In the “new” method, DPTI was estimated from the 
area beneath the diastolic phase of the carotid pulse 
pressure curve, defined by the integral of the pressure 
curve in diastole, from which the areas correspond-
ing to the areas under the ventricular pressure curve 
during the isovolumic contraction and isovolumic re-
laxation phase and the area relating to the LVDP were 
subtracted (Table 1 and Figure 2). Isovolumic contrac-
tion time (ICT) was estimated from the time delay be-
tween the “R” wave of the electrocardiogram and the 
foot of the carotid pulse waveform (RW), after adjust-
ment for the pulse transit time from the aortic valve to 
the carotid artery site, evaluated by a validated algo-
rithm based on the carotid- femoral pulse wave velocity 
(PWV).19 

where aorta- to- carotid distance was estimated by 
carotid- to- suprasternal notch distance +74 ( consider-
ing an ascending aorta length of 74 mm, corresponding 
to the average value described in the literature),26 and 
PWV in ascending aorta was estimated from carotid- 
femoral PWV corrected with coefficients derived from 
the work of Hickson et al.27: carotid– femoral PWV × 
(−0.0034 × age+0.9627).

Isovolumic relaxation time, was automatically esti-
mated by the PulsePen software (2.3.2 version) by a 
proprietary algorithm, in relation to the analysis of the 
central systolic pulse pressure profile, according to the 
indications emerged from the literature.28,29 Similarly, 
LV mean diastolic pressure (LVMDP) was obtained by 

ICT = RW−

distance between aorta and carotidartery

aortic PWV

Figure 1. Subendocardial viability ratio (SEVR) values assessed by invasive catheterization (A), transcutaneous carotid 
tonometry by “traditional” method (B), and by “new” method (C).
SEVR is calculated as diastolic pressure- time index (DPTI) divided by systolic pressure- time index (SPTI). A, invasive SEVR: DPTI 
represents the area between the aortic and left- ventricular pressure curves in diastole; SPTI represents the area under the systolic left 
ventricular pressure curve. B, “traditional” tonometric SEVR: DPTI is the area beneath the carotid pressure curve during diastole; SPTI 
is the area beneath the carotid pressure curve during systole. C, “new” tonometric SEVR: DPTI is estimated from the area beneath 
the diastolic phase of the carotid pulse pressure curve, from which is subtracted from the LV diastolic pressure area, isovolumic 
contraction and isovolumic relaxation time; SPTI is estimated from the area below the systolic phase of the carotid pulse pressure 
curve, to which is added the area relating to the isovolumic contraction time. The aortic (red dashed lines) and ventricular (blue dashed 
lines) pressure waveforms of panels B and C are present for comparison only, and the calculation of the SEVR is based exclusively on 
noninvasive measurements of the carotid arterial pressure. ICT indicates isovolumic contraction time; IRT, isovolumic relaxation time; 
and LVET, left ventricular ejection time.
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an algorithm based on parameters deduced by the 
analysis of pulse waveform, brachial BP values and 
anthropometric features of the patients. The algorithm 
implemented in the PulsePen system is the result of 

a multivariate analysis developed on a wide database 
obtained from clinical examinations of 462 patients, 
284 men, aged 54±17 years, where both carotid pulse 
waveform and echocardiography were performed. 

A

B

C
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The data used in this evaluation were acquired from 
clinical examinations performed at the Hypertension 
Center of the San Luca Hospital in Milan, Italy (228 pa-
tients), at the Amyloid Unit Research at the San Matteo 
Hospital in Pavia, Italy (124 patients) and from the da-
tabase of the validation study of systolic time intervals 
assessed from analysis of carotid pressure waveform 
(104 patients).19

Left ventricular end- diastolic pressure (LVEDP) 
was estimated by echocardiography according to the 
Nagueh formula [LVEDP=1.24×(E/e′)+1.91].30,31 Factors 
affecting this estimated LVEDP were assessed by mul-
tivariate analysis. Age, sex, anthropometric data, heart 
rate, systolic time intervals and variables deduced from 
the classic analysis of carotid pulse waveform and from 
forward- backward pulse wave separation analysis 
were included in this model.

The variables affecting LVEDP resulting from these 
analyses were: parameters obtained from the analysis 
of the pulse waveform, the amplitude and earliness of 
the reflected waves (global reflection coefficient [GRC], 
ie, the backward wave amplitude divided by forward 
wave amplitude), blood pressure values during the sys-
tolic and diastolic phase of the cardiac cycle, systolic 
time intervals and their mutual relationship, and some 
anthropometric measurements. Since LVEDP does not 
correspond properly to LVMDP, the estimated value of 
LVEDP was modified by a correction factor, derived 
from the analysis of intraventricular blood pressure 
curves of 40 patients undergoing LV angiography. 
Since previous studies proposed to use LVEDP es-
timation as a surrogate for LVMDP,17 the relationship 
between LVEDP and LVMDP was also investigated in 
our study. The effects of neglecting LVMDP on SEVR 
estimation were also tested.

Similarly, SPTI was estimated from the area below 
the systolic phase of the carotid pulse pressure curve, 

defined by the integral of the pressure curve during 
systole, to which the area related to isovolumic con-
traction time is added.

In order to estimate the isovolumic contraction time, 
carotid- femoral pulse wave velocity was also assessed. 
Pulse wave velocity was automatically determined by 
dividing the carotid- to- femoral distance by the pulse 
transit time, measured as the time delay between the 
foot of the carotid arterial waveform and the foot of the 
simultaneously recorded femoral pulse waveform. The 
distance was measured with a steel tape measure and 
determined by subtracting the suprasternal- notch to 
carotid site distance from the suprasternal- notch to 
femoral site distance.

Short- Term Repeatability of NonInvasive 
Tonometric SEVR
The evaluation of the reproducibility of the noninva-
sive assessment of SEVR is certainly of great impor-
tance, in the context of a clinical use of this parameter. 
During our study it was not possible to investigate the 
reproducibility of the SEVR estimate, given that mul-
tiple catheterizations and/or longer procedures would 
be required, with consequent ethical issues to face. 
Reproducibility of noninvasive SEVR is certainly a rel-
evant issue for future studies. For this reason we have 
performed an additional retrospective analysis on data 
collected in a previous study of ours, aimed at evalu-
ating the hemodynamic parameters acquired by to-
nometry.23,32 On this dataset we have now specifically 
explored the short- term repeatability also of SEVR.

Statistical Analysis
Values are presented as mean±SD or as absolute 
numbers (percentages). SEVR values are expressed 
as a percentage of the ratio of DPTI to SPTI (100×DPTI/

Table 1. Methods for Evaluating the Subendocardial Viability Ratio (SEVR=DPTI/SPTI)

Evaluation method SPTI DPTI

Invasive assessment Integral of the LV pressure curve during systole, from 
the onset of isovolumic contraction to the closure of 
the aortic valve

Area between the aortic and LV pressure curves in 
diastole, from closing to opening of the aortic valve

Tonometric “traditional” method Integral of the central aortic pressure wave during 
systole, from the opening of the aortic valve to the 
dicrotic notch;  
=mean SBP×LV ejection time

Integral of the central aortic pressure wave during 
diastole, from the dicrotic notch to the opening of 
the aortic valve;  
=mean DBP×diastolic time

Tonometric “new” method Integral of the central aortic pressure wave during 
systole, to which the area relating to the LV isovolumic 
contraction is added;  
=mean SBP×LV ejection time+ICT×LVDP+ICT× 
(DBP−LVDP)/2

Integral of the central aortic pressure wave during 
diastole, from which the area corresponding to the 
LV mean diastolic pressure and the areas relating 
to the LV isovolumic contraction and relaxation are 
subtracted;  
=(mean DBP−LVDP)×diastolic 
time−ICT×(DBP−LVDP)/2−IRT×(ESBP−LVDP)/2

DBP indicates diastolic blood pressure; DPTI, diastolic pressure- time index; ESBP, end- systolic blood pressure; ICT, isovolumic contraction time; IRT, 
isovolumic relaxation time; LV, left ventricular; LVDP, left ventricular mean diastolic pressure; SBP, systolic blood pressure; and SPTI, systolic pressure- time 
index.
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SPTI). The agreement between SEVR estimated with 
invasive procedure and the corresponding parameters 
obtained from noninvasive tonometry was evaluated 
using the Bland- Altman plots, correlating the differ-
ence between the paired data with the relative average 
values.33 The level of agreement between two meas-
urements was assessed by the mean difference and 
the 95% CI, calculated as mean difference ±1.96 SD 
of differences. The relationship between variables was 
determined with linear regression (coefficient of corre-
lation, “r”). Comparison between paired data (invasive 
catheterization and carotid tonometry) was performed 
by paired- samples Wilcoxon signed rank test. P<0.05 
was set as significant.

The inter- operator repeatability was expressed as 
coefficient of repeatability (CR=1.96 SD of differences 
between 2 measurements).33 As strongly recom-
mended by M.J. Bland,34 coefficient of variation (CV) 
was calculated as the square root of the mean within- 
subject variance (�2

w
)/subject mean squared (�2

s
), as 

follow: CV =

√

E
[

�
2
w

�
2
s

]

 where E[x] is the expected value of 

random variable x.
Based on the method described by Bland and 

Altman, with a SD of the differences in measurement 
of SEVR between invasive and noninvasive methods 
of 20%, by including a sample of 50 subjects the CI at 
95% of the mean of the differences is ±5.66% and the 
95% CI of the limits of agreement is 19.44%. Assuming 
a dropout rate of 7% to 8%, 54 patients were enrolled 
in the study. Statistical analysis was performed with 
SPSS version 20.0 (IBM Corp., IBM Corp., Armonk, 
New York, USA).

RESULTS
Fifty- four patients (26% women) who were referred for 
coronary angiography were enrolled in the study. The 
age of the enrolled patients ranged from 35 to 88 years 
(mean±SD=66±11). Indication for angiography in-
cluded overt or suspected coronary artery disease 
(40 patients), evaluation of hypertrophic cardiomyopa-
thy (1 patient), mitral regurgitation (6 patients), aortic 
insufficiency (2 patients), peripheral artery disease (2 
patients), carotid artery disease (1 patient), aortic ab-
dominal aneurysm (1 patient), or cardiac tamponade 
(1 patient). Estimation of SEVR was not possible in 3 
patients with suspected coronary artery disease, due 
to bigeminy (2 patients) or atrial fibrillation (1 patient) 
occurring during angiography. Statistical analysis was 
then performed on 51 patients. The anthropometric 
and clinical characteristics of these enrolled patients 
are presented in Table 2. Table 3 shows the hemody-
namic parameters assessed by invasive catheterization 
and noninvasive carotid transcutaneous tonometry.

Figure 3A shows the relationship between the “true” 
SEVR, acquired by invasive arterial catheterization 
and SEVR estimated with carotid transcutaneous to-
nometry by the “traditional” method, currently used in 
clinical practice. The invasive SEVR is compared with 
“new” method in Figure 3B. The “traditional” method 
provided significantly higher SEVR values than the true 
invasive SEVR and the tonometric "new” method: aver-
age of differences±SD=43.8±10.8% and 43.5±11.1%, 
respectively (limits of agreement=22.6 to 65.0%). On 
the other hand, the noninvasive "new” method showed 
a good agreement with the invasive determination of 
the SEVR: average of differences±SD=0.4±7.8% (limits 
of agreement=−14.9 to 15.7%).

Figure 2. Schematic representation of the differences 
between "traditional" and "new" method in estimating 
the subendocardial vitality ratio (SEVR) by arterial 
transcutaneous tonometry.
DPTI indicates diastolic pressure- time index; ICT, isovolumic 
contraction time; IRT, isovolumic relaxation time; LV, left 
ventricular; and SPTI, systolic pressure- time index.
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The correspondence between the results offered 
by the different methods did not show a significant 
difference with age and between men and women 
(Figure 4). Only a "weak" correlation between age and 
SEVR values, for all invasive and noninvasive methods, 
was found (r<0.40).

The causes of the overestimation of the SEVR by 
“traditional method” have been assessed, investigat-
ing in particular the effects of neglecting LVMDP. The 
differences between SEVR values assessed during 
invasive hemodynamic examination and those esti-
mated with the “traditional” method by transcutaneous 
tonometry were only weakly correlated (r2=0.11) with 
the lack of inclusion of LVDP in the tonometric SEVR 
(Figures S1 through S6).

In the analysis of LV pressure waveforms recorded 
by invasive catheterization, this study showed LVEDP 
values significantly higher than LVMDP evaluated on 
the integral of the diastolic phase of the LV pressure 
curve (P<0001) (Figure S7 through S8).

A satisfactory agreement between the estimated 
LVMDP provided by the PulsePen tonometer soft-
ware and the true one measured invasively was found 
(Figure 5): average of differences±SD=−0.7±4.5 mm Hg 
with 95% CI −1.94 to 0.54, limits of agreement −9.5 
and 8.2. The differences in SEVR values estimated 
with invasive catheterization and with carotid applana-
tion tonometry by PulsePen device appear to be unre-
lated to an erroneous estimate of the LVMDP. A weak 
correlation of the difference between SEVR values 
estimated with invasive catheterization and those esti-
mated with carotid applanation tonometry by PulsePen 
device, with the respective difference between LVMDP 
measured invasively and LVMDP estimated by trans-
cutaneous method was found (r2=0.17).

Table 4 shows the results of the short- term repro-
ducibility of noninvasive estimation of SEVR, investi-
gated with the “traditional” and with the “new” method 
by PulsePen® device, respectively.

DISCUSSION
Our study offers for the first time the demonstration 
that (i) arterial applanation tonometry, as currently used 
in research and clinical practice, provides precise es-
timation of the balance between subendocardial oxy-
gen supply and demand (SEVR), which however does 
not appear accurate enough when compared with the 
invasive SEVR assessment; (ii) on the other hand, ar-
terial tonometry provides valid SEVR values when all 
the main factors determining myocardial oxygen sup-
ply and demand are taken into consideration, including 

Table 2. Anthropometric and Clinical Characteristics of 
the Patients Involved in the Study

Parameters All patients (n = 51)

Sex (men/women) 39/12

Age, y 66.5±11.2

Height, cm 168.9±8.5

Weight, kg 76.6±16.1

Body mass index, kg/m2 26.7±4.5

Body surface area (Du Bois), m2 1.87±0.21

Hypertension, n (%) 43 (84.3)

Diabetes mellitus, n (%) 14 (27.5)

Dyslipidemia, n (%) 29 (56.9)

Current smoker, n (%) 8 (15.7)

Former smoker, n (%) 19 (37.3)

Peripheral artery disease, n (%) 10 (19.6)

Cerebrovascular disease, n (%) 3 (5.9)

Carotid artery disease, n (%) 9 (17.6)

Coronary artery disease, n (%) 24 (47.1)

Pace- maker, n (%) 2 (3.9)

Implantable cardioverter defibrillator, n (%) 1 (2.0)

Hypertrophic cardiomyopathy, n (%) 2 (3.9)

Mild or moderate mitral regurgitation, n (%) 11 (21.6)

Mild or moderate aortic insufficiency, n (%) 2 (3.9)

Laboratory data

Glycemia, mg/dL 102.6±21.3

Creatinine, mg/dL 0.9±0.2

Total cholesterol, mg/dL 170.0±39.9

LDL- cholesterol, mg/dL 101.1±29.3

Triglycerides, mg/dL 103.1±34.0

Uric acid, mg/dL 4.9±1.1

Hemoglobin, g/dL 13.9±1.5

Hematocrit, % 41.2±4.2

Red blood cells, 1012/L 4.76±0.42

Platelets, 109/L 226±59

Treatment

Beta- blockers, n (%) 30 (58.8)

ACE inhibitors, n (%) 25 (49.0)

Angiotensin receptor blockers, n (%) 16 (31.4)

Calcium channel blockers, n (%) 12 (23.5)

Diuretics, n (%) 15 (29.4)

Heparin, n (%) 10 (19.6)

Antiplatelet agents, n (%) 39 (76.5)

Statins, n (%) 23 (45.1)

Insulin, n (%) 3 (5.9)

Oral hypoglycemic agents, n (%) 12 (23.5)

Antiarrhythmics, n (%) 3 (5.9)

L- Thyroxine, n (%) 4 (7.8)

ACE indicates angiotensin- converting enzyme; and LDL, low- density 
lipoprotein.
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LVDP, isovolumic contraction time and isovolumic re-
laxation time.

Our study has highlighted a clear overestimation of 
the SEVR values by carotid tonometry when the “tra-
ditional” method was used, showing an average of dif-
ference compared to the invasive evaluation of SEVR 
(±SD) =43.8±10.8%. A number of factors may be re-
sponsible for this discrepancy.

DPTI is an index of oxygen subendocardial supply, 
and, when measured invasively, is represented by the 
area between aortic and LV pressure curve during the 
diastolic phase of the cardiac cycle. The “traditional” 
method of tonometry defines DPTI as the area below 
the aortic pressure curve in diastole without taking into 
account LVDP. In the presence of low pressure in the 
left ventricle during the diastolic phase of the cardiac 
cycle the impact of LVDP on SEVR estimation may be 
negligible. On the contrary, in patients characterized by 
increased LVDP, such as in the case of diastolic dys-
function, heart failure, valve disease or extrinsic con-
striction, neglecting LVDP leads to an overestimation 
of the DPTI value, providing erroneously higher SEVR 
values.

LVMDP was automatically estimated by the 
PulsePen software (2.3.2 version) by a proprietary al-
gorithm, based on a number of parameters derived 

from the analysis of the pulse waveform, systolic time 
intervals and some anthropometric features of the 
patients.

These parameters are in agreement with published 
data. Clinical studies have shown how ventricular dia-
stolic pressure can be affected by individual anthropo-
metric parameters,35,36 reflection waves,37 systolic time 
intervals,38,39 and blood pressure values.39,40

The present study has also given us the opportu-
nity to verify the accuracy of this algorithm towards the 
invasive assessment of LVMDP. The comparison of 
noninvasive tonometric LVMDP estimates with values 
obtained by arterial catheterization has provided satis-
factory and encouraging results, which will allow for a 
further improvement of the LVMDP estimation formula.

However, the cause of the large overestimation in 
SEVR values by traditional tonometric approach is 
only partially due to the mere failure to include the area 
corresponding to LVDP in the algorithm. In our study, 
only 11% of the difference between the invasive SEVR 
value and that estimated with the “traditional” method 
from tonometry is justified by exclusion of LVDP in the 
assessment of SEVR. Other factors, such as isovolu-
mic contraction and relaxation times are likely to play 
an important role in this discrepancy between invasive 
and traditional noninvasive SEVR values.

SPTI is an index of oxygen myocardial needs, and 
with the “traditional” method of tonometry is defined 
as the area underneath the central aortic pressure 
curve in systole. However, according to this method, 
LV isovolumic contraction time is not considered in 
the determination of systolic LV function, with a con-
sequent underestimation of SPTI. On the other hand, 
the LV isovolumic contraction time is included by this 
“traditional” method in the determination of the DPTI, 
although this parameter should be considered as a 
component of the cardiac workload in systole and 
not as a component of the myocardial oxygen sup-
ply, with consequent overestimation of the DPTI. As 
an example, in heart failure, the isovolumic contraction 
time increases significantly in relation to the ventricular 
ejection time,41 and consequently in these patients the 
tonometric method can considerably overestimate the 
DPTI/SPTI ratio.

Similarly, the tonometric “traditional” method in-
appropriately includes the isovolumic relaxation time 
in the assessment of the DPTI. In this phase, the de-
crease in intraventricular pressure which opposes sub-
endocardial perfusion must be considered. Ventricular 
isovolumic relaxation should therefore be subtracted 
from the evaluation of the diastolic perfusion supply 
to the subendocardium. Ignoring this phenomenon in-
duces an erroneous overestimation of the DPTI, there-
fore of the SEVR.

One of the main limitations of the “traditional” 
method, which has already been reported by other 

Table 3. Hemodynamic Parameters Assessed by Invasive 
Catheterization and NonInvasive Carotid Transcutaneous 
Tonometry

Parameters
Invasive 
catheterization Carotid tonometry

Brachial systolic BP, mm Hg 143.7±22.0 143.7±22.0

Systolic BP, mm Hg 144.7±24.5 142.2±22.2

Diastolic BP, mm Hg 72.2±8.2 76.7±8.1*

Pulse pressure, mm Hg 72.5±24.4 65.4±21.2*

Mean BP, mm Hg 101.3±11.1 103.4±11.5*

End systolic BP, mm Hg 106.3±18.5 112.5±13.2*

LV end- systolic BP, mm Hg 4.2±5.0

LV end- diastolic BP, mm Hg 21.5±8.6

LV mean diastolic pressure, 
mm Hg

14.0±5.5 13.4±3.0

Form factor, % 40.1±6.6 41.3±4.4

Heart rate, b.p.m. 67.0±11.2 67.0±11.2

Diastolic time, ms 574±138 603±142*

LV ejection time, ms 345±35 317±32*

Subendocardial viability 
ratio, %

92.4±28.4 92.8±26.9

Diastolic pressure- time 
index, mm Hg×ms

39 616±10 417 39 604±10 396

Systolic pressure- time 
index, mm Hg×ms

44 241±9482 43 764±9009

Data are expressed as mean±SD. BP indicates blood pressure; and LV, 
left ventricle.

*P<0.05 for paired comparison between invasive catheterization and 
carotid tonometry.
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studies,17,42 is represented by the strict dependence 
of the estimated SEVR values on the diastolic time 
(DT)/LVET ratio. SEVR currently estimated by the most 
used devices using the tonometric method, is based 
on the DPTI/SPTI formula, where DPTI is defined by 
DT×mean diastolic BP (MDBP) and SPTI is defined by 
LV ejection time (LVET) ×mean systolic BP (MSBP). So 
SEVR=DT×MDBP/LVET×MSBP. This formula can also 
be rewritten as SEVR=(DT/LVET)×(MDBP/MSBP). In 
their in- depth studies on the determinants of SEVR, 
Denis Chemla’s research group has already pointed 
out that the tonometric SEVR is mainly related to the 
DT/LVET ratio.17,42 This assertion was justified by the 
limited interindividual variability of the MDBP and MSBP 
ratio, which makes this parameter insignificant in de-
termining interindividual differences in SEVR values.42 
In the population included in our study, the mean±SD 
of MDBP and MSBP ratio was 0.71±0.07, and 90% 
of the values were between 0.60 (5th percentile) and 
0.80 (95th percentile). This means that SEVR values 

estimated with the “traditional” method are between 
60% and 80% of the DT/LVET ratio, ie, SEVR=DT/LVET 
multiplied by a value between 0.60 and 0.80. Indeed, 
with the premises described above, if we consider only 
the “traditional” method of estimation of the SEVR, 
we could conclude that the assessment of the SEVR 
could be reasonably replaced, in clinical practice, by 
the measurement of the DT/LVET ratio.

Considering the assumption of poor accuracy in the 
estimation of the SEVR by arterial tonometry with the 
“traditional” method, the improved tonometric defini-
tion of SEVR we have proposed in our study was found 
to better correlate with the invasive SEVR assess-
ment, thus representing a more accurate noninvasive 
approach to estimate this parameter in daily clinical 
practice. The algorithm implemented in the software 
associated with this new noninvasive method allows to 
overcome the main limits of the SEVR evaluated with 
the “traditional” method. LVDP, isovolumic contraction 
time and isovolumic relaxation time are all considered 

Figure 3. Relationship between subendocardial viability ratio (SEVR) values acquired by invasive 
catheterization and transcutaneous carotid tonometry.
A, Invasive SEVR vs “traditional” method by carotid tonometry. B, Invasive SEVR vs “new” method 
by carotid tonometry. On the left, the scatter plots show linear correlation between SEVR values. Red 
dashed line represents the linear regression. On the right, Bland- Altman plot shows differences observed 
between SEVR values according to the average values. The area delimited by red dotted lines shows the 
mean values of differences (red dashed lines) ±1.96 SD of mean SEVR values. DPTI indicates diastolic 
pressure- time index; and SPTI, systolic pressure- time index.
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in this novel approach to estimate SEVR. The useful-
ness of including LVDP and isovolumic relaxation time 
was shown through a multivariate analysis of data in-
cluded in the database of our laboratory, where carotid 
tonometry was performed together with echocardiog-
raphy. The validation of tonometric noninvasive esti-
mate of the isovolumic contraction time was provided 
by a recent study of ours, where we demonstrated the 
possibility of obtaining a reliable estimate of the sys-
tolic time index with arterial tonometry, starting from 
the carotid pulse waveform and the carotid- femoral 
pulse wave velocity.19 The measurement of isovolumic 
contraction time evaluated with this approach showed 
good agreement with that performed with conven-
tional echocardiography. As a result of all these tests, 
it is therefore not surprising that SEVR values provided 
by this tonometric “new” method are very close to the 

invasively estimated values, thus setting the scene for 
a possible wide use in clinical practice.

A sex difference in central arterial waveform mor-
phology as well as sex- related differences in SEVR 
determination have been extensively described in pre-
vious studies.43 Indeed the earlier return of reflected 
waves in women compared to men predisposes 
women to lower SEVR values. In women, backward 
waves tend to overlap with forward waves more fre-
quently during the systolic phase of the cardiac cycle, 
thus contributing to an increase in mean BP during the 
systolic phase of the cardiac cycle and to a reduction in 
mean BP in diastole.11 The small number of women en-
rolled in our study however did not allow us to demon-
strate any significant sex- related differences in SEVR 
estimation.

Finally, unreliable values of SEVR can arise in the 
presence of severe aortic stenosis or hypertrophic ob-
structive cardiomyopathy, due to significantly higher 
systolic pressure value in the ventricle than in the as-
cending aorta. This is also the case for clinical condi-
tions characterized by peculiar hemodynamic patterns 
such as a significant increase in pulmonary pressure 
or in LVDP, as found in severe mitral regurgitation or in 
severe hypertrophic cardiomyopathy. Further studies 
are needed to identify other clinical situations which 
may determine unreliable estimates of SEVR.

We acknowledge other limitations of our study. 
Given the invasive nature of our study, we could not in-
clude a large number of patients, which has prevented 
us from demonstrating the possible impact of a num-
ber of demographic or clinical conditions on noninva-
sive SEVR assessment, as mentioned above for sex 

Figure 4. Sex- related differences in the relationship 
between subendocardial viability ratio values acquired 
by invasive catheterization and transcutaneous carotid 
tonometry.
A, Invasive SEVR vs “traditional” method by carotid tonometry. 
B, Invasive SEVR vs “new” method by carotid tonometry. Men 
are shown in blue triangles, women in magenta diamonds. Bland- 
Altman plot shows differences observed between SEVR values 
according to the average values. The area delimited by dotted 
lines shows the mean values of differences (dashed lines) ±1.96 
SD of mean SEVR values. DPTI indicates diastolic pressure- time 
index; and SPTI, systolic pressure- time index.

A

B
Figure 5. Relationship between left ventricular mean 
diastolic pressure (LVMDP) values acquired by invasive 
catheterization and estimated by transcutaneous carotid 
tonometry.
Bland- Altman plot shows differences observed between LVMDP 
values recorded by ventricular catheterization and estimated 
by PulsePen tonometer according to the average values. The 
area delimited by red dotted lines shows the mean values of 
differences (red dashed lines) ±1.96 SD of mean SEVR values.
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related differences. Another limitation inherent in the to-
nometric assessment of central aortic BP values is the 
need to rely on tonometric signal calibration based on 
oscillometric arm cuff BP measurement. The possible 
different accuracy of oscillometric BP measurements in 
different subjects might have affected the correspond-
ing discrepancy found between invasive and nonin-
vasive SEVR assessment. Examples of this possible 
interference are shown in Figure 6.

Implications for Use of SEVR in Clinical 
Practice
There are conditions in which the assessment of SEVR 
can be particularly useful in clinical practice. This is 
exemplified by conditions of myocardial ischemia un-
related to acute atherothrombotic coronary artery le-
sions, in which an imbalance between oxygen supply 
and demand is supposed. The Fourth universal defini-
tion of myocardial infarction1 focused the attention on 
particular clinical situations in which myocardial injury 
can be caused by oxygen supply and demand imbal-
ance. These conditions are reported to be associated 
with elevations of cardiac troponin values in patients 
in the intensive care unit and also to be associated 
with adverse prognosis, regardless of the underlying 
disease state.44,45 Another exemplary condition is rep-
resented the occurrence of myocardial injury and myo-
cardial infarction in patients undergoing extra- thoracic 
surgery. Indeed, perioperative myocardial injury has 
been identified as a common complication in major 
noncardiac surgery and is associated with substantial 
mortality.46– 48 In contrast with acute myocardial infarc-
tion, perioperative myocardial injury does not involve 
the presence of either angina symptoms or ischemic 
electrocardiographic findings, but it is defined by an 
increase in cardiac troponin values only. On the other 
hand, perioperative myocardial injury without ancillary 
ischemic evidence indicative of myocardial infarction is 
associated with substantial short-  and long- term mor-
tality, comparable with the mortality of perioperative 
myocardial infarction.49 It is estimated that, worldwide, 
more than 100 million adults over 45  years undergo 
major noncardiac surgery each year50 and recent 
studies suggest that 5% to 25% of these patients 
have postoperative troponin elevations, its prevalence 

depending on the patient population considered.51– 53 
Several studies strongly support the idea that many of 
the myocardial ischemic events diagnosed in patients 
undergoing major noncardiac surgery are caused by a 
prolonged myocardial oxygen supply- demand imbal-
ance (responsible for a significant reduction in SEVR),54 
without coronary arteries plaque rupture.1 Indeed, the 
perioperative period represents a timeframe of impor-
tant stress threatening cardiovascular homeostasis, 
increasing myocardial oxygen demand and compro-
mising myocardial oxygen supply. Subendocardial 
tissue is the most vulnerable and early targeted area 

Table 4. Repeatability Between Consecutive NonInvasive 
Assessment of SEVR by “Traditional” and “New” method, 
Performed by PulsePen® Tonometer, Respectively

Method N |d|±SD CR CV (%)

“traditional” 93 10.0±8.6 25.2 6.3 [4.7– 7.9]

“new” 93 8.5±7.6 22.1 7.8 [5.8– 9.9]

CR indicates coefficient of repeatability (1.96×SD of differences); 
CV, coefficient of variation with the relative 95% CI; |d| absolute mean of 
differences; and N, number of patients.

Figure 6. Unreliable SEVR values in relation to erroneous 
evaluation of oscillometric brachial arterial pressure.
Top panel (A): underestimation of tonometric SEVR secondary to 
overestimation of systolic blood pressure values in the brachial 
artery from oscillometric devices. Bottom panel (B): overestimation 
of tonometric SEVR secondary to underestimation of systolic 
blood pressure values in the brachial artery from oscillometric 
devices. Green line: ventricular pressure. Red line: aortic blood 
pressure. Black line: carotid artery blood pressure recorded by 
transcutaneous tonometry. DPTI indicates diastolic pressure- 
time index; ICT, isovolumic contraction time; IRT, isovolumic 
relaxation time; LV, left ventricular; LVET, left ventricular ejection 
time; SEVR, subendocardial viability ratio; and SPTI, systolic 
pressure- time index.
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hit by this mechanism. SEVR may represent a use-
ful index for assessing the subendocardial oxygen 
supply- demand ratio in these critical conditions.

Perspectives
This study demonstrates the possibility of obtain-
ing a valid noninvasive assessment of the myocardial 
oxygen supply and demand balance, as estimated by 
SEVR. SEVR assessed with the approach we propose, 
based on carotid tonometry, showed good agreement 
with measurements performed with invasive catheteri-
zation, probably because it allowed us to include in its 
estimation a number of important factors involved in 
determining myocardial supply and myocardial oxygen 
needs. This “new” method is able to reduce the differ-
ence of about 40% in SEVR to around 0%.

In humans, the DPTI/SPTI (SEVR) critical value was 
set at 0.45 (45%). Some human studies carried out in 
the 1970s showed that a DPTI/SPTI ratio <0.45 (SEVR 
<45%) was associated with ischemic changes in the 
electrocardiogram during physical exercise.4,55,56 This 
threshold was recently confirmed by a review and up-
date of the SEVR by Hoffman and Buckberg.10 The 
SEVR values estimated by carotid tonometry, when 
using the "new" method, are practically superimpos-
able to the invasive ones, obtained through arterial 
catheterization. It can therefore be assumed that the 
threshold defined at 0.45 through the invasive method 
can be considered as an appropriate threshold also for 
the tonometric method. As a consequence, with the 
availability of a proper threshold, the use of tonometry 
could then be considered also for use in daily clinical 
practice. On the other hand, the traditional noninvasive 
method not only provides inaccurate SEVR data, but 
also lacks a reference threshold that could be used in 
clinical practice.

The accurate estimation of the subendocardial ox-
ygen supply and demand balance could be a useful 
parameter to assess the risk of myocardial ischemia, 
particularly in those forms of myocardial damage that 
are not justified by overt coronary artery disease.
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Role of left ventricular diastolic pressure (LVDP) in the subendocardial viability ratio 

(SEVR) assessment 

 

The relationship between difference in SEVR values assessed with invasive catheterization and 

carotid transcutaneous tonometer by “traditional” method has been deepened. In this context, 

the role of LVDP in the SEVR assessment has been investigate (Figures S1-S4), since the 

"traditional” method completely ignores the role of LVDP in estimating SEVR. 

 

 
 

Figure S1 – Effect of the mean value of left ventricular 

diastolic pressure (LVMDP) on the bias between 

subendocardial viability ratio (SEVR) values estimated 

with carotid transcutaneous tonometer by “traditional” 

method and SEVR assessed with invasive 

catheterization. 
 

Figure S2 – Relationship between difference in 

subendocardial viability ratio (SEVR) values assessed 

with invasive catheterization and carotid transcutaneous 

tonometer by “traditional” method and the area related to 

left ventricular mean diastolic pressure (LVMDP). The 

latter has been calculated as LVMDP measured by 

invasive catheterization multiplied by diastolic time. 

 
 

 
Figure S3 – Effect of the mean value of left ventricular 

diastolic pressure (LVMDP) on the percentage of bias 

between subendocardial viability ratio (SEVR) values 

estimated with carotid transcutaneous tonometer by 

“traditional” method and SEVR assessed with invasive 

catheterization. 
 

Figure S4 – Relationship between percentage difference 

in subendocardial viability ratio (SEVR) values assessed 

with invasive catheterization and carotid transcutaneous 

tonometer by “traditional” method and the area related to 

left ventricular mean diastolic pressure (LVMDP). The 

latter has been calculated as LVMDP measured by 

invasive catheterization multiplied by diastolic time. 
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Thus, the SEVR estimated with carotid transcutaneous tonometry by “traditional” method was 

modified, subtracting the area related to LVMDP (measured invasively) in the evaluation of the 

diastolic pressure-time index (DPTI) (Figure S5). 

 

  
 

Figure S5 – Subendocardial viability ratio (SEVR) estimated with carotid transcutaneous tonometry by 

“traditional” method taking into account the role of the left ventricular mean diastolic pressure (LVMDP). DPTI 

is estimated by subtracting the area relative to the LVMDP, determined on the integral of the ventricular 

pressure curve in diastole recorded by ventricular catheterization from the area below the carotid pressure curve 

in diastole (i.e. DPTI according to the "traditional" tonometric method). The figure shows the ventricular 

pressure curve (dashed blue line) and the aortic pressure curve (dashed red line), recorded with invasive 

catheterization, and the carotid pressure curve (solid black line), recorded by applanation tonometry. IC, 

isovolumic contraction time; IR, isovolumic relaxation time; LVET, left ventricular ejection time; SPTI (blue 

area), systolic pressure-time index; LV Filling, left ventricular filling time. 

 

 

However, also considering LVDP, the SEVR values estimated with the tonometric "traditional” 

method always appear significantly higher than the real SEVR values measured with the 

invasive method (Figure S6): mean difference ± 1.96 SD of the differences = 23.1 ±16.3 (limits 

of agreement: from 6.8 to 39.4). 
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Figure S6 – Relationship between subendocardial viability ratio (SEVR=DPTI/SPTI) estimated with carotid transcutaneous 

tonometry by “traditional” method taking into account the role of the left ventricular diastolic pressure (LVDP) and measured 

with invasive catheterization. On the right panel, Bland-Altman plot shows differences observed between invasive and non-

invasive measurements of SEVR according to the average values. The area delimited by dotted lines shows the mean values of 

differences (dashed lines) ±1.96 standard deviation of mean values. In the tonometric assessment, diastolic pressure-time index 

(DPTI) is estimated as mean diastolic blood pressure minus LVDP multiplied by diastolic time. SPTI, systolic pressure-time 

index; r, correlation index; SD, standard deviation.  
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Relationship between left ventricular end-diastolic pressure (LVEDP) and left ventricular 

mean diastolic pressure (LVMDP). 
 

 
 

Figure S7 – Left ventricular end-diastolic pressure (LVEDP) and left ventricular mean diastolic pressure 

(LVMDP). LVEDP represents the pressure that precedes the rapid rise of the pressure in systole. LVMDP 

is defined by the integral of the filling diastolic phase of the left ventricle, from the end of the isovolumic 

relaxation phase, to the beginning of the isovolumic contraction phase. 

 

 

 

 

 

Figure S8 – Relationship between invasive measurements of left ventricular end-diastolic pressure (LVEDP) and 

left ventricular mean diastolic pressure (LVMDP). On the right panel, Bland-Altman plot shows differences observed 

between LVEDP and LVMDP according to the average values. The area delimited by dotted lines shows the 

mean values of differences (dashed lines) ±1.96 standard deviation of mean values. r, correlation index; 

SD, standard deviation. 
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