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ORIGINAL ARTICLE

Increased Backward Wave Pressures Rather than 
Flow Explain Age-Dependent Heart Rate Effects 
on Central, But not Peripheral Arterial Pressure
Nonhlanhla Mthembu , Gavin R. Norton, Vernice R. Peterson, Ravi Naran, Suraj M. Yusuf , Grace Tade , Hamza Bello,  
Adamu Bamaiyi, Carlos D. Libhaber, Patrick Dessein, Ferande Peters, Pinhas Sareli, Angela J. Woodiwiss

ABSTRACT: Through both backward (Pb) and forward (Pf) wave effects, a lower heart rate (HR) associates with increased 
central (PPc), beyond brachial pulse pressure (PP). However, the relative contribution to Pf of aortic flow (Q) versus re-
reflection of Pb, has not been determined. Using central pressure, aortic velocity and diameter measurements in the outflow 
tract (echocardiography), we constructed central pressure waveforms that account for the relative contribution of Q versus 
re-reflection to Pf. We thus evaluated the mechanisms of HR-PPc relations in a community sample (n=824) and the impact 
of age thereon. Inverse HR-PPc (P<0.0001), but not HR-brachial PP (P=0.064) relations were noted. The slope of HR-PPc 
relation was increased in older adults (P<0.005). HR was inversely associated with ventricular filling time, ejection duration, 
stroke volume, and peak Pf (P<0.001 to P<0.0001). However, an increased Q and hence pressures generated by the product 
of aortic characteristic impedance and Q did not account for Pf effects. Age-dependent HR-PPc and Pf relations were both 
accounted for by enhanced Pb (P<0.0001) with an increased Pf mediated by increments in wave re-reflection (P<0.0001). 
The lack of impact of ejection duration on PPc was explained by an increased time to peak Pb (P<0.0001). In conclusion, 
increases in PPc and Pf at a decreased HR are accounted for by an enhanced Pb rather than by a prolonged ejection or 
filling duration and hence flow (Q). These effects at a young-to-middle age are of little clinical significance, but at an older 
age, are of clinical importance. (Hypertension. 2022;79:435–446. DOI: 10.1161/HYPERTENSIONAHA.121.18271.)  

• Supplemental Material
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The relationship between a lower heart rate (HR) and 
an increased central arterial (PPc), but not periph-
eral pulse pressure (PP), is well recognized.1–3 The 

impact of HR on PPc4,5 accounts in-part for the limited 
ability of β1 selective adrenergic receptor blockers to 
reduce the risk of cardiovascular events in hypertension 
when employed as first-line agents.6,7 As a consequence, 
guidelines recommend that β-blockers should not be 
used as first-line therapy for uncomplicated hyperten-
sion.8 The impact of β-blockers on outcomes in hyper-
tension and the central arterial effects produced, raise 
the question of how best to use all HR-reducing agents 
in cardiovascular disease without producing adverse 

effects on central arterial pressure, that are not detected 
at the peripheral pulse. Importantly, in the presence of 
several cardiac conditions, particularly coronary artery 
disease and heart failure, β-blockers are beneficial ther-
apeutic agents.9 However, their benefits in cardiac dis-
eases often associated with hypertension, may be offset 
by deleterious effects on central arterial pressure. As a 
number of pharmacological agents employed in cardio-
vascular diseases reduce HR, identifying the mecha-
nisms of HR effects on PPc is of importance.

Several mechanisms may explain relationships 
between HR and PPc beyond brachial PP.1,5,10,11 The 
impact of increases in stroke volume (SV) produced by 
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a prolonged ejection duration (ED) and filling time with 
consequent increases in volume load (preload), are pri-
mary mechanisms used to explain HR effects on PPc.10 
Increases in SV are thought to enhance forward wave 
pressures (Pf) (Figure S1, left panel) by increasing aor-
tic flow (Q) and hence that component of forward wave 
pressures generated by the interaction of Q with aortic 
characteristic impedance (Zc; peak PQxZc and PQxZc at peak 
PPc; Figure S1, right panel). Increases in SV, although 
increasing left ventricular stroke work or the peak pres-
sure generated by aortic flow, do not cause cardiac dys-
function beyond brachial PP.12,13 However, an additional 
mechanism that may explain HR effects on PPc is that 
mediated by increases in backward (reflected) wave 
pressures (Pb) (Figure S1, left panel). In this regard, the 
inverse frequency dependency of the reflection coef-
ficient and the harmonics of the pulse wave (which 
moves to a lower frequency at decreasing HR), results in 
increases in backward wave pressures at a lower HR.11 

As backward wave pressure generates an impedance 
(resistance in a pulsatile system) to flow, increases in 
backward wave pressures enhance afterload to the left 
ventricle and hence promote cardiac dysfunction and 
heart failure, effects that are independent of brachial 
blood pressure (BP).13–15 The question of the primary 
mechanism responsible for increases in PPc with a lower 
HR is confounded by the fact that forward wave pres-
sure is not only determined by aortic Q and characteris-
tic impedance, but in-part by wave re-reflection (Figure 
S1, right panel)16 and hence backward wave pressures. 
Thus, in the absence of measures of Q, the assessment 
of forward wave pressures alone may be a poor index 
of the effects of Q. In this regard, no previous studies 
have identified the relative contribution of changes in Q 
versus re-reflection of backward wave pressures to HR 
effects on forward wave pressures and hence PPc. In the 
present study performed in a community sample studied 
across the full adult age range, we therefore performed 
central arterial waveform analysis from both flow and 
pressure assessments (Figure S1).13,17–19 Making use of 
the range of physiological resting HR values that occur in 
any population, we thereby determined the mechanisms 
responsible for the associations between HR and Pf and 
hence PPc and the impact of age thereon.

METHODS
Study Group
The present study was conducted according to the principles 
outlined in the Helsinki declaration. The Committee for Research 
on Human Subjects of the University of the Witwatersrand 
approved the protocol (M02-04-72 and renewed as M07-04-
69, M12-04-108 and M17-04-01). Participants gave informed, 
written consent. The data are available from the corresponding 

Nonstandard Abbreviations and Acronyms

BP	 blood pressure
ED	 ejection duration
HR	 heart rate
Pb	 backward wave P
Pf	 forward wave pressure
PP	 pulse pressure
PPc	 central pulse pressure
PQxZc	� pressure generated by the product of Q 

and Zc
RM	 reflection magnitude
SV	 stroke volume

Novelty and Significance

What Is New?
•	 Whether the inverse relationship between heart rate 

(HR) and forward wave (Pf) and hence central arte-
rial pulse pressure (PPc) is determined by flow (Q) 
or re-reflection of backward wave pressures (Pb), is 
uncertain.

What Is Relevant?
•	 We determined the relative contribution of increases 

in Q versus re-reflected wave pressures to the impact 
of a lower HR on Pf and hence PPc in a community 
studied across the full adult age range. We showed 
that increases in Pf and hence PPc at a decreased 
HR are accounted for by an enhanced afterload (Pb) 
and hence wave re-reflection. Although a lower HR 
was associated with an increased ejection duration 

and stroke volume, increases in Q did not contribute 
to relationships between HR and Pf or PPc. Although 
the adverse effects of a lower HR on Pb and hence Pf 
and PPc were of little clinical significance at a young-
to-middle age; these effects, which are undetectable 
at the brachial pulse, were pronounced in the elderly.

Summary
Increases in Pf and hence PPc at a decreased HR 
are accounted for by an enhanced afterload gener-
ated by Pb and hence wave re-reflection. In contrast, 
increases in Q produced by a prolonged ejection dura-
tion or filling time play no role in contributing to HR 
relations with Pf and PPc. These adverse effects of 
HR on afterload are largely noted in the elderly.
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authors upon reasonable request. The present study design 
has previously been described.17–20 In this sub-study, 824 par-
ticipants from randomly recruited (from the population cen-
sus figures of 2001) families of black African descent (Nguni 
and Sotho chiefdoms) from the South West Township of 
Johannesburg, South Africa, with siblings older than 16 years 
of age with high quality velocity measurements in the outflow 
tract, were evaluated. Families living in informal dwellings were 
not included in the census and hence were not recruited for the 
study. There were no other inclusion criteria, and no participants 
were excluded from the study for other reasons.

Clinical, Demographic, and Anthropometric 
Measurements
A questionnaire was administered to obtain demographic and 
clinical data.20 Height and weight were measured using stan-
dard approaches and overweight or obesity identified from body 
mass index . Laboratory blood tests of renal function, liver func-
tion, blood glucose, hematologic parameters, and percentage 
glycated hemoglobin were performed. Diabetes was defined as 
the use of insulin or oral hypoglycemic agents or an glycated 
hemoglobin value >6.5%. High quality office brachial BP mea-
surements were obtained in the seated position after 5 minutes 
of rest, by a trained nurse-technician using a standard mer-
cury sphygmomanometer20 according to guidelines. The mean 
of 5 measurements obtained at least 30 seconds apart was 
taken as office BP. Hypertension was defined as mean office 
BP ≥140/90 mm Hg or the use of antihypertensive medication.

Central Arterial Hemodynamic Assessments
Central arterial hemodynamics were determined from central 
arterial pressure recordings using pulse wave analysis and 
aortic velocity and diameter assessments obtained in the out-
flow tract as previously described.13,17–19 After participants had 
rested for 15 minutes in the supine position, arterial waveforms 
at the radial (dominant arm) pulse were recorded by applana-
tion tonometry and SphygmoCor software (see Supplemental 
Material for details). Central arterial waveforms were generated 
from peripheral waveforms using a validated generalized trans-
fer function in SphygmoCor software. Immediately after periph-
eral and central arterial pressure waveforms were acquired, 
aortic velocity and diameter measurements were obtained by 
an experienced observer (A.J. Woodiwiss) in the left lateral 
decubitus position using an Acuson SC2000 Diagnostic ultra-
sound system (Siemens Medical Solutions, USA, Inc.). Velocity 
waveforms were obtained in the 5-chamber view. High quality 
velocity assessments were identified as those with a smooth 
velocity waveform with a dense leading (outer) edge and a 
clear maximum velocity. Aortic diameter measurements were 
obtained just proximal to the aortic leaflets in the long axis 
parasternal view. The largest diameter recorded in early systole 
was used to construct the aortic flow waveform.

Central Arterial Waveforms
Central arterial waveforms were constructed as previously 
described13,17–19 based on prior studies.16,21–23 Aortic flow 
waveforms were generated from aortic velocity and diameter 
(from which cross-sectional area was calculated) measure-
ments. Taking care to avoid any overshoot of the image, the 

leading (outer) edge or the most dense, or brightest, por-
tion of the spectral image of the velocity waveform was 
outlined using graphics software. Aortic velocity and cross-
sectional area were employed to construct a flow waveform. 
Characteristic impedance (Zc) was determined in the time 
domain using approaches previously described21,22 and vali-
dated against invasive pressure measurements.23 In addition 
to generating a complete flow waveform, to determine Zc, 
serial pressures in the cardiac cycle up until the dicrotic notch 
were extracted from SphygmoCor data and a central arterial 
pressure waveform was also generated (Figure S1). The vol-
ume flow waveform was paired with central arterial pressure 
waveforms by aligning the foot (t0) of the respective signal 
averaged waveforms. The point at which flow achieves 95% 
of its peak (tQ95) was identified. The corresponding pressure 
change between t0 and tQ95 was determined. Characteristic 
impedance was calculated as the ratio of change in pres-
sure to change in flow in the window t0 to tQ95. As the accu-
racy of this approach is determined by the similarity of EDs 
in sequential pressure and then flow assessments, we first 
determined the differences in ED observed during pressure 
(foot of the wave to the dicrotic notch) versus flow (duration 
of velocity) measurements. In this regard, Bland Altman anal-
ysis showed a 2.8 msec difference over an average 320.4 
msec period, representing a 0.73% difference in ED.

The pressure wave generated by Q was subsequently deter-
mined by calculating the product of Q and Zc (PQxZc) over mul-
tiple time points from the foot of the flow wave to the dicrotic 
notch (Figure S1, right panel).16 To determine the impact of 
increases in peak Q (produced by an enhanced filling time 
and hence SV) to PPc, peak PQxZc was identified (Figure S1, 
right panel). To assess the contribution of the pressures gener-
ated by a prolonged ED to PPc, we determined the extent to 
which summation of the pressures generated by Q at peak PPc 
contribute to PPc (PQxZc at peak PPc; Figure S1, right panel).16 
The use of a pressure waveform generated from the product 
of Q and Zc rather than relying on Pf to identify the impact 
of changes in Q, excludes the possibility of errors inherent in 
the use of Pf which includes pressures generated by wave re-
reflection (Figure S1, right panel).16

Using Zc values and flow and pressure waveforms, wave 
separation analysis was performed and Pb determined from 
(aortic PP−QxZc)/2 and Pf from (aortic PP+QxZc)/2 (Figure 
S1, left panel).17–19 To assess the impact of Pb independent of 
Pf, reflection magnitude (RM) was calculated from peak Pb/
peak Pf×100. We assessed the contribution of wave reflection 
(Preflect) and re-reflection (Pre-reflection) to peak PPc as the differ-
ence between peak aortic PPc and Pf (Preflect) and the differ-
ence between Pf and PQxZc at peak PPc (Pre-reflect; Figure S1, 
right panel).16 We also determined the time to the peak of Pb 
(Tpeak of Pb; Figure S2). Moreover, we assessed the relative 
proportion of peak Pb that contributes to peak PPc (%Pb at 
peak PPc/peak Pb; Figure S2). This was determined to identify 
whether alterations in the timing of peak PPc affected the pro-
portion of peak Pb that contributes to PPc.

Additional Hemodynamic Calculations
ED, SV, HR, end diastolic volume, and systemic vascular 
resistance were determined using standard approaches (see 
Supplemental Material).
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Data Analysis
For database management and statistical analysis, SAS soft-
ware, version 9.4 (SAS Institute Inc, Cary, NC) was employed. 
Continuous variables are expressed as mean (SD or SEM). 
Dichotomous variables are expressed as percentages. For 
graphical representation of variables at different HR values, 
multiple variable adjusted data are shown across septiles of 
HR. Multiple linear regression analysis was performed to deter-
mine the independent relations between HR and hemodynamic 
variables. Multiple variable adjusted product of coefficient 
mediation analysis was performed to determine the contribu-
tion of hemodynamic factors to HR-PPc relations. In both linear 
regression and product of coefficient mediation analysis, adjust-
ments were for age, sex, regular alcohol intake, regular tobacco 
intake, body mass index, diabetes, mean arterial pressure and 
the use of antihypertensive treatment. To determine the impact 
of age on the effect of HR on hemodynamic variables, rela-
tionships were compared in those < versus ≥50 years of age, 
the age at which PPc changes sharply (identified from LOESS 
procedures in SAS software). In addition, relationships between 
HR and hemodynamic parameters were determined over a 
young (<40 years), middle (40–59 years) and old (≥60 years) 
age. To avoid the impact of antihypertensive treatment, sensi-
tivity analysis was performed in those not receiving therapy. As 
hemodynamic variables may differ between men and women, 
sensitivity analysis was also performed in sex-specific groups. 
Probability values <0.05 were considered to be significant.

RESULTS
Participant Characteristics
Table  1 shows the characteristics of the sample. A 
high proportion of participants had hypertension and 
obesity. Only half of all hypertensives were receiving 
therapy. Of the hypertensives 74.6% had uncontrolled 
BP values despite a number of these individuals 
receiving antihypertensive medication. No partici-
pants were receiving HR-reducing agents including 
β-adrenoreceptor blockers, cardio-selective calcium 
channel blockers, centrally acting antihypertensives, 
ivabradine, or antiarrhythmic agents.

HR-PP Relations
HR was independently and inversely associated with 
PPc, but not brachial PP (Figure 1, Tables 2, Tables S1 
and S2). Independent of the individual terms and addi-
tional confounders, an interaction between age and HR 
determined PPc (P=0.024). Consequently, the slope (β-
coefficient) of this relationship was markedly greater in 
older as compared with younger participants (Figure 2, 
Table 2). Importantly, as compared with the highest tertile 
of HR (≥72 beats/min), older participants with HR values 
lower than this value had a significant increase in the 
risk of an enhanced central arterial systolic BP (≥130 
mm Hg; Figure S3). In contrast, no significant increase 
in the risk for an enhanced brachial systolic BP (≥140 

mm Hg) was noted in these same participants (Figure 
S3). HR was not associated with an increased risk of 
either an uncontrolled brachial or central arterial systolic 
BP in younger participants (Figure S3).

HR-Forward Wave Pressure Relations
Similar to the HR-PPc relations (Figure 1), HR was inde-
pendently and inversely associated with Pf (Figure 2), 

Table 1.  Characteristics of Community Participants

n (% female) 824 (68.3)

Age, y 46.3±18.2

Body mass index, kg/m2 29.7±7.7

% Overweight/obese 25.0/44.5

% Hypertensive 47.3

% Treated for hypertension 27.5

% Uncontrolled hypertension 35.3

% Diabetes 13.1

% Smokers 15.1

% Regular alcohol intake 19.8

Brachial SBP/DBP, mm Hg 128±22/83±12

Brachial pulse pressure, mm Hg 46±16

PPc, mm Hg 36±14

Heart rate, beats/min 68±12

Forward wave pressure and related variables

  Pf, mm Hg 27±9

  LV filling time, ms 602±150

  EDV, mL 110±28

  SV, mL/beat 80±24

  Peak aortic flow (Q), mL/s 352±173

  Characteristic impedance (Zc), dynes.s/cm5 86.3±42.3

  LV ED, ms* 322±26

  LV ED, ms† 321±26

  Peak PQxZc, mm Hg 26±8

  PQxZc at peak PPc, mm Hg 13±6

Backward wave pressures and related factors

  Pb, mm Hg 13±6

  RM, % 48.2±10.3

  Preflect at peak PPc, mm Hg 12±7

  Pre-reflect at peak PPc, mm Hg 12±7

  Preflect +re-reflect at peak PPc, mm Hg 24±13

  %Pb at peak PPc/peak Pb 87±21

  Tpeak of Pb, msec 302±33

  Time to peak PPc, msec 228±23

Data shown are mean±SD or proportions. DBP indicates diastolic blood pres-
sure; ED, ejection duration; EDV, end diastolic volume; ED, ejection duration; LV, 
left ventricle; Pb, backward wave P; Pf, forward wave pressure; PPc, central pulse 
pressure; PQxZc, Pressure generated by the product of Q and Zc; Preflect + re-reflect, 
pressure generated by the combined impact of wave reflection and re-reflection; 
Pre-reflect, pressure generated by re-reflection; RM, reflection magnitude; SBP, sys-
tolic blood pressure; SV, stroke volume; and Tpeak of Pb, time to the peak of Pb.

*Calculated from foot of PPc to dicrotic notch.
†Calculated from duration of the velocity wave.
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and this relation was markedly greater in older as com-
pared with younger participants (Figure 2). HR was also 
independently and inversely associated with diastolic 
filling time, end diastolic volume, and SV (Tables  2, 
Tables S1 and S2). However, HR-SV relations were 
attributed to increases in ED, rather than peak aortic 
Q. Indeed, there were no relationships between HR and 
peak aortic Q (Figure 2, Figure S4, Table 2, Tables S1 
and S2) or HR and the peak pressure generated by Q 
(peak PQxZc; Figure 2 and Figure S4, Table 2, Tables S1 
and S2). In product of coefficient mediation analysis, 
peak aortic Q failed to contribute; and peak PQxZc con-
tributed only modestly to HR-PPc relations (Table 3). In 
addition, neither peak aortic Q nor peak PQxZc accounted 
for HR-Pf relations (data not shown).

HR was also independently and inversely associated 
with a prolonged ED (Tables 2 and Table S1). However, a 

direct (positive) rather than inverse relationship between 
HR and the pressure generated by Q at peak PPc (PQxZc 
at peak PPc) occurred either across the full adult age 
range or at a younger or older adult age (Figure 2 and 
Figure S4, Tables 2, Tables S1 and S2). Thus, in product 
of coefficient mediation analysis, PQxZc at peak PPc con-
tributed to a greater PPc (Table 3) or greater Pf (data not 
shown) at higher rather than lower HR values (Table 3). 
The lack of impact of ED and hence PQxZc at peak PPc 
to HR-Pf and HR-PPc relations was attributed to an 
extended duration of the time to the peak of Pb (Tpeak of 
Pb) and hence to the time to the peak of PPc (Tables 2, 
Tables S1 and S2).

In contrast to the lack of contribution of Q and hence peak 
PQxZc or PQxZc at peak PPc to HR-Pf relations; HR-Pf rela-
tions were attributed to re-reflected pressure wave effects. 
Indeed, HR was inversely associated with re-reflected wave 

Figure 1. Multivariate adjusted age-dependent relationships between heart rate (HR) and central arterial and brachial pulse 
pressure (PP) in a community sample (n=824).
Slopes (β-coefficients) are shown in the lower parts. See data analysis section for age groups and adjustments. *P<0.0001 for significance of 
relations and †P<0.05, ††P<0.005 for comparison with younger or young or middle-aged.
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pressures (Pre-reflect; Figure 2 and Figure S4, Tables 2, Tables 
S1 and S2), and inverse HR-Pf relations were abolished 
after adjustments for Pre-reflect at peak PPc (data not shown).

HR-Backward Wave Pressure Relations
HR was independently and inversely associated with RM, 
Pb, the proportion of Pb that summates with the pres-
sures generated by the product of Q and Zc at peak PPc 
to determine PPc (%Pb at PPc/peak Pb) and the pres-
sure generated by wave reflection or re-reflection (Preflect 
or Pre-reflect; Figure 3, Tables 2, Tables S1 and S2). No mul-
tivariate adjusted relationships between RM or Pb and 
systemic vascular resistance were noted (P=0.32 and 
P=0.44, respectively). Adjustments for systemic vas-
cular resistance did not affect the relationships (partial 
r, 95% CI) between HR and either RM (before, −0.33 
[−0.39 to −0.27], P<0.0001 and after, −0.32 [−0.38 
to −0.25], P<0.0001) or Pb (before, −0.29 [−0.36 to 
−0.23], P<0.0001 and after, −0.30 [−0.37 to −0.24], 
P<0.0001). The increased %Pb at peak PPc/peak Pb 
was attributed to an inverse relationship between HR 
and the time to peak Pb and hence peak PPc (Tables 2, 
Tables S1 and S2). In product of coefficient mediation 
analysis, the combined pressures generated by Preflect 

and Pre-reflect accounted for most of the impact of HR on 
PPc or Pf, respectively, at either a younger or an older 
age (Table 3). An independent interaction between age 
and HR was associated with Pb and Preflect or Pre-reflect 
(P=0.038, P=0.009, and P=0.009, respectively). How-
ever, no interaction between age and HR was indepen-
dently associated with RM or %Pb at peak PPc/peak 
Pb (P=0.78 and P=0.74, respectively). Consequently, the 
relationship between HR and Pb (Table 2), Preflect (Fig-
ure 3, Table 2) and the combined pressures generated 
by Preflect and Pre-reflect (Table  2), but not RM or %Pb at 
peak PPc/peak Pb, was strikingly greater in older as 
compared with younger persons.

DISCUSSION
In the present study, using approaches to central arterial 
waveform analysis that account for the contribution to 
forward wave pressures of not only aortic flow (Q) and 
characteristic impedance, but also wave re-reflection 
(Figure S1, right panel as compared with left panel),16 
we explored the primary mechanisms that explain rela-
tionships between a lower HR and a higher PPc. We 
performed these studies in a community sample across 
the full adult age range to identify HR effects under 

Table 2.  Slopes (β-Coefficients) of Relationships Between HR and Hemodynamic Factors in Participants From a Community Sample

HR vs

Full adult age (n=824) <50 years of age (n=463) ≥50 years of age (n=361)

β-coefficient±SEM P value β-coefficient±SEM P value β-coefficient±SEM P value

Brachial pulse pressure −0069±0.037 =0.07 −0.039±0.042 =0.36 −0.109±0.060 =0.07

PPc −0.266±0.030 <0.0001 −0.190±0.033 <0.0001 −0.352±0.047* <0.0001

Forward wave pressures and related factors

Forward wave pressure −0.093±0.023 <0.0001 −0.052±0.025 <0.05 −0.144±0.039† =0.0005

LV filling time −10.7±0.2 <0.0001 −11.0±0.3 <0.0001 −10.3±0.3 <0.0001

End diastolic volume −0.402±0.086 <0.0001 −0.436±0.106 <0.0001 −0.385±0.141 <0.01

Stroke volume −0.391±0.117 <0.001 −0.323±0.150 <0.05 −0.487±0.187 <0.01

Peak aortic flow 0.308±0.484 =0.53 0.757±0.613 =0.22 −0.350±0.803 =0.66

Peak PQxZc −0.029±0.022 =0.19 −0.025±0.024 =0.30 −0.035±0.037 =0.36

LV ejection duration‡ −1.55±0.06 <0.0001 −1.46±0.07 <0.0001 −1.68±0.10 <0.0001

LV ejection duration§ −1.52±0.06 <0.0001 −1.45±0.07 <0.0001 −1.62±0.10 <0.0001

PQxZc at peak PPc 0.094±0.019 <0.0001 0.080±0.023 <0.001 0.093±0.029 <0.005

Backward wave pressures and related factors

Backward wave pressure −0.114±0.013 <0.0001 −0.078±0.014 <0.0001 −0.151±0.024† <0.0001

Reflection magnitude −0.274±0.028 <0.0001 −0.235±0.037 <0.0001 −0.293±0.043 <0.0001

Pre-reflect or Preflect at peak PPc −0.160±0.014 <0.0001 −0.117±0.016 <0.0001 −0.203±0.024* <0.0001

Preflect +re-reflect at peak PPc −0.320±0.029 <0.0001 −0.235±0.033 <0.0001 −0.407±0.049*  <0.0001

%Pb at peak PPc/peak Pb −0.504±0.061 <0.0001 −0.520±0.089 <0.0001 −0.501±0.074 <0.0001

Tpeak of Pb −1.44±0.08 <0.0001 −1.43±0.09 <0.0001 −1.59±0.12 <0.0001

Time to peak PPc −1.43±0.05 <0.0001 −1.36±0.07 <0.0001 −1.51±0.08 <0.0001

Adjustments are for age, sex, regular alcohol intake, regular tobacco intake, BMI, diabetes, MAP, and treatment for hypertension. BMI indicates body mass index; HR, 
heart rate; LV, left ventricle; MAP, mean arterial pressure; Pb, backward wave P; and PPc, central arterial pulse pressure.

*P<0.005 for comparison of β-coefficients (slopes) with younger participants.
†P<0.05.
ǂCalculated from foot of PPc to dicrotic notch.
§Calculated from duration of the velocity wave.
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Figure 2. Multivariate adjusted age-dependent relationships between heart rate (HR) and forward wave pressures (Pf; upper 
and middle parts) or the determinants thereof (middle) in participants from a community sample (n=824).
Lower parts show actual waveforms obtained in participants with different resting HR showing the pressures given in the middle part. Peak 
pressure generated by the product of Q and Zc (PQxZc) and PQxZc at peak PPc are pressures generated by flow that determine pulse pressure. 
Shaded area is the re-reflected wave pressure (Pre-reflect). Figure S1 for waveforms and the data analysis section for age groups and adjustments. 
*P<0.0001 for significance of relations and †P<0.05, ††P<0.005 for comparison with younger or young or middle-aged.
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physiological conditions and to determine the impact of 
age thereon. In this regard, we show for the first time 
that HR relations with PPc and forward wave pressures 
are not explained by an impact of ED or filling time on 
aortic Q. Importantly, previous studies failed to per-
form direct assessments of Q and hence did not con-
struct pressure waveforms generated by Q. Although 
a decreased HR was associated with an extended ED, 
the pressures generated by Q at peak PPc (PQxZc at 
peak PPc) did not account for HR-PPc relations. This 
occurred because of an increase in the time to the peak 
of Pb and hence PPc with decreases in HR. Further-
more, although a decreased HR was associated with 
an increased filling period, end diastolic volume and SV, 
the effects on SV were accounted for by a prolonged 
ED and not peak Q. Thus, HR was not associated 
with the peak pressure generated by Q (Peak PQxZc). 
In contrast, HR was strongly associated with backward 
(reflected) wave pressures. The pressures generated 
by the impact of backward wave pressures and thus 
re-reflection, therefore, accounted for HR relations with 
forward wave pressures and hence PPc and the impact 
of age thereon.

The importance of a lower HR as a determinant 
of a higher PPc beyond brachial PP and the adverse 
effects thereof, have been highlighted by the impact 
of β-blockers on PPc.4,5 These effects are thought to 
explain the limited benefits of these agents as com-
pared with alternative antihypertensives, on outcomes 
despite equivalent brachial BP lowering.6,7 However, 
if HR effects on PPc are accounted for by increases 
in flow, this would suggest that HR effects on cen-
tral beyond peripheral arterial pressure are of little 
clinical consequence to the left ventricle. Indeed, flow-
induced increases in left ventricular stroke work do 
not produce deleterious effects on the heart,12 and the 
adverse effects of forward wave pressures on the left 
ventricle would be indirect, and detected at the bra-
chial pulse.13 However, in the present study, we show 
for the first time that associations between HR and 
both forward wave pressures and PPc, are driven by 
increases in backward wave pressures and not by 
increases in flow. Indeed, HR relations with PPc were 

dependent neither on ED nor filling time, but rather on 
the frequency dependency of wave reflection, which 
also increases wave re-reflection and hence forward 
wave pressures. As increases in backward wave pres-
sures produce cardiac damage independent of bra-
chial BP,13–15 these data may, therefore, explain the 
limited benefits of β-blockers at equivalent brachial 
BP values, as compared with alternative antihyper-
tensives, on outcomes.6,7 These data may also be par-
ticularly important in explaining the worse outcomes 
for heart failure despite similar brachial BP lowering 
in the β-blocker treated group of hypertensive diabet-
ics with electrocardiographic left ventricular hypertro-
phy in the LIFE study.24 Further studies are, therefore, 
required to determine whether the limited benefits of 
β-blocker therapy on central as compared with periph-
eral BP are accounted for by HR effects on backward 
wave pressures and wave re-reflection as opposed to 
increases in flow. In this regard, the present study does 
not account for the alternative hemodynamic actions of 
β-blocker therapy such as effects on myocardial con-
tractility and chamber remodeling. Moreover, whether 
the benefits of alternative HR-reducing agents on out-
comes are also offset by similar adverse central arte-
rial pressure effects that go undetected at the brachial 
pulse, requires consideration.

In the present study, we show that the relationships 
between HR and PPc are strongly age-dependent. 
This is unlikely to be explained by the impact of age-
related variations in arteriolar tone on wave reflection, 
as adjustments for systemic vascular resistance failed 
to modify relationships between backward wave pres-
sures and HR. Moreover, variation in more proximal 
arterial tone is also unlikely to explain this finding as 
interactions between age and HR were independently 
associated with backward wave pressures and pres-
sures generated by wave reflection or re-reflection, but 
not with the RM. The impact of age on the HR-back-
ward wave pressure relationship is explained rather by 
the age-dependence of the harmonic frequencies of 
the pulse wave in central arteries,25 an effect that will 
increase backward wave pressures.11 In this regard, 
at a younger age, the elasticity of central arteries 

Table 3.  Contribution, in Product of Coefficient Mediation Analysis, of Hemodynamic Factors to HR Relationships With PPc in 
a Community Sample

Hemodynamic factor

Full adult age (n=824) <50 years of age (n=463) ≥50 years of age (n=361)

One SD effect P value One SD effect P value One SD effect P value

One SD effect of HR on PPc→ −3.20±0.36 <0.0001 −2.23±0.39 <0.0001 −4.52±0.60 <0.0001

  Contribution of →Preflect + re-reflect
−2.55±0.01 <0.0001 −1.67±0.01 <0.0001 −3.71±0.03 <0.0001

  Peak Q −0.004±0.012 =0.53 −0.016±0.018 =0.12 0.037±0.036 =0.56

  Peak PQxZc −0.60±0.01 <0.05 −0.32±0.01 =0.30 −0.97±0.02 <0.05

  PQxZc at peak PPc 0.91±0.01 =0.0001 0.59±0.02 <0.001 1.15±0.03 <0.0005

Adjustments are for age, sex, regular alcohol intake, regular tobacco intake, BMI, DM, MAP and treatment for hypertension. BMI indicates body mass index; HR, heart 
rate; MAP, mean arterial pressure; Pb, backward wave P; PPc, central arterial pulse pressure; PQxZc, Pressure generated by the product of Q and Zc; and Preflect + re-reflect, 
pressure generated by the combined impact of wave reflection and re-reflection.
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Figure 3. Age-dependent relationships between heart rate (HR) and backward wave pressures (Pb) or the pressures generated 
by wave reflection at peak aortic pulse pressure (Preflect) in participants from a community sample (n=824).
Lower, Actual waveforms obtained in participants with different resting HR with Pb and Preflect indicated. See Figure S1 for waveforms and 
data analysis section for age groups and adjustments. *P<0.0001 for significance of relations and †P<0.05, ††P<0.005 for comparison with 
younger or young or middle-aged.
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increases harmonic frequencies and hence decreases 
pulsatile pressures. With aging and a reduction in the 
elastic properties of central arteries, harmonic fre-
quencies decrease and hence pulsatile pressures are 
enhanced. As we show that HR effects on backward 
wave pressures are of little clinical significance at a 
younger adult age, HR reduction is unlikely to produce 
important adverse effects on the myocardium in adults 
under 60 years of age. In-line with our findings, the 
limited impact of HR on backward wave pressures over 
a young adult age may explain the possibility of greater 
benefits of β-blockers for a given brachial BP at a 
younger as compared with an older adult age.26 In con-
trast, in the elderly, the adverse effects of a lower HR 
on backward wave pressures and PPc are pronounced 
and importantly are undetectable at the brachial pulse. 
These effects are, therefore, likely to result in unob-
served increases in left ventricular afterload over this 
age range. This will cause further deterioration of 
myocardial function produced by backward wave pres-
sures13–15 in patients with underlying ischemic heart 
disease or cardiac dysfunction.

As indicated by the present results, reductions in 
backward wave pressures may be necessary when 
β-blockers or alternative HR-reducing agents are 
required at an older age. Since wave reflection indexes 
are lower in treated versus untreated hypertensives, 
this would suggest that antihypertensive agents other 
than β-blockers reduce wave reflection,10 hence the 
use of agents with vasodilator properties is a potential 
solution to this problem. However, meta-analyses of 
intervention studies27 and a large intervention study,28 
do not support this notion. The current solution to 
potential increase in afterload produced by the use of 
HR-reducing agents at an older age may nevertheless 
be intense brachial BP lowering, possibly to thresholds 
(systolic BP <130 mm Hg) currently recommended 
by guidelines for the United States.8 Indeed, it is only 
with intense brachial BP reduction that a normal PPc 
will be achieved at HR values at the lower end of the 
normal range. In this regard, any agent which reduces 
mean arterial pressure will decrease aortic characteris-
tic impedance (through a reduction in distending pres-
sures and hence aortic stiffness) and therefore, forward 
wave pressures, the consequence being an attenuation 
in the magnitude of backward waves (backward wave 
pressures depend of forward wave pressures through 
inertial effects) and PPc. Our data may, therefore, in-
part explain the beneficial effects of intense brachial 
BP lowering on heart failure observed in the SPRINT 
trial (age >50 years).29

There are several limitations of the present study 
that require consideration. To assess HR effects under 
physiological circumstances and over a physiological 
range (using the range of resting HR values that are 
noted in adults), the present study was cross-sectional 

in design. Hence relationships between HR and 
hemodynamics may be through residual confounding. 
However, the impact of HR on hemodynamics across 
the full adult age range can only be more effectively 
assessed with artificial pacing. This will limit the abil-
ity to address this question in a significant number of 
young participants, as pacemakers are infrequently 
required at a young adult age. Studies on the mecha-
nisms of the hemodynamic effects of HR-reducing 
agents per se are also likely to be confounded by vas-
cular or alternative cardiac effects of specific agents. If 
anything, several of these classes will decrease aortic 
flow through negative inotropic effects, thus limiting 
the ability to detect HR effects on flow. Nevertheless, 
further studies are required to determine the dominant 
mechanisms responsible for increases in PPc with a 
reduced HR when employing β-blockers or alterna-
tive HR-reducing agents. The present study was also 
conducted in a single ethnic group. Thus, whether the 
results are translatable to all populations is unknown. 
However, age-related increases in characteristic imped-
ance, forward wave pressures, and PP are remarkably 
similar in the present17 as compared with alternative22 
ethnic groups. Although backward wave pressures 
have been demonstrated to contribute far more to age-
related increases in PPc in the present population13 
than in the Framingham Heart Study,22 the contribution 
of backward wave pressures to age-related increases in 
PPc in the present study is similar to that noted in the 
Anglo-Cardiff Study.30

PERSPECTIVES
Several mechanisms have been suggested to explain 
the increase in central arterial BP that occurs with HR 
reduction, effects that are not detected at the brachial 
pulse. Although flow-induced increases in forward 
wave pressures and enhanced backward wave pres-
sures have both been suggested to play an important 
role, no previous studies have assessed whether for-
ward wave pressure effects are attributed to increases 
in flow. In the present study, conducted across the full 
adult lifespan, we show, using analyses of central arte-
rial waveforms that account for all of the factors that 
determine forward wave pressures,16 that the rela-
tionships between a lower HR and increased forward 
wave pressures and PPc are not accounted for by pre-
load-induced increases in aortic flow produced by an 
enhanced ED or filling time. Rather, relations between 
a lower HR and increased forward wave pressures and 
PPc are explained, through harmonic effects on the 
pulse wave at lower HR values, only by the impact on an 
increased afterload generated by backward (reflected) 
wave pressures. These changes increase forward wave 
pressures through pressure wave re-reflection. As the 
impact of HR on backward waves are age-dependent, 
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reduction of HR over a young-to-middle (<60 years) 
adult age, may have no clinically significant effect on 
afterload. However, HR reduction at an older adult 
age could have a significant impact on backward wave 
pressures and hence afterload, effects which are not 
detectable with peripheral BP measurements. The 
extent to which these adverse effects on afterload 
occur with HR-reducing agents such as β-blockers, 
requires further study.
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