
Journal of the American Heart Association

J Am Heart Assoc. 2022;11:e023430. DOI: 10.1161/JAHA.121.023430� 1

 

ORIGINAL RESEARCH

Hypertension and Ventricular–Arterial 
Uncoupling in Collegiate American Football 
Athletes
Jason V. Tso, MD; Casey G. Turner , MSc; Chang Liu , MPH; Syed Ahmad , BS; Abbas Ali, BS;  
Steve Selvaraj, MS; Angelo Galante, MD; Carla R. Gilson, ATC; Craig Clark, ATC; B. Robinson Williams, III, MD; 
Arshed A. Quyyumi , MD; Aaron L. Baggish , MD; Jonathan H. Kim , MD, MSc

BACKGROUND: Ventricular–arterial (VA) coupling is defined as the ratio between arterial elastance (EA) and left ventricular 
elastance (ELV). VA uncoupling, as occurs in hypertensive heart disease, is associated with adverse outcomes. This study 
sought to determine the relationship between American football (AF)–associated hypertension and VA uncoupling.

METHODS AND RESULTS: This was a multicenter, longitudinal, and repeated measures observational study of collegiate AF 
athletes across 3 years of AF participation. Of 200 freshman athletes initially enrolled, 142 (67 Black [47%]/75 White [53%], 58 
linemen [41%]/84 nonlinemen [59%]) were prospectively studied with echocardiography and applanation tonometry. Primary 
echocardiographic VA coupling outcome measures were EA/ELV and ΔEA/ELV, with increased EA/ELV indicating VA uncou-
pling. Adjusting for race and player position, AF athletes demonstrated increased EA/ELV (mean [95% CI]Δ, 0.10 [0.04–0.15]; 
P=0.001) and systolic blood pressure (SBP) (mean [95% CI]Δ, 11.4 [8.3–14.5] mm Hg, P<0.001) over their collegiate AF careers. 
In combination with longitudinal VA uncoupling, hypertension prevalence (including both stage 1 and 2) increased from 54% at 
baseline to 77% (44% stage 2) at the end of the study period (P<0.001). In multivariable mixed-effects linear regression analy-
sis, higher SBP (β=0.021, P=0.02), lower E′ (β=−0.010, P=0.03), and worse global longitudinal strain (β=0.036, P<0.001) were 
associated with higher EA/ELV. Increased SBP (ΔSBP, β=0.029, P=0.02) and worsened global longitudinal strain (Δglobal 
longitudinal strain, β=0.045, P<0.001) also predicted increased ΔEA/ELV.

CONCLUSIONS: VA uncoupling is associated with pathologically increased SBP and subclinical impairments in left ventricular 
systolic function in collegiate AF athletes, indicating a key mechanism underlying maladaptive cardiovascular phenotypes 
observed in this population. Future studies analyzing whether targeted clinical interventions improve VA coupling and health 
outcomes are warranted.

Key Words: American football ■ echocardiography ■ exercise ■ global longitudinal strain ■ hypertension

The physiologic interaction between the left ventric-
ular (LV) and arterial system, defined as ventricular–
arterial (VA) coupling, facilitates optimal cardiac 

workload and cardiovascular performance.1,2 When un-
coupled, the efficient interaction between cardiac con-
tractility and vascular compliance is lost, which occurs in 
numerous cardiovascular disease states.3,4 Importantly, 
the presence of VA uncoupling predicts adverse clinical 

cardiovascular outcomes, including increased all-cause 
and cardiovascular mortality, particularly in older pa-
tient populations with hypertensive heart disease and 
other cardiovascular conditions.5–8 Although VA cou-
pling measurements are typically considered via invasive 
pressure-volume loops,9 noninvasive echocardiographic 
VA coupling estimates have been validated10,11 and can 
predict long-term health outcomes.5–7
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Among adolescents and young adults with car-
diovascular risk, previous analyses of VA coupling are 
limited. In addition, the assessment of changes in VA 
coupling as a consequence of intense athletic training 
have not previously been conducted. American foot-
ball (AF) athletes represent a unique athletic popula-
tion in which acquired cardiovascular risk is prevalent 
despite engagement in intense exercise training.12 In 
particular, the development of hypertension has been 
observed in AF athletes at both the collegiate and pro-
fessional levels.13–15 Hypertension present among high-
risk AF athletes has been associated with early arterial 

stiffening,16,17 subclinical decrements in diastolic17–19 
and systolic LV function,20 and pathologic concentric 
LV hypertrophy.17 Whether early perturbations in VA 
coupling also occur in AF athletes has not previously 
been affirmed.

We therefore sought to assess whether noninva-
sive surrogates of VA uncoupling progress during the 
collegiate AF career and to analyze the relationship 
between VA coupling and other key determinants of 
cardiac and vascular function. We hypothesized that 
AF athletes would demonstrate longitudinal VA un-
coupling, and that VA uncoupling would be associ-
ated with increased systolic blood pressure (SBP) and 
impaired LV systolic function as estimated by global 
longitudinal strain (GLS). To address this hypothesis, 
we conducted a longitudinal and multicenter analysis 
of collegiate AF athletes across their college career 
with repeated blood pressure measurement, trans-
thoracic echocardiography, and vascular applanation 
tonometry.

METHODS
AF athletes ≥18  years of age were recruited from 
National Collegiate Athletic Association Division I pro-
gram at Georgia Institute of Technology (Atlanta, GA) 
and Furman University (Greenville, SC) and studied be-
tween 2016 and 2019. Clinical characteristics, anthro-
pometric measurements, 2-dimensional and speckle 
tracking echocardiography, and vascular applanation 
tonometry were prospectively and longitudinally cap-
tured for all study participants over this time period. 
The Emory Institutional Review Board approved all as-
pects of this study, and subjects provided written in-
formed consent. Because of the sensitive nature of the 
data collected for this study, requests to access the 
data set from qualified researchers trained in human 
subject confidentiality protocols may be sent to the 
corresponding author.

Study Population
AF athletes were recruited each year of this study, in 
parallel with the academic school calendar, beginning 
with the respective freshman season. Athletes were 
then prospectively studied at prespecified longitudi-
nal time points until the end of the study period. For 
the freshman season, this included the preseason 
(baseline) and the immediate conclusion of the season 
(postseason year 1), approximately 5 to 6 months later. 
For the sophomore season, this was postseason year 
2, approximately 1 year after postseason year 1, and 
for the junior season, this was postseason year 3, ap-
proximately 1 year after postseason year 2. Two time 
points for freshman AF athletes were chosen because 
of the significant cardiovascular plasticity previously 

CLINICAL PERSPECTIVE

What Is New?
•	 In this longitudinal multicenter study, collegiate 

American football athletes over the course 
of their competitive collegiate careers are 
likely to develop hypertension and subclinical 
ventricular–arterial uncoupling

•	 Among American football athletes, ventricular–
arterial uncoupling is associated with increased 
systolic blood pressure and impaired left ven-
tricular systolic function, as assessed by global 
longitudinal strain.

What Are the Clinical Implications?
•	 American football players are at risk for early de-

velopment of hypertension.
•	 Ventricular–arterial uncoupling seen among col-

legiate American football athletes may represent 
an important mechanism underlying adverse 
cardiovascular health and outcomes prevalent 
among retired professional American football 
players.

•	 Future studies implementing behavioral and 
pharmacologic strategies are warranted to in-
vestigate whether early intervention may deter 
ventricular–arterial uncoupling and improve 
long-term health outcomes in this population.
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demonstrated among first-year college athletes in re-
sponse to athletic training.18 Because AF athletes at 
the participating institutions engage in consistent levels 
of AF training throughout the calendar year after the 
freshman season, only annual postseason study time 
points were captured beyond the first year (postsea-
son years 2 and 3). Athletes with known hypertension 
on pharmacotherapy were excluded. Only athletes with 
complete clinical data and echocardiographic images 
sufficient to determine VA coupling at ≥2 time points 
were included in the final analysis.

Subjects were required to abstain from exercise 
for at least 24  hours before data collection. Clinical 
data including age (years), height (centimeters), family 
history of hypertension, current medication use, and 
self-reported race were collected at baseline. Player 
position was classified as either lineman or nonlineman 
as previously proposed.21 Linemen engage in pure iso-
metric training and are at increased risk of developing 
hypertension and adverse cardiac remodeling com-
pared with nonlinemen.12,17,20 All athletes were subject 
to performance-enhancing drug testing protocols as 
per National Collegiate Athletic Association guidelines. 
Weight (kilograms), SBP (millimeters of mercury), and 
diastolic blood pressure (DBP) (millimeters of mercury) 
were collected at all time points. Blood pressure was 
measured after ≥15 minutes of rest using a manual an-
eroid sphygmomanometer and an appropriately sized 
cuff and recorded as the average of 3 measurements. 
At each time point for each subject, blood pressure 
was categorized as normal (SBP <120  mm  Hg and 
DBP <80 mm Hg), elevated (SBP 120–129 mm Hg and 
DBP <80  mm  Hg), stage 1 hypertension (SBP 130–
139 mm Hg or DBP 80–89 mm Hg), or stage 2 hy-
pertension (SBP ≥140 mm Hg or DBP ≥90 mm Hg) in 
accordance with contemporary guidelines endorsed 
by the American College of Cardiology and American 
Heart Association.22

2-Dimensional Transthoracic 
Echocardiography
Transthoracic echocardiography was performed 
using a commercially available system (Vivid-I; GE 
Healthcare, Milwaukee, WI) at all study time points. 
Two-dimensional and tissue-Doppler imaging from 
standard parasternal and apical positions were per-
formed by experienced sonographers, who were con-
sistent throughout the years of this study. Frame rates 
were individualized per study for optimal image quality 
between 60 and 100  Hz. All information was stored 
digitally, and poststudy offline data analysis (EchoPAC 
version 7; GE Healthcare) was performed by study in-
vestigators (J.V.T., J.H.K.). Definitions of normality for 
cardiac structure and function were adopted from 
the most recent guidelines.23 LV mass was calculated 

using the area-length method (accounts for left ventri-
cle morphology in both the short and long axis) and 
indexed to body surface area, and LV ejection fraction 
was calculated using the modified biplane technique. 
Comprehensive assessment of cardiac diastolic func-
tion using tissue-Doppler imaging was performed, and 
tissue velocities (E′, A′, and S′) were measured from 
color-coded images at the lateral and septal mitral 
annulus. E′ was then reported as the average value 
between the 2 measurements. GLS was measured in 
the apical 4-chamber view using commercially avail-
able speckle-tracking software (EchoPAC version 7; 
GE Healthcare).24 Briefly, the endocardium was manu-
ally traced from the highest quality apical 4-chamber 
view, and tracing width was adjusted to include the full 
thickness of the myocardium. The software automati-
cally separated the myocardium into 6 segments (n=2 
apical, n=2 septal, and n=2 lateral segments) with suit-
able speckles selected for tracking. The reliability of 
tracking was confirmed by the software, with the ob-
server adjusting the endocardial tracing until tracking 
was deemed acceptable. GLS measurements were 
obtained after 3 consecutive cardiac cycles and re-
ported as an averaged value. GLS was presented in 
the conventional manner as a negative percent, with 
more negative GLS values representing greater longi-
tudinal shortening. In those participants in which val-
ues could not be obtained in the full 6 segments as 
described, GLS measurements were excluded in the 
final analysis.

GLS Measurement Variability
GLS values in 62 of 448 (14%) studies across all study 
time points were deemed insufficient in quality; thus, 
the respective GLS measurement was not included in 
the final analysis. For quality consistency, interobserver 
variability for GLS was assessed in a group of 40 ran-
domly selected echocardiographic studies (10 studies 
at each time point) by a separate study investigator 
(B.R.W.) who was blinded to all previous measure-
ments. Correlation analysis yielded a Pearson corre-
lation coefficient of r=0.88, and a paired t test used 
to assess discrepancies among observations revealed 
no significant variability among observers (mean differ-
ence, 0.05%; P=0.73).

Assessment of Ventricular–Arterial 
Coupling
VA coupling is a marker of cardiovascular efficiency 
and overall cardiovascular performance (Figure S1). 
It is generally assessed in the pressure-volume plane 
and defined as the ratio of effective arterial elastance 
(EA), a comprehensive measure of afterload, and 
LV end-systolic elastance (ELV), which is generally 
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a load-independent marker of ventricular perfor-
mance.25,26 VA coupling can be quantified noninva-
sively as EA/ELV,1,2 and expressing VA coupling as 
a ratio of elastances allows for direct comparison of 
the arterial and LV systems in identical units (millim-
eters of mercury per milliliter).1,2 EA is defined as the 
ratio of LV end-systolic pressure and stroke volume.2 
Noninvasively, end-systolic pressure is estimated as 
0.9×brachial SBP, and stroke volume is calculated 
from the LV outflow tract area and velocity time in-
tegral.11,27 This noninvasive estimation of EA closely 
approximates invasive pressure-volume measures of 
arterial load.2,11 ELV estimates LV stiffness and con-
tractility and was originally proposed as the slope of the 
end-systolic pressure-volume relationship obtained 
from invasive pressure-volume loops.28 Noninvasively, 
ELV can be estimated using the single-beat method 
proposed by Chen and colleagues.10 This guideline-
endorsed method (Data S1: Supplemental Methods), 
which has been validated against invasive assess-
ments and used in clinical studies,5,29,30 incorporates 
brachial SBP and DBP and echocardiography-derived 
stroke volume, ejection fraction, and ejection timing 
intervals.10,30

Vascular Applanation Tonometry
Arterial stiffness was measured at all time points using 
high-fidelity applanation tonometry (SphygmoCor; 
Atcor Medical, Sydney, Australia), which records se-
quential high-quality pressure waveforms at peripheral 
pulse sites. The primary measure of arterial function 
was the carotid–femoral pulse wave velocity (PWV), 
the gold-standard index of arterial stiffness,31 meas-
ured as previously described.16,17

Statistical Analysis
Continuous variables are presented as the mean±SD 
and categorical variables as percentages. Separate 
linear mixed-effects models were constructed to 
evaluate for longitudinal changes in clinical and 
cardiovascular measurements, with time being the 
categorical (baseline, year 1, 2, and 3) independ-
ent variable adjusting for race (White or Black) and 
player position (nonlineman or lineman), and the 
least squares means were reported for each met-
ric at each time point. The prevalence of normal 
blood pressure, elevated blood pressure, stage 1 
hypertension, and stage 2 hypertension22 at each 
time point were calculated and are reported. Mixed-
effects ordinal logistic regression analysis was used 
to evaluate categorical hypertension development22 
over the study period, with time as the continuous 
independent variable to assess the overall trend 
of change in hypertension status. Compared with 
baseline, we calculated the change of metrics at 

each follow-up time point. Primary outcome VA un-
coupling measurements were EA/ELV and ΔEA/ELV 
(also log-transformed). To assess for factors associ-
ated with EA/ELV, a linear mixed-effects model was 
constructed with independent variables including 
player position, race, height, weight, SBP, PWV, E ,́ 
LV mass index, and GLS. To assess for factors asso-
ciated with ΔEA/ELV, a second mixed-effects model 
was constructed including independent variables 
of player position, race, height and Δ weight, SBP, 
PWV, E ,́ LV mass index, and GLS. Similar models 
were also constructed to evaluate factors associated 
with log-transformed EA/ELV and ΔEA/ELV. In all 
mixed-effects models, participant-specific random 
intercepts were incorporated to account for within-
participant correlations. Analyses were performed 
with SAS software (version 9.4; SAS Institute, Cary, 
NC). A P value of ≤0.05 was considered significant.

RESULTS
Baseline Characteristics
Between June 2016 and June 2019, 200 collegiate 
freshman AF athletes were serially enrolled in this 
study, with 142 eligible for final analysis and prospec-
tive follow-up (Figure S2). Of the 58 excluded athletes, 
34 were lost to follow-up because of sport-related at-
trition (significant AF-related injury or leaving the team 
for any reason), and 24 did not have the appropriate 
Doppler images obtained to estimate EA/ELV at ≥2 
time points. Because of the rolling nature of study en-
rollment aligned with the collegiate academic calendar, 
142 athletes were analyzed at baseline and postsea-
son year 1, 100 were analyzed at postseason year 2, 
and 64 were analyzed at postseason year 3. At base-
line, the final study cohort (Table 1) was evenly distrib-
uted by self-identified race (67 Black athletes [47%]/75 
White athletes [53%]) and consisted of 84 nonlinemen 
(59%) and 58 linemen (41%).

Table 1.  Baseline Characteristics

Characteristic
American football 
athletes, n=142

Age, y 18 ± 0.2

Race

Black 67 (47%)

White 75 (53%)

Family history of hypertension 46 (32%)

Height, cm 186 ± 6

Weight, kg 100.2 ± 19.6

Body mass index, kg/m2 28.8 ± 4.7

Systolic blood pressure, mm Hg 126 ± 11

Diastolic blood pressure, mm Hg 76 ± 9

Values are presented as mean±SD or n (%).
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Longitudinal Changes in Cardiovascular 
Phenotypes and VA Coupling
Adjusting for race and player position, athletes dem-
onstrated increased weight (cumulative mean [95% 
CI] Δ, 5.0  kg [3.9–6.2  kg]; P<0.001), SBP (cumula-
tive mean [95% CI] Δ, 11.4 mm Hg [8.3–14.5 mm Hg]; 
P<0.001), and PWV (cumulative mean [95% CI] Δ, 
0.45 m/s [0.31–0.60 m/s], P<0.001) across the colle-
giate AF career (Table 2). Athletes also demonstrated 
LV structural and functional changes with increased 
LV mass index (cumulative mean [95% CI] Δ, 21.7 g/
m2 [19.5–23.9 g/m2]; P<0.001) and decreased diastolic 
function as estimated by Eʹ (cumulative mean [95% CI] 
Δ, −2.2 cm/s [−2.7 to −1.7 cm/s]; P<0.001). There was 
no change in GLS across the study period (cumula-
tive mean [95% CI] Δ, 0.3% [−0.9% to 0.3%]; P=0.22). 
In parallel with SBP, EA/ELV and the log-transformed 
EA/ELV increased over the study period (cumula-
tive mean [95% CI] Δ, 0.10 [0.04–0.15]; P=0.001 and 
0.111 [0.052–0.169]; P=0.003, respectively, Figure  1), 
signifying longitudinal VA uncoupling. Longitudinal 
change in cardiovascular phenotypes were similar 
among linemen and nonlinemen, with the exception 
of SBP, which increased more among linemen than 
nonlinemen (cumulative respective means [95% CI] Δ, 
18.5  mm  Hg [13.5–23.5  mm  Hg] versus 5.8  mm  Hg 
[3.8–7.8 mm Hg]; P=0.001). Additionally, linemen dem-
onstrated increases in EA (cumulative mean [95% CI] 
Δ, 0.15  mm  Hg/mL [0.05–0.25  mm  Hg/mL]; P=0.03) 
and EA/ELV (cumulative mean [95% CI] Δ, 0.14 [0.06–
0.22]; P=0.006) (Table S1).

Hypertension Progression
AF athletes developed clinically significant hyperten-
sion, which increased in severity over the study period 
(Table 3, Figure 1). At baseline, the prevalence of hy-
pertension in the AF athletes was 54% (76/142), stage 
1 (32%), or stage 2 (22%). By postseason year 3, the 
prevalence of hypertension increased to 77% (49/64), 
with stage 2 hypertension being most common, pre-
sent in 44% (28/64) of athletes (P<0.001 overall trend).

Factors Associated With VA Uncoupling
In univariate analysis, higher SBP (β=0.017, P=0.02), 
lower Eʹ (β=−0.016, P<0.001), and impaired GLS 
(β=0.037, P<0.001) were associated with higher 
EA/ELV. In addition, decreased Eʹ (ΔE ,́ β=−0.020, 
P=0.004) and worsened GLS (ΔGLS, β=0.041, 
P<0.001) were associated with increased ΔEA/ELV 
(Table 4). In multivariable mixed-effects linear regres-
sion analysis, higher SBP (β=0.021, P=0.02), lower 
Eʹ (β=−0.010, P=0.03), and impaired GLS (β=0.036, 
P<0.001) were associated with higher EA/ELV. 
Increased SBP (ΔSBP, β=0.029, P=0.02) and wors-
ened GLS (ΔGLS, β=0.045; P<0.001) also predicted 
increased ΔEA/ELV (Table 4).

Similar associations were identified when the log-
transformed EA/ELV was analyzed. In univariate analy-
sis, higher SBP (β=0.018, P=0.02), lower Eʹ (β=−0.018, 
P<0.001), and impaired GLS (β=0.041, P<0.001) were 
associated with log(EA/ELV). In addition, decreased Eʹ 
(ΔE ,́ β=−0.023, P=0.002) and worsened GLS (ΔGLS, 
β=0.046, P<0.001) were associated with increased 

Table 2.  Longitudinal Changes in Select Clinical and Cardiovascular Measurements

Characteristic Baseline, n=142
Year 1 postseason, 
n=142

Year 2 postseason, 
n=100

Year 3 postseason, 
n=64 P value*

Weight, kg 100.6 (98.4–102.7) 102.0 (99.9–104.1) 104.0 (101.8–106.2) 105.6 (103.4–107.8) <0.001

Body mass index, kg/m2 28.9 (28.4–29.5) 29.3 (28.8–29.9) 29.9 (29.3–30.5) 30.4 (29.8–30.9) <0.001

Systolic BP, mm Hg 126.5 (124.5–128.5) 130.8 (128.9–132.8) 132.4 (130.1–134.7) 137.9 (135.1–140.7) <0.001

Diastolic BP, mm Hg 76.2 (74.7–77.7) 75.8 (74.3–77.3) 76.9 (75.1–78.6) 78.6 (76.4–80.8) 0.19

PWV, m/s 5.1 (5.0–5.2) 5.3 (5.2–5.4) 5.5 (5.4–5.6) 5.5 (5.4–5.7) <0.001

LV mass/BSA, g/m2 89.0 (87.3–90.7) 100.3 (98.6–102.0) 105.8 (103.9–107.8) 110.7 (108.5–113.0) <0.001

E ,́ cm/s 15.9 (15.5–16.3) 15.1 (14.7–15.5) 14.6 (14.1–15.0) 13.7 (13.2–14.2) <0.001

Ejection fraction, % 61.1 (60.2–61.9) 60.5 (59.7–61.3) 60.2 (59.2–61.2) 60.2 (59.0–61.4) 0.47

GLS, % −18.6 (−18.9 to −18.2) −18.6 (−19.0 to −18.2) −18.1 (−18.5 to −17.6) −18.3 (−18.8 to −17.8) 0.22

EA, mm Hg/mL 1.29 (1.25–1.34) 1.30 (1.25–1.34) 1.31 (1.26–1.37) 1.35 (1.29–1.42) 0.32

ELV, mm Hg/mL 1.57 (1.50–1.63) 1.51 (1.44–1.58) 1.49 (1.41–1.57) 1.45 (1.36–1.54) 0.08

EA/ELV 0.854 (0.822–0.885) 0.899 (0.866–0.933) 0.905 (0.866–0.945) 0.949 (0.903–0.995) 0.001

log(EA/ELV) −0.181 (−0.216 to 
−0.147)

−0.131 (−0.167 to 
−0.094)

−0.116 (−0.159 to 
−0.073)

−0.071 (−0.121 to 
−0.020)

0.002

Values are mean (95% CI), adjusted for race and player position. BP indicates blood pressure; E ,́ tissue-Doppler averaged mitral annular early diastolic 
velocities; EA, effective arterial elastance; ELV, end-systolic left ventricular elastance; GLS, global longitudinal strain; LV mass/BSA, left ventricular mass 
indexed to body surface area; and PWV, pulse wave velocity.

*P value reported for fixed effects of time points (baseline, year 1, 2, and 3).
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Δlog(EA/ELV) (Table 5). In multivariable mixed-effects 
linear regression analysis, higher SBP (β=0.020, 
P=0.03), lower Eʹ (β=−0.012, P=0.02), and impaired 
GLS (β=0.040, P<0.001) were associated with log(EA/
ELV). Increased SBP (ΔSBP, β=0.027, P=0.04) and 
worsened GLS (ΔGLS, β=0.050, P<0.001) also pre-
dicted increased log(ΔEA/ELV) (Table 5).

DISCUSSION
Key findings from this study are as follows. First, in 
this prospective multicenter collegiate AF cohort, cou-
pled with hypertension progression, VA uncoupling 
occurred throughout the course of collegiate AF par-
ticipation. Second, and equally important, subclinical 
reductions in LV systolic function were also associ-
ated with longitudinal VA uncoupling. Taken together, 
these novel data suggest that VA uncoupling rep-
resents an important mechanistic link between AF-
associated hypertension and acquired maladaptive 
cardiovascular phenotypes, particularly worsened LV 
strain20 (Figure  2). Our findings underscore the need 
to determine whether subclinical cardiovascular risk 
present among young, elite AF athletes improves after 

completion of their AF career or translates to later-life 
adverse health outcomes. Our results suggest that VA 
uncoupling may represent a clinically significant patho-
physiologic end point in young patients with underlying 
cardiovascular risk. Finally, these data affirm an alarm-
ingly high prevalence of untreated hypertension in 
youthful collegiate AF athletes. As such, coupled with 
a heightened emphasis on education and early treat-
ment efforts in this higher-risk athletic population, pro-
ceeding with clinical intervention studies of AF athletes 
with hypertension, inclusive of both lifestyle modifica-
tions and pharmacologic treatments, remains a critical 
future direction.
To our knowledge, this study is the first to examine alter-
ations in VA coupling in a young and athletic, but high-risk 
population. In normal human subjects, EA/ELV is phys-
iologically preserved to maintain optimal cardiovascular 
mechanics.3 For example, throughout natural aging, the 
progressive arterial and LV stiffening that develops is 
balanced; thus, EA/ELV remains unchanged to maintain 
efficient VA coupling.3,32,33 In pathologic cardiovascular 
conditions, such as hypertension, obesity, and heart 
failure with preserved ejection fraction, EA/ELV may not 
be abnormal in the early stages of disease because of 

Figure 1.  Ventricular–arterial uncoupling (ΔEA/ELV) occurs in parallel with progressively 
increasing systolic blood pressure in collegiate American football athletes.
ΔEA/ELV is presented as the adjusted mean with 95% CI. CV indicates cardiovascular; EA, effective 
arterial elastance; ELV, end-systolic left ventricular elastance; GLS, global longitudinal strain; and 
SBP, systolic blood pressure. *Stage 1 or 2 hypertension as defined by the 2017 American College of 
Cardiology/American Heart Association hypertension guidelines.

Table 3.  Longitudinal Clinical Hypertension Progression

Time point Normal Elevated Stage 1 hypertension Stage 2 hypertension

Baseline 24% (34/142) 23% (32/142) 32% (45/142) 22% (31/142)

Year 1 postseason 20% (28/142) 17% (24/142) 35% (49/142) 29% (41/142)

Year 2 postseason 15% (15/100) 19% (19/100) 36% (36/100) 30% (30/100)

Year 3 postseason 4% (3/64) 19% (12/64) 33% (21/64) 44% (28/64)

Blood pressure stages as defined by the 2017 American College of Cardiology/American Heart Association hypertension guidelines22:
Normal: systolic blood pressure <120 mm Hg and diastolic blood pressure <80 mm Hg.
Elevated: systolic blood pressure 120 to 129 mm Hg and diastolic blood pressure <80 mm Hg.
Stage 1 hypertension: systolic blood pressure 130 to 139 mm Hg or diastolic blood pressure 80 to 89 mm Hg.
Stage 2 hypertension: systolic blood pressure ≥140 mm Hg or diastolic blood pressure ≥90 mm Hg.
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the corollary and balanced increases in LV contractility 
(ELV) that occur in response to the pathologic increases 
in arterial afterload (EA), and vice versa.34–36 As such, it is 
noteworthy that although subclinical, we observed a sig-
nificant increase in EA/ELV over a relatively short period 
of time, and this increase was associated with adverse 
changes in both vascular and ventricular function.

Prior studies of professional and collegiate AF ath-
letes have established a high prevalence of hyperten-
sion.13–15 Hypertension in this population is associated 
with maladaptive cardiovascular phenotypes, which in-
clude subclinical arterial stiffening, impaired LV systolic 
and diastolic function, and concentric LV hypertrophy.17 
Our findings demonstrate that hypertension severity 
significantly increases throughout collegiate AF partic-
ipation and suggest concomitant VA uncoupling is a 
crucial maladaptive functional consequence that links 
the development of AF-associated maladaptive car-
diovascular phenotypes. Although it is not unexpected 
that increased SBP, as an afterload surrogate, predicts 
VA uncoupling, our results suggest that matched, con-
comitant increased LV contractility does not occur as 
evidenced by the association with worsened GLS. In a 
separate single-season study of only freshman colle-
giate AF athletes from Lin and colleagues, worsened 

GLS was also observed in those athletes who became 
hypertensive. In that study, worsened GLS was more 
evident in those athletes who developed concentric LV 
hypertrophy.20

Clinical implications from this study should be first 
considered in the context of long-term outcomes data 
taken from retired professional AF athletes. Prior stud-
ies have established increased cardiovascular mortal-
ity, specifically in retired AF athletes who were linemen, 
compared with the general population.37,38 In a more re-
cent study accounting for a healthy-worker bias, retired 
professional AF athletes also demonstrated increased 
all-cause and cardiovascular mortality compared with 
retired professional baseball players.39 To date, the 
compilation of observational data assessing patho-
logic cardiovascular phenotypes in active collegiate 
AF athletes suggests that early cardiovascular pathol-
ogy may impart health risks later in life. However, the 
longitudinal progression of maladaptive cardiovascular 
phenotypes throughout the entire career of the elite AF 
athlete and after retirement from competitive AF partic-
ipation remains unknown. Specific to VA uncoupling, it 
is also noteworthy that subclinical increases in EA/ELV 
have been associated with adverse outcomes in older 
patients in the general population.7 Second, modifiable 

Table 4.  Factors Associated With Ventricular–Arterial Uncoupling

Characteristic

Univariate Multivariate

β (95% CI) P value β (95% CI) P value

EA/ELV

Position 0.032 (−0.010 to 0.074) 0.13 0.002 (−0.065 to 0.069) 0.95

Black race 0.027 (−0.014 to 0.068) 0.20 −0.002 (−0.046 to 0.042) 0.92

Height, cm 0.0003 (−0.0033 to 0.0039) 0.88 −0.002 (−0.007 to 0.003) 0.45

Weight, kg 0.0008 (−0.0002 to 0.0018) 0.13 0.0006 (−0.0015 to 0.0026) 0.58

Systolic BP, 10 mm Hg 0.017 (0.003–0.031) 0.02 0.021 (0.004–0.038) 0.02

PWV, m/s 0.010 (−0.015 to 0.035) 0.43 −0.028 (−0.059 to 0.002) 0.07

E ,́ cm/s −0.016 (−0.023 to −0.008) <0.001 −0.010 (−0.019 to −0.001) 0.03

LV mass/BSA, 10 g/m2 0.014 (−0.0007 to 0.028) 0.06 0.005 (−0.010 to 0.020) 0.51

GLS, % 0.037 (0.028–0.045) <0.001 0.036 (0.027–0.045) <0.001

ΔEA/ELV

Position 0.047 (−0.028 to 0.122) 0.22 0.093 (−0.002 to 0.188) 0.06

Black race 0.003 (−0.072 to 0.077) 0.95 0.003 (−0.080 to 0.086) 0.94

Height, cm −0.002 (−0.008 to 0.005) 0.56 −0.005 (−0.013 to 0.004) 0.26

ΔWeight, kg 0.002 (−0.004 to 0.008) 0.44 0.00002 (−0.006 to 0.006) 0.996

ΔSystolic BP, 10 mm Hg 0.020 (−0.001 to 0.042) 0.06 0.029 (0.005–0.054) 0.02

ΔPWV, m/s 0.010 (−0.037 to 0.057) 0.67 −0.011 (−0.062 to 0.039) 0.66

ΔE ,́ cm/s −0.020 (−0.033 to −0.006) 0.004 −0.010 (−0.025 to 0.005) 0.19

ΔLV mass/BSA, 10 g/m2 −0.008 (−0.036 to 0.019) 0.55 −0.013 (−0.042 to 0.016) 0.38

ΔGLS, % 0.041 (0.028–0.054) <0.001 0.045 (0.031–0.059) <0.001

BP indicates blood pressure; E ,́ tissue-Doppler averaged mitral annular early diastolic velocities; EA/ELV, effective arterial elastance/end-systolic left 
ventricular elastance; GLS, global longitudinal strain; LV mass/BSA, left ventricular mass indexed to body surface area; and PWV, pulse wave velocity.
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behaviors and potential risks common within the com-
petitive AF culture, including intentional and rapid 
weight gain, poor dietary choices, overused nonsteroi-
dal anti-inflammatory drug use, and concussions may 

contribute to increases in resting SBP.12,40,41 A critical 
emphasis on cardiac preventive education and coun-
seling for competitive AF athletes is therefore essen-
tial, while also ensuring appropriate guideline-based 

Table 5.  Factors Associated With log(EA/ELV)

Characteristic

Univariate Multivariate

β (95% CI) P value β (95% CI) P value

log(EA/ELV)

Position 0.034 (−0.012 to 0.080) 0.15 −0.003 (−0.075 to 0.064) 0.93

Black race 0.031 (−0.014 to 0.077) 0.17 −0.0004 (−0.048 to 0.048) 0.99

Height, cm 0.0006 (−0.0034 to 0.0045) 0.77 −0.002 (−0.007 to 0.004) 0.57

Weight, kg 0.0008 (−0.0003 to 0.0020) 0.14 0.0007 (−0.0015 to 0.0029) 0.54

Systolic BP, 10 mm Hg 0.018 (0.002–0.033) 0.02 0.020 (0.002–0.039) 0.03

PWV, m/s 0.012 (−0.016 to 0.039) 0.39 −0.030 (−0.063 to 0.003) 0.07

E ,́ cm/s −0.018 (−0.026 to −0.009) <0.001 −0.012 (−0.021 to −0.002) 0.02

LV mass/BSA, 10 g/m2 0.015 (−0.001 to 0.030) 0.07 0.005 (−0.012 to 0.021) 0.58

GLS, % 0.041 (0.032–0.051) <0.001 0.040 (0.031–0.050) <0.001

Δ log(EA/ELV)

Position 0.038 (−0.043 to 0.120) 0.35 0.090 (−0.014 to 0.194) 0.09

Black race 0.015 (−0.065 to 0.096) 0.71 0.011 (−0.080 to 0.102) 0.80

Height, cm −0.003 (−0.010 to 0.004) 0.45 −0.006 (−0.015 to 0.004) 0.23

ΔWeight, kg 0.003 (−0.004 to 0.009) 0.37 0.0007 (−0.006 to 0.008) 0.84

ΔSystolic BP, 10 mm Hg 0.019 (−0.005 to 0.042) 0.12 0.027 (0.001–0.054) 0.04

ΔPWV, m/s 0.007 (−0.045 to 0.058) 0.80 −0.015 (−0.070 to 0.040) 0.59

ΔE ,́ cm/s −0.023 (−0.038 to −0.009) 0.002 −0.013 (−0.029 to 0.003) 0.12

ΔLV mass/BSA, 10 g/m2 −0.012 (−0.043 to 0.018) 0.42 −0.017 (−0.049 to 0.015) 0.29

ΔGLS, % 0.046 (0.032–0.060) <0.001 0.050 (0.035–0.065) <0.001

BP indicates blood pressure; E ,́ tissue-Doppler averaged mitral annular early diastolic velocities; EA/ELV, effective arterial elastance/end-systolic left 
ventricular elastance; GLS, global longitudinal strain; LV mass/BSA, left ventricular mass indexed to body surface area; and PWV, pulse wave velocity.

Figure 2.  Hypertension and ventricular–arterial (VA) uncoupling in collegiate American football 
athletes lead to cardiovascular (CV) risk and pathology.
EA indicates effective arterial elastance; ELV, end-systolic left ventricular elastance; GLS, global 
longitudinal strain; LV, left ventricular; and SBP, systolic blood pressure.
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pharmacologic interventions are offered to those ath-
letes who are confirmed hypertensive.

Coupled with the need to prospectively follow health 
outcomes in elite collegiate and professional AF ath-
letes upon retirement from competitive AF, future re-
search directions should include clinical trials focused 
on interventions to treat AF-associated hypertension. 
Noninvasive VA coupling measurements offer addi-
tional physiologic end points that could be included in 
future studies in combination with other key vascular 
and cardiac functional measures. In prior studies of 
patients with hypertension, pharmacologic lowering of 
SBP also led to improvements in EA/ELV.29,42 Lifestyle 
interventions, such as aerobic exercise regimens, 
should also be tested in high-risk AF athletes, such as 
linemen who engage solely in primary static training. 
In prior studies of untrained individuals, aerobic endur-
ance training led to improvements in VA coupling and 
aortic stiffness.43,44

We acknowledge several limitations with this study. 
First, a primary criticism of the EA/ELV pressure-volume 
model is that EA omits elements of the pulsatile arterial 
load.45 However, we included PWV in our analysis, and 
despite the increase in PWV over time, the subclini-
cal rise observed would not be expected to contribute 
to a significant rise in afterload. Second, despite the 
replication of findings from multiple prior studies,15–18 
we acknowledge the lack of a matched control group 
in this analysis. Third, because of the rolling nature of 
annual study enrollment and follow-up, we acknowl-
edge incomplete cases, particularly at postseason 
year 3. In addition, athletes were not followed through 
the conclusion of their senior season because of lo-
gistic difficulties retaining graduating student athletes. 
Fourth, environmental factors and AF training regimens 
across collegiate programs may not be uniform, and 
thus may limit the generalizability of our results. Finally, 
we were unable to assess the impact of detraining on 
VA uncoupling in AF athletes who ceased competitive 
AF participation.

CONCLUSIONS
Coupled with the development of clinically significant 
hypertension, competitive collegiate AF athletes dem-
onstrate progression of VA uncoupling throughout their 
collegiate AF career. VA uncoupling is associated with 
subclinical reductions in LV systolic function, indicative 
of the inability to appropriately increase LV contractil-
ity in response to chronic and pathologically increased 
afterload. These findings contribute to our understand-
ing of acquired hypertension present among at-risk 
young collegiate AF athletes, and demonstrate novel 
mechanistic insight linking AF-associated hypertension 
with acquired pathologic cardiovascular phenotypes. 
Future investigations are necessary to determine the 

impact of VA uncoupling on long-term health out-
comes in former AF athletes and whether therapeutic 
blood pressure interventions lead to improvements in 
VA coupling in at-risk collegiate AF athletes.

ARTICLE INFORMATION
Received July 29, 2021; accepted January 3, 2022.

Affiliations
Division of Cardiology, Emory Clinical Cardiovascular Research Institute, 
Atlanta, GA (J.V.T., C.G.T., C.L., S.A., A.A., S.S., B.R.W., A.A.Q., J.H.K.); 
Sports Medicine, Georgia Institute of Technology, Atlanta, GA (A.G., C.R.G., 
J.H.K.); Sports Medicine, Furman University, Greenville, SC (C.C.);  and 
Cardiovascular Performance Program, Massachusetts General Hospital, 
Boston, MA (A.L.B.).

Acknowledgments
The authors thank the athletic departments and student athletes at Georgia 
Institute of Technology and Furman University for their ongoing support and 
participation in this research. The authors also acknowledge Digirad and 
Athletic Heart for providing all echocardiographic imaging services for this 
study. 

Author Contributions: Dr Kim was the principal investigator for this study 
and had access to all of the data in the study and takes full responsibility for 
the integrity of the data and the accuracy of the data analysis. Drs Tso and 
Kim, and C. Liu performed statistical analyses. All authors contributed with 
acquisition of the data, conceptual design, analyses, and interpretation of the 
results. All authors contributed to drafting the article, providing critical revisions 
for intellectual content, and gave final approval for the version submitted.

Sources of Funding
This work was entirely supported by US National Institutes of Health/National 
Heart, Lung, and Blood Institute research grant K23 HL128795 (to Dr Kim). Dr 
Tso was supported by the Abraham J. & Phyllis Katz Foundation.

Disclosures
Dr Kim receives compensation serving in his role as team cardiologist for 
the Atlanta Falcons. Dr Baggish receives compensation serving in his role as 
team cardiologist for the New England Patriots. The remainder of the authors 
report no financial disclosures.

Supplemental Material
Data S1
Table S1
Figures S1–S2

REFERENCES
	 1.	 Sunagawa K, Maughan WL, Burkhoff D, Sagawa K. Left ventricular in-

teraction with arterial load studied in isolated canine ventricle. Am J 
Physiol Heart Circ Physiol. 1983;245:H773–H780. doi: 10.1152/ajphe​
art.1983.245.5.H773

	 2.	 Chantler PD, Lakatta EG, Najjar SS. Arterial-ventricular coupling: mech-
anistic insights into cardiovascular performance at rest and during ex-
ercise. J Appl Physiol. 1985;2008:1342–1351. doi: 10.1152/jappl​physi​
ol.90600.2008

	 3.	 Borlaug BA, Kass DA. Ventricular–vascular interaction in heart failure. 
Heart Fail Clin. 2008;4:23–36. doi: 10.1016/j.hfc.2007.10.001

	 4.	 Kass DA. Ventricular arterial stiffening. Hypertension. 2005;46:185–193. 
doi: 10.1161/01.HYP.00001​68053.34306.d4

	 5.	 Ky B, French B, May Khan A, Plappert T, Wang A, Chirinos JA, Fang JC, 
Sweitzer NK, Borlaug BA, Kass DA, et al. Ventricular-arterial coupling, 
remodeling, and prognosis in chronic heart failure. J Am Coll Cardiol. 
2013;62:1165–1172. doi: 10.1016/j.jacc.2013.03.085

	 6.	 Milewska A, Minczykowski A, Krauze T, Piskorski J, Heathers J, 
Szczepanik A, Banaszak A, Guzik P, Wykretowicz A. Prognosis after 
acute coronary syndrome in relation with ventricular–arterial cou-
pling and left ventricular strain. Int J Cardiol. 2016;220:343–348. doi: 
10.1016/j.ijcard.2016.06.173

https://doi.org/10.1152/ajpheart.1983.245.5.H773
https://doi.org/10.1152/ajpheart.1983.245.5.H773
https://doi.org/10.1152/japplphysiol.90600.2008
https://doi.org/10.1152/japplphysiol.90600.2008
https://doi.org/10.1016/j.hfc.2007.10.001
https://doi.org/10.1161/01.HYP.0000168053.34306.d4
https://doi.org/10.1016/j.jacc.2013.03.085
https://doi.org/10.1016/j.ijcard.2016.06.173


J Am Heart Assoc. 2022;11:e023430. DOI: 10.1161/JAHA.121.023430� 10

Tso et al� Ventricular–Arterial Uncoupling in Football

	 7.	 Obokata M, Kurosawa K, Ishida H, Ito K, Ogawa T, Ando Y, Kurabayashi 
M, Negishi K. Incremental prognostic value of ventricular-arterial cou-
pling over ejection fraction in patients with maintenance hemodialy-
sis. J Am Soc Echocardiogr. 2017;30:444–453.e442. doi: 10.1016/j.
echo.2016.12.014

	 8.	 Antonini-Canterin F, Enache R, Popescu BA, Popescu AC, Ginghina C, 
Leiballi E, Piazza R, Pavan D, Rubin D, Cappelletti P, et al. Prognostic 
value of ventricular-arterial coupling and b-type natriuretic peptide in pa-
tients after myocardial infarction: a five-year follow-up study. J Am Soc 
Echocardiogr. 2009;22:1239–1245. doi: 10.1016/j.echo.2009.08.009

	 9.	 Sunagawa K, Maughan WL, Sagawa K. Optimal arterial resistance for 
the maximal stroke work studied in isolated canine left ventricle. Circ 
Res. 1985;56:586–595. doi: 10.1161/01.RES.56.4.586

	10.	 Chen C-H, Fetics B, Nevo E, Rochitte CE, Chiou K-R, Ding P-A, 
Kawaguchi M, Kass DA. Noninvasive single-beat determination of 
left ventricular end-systolic elastance in humans. J Am Coll Cardiol. 
2001;38:2028–2034. doi: 10.1016/S0735​-1097(01)01651​-5

	11.	 Kelly RP, Ting CT, Yang TM, Liu CP, Maughan WL, Chang MS, Kass DA. 
Effective arterial elastance as index of arterial vascular load in humans. 
Circulation. 1992;86:513–521. doi: 10.1161/01.CIR.86.2.513

	12.	 Kim JH, Zafonte R, Pascuale-Leon A, Nadler LM, Weisskopf M, 
Speizer FE, Taylor HA, Baggish AL. American-style football and car-
diovascular health. J Am Heart Assoc. 2018;7:e008620. doi: 10.1161/
JAHA.118.008620

	13.	 Karpinos AR, Roumie CL, Nian H, Diamond AB, Rothman RL. High 
prevalence of hypertension among collegiate football athletes. Circ 
Cardiovasc Qual Outcomes. 2013;6:716–723. doi: 10.1161/CIRCO​
UTCOM​ES.113.000463

	14.	 Tucker AM, Vogel RA, Lincoln AE, Dunn RE, Ahrensfield DC, Allen TW, 
Castle LW, Heyer RA, Pellman EJ, Strollo PJ Jr, et al. Prevalence of 
cardiovascular disease risk factors among National Football League 
players. JAMA. 2009;301:2111. doi: 10.1001/jama.2009.716

	15.	 Weiner RB, Wang F, Isaacs SK, Malhotra R, Berkstresser B, Kim JH, 
Hutter AM, Picard MH, Wang TJ, Baggish AL. Blood pressure and 
left ventricular hypertrophy during American-style football partic-
ipation. Circulation. 2013;128:524–531. doi: 10.1161/CIRCU​LATIO​
NAHA.113.003522

	16.	 Kim JH, Sher S, Wang F, Berkstresser B, Shoop JL, Galante A, Al 
Mheid I, Ghasemzadeh N, Hutter AM, Williams BR, et al. Impact of 
American-style football participation on vascular function. Am J Cardiol. 
2015;115:262–267. doi: 10.1016/j.amjca​rd.2014.10.033

	17.	 Kim JH, Hollowed C, Liu C, Al-Badri A, Alkhoder A, Dommisse M, 
Gowani Z, Miller A, Nguyen P, Prabakaran G, et al. Weight gain, hyper-
tension, and the emergence of a maladaptive cardiovascular pheno-
type among us football players. JAMA Cardiol. 2019;4:1221–1229. doi: 
10.1001/jamac​ardio.2019.3909

	18.	 Kim JH, Hollowed C, Patel K, Hosny K, Aida H, Gowani Z, Sher S, 
Shoop JL, Galante A, Clark C, et al. Temporal changes in cardiovas-
cular remodeling associated with football participation. Med Sci Sports 
Exerc. 2018;50:1892–1898. doi: 10.1249/MSS.00000​00000​001631

	19.	 Baggish AL, Wang F, Weiner RB, Elinoff JM, Tournoux F, Boland A, 
Picard MH, Hutter AM, Wood MJ. Training-specific changes in cardiac 
structure and function: a prospective and longitudinal assessment of 
competitive athletes. J Appl Physiol. 2008;104:1121–1128. doi: 10.1152/
jappl​physi​ol.01170.2007

	20.	 Lin J, Wang F, Weiner RB, Deluca JR, Wasfy MM, Berkstresser B, Lewis 
GD, Hutter AM, Picard MH, Baggish AL. Blood pressure and LV re-
modeling among American-style football players. JACC Cardiovasc 
Imaging. 2016;9:1367–1376. doi: 10.1016/j.jcmg.2016.07.013

	21.	 Croft LB, Belanger A, Miller MA, Roberts A, Goldman ME. Comparison 
of National Football League linemen versus nonlinemen of left ventric-
ular mass and left atrial size. Am J Cardiol. 2008;102:343–347. doi: 
10.1016/j.amjca​rd.2008.03.065

	22.	 Whelton PK, Carey RM, Aronow WS, Casey DE, Collins KJ, Dennison 
Himmelfarb C, DePalma SM, Gidding S, Jamerson KA, Jones DW, et 
al. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APHA/ASH/ASPC/NMA/
PCNA guideline for the prevention, detection, evaluation, and manage-
ment of high blood pressure in adults: a report of the American College 
of Cardiology/American Heart Association Task Force on Clinical 
Practice Guidelines. Hypertension. 2018;71:e13–e115. doi: 10.1161/
HYP.00000​00000​000065

	23.	 Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande 
L, Flachskampf FA, Foster E, Goldstein SA, Kuznetsova T, et 
al. Recommendations for cardiac chamber quantification by 

echocardiography in adults: an update from the American Society of 
Echocardiography and the European Association of Cardiovascular 
Imaging. J Am Soc Echocardiogr. 2015;28:1–39.e14. doi: 10.1016/j.
echo.2014.10.003

	24.	 Farsalinos KE, Daraban AM, Ünlü S, Thomas JD, Badano LP, Voigt JU. 
Head-to-head comparison of global longitudinal strain measurements 
among nine different vendors: the EACVI/ASE inter-vendor comparison 
study. J Am Soc Echocardiogr. 2015;28:1171–1181.e2. doi: 10.1016/j.
echo.2015.06.011

	25.	 Suga H, Sagawa K, Shoukas AA. Load independence of the instanta-
neous pressure-volume ratio of the canine left ventricle and effects of 
epinephrine and heart rate on the ratio. Circ Res. 1973;32:314–322. doi: 
10.1161/01.RES.32.3.314

	26.	 Senzaki H, Chen C-H, Kass DA. Single-beat estimation of end-systolic 
pressure-volume relation in humans. Circulation. 1996;94:2497–2506. 
doi: 10.1161/01.CIR.94.10.2497

	27.	 Antonini-Canterin F, Carerj S, Di Bello V, Di Salvo G, La Carrubba S, Vriz 
O, Pavan D, Balbarini A, Nicolosi GL. Arterial stiffness and ventricular 
stiffness: a couple of diseases or a coupling disease? A review from the 
cardiologist’s point of view. Eur J Echocardiogr. 2009;10:36–43. doi: 
10.1093/ejech​ocard/​jen236

	28.	 Sagawa K, Suga H, Shoukas AA, Bakalar KM. End-systolic pressure/
volume ratio: a new index of ventricular contractility. Am J Cardiol. 
1977;40:748–753. doi: 10.1016/0002-9149(77)90192​-8

	29.	 Lam CSP, Shah AM, Borlaug BA, Cheng S, Verma A, Izzo J, Oparil 
S, Aurigemma GP, Thomas JD, Pitt B, et al. Effect of antihypertensive 
therapy on ventricular-arterial mechanics, coupling, and efficiency. Eur 
Heart J. 2013;34:676–683. doi: 10.1093/eurhe​artj/ehs299

	30.	 Ikonomidis I, Aboyans V, Blacher J, Brodmann M, Brutsaert DL, 
Chirinos JA, De Carlo M, Delgado V, Lancellotti P, Lekakis J, et al. 
The role of ventricular–arterial coupling in cardiac disease and heart 
failure: Assessment, clinical implications and therapeutic interven-
tions. A consensus document of the European Society of Cardiology 
Working Group on Aorta & Peripheral Vascular Disease. Eur J Heart Fail. 
2019;21:402–424. doi: 10.1002/ejhf.1436

	31.	 Willum-Hansen T, Staessen JA, Torp-Pedersen C, Rasmussen S, Thijs 
L, Ibsen H, Jeppesen J. Prognostic value of aortic pulse wave veloc-
ity as index of arterial stiffness in the general population. Circulation. 
2006;113:664–670. doi: 10.1161/CIRCU​LATIO​NAHA.105.579342

	32.	 Cohen-Solal A, Caviezel B, Laperche T, Gourgon R. Effects of aging 
on left ventricular-arterial coupling in man: assessment by means of 
arterial effective and left ventricular elastances. J Hum Hypertens. 
1996;10:111–116.

	33.	 Chen CH, Nakayama M, Nevo E, Fetics BJ, Maughan WL, Kass DA. 
Coupled systolic-ventricular and vascular stiffening with age: implica-
tions for pressure regulation and cardiac reserve in the elderly. J Am 
Coll Cardiol. 1998;32:1221–1227. doi: 10.1016/S0735​-1097(98)00374​-X

	34.	 Lam CSP, Roger VRL, Rodeheffer RJ, Bursi F, Borlaug BA, Ommen 
SR, Kass DA, Redfield MM. Cardiac structure and ventricular–vascular 
function in persons with heart failure and preserved ejection fraction 
from Olmsted county, Minnesota. Circulation. 2007;115:1982–1990. doi: 
10.1161/CIRCU​LATIO​NAHA.106.659763

	35.	 Borlaug BA, Lam CSP, Roger VL, Rodeheffer RJ, Redfield MM. Contractility 
and ventricular systolic stiffening in hypertensive heart disease. J Am Coll 
Cardiol. 2009;54:410–418. doi: 10.1016/j.jacc.2009.05.013

	36.	 Chirinos JA, Rietzschel ER, De Buyzere ML, De Bacquer D, Gillebert 
TC, Gupta AK, Segers P. Arterial load and ventricular-arterial cou-
pling. Hypertension. 2009;54:558–566. doi: 10.1161/HYPER​TENSI​
ONAHA.109.131870

	37.	 Baron SL, Hein MJ, Lehman E, Gersic CM. Body mass index, playing 
position, race, and the cardiovascular mortality of retired professional 
football players. Am J Cardiol. 2012;109:889–896. doi: 10.1016/j.amjca​
rd.2011.10.050

	38.	 Churchill TW, Krishnan S, Weisskopf M, Yates BA, Speizer FE, Kim JH, 
Nadler LE, Pascual-Leone A, Zafonte R, Baggish AL. Weight gain and 
health affliction among former National Football League players. Am J 
Med. 2018;131:1491–1498. doi: 10.1016/j.amjmed.2018.07.042

	39.	 Nguyen VT, Zafonte RD, Chen JT, Kponee-Shovein KZ, Paganoni 
S, Pascual-Leone A, Speizer FE, Baggish AL, Taylor HA, Nadler LM, 
et al. Mortality among professional American-style football play-
ers and professional American baseball players. JAMA Netw Open. 
2019;2:e194223. doi: 10.1001/jaman​etwor​kopen.2019.4223

	40.	 Tso J, Hollowed C, Liu C, Alkhoder A, Dommisse M, Gowani Z, 
Miller A, Nguyen G, Nguyen P, Prabakaran G, et al. Nonsteroidal 

https://doi.org/10.1016/j.echo.2016.12.014
https://doi.org/10.1016/j.echo.2016.12.014
https://doi.org/10.1016/j.echo.2009.08.009
https://doi.org/10.1161/01.RES.56.4.586
https://doi.org/10.1016/S0735-1097(01)01651-5
https://doi.org/10.1161/01.CIR.86.2.513
https://doi.org/10.1161/JAHA.118.008620
https://doi.org/10.1161/JAHA.118.008620
https://doi.org/10.1161/CIRCOUTCOMES.113.000463
https://doi.org/10.1161/CIRCOUTCOMES.113.000463
https://doi.org/10.1001/jama.2009.716
https://doi.org/10.1161/CIRCULATIONAHA.113.003522
https://doi.org/10.1161/CIRCULATIONAHA.113.003522
https://doi.org/10.1016/j.amjcard.2014.10.033
https://doi.org/10.1001/jamacardio.2019.3909
https://doi.org/10.1249/MSS.0000000000001631
https://doi.org/10.1152/japplphysiol.01170.2007
https://doi.org/10.1152/japplphysiol.01170.2007
https://doi.org/10.1016/j.jcmg.2016.07.013
https://doi.org/10.1016/j.amjcard.2008.03.065
https://doi.org/10.1161/HYP.0000000000000065
https://doi.org/10.1161/HYP.0000000000000065
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1016/j.echo.2015.06.011
https://doi.org/10.1016/j.echo.2015.06.011
https://doi.org/10.1161/01.RES.32.3.314
https://doi.org/10.1161/01.CIR.94.10.2497
https://doi.org/10.1093/ejechocard/jen236
https://doi.org/10.1016/0002-9149(77)90192-8
https://doi.org/10.1093/eurheartj/ehs299
https://doi.org/10.1002/ejhf.1436
https://doi.org/10.1161/CIRCULATIONAHA.105.579342
https://doi.org/10.1016/S0735-1097(98)00374-X
https://doi.org/10.1161/CIRCULATIONAHA.106.659763
https://doi.org/10.1016/j.jacc.2009.05.013
https://doi.org/10.1161/HYPERTENSIONAHA.109.131870
https://doi.org/10.1161/HYPERTENSIONAHA.109.131870
https://doi.org/10.1016/j.amjcard.2011.10.050
https://doi.org/10.1016/j.amjcard.2011.10.050
https://doi.org/10.1016/j.amjmed.2018.07.042
https://doi.org/10.1001/jamanetworkopen.2019.4223


J Am Heart Assoc. 2022;11:e023430. DOI: 10.1161/JAHA.121.023430� 11

Tso et al� Ventricular–Arterial Uncoupling in Football

anti-inflammatory drugs and cardiovascular risk in American football. 
Med Sci Sports Exerc. 2020;52:2522–2528. doi: 10.1249/MSS.00000​
00000​002404

	41.	 Izzy S, Tahir Z, Grashow R, Cote DJ, Jarrah AA, Dhand A, Taylor 
H, Whalen M, Nathan DM, Miller KK, et al. Concussion and risk of 
chronic medical and behavioral health comorbidities. J Neurotrauma. 
2021;38:1834–1841. doi: 10.1089/neu.2020.7484

	42.	 Osranek M, Eisenach JH, Khandheria BK, Chandrasekaran K, 
Seward JB, Belohlavek M. Arterioventricular coupling and ventricular 
efficiency after antihypertensive therapy: a noninvasive prospective 
study. Hypertension. 2008;51:275–281. doi: 10.1161/HYPER​TENSI​
ONAHA.107.097964

	43.	 Rinder MR, Miller TR, Ehsani AA. Effects of endurance exercise training 
on left ventricular systolic performance and ventriculoarterial coupling 
in patients with coronary artery disease. Am Heart J. 1999;138:169–174. 
doi: 10.1016/S0002​-8703(99)70264​-4

	44.	 Bhuva AN, D’Silva A, Torlasco C, Jones S, Nadarajan N, Van Zalen J, 
Chaturvedi N, Lloyd G, Sharma S, Moon JC, et al. Training for a first-
time marathon reverses age-related aortic stiffening. J Am Coll Cardiol. 
2020;75:60–71. doi: 10.1016/j.jacc.2019.10.045

	45.	 Chirinos JA, Rietzschel ER, Shiva-Kumar P, De Buyzere ML, Zamani P, 
Claessens T, Geraci S, Konda P, De Bacquer D, Akers SR, et al. Effective 
arterial elastance is insensitive to pulsatile arterial load. Hypertension. 
2014;64:1022–1031. doi: 10.1161/HYPER​TENSI​ONAHA.114.03696

https://doi.org/10.1249/MSS.0000000000002404
https://doi.org/10.1249/MSS.0000000000002404
https://doi.org/10.1089/neu.2020.7484
https://doi.org/10.1161/HYPERTENSIONAHA.107.097964
https://doi.org/10.1161/HYPERTENSIONAHA.107.097964
https://doi.org/10.1016/S0002-8703(99)70264-4
https://doi.org/10.1016/j.jacc.2019.10.045
https://doi.org/10.1161/HYPERTENSIONAHA.114.03696


1 
 

 

 
 

SUPPLEMENTAL 
MATERIAL 

 

  



2 
 

 

Data S1. Supplemental Methods 

 

ELV Estimation 

End-systolic left ventricular elastance (ELV) was estimated using the single-beat method proposed by 

Chen et. al.10 and described by the formula below: 

ELV = (DBP − (End(est)× SBP × 0.9)) / (SV × End(est)), 

where diastolic blood pressure (DBP) and systolic blood pressure (SBP) were obtained from brachial 

blood pressure cuff readings, stroke volume (SV) was the Doppler-derived stroke volume, and Eend(est) 

was the non-invasive normalized estimated LV elastance at the onset of ejection as calculated below: 

End(est)= 0.0275 − 0.165 × EF (ejection fraction) + 0.3656 × (DBP / (SBP × 0.9)) + 0.515 × End(avg), 

where End(avg)
 was the group averaged normalized LV elastance at the onset of ejection (10) calculated 

using a polynomial equation, expanded below: 

End(avg)= 0.35695 − 7.2266 × tNd + 74.249 × tNd2−307.39 × tNd3 + 684.54 × tNd4 – 856.92 × tNd5 + 

571.95 × tNd6 − 159.1 × tNd7, 

where tNd was the ratio of the pre-ejection period (R wave to the start of flow from the aortic Doppler 

tracing) to total systolic period (R wave to the end of flow from the aortic Doppler tracing). 

 

 

 

  



3 
 

 

Table S1. Clinical and Echocardiographic Characteristics Stratified by Player Position 
 

DBP: diastolic blood pressure; Eʹ: tissue-Doppler averaged mitral annular early diastolic velocities; EA: 

effective arterial elastance; ELV: end-systolic left ventricular elastance; GLS: global longitudinal strain; 

LM: linemen; LV mass/BSA: left ventricular mass indexed to body surface area; NLM: non-linemen; 

PWV: pulse wave velocity; SBP: systolic blood pressure 

  

 Linemen Non-Linemen  

Characteristic Baseline 
(N=58)  

Year 1 
Post-season 

(N=58) 

Year 2 
Post-season 

(N=44) 

Year 3 
Post-season 

(N=29) 
P-Value 

Baseline 
(N=84) 

 

Year 1 
Post-season 

(N=84) 

Year 2 
Post-season 

(N=56) 

Year 3 
Post-season 

(N=35) 
P-Value 

P-Value  
(Δ LM vs 

NLM) 

Weight (kg) 118.2 
(114.3,122.1) 

119.9 
(116.0,123.8) 

122.4 
(118.4,126.3) 

124.5 
(120.3,128.6) <0.001 87.9  

(85.6,90.1) 
89.1  

(86.9,91.4) 
90.8  

(88.4,93.1) 
91.9  

(89.5,94.4) <0.001 0.3 

BMI (kg/m2) 32.9  
(31.8,33.9) 

33.3  
(32.3,34.4) 

34.0  
(32.9,35.1) 

34.6  
(33.5,35.7) <0.001 26.1  

(25.5, 26.6) 
26.4  

(25.8,27.0) 
26.9  

(26.3,27.5) 
27.2  

(26.6,27.9) <0.001 0.4 

SBP (mmHg) 131.0 
(127.8,134.2) 

138.0 
(134.8,141.2) 

138.8 
(135.2,142.4) 

149.5 
(145.1,153.9) <0.001 123.2 

(120.8,125.6) 
125.7 

(123.3,128.1) 
127.8 

(124.9,130.7) 
129.0 

(125.4,132.5) 0.008 0.001 

DBP (mmHg) 79.1  
(76.8,81.4) 

78.1  
(75.8,80.4) 

81.0  
(78.4,83.7) 

82.2  
(78.9,85.4) 0.14 74.0  

(72.1,76.0) 
74.0  

(72.1,76.0) 
73.7  

(71.4,76.1) 
75.8  

(72.8,78.8) 0.7 0.6 

PWV (m/sec) 5.5  
(5.3,5.7) 

5.8  
(5.6,6.0) 

5.9  
(5.7,6.1) 

6.1  
(5.9,6.3) <0.001 4.8  

(4.6,4.9) 5.0 (4.9,5.1) 5.2  
(5.1,5.4) 

5.1  
(4.9,5.3) <0.001 0.3 

LV mass/BSA 
(g/m2) 

87.2  
(84.7,89.8) 

99.5  
(96.9,102.0) 

105.2 
(102.4,107.9) 

110.5 
(107.4,113.6) <0.001 90.3  

(88.0,92.6) 
100.9 

(98.6,103.2) 
106.2 

(103.5,108.9) 
110.8 

(107.6,114.1) <0.001 0.6 

Eʹ (cm/sec) 15.2  
(14.6,15.8) 

14.1  
(13.5,14.7) 

13.6  
(12.9,14.3) 

12.6  
(11.8,13.3) <0.001 16.3  

(15.8,16.8) 
15.9  

(15.3,16.4) 
15.3  

(14.7,15.9) 
14.6  

(13.9,15.3) <0.001 0.2 

EF (%) 61.5  
(60.2,62.8) 

60.3  
(59.0,61.6) 

60.4  
(58.9,61.8) 

60.4  
(58.5,62.2) 0.5 60.7  

(59.7,61.8) 
60.7  

(59.6,61.7) 
60.0  

(58.7,61.3) 
40.1  

(58.5,61.7) 0.7 0.8 

GLS (%) 18.1  
(17.5,18.7) 

18.9  
(18.3,19.5) 

18.0  
(17.4,18.7) 

18.2  
(17.3,19.0) 0.1 18.9  

(18.4,19.3) 
18.4  

(18.0,18.9) 
18.1  

(17.5,18.7) 
18.4  

(17.7,10.0) 0.2 0.1 

EA 
(mmHg/mL) 

1.24  
(1.18,1.30) 

1.27  
(1.20,1.34) 

1.31  
(1.23,1.38) 

1.39  
(1.30,1.47) 0.03 1.32  

(1.26,1.38) 
1.31  

(1.25,1.37) 
1.32  

(1.25,1.39) 
1.33  

(1.24,1.41) 0.9 0.2 

ELV 
(mmHg/mL) 

1.50  
(1.40,1.59) 

1.42  
(1.32,1.52) 

1.47  
(1.36,1.59) 

1.46  
(1.33,1.58) 0.6 1.61  

(1.52,1.70) 
1.56  

(1.47,1.66) 
1.49  

(1.39,1.60) 
1.43  

(1.30,1.56) 0.055 0.3 

EA/ELV 0.851 
(0.800,0.903) 

0.936 
(0.880,0.991) 

0.910 
(0.847,0.973) 

0.991 
(0.921,1.060) 0.006 0.855 

(0.815,0.895) 
0.875 

(0.833,0.917) 
0.901 

(0.850,0.951) 
0.916 

(0.854,0.978) 0.3 0.4 
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Figure S1. Ventricular-arterial coupling and the pressure-volume relationship. 

 

VA coupling is defined as the ratio of effective arterial elastance (EA) and end-systolic left ventricular 

elastance (ELV). EA is the inverse of the slope of the line connecting the end-systolic pressure point and 

the end-diastolic volume (EDV) intercept on the volume axis. ELV is the slope of the end-systolic 

pressure-volume relationship (ESPVR), which is typically obtained through invasive pressure-volume 

loop studies.  
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Figure S2. Subject enrollment and prospective follow-up.  

 


