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Background: Dysfunction of the interventricular septum has been implicated in right ventricular
(RV) failure. However, little is known about the relationship between ventricular septal and
RV function in patients without clinical cardiovascular disease. We hypothesized that better
septal function would be associated with higher RV ejection fraction and lower RV mass and
volume by cardiac MRI.
Methods: In the Multi-Ethnic Study of Atherosclerosis (MESA), cardiac MRI was performed on
community-based participants without clinical cardiovascular disease. Images were analyzed by
the harmonic phase method to measure peak circumferential systolic midventricular strain for
each wall (anterior, lateral, inferior, and septal). Multivariable linear regression and generalized
additive models were used to assess the relationship between septal strain and RV morphology.
Results: There were 917 participants (45.7% women) with a mean age of 65.7 years. Better septal
function was associated with higher RV ejection fraction in a nonlinear fashion after adjustment
for all covariates (P =.03). There appeared to be a threshold effect for the contribution of septal
strain to RV systolic function, with an almost linear decrement in RV ejection fraction with septal
strain from —18% to —10%. Septal function was not related to RV mass or volume.
Conclusions: Interventricular septal function was linked to RV systolic function independent of
other left ventricular regions, even in individuals without clinical cardiovascular disease. This
finding confirms animal and human research suggesting the importance of septal function to the
right ventricle and implies that changes in septal function could herald RV dysfunction.
Trial registry: ClinicalTrials.gov; No.: NCT00005487; URL: www.clinicaltrials.gov
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Abbreviations: LV =left ventricular; MESA = Multi-Ethnic Study of Atherosclerosis; PH = pulmonary hypertension;
RV = right ventricular; RVEDM = right ventricular end-diastolic mass; RVEDV = right ventricular end-diastolic volume;
RVEF = right ventricular ejection fraction; RVESV = right ventricular end-systolic volume

entricular interdependence is defined by the

forces transmitted from one ventricle to the other
through the myocardium and pericardium, indepen-
dent of neurohormonal or circulatory effects.! Dia-
stolic ventricular interdependence is well recognized;
however, systolic ventricular interdependence medi-
ated by the myocardium is less widely appreciated.’
Systolic ventricular interdependence has been attrib-
uted primarily to the interventricular septum and
may have important hemodynamic implications.*75
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Systolic ventricular interdependence is believed to be
an important mediator in the hemodynamic response to
right ventricular (RV) pressure or volume overload
and may explain RV failure following cardiac surgery,
cardiac transplantation, and left ventricular (LV)
assist device placement.!™° Conversely, preservation
of septal function may offer a novel therapeutic strat-
egy in conditions such as RV dysplasia.!!

Although believed to be important in human patho-
logic states, the normal physiologic contribution of
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the septum is more uncertain. Cardiovascular MRI
provides reliable and valid measurements of RV
function, and MRI tagging enables measurement
of systolic function in specific LV segments. Strain is
defined as the change in length between MRI tags
divided by the original length between the two tags
(strain = (L — L)/L,, where L,=original length).!2
LV strain measured by MRI tagging is the nonin-
vasive standard for the assessment of regional LV
function and has been validated against implanted
sonomicrometers.' The identification of a link between
septal and RV function, even in disease-free partici-
pants, could suggest a method to identify individuals
at high risk of RV dysfunction, were they to develop
other predisposing conditions, such as obstructive lung
disease or congestive heart failure. We hypothesized
that better septal function would be associated with
higher RV ejection fraction (RVEF) and lower RV
end-diastolic mass (RVEDM) and RV end-diastolic
volume (RVEDYV) in a population free of clinical car-
diovascular disease.

MATERIALS AND METHODS

Multi-Ethnic Study of Atherosclerosis

The Multi-Ethnic Study of Atherosclerosis (MESA) is a multi-
center prospective cohort study investigating the prevalence,
correlates, and progression of subclinical cardiovascular dis-
ease in Caucasians, African Americans, Hispanics, and Chinese.!
In 2000 to 2002, MESA recruited 6,814 men and women aged
45 to 84 years from six US communities: Forsyth County, North
Carolina; Northern Manhattan and the Bronx, New York; Baltimore
City and Baltimore County, Maryland; St Paul, Minnesota; Chicago,
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Ilinois; and Los Angeles, California. Exclusion criteria included
clinical cardiovascular disease (physician diagnosis of heart attack,
stroke, transient ischemic attack, heart failure, angina, current atrial
fibrillation, or any cardiovascular procedure), weight > 300 Ibs,
pregnancy, or impediment to long-term participation. The study
was approved by University of Pennsylvania Office of Regulatory
Affairs Institutional Review Board (protocol number 808374).
Informed consent was obtained from all participants.

MRI scans were performed on MESA participants eligible
for MRI (ie, without metal implants, devices, or fragments). Of
the 6,814 in the cohort, 5,098 underwent MRI, and LV function
could be interpreted in 5,004. A separate ancillary study per-
formed strain analysis on a subset of 1,099 of these 5,004 par-
ticipants. The MESA Right Ventricle project selected 4,634 scans
and successfully read 4,204 scans from the 5,004 interpretable for
LV function. The study population (N =972) consisted of the inter-
section of the 1,099 scans selected for strain measurements and
the 4,204 with interpretable RV function (Fig 1).

MRI Protocol

The cardiac MRI protocol has been described previously.!> All
imaging was performed on 1.5-T magnets with a four-element,
phased-array surface coil positioned anteriorly and posteriorly
and ECG gating. Imaging consisted of fast gradient echo cine
images with temporal resolution =50 milliseconds. After com-
pleting the standard imaging protocol, three tagged short-axis
slices (base to apex) were obtained. Parallel striped tags (Fig 2)
were prescribed in two orthogonal orientations using ECG-
triggered fast gradient echo sequence with spatial modulation of
magnetizations.'s The parameters for tagged MRI were as follows:
field of view, 40 cm; slice thickness, 8 to 10 mm; repetition time,
3.5 to 7.2 milliseconds; echo time, 2.0 to 4.2 milliseconds; flip
angle, 10° to 12°; matrix size, 256 X 96 to 140; temporal resolu-
tion, 20 to 40 milliseconds; and tag spacing, 7 mm.

MRI Data Analysis

Methods for interpretation of LV and RV parameters have
been reported previously.'™$ Briefly, RV image analysis was
performed by two independent analysts on Windows worksta-
tions using QMASS software, version 4.2 (Medis; Leiden,
The Netherlands). The endocardial and epicardial borders of
the RV were traced manually on the short-axis cine images at the
end-systolic and end-diastolic phase. Papillary muscles and tra-
beculae were included in the RV volumes and excluded from
RVEDM. 1% RV end-systolic volume (RVESV) and RVEDV were
calculated using the Simpson rule by summation of areas on each
slice multiplied by the sum of slice thickness and image gap.
RVEDM was determined at the end-diastolic phase as the dif-
ference between end-diastolic epicardial and endocardial vol-
umes multiplied by the specific gravity of the heart (1.05 g/cm?).15
RV stroke volume (RVSV) was calculated by subtracting RVESV
from RVEDV. RVEF was calculated by dividing RVSV by RVEDV.
The intraclass correlation coefficients from random, blinded,
interreader re-reads of 240 scans for RVEDM and RVEDV were
0.89 and 0.96, respectively, and 0.80 for RVEF.

Strain was defined as the change in length between tags divided
by the original length.!2 Figure 2 illustrates the tagging used to
measure strain. During systole, the tags move closer together. A
more negative value reflects more shortening and enhanced con-
traction. Peak regional circumferential strain was determined in
four LV walls (anterior, lateral, inferior, and septal) in the midwall
layer. The tagged images were analyzed by the harmonic phase
method. Harmonic phase (Diagnosoft, Inc; Palo Alto, California)
enables fast determination of strain with excellent interobserver
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[ 6814 baseline MESA examination ]

|
[ 5098 completed MRI ]

[5004 had interpretable LV images]
]
[ 4634 selected for RV interpretation ]
|
[4204 interpretable RV images]

]
[ 972 with assessment of strain ]

—[ 18 with missing covariate data ]

——[ 37 with incomplete strain data ]

[917 in study sample]

FIGURE 1. Study sample. LV =left ventricular; MESA = Multi-
Ethnic Study of Atherosclerosis; RV = right ventricular.

and intraobserver agreement that has been validated against other
well-established methods of strain analysis.2!-22

Covariates

Race/ethnicity was self-reported during the baseline MESA
examination according to the 2000 US Census criteria as race
(Caucasian, African American, etc) and ethnicity (Hispanic or
non-Hispanic). Participants self-identifying as Hispanic were cat-
egorized as Hispanic. Standard questionnaires were used to ascer-
tain smoking status (classified as never, former, or current) and
pack-years smoked. Participants self-reported intentional exercise
levels, which were measured in metabolic equivalent minutes per
week. Resting BP was measured three times using the Dinamap
Monitor PRO 100 automated oscillometric device (Critikon, Inc;
Tampa, Florida), and the average of the last two measurements
was used. Hypertension was defined as systolic BP = 140 mm Hg,
as diastolic BP =90 mm Hg, or by self-report of hypertension and
current use of antihypertensive medication. Presence of diabetes
mellitus was based on self-reported physician diagnosis, use of
medication for hyperglycemia, or a fasting glucose level =126 mg/dL,
the latter measured by rate reflectance spectrophotometry
(Johnson & Johnson Ortho-Clinical Diagnostics, Inc; Rochester,
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FIGURE 2. Example of short-axis myocardial tagging images from
one study participant. A, end diastole. B, end systole.
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New York). Fasting glucose between 100 mg/dL and 125 mg/dL
was considered impaired fasting glucose. Fasting blood samples
were drawn and sent to a central laboratory for measurement of
glucose.

Statistical Analysis

Continuous variables are expressed as means and SDs or
ranges. Categorical variables are expressed as percentages.
Bivariable and multivariable linear regression models were used to
assess the relationship of circumferential septal strain (indepen-
dent variable) with RVEDM, RVEDV, RVSV, and RVEF (depen-
dent variables). Generalized additive models were used if there
was significant nonlinearity of the association between regional
LV function and RV morphology. We did not include LV ejection
fraction as a confounder, instead adjusting for LV circumferential
strain in the remaining regions (anterior, lateral, and inferior) to
account for the expected association between global LV and RV
function. Covariates were chosen on the basis of known associa-
tions with ventricular size and heart disease, including demo-
graphics and anthropometric variables, as well as with variables
reflecting comorbidities, such as smoking, hypertension, and dia-
betes mellitus. Adjustment for height and weight in all analyses
avoided the assumptions made in indexing the RV measures to
certain parameters of body size (eg, body surface area) while achiev-
ing the same end of accounting for differences in body size between
participants. A sensitivity analysis was performed excluding patients
with conduction defects (QRS complex > 120 milliseconds).
Analyses were performed using STATA, version 10.0 (StataCorp;
College Station, Texas) statistical software.

RESULTS

There were 972 participants with measurements
of RV function and LV regional strain. Thirty-seven
were excluded because of incomplete regional func-
tion data, and 18 were excluded because they had
missing data for clinical variables, leaving 917 in the
final study sample (Fig 1).

The mean age of the study sample was 65.7 years,
and 54.3% were men; 32.5% were Caucasian, 28.0%
were African American, 31.5% were Hispanic, and
8.0% were Chinese (Table 1). The mean BMI was
28.0 kg/m2. Those included were somewhat more
likely to be men, Hispanic, and nonsmokers and less
likely to be African American than those excluded.

Table 2 shows the RV parameters of the study
sample. The mean RVEF was 70.3% * 6.4%. RVEF
was < 55% in 12 participants. The mean LVEF was
68.4% = 7.5%. Strain was greatest in the lateral region
(—20.5%) and less in the anterior, septal, and inferior
regions (—18.2%, —16.1%, and —13.8%, respectively).
Seventy-six percent had septal strain between —10%
and —20%.

Better LV septal function (more negative strain
value) was associated with greater RVEF in a nonlin-
ear fashion in an unadjusted generalized additive
model (P =.03) and when fully adjusted for function
of the remaining regions and all covariates (P =.04)
(Fig 3, Table 3). RVEF appeared stable across esti-
mates of septal strain beyond —18%, whereas there
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Table 1—Characteristics of the Study Sample
Compared With Those Patients Excluded

Study Sample Excluded

Characteristics (n=917) (n=55)
Age.y 65.7+9.7 64.5+10.0
Male sex 54.3 45.6
Race/ethnicity

Caucasian 32.5 32.7

African American 28.0 40.0

Hispanic 31.5 18.2

Chinese 8.0 9.1
Educational attainment

No high school degree 19.7 22.0

High school degree 20.9 18.0

Some college 26.7 34.0

College degree 14.6 12.0

Higher than bachelor degree 18.0 14.0
Height, cm 166.3 £10.2 165.3 £10.0
Weight, kg 77.4+14.7 75.0+15.1
BMI, kg/m? 28.0+4.6 274+44
Cigarette smoking status

Never 51.5 30.0

Former 37.3 52.0

Current 11.2 18.0
Hypertension 48.3 43.6
Systolic BP, mm Hg 128.0 £20.0 130.0 £24.2
Diastolic BP, mm Hg 71.9+10.2 74.2+10.3
Diabetes mellitus (treated or 14.3 13.0

untreated)

Data are presented as mean = SD or %.

was an almost linear decrement in RVEF, with septal
strain from —18% to —10%, suggesting a threshold
effect for the contribution of septal strain to RV sys-
tolic function. Similarly, better septal function was
associated with greater RVSV (Table 3). The results
were unchanged when participants with ventricular
conduction defects were excluded (data not shown).
In the unadjusted model, better septal function was
associated with decreased RVEDM and RVEDV

Table 2—Cardiac MRI Characteristics
of the Study Sample

Characteristics Study Sample (n=917)
RVEDV, mL 123.7£30.7
RVEDM, g 20.3=4.1
RV stroke volume, mL 80.3 +20.4
RVEF, % 70.3*+64
LV ejection fraction, % 68.4+75
LV systolic circumferential
myocardial strain, %

Anterior —18.2%+4.0

Lateral —20.5*+3.8

Inferior —13.8*+44

Septal —16.1+3.9

Data are presented as mean + SD. LV = left ventricular; RV = right
ventricular; RVEDM = right ventricular end-diastolic mass; RVEDV =
right ventricular end-diastolic volume; RVEF = right ventricular ejection
fraction.

www.chestpubs.org

(P <.05); however, these associations were not sta-
tistically significant after adjustment for covariates
(Table 3).

Di1scuUssioN

We have shown that interventricular septal func-
tion was associated with global RV systolic function
independent of the other LV functional regions and a
variety of potential confounders in individuals free of
clinical cardiovascular disease. This association was
nonlinear, with an apparent threshold effect at a cut-
off (~18%) that was close to the mean circumferen-
tial septal strain value (16%) in our data. It may be
surprising that even in this cardiovascular disease-
free cohort, strain levels below 18% were associated
with decrements in RVEF. Although the effect esti-
mates appear small (~3% to 4% difference in RVEF
for a 5% absolute difference in septal strain), the
magnitude of these effects is similar to (or greater
than) the decrements in LV ejection fraction seen in
active smokers or patients with diabetes in MESA.»
There was a corresponding association between
septal strain and RVSV. We found that regional LV
function was not related to RVEDM and other
volumes.

Several lines of investigation in animals have dem-
onstrated the importance of the septum to RV func-
tion. Early studies revealed that near-complete
destruction of the RV free wall led to little perturba-
tion in hemodynamics.*? A study using an isolated
heart preparation showed that RV systolic pressure
varied with filling of the LV and that the effect was likely
mediated by the interventricular septum.? Other
groups have shown that the LV contribution to RV-
generated pressure is greater than the RV free wall
component.?” Finally, decreasing LV volume with
LV assist device placement in dogs leads to ipsilateral
shift and dysfunction of the interventicular septum,
resulting in decreased RV contractility.s2s

Human studies further enlighten the role of the
interventricular septum in RV function. Historically,
the septum has been regarded as a functional part
of the LV because it moves toward the LV free wall
in systole; however, this view of the septum may be
incomplete. Banka et al* demonstrated that the sep-
tum thickens and moves into both the LV and the RV
cavities during systole, thus contributing to biven-
tricular function. Further, LV assist device implanta-
tion causes clinical RV dysfunction in approximately
25% of patients, which is attributed to septal shift as
seen in animal studies.*® Therefore, septal function
may contribute significantly to RV function.

In addition to supporting a septum-mediated
mechanism of subclinical RV dysfunction, the pres-
ent study’s findings challenge the traditional view
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FIGURE 3. Generalized additive model (GAM) of septal strain and
RV ejection fraction. Solid line represents fully adjusted smooth
GAM function (dashed lines, 95% CI). As ventricular septal func-
tion worsens (strain approaches 0), there is an apparent threshold
at ~18% where decreased septal function is associated with
decreased RV function. See Figure 1 legend for expansion of the
abbreviation.

that septal dysfunction is an effect of RV failure and
establishes the importance of septal function to RV
systolic function even in the absence of clinical heart
or lung disease. Puwanant et al’' measured septal
strain in patients with significant pulmonary hyper-
tension (PH) and excluded those with LV disease.
They found that circumferential septal strain was
reduced in patients with PH compared to control

Table 3—Bivariable and Multivariable Models
Describing the Relationship Between Ventricular Septal
Function and RV Morphology and Function

Dependent Variable B+ (95% CI) P Value
RVEF
Unadjusted . .03p
Adjusted model 1 .05b
Adjusted model 2 o .04>
RV stroke volume
Unadjusted —0.01 (—1.35, —1.33) .99
Adjusted model 1 —1.66 (—2.83, —0.50) .01
Adjusted model 2 —1.45 (—2.62, —0.29) .02
RVEDV
Unadjusted —2.04 (0.03, 4.05) .03
Adjusted model 1 —1.08 (—2.68, 0.52) 19
Adjusted model 2 —0.83 (—2.43,0.78) 31
RVEDM
Unadjusted 0.30 (0.03, 0.56) .03
Adjusted model 1 —0.13 (—=0.35, 0.09) 24
Adjusted model 2 —0.11 (—=0.33, 0.12) .34

Adjusted model 1 includes anterior, lateral, and inferior strain; age;
sex; race/ethnicity; height; and weight. Adjusted model 2 includes all
covariates from adjusted model 1 with the addition of systolic BP,
diastolic BP, hypertension, diabetes, total cholesterol, smoking status,
pack-years smoked, and exercise. See Table 2 legend for expansion of
abbreviations.

“Per SD (3.9%) increment of septal strain.

bP value for nonlinearity from the generalized additive model.
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subjects but that there were also decrements in LV
lateral circumferential strain. In patients with PH,
longitudinal septal strain also was reduced, but LV
lateral strain was normal compared to control subjects.
Our findings suggest that baseline differences in
septal function even in “normal” individuals may con-
tribute to the interindividual differences seen in RV
responses to increased afterload.

Given the importance of effective septal func-
tion to the right ventricle in both health and disease,
therapies aimed at restoration of synchronous septal
contraction could hold promise. Abnormal septal
motion is evident on the presentation echocardio-
gram of >90% of patients with pulmonary arterial
hypertension and may be an important therapeutic
target, considering the effect on RV systolic function
across the spectrum from health to disease.?2% An
animal model of RV failure showed that significant
dysynchrony was present in RV failure and that pac-
ing not only improved RV systolic function, but also
ameliorated adverse diastolic ventricular interaction.3*
Our findings provide further mechanistic support for
this therapeutic approach.

There are some limitations in the present study.
Data on LV diastolic function in our cohort would
have been interesting; however, subclinical LV dia-
stolic dysfunction would not account for our findings
because diastolic function is not known to preferen-
tially affect the septum. Likewise, the overall correla-
tion between LV and RV function does not explain
our findings because we adjusted for strain in the
other LV regions (accounting for overall correlations
between LV and RV function). We measured circum-
ferential strain; however, longitudinal strain may con-
tribute more to RV function.” Our results, therefore,
may actually underestimate the septal contribution to
RV function. Newer MRI sequences may be more
precise (steady-state free precession imaging); however,
potential error in MRI measurements should bias
toward the null hypothesis, so the associations may be
even stronger than we have shown. Factors affecting
myocardial contractility may simultaneously affect
septal strain and RVEF. Subclinical atherosclerotic
disease, BP, and tobacco use have been associated
with reduction in regional ventricular function, but
none of these factors have been shown to differen-
tially affect the ventricular septum.®>7 In addition, we
adjusted for these and other potential confounders.
Finally, this study is cross-sectional, so causality can-
not be confirmed.

In summary, our findings support the importance
of the ventricular septum to RV function. The impact
of hemodynamics, diastolic function, valvular disease,
and the three-dimensional shape of the RV on the
relationships we have documented is an area for fur-
ther research. Future studies assessing prediction,
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prevention, and treatment of RV failure should focus
on the function of the ventricular septum.
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