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concentric remodeling, a term they introduced, was defined as
an elevated RWT without LVH. Interestingly, in this and other
studies, the majority of the hypertensive patients had neither
hypertrophy nor concentric geometry.
This paradigm has arguably become the way that most
of us think about the adaptation to pressure overload, has
been refined with some modifications, such as indexation for
height and other allometric measures,9 and made its way into
guideline documents.4,10 One might add that the interest in
the field of remodeling in pressure overload has experienced
a renaissance with the introduction of transcutaneous aortic
valve replacement and the ubiquity of elderly patients with
moderate–to-severe or greater aortic stenosis.
However, as we have noted above and elsewhere,11 not
all pressure overload results in a concentric geometry of the
LV: some patients with hypertension exhibit an eccentric
remodeling pattern with normal systolic function4,8; others
with aortic stenosis despite minimal LVH maintain normal
LV systolic performance.12 Furthermore in iPreserve, an
important study of patients with heart failure with preserved
ejection fraction (HFpEF), the prevalence of the concentric
adaptations, concentric LVH and concentric remodeling
accounted for little over half of the patients with HFpEF13;
in other words, half of patients with HFpEF did not have
concentric geometry.
These surprising findings have come at a time when
we have a tool, CMR T1 mapping, which can noninvasively characterize the myocardial wall and help us better
understand the relationship between form and function in
hypertensive heart disease, and help us to understand why
relatively modest LV remodeling is associated with heart
failure and poor outcome. Native T1, which is the T1 of the
myocardium in the absence of a contrast agent, is sensitive
to the local microenvironment in both the intracellular and
extracellular spaces.14 As such, native T1 has a complex
relationship to myocyte hypertrophy and interstitial space
expansion because of myocardial fibrosis. By performing
T1 mapping, both pre- and postcontrast administration, one
can more specifically probe the fraction of myocardium
which is extracellular, the extracellular volume (ECV), indirectly assessing myocardial fibrosis. The ECV reflects, on a
voxel-wise basis, the relative fraction of extracellular space.
Multiple studies have now analyzed changes in native T1
and ECV in hypertension and LVH.15,16 Kuruvilla et al15 were
the first to demonstrate the increased native T1 and ECV in
hypertensive heart disease patients with LVH. The study by
Treibel et al16 similarly showed increased ECV in patients
with hypertensive LVH. Interestingly, neither study demonstrated increases in native T1 or ECV in patients with hypertension in the absence of LVH.
Kuruvilla et al15 also demonstrated a correlation with
regional systolic function (peak circumferential strain and

eft ventricular hypertrophy (LVH) is thought to be an
adaptive response that allows for normal ejection fraction despite abnormal pressure or volume load, or a combined
pressure and volume load.1 However, this adaptation is associated with substantially increased morbidity and mortality.2
Echocardiography helped create the dossier on the prevalence and consequences of LVH in hypertension and outcome
response to treatment.3,4 Echocardiography and now cardiac
magnetic resonance imaging (CMR), a more precise means
to measure LVH, have been used in cross-sectional and epidemiological studies and serially in clinical trials.4,5

See Article by Goh et al
LVH, which is most properly defined as an increase in
left ventricular (LV) mass in relation to body size (ie, high
LV mass index),4,6 is produced either by an abnormal increase
in chamber size, an abnormal increase in wall thickness, or
abnormal increases in both. In general, in LVH, higher than
expected LV wall thickness is associated with a normal enddiastolic volume.7 For decades, concentric hypertrophy—an
abnormally high LV wall mass and an abnormally high ratio
of LV wall thickness/the size of the LV cavity—was thought
to be the most common response pattern to chronic pressure
overload.
A major conceptual advance in our thinking about the
LV response to pressure overload occurred a quarter-century
ago when the Cornell group published a simple quantitative
classification paradigm based on standard linear echocardiographic data in a study of untreated hypertensive patients.8
They categorized the LV response to hypertension based on
partition values for (1) the LV mass indexed to body surface
area and (2) the ratio of LV wall thickness/LV chamber size—
the geometry of the LV, or the relative wall thickness (RWT).
In this scheme, there were 4 possible geometry/hypertrophy
combinations: normal LV mass index and normal RWT;
concentric LVH; elevated LV mass index and high RWT;
eccentric LVH; high LV mass index with normal RWT; and
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Figure. Composite figure showing the discrepancy between echo and cardiac magnetic resonance imaging (CMR) for the calculation of
left ventricular (LV) mass in a representative patient. A, Two-shell model of the LV, assuming that the LV is a prolate ellipsoid of revolution;
the echo cube method then computes 2 shells: the red shell indicating the inner LV cavity, drawn along the endocardial surface of the
LV and the green shell representing the outer or epicardial shell of the LV. Subtracting the inner from outer shell yields the LV myocardial
volume, which is then multiplied by specific gravity of myocardium to yield the LV mass. In this case, the LV dimensions specified yield an
LV mass of 200.7 g. B, Method used to compute LV mass from series of 8 short-axis CMR images; the myocardial area is obtained similarly, by subtracting the inner from the outer shell and multiplying the sum by the specific gravity of myocardium. There is no need for a
geometric assumption of LV shape, as with echocardiography. This calculation yields an LV mass of 128.5 g. LVM indicates left ventricular
mass; IVSTd, septal thickness in diastole; PWTd, posterior wall thickness in diastole; LVIDd, left ventricular internal diameter in diastole.

early diastolic strain rate). This work extends observations
made with CMR tagging and speckle-tracking strain imaging which has shown that some hypertensives with LVH and
normal ejection fraction have abnormalities of regional function,17,18 though such regional strain abnormalities are more
likely to be observed with more severe hypertension.
With this background, we will review the CMR study by
Goh et al19 in the current issue of Circulation: Cardiovascular
Imaging. This group presents a comprehensive study of LV
remodeling among a large group of patients with treated
hypertension, enrolled in a clinical trial, and assemble data not
only on LV mass and geometry but also on the extent of fibrosis using CMR. They derive a novel descriptor—the remodeling index (RI)—and use it to gain insights into maladaptive
remodeling among hypertensives. This parameter was derived
by dividing the cube root of the LV cavity volume by the wall
thickness, both measured at end diastole. The RI is therefore
related to the inverse of RWT and to the mass/volume ratio.
The authors conclude that low values of RI identify more

CMR fibrosis and more LVH than standard parameters than
these more established parameters of LV geometry.
Before we comment on the incremental value of the RI
compared with RWT and mass/volume ratio, we should
review some of the other findings of this work. First, there
was only a weak association between blood pressure (either
measured in the office or via ambulatory monitoring) and LV
mass. Second, LV mass was positively associated with the
extent of fibrosis. Third, most hypertensive patients did not
have LVH, a finding that “echoes” the conclusions of Ganau et
al.8 Finally, those patients with LVH and low RI had higher LV
mass index, more fibrosis, and higher values for the biomarkers studied. Interestingly, the group with the lowest RI tended
to be younger and have a shorter duration of antihypertensive
treatment.
What is new here? Those who follow the hypertensive
heart disease literature will not be surprised to see that LV
mass and blood pressure are positively but weakly correlated,
even when ambulatory blood-pressure monitoring readings
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are used; this finding has been known since the early days
of echo-epidemiology.20 This finding bespeaks the complicated relationship between the degree of pressure load and
the adaptive response in humans, as opposed to experimental
models, where the relationship between load and hypertrophy
is much stronger.21 The real question is the incremental value
of the RI compared with RWT the mass/volume ratio. After
all, the RWT and the mass/volume ratio are relatively easy to
calculate, and both of these parameters have been in use for
some time and normative values have been compiled over the
years. The authors answer this question partially by showing that RI appears to provide the strongest correlation with
fibrosis by CMR. Indeed, the data on RI and LV hypertrophy are interesting, particularly as the amount of interstitial
fibrosis is inversely proportional to the RI, with the lowest
values for RI associated with the most fibrosis, according to
the authors. One might add that it would be interesting to
know the various RI values at end systole, when myocardial
load is much higher.
However, there are also some reasons to be cautious about
adopting the RI. Those particularly interested in LV remodeling, in reading the fine print, will wonder why the investigators model the LV as a sphere. It is arguably just as easy to
model the LV as a prolate ellipsoid using the formula V=4/3
(π)×a×b×c, where a, b, and c represent the 3 principal axes of
the LV. Because the hypertensive LV is much more ellipsoid
than it is spherical, this choice of geometric model is problematic. A simple gedanken experiment makes this point; if
one uses a spreadsheet, models the LV as a sphere and then as
a prolate ellipsoid, and varies LV dimension and wall thickness separately, it can be seen that increases in wall thickness decreases RI equally in a spherical as in prolate ellipsoid
model; by contrast, chamber dilation increases the RI much
less in a prolate ellipsoid model than in a spherical model.
Thus, use of a spherical model might render the RI insensitive
to the malefic effects of chamber dilation. Finally, if one were
to consider percent changes in the more traditional parameter,
the mass/volume ratio by the same type of exercise, it can be
seen that the mass/volume ratio changes much more significantly when the LV geometry becomes much more concentric.
In their defense, though, the authors have shown that their
RI better parallels fibrosis burden than does either the RWT
or mass/volume ratio. This is a finding, which, if replicated,
could support more widespread adoption of the RI. As far as
the fibrosis data are concerned, a potential problem is that
the authors quantify the total interstitial volume of the heart
by multiplying the mean ECV by the LV mass. This product would presumably reflect the total amount of fibrosis in
the heart rather than reflecting tissue-level interstitial fraction. They demonstrate an increased intracellular volume in
patients with LVH by CMR. However, the authors do not provide data on ECV or native T1, which reflect local differences,
and which should be somewhat independent of LV mass.
If we accept the authors’ conclusions, one reason for the
superiority of their RI compared with echocardiographic
RWT or mass/volume ratio might be because of more reliable
assessment of LV mass by CMR. This superiority is rooted in
significant methodologic differences between echo and CMR.
The most common echocardiographic method to measure LV

mass is to use the ASE LVH equation as developed and validated by Devereux and Reichek.22 This measurement is based
on linear measurements of the anteroseptal and inferolateral
wall, LV cavity at end diastole (Figure). The ASE equation
takes the cube of these parameters, which based on a propagation of error analysis of the equation means that a 10%
uncertainty in the measurement of the wall thickness (0.1
mm) results in a 10% error in LV mass which is on the order
of 15 to 20 g, assuming a normal LV mass of 150 to 200 g.
For CMR imaging, there are no geometric assumptions; the
endocardial and epicardial borders are traced on 8 to 12 shortaxis images and the myocardial volume is calculated using the
Simpson method using the myocardial area on each image.
A direct comparison between 2-dimensional echo and CMR
demonstrated that CMR had a significantly lower uncertainty
in assessment of LV mass (2.8%–4.8% versus 11.6%–15.7%;
P<0.001).23 Accordingly, the reduced uncertainty in the
assessment of LV diastolic volume appears to be a strength of
the RI in this article when compared with the uncertainty of
cubing a LV cavity dimension.
Limitations notwithstanding, Goh et al19 have provided interesting new data into the study of adaptation to pressure overload.
Their conclusions are potentially applicable not only to hypertensive disease but to aortic stenosis and HFpEF: certainly, the
expansion of the interstitial volume could have important diagnostic and prognostic implications for both of these increasingly
encountered patients.24 Although the data on HFpEF in this
study are more hypothesis generating than conclusive, given the
small numbers, the findings are plausible and interesting. Su et
al25 were the first to show that patients with HFpEF (who had
increased LV mass) have increased ECV when compared with
normal subjects and demonstrated a correlation between volumetric filling rates and ECV. In this study, the authors demonstrate increased total interstitial volume in patients with HFpEF
and an increased RI in this group. However, the patients all had
LVH, which is a component of the interstitial volume as defined
in this study. Perhaps in future work, we will see the relationship
between the RI and ECV or native T1.
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