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Abstract

Purpose of review: To review recent advances in the imaging of hypertensive heart disease
(HHD) with an emphasis on developments in the imaging of diffuse myocardial fibrosis using
cardiac magnetic resonance (CMR).

Recent findings: HHD results from long-standing hypertension and is characterized by the
development of left ventricular hypertrophy and diffuse interstitial fibrosis. Diffuse fibrosis
traditionally required endomyocardial biopsy to diagnose, but recent developments using T1
mapping in CMR allow for noninvasive assessment. Studies using T1 mapping have shown an
increase in extracellular volume fraction (ECV) in patients with HHD compared to normal
controls, suggesting ECV can be used as a noninvasive marker for fibrosis in HHD. In addition to
T1 mapping, other recent advances in HHD imaging include improvements in three-dimensional
echocardiography, allowing for accurate real-time volumetric measurements, and the use of
speckle tracking echocardiography to detect subclinical systolic dysfunction.

Summary: Measurement of ECV using T1 mapping in CMR can be used as a noninvasive
marker of diffuse myocardial fibrosis in HHD. While further studies are needed to validate this
approach with larger patient cohorts, ECV can potentially be used to both monitor disease
progression and assess therapeutic interventions in HHD.
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Introduction

Aurterial hypertension is extremely common, affecting one of three adults in the United
States, and nearly two of three adults over the age of 60 [1]. It is associated with significant
morbidity and mortality, including increased risk of myocardial infarction, stroke, and heart
failure [1]. Hypertensive heart disease (HHD) results from long-standing hypertension and is
characterized by the development of structural remodeling of the myocardium, including
development of left ventricular hypertrophy (LVH) and diffuse interstitial fibrosis [2]. This
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structural remodeling in HHD has significant clinical consequences, leading to diastolic, and
eventually systolic, dysfunction [3].

LVH (Figure 1AB) develops as an adaptive response to increased afterload and is in part due
to cardiomyocyte hypertrophy [2]. The development of LVVH has been shown to be a
predictor of morbidity and mortality in patients with hypertension [4,5]. Antihypertensive
therapy leading to LVH regression has been shown to improve diastolic dysfunction [6] and
cardiovascular outcomes [7].

In addition to causing cardiomyocyte hypertrophy, hypertension has been shown to also lead
to diffuse interstitial fibrosis, which has been demonstrated both on autopsy [8] and biopsy
studies [9,10]. Myocardial fibrosis in hypertension has been discovered to cause an increase
in ventricular arrhythmias [11] and worsening diastolic dysfunction [12]. Treatment of
hypertension with lisinopril or losartan can cause regression of myocardial fibrosis and
improvement in diastolic dysfunction [12,13].

Given the significant morbidity and mortality seen in hypertensive heart disease, and
considering improved outcomes with treatment, early recognition of these manifestations of
HHD through noninvasive imaging is critical. LVH and diastolic dysfunction have
traditionally been diagnosed on two-dimensional echocardiography, although cardiac
magnetic resonance (CMR) is considered the gold standard for ventricular function and mass
assessment as it does not require geometric assumptions and provides excellent delineation
of endocardial/epicardial borders [14]. Three dimensional echocardiography has also been
shown to be an accurate modality for measuring cardiac volumes and function [15]. A recent
advance in echocardiography has been the use of speckle tracking, which can be used to
detect subclinical systolic dysfunction in HHD [16]. Another recent advance in HHD is the
imaging of diffuse myocardial fibrosis, which traditionally required endomyocardial biopsy
to diagnose but can now be assessed noninvasively using T1 mapping in CMR [17].

This article will review these recent developments in noninvasive imaging in hypertensive
heart disease with an emphasis on imaging of diffuse myocardial fibrosis using CMR.

Myocardial Fibrosis

Pathology

In normal myocardium, myocytes account for roughly one-third of all cells, while the
remaining two-thirds of cells include endothelial and vascular smooth muscle cells and
fibroblasts in interstitial/perivascular spaces [18]. The noncellular components of the
myocardium include the intramyocardial vasculature and the extracellular matrix, which is a
network of proteins and polysaccharides that provides support to the surrounding cells [2].
Hypertension affects both the cellular and noncellular components of the myocardium. In
addition to cardiomyocyte hypertrophy, hypertensive heart disease is characterized by
deposition of fibrous tissue in the extracellular matrix in both sides of the heart over time
[19]. The fibrous tissue deposited in the heart primarily consists of type | fibrillar collagen.
Fibrillar collagen has a similar tensile strength to steel, and when deposited in myocardium
causes increased tissue stiffness [20].
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Clinical consequences and treatment

Diagnosis

As type | fibrillar collagen is deposited in the interstitium of the myocardium in patients
with hypertension, the initial consequence is an increase in tissue stiffness leading to
decreased rate of myocardial relaxation and diastolic dysfunction. However, as collagen
continues to accumulate, systolic dysfunction also occurs due to loss of ability to translate
contraction of cardiomyocytes into myocardial force [2]. In a study looking at the
histopathological factors related to diastolic dysfunction, percentage of fibrosis was
identified in multiple regression analysis as the most significant predictor of diastolic
dysfunction [21]. In another study in which the type | collagen deposition was quantified via
endomyocardial biopsies in hypertensive patients, the amount of collagen tissue was found
to be inversely correlated with the ejection fraction, suggesting myocardial fibrosis is
involved in the development of systolic heart failure in hypertensive patients [22].

In regards to therapeutic interventions, Brilla et al evaluated the use of lisinopril vs
hydrochlorothiazide in the treatment of hypertension, and compared the amount of
myocardial fibrosis on endomyocardial biopsy at baseline and after six months of treatment.
They found that lisinopril caused a significant decrease in the collagen volume fraction on
biopsy, and this correlated with improvement in LV diastolic function [13]. Diez et al
evaluated losartan in the treatment of hypertensive heart disease and found that in patients
with severe fibrosis, both the amount of fibrosis on biopsy and LV stiffness on echo
improved following 12 months of losartan [12].

Given the clinical consequences of myocardial fibrosis in hypertension, and considering the
potential for reversal of fibrosis with appropriate treatment, the need for accurate diagnosis
of myocardial fibrosis is apparent. While endomyocardial biopsy is the gold standard for
diagnosis, it is an invasive procedure associated with potential complications, including
hematoma, right bundle branch block, arrythmias, and tricuspid regurgitation, with an
overall complication rate up to 6% [23]. To avoid these risks, noninvasive cardiac imaging
has been explored to diagnose fibrosis. Mizuno et al examined the use of echocardiography
with integrated backscatter analysis towards this end. They found excellent correlation
between the amount of fibrosis seen on endomyocardial biopsy and the predicted amount
using integrated backscatter in patients with good image quality. In patients with poor image
quality, the correlation was weaker, though was enhanced with the use of tissue harmonic
imaging [24].

While myocardial characterization using echo is dependent on image quality, CMR has
proven to be a more effective modality for imaging of myocardial fibrosis [25]. Late
gadolinium enhancement (LGE) has traditionally been used to identify areas of replacement
fibrosis. This technique involves T1-weighted myocardial imaging 10-15 minutes after the
administration of gadolinium, which collects in the extracellular space. In areas of
replacement fibrosis, there is expansion of the extracellular space leading to a larger volume
of distribution for gadolinium, in addition to altering the kinetics such that it takes longer for
gadolinium to both collect and disperse from the extracellular space. As a result, areas of
fibrosis will retain gadolinium and show hyperenhancement on LGE imaging (Figure 1C)
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[26]. In a study looking at LGE in various forms of LVH, Rudolph et al identified LGE in
50% of their subjects with hypertensive heart disease; no specific pattern of LGE was seen
[27]. Moreo et al found a significant correlation between extent of fibrosis by LGE and
degree of diastolic dysfunction [28].

A limitation of LGE imaging is that it is a qualitative technique, dependent on the difference
in signal intensity between normal and fibrotic myocardium. In hypertensive heart disease,
myocardial fibrosis is often diffuse, so without normal myocardium to provide a difference
in signal intensity, often no areas of LGE will be seen [29]. To overcome this limitation of
LGE imaging, T1 mapping in CMR has been developed as a quantitative technique to
identify diffuse myocardial fibrosis.

background

T1 is the longitudinal relaxation time constant and represents a fundamental tissue property.
A T1 map is a two dimensional color-coded display of the calculated T1 values for each
pixel in the image (Figure 1DEF) [30]. While native (pre-contrast) T1 values reflect the
signal from the intracellular and extracellular compartments, post-contrast T1 primarily
reflects the signal from the extracellular compartment. As a result, the difference between
post and pre contrast T1 can be used to calculate the extracellular volume fraction (ECV)
according to the following equation [31]:

1 1
T1 myocardium post C()ntrast)_(Tl myocardium pre contmst)

ECV = (1 — Hematocrit) * (

1 1
(Tl blood post contrast) - (Tl blood pre contrast)

Calculated ECV represents the fraction of myocardial volume consisting of extracellular
space [31]. One study of ECV in healthy volunteers found an average ECV of 0.28 £+ 0.03,
but was found to vary with age with an average ECV of 0.25 + 0.02 for patients under 40
years old and an average ECV of 0.31 + 0.02 for patients over 60 years old [32].

in HHD

ECV as calculated using CMR has been shown to correlate well with histologic collagen
vascular fraction [33]. Since hypertension leads to diffuse myocardial fibrosis through
deposition of collagen into the extracellular matrix, ECV would be expected to increase in
hypertensive heart disease. T1 mapping could therefore be used to identify diffuse
myocardial fibrosis in hypertensive patients noninvasively [31]. Initial animal studies in
mice showed that increased ECV as measured using T1 mapping can be used to detect
myocardial fibrosis in hypertension. Coelho-Filho et al used a murine model for
hypertension induced by I-N(G)-nitroarginine methyl ester (L-NAME). Following 7 weeks
of L-NAME, mice were found to have significant increase in histologic connective tissue
fraction (8.5 + 1.6% vs 2.6 + 0.6%, p<0.001), which correlated with significant elevations in
ECV as measured by CMR (0.42 £+ 0.08 vs 0.25 + 0.03) [34]. In another study, Coelho-Filho
et al compared ECV in mice with untreated hypertension due to L-NAME to those with
hypertension from L-NAME but treated with spironolactone. They found significant
reduction in histologic connective tissue fraction (2.7 + 0.8% vs 8.5 = 1.6%, p <0.001) in the
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group treated with spironolactone, which correlated with the ECV values measured on CMR
(0.25 £ 0.03 vs 0.43 £ 0.09, p<0.001). Interestingly, mice that were treated with
spironolactone had similar ECV values to the placebo group (0.25 £+ 0.03 vs 0.26 + 0.03)
[35].

In the first human study to demonstrate the use of ECV to detect fibrosis in HHD, Kuruvilla
et al calculated ECV using T1 mapping in 20 subjects with hypertension and LVH, 23
subjects with hypertension and no LVH, and 22 control subjects. Subjects with hypertension
and LVH were found to have significant increase in ECV compared to hypertensive subjects
without LVH (0.29 £ 0.03 vs 0.27 + 0.02, p <0.05) or normotensive controls (0.29 + 0.03 vs
0.26 + 0.02, p<0.05). In addition, they found that increased ECV correlated with reduced
regional systolic function as measured using strain imaging [36].

In another study, Treibel et al also demonstrated an increased ECV in hypertensive patients
with LVH. Their study cohort included 50 healthy volunteers and 40 subjects with
hypertension, including 14 with L\VVH. Similar to Kuruvilla et al, they found no difference in
ECV between control patients and hypertensive patients without LVH, but a significant
difference between control subjects and patients with hypertension and LVH (0.28 +£0.03 vs
0.26 +0.02, p <0.001) [37].

Rodrigues et al evaluated ECV across hypertensive heart disease LV phenotypes. They
examined differences in ECV in 88 patients divided into four groups: 1. Normal indexed LV
mass (LVM) and LVM to volume ratio (M/V), 2. Concentric remodeling: defined as normal
LVM but elevated M/V, 3. Concentric LV hypertrophy: defined as elevated LVM with
normal indexed end-diastolic volume (EDV), and 4. Eccentric LV hypertrophy: defined as
elevated L\VM and EDV. Similar to the findings of Kuruvilla et al [36] and Treibel et al [37],
they found a significant difference in ECV in hypertensive patients with LVH (both
concentric and eccentric) compared to those without LVH (including those with concentric
remodeling, which showed no increase in ECV). But by further subdividing the hypertensive
patients by phenotype, they found that patients with eccentric LVH were associated with the
highest ECV values, as well as the lowest systolic function [38].

In addition to detecting diffuse fibrosis in HHD, T1 mapping can be used to distinguish
etiologies of LVH. Cardiac amyloid is associated with significantly higher ECV values than
HHD, with one study reporting an average ECV of 0.47 £ 0.07 in amyloid [39]. Hinojar et al
studied whether HHD could be distinguished from HCM using T1 mapping in 95 patients
with HCM, 69 patients with HTN, and 23 patients with positive gene mutation but no
clinical evidence of HCM. Both native T1 and ECV were found to be significantly elevated
in HCM compared to HTN (septal ECV 0.31 £ 0.06 in HCM compared to 0.24 + 0.04 in
HTN, p <0.0001). Septal native T1 was found to be the most significant discriminator
between HCM and HTN, and was also able to distinguish genotype positive/phenotype
negative HCM patients from control patients [40].

Limitations of T1 mapping in HHD

While ECV measured using CMR has been shown to estimate diffuse myocardial fibrosis, it
is important to recognize the limitations of the technique. One is that the increase in ECV
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between normal subjects and hypertensive patients with L\VH is small: 0.29 + 0.03 vs 0.27
+0.02 in Kuruvilla et al [36] and 0.28 £ 0.03 vs 0.26 + 0.02 in Treibel et al [37]. The subtle
difference between normal patients and hypertensive patients with LVH may limit the
clinical applicability of T1 mapping in diagnosing diffuse myocardial fibrosis in any single
patient.

Another limitation is that other pathologies beside fibrosis can cause an increase in ECV. A
recent study by Lurz et al examined the presence of myocardial inflammation on ECV. In
this study, 107 patients with clinically suspected inflammatory cardiomyopathy underwent
endomyocardial biopsy and CMR with T1 mapping. ECV was found to be significantly
higher in patients found to have inflammation on biopsy versus those without inflammation
(0.37 + 0.06% versus 0.33 + 0.08%, p=0.02). While ECV correlated with fibrosis percentage
on biopsy in patients without inflammation (r=0.72, p<0.0001), it did not correlate with
fibrosis percentage when inflammation was present (r=0.24, p=0.06) [41].

Other advances in HHD imaging

3D echocardiography

Another recent advance in imaging of hypertensive heart disease has been improvements in
3D echocardiography (3DE). When first introduced, 3DE required labor intensive off-line
reconstructions to calculate cardiac volumes. However, with advancements in technology,
volumetric imaging can now be done in real-time [15]. The primary advantages over 2D
echo are that 3DE does not rely on geometric assumptions and can avoid foreshortened
views when determining volumes [15]. In a meta-analysis that examined 95 studies
comparing 3DE to CMR (the gold standard for evaluation of myocardial volumes and
function), 3DE showed excellent accuracy in measuring EF (difference between 3DE and
CMR: -0.13%, p=0.41) though was found to underestimate LV volumes [42]. For patients
with HHD, 3DE offers an inexpensive, bedside alternative to CMR for obtaining accurate
measurements of LV size and function.

Speckle tracking echocardiography

Another advancement in echocardiography that is relevant to HHD is the development of
speckle tracking echocardiography (STE). STE is used to measure both global and regional
strain, defined as degree of displacement of a region over the cardiac cycle, through tracking
acoustic markers generated by the effect of ultrasound on the myocardium [43]. STE has
shown to be sensitive for the detection of subclinical disease, including hypertensive heart
disease [44]. In a recent study by Ayoub et al, 60 hypertensive patients with preserved EF
were compared to 30 control subjects using two-dimensional speckle tracking. They found
no significant difference between the two groups in regard to EF, but the hypertensive group
had significantly lower global longitudinal strain, suggesting STE can detect subclinical
systolic dysfunction in hypertensive patients with preserved EF [16]. This correlates with
prior studies that have shown strain abnormalities in hypertensive heart disease using
myocardial tagging in CMR [45,46]. Kouzu and colleagues examined longitudinal,
circumferential, and radial strain subdivided by LV geometry in patients with hypertension.
They found that longitudinal strain is significantly reduced in patients with hypertrophy vs
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control subjects (concentric —15.1 + 4.0%, eccentric —=15.9 + 4.4% vs control —18.9+3.3%;
p<0.05), while hypertensive patients with normal LV geometry had a significant increase in
radial strain compared to control subjects (53.8 £19.4% vs 40.3 £15.1%, p<0.05) [47]. Sun
et al examined 120 HTN patients with STE and found that longitudinal strain was
significantly decreased in the hypertensive patients, but circumferential strain and LV twist
were increased. This suggests that circumferential strain/LV twist enhancement may be a
compensatory mechanism to maintain ejection fraction in hypertensive patients in the setting
of decreased longitudinal strain [48].

It has been hypothesized that the decreased regional systolic function in hypertensive
patients is related to myocardial fibrosis. Kang et al examined 56 patients with untreated
HTN with normal ejection fraction and compared to 20 age-matched control. All patients
underwent an echocardiogram with 2D speckle tracking imaging and serum measurement of
tissue inhibitor of matrix metalloproteinase (TIMP-1), which is a proteinase involved in the
degradation of type I collagen. TIMP-1 has been demonstrated to be a potential marker of
myocardial fibrosis, with studies showing increased serum TIMP-1 levels in hypertensive
patients correlated with LV diastolic dysfunction [49]. Kang et al found a significant
decrease in longitudinal strain in the hypertensive patients (=20.4 + 3.0% vs -22.1 + 2.2%,
p=0.03). In addition, there was a significant increase in the serum level of log TIMP-1 in the
hypertensive patients (3.6 + 0.6 vs 3.0 + 0.5, p< .001), with correlation between serum log
TIMP-1 and longitudinal strain (r=0.405, p=0.15) [50].

STE has also been used to distinguish LVH etiologies. In one study, 34 patients with
hypertensive LVH were compared with 56 patients with HCM, 27 professional athletes with
LVH, and 12 control subjects. Patients with HCM were found to have significant decrease in
global longitudinal strain (=11.1 + 4.2 in HCM compared to —=17.8 £ 3.1 in hypertensive
LVH) [51].

Conclusions

Hypertensive heart disease develops in long-standing hypertension and is characterized by
structural remodeling including left ventricular hypertrophy and diffuse myocardial fibrosis.
Early diagnosis and treatment is essential, as regression of L\VH and myocardial fibrosis
have been demonstrated with treatment. Recent advances in the imaging of HHD include
improvements in three-dimensional echocardiography in measuring volumes/function and
the use of speckle tracking to detect subclinical systolic dysfunction in HHD and to
distinguish LVVH etiologies. Another important development has been the use of T1 mapping
in CMR to calculate ECV and diagnose diffuse myocardial fibrosis. Several studies have
demonstrated increased ECV in hypertensive patients with LVH. Future research in this area
should include larger studies comparing ECV in normal subjects with HHD patients and
examining prognostic implications of increased ECV. Future studies can potentially use
ECV as a marker for diffuse fibrosis to both monitor disease progression in HHD and assess
the success of therapeutic interventions.
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Figure 1:
CMR images of (A) Four chamber SSFP showing severe concentric LVH. (B) Basal short

axis SSFP showing severe concentric LVH. (C) Two chamber view depicting anterior
midwall LGE (arrow) in patient with HHD. (D) SSFP basal short axis image. (E) Pre-
contrast T1 map in black & white. (F) T1 color map
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