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Background—Noncontrast magnetic resonance T1 mapping reflects a composite of both intra- and extracellular signal. We
hypothesized that noncontrast T1 mapping can characterize the myocardium beyond that achieved by the well-established
late gadolinium enhancement (LGE) technique (which detects focal fibrosis) in both hypertrophic (HCM) and dilated
(DCM) cardiomyopathy, by detecting both diffuse and focal fibrosis.

Methods and Results—Subjects underwent Cardiovascular Magnetic Resonance imaging at 3T (28 HCM, 18 DCM,
and 12 normals). Matching short-axis slices were acquired for cine, T1 mapping, and LGE imaging (0.1 mmol/kg).
Circumferential strain was measured in the midventricular slice, and 3'P magnetic resonance spectroscopy was acquired
for the septum of the midventricular slice. Mean T1 relaxation time was increased in HCM and DCM (HCM 1209+28
ms, DCM 1225+42 ms, normal 1178+13 ms, P<0.05). There was a weak correlation between mean T1 and LGE (=0.32,
P<0.001). T1 values were higher in segments with LGE than in those without (HCM with LGE 1228+41 ms versus no
LGE 1192+79 ms, P<0.01; DCM with LGE 1254+73 ms versus no LGE 1217+52 ms, P<0.01). However, in both HCM
and DCM, even in segments unaffected by LGE, T1 values were significantly higher than normal (P<0.01). T1 values
correlated with disease severity, being increased as wall thickness increased in HCM; conversely, in DCM, T1 values
were highest in the thinnest myocardial segments. T1 values also correlated significantly with circumferential strain
(r=0.42, P<0.01). Interestingly, this correlation remained statistically significant even for the slices without LGE (7=0.56,
P=0.04). Finally, there was also a statistically significant negative correlation between T1 values and phosphocreatine/
adenosine triphosphate ratios (r=—0.59, P<0.0001).

Conclusions—In HCM and DCM, noncontrast T1 mapping detects underlying disease processes beyond those assessed by
LGE in relatively low-risk individuals. (Circ Cardiovasc Imaging. 2012;5:726-733.)
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ardiomyopathies encompass a diverse spectrum of inherited

or acquired disorders and are an important cause of morbidity
and mortality worldwide.'* Hypertrophic cardiomyopatthy
(HCM) affects 1 in 500 individuals and is the commonest cause
of sudden cardiac death in the young (including competitive
athletes).!>*® Dilated cardiomyopatthy (DCM) is the second most
common cause of heart failure after coronary artery disease and is
the end phenotype of various nonischemic insults.'**” However,
both HCM and DCM exhibit highly variable clinical outcomes.
Many HCM patients remain free from clinical complications,
although others carry a disproportionately high risk of sudden

death®; some DCM patients remain stable or may even recover
normal ventricular function, whereas others are symptomatic
and may develop arrhythmias and progressive heart failure.!
Unfortunately, our ability to risk-stratify and characterize disease
mechanisms in these patients remains limited, and improved
biomarkers are needed.!*1°
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HCM and DCM are characterized by complex pathophysi-
ological processes including impaired myocardial energetics,
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edema, myocardial fibrosis, and structural remodeling.!
Cardiovascular magnetic resonance (CMR) imaging can pro-
vide insight into these processes with a number of myocardial
tissue characterization techniques.

Myocardial energetics, as assessed by the phosphocreatine/
adenosine triphosphate (PCr/ATP) ratio, using *'P magnetic
resonance spectroscopy, have been shown to be a more pow-
erful independent predictor of mortality in DCM than New
York Heart Association class or left ventricular ejection frac-
tion (LVEF).!2 In HCM, PCr/ATP is reduced irrespective of
the degree of hypertrophy or symptomatology.'?

Focal myocardial fibrosis, as assessed by CMR late gadolinium
enhancement (LGE) imaging, has recently been identified as a pre-
dictor of cardiac death in HCM and DCM and may be an impor-
tant biomarker for risk stratification and therapeutic monitoring.
1317 However, the quantification of fibrosis achieved by LGE has
several limitations.'®!"” LGE is unable to detect diffuse fibrosis, and
it relies on a comparison between unaffected normal myocardium
and regions of focal myocardial damage. Furthermore, qualitative
assessment of LGE is operator-dependent and can be difficult to
compare reliably between scans or individuals. There are addi-
tional methodological variations from the use of semiquantitative
analysis techniques, some centers using visual scoring, others an
arbitrary threshold above remote myocardium.*

More recently, postcontrast T1 mapping has been used
to quantify changes in extracellular volume in DCM?' and
HCM." However, both LGE and postcontrast T1 mapping are
confined to characterizing extracellular myocardial disease.
Furthermore, postcontrast T1 mapping techniques require the
administration of exogenous contrast agents. Although gener-
ally well tolerated, this is costly and can be problematic in the
context of renal impairment, allergies, and multiple dosing.
These limitations of LGE and postcontrast T1 mapping may
be potentially overcome using noncontrast T1 quantification.

We hypothesized that further characterization of the myo-
cardium in HCM and DCM can be accomplished by noncon-
trast T1 mapping, which measures a composite signal from
both the intra- and extracellular compartments.?> We, there-
fore, applied a recently validated, highly accurate, novel
short breath-hold absolute T1 mapping technique, Shortened
Modified Look-Locker Inversion recovery in patients with
DCM and HCM."® We compared absolute noncontrast myo-
cardial T1 values in HCM and DCM with established methods
of LGE, circumferential strain rates, PCr/ATP ratio, and wall
thickness obtained from cine imaging. Our results indicate
that noncontrast T1 mapping has the potential to contribute to
tissue characterization in these cardiomyopathies.

Methods
Ethics and Study Population

The study was approved by our institutional ethics committee, and
informed written consent was obtained from all subjects.
Twenty-eight patients with HCM were recruited from the University
of Oxford Inherited Cardiomyopathy clinic. The diagnosis of HCM
was based on a genetic determination of a pathogenic mutation (14
MYBPC3 mutations; 6 MYH7 mutations), or in the absence of an iden-
tified mutation (8 subjects), HCM was defined as the presence of left
ventricular hypertrophy not originating from other causes (=15 or 212
mm in documented familial disease). All patients had a full Bruce pro-
tocol exercise tolerance test, and patients were excluded if there was
evidence of epicardial coronary artery disease based on this test.
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Eighteen DCM patients were identified from the Heart Failure clin-
ics at the John Radcliffe Hospital, Oxford. They were included if they
had echocardiographic left ventricular ejection fraction <45% and
coronary angiography excluding flow limiting coronary artery disease.
All recruits were Class II-III New York Heart Association and stable on
optimum tolerated heart failure treatment for at least 6 months.

Normal controls (12 subjects) were nonsmokers, had no history of
cardiac disease, hypertension, family history of cardiomyopathy or
sudden death, and had a normal 12-lead ECG.

Enrolled subjects had no contraindications for MR scanning.

CMR Protocol

All CMR examinations were performed on a Siemens 3T Trio MR
system (Siemens Healthcare Erlangen, Germany).

Cardiac Function and Indices

Cardiac volumes were calculated based on a series of single breath-
hold balanced steady-state free precession cine images including
horizontal and vertical long axis and multiple short-axis stack. Each
slice was 8 mm thick with a 3 mm gap and was prospectively gated
with echo time 1.5 ms, repetition time 3 ms, flip angle 50°.

Noncontrast T1 Mapping

Shortened Modified Look-Locker Inversion recovery T1 maps were
generated from at least 3 short-axis images with variable inversion
preparation time as described previously.” Typical acquisition param-
eters were: echo time (TE)/repetition time (TR) =1.07/2.14 ms, flip
angle=35° field of view=340x255 mm, matrix size=192x144, 107
phase-encoding steps, interpolated pixel size=0.9x0.9, GRAPPA=2,
24 reference lines, cardiac delay time TD=500 ms, 206 ms acquisi-
tion time for single image, phase partial Fourier 6/8. If necessary,
shimming and center frequency adjustments were performed to gen-
erate images free from off-resonance artifacts.

Late Gadolinium Enhancement

A bolus of 0.1 mmol/kg of body weight of a gadolinium-based con-
trast agent (Gadodiamide, Omniscan; GE Healthcare, Amersham,
UK) followed by a 10-mL saline flush was administered through
an intravenous cannula inserted into the antecubital fossa.
Electrocardiographically gated images were acquired after a 5-minute
delay in long- and short-axis planes using a breath-hold T1 weighted
segmented inversion recovery turbo-fast low-angle shot sequence.?
Noncontrast T1 maps and late gadolinium imaging were acquired on
at least 3 matching slices (basal, midventricular, apical).

Myocardial Strain Imaging

Strain imaging using left ventricular (LV) tagging was used to de-
termine global midventricular systolic circumferential strain, as de-
scribed previously.” A gradient echo-based high-resolution tagging
pulse sequence was performed at the midventricular level of the LV.
This slice exactly matched the midventricular slice used for noncon-
trast T1 and LGE imaging. All data were acquired during breath-hold
and ECG-triggering to capture 90% of the R-R interval. Sequence
parameters were: field of view 360 mm, slice thickness 6 mm, TR 25
ms, TE 7.4 ms, flip angle 10°, and heart phase interval <40 ms, giving
15-30 phases per cardiac cycle, depending on the heart rate.

3IP MR Spectroscopy

3IP magnetic resonance spectroscopy was acquired with a 3-dimen-
sional acquisition-weighted chemical shift imaging technique® with
10 averages at the centre of K-space and ultrashort TE* to minimize
T2 effects and first-order phase artifacts. Acquisition time was 8 min-
utes, and an optimized radiofrequency pulse® centred between y and
a-ATP resonance frequencies was used to ensure uniform excitation
of all spectral peaks. Five Nuclear Overhauser Effect pulses (2.5 ms,
222.2 V separated by 80.5 ms) were used to increase signal to noise.
Acquisition matrix was 16x8x8 and field of view was 240x240x200
mm. Three 25-mm saturation bands were used, 2 placed over chest
wall muscle and 1 placed over liver. The chemical shift imaging grid
was placed with a central voxel in the midventricular septum and ro-
tated to maximize coverage of the septal myocardium. This anatomi-
cally matched the midventricular slice used for T1 mapping and LGE.
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Image Analysis
All slices were divided into 6 segments using the anterior right ven-
tricular—LV insertion point as reference.

Evaluation of LV Function and Wall Thickness

Using Argus and Syngo 2002B (Siemens Healthcare, Erlangen,
Germany), LV short-axis epicardial and endocardial borders were
manually contoured at end-diastole and end-systole for determin-
ing end-diastolic volume (EDV), end-systolic volumes (ESV), and
stroke volume (SV). Myocardial mass was also calculated by sub-
tracting the endocardial volume from the epicardial volume. LV
mass was calculated based on prior knowledge of myocardial spe-
cific density (1.05 g/cm?) and indexed to body surface area. End-
diastolic wall thickness was determined for each segment using an
in-house software MC-ROI (programmed by S.K.P. in Interactive
Data Language v.6.1; www.ittvis.com).

Evaluation of Myocardial T1 Values

Short-axis T1 maps were manually contoured using MC-ROI soft-
ware (Interactive Data Language v.6.1; www.ittvis.com) to outline the
endo- and epicardium. Average T1 values per case and per segment
were calculated. Care was taken to avoid LV cavity blood pool and
potential partial volume effects at the endo- and epicardial borders.

Quality Assessment of T1 Maps

As T1 maps are derived from nonlinear estimation based on a se-
quential series of steady-state free precession images acquired after
an inversion pulse,” factors such as off-resonance artifacts, breath-
ing motion, and poor T1 model fit could lead to falsely high or low
T1 values. The presence of off-resonance artifacts and diaphragmatic
movement was assessed by examination of the raw T1 weighted
steady-state free precession images. To assess for how well T1 model
fitting was achieved for each T1 map, parametric maps of the good-
ness of fit (R* maps) were used. R*> maps provide an additional means
to identify areas with potentially compromised T1 accuracy. These
tools allow critical assessment of the quality of T1 maps generated
to increase the reliability of T1 mapping compared with some of the
standard CMR modalities. Moreover, 18+7 segments per case were
analyzable. A second blinded operator analyzed 8 randomly selected
cases. The same analysis technique was used and results were com-
pared using Bland—Altman method.

Evaluation of LGE
LGE images were quantified in MC-ROI. Hyperenhanced pixels were
defined as those with signal intensities >2 SD above the mean signal
intensity in remote normal myocardium in the same slice. The pres-
ence or absence of fibrosis was a dichotomy based on visual scoring
from a blinded experienced operator (C.H.). The extent of fibrosis
was expressed as the affected LGE volume fraction of each segment.
LGE analysis was performed independent from the T1 analysis by
a blinded operator.

Evaluation of Myocardial Strain

Tagged images were analyzed by an experienced operator (J.J.S.),
blinded to the T1 and LGE analysis, using Cardiac Image Modeller
software (CimTag2D v7 Auckland Medical Research, Auckland,
New Zealand). Semiautomated analysis was performed by aligning
a grid to the myocardial tagging planes in end-diastole. End-systole
was determined visually, and tags adjusted at each frame through the
cardiac cycle to derive peak systolic circumferential strain for the
midventricular slice, which was expressed as a percentage change
from end-diastole. Normal strain has previously been described as
—19+2%; impaired myocardial contractility is shown by a more posi-
tive value.

Evaluation of 3'P MR Spectroscopy

Spectra were direct current-corrected and baseline-corrected based
on the last half of acquired data points. Spectral peaks were import-
ed into JMRUI (Java Magnetic Resonance User Interface)” and fit-
ted using the Advanced Method of Accurate, Robust, and Efficient
Spectroscopic fitting algorithm® making use of prior knowledge

relating to the relative peak frequencies, amplitudes, phases, and j-
coupling patterns.

Spectral peak areas were corrected for the effects of nuclear over-
hauser effect using correction factors determined by prior experi-
ment®: nuclear overhauser effect correction factors used PCr 0.80,
[(-ATP 0.88, a-ATP 0.88, y-ATP 0.79, 2,3-diphosphoglycerate 0.70.
Correction for radiofrequency saturation was calculated for each sub-
ject using the TR and experimentally determined excitation flip angle
at the chosen voxel and T1 values from literature®': PCr 3.8 s, y-ATP
2.4 s, 0-ATP 2.5 s, B-ATP 2.7 s, 2,3-diphosphoglycerate 1.39 s, and
phosphodiesterase 1.1 s. The resulting peak areas of the 3 ATP signals
were averaged and corrected for blood contamination by subtracting
11% of the 2,3-diphosphoglycerate peak area.!!

Statistical Analysis

All data are expressed as mean+SD and checked for normality us-
ing Kolmogorov—Smirnov test. Comparisons between the 3 groups
were performed with analysis of variance with post hoc Bonferroni
corrections for between-group comparisons. The 7 test or Fisher ex-
act test was used to compare discrete data as appropriate. Bivariate
correlations were performed using Pearson’s method. Interobserver
reproducibility of T1 mapping measurements was assessed by using
the Bland—Altman method as well as intra-class coefficient analysis.
Statistical tests were 2-tailed, and a P value of <0.05 was considered
to indicate a statistically significant difference. All statistical analysis
was performed with commercially available software packages (IBM
SPSS Statistics, version 19.0, and MedCalc, version 12).

Results

Study Population

Patient characteristics are summarized in Table 1. There
were no differences in age or sex between normal and HCM
or DCM, although the DCM group was older than the HCM
group (age 61+10 versus 48+13 years), which reflects the
typical presentation of these diseases. As expected, the HCM
group had significantly higher mass indices as well as ejection
fractions, and reduced end-diastolic and end-systolic volumes.
The DCM cohort had significantly larger end-diastolic and
end-systolic volumes and substantially lower ejection fraction.

The hemoglobin in both groups was normal (HCM:
14.1+1.1 g/dL, range 12.1-15.9 g/dL; DCM: 13.7+1.2 g/dL,
range 11.1-15.4 g/dL).

Both HCM and DCM cohorts were considered low risk for
sudden cardiac death. In the DCM population, there were no
individuals with syncope or ventricular arrhythmia. Table 2
describes the HCM cohort risk stratification.

T1 Relaxation Times in HCM, DCM, and

Normal Controls

Mean T1 relaxation time per subject was significantly elevated
in both HCM and DCM (HCM 1209+28 ms, DCM 1225+42
ms, normal 1178+13 ms, P<0.05; Figure 1).

Relationship Between T1 Values and LGE
Here 78% of HCM patients and 66% of DCM patients had at
least 1 segment visually scored as having LGE. In HCM and
DCM, there was a significant but modest correlation between
T1 values per segment and fraction of segments with LGE >2
SD of normal remote myocardium (r=0.35, P<0.0001).

In HCM and DCM, T1 values were significantly higher in
segments with LGE (HCM 1228+41 ms, DCM 1254+73 ms)
than in those without (HCM 1192+79 ms, DCM 1217+52 ms,
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Table 1. Baseline Characteristics of Normal Controls, HCM,
and DCM Patients

Normal (n=12) HCM (n=28) DCM (n=18) P

Age,y 52+11 48+13 61+10* <0.01
Male, % (n) 58 (7) 64 (18) 44 (8) 0.1
Rest pulse, bpm 58+11 58+9 63+13 0.3
Systolic BP, mm Hg 1218 122+19 11721 0.7
Diastolic BP, mm Hg 75+7 73+13 71+14 0.6
Smokers, % (n) 0(0) 0(0) 112

Diabetes, % (n) 0(0) 0(0) 112
Hypertension, % (n) 0(0) 4(1) 112

Atrial fibrillation, % (n) 0(0) 0(0) 11(2)

Body surface area, m? 1.9+0.2 2.0+0.3 1.9+0.3 0.9
[3-blockers % (n) 0(0) 54 (15) 83 (15)

ARBY/ACE inhibitor, % (n) 0(0) 72 83 (15)

LVEF, % 64+5 74+5% 37+17*F  <0.001
LV EDV index, mL/m? 80+14 62+21% 91+£36*F  <0.01
LV ESV index, mL/m? 26+7 17+6% 57+29*%  <0.001
LV mass index, g/m? 59+14 85+33% 73197 0.02
NYHA functional class 1.2+0.4 2.1+0.7

Values are mean=SD.

LVEF indicates left ventricular ejection fraction; BP, blood pressure; LV, left
ventricular; EDV, end-diastolic volume; ESV, end-systolic volume; ARB/ACE,
angiotensin receptor blocker/angiotensin converting enzyme inhibitor; and
NYHA, New York Heart Association.

*P<0.05 HCM vs DCM; §P<0.05 DCM vs normal; 3P<0.05 HCM vs normal.

P<0.01). However, even in segments not demonstrating LGE,
T1 values were significantly higher than normal (P<0.01)
(Figure 2). Figure 3 shows examples of T1 maps and LGE
images for matched slices.

Relationship Between T1 Values and Wall Thickness

The mean T1 values of all tertiles of wall thickness were signifi-
cantly increased above normal T1 in both HCM and DCM (Fig-
ure 4). In addition, in HCM, there was a positive relationship
of wall thickness and T1 values, with T1 values highest in the
most hypertrophied segments. In DCM, there was a negative
relationship with T1 values highest in the thinnest segments.

Relationship Between T1 Values and Circumferential
Strain Rates

For the midventricular slice of all patients, there was a sig-
nificant correlation between the mean noncontrast T1 relax-
ation time and the slice average circumferential strain (r=0.42,
P<0.01). Interestingly, even in the slices without LGE, this
correlation was maintained (r=0.56, P=0.04), suggesting that
T1 values can reflect abnormal myocardial strain prior to the
onset of LGE (Figure 5).

Relationship Between T1, LGE, and PCr/ATP

The mean T1 relaxation time and LGE volume fraction of the
midventricular septum (ie, for the area over which the voxel
was placed for the assessment for PCt/ATP) were measured.
The mean septal T1 was prolonged in both HCM and DCM
(HCM 1228+32 ms; DCM 1228+36 ms; normal 1190+20
ms, P<0.01). PCr/ATP ratios were 1.72+0.33 in HCM and
1.72+0.41 in DCM. These values are lower than values from
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Table 2. Clinical Risk Stratification in HCM Cohort

HCM (n=28)

No. of SCD risk factors (0/1/2/3 risk factors), % (n) 43, 47,10,0 (12,13, 3,0)
Family history of SCD, % (n) 50 (14)
Unexplained syncope, % (n) 4(1)

NSVT on Holter monitor, % (n) 7(2)

Abnormal exercise blood pressure response, % (n) 0(0)

Maximum LV wall thickness 230 mm, % (n) 7(2)

LV outflow tract gradient, % (n) 0(0)

Left atrial size, mean+SD, cm 6.7+2.8

HCM indicates hypertrophic cardiomyopathy; LV, left ventricular; NSVT,
nonsustained ventricular tachycardia; and SCD, sudden cardiac death.

normal volunteers published using the same acquisition pro-
tocol (2.14+0.37).* There was no significant association
between LGE burden and PCr/ATP (r=0.22, P=0.65). How-
ever, there was a statistically significant negative correlation
between T1 values and PCt/ATP (Figure 6). This was sig-
nificant for the combined HCM and DCM group (r=—0.59,
P<0.0001) and also individually for HCM (r=-0.49, P<0.01)
and DCM (r=-0.61, P<0.01) groups. Figure 3 shows exam-
ples of representative *'P MR spectra.

Assessment of Reproducibility of T1 Mapping

There was excellent correlation between segment T1 esti-
mates between both operators (7=0.92). A Bland—Altman plot
showed average difference in estimates of —0.7%, and 95% CI
of —4.7% and 3.3% (Figure 7). The intraclass correlation coef-
ficient was 0.92 (95% CI 0.85%-0.95%).

Discussion
The principal finding of this study is that noncontrast T1
mapping achieves myocardial characterization in HCM and
DCM beyond that achieved by established LGE techniques
alone. We report for the first time that global myocardial
noncontrast T1 values are significantly elevated in DCM
and HCM compared with normal controls. As expected,
myocardial segments with focal fibrosis identified by LGE
showed higher T1 values; however, this correlation was only
modest. Furthermore, T1 values were increased in segments

=0.001
p=0.240

1300 ~
p=0.014
1260

1220 4
1180 ~ +

1100

Mean T1 per case (ms)

-

—
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=
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Figure 1. Myocardial T1 relaxation times in normal controls,
hypertrophic cardiomyopathy (HCM), and dilated cardiomyopa-
thy (DCM).
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without LGE in both HCM and DCM. This suggests that T1
mapping and LGE measure partly overlapping but distinct
myocardial pathologies. As noncontrast T1 measures signal
from the interstitium as well as the myocytes, both T1 values
and LGE would be altered by expansion of the extracellular
space, although noncontrast T1 values could be affected by
additional changes such as intramyocellular water distribution,
thereby potentially providing an additional level of insight.
Although T1 values only weakly correlated with LGE, T1
values correlated strongly with impaired myocardial energetics
in both HCM and DCM. As we did not measure the intra-
versus extracellular volume fraction in our study, we can only
speculate on the mechanisms underlying this correlation.
Experimental data have shown that myocardial scar contains
negligible amounts of ATP,** and given that ATP is essential
for PCr synthesis, the measured PCr and ATP signals are likely
to arise from cardiomyocytes rather than from extracellular
space. However, as extracellular fibrosis leads to myocardial
stiffening,** periarteriolar fibrosis, and diastolic dysfunction,*
its presence may well affect the cardiomyocyte energetic state.

HCM

Thus, it is possible that the more subtle changes detected by
T1 values are a reflection of the extracellular matrix effects
on the cardiomyocyte energetic state. It is also tempting to
speculate that, as a second potential mechanism, energetically
impaired myocardium in HCM and DCM is more vulnerable
to membrane instability and ion pump dysfunction, resulting
in intracellular fluid changes contributing to the T1 signal.
Clearly, additional studies are needed, including larger patient
numbers and assessment of intracellular versus extracellular
volume fraction, in order to further elucidate these mechanisms
and their relative contributions to energetic compromise. The
finding of a statistically significant correlation of T1 values
and circumferential strain, even in slices without LGE, also
suggests that T1 mapping can detect functional changes in the
myocardium prior to the development of fibrosis as measured
by LGE.

Furthermore, there were significant associations between
myocardial T1 values and ventricular wall thickness. In HCM,
absolute T1 values were highest in the thickest myocardial seg-
ments; in contrast, myocardial T1 values in DCM were most
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Figure 4. In hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM), mean T1 relaxation time plotted in tertiles of end-

diastolic wall thickness; error bars are 95% Cls.

increased in the thinnest myocardial segments, with careful
attention to avoid myocardial blood pool, suggesting that T1
values reflect the severity of the disease process in both HCM
and DCM. Nonetheless, myocardial T1 values were elevated
in HCM patients without left ventricular hypertrophy and in
DCM patients without wall thinning, suggesting that T1 map-
ping may have additional application in the detection of early
myocardial involvement in these cardiomyopathies.

Our findings confirm that, in this population, noncontrast T1
mapping is practical and reproducible in characterizing myo-
cardial disease in patients with cardiomyopathy. All patients
were able to tolerate the required breath-holds with comprehen-
sive noncontrast T1 mapping of the LV acquired in <3 minutes.

Although our study yields interesting insights into the
pathophysiology of HCM and DCM, the interindividual
overlap of T1 values obtained with the current Shortened
Modified Look-Locker Inversion recovery technique at 3T is
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too large to allow reliable initial diagnosis of individual patients.
However, it is possible that with further sequence development
and/or at higher field strength (eg, 7T), T1 differences may
be sufficiently augmented to enable individual diagnosis by
noncontrast T1 mapping. With this development, future work
is also needed to explore the utility of noncontrast T1 mapping
in characterizing genotype-positive HCM individuals who
have not yet developed a hypertrophic phenotype. If this were
achievable, T1 mapping may in the future have particular value
for the assessment of hypertrophy-negative HCM patients,
potentially adding diagnostic information when screening
relatives of HCM patients where specific genes have not been
identified. Furthermore, as the current Shortened Modified
Look-Locker Inversion recovery method measures T1 with
minimal intrasubject variation,”’ it may become a useful
biomarker for monitoring treatment effects (eg, energy sparing
therapy or antifibrotic therapy) in individual patients.
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Figure 5. Left, Pearson’s correlation between mean T1 and circumferential strain in midventricular slice of all subjects; Right, correlation

in slices without late gadolinium enhancement (LGE).
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Figure 6. Scatterplot showing the correlation between phos-
phocreatine (PCr)/ATP and mean T1 in matching myocardium in
hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy
(DCM).

Limitations

Our study concentrated on the value of noncontrast T1 mapping
for characterizing cardiomyopathies, and also on establishing a
link between cardiac energetics and T1 relaxation. Additional
measurement of postcontrast T1 provides information on the
extracellular volume fraction, and such measurements could
further assess the relative contribution of extracellular and
intracellular water changes to the measured noncontrast T1 val-
ues. Thus, a limitation of this study is that postcontrast T1 map-
ping was not undertaken, and future studies should examine
this. Another important intrinsic limitation of this study is the
lack of histological correlation. Endomyocardial biopsies for
research incur a significant risk that is difficult to justify with-
out direct clinical benefit to the patient, and would be unethical
in normal volunteers. Furthermore, biopsy validation is limited
by sampling error in heterogeneous disease states.

This study has a relatively small sample size, and further
larger-scale investigations are needed to build upon these results.

Conclusion
Noncontrast T1 mapping is practical in patients with car-
diomyopathies and detects changes within the myocardium
beyond the traditional measures of wall thickness and presence
of LGE. With further longitudinal follow-up and validation
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Figure 7. Bland-Altman plot demonstrating reproducibility of T1
analysis between 2 blinded operators.

against clinical end points, noncontrast myocardial T1 map-
ping may become a useful and practical biomarker in the early
detection of cardiomyopathies, for monitoring therapeutic tri-
als and for assessing prognosis.
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CLINICAL PERSPECTIVE
Hypertrophic cardiomyopathy (HCM) is the commonest cause of sudden cardiac death in the young. Dilated cardiomyopa-
thy (DCM) is the second most common cause of heart failure after coronary artery disease. As both HCM and DCM exhibit
variable clinical outcomes, the ability to risk-stratify patients remains limited, and improved biomarkers are needed. Cardiac
tissue characterization is possible with late gadolinium enhancement cardiac magnetic resonance, but this method only
detects advanced tissue changes and requires magnetic resonance contrast agent. We demonstrate that further tissue char-
acterization in HCM and DCM can be accomplished by noncontrast T1 mapping, which reflects composite signal from the
interstitium and cardiomyocytes. We found that T1 relaxation is prolonged in DCM and HCM and T1 values correlate with
LV circumferential strain, even in slices without focal fibrosis assessed by late gadolinium enhancement. Furthermore, T1
values (but not late gadolinium enhancement) show a strong inverse correlation with myocardial energetics, as measured by
the phosphocreatine/ATP ratio, which may be because of changes in the extracellular matrix and increased intracellular water
content because of membrane instability in energetically compromised cardiomyocytes. In addition, T1 is related to increased
wall thickness in HCM and reduced wall thickness in DCM, suggesting that T1 also reflects disease severity. T1 mapping
can detect abnormal myocardial tissue characteristics in HCM and DCM, beyond the traditional measures of wall thickness
and late gadolinium enhancement. Future studies will have to validate T1 changes against clinical end points. Noncontrast
T1 mapping has the potential to become a useful biomarker in the early detection and risk-stratification of cardiomyopathies.
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