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Hypertrophic cardiomyopathy (HCM) is the most com-
mon inherited primary cardiomyopathy with an ap-

proximate prevalence of one in 500 (1,2). Life expectancy 
is normal for the majority of patients with HCM (1,3–5). 
However, a small minority of patients with HCM may 
experience life-threatening cardiovascular events. Sudden 
cardiac death (SCD) accounts for approximately 51% of 
cardiovascular events in HCM, followed by heart failure 
(36%) and stroke (13%) (6,7).

The presence of late gadolinium enhancement (LGE) at 
cardiac MRI has significant prognostic power in the pre-
diction of severe cardiac complications in HCM (all-cause 
mortality, SCD, and heart failure–related death). However, 
there are a few limitations of the current LGE MRI tech-
niques. Conventional LGE techniques can detect regional 
variations in contrast enhancement of the myocardium rel-
ative to nulled normal myocardium, but have difficulty in 

detecting subtle diffuse enhancement of the myocardium. 
Mistakes in myocardial nulling can lead to nondiagnostic 
LGE images (8). Also, approximately half of patients with 
HCM have no LGE at MRI (9,10).

Native myocardial T1 mapping is a robust MRI tech-
nique that allows measurement of absolute T1 values of the 
myocardium. Additionally, T1 values before and after gad-
olinium-based contrast agent administration can be used 
to calculate the myocardial extracellular volume (ECV) 
fraction, which detects the presence of myocardial intersti-
tial fibrosis (11). To our knowledge, the native myocardial 
T1 and ECV characteristics in patients with HCM who 
have no LGE at MRI have yet to be well studied.

The purpose of our study was to compare native myo-
cardial T1 and ECV fraction values in patients with HCM 
who have no LGE and no hemodynamic obstruction with 
healthy participants to evaluate for the presence of subtle 

MRI T1 Mapping in Hypertrophic Cardiomyopathy: 
Evaluation in Patients Without Late Gadolinium Enhancement 
and Hemodynamic Obstruction

Jing Xu, MD* • Baiyan Zhuang, MD* • Arlene Sirajuddin, MD • Shuang Li, MD • Jinghan Huang, MD •  
Gang Yin, BS • Lei Song, MD • Yong Jiang, MD • Shihua Zhao, MD, PhD • Minjie Lu, MD, PhD

From the Department of Magnetic Resonance Imaging, Fuwai Hospital, State Key Laboratory of Cardiovascular Disease, Chinese Academy of Medical Sciences and 
Peking Union Medical College, Beijing 100037, China (J.X., B.Z., S.L., G.Y., S.Z., M.L.); Department of Health and Human Services, National Heart, Lung, and Blood 
Institute, National Institutes of Health, Bethesda, Md (A.S., M.L.); Department of Heart-Lung Testing Center, Fuwai Hospital, State Key Laboratory of Cardiovascular 
Disease, Beijing, China (J.H.); Department of Cardiology, Fuwai Hospital, State Key Laboratory of Cardiovascular Disease (L.S.); and Department of Echocardiography, 
Fuwai Hospital, State Key Laboratory of Cardiovascular Disease, Beijing, China (Y.J.). Received March 22, 2019; revision requested May 21; final revision received Sep-
tember 24; accepted October 3. Address correspondence to M.L. (e-mail: coolkan@163.com).

* J.X. and B.Z. contributed equally to this work.

Supported in part by the Research Grant of National Natural Science Foundation of China (81571647, 81620108015, 81771811, 81971588), Education Reform Project 
of Peking Union Medical College (10023201900204), and Capital Clinically Characteristic Applied Research Fund (Z191100006619021).

Conflicts of interest are listed at the end of this article.

See also the editorial by Bluemke and Lima in this issue.

Radiology 2020; 294:275–286 • https://doi.org/10.1148/radiol.2019190651 • Content codes:  

Background: The value of native myocardial T1 mapping and extracellular volume (ECV) fraction in patients who have hypertrophic 
cardiomyopathy (HCM) but no late gadolinium enhancement (LGE) and no hemodynamic obstruction are currently unknown.

Purpose: To evaluate myocardial fibrosis in patients with nonobstructive HCM and no LGE by using native myocardial T1 map-
ping and ECV fraction and to study their relationships to left ventricular (LV) function and LV hypertrophy.

Materials and Methods: Patients with HCM who underwent cardiac MRI between 2012 and 2015 were retrospectively evaluated. 
Patients were included if they had no LGE at MRI, LV ejection fraction greater than or equal to 45%, and no LV outflow tract ob-
struction. Healthy participants had similar age and sex distribution. Native myocardial T1 and ECV were measured with MRI.

Results: A total of 258 patients with HCM (mean age 6 standard deviation, 49 years 6 15; 74% men) and 122 healthy partici-
pants (mean age, 50 years 6 14; 76% men) were evaluated. Native myocardial T1 was longer and ECV fraction was higher in the 
patients with HCM relative to the healthy participants (mean native T1, 950 msec 6 48 vs 913 msec 6 46; mean ECV, 24.5% 6 
2.8 vs 23.0% 6 2.7; both P , .001). Maximum T1 and ECV values correlated strongly with LV mass index for the entire patient 
cohort with HCM (both r = 0.86; P , .001) and for the subgroups (r = 0.86 and 0.85 for interventricular septal group and r = 
0.88 and 0.86 for apical group; all P , .001).

Conclusion: Prolonged myocardial T1 and elevated extracellular volume in hypertrophic cardiomyopathy suggests diffuse myocardial 
fibrosis, even in the absence of regionally apparent late gadolinium enhancement and hemodynamic obstruction, and is associated 
with left ventricular hypertrophy.
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control participants were defined as volunteers without past medi-
cal history of cardiovascular or metabolic disease on the basis of 
patient history. All patients with HCM and healthy participants 
underwent both clinical assessment and cardiac MRI. The eth-
ics committee of Fuwai Hospital approved this study. Written in-
formed consent was waived because this study was retrospective.

Cardiac MRI Protocol
Gadolinium-based contrast agent–enhanced cardiac MRI was 
performed at 1.5 T (Magnetom Avanto; Siemens, Erlangen, 
Germany) with a maximum gradient field of 45 mT/m and a 
maximum gradient slew rate of 200 mT·m21. For cardiac mor-
phologic and functional analysis, steady-state free precession 
breath-held cines were obtained in three long-axis planes and 
sequential short-axis slices from the atrioventricular ring to the 
LV apex. Typical imaging parameters included the following: 
3.0/1.1 (repetition time msec/echo time msec); flip angle, 85° 
to 65°; bandwidth, 800 Hz/pixel; matrix size, 192 3 256; pixel 
size (interpolated), 2.2 3 1.6 mm2; integrated parallel imag-
ing technique acceleration factor of 2; and temporal resolution, 
38–45 msec per frame depending on RR interval.

A modified Look-Locker inversion recovery (MOLLI) se-
quence was used for T1 mapping as has been previously de-
scribed (14,15). The MOLLI sequence was performed in the LV 
short axis for all patients at the base, midchamber, and apex. 
For patients with apical HCM, two-chamber and four-chamber 
MOLLI images were also acquired. MOLLI images were ac-
quired before as well as 10–20 minutes after administration of 
gadolinium-based contrast agent (0.2 mmol/kg of gadopentate 
dimeglumine [Magnevist; Bayer Healthcare Pharmaceuticals, 
Wayne, NJ]). The MOLLI acquisition before contrast agent ad-
ministration followed the 5(3)3 protocol (five images acquired 
after the first inversion-recovery pulse over five heartbeats, fol-
lowed by a recovery period of three heartbeats, and three more 
images were then acquired over three heartbeats after a second 
inversion recovery pulse) during a breath hold. MOLLI im-
ages acquired after contrast agent administration followed the 
4(1)3(1)2 protocol (four images acquired after the first inversion 
pulse over four heartbeats, followed by a recovery period of one 
heartbeat, three images acquired after a second inversion pulse, 
followed by recovery period of one heartbeat, and then the last 
two images acquired after a third inversion-recovery pulse) dur-
ing a breath hold (13,15). The typical imaging parameters were 
as follows: 2.5/1.0; matrix, 162 3 256; slice thickness, 6 mm.

Images to identify myocardial LGE were obtained starting 
at 10 minutes after administration of contrast agent by using a 
gradient spoiled fast low-angle shot sequence with phase-sensi-
tive inversion-recovery technique. LGE MRI was performed in 
a four-chamber view, a two-chamber view, and a series of con-
tiguous 6-mm LV short axis slices that covered the entire LV 
ventricle. The inversion time was individually determined per 
patient to null the myocardial signal.

Cardiac MRI Analysis
MRI studies were transferred to an offline workstation with the 
commercial postprocessing software Argus (version VA60C; 
Siemens) and QMass (version 7.4; Medis Medical Imaging, 

Abbreviations
ECV = extracellular volume, HCM = hypertrophic cardiomyopathy, 
LGE = late gadolinium enhancement, LV = left ventricle, MOLLI = 
modified Look-Locker inversion recovery, SCD = sudden cardiac death

Summary
Native myocardial T1 was prolonged and extracellular volume (ECV) 
fraction was elevated in hypertrophic cardiomyopathy, even in the 
absence of late gadolinium enhancement and hemodynamic obstruc-
tion. Native myocardial T1 and ECV both had a high correlation 
with the indexed left ventricular mass.

Key Results
 n Native myocardial T1 was prolonged and extracellular volume 

(ECV) fraction was elevated in hypertrophic cardiomyopathy 
(HCM) even in the absence of late gadolinium enhancement 
(LGE) compared with healthy participants (mean native T1, 950 
msec 6 48 [standard deviation] vs 913 msec 6 46; mean ECV, 
24.5% 6 2.8 vs 23.0% 6 2.7; both P , .001).

 n Maximum native myocardial T1 and maximum ECV had high 
correlations with left ventricular mass index in patients with 
HCM without LGE and hemodynamic obstruction (both r = 
0.86; P , .001).

myocardial fibrosis in HCM. We also evaluated the relationship 
between native myocardial T1 and ECV values and left ventricular 
(LV) function and LV hypertrophy in patients with HCM. We 
hypothesized that native myocardial T1 and ECV fraction values 
would be significantly higher in patients with HCM without LGE 
compared with healthy participants because of underlying fibrosis.

Materials and Methods

Study Population
All patients with HCM (n = 1446) who were evaluated with 
cardiac MRI at Fuwai Hospital (Beijing, China) between 2012 
and 2015 were retrospectively reviewed. Patients with HCM 
(n = 258) who met all of the following inclusion criteria were 
enrolled in this study: HCM was diagnosed by the presence 
of a nondilated hypertrophied LV at cardiac MRI (maximal 
wall thickness 15 mm in adult patients or 13 mm in adult 
patients whose first-degree relatives had a diagnosis of HCM) 
in the absence of another disease that could account for the 
hypertrophy (12), no LGE at cardiac MRI, no hemodynamic 
obstruction, and preserved or mildly impaired LV systolic 
function (LV ejection fraction 45%). The exclusion criteria 
included the following: patients with other conditions that can 
lead to increased LV wall thickness including hypertension, 
aortic valve disease, sigmoid septum (13), and athletic heart; 
infiltrative cardiomyopathy such as cardiac amyloidosis, Fabry 
disease, or Danon disease; renal impairment (estimated glo-
merular filtration rate of 60 mL/min); and other conventional 
cardiac contraindications to MRI (eg, claustrophobia). Clinical 
data and family history were collected and categorized by using 
New York Heart Association classification.

A control group of healthy participants with a similar age and 
sex distribution to the enrolled patients with HCM was also en-
rolled and underwent cardiac MRI. The healthy participants were 
selected from a database of healthy participants (13). Healthy 
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the patients and healthy participants, 240 patients with 120 
control participants would offer greater than 80% power to de-
tect a standardized difference of 0.3. The above calculation was  
performed by using SAS (version 9.4; SAS Institute, Cary, NC). 
Quantitative data values are expressed as means 6 standard 
deviation or medians and interquartile range, as appropriate. 
Qualitative data were presented as numbers and percentages. 
Inter- and intraobserver variability were analyzed with Bland-
Altman plots. The comparisons for baseline variables were per-
formed by Student t test, Mann-Whitney U test, and x2 test for 
normally distributed, nonnormally distributed, and categorical 
variables, respectively. Low expected frequency variables, such as 
the incidence of syncope and family history, were shown as a rate 
and compared with Fisher exact test. Among the patients with 
HCM, Pearson correlations were performed to investigate the 
potential relations between tissue characteristics (T1 and ECV) 
and LV functional parameters (LV ejection fraction and LV mass 
index) if the variables were normally distributed. Spearman cor-
relation was performed if the variables were ordinal data or not 
normally distributed. The main analysis was focused on the po-
tential correlations between maximum T1 and maximum ECV 
and LV ejection fraction and LV mass index among the overall 
population. Because there were four tests on the key compari-
sons regarding the correlation coefficients mentioned above, we 
used the Bonferroni correction to adjust the multiplicity issue 
(21). After Bonferroni correction, P value of .01 (ie, P , .05/4 
= .01) was set for the main analysis. Moreover, linear correlation 
graphs were generated to evaluate the correlation between the 
minimum, maximum, and mean T1 values and the minimum, 
maximum, and mean ECV values, respectively. Univariable Cox 
regression models were used to estimate the unadjusted hazard of 
primary end points for each clinical as well as each cardiac MRI 
characteristic. Hazard ratios were generated and were expressed 
together with their 95% confidence intervals. To avoid the over-
fitting problem, multivariable models were not presented due to 
the low number of primary end points. Results were considered 
to indicate statistical significance if P , .05. Statistical analysis 
was performed by using SPSS (version 20.0; SPSS, Chicago, Ill).

Results

Demographics of the Patient Sample
Two hundred fifty-eight patients (17.8%) of the 1446 patients 
fulfilled the inclusion criteria of nonobstructive HCM without 
LGE (Fig 1). The patient sample included 181 of 258 (70.2%) 
patients with interventricular septal HCM and 77 of 258 
(29.8%) patients with apical HCM (Table 1). Among patients 
with interventricular septal HCM, 70.2% (127 of 181) were 
men, whereas 83.1% (64 of 77) of patients with apical HCM 
were men (P = .03). There were no differences in the propor-
tion of patients with a family history of HCM or for a family 
history of SCD between the two groups.

Myocardial Function by Using MRI
The mean left atrial dimension in the group with interventricu-
lar septal HCM was 36 mm 6 9 (standard deviation), which 
was larger than that in the group with apical HCM (34 mm 6 

Leiden, the Netherlands) for blinded analysis. All MRI analy-
ses were performed by a fellowship-trained radiologist (M.J.L, 
with 15 years of cardiovascular MRI experience) blinded to 
all identifying information. Linear dimensions of the cardiac 
chambers (left atrium dimension and LV end-diastolic diam-
eter), LV volumes (LV end-diastolic volume, LV end-systolic 
volume, stroke volume, and cardiac output), LV mass index, 
and LV ejection fraction were measured by using standard vol-
umetric techniques and analyzed with commercially available 
software (Syngo VD10B, Syngo VX49B, and Argus VA60C; 
Siemens).

LV endocardial and epicardial borders on cine images were 
manually planimetered to define the myocardium. Maximal LV 
wall thickness was defined as the greatest linear dimension at any 
site within the LV myocardium. The LV was assessed according to 
the American Heart Association 17-segment model (16). Mean 
T1 values for each LV segment were obtained from the T1 maps 
at LV basal, midchamber, and apical slices by using a 16-segment 
American Heart Association model. This was performed on T1 
maps both before and after gadolinium-based contrast agent ad-
ministration. We used methods previously described to calculate 
the myocardial ECV fraction (17). Hematocrit level was deter-
mined for each individual from a venous blood sample drawn 
less than 24 hours prior to the cardiac MRI examination. We also 
averaged ECV measurements from the basal, midventricular, and 
apical short-axis slices to yield a mean ECV value.

The ECV fraction ranges from 0% to 100% (17,18). The 
ECV values were delineated segmentally in the three short-axis 
slices defined by the American Heart Association 16-segment 
model, and results are presented segmentally on ECV maps. 
Then we obtained the minimum, mean, and maximum of the 
T1 and ECV values of 16-segment LV model.

LGE was semiautomatically quantified by using the full-
width half-maximum method with manual correction (19) by 
using QMass (Medis Medical Imaging). Any obvious blood pool 
or pericardial partial volume artifacts were manually corrected.

Inter- and intraobserver variability for T1-derived ECV were 
assessed in a subgroup of 100 individuals (50 patients with 
HCM and 50 healthy participants) where one observer (M.J.L) 
measured T1 once, and a second observer (S. L. with 3 years 
of cardiovascular MRI experience) who was blinded to the first 
observer’s results measured T1 at two time points at least 1 week 
apart. Clinical readers of LGE images were blinded to T1 results.

Evaluation of Cardiovascular Events
The primary end points included heart failure–related death (in 
context of progressive cardiac decompensation), SCD (unex-
pected within 1 hour of witnessed collapse or nocturnal), and 
heart transplantation (6). All events were reviewed by two inde-
pendent investigators who used previously described criteria (20).

Statistical Analysis
Sample size determination was based on the comparison be-
tween patients with HCM and healthy participants. The as-
sumed ratio of patient group and healthy participants with car-
diac MRI examinations was around 2:1. By using two-sided a of 
.05 to test the potential difference of T1 and ECV values among 
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with apical HCM, and the healthy participants are presented 
in Table 2.

T1 Mapping Results
The mean native myocardial T1 values for interventricular 
septal HCM (955 msec 6 47) and apical HCM (940 msec 
6 48) were greater than that of the healthy participants (913 
msec 6 46) (Table 3). Segmental analysis of native myocar-
dial T1 values in the patients with HCM showed that the 
prolonged native myocardial T1 values in the patients with 
HCM predominately involved the segments with myocardial 
hypertrophy (segments 1–4, 7–9, and 14 in the group with 
interventricular HCM; segments 1, 4, and 13–16 in group 
with apical HCM; all P , .05) (Figs 2–5). Myocardial ECV 
fraction was greater in patients with HCM (mean, 24.5% 6 
2.8) than in the healthy participants (mean, 23.0% 6 2.7) 
in a similar distribution as the abnormal areas of native myo-
cardial T1. The ECV fraction of segments 1–4, 6–11, 14, 
and 16 in the group with interventricular septal HCM and 
segments 2–4, 7, and 13–16 in the group with apical HCM 
were all greater than those in heathy participants. Minimum 
myocardial ECV, maximum myocardial ECV, and mean 
myocardial ECV in interventricular septal HCM (22.6% 6 
3.0, 27.5% 6 2.8, 24.6% 6 2.8, respectively) and apical 
HCM (21.4% 6 2.7, 26.7% 6 2.9, 24.4% 6 2.8, respec-
tively) were greater when compared with the healthy partici-
pants (20.8% 6 2.9, 25.5% 6 2.7, 23.0% 6 2.7, respec-
tively; all P , .01) (Table 3; Figs 2–5).

7; P = .04). Left atrium dimension in the entire HCM cohort 
was also larger than that in healthy participants (36 mm 6 
8 vs 31 mm 6 5; P , .001). However, the LV end-diastolic 
diameter in the group with interventricular septal HCM was 
smaller than that in the group with apical HCM (47 mm 6 
6 vs 50 mm 6 3; P , .01) and LV end-diastolic diameter in 
the entire HCM cohort had no significant difference compared 
with healthy participants (P = .29). The LV ejection fraction 
in apical HCM was 3.0% higher than that in interventricular 
septal HCM, while LV ejection fraction in the entire HCM 
cohort was no different from the healthy participants (P = .78). 
With the exception of the LV end-diastolic diameter, LV ejec-
tion fraction, end-systolic volume, and end-systolic volume in-
dex, there are no significant differences in other LV functional 
parameters including stroke volume, end-diastolic volume, 
cardiac output, end-diastolic volume index, and cardiac index 
between the two subgroups of HCM.

The maximum wall thickness in septal HCM was greater 
than that observed in apical HCM (25 mm 6 5 vs 19 mm 
6 2; P , .001) and the healthy participants (25 mm 6 5 
vs 10 mm 6 2; P , .001). The LV mass index was lowest in 
the healthy participants (48.5 g/m2 6 13.2) followed by api-
cal HCM (58.7 g/m2 6 19.6; P , .001) and interventricular 
septal HCM (65.9 g/m2 6 23.8; P , .001). However, there 
were significant differences observed in the LV mass index be-
tween the interventricular septal HCM group and the apical 
HCM group (P = .02). The detailed MRI functional results 
of the patients with interventricular septal HCM, the patients 

Figure 1: Flowchart shows patient selection process based on inclusion and exclusion criteria. CMR = cardiac MRI, HCM = hypertrophic cardiomyopathy, LGE = late 
gadolinium enhancement.
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with tissue characteristics (maximum T1 and maximum ECV). 
Within the entire cohort, there was a positive association be-
tween maximum T1 and maximum ECV and LV mass index 
(both r = 0.86; P , .01). For further subgroup analysis of pa-

T1 Mapping in Relation to LV Function
There were no correlations between tissue characteristics (maxi-
mum T1 and maximum ECV) and LV ejection fraction (both 
r , 0.3; P . .05). However, the LV mass index correlated well 

Table 1: Baseline Characteristics of Patients and Healthy Participants

Parameter
Total HCM  
(n = 258)

IVS HCM Subgroup  
(n = 181)

Apical HCM  
Subgroup (n = 77) P Value*

Healthy Participants  
(n = 122) P Value†

Age (y)‡ 49 6 15 48 6 15 51 6 14 .09 50 6 14 .45
Sex
 Male 191 (74.0) 127 (70.2) 64 (83.1) .03 93 (76.2) .65
 Female 67 (26.0) 54 (29.8) 13 (16.9) .03 29 (23.8) .65
Body mass index (kg/m2)‡ 25.2 6 3.5 25.0 6 3.8 25.8 6 2.6 .10 25.3 6 3.3 .76
Systolic blood pressure (mm Hg)‡ 121 6 15 121 6 16 122 6 13 .52 121 6 15 .88
Diastolic blood pressure (mm Hg)‡ 80 6 9 80 6 10 80 6 7 .58 80 6 9 .82
NYHA functional classification§ 209, 33, 16, 0 150, 22, 9, 0 59, 11, 7, 0 .22 122, 0, 0, 0 ,.001
Family history of HCM 71 (27.5) 52 (28.7) 19 (24.7) .51 0 (0) ,.001
Family history of sudden death 18 (7) 10 (5.5) 8 (10.4) .16 0 (0) .01
Syncope 15 (5.8) 9 (5.0) 6 (7.8) .38 0 (0) .01
Smoker 44 (17.1) 32 (17.7) 12 (15.6) .68 17 (13.9) .44
Diabetes 16 (6.2) 11 (6.1) 5 (6.5) .21 0 .01
Hypertension 29 (11.2) 22 (12.2) 7 (9.1) .48 0 ,.001
Medications
 Beta-receptor antagonist 52 (20.2) 34 (18.8) 18 (23.4) .40 0 …
 Calcium channel blocker 16 (6.2) 9 (5.0) 7 (9.1) .21 0 …
 ACE inhibitor/ARB 24 (9.3) 15 (8.3) 9 (11.7) .39 0 …
 Disopyramide 3 (1.2) 3 (1.7) 0 (0) .26 0 …
 Amiodarone 6 (2.3) 2 (1.1) 4 (5.2) .05 0 …

Note.—Unless otherwise specified, data are numbers, with percentages in parentheses. ACE = angiotensin-converting enzyme, ARB = 
angiotensin receptor blocker, HCM = hypertrophic cardiomyopathy, IVS = interventricular septal, NYHA = New York Heart Association.
* P value is for IVS HCM versus apical HCM.
† P value is for all patients versus healthy participants. P , .05 is considered to indicate statistical significance.
‡ Data are means 6 standard deviation.
§ Indicates class I, class II, class III, and class IV.

Table 2: Global Morphologic and Functional MRI Measurements

Cardiac MRI Parameter
Total HCM  
(n = 258)

IVS HCM Subgroup  
(n = 181)

Apical HCM  
Subgroup (n = 77) P Value*

Healthy Participants  
(n = 122) P Value†

Left atrium dimension (mm) 36 6 8 36 6 9 34 6 7 .04 31 6 5 ,.001
LV end-diastolic diameter (mm) 48 6 5 47 6 6 50 6 3 ,.01 49 6 4 .29
LV ejection fraction (%) 64.1 6 7.6 63.2 6 7.8 66.2 6 6.7 ,.01 63.8 6 6.1 .78
LV stroke volume (mL) 72.3 6 18.8 72.2 6 20.4 72.6 6 14.6 .90 74.4 6 16.3 .30
LV end-diastolic volume (mL) 113.5 6 28.7 114.9 6 31.5 110.4 6 20.7 .25 116.9 6 25.2 .27
LV end-systolic volume (mL) 41.2 6 14.9 42.6 6 16.2 37.8 6 10.9 .02 42.5 6 12.8 .40
LV cardiac output (L/min) 5.01 6 1.44 5.07 6 1.53 4.88 6 1.19 .32 5.16 6 1.43 .36
LV end-diastolic volume index (mL/m2) 63.1 6 14.8 64.0 6 16.2 61.0 6 10.5 .13 64.9 6 13.0 .25
LV end-systolic volume index (mL/m2) 22.9 6 8.1 23.8 6 8.8 20.8 6 5.6 .01 25.0 6 8.3 .02
LV cardiac index (L/min/m2) 2.79 6 0.77 2.82 6 0.81 2.70 6 0.65 .22 2.86 6 0.72 .40
LV mass index (g/m2) 63.8 6 22.8 65.9 6 23.8 58.7 6 19.6 .02 48.5 6 13.2 ,.001
Maximum LV wall thickness (mm) 23 6 5 25 6 5 19 6 2 ,.001 10 6 2 ,.001

Note.—Unless otherwise specified, data are means 6 standard deviation. HCM = hypertrophic cardiomyopathy, IVS = interventricular 
septal, LV = left ventricle.
* P value is for IVS HCM versus apical HCM.
† P value is for all patients with HCM versus healthy participants. P , .05 is considered to indicate statistical significance.
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heart transplantation) during the follow-up period. No healthy 
participants reached any end points. Syncope, LV mass index, 
native T1, and ECV were all associated with SCD in the uni-
variable analysis (Table 5). The low event rate precluded mul-
tivariable analyses.

Intra- and Interobserver Variability
ECV fraction in the healthy participants and the HCM patient 
groups (interventricular septal HCM and apical HCM) had a 
mean intraobserver variability of 0.2% 6 0.5 and 0.0% 6 0.6, 
and a mean interobserver variability of 0.1% 6 0.8 and 0.1% 
6 0.8, respectively (Fig 7).

Discussion
The results of our study demonstrate several important find-
ings regarding the characteristics and prognostic value of native 

tients with interventricular septal HCM and patients with api-
cal HCM, both maximum myocardial T1 and maximum ECV 
showed positive associations with indexed LV mass index (r = 
0.86 and 0.85 for interventricular septal HCM and r = 0.88 and 
0.86 for apical HCM; all P , .001) (Table 4, Fig 6).

T1 Mapping in Relation to Cardiovascular Outcomes
The median follow-up periods were 48 months (interquartile 
range, 39–65 months) for the group with interventricular sep-
tal HCM and 51 months (interquartile range, 47–76 months) 
for the group with apical HCM. During the follow-up period, 
five of 258 patients (1.9%) had SCD. The average time be-
tween cardiac MRI and SCD was 50 months 6 13 (range, 
34–67 months). Three of five patients had interventricular sep-
tal HCM and two of five patients had apical HCM. There were 
no other end-point events (eg, heart failure–related death or 

Table 3: Global T1 and ECV Distribution

Native T1 and ECV
Total HCM  
(n = 258)

IVS HCM Subgroup  
(n = 181)

Apical HCM Subgroup  
(n = 77) P Value*

Healthy Participants  
(n = 122) P Value†

T1 minimum (msec) 905 6 48 906 6 47 902 6 50 .58 863 6 50 ,.001
T1 maximum (msec) 1012 6 50 1021 6 48 989 6 47 ,.001 958 6 45 ,.001
T1 mean (msec) 950 6 48 955 6 47 940 6 48 .02 913 6 46 ,.001
T1 blood (msec) 1557 6 94 1566 6 94 1535 6 91 .02 1544 6 91 .22
Hematocrit (%) 43.9 6 4.9 43.5 6 4.9 44.7 6 4.8 .06 44.4 6 4.7 .32
ECV minimum (%) 22.2 6 2.9 22.6 6 3.0 21.4 6 2.7 ,.01 20.8 6 2.9 ,.001
ECV maximum (%) 27.3 6 2.8 27.5 6 2.8 26.7 6 2.9 .04 25.5 6 2.7 ,.001
ECV mean (%) 24.5 6 2.8 24.6 6 2.8 24.4 6 2.8 .55 23.0 6 2.7 ,.001

Note.—Unless otherwise specified, data are means 6 standard deviation. ECV = extracellular matrix volume fraction, HCM = hypertro-
phic cardiomyopathy, IVS = interventricular septal.
* P value is for IVS HCM versus apical HCM.
† P value is for all patients with HCM versus healthy participants. P , .05 is considered to indicate statistical significance.

Figure 2: Image shows distribution of native myocardial T1 and extracellular volume (ECV) fraction in septal hypertrophic cardiomyopathy (HCM), apical HCM, and 
healthy participants. Compared with healthy participants, native myocardial T1 was elevated in segments 1–4, 7–10, and 14 in patients with septal HCM and in segments 
1, 4, and 13–16 in patients with apical HCM. Elevated ECV was similar in distribution to areas of elevated native myocardial T1 in both patient groups. P , .05 is consid-
ered to indicate statistical significance. Posthoc tests showed significant differences between interventricular septal HCM versus healthy participants (#), apical HCM versus 
healthy participants (§), and interventricular septal HCM versus apical HCM (&), respectively.
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and ECV were associated with sudden cardiac death (SCD) in 
patients with HCM who show no LGE at MRI.

Previous studies have demonstrated abnormal expansion of the 
extracellular space in the myocardium of patients with HCM by 
using native T1 mapping methods (22), as well as T1 mapping 
before and after contrast agent administration (13,23,24). The 
majority of studies have predominantly reported that native myo-
cardial T1 values were significantly longer in HCM segments with 
LGE. In our study, we applied the T1 maps to further evaluate the 
myocardium in patients with HCM without LGE at MRI to as-
sess for expansion of the extracellular space prior to the appearance 
of LGE at MRI. When compared with healthy participants, both 
native myocardial T1 and ECV fraction values were significantly 
greater in hypertrophic segments in both interventricular septal 
HCM and apical HCM, despite the absence of LGE. This find-
ing is in keeping with a few previous studies that have shown that 

myocardial T1 measurements and extracellular volume (ECV) 
fraction values in patients with hypertrophic cardiomyopathy 
(HCM) who show no late gadolinium enhancement (LGE) and 
no hemodynamic obstruction. First, we found prolonged na-
tive myocardial T1 and increased ECV in patients with HCM 
(within the hypertrophied myocardial segments) who showed 
no LGE at MRI. These results suggest that patients with HCM 
have increased interstitial fibrosis within the hypertrophied 
segments despite the absence of LGE. These findings are an im-
portant advancement beyond conventional LGE techniques, 
which can readily identify dense focal scar but have difficulty 
in detecting more subtle diffuse expansion of the extracellular 
matrix caused by interstitial fibrosis, inflammation, edema, and 
infiltrative processes. Second, greater T1 and ECV values were 
associated with left ventricular (LV) mass index across all pa-
tients with HCM. Third, we found that native myocardial T1 

Figure 3: Native myocardial T1 images (top row), quantitative extracellular volume (ECV) fraction images (middle row), and late gadolinium 
enhancement images (bottom row) in a healthy 29-year-old woman. Mean native myocardial T1 and ECV fraction in healthy participants were 913 
msec 6 46 (standard deviation) and 23.0% 6 2.7, respectively.



MRI T1 Mapping in Hypertrophic Cardiomyopathy

282 radiology.rsna.org  n  Radiology: Volume 294: Number 2—February 2020 

the expansion of the extracellular space, native T1 values could 
be affected by additional changes such as intramyocellular water 
distribution. Thus, some researchers have suggested that native 
myocardial T1 values reflect the severity of the disease stage in 
HCM more accurately than does LGE (22).

Over the last several decades, the list of known risk factors 
of SCD in patients with HCM has continued to grow. It has 
grown from what was originally five binary risk factors into 
the HCM Risk-SCD model that has been incorporated in the 
2014 European Society of Cardiology guidelines (27,28). In 
patients with HCM, risk stratification is a clinical challenge 
and has been mainly focused on prevention of SCD. Several 
risk factors have been proposed: family history of SCD, un-
explained syncope, nonsustained ventricular tachycardia, LV 
thickness, and LV outflow tract obstruction gradient (29). 
O’Mahony et al (28) developed a newer risk prediction model 

native myocardial T1 values are greater in HCM hypertrophied 
segments without LGE when compared with healthy participants 
(13,22). Thus, native myocardial T1 mapping and ECV fraction 
have an increased ability to detect abnormal myocardium com-
pared with conventional LGE.

The mechanism of pathology in HCM reported by studies in 
animal models of HCM have found significant and early upreg-
ulation of genes involved in extracellular matrix synthesis (25). 
These genetic pathways were activated before LV hypertrophy 
or myocardial fibrosis developed, making increase in extracel-
lular matrix the earliest finding in HCM. More recently, human 
studies have also shown that myocardial type I collagen synthesis 
is significantly increased in sarcomere mutation carriers, even in 
the absence of LV hypertrophy and LGE (26). Thus, the earliest 
abnormality in HCM is increased extracellular matrix. Although 
both native myocardial T1 values and LGE are both altered by 

Figure 4: Native myocardial T1 images (top row), quantitative extracellular volume (ECV) fraction images (middle row), and late gadolinium en-
hancement (LGE) images (bottom row) in a 62-year-old man with interventricular septal hypertrophic cardiomyopathy. Patchy intramyocardial areas 
of elevated T1 and ECV were mainly in interventricular septum (arrows). These findings suggest increase of extracellular matrix in involved myocar-
dium. No obvious LGE was observed on conventional LGE images in bottom row.
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Figure 5: Native myocardial T1 images (top row), quantitative extracellular volume (ECV) fraction images (middle row), and late gadolinium 
enhancement (LGE) images (bottom row) in a 33-year-old man with apical hypertrophic cardiomyopathy. Patchy intramyocardial areas of elevated 
T1 and ECV were mainly in apex (arrows). These findings suggest increased extracellular matrix in hypertrophied areas of myocardium. No obvious 
LGE was observed on conventional LGE images.

Table 4: Correlations between LV Function and LV Mass versus Myocardial Tissue Characteristics (T1 and ECV) with Bonferroni 
Correction

Group and Parameter r Value* P Value* r Value† P Value†

Entire cohort (n = 258)
 LV ejection fraction -0.06 .32 -0.04 .56
 LV mass index 0.86 ,.001 0.86 ,.001
Interventricular septal HCM (n = 181)
 LV ejection fraction 0.03 .73 0.03 .73
 LV mass index 0.86 ,.001 0.85 ,.001
Apical HCM (n = 77)
 LV ejection fraction -0.09 .42 -0.11 .33
 LV mass index 0.88 ,.001 0.86 ,.001

Note.—P value after Bonferroni correction was set to .01. ECV = extracellular volume, HCM = hypertrophic cardiomyopathy, LV = left ventricular.
* Indicates T1 maximum.
† Indicates ECV maximum.
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Figure 6: Graphs illustrate correlation between native T1 and extracellular volume (ECV) values and left ventricular (LV) mass index in, A, D, all patients with hypertrophic 
cardiomyopathy (HCM) (n = 258), B,E, patients with interventricular septal HCM (n = 181), and, C, F, patients with apical HCM (n = 77), respectively. Max = maximum.

Table 5: Univariable Analysis of Clinical and Cardiac MRI Characteristics for Prediction of SCD in Patients with HCM without Late 
Gadolinium Enhancement and Hemodynamic Obstruction

Baseline Variable SCD-free Survivors (n = 253) Patients with SCD (n = 5) Hazard Ratio* P Value
Age (y)† 50 (38, 61) 61 (48, 68) 1.04 (0.97, 1.11) .24
Sex
 Male 187 (74) 4 (80) 0.74 (0.08, 6.66) .79
 Female 66 (26) 1 (20) 0.74 (0.08, 6.66) .79
Family history of SCD 17 (6.7) 1 (20) 2.43 (0.27, 21.90) .43
Syncope 13 (5.1) 2 (40) 8.75 (1.45, 52.72) .02
Left atrium dimension (mm)† 35 (30, 41) 32 (25, 36) 0.90 (0.78, 1.03) .12
LV end-diastolic diameter (mm)† 48 (45, 51) 48 (44, 55) 1.04 (0.89, 1.22) .59
LV ejection fraction (%)† 65.0 (58.8, 69.6) 62.0 (56.4, 70.2) 0.98 (0.88, 1.09) .73
LV mass index (g/m2)† 57.0 (45.6, 78.0) 106.7 (54.7, 109.5) 1.04 (1.00, 1.07) .04
Maximum LV wall thickness (mm)† 22 (20, 26) 22 (21, 33) 1.07 (0.94, 1.22) .29
Massive LV hypertrophy (.30 mm)† 24 (9.5) 1 (20) 0.45 (0.05, 4.01) .47
Native T1 value (msec)†

 Minimum 906 (875, 938) 975 (904, 1004) 1.03 (1.01,1.05) .02
 Maximum 1008 (973, 1046) 1056 (1001, 1131) 1.02 (1.00, 1.04) .03
 Mean 949 (916, 982) 1009 (944, 1061) 1.02 (1.00, 1.04) .02
ECV value (%)†

 Minimum 22.2 (20.3, 24.4) 26.0 (21.3, 28.2) 1.47 (1.02, 2.11) .04
 Maximum 27.3 (25.4, 29.1) 31.4 (27.2, 33.9) 1.41 (1.07,1.86) .01
 Mean 24.6 (22.7, 26.5) 28.2 (24.1, 30.6) 1.48 (1.02, 2.09) .03

Note.—Unless otherwise specified, data are numbers, with percentages in parentheses. ECV = extracellular volume, HCM = hypertrophic 
cardiomyopathy, LV = left ventricle, SCD = sudden cardiac death.
* Data in parentheses are 95% confidence intervals.
† Data are medians, with interquartile range in parentheses.
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this needs to be further validated in a future study with a larger 
study cohort. Furthermore, other studies have shown that elevated 
ECV fraction is not only an important risk marker for SCD in 
HCM (32,33) but also for adverse cardiovascular events in pa-
tients with other nonischemic cardiomyopathies (34,35).

This study had several limitations. First, the relatively small 
number of patients enrolled in a single center, together with the 
low number of SCD events, represents an obvious limitation that 
allows us to suggest, rather than to affirm, that native myocardial 
T1 and ECV fraction analysis might improve HCM SCD risk 
stratification in the low-intermediate risk categories. Second, we 
acknowledge that because of the low SCD events, only univari-
able Cox regression analyses were performed at a single time point. 
Thus, we cannot confirm which variable is an independent risk 
factor for SCD. Third, only modified Look-Locker inversion re-
covery T1 mapping was used for ECV calculation. Thus, these 
results should be interpreted with caution when compared with 
other T1 mapping techniques. Other potential prognostic mark-
ers, such as N-terminal pro b-type natriuretic peptide, were not 
systematically assessed. Further prospective studies in large patient 
populations are needed to further validate our data and apply 
them to daily clinical practice.

In summary, we demonstrated the global and segmental 
distributions of T1 and extracellular volume (ECV) character-
istics in hypertrophic cardiomyopathy (HCM) without late 

to predict SCD in patients with HCM, which included the 
use of continuous variables instead of dichotomized variables 
and which was implemented in the current European Society 
of Cardiology guidelines. In 2018, Maron et al (1) modified 
risk stratification and primary prevention of SCD with im-
plantable cardioverter defibrillators in patients with HCM. A 
more recently updated risk model for SCD in patients with 
HCM includes six major risk factors: family history of HCM-
related sudden death, unexplained syncope, multiple-repetitive 
nonsustained ventricular tachycardia, massive LV hypertrophy 
(.30 mm), LV apical aneurysm, extensive LGE (.15%), and 
end-stage HCM (ejection fraction ,50%) (3).

Although this updated risk model and risk factors improves risk 
stratification for SCD and subsequently identification of patients 
who can benefit from an implantable cardioverter defibrillator 
(30,31), the current guidelines and risk models have no recom-
mendations regarding quantitative native myocardial T1 and ECV 
fraction in risk stratification for SCD. There are still a small num-
ber of patients without LGE and without LV outflow tract ob-
struction who die of SCD in a relatively long period of follow-up.

In our cohort, syncope was the only conventional risk factor 
that was associated with SCD, but this may be limited because of 
the small number of patients with SCD in our cohort. According 
to our findings, ECV is the best image-based risk factor associated 
with SCD in the two types of patients with HCM studied, but 

Figure 7: Bland-Altman analyses show extracellular volume (ECV) for intra- and interobserver variability in patients with hypertrophic cardiomyopathy (HCM) and 
healthy participants. Variability of, A, intraobserver and, B, interobserver for patients with HCM is shown. Variability of C, intraobserver and, D, interobserver for healthy par-
ticipants is shown. Middle dashed line indicates mean difference and gray area between dashed lines indicates standard deviation.
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gadolinium enhancement (LGE) and hemodynamic ob-
struction detected early expansion of the myocardial extracel-
lular space. Native T1 and ECV are highly correlated with left 
ventricular mass index. Future prospective, randomized, large, 
and multicenter investigations are needed to investigate the 
prognostic value of myocardial tissue characteristics (T1 and 
ECV) in HCM without LGE and hemodynamic obstruction.
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