
Introduction
Restrictive cardiomyopathy (RCM) is a myocardial
disease characterized by impaired ventricular filling
and reduced diastolic volume in the presence of nor-
mal systolic function and normal or near normal
myocardial thickness (1). The disease is characterized
by symptoms of progressive left- and right-sided
heart failure. The overall prognosis is poor, especial-
ly when onset is in childhood, and patients often
require cardiac transplantation (2, 3). Although sev-
eral inherited and acquired disorders may cause
RCM, many cases remain idiopathic (4, 5). Familial

RCM has been reported, but whether a distinct genet-
ic entity exists remains uncertain (6).

A child and his mother were diagnosed with idio-
pathic RCM in our cardiomyopathy clinic. Their family
history revealed that 12 individuals died suddenly and
that several surviving relatives had symptoms of heart
disease. Clinical investigation of the family (H640) iden-
tified another individual with RCM and nine individu-
als with hypertrophic cardiomyopathy (HCM). Genetic
investigations identified a disease-causing mutation
within a highly conserved region of the cardiac troponin
I gene (TNNI3). To test the hypothesis that RCM is part
of the clinical expression of TNNI3 mutations, we per-
formed genetic investigations of the gene in nine addi-
tional idiopathic RCM patients. This paper presents the
results of clinical and genetic investigations in ten unre-
lated patients diagnosed with idiopathic RCM and their
relatives, including family H640 mentioned above.

Methods
This study was approved by the local research ethics
committee, and informed consent was obtained from
all participants.

Patients. Clinical investigations of the initial family
(H640) comprised the proband and 32 of his surviv-
ing relatives. The remaining study cohort consisted of
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nine additional unrelated patients diagnosed with
idiopathic RCM over a 6-year period. Relatives of
these RCM patients were also invited to participate 
in the study. All patients and those relatives who
agreed to participate underwent physical examina-
tion, 12-lead ECG, and transthoracic two-dimension-
al echocardiography and Doppler studies. Selected
patients underwent cardiac catheterization and right
ventricular biopsy (H417, H906, H816, H974, H38).

Echocardiography. Standard views for M-mode and
two-dimensional studies were obtained. End-diastolic
left ventricular wall thickness was recorded at the level
of the mitral valve and papillary muscle in the anterior
and posterior septum and the lateral and posterior wall
using short-axis two-dimensional images. Anterior and
posterior septal thickness at the apex was assessed from
apical four-chamber and parasternal short-axis views.
The maximum left ventricular wall thickness was
defined as the maximal measurement recorded in any
of the myocardial segments studied. Left ventricular
wall thickness and left ventricular end-diastolic dimen-
sion was adjusted for age and body surface area in RCM
patients (Tables 1 and 2) (7, 8). Septal/posterior wall
ratio was obtained from measurements in the paraster-
nal long-axis view, the short-axis view at the mitral valve
level, or the short-axis view at the papillary muscle level.
Table 2 reports the ratio that was the greater of the two.
Left ventricle in- and outflow velocities were deter-
mined using continuous and pulse wave Doppler
echocardiography.

Restrictive cardiomyopathy. Individuals were diagnosed
with RCM in accordance with previous established cri-
teria when echocardiography revealed the following (1,
4, 5): Doppler measurements consistent with restric-
tive left ventricular filling pattern (increased ratio of
early diastolic filling [E] to atrial filling [A] ≥ 2;
decreased deceleration time [DT] ≤ 150 ms; decreased
isovolumic relaxation time [IVRT] ≤ 70 ms); reduced
or low-normal left ventricular end diastolic dimension
(LVED); normal or near normal left ventricular wall
thickness and systolic function.

Hypertrophic cardiomyopathy. Individuals were diag-
nosed with HCM when echocardiography identified
unexplained left ventricle hypertrophy greater than or
equal to 13 mm, or they fulfilled proposed diagnostic
criteria for HCM within the context of familial disease,
i.e., echocardiographic criteria and/or one of the fol-
lowing ECG abnormalities (9, 10): left ventricular
hypertrophy (Romhilt-Estes score ≥4); Q-waves (dura-
tion >0.04 sec and/or a depth >1/4 of ensuring R wave
in at least two leads); and marked repolarization abnor-
malities (T-wave inversion in at least two leads).

DNA extraction. Genomic DNA was extracted from
peripheral blood samples using a kit from QIAGEN
Inc. (no. 51306; West Sussex, United Kingdom).

Linkage, haplotype, and paternity analysis. Linkage analy-
sis of recognized HCM genes in family H640 were car-
ried out using microsatellite markers and the LINKAGE
5.1 package (http://linkage.rockefeller.edu/index.html),

as described previously (11). Haplotype analysis of pedi-
gree H816 and H805 was performed using microsatel-
lite markers defining the TNNI3 locus (D19S254,
D19S210, D19S877, and D19S887) (12). Paternity
analysis was performed in pedigree H417 and H906
using 13 microsatellite markers (D1S1656, D3S1578,
D11S1344, D7S483, D12S1583, MyoI-CA, MyoII-CA,
HTMα-CA, D15S1036, D15S974, D15S153, D19S926,
D19S877, and D19S887).

Mutation analysis. The eight protein-encoding exons of
TNNI3 were amplified using intronic primers designed
according to the genomic sequence of the gene using
the OLIGO 4.1 primer analysis software (MedProbe AS,
Oslo, Norway) (13). Primer sequences and PCR condi-
tions are available upon request.

PCR products were purified prior to cycle sequenc-
ing using a kit from Amersham Pharmacia Biotech
(no. 25-6902-01; Amersham, United Kingdom) and
cycle sequencing was performed using a BigDye Ter-
minator Cycle Sequencing Kit from Applied Biosys-
tems Inc. (no. 4314414; Foster City, California, USA).
The sequences were analyzed on an ABI Prism 3100
Sequencer in accordance with the manual of the
manufacturer.

When a mutation was identified, a second blood
sample from the affected patient was reanalyzed to
confirm the finding by direct sequencing and con-
ventional SSCP analysis (standard 10% polyacry-
lamide gel electrophoresis in 1×TBE buffer at room
temperature and postelectrophoresis silver staining).
Three of the mutations identified were predicted to
change restriction enzyme sites according to comput-
er analysis using Webcutter software (http://bio.lund-
berg.gu.se/index.html). These findings were con-
firmed by PCR amplification of the relevant exon
restriction enzyme digest, followed by size fractiona-
tion using either 3% agarose or 12% PAGE gel elec-
trophoresis. Mutation Asp190Gly in pedigree H640
abolished a BsrI site, mutation Arg192His in pedigree
H417 abolished a HhaI site, and mutation Arg145Trp
in pedigree H816 and H805 created an AciI site.

Results
Clinical investigations of family H640. The proband of
family H640, individual IV-10 (Figure 1, Table 1), had
onset of heart failure symptoms at the age of 11 years.
Echocardiography revealed severe bi-atrial enlarge-
ment accompanied by a restrictive filling pattern, nor-
mal systolic function, and normal left ventricular wall
thickness. His ECG showed prominent P-waves in all
leads consistent with bi-atrial enlargement. His moth-
er (III-17) had symptoms of heart failure from the age
of 29 years. Her investigations also demonstrated
restrictive left ventricular physiology with normal wall
thickness measurements, except for localized apical
thickening (14 mm).

The family history revealed several relatives with
symptoms of heart disease and nine individuals who
died suddenly at less than 30 years of age. A cousin of
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the proband, individual IV-3, had already been diag-
nosed previously with restrictive cardiomyopathy fol-
lowing echocardiography and ECG-recording (Table 1).

Nine living relatives within pedigree H640 fulfilled
diagnostic criteria for HCM within the context of famil-
ial disease (7, 8). Six of these individuals (III-1, III-3, 
IV-5, III-6, III-11, III-15) had left ventricular wall hyper-
trophy of 13–20 mm, including three individuals with a
left atrial size of more than 50 mm (III-1, III-6, III-15).
The diastolic filling patterns of these individuals were
mixed, showing features of restriction as well as impaired
diastolic relaxation with a shortened DT, but normal or
prolonged IVRT, and diminished to normal E/A ratio in
the majority. Three individuals had a normal echocar-
diogram, but an abnormal ECG (IV-8, III-25, IV-11).

Genetic investigation of family H640. Linkage analysis of
recognized HCM genes was performed, and TNNI3 was
identified as the likely disease gene. Mutation analysis 
of TNNI3 by direct sequencing identified a 87A→G
nucleotide substitution of exon 8 resulting in an
Asp190His amino acid substitution that segregated with
the disease in the family (maximal two-point lod score: 4.8).

Clinical and genetic investigation of other RCM patients.
Following the identification of a disease causing
TNNI3 mutation within family H640, investigation
of the gene was performed in an additional nine

unrelated patients who had been diagnosed with
idiopathic RCM. The following six patients were
shown to carry TNNI3 mutations.

H417 was diagnosed at the age of 16 following a stroke
associated with an episode of paroxysmal atrial fibrilla-
tion. Echocardiography showed severe bi-atrial enlarge-
ment accompanied by normal left ventricular wall thick-
ness and normal systolic function (Table 2 and Figure
2a). ECG showed abnormal P-waves in all leads (Figure
2b). He died of heart failure at the age of 19 awaiting car-
diac transplantation. Microscopy of right ventricular
(RV) endomyocardial biopsies obtained antemortem
showed nonspecific interstitial fibrosis without myocyte
hypertrophy or myocyte disarray. Postmortem micro-
scopy, however, revealed myofiber disarray, myocyte
hypertrophy, and fibrosis similar to the findings in HCM
patients (Figure 2c) (14, 15).

Direct sequencing of TNNI3 identified a 92C→A
nucleotide substitution of exon 8, which resulted in an
Arg192His amino acid substitution. The mutation was
not present in either of his parents. Paternity was con-
firmed following haplotype analysis of 13 micro-satel-
lite markers and the mutation was therefore considered
to be a de novo mutation.

H906 had failed to thrive since the age of 3 years and
had a body weight of only 15 kg when idiopathic RCM
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Figure 1
Pedigree drawings of restrictive cardiomyopathy families affected by cardiac troponin I mutations. Squares indicate male family members;
circles, female family members; symbols with slash, deceased individuals; open symbols, unaffected individuals; filled symbols, individuals
affected by RCM (indicated by arrows) or HCM; checkered symbols, individuals who died suddenly; question mark, unknown clinical sta-
tus. Plus sign indicates presence of mutation, whereas minus sign indicates absence of mutation. Generation II of family H640 consisted of
a total of 13 siblings, of which 9 were available for this investigation. Four generation-II siblings were obligate carriers of the mutation (includ-
ed in the pedigree drawing with their offspring), while five remaining siblings were shown not to carry the mutation. Two of the obligate car-
riers (III-7, II-3) died suddenly at the age of 40. The remaining obligate carriers (II-1, II-2, II-4), reached the age of 63, 59, and 51 years,
respectively. Ten sudden deaths appeared in young individuals who had a 50% chance of having inherited the disease (IV-1/2/4; 
III-18/20/21/22/23/26/27). Their average age of death was 25 years (16–33 years), and most had symptoms of cardiac disease prior to
their death. Individual IV-13 was shown to be a healthy carrier of the mutation at the age of 5 years.



was diagnosed at the age of 6 years. She had suffered
from recurrent chest infections and frequent episodes
of abdominal pain. Her walking distance was less than
100 m. Echocardiography and ECG recordings showed
typical features of RCM (Table 2). Microscopy of RV
endomyocardial biopsies showed nonspecific intersti-
tial fibrosis as in biopsies from patient H417. The
patient is currently awaiting cardiac transplantation.
Mutation analysis of TNNI3 identified an 886A→G
nucleotide substitution of exon 7, which resulted in a

Lys178Glu amino acid substitution. The mutation
was not present in her parents, and paternity was con-
firmed following haplotype analysis. This mutation
was also considered to be a de novo mutation.

H805, H816, and H974 had typical features of RCM
diagnosed in their late fifties (Table 2, and Figure 1).
H805 and H816 had symptoms of heart failure, while
H974 was diagnosed following an embolic stroke. Micro-
scopy of RV endomyocardial biopsies from H974 showed
interstitial fibrosis with mild myocyte hypertrophy, but
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Table 1
Clinical data of affected individuals of family H640 carrying an Asp190His mutation of TNNI3

ID Age/sex Symptoms MWT LA LVED LVES FS E/A IVRT DT(E) ECG
(mm) (mm) (mm) (mm) (%) (ms) (ms)

II-1 63/F Angina, palpitation NA NA NA NA NA NA NA NA NA
III-1 54/F None 15 (8–11)*, ASH 51 52 36 31 0.99 110 110 SR, LA+RA 

enlargement, 
ST-segment changes

IV-1 18/F Angina, dyspnea, SCD NA NA NA NA NA NA NA NA NA
IV-2 22/F Dyspnea, SCD NA NA NA NA NA NA NA NA NA
III-3 50/M None 16 (9–12)*, ASH 43 48 33 32 1.51 110 100 SR, ST-segment 

changes
IV-3 25/M Dyspnea 14 (9–12)*, Apical 53 40 (43–54)* 25 37 2.32 58 80 SR, PR interval 

244 ms, 
LA + RA enlargement

IV-4 21/M Angina, dyspnea, SCD NA NA NA NA NA NA NA NA NA
IV-5 19/F None 14 (9–12)*, ASH 29 43 28 35 0.82 90 220 SR, Q-waves in II, 

III, aVF, V6
II-2 59/M Died of COPD, heart failure NA NA NA NA NA NA NA NA NA
III-6 49/F Dyspnea, palpitation 13 (8–10)*, PW 53 46 33 28 1.46 100 110 Atrial flutter, LA + RA 

enlargement, RBBB, 
ST-segment changes

III-7 40/M SCD NA NA NA NA NA NA NA NA NA
IV-8 17/F None 8 (7–10)*, Normal 27 40 23 43 1.97 90 150 SR, Q-waves in II, 

III, aVF, V6
III-11 41/M None 20 (9–12)*, ASH 46 52 37 29 0.83 110 110 SR, LA enlargement, 

ST-segment changes
III-15 33/M Dyspnea, palpitation 17 (8–12)*, Apical 53 45 30 33 1.2 130 80 SR, LA enlargement, 

ST-segment changes
II-3 40/M Syncope, angina, SCD NA NA NA NA NA NA NA NA NA
III-17 39/F Dyspnea, palpitation 14 (7–12)*, Apical 54 33 (41–52)* 23 30 2.38 60 140 SR, RBBB, 

LA + RA enlargement
IV-10 13/M Dyspnea, palpitation 10 (7–11)*, Normal 55 38 (39–46)* 24 36 2.14 58 110 SR, LA + RA 

enlargement, 
ST-segment changes

III-18 21/M SCD NA NA NA NA NA NA NA NA NA
III-19 10/M Died of cancer NA NA NA NA NA NA NA NA NA
III-20 18/M Dyspnea, angina, SCD NA NA NA NA NA NA NA NA NA
III-21 16/M Palpitation, SCD NA NA NA NA NA NA NA NA NA
II-4 51/F Angina, palpitation NA NA NA NA NA NA NA NA NA
III-22 33/M Angina, syncope, SCD NA NA NA NA NA NA NA NA NA
III-23 25/M SCD NA NA NA NA NA NA NA NA NA
III-25 37/M Dyspnea, angina, palpitation 10 (8–11)*, Normal 39 53 36 32 1.22 70 190 SR, LVH, 

ST-segment changes
III-26 21/M SCD NA NA NA NA NA NA NA NA NA
III-27 18/M SCD NA NA NA NA NA NA NA NA NA
IV-11 13/M None 8 (7–10)*, Normal 36 47 28 40 1.86 60 110 SR, LVH, 

ST-segment changes
IV-13 5/F None 4 (4–7)*, Normal 26 36 24 33 1.69 55 140 SR, normal

Individuals diagnosed with RCM are in bold. No patients had signs or symptoms of skeletal myopathy. *Normal reference interval adjusted for age and body
surface area. A, atrial filling; ASH, asymmetric septal hypertrophy; COPD, chronic obstructive pulmonary disease; DT, deceleration time; E, early diastolic fill-
ing; FS, fractional shortening; IVRT, isovolumic relaxation time; LA, left atrium size; LVH, left ventricle hypertrophy; LVED, left ventricle end-diastolic dimen-
sion; LVES, left ventricle end-systolic dimension; MWT, maximal left ventricle wall thickness; NA, not available; PR, interval from onset of P-wave to onset of
R-wave; PW, posterior wall; RA, right atrium; RBBB, right bundle branch block; SCD, sudden cardiac death; SR sinus rhythm.



no myocyte or myofibrillar disarray. Mutation analysis of
TNNI3 in both H805 and H816 identified the same
799C→T nucleotide substitution of exon 7 that lead to
an Arg145Trp amino acid substitution. Haplotype analy-
sis with respect to the TNNI3 locus on chromosome 19
did not suggest a common founder effect of the muta-
tion. Their offspring were not carriers of the mutation,
while remaining relatives were unwilling to participate in
the study at present. Mutation analysis of H974 identi-
fied an 856G→A nucleotide substitution of exon 7 that
led to an Ala171Thr amino acid substitution. He was an
only child, and no clinical data or DNA was available on
his deceased parents. Subsequent mutation analysis of
his children did not reveal further carriers.

H38 developed symptoms of heart failure at the age
of 17 years. Her echocardiogram was typical of RCM,
except for a very localized mid-septal bulge (13 mm)
without outflow tract obstruction. She died of heart
failure at the age of 31 awaiting cardiac transplanta-
tion. Postmortem microscopy of heart tissue showed
myocyte and myofibrillar disarray, myocyte hyper-
trophy, and fibrosis similar to the findings in HCM
patients (14, 15). Mutation analysis of TNNI3 identi-
fied a 797T→A nucleotide substitution of exon 7,
which led to a Leu144Gln amino acid substitution.
Several members of her family were known to have
died suddenly, but lived abroad and were not avail-
able for investigation.
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Figure 2
Clinical features of restrictive cardiomyopathy in individual H417 affected by a de novo mutation in the gene for cardiac troponin I
(Arg192His). (a) Apical four-chamber echocardiogram in systole of H417 at the age of 18 with marked bi-atrial dilatation (left atrial [LA]
size, 64 mm), dilatation of pulmonary veins (PV), normal-sized ventricles and normal wall thickness. LV, left ventricle; RV, right ventricle; RA,
right atrium. (b) 12-lead ECG in sinus rhythm with prominent P-waves in all leads, T-wave inversions, and incomplete right bundle branch
block. (c) Microscopy of heart tissue obtained postmortem with myocyte hypertrophy, abundant interstitial fibrosis, and myofibril disarray
equivalent to the histological findings in HCM patients (14, 15) (hematoxylin and eosin staining, ×40).

Table 2
Clinical data of patients diagnosed with idiopathic RCM

ID Mutation Age/sex Symptoms MWT Septal/PW LA LVED LVES FS E/A IVRT DT(E) ECG
(mm) ratio (mm) (mm) (mm) (%) (ms) (ms)

H417 Arg192His 19/M Died of heart failure 10 (8–11)* 1.01 64 33 (42–53)* 20 39 2.65 50 60 SR, PR: 240 ms, 
LA + RA enlargement

H906 Lys178Glu 6/F Dyspnea, NYHA III 7 (5–8)* 0.98 52 31 (32-38)* 20 35 2.5 55 65 SR, LA+RA 
enlargement

H816 Arg145Trp 70/M Dyspnea, NYHA III 11 (9–12)* 1.02 54 51 (46–57)* 35 31 3.5 60 120 SR, PR: 240 ms, 
LA + RA enlargement, 
ST-segment changes

H805 Arg145Trp 68/F Dyspnea, angina, 9 (8–11)* 1.11 56 46 (44–55)* 27 41 3.4 52 108 SR, PR: 220, 
palpitation, NYHA III LA + RA enlargement

H974 Ala171Thr 63/M Dyspnea, palpitation, 9 (8–11)* 1.03 65 49 (46–58)* 33 33 E = 1.1 62 105 Atrial fibrillation, 
NYHA III LVH, ST-segment 

changes
H38 Leu144Gln 31/F Died of heart failure 11 (8–12)*, 1.18 58 38 (42–53)* 20 47 2.63 50 80 Atrial flutter, 

septal bulge RBBB, ST-segment 
of 13 mm changes

No patients had signs or symptoms of skeletal myopathy. *Normal reference interval adjusted for age and body surface area. A, atrial filling; DT, deceleration
time; E, early diastolic filling; FS, fractional shortening; IVRT, isovolumic relaxation time; LA, left atrium size; LVED, left-ventricle end-diastolic dimension; LVH,
left ventricle hypertrophy; LVES, left ventricle end-systolic dimension; MWT, maximal left ventricle wall; NYHA, New York Heart Association Classification; PR,
interval from onset of P-wave to onset of R-wave; PW, posterior wall; RA, right atrium; RBBB, right bundle branch block; SR, sinus rhythm.



Mutation analysis. All mutations in the present study
were identified in patients of Caucasian descent and
believed to be disease causing based upon (a) a signifi-
cant lod score in family H640 (Asp190His); (b) the
appearance of the same mutation in two unrelated
individuals, H816 and H805 (Arg145Trp); (c) the
appearance of de novo mutations in affected individu-
als, H417 and H906 (Lys178Glu and Arg192His); (d)
absence of sequence variations leading to amino acid
substitutions in 200 chromosomes from Caucasian
control individuals; and (e) the location of all muta-
tions in functionally important and conserved regions
of the gene (Table 3 and Figure 3).

Discussion
Prior to the genetic era of cardiomyopathies beginning
with the identification of the first disease gene in
HCM in 1990, it was believed that HCM, RCM, and
the inherited form of dilated cardiomyopathy (DCM)
were separate and distinct clinical and pathophysio-
logical entities (16, 17). Much has been learned over
the past decade, and it has been shown that sarcomer-
ic gene mutations may be associated with both HCM

and DCM (18). These findings suggest that variation
in the location of mutations within specific function-
al domains of sarcomeric disease genes can result in
different clinical phenotypes (19, 20). The results of
the current investigation show that RCM may also be
part of the spectrum of hereditary sarcomeric con-
tractile protein disease.

The clinical expression of HCM in family H640 was
unusual. The majority of affected HCM individuals
had enlarged atria and/or evidence of restrictive filling
with shortened DT in the presence of only mild to
moderate left ventricle hypertrophy and normal cavity
dimensions. Three gene carriers from family H640 had
symptomatic clinical presentation that was dominated
by restrictive filling pattern, marked atrial enlargement,
and reduced left ventricular end-diastolic dimension
(Table 1). Individual IV-10 had normal ventricular wall
thickness, while individual IV-3 and III-17 had a small
localized area of thickening at the apex. The phenotype
of IV-3 and III-17 was characterized by RCM, and the
severity of the changes was not readily explained by the
small area of localized apical thickening (Table 1). The
number of premature sudden deaths in the family 
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Figure 3
Schematic representation of the human cardiac troponin I gene with the number of corresponding amino acids encoded by the gene and
interaction sites with other sarcomeric contractile proteins (13, 28). The stars indicate mutations identified in patients with restrictive car-
diomyopathy in numerical order: Leu144Gln identified in H38, Arg145Trp identified in H816 and H805, Ala171Thr identified in H974,
Lys178Glu identified in H906, Asp190His identified in H640, and Arg192His identified in H417.

Table 3
Conservation of cardiac troponin I amino acid residues affected by missense mutations

Amino acid position 144 145 171 178 190 192

Human cardiac troponin I P T L R R V L R A H L K Q V K K E D V G D W R K N
Individual H38 . . G . . . . . . . . . . . . . . . . . . . . . .
Individual H805/H816 . . . W . . . . . . . . . . . . . . . . . . . . .
Individual H974 . . . . . . . . T . . . . . . . . . . . . . . . .
Individual H906 . . . . . . . . . . . . . . . E . . . . . . . . .
Family H640 . . . . . . . . . . . . . . . . . . . . G . . . .
Individual H417 . . . . . . . . . . . . . . . . . . . . . . H . .
Rat cardiac troponin I . . . . . . . . . . . . . . . . . . . . . . . . .
Mouse cardiac troponin I . . . . . . . . . . . . . . . . . . . . . . . . .
Chicken cardiac troponin I . A . . . . . . . G . R . . R . D . . . . . . . .
Quail cardiac troponin I . A . . . . . . . G . R . . R . D E . . . . . . .

Periods indicate amino acid identity. Protein accession numbers for rat, mouse, chicken, and quail (www.ncbi.nlm.nih.gov): NP_058840, NP_033432,
P27673, A41030.



suggests that the Asp190His amino acid substitution
identified is associated with an adverse phenotype. The
mixed appearance of HCM and RCM in H640 have pre-
viously only been reported in three small families in
which no genetic investigations were performed (21,
22). Previous studies have identified TNNI3 mutations
in a small number of HCM families with insufficient
phenotype information to determine whether these
mutations were associated with a specific disease
expression (23–25).

The finding of three patients in family H640 with a
phenotype dominated by restrictive physiology lead us
to hypothesize that idiopathic RCM could be part of
the clinical expression of TNNI3 mutations. Another
nine patients fulfilling RCM diagnostic criteria were
investigated for mutations in TNNI3. Their clinical
presentation was with embolic stroke, heart failure, or
for transplant evaluation. They had severe restrictive
filling on Doppler, marked left atrial dilatation, and
low-normal or reduced left ventricular end-diastolic
dimension with normal left ventricular wall thickness
(Table 2). Two young individuals (H417, H906) had
severe and early onset of disease consistent with them
being carriers of de novo mutations. The histology of
RV endomyocardial biopsies from three patients
(H417, H906, H974) showed nonspecific interstitial
fibrosis without myocyte or myofiber disarray. Post-
mortem microscopy of cardiac tissue from two
patients (H906, H38), however, showed typical HCM
histology (Figure 2b). These apparent differences may
reflect difficulties in obtaining representative myocar-
dial tissue by biopsy as reported previously (26). The
finding of typical HCM histology when the whole
heart was available for evaluation confirms previous
observations of hearts from patients with a clinical
diagnosis of RCM (27).

The genetic investigations of the current study iden-
tified six novel TNNI3 mutations, which were all local-
ized in conserved and functional important regions of
the gene (Table 3 and Figure 3). It is well established
that regulation of muscle contraction is primarily
dependent on the intracellular concentration of Ca2+.
The major sensor of the intracellular Ca2+ level is the
troponin complex, which is composed of three sub-
units, troponin C, troponin I, and troponin T. All three
troponins are located within the thin muscle filament,
and their primary function is to control the interac-
tion between the thick and thin filament during mus-
cle contraction and relaxation. Troponin I can bind to
actin-tropomyosin and prevent muscle contraction by
inhibition of actin-tropomyosin–activated myosin
(actomyosin) ATPase activity. The inhibitory effect of
troponin I is reversed by troponin C following binding
of Ca2+, which subsequently introduces conforma-
tional changes in the entire troponin complex leading
to muscle contraction (28). Previous studies have
defined different functional domains of TNNI3 (Fig-
ure 3) (28). It has been shown that the sequence
required for inhibition of human cardiac troponin I

actomyosin ATPase activity consists of 21 amino acid
residues from number 137 to 148 (29). Two of the
RCM mutations identified, Leu144Gln and
Arg145Trp, are localized within this important region
of TNNI3. The remaining RCM mutations are local-
ized in proximity to or within other important
domains of troponin I necessary for the normal func-
tion of the troponin complex. The Ala171Thr and
Lys178Glu mutations may influence the inhibitory
function through actin binding since previous studies
have shown that amino acids number 173–181 bind to
actin and increase the inhibitory effect of troponin I.
The Asp190His and Arg192His mutations are both
localized within the conserved C-terminal region of
the protein, which is also required for normal inhibito-
ry function of troponin I.

Several recent in vitro expression studies have inves-
tigated previous reported TNNI3 mutations associ-
ated with HCM (30–32). These HCM mutations were
found to be associated with increased Ca2+ sensitivi-
ty and diminished inhibition of the actomyosin
ATPase activity. Similar findings were reported fol-
lowing analysis of transgenic mice expressing an
Arg145Gly HCM mutation (33). The hearts of trans-
genic mice showed increased contractility, whereas
relaxation was impaired.

The diversity of the phenotypic expression of
TNNI3 mutations in families with a mixed appear-
ance of HCM and RCM is not explained by the cur-
rent knowledge of the molecular and functional
impact of TNNI3 mutations and suggest that addi-
tional genetic and environmental factors influence
disease expression. However, the finding of TNNI3
mutations in a substantial proportion of patients
diagnosed with idiopathic RCM suggest a causal rela-
tionship between gene abnormality and disease. This
is further strengthened by the fact that de novo
mutations were identified in patients with severe and
early onset RCM. Previous expression studies of
TNNI3 mutations in HCM reveal alterations in Ca2+

sensitivity and inhibitory function that may also
influence the development of RCM. The identifica-
tion of TNNI3 mutations in RCM patients may serve
as a model for the development of a similar pheno-
type in transgenic animals to further investigate
pathophysiology and diastolic abnormalities (filling,
relaxation, compliance) in the presence of normal
systolic function and wall thickness.

In summary, in patients with idiopathic RCM evalu-
ation of the family or histology from the whole heart
may reveal clinical or pathological features of HCM.
The fact that TNNI3 mutations were identified in a sig-
nificant proportion of such patients indicates that
idiopathic RCM is part of the clinical expression of sar-
comeric contractile protein disease and of HCM. Tro-
ponin I disease should be considered in patients with
apparent idiopathic RCM and family investigation for
both restrictive and hypertrophic cardiomyopathy
should be offered to relatives of these patients.
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