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Background-—Fibrocytes are bone marrow-derived mesenchymal progenitors that have been linked to various fibrotic disorders.
This study was undertaken to investigate whether fibrocytes are increased in diffuse myocardial fibrosis in humans.

Methods and Results-—Thirty-seven patients with hypertrophic cardiomyopathy (HCM) and 20 healthy controls were recruited.
Cardiac magnetic resonance imaging with postcontrast T1 mapping was performed to non-invasively quantify diffuse myocardial
fibrosis and these patients were classified into 2 groups (T1<470 ms or T1≥470 ms, as likely or unlikely to have diffuse fibrosis,
respectively). Circulating fibrocytes (CD45+/CD34+/collagen I+) were measured by flow cytometry. Peripheral blood mononuclear
cells (PBMCs) were cultured for 13 days and fibrocytes were quantitated by flow cytometry (CD45+/collagen I+) and real-time PCR
(gene expression of matrix proteins). Plasma cytokines/chemokines mediating fibrocyte trafficking and differentiation were
measured by multiplex assays. Circulating fibrocytes were decreased in HCM patients compared to controls. The proportion of
fibrocytes derived from PBMCs was increased in patients with diffuse fibrosis compared with those without or controls (31.1�4.1%
versus 18.9�3.9% and 10.9�2.0%, P<0.05 and P<0.001, respectively), and the proportion of fibrocytes was inversely correlated
with T1 time (r=�0.37, P=0.03). Plasma levels of stromal cell-derived factor-1 were elevated in patients with diffuse fibrosis
compared with those without or controls (5131�271 pg/mL versus 3893�356 pg/mL and 4172�185 pg/mL, respectively, both
P<0.05).

Conclusions-—HCM patients with diffuse fibrosis as assessed by postcontrast T1 mapping have elevated plasma SDF and an
enhanced ability of PBMCs to differentiate into fibrocytes, suggesting that fibrocytes may contribute to the pathogenesis of
myocardial fibrosis. ( J Am Heart Assoc. 2013;2:e000270 doi: 10.1161/JAHA.113.000270)
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M yocardial fibrosis, a hallmark of various cardiovascular
diseases, contributes to heart failure, and increased

risk for arrhythmias and sudden death.1,2 Hypertrophic
cardiomyopathy (HCM) is a relatively common inherited
cardiac disease defined by the presence of otherwise
unexplained left ventricular hypertrophy associated with

non-dilated ventricular chambers.3 Diffuse fibrosis (reactive
fibrosis) and focal fibrosis (replacement fibrosis for necrotic
myocytes) are common features of HCM,4 contributing to the
poor prognosis in these patients.4,5 However, the pathogen-
esis of myocardial fibrosis is not completely understood.

The ability to identify myocardial fibrosis non-invasively
has been transformed with the introduction of cardiac
magnetic resonance (CMR) imaging.6 Late gadolinium
enhancement (LGE) is now an established method to
identify focal myocardial fibrosis,7,8 but it is unable to
detect diffuse myocardial fibrosis.4,7 Postcontrast myocar-
dial longitudinal relaxation time (T1) mapping is an emerging
CMR technique that can evaluate diffuse myocardial
fibrosis.9 A number of T1 mapping techniques have been
shown to correlate with histologically quantified fibrosis.9,10

Shortened T1 times, consistent with the presence of diffuse
myocardial fibrosis, have been reported in several cardiac
disease states associated with diffuse fibrosis including
heart failure,9,11 ischemic heart disease,12 diabetes,13 and
atrial fibrillation.14 We recently found that postcontrast
myocardial T1 times were significantly lower in patients with
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HCM compared with healthy controls and that lower
postcontrast myocardial T1 time was correlated with
worsening diastolic dysfunction.15.

The primary source of collagen production in the heart has
long been thought to be resident fibroblasts. However, cells
from other sources such as endothelial-to-mesenchymal
transition16 and fibrocytes (bone marrow-derived mesenchy-
mal progenitors)17 may also contribute to myocardial fibrosis.
Initial studies demonstrated that peripheral blood mononu-
clear cells (PBMCs) were capable of developing into fibrocytes
after 10 to 14 days of culture.17 Fibrocytes express a variety
of mesenchymal markers, the leukocyte common antigen
CD45, and the hematopoietic stem cell marker CD34. They
produce matrix proteins and migrate to the sites of tissue
injury where they become fibroblast-like cells.18 A number of
studies have found that fibrocytes not only participate in
normal wound repair and tissue regeneration, but are also
involved in aberrant wound healing and various fibrotic
diseases.19–24 Recent evidence has shown involvement of
fibrocytes in mouse models with myocardial fibrosis,25,26

however, fibrocytes have not been directly linked with
myocardial fibrosis in humans.

Therefore, this project was designed to study: (1) whether
increased numbers of circulating fibrocytes or increased
differentiation potential of PBMCs into fibrocytes are found in
HCM patients with diffuse myocardial fibrosis assessed by
CMR; (2) whether fibrocyte number is associated with the
extent of myocardial fibrosis, diastolic dysfunction, and
circulating collagen turnover markers in those patients.

Methods

Study Subjects
Thirty-seven consecutive patients referred to the Alfred CMR
department for the further evaluation of asymmetric septal
hypertrophy (ASH) due to HCM from March 2011 to October
2012 were recruited. ASH was defined as an interventricular
septum thickness of ≥15 mm with a ratio of septal-to-lateral
wall thickness of ≥1.3:1.0 as measured by echocardiography,
and the diagnosis of HCM required the absence of another
condition that causes the degree of hypertrophy observed.
Twenty asymptomatic subjects with no documented history of
cardiovascular disease formed a healthy control group.
Exclusion criteria included previous septal reduction therapy,
coronary artery disease, atrial fibrillation, valvular heart
disease, systemic hypertension, diabetes mellitus, surgery
or trauma within previous 6 months, known fibrotic or
inflammatory disease or cancer, contraindications to CMR,
including pacemaker and defibrillator implantation, and
significant renal dysfunction (estimated glomerular filtration
rate [eGFR] <30 mL/min per 1.73 m2). This study complied

with the Declaration of Helsinki and was approved by the
Institutional Ethics Committee of Alfred Healthcare. Informed
consent was obtained from all participants.

CMR
CMR was performed using a clinical 1.5-T scanner (Sigma HD
1.5-T, GE Healthcare). All sequences were acquired during a
breath-hold of 10 to 15 seconds. Left ventricular (LV) volume
and function were assessed by a contiguous short-axis
steady-state free precession (SSFP) cine stack (repetition
time [TR]=3.8 ms, echo time [TE]=1.6 ms, 30 phases)
extending from the mitral valve annulus to the LV apex (slice
thickness 8 mm, no gap).

Late gadolinium enhancement (LGE) imaging was performed
using standard long-axis views of the LV and a contiguous short
axis stack from themitral valve annulus to the LV apex. LGE was
evaluated 10 minutes after a bolus of gadolinium-diethylene
triamine penta-acetic acid (DTPA) (0.2 mmol/kg BW Magne-
vist) to identify regional fibrosis using an inversion recovery
gradient echo technique (TR 7.1 ms, TE 3.1 ms, inversion time
[TI] individually determined to null the myocardial signal, range
180 to 250 ms, slice thickness 8 mm, matrix 256 9 192,
number of acquisitions=2). Regional fibrosis was identified by
LGE within the myocardium, defined quantitatively by a
myocardial postcontrast signal intensity 6 SD above that within
a reference region of remote myocardium (without LGE) within
the same slice.

For the evaluation of diffuse myocardial fibrosis, a T1
mapping sequence was used to cycle through acquisition of
images obtained at the 3 standard short-axis levels (basal,
mid, and apical) over a range of inversion times. The sequence
consisted of an electrocardiogram-triggered, inversion-recov-
ery prepared, two-dimensional fast gradient echo sequence
employing variable temporal sampling of k-space (VAST)
(Global Applied Science Laboratory, GE Healthcare). Ten
images were acquired sequentially at increasing inversion
times (75 to 750 ms), commencing 20 minutes after the
bolus of gadolinium-DTPA and over a series of 3 to 5 breath-
holds. Imaging parameters were TR/TE: 3.7/1.2 ms, flip
angle: 20°, 2569128 acquisition matrix, 36927 cm field of
view, slice thickness 8 mm, TI: 75 to 750 ms, trigger delay
300 ms, and views per segment=24. These images were then
processed with a curve fitting technique to generate T1 maps.
Following image acquisition, the ten short-axis images of
varying inversion times were transferred to an external
computer for analysis using a dedicated research software
package (Cinetool, Global Applied Science Laboratory, GE
Healthcare). This provided the ability to analyze regions of
interest (ROIs) to find average T1 for that area, as well as
a pixel-by-pixel determination of T1, by fitting data acquired
at various preparation times to the exponential curve:
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Mz (t=TI)=M0(A�B[e�t/T1=]), relating the sample magnetiza-
tion Mz observed at the time t=TI to the equilibrium
magnetization M0 and sample T1, where TI denotes inversion
time for an inversion recovery experiment. For each short-axis
image, an ROI was drawn around the entire LV myocardium
(excluding papillary muscles) to calculate postcontrast myo-
cardial T1 time. In subjects with regional fibrosis detected by
LGE, these areas were excluded from the ROI for the primary
analysis of postcontrast myocardial T1 time. T1 times for ROIs
including areas of LGE were also calculated. To account for
the potential effects of glomerular filtration rate, time delay
postcontrast administration, and contrast agent relaxivity on
gadolinium pharmacokinetics, corrected values of T1 times
were used to normalize postcontrast myocardial T1 times to a
matched state (time postcontrast administration=20 minutes,
eGFR=90 mL/min per 1.73 m2).27 In addition, raw postcon-
trast T1 times of the LV blood pool (blood T1 times) were
calculated.

Echocardiography
Transthoracic echocardiography with a standard clinical
protocol was performed immediately prior to CMR. Diastolic
function was assessed by a combination of mitral inflow
pattern (E to A ratio and deceleration time) and mitral annular
velocities (e’, measured at the septal and lateral aspects of
the mitral annulus in the apical 4-chamber view). Additionally,
mitral E/e’ (septal, lateral, and mean) was chosen as an index
of LV filling pressure. Echocardiography was performed in 27
HCM patients and 18 controls.

Blood Sample Collection
Blood samples were collected into EDTA-tubes by venepunc-
ture. Two to 3 mL blood was sent to Alfred Pathology
Department for full blood count measurement. A further 2 mL
of whole blood was allocated for measuring circulating fibro-
cytes by flow cytometry (see below). Plasma samples were
stored at �80°C for cytokine and chemokine measurement
(detailed below). The remaining blood (after removal of plasma)
was diluted with phosphate-buffered saline (PBS) and used for
PBMC isolation as per below. Serum was collected from an
additional tube without anticoagulants for measurement of
amino terminal propeptide of type I and III collagen (PINP and
PIIINP) by radioimmunoassay at Alfred Pathology Department.

Measurement of Circulating Fibrocytes
Circulating fibrocytes were measured by flow cytometry as
was previously described.28 An amount of 200 lL of whole
blood was aliquoted to each FACS tube. After red blood cells
were lysed with lysing buffer (BD Bioscience), white blood

cells (WBC) were incubated with anti-collagen I antibody
(5 lL, Millipore) for 30 minutes on ice, and washed twice with
PBS containing 1% fetal bovine serum (FBS), followed by
incubation with fluorescein isothiocyanate (FITC)-conjugated
secondary anti-mouse antibody (1 lL, Millipore) for 30 min-
utes on ice and washed twice. Cells were then further stained
with allophycocyanin (APC)-conjugated anti-CD45 antibody
(10 lL) and phycoerythrin (PE)-conjugated anti-CD34 anti-
body (7.5 lL) or respective isotype control antibodies (BD
Bioscience) for 30 minutes on ice and washed twice. WBC
(�500 000/sample) were acquired with a Becton-Dickinson
FACSCalibur and data analyzed with FlowJo software (Tree
Star). Compensation was calculated with CompBeads (BD
Bioscience) stained with single-color antibody (FITC, PE, and
APC). CD45+ cells were gated using isotype control and cells
gated for CD45 were further analyzed for collagen I and CD34
expression against isotype controls.

Measurement of Fibrocytes From PBMC Culture
The method of culturing fibrocytes from PBMCs was
described previously.28,29 PBMCs were isolated with the use
of a Ficoll-Paque plus (Amersham Biosciences) according to
the manufacturer’s instruction. As described above, remaining
blood was diluted with PBS (1:2) and layered on top of Ficoll-
Paque and centrifuged at 400g for 30 minutes at room
temperature. The mononuclear cell layer was carefully
collected and rinsed twice with PBS. PBMCs were suspended
in DMEM supplemented with 10% fetal bovine serum,
2 mmol/L L-glutamine and 1% antibiotics-antimycotics, and
plated at a density of 29106 cells/mL in fibronectin-coated
6-well plates (2.5 mL/well) and incubated at 37°C with 5%
CO2. After 3 days, non-adherent cells were removed and
adherent cells were further cultivated until 13 days. Media
were refreshed every 3 days. Cells were then detached with
accutase (Sigma) and aliquoted to 39104 cells per FACS tube
in 100 lL PBS and then measured by flow cytometry using 2
markers CD45 and collagen I (because cultured cells gradually
lost CD34 expression) as described above. Approximately
29104 events were acquired for each sample.

Gene Expression of Matrix Proteins and
Chemokine Receptors
Total RNA was isolated from adherent cells with Trizol
Reagent� (Invitrogen) after 13 days’ culture and reverse
transcribed into cDNA using random primers and M-MLV
reverse transcriptase (Invitrogen). Real-time PCR was per-
formed using SYBR green kit (Roche) on an ABI Prism 7500
system (Applied Biosystems). The transcript abundance was
expressed as fold increase over the value of healthy controls
calculated by 2�ΔΔCt method. The expression of targeted

DOI: 10.1161/JAHA.113.000270 Journal of the American Heart Association 3

Postcontrast Myocardial T1 Times and Fibrocytes Fang et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



genes (collagen I, vimentin, fibronectin, CXCR4, and CCR7)
was normalized to 18s. Primer sequences are provided in
Supplementary material online, Table S1.

Plasma Levels of Cytokines and Chemokines
Plasma levels of cytokines/chemokines promoting differenti-
ation (transforming growth factor-b [TGF-b], interleukin [IL]-4
and -13),30 inhibiting differentiation (interferon-c [IFN-c],
IL-12, and serum amyloid P [SAP]),30 and promoting trafficking
(stromal cell-derived factor [SDF]-1 and secondary lymphoid-
tissue chemokine [SLC] through interacting with CXCR4 and
CCR7, respectively24,31 as well as monocyte chemotactic
protein [MCP]-1) of fibrocytes were measured using multiplex
kits from Millipore according to the manufacturer’s instruc-
tion, as we previously described.28 The appropriate cytokine/
chemokine standards, plasma samples (25 lL), and fluores-
cent conjugated, antibody-immobilized beads were added to
wells of a pre-wet filtered plate and then were incubated
overnight at 4°C. The following day, the plate was washed
twice with wash buffer and then incubated with secondary
detection antibody for 1 hour, followed by subsequent
incubation with strepavidin-PE for 30 minutes. After the plate
was washed twice again with wash buffer, it was read on the
Luminex system (Biorad) with the addition of sheath fluid.
Concentrations of different analytes in the plasma samples
were determined by using respective standard curves
generated in the multiplex assays. Neat plasma samples
were used for all assays except for SAP and TGF-b1 (1:2000
and 1:30 dilution, respectively, using assay buffer provided in
the kits).

Statistics
Data were expressed as mean�SD unless otherwise stated.
SPSS 17.0 was used for statistical analysis. The normality of
data was tested by Kolmogorov-Smirnov test. To compare
differences among 3 groups, 1-way ANOVA followed by Tukey
multiple comparison tests or Kruskal-Wallis H tests were used
for parametic or nonparametic data, respectively. Pearson’s
correlation was used to assess correlations between para-
meters. Chi-square test was used to compare discrete
variables among groups. A difference of P<0.05 (2-sided)
was considered statistically significant.

Results

Patient Demographics
Patient demographics are presented in Table 1. The normal
range of postcontrast myocardial T1 times in healthy controls
in our previous study was 561�47 ms,15 so T1 time (excluding

regions of LGE) of 470 ms (about 2 SD below the mean of
control values) was chosen to divide the HCM cohort into
those likely to have diffuse myocardial fibrosis (<470 ms) and
those unlikely to have diffuse myocardial fibrosis (≥470 ms).
Body mass index was significantly increased in HCM patient
compared with controls. There were no significant differences
in age, height, eGFR, heart rate, and blood pressure among the
3 groups. There were no differences in family history and
medication (except angiotensin receptor blockers) between
the 2 subgroups of HCM patients. WBC, neutrophils, and
monocytes were significantly elevated in HCM patients
compared to controls, but the percentage of monocytes was
comparable among the 3 groups.

CMR and Echocardiograph Findings
CMR and echocardiograph findings are shown in Table 2.
Postcontrast myocardial T1 times excluding LGE were
568.5�49.2, 540.9�68.1, and 434.8�28.9 ms for control
group, T1≥470 ms group and T1<470 ms group, respectively.
When regions of LGE were included in the analysis of HCM
patients, a further reduction in original values of T1 times were
observed (529.2�76.7 and 427.2�30.6 ms for the 2
subgroups, respectively). After correction for GFR and time
delay postcontrast administration, T1 times were 550�47.5,
519.2�75.4, and 417.2�32.9 ms for control group, T1≥470 ms
group, and T1<470 ms group, respectively. There was no
significant difference in raw blood T1 times among the 3 groups,
effectively ruling out contrast kinetics as a confounding factor
for the observed differences in myocardial T1 time between
groups. As expected, septal wall thickness and the ratio of
septal-to-lateral wall thickness were greater in both HCM
groups compared with controls. The LV mass indexed to body
surface area (BSA) was significantly increased in HCM patients
compared with controls. Both HCM groups had normal systolic
function. LGE (focal fibrosis) was observed in the majority of
HCM patients (absent in 2 patients with diffuse fibrosis and 3
patients without diffuse fibrosis) and the mean quantity of LGE
was comparable between the 2 HCM groups. Left atrial volume
indexed to BSA and resting left ventricular outflow tract
gradient were significantly higher while septal, lateral, and
mean e’ were significantly lower in HCM patients compared to
controls. Deceleration time and septal, lateral, and mean E/e’
were significantly higher in patients with diffuse fibrosis
compared to controls. Mean E/e’ was inversely correlated with
T1 time (r=�0.57, P<0.001, Figure 1A).

Circulating Markers of Collagen Turnover
PINP and PIIINP are markers reflecting the status of collagen
turnover. Neither PINP nor PIIINP significantly differed among
the 3 groups (Figure 1B).
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Circulating Fibrocytes
We measured the percentage of circulating fibrocytes
expressed relative to the whole population of WBC
(CD45+) in fresh blood by flow cytometry using 3 markers
(CD45/CD34/collagen I) (Figure 2A). The percentage of
circulating fibrocytes was then multiplied by WBC
count to determine the concentrations of fibrocytes per
microliter of blood. HCM patients had a significant lower
percentage of circulating fibrocytes compared to controls
(0.07�0.01% versus 0.12�0.02%, P<0.05). The difference
in the percentage of circulating fibrocytes between HCM
patients without diffuse fibrosis and controls was also
statistically significant (Figure 2B, P<0.05), but the change
in the concentration of circulating fibrocytes per micro-
liter of blood was not significant among the 3 groups
(Figure 2B).

Fibrocytes Differentiated From PBMC Culture
A proportion of PBMCs differentiated into fibrocytes, which
appear as spindle-shaped cells (Figure 3A) after 13 days’
culture. Because cultured cells gradually lose CD34 expres-
sion, 2 markers (CD45/collagen I) were used to identify
fibrocytes (Figure 3B). The proportion of fibrocytes derived
from PBMCs was significantly increased in patients with
diffuse fibrosis compared to those without diffuse fibrosis or
controls (Figure 3C). Furthermore, the proportion of fibro-
cytes was inversely correlated with postcontrast myocardial
T1 time (r=�0.37, P=0.03, Figure 3D), but did not correlate
with either the prevalence or the mean quantity of LGE.
Fibrocytes from culture were also inversely correlated with
septal, lateral, and mean e’ (r=�0.46, P=0.007; r=�0.38,
P=0.024; and r=�0.43 P=0.009, respectively), and positively
correlated with deceleration time (r=0.48, P=0.003).

Table 1. Subject Characteristics

Control T1≥470 T1<470

n 20 21 16

Gender, m/f 14/6 13/8 14/2

Age, y 46�13 49.6�14.6 48.7�13.8

Height, cm 175.2�11.3 167.2�11.2 174.8�9.1

Weight, kg 70.8�11.3 75.5�20.2 85.8�15.2*

Body mass index, kg/m2 22.6�2.2 26.6�4.7** 28�4.0***

Family history of HCM, % NA 31.6 18.8

Resting heart beat, beats/min 62.8�8.7 62.1�12.1 60.5�9.3

Systolic blood pressure, mm Hg 120.4�10.2 131.5�16.5 127�9.8

Diastolic blood pressure, mm Hg 73�9.8 73.4�9 73.6�9.9

eGFR, mL/min per 1.75 m2 86.4�4.5 85.7�8.3 91�1

Medications

b-blockers, % NA 52.4 56.3

Calcium channel blockers, % NA 14.3 31.3

Angiotensin convert enzyme inhibitor, % NA 9.5 0

Angiotensin receptor blockers, % NA 23.8 0†

Full Blood Count

Haemoglobin, g/L 144.7�9.7 144.1�11.4 149.1�17.6

Platelets, 109/L 219.2�42.5 207.2�53.6 212.5�62.1

Hematocrit, L/L 0.42�0.03 0.42�0.03 0.43�0.05

White blood cells, 109/L 5.78�1.23 7.27�2.50* 8.39�1.97**

Neutrophils, 109/L 3.26�1.04 4.75�2.18* 5.53�1.90**

Lymphocytes, 109/L 1.91�0.56 1.87�0.61 2�0.55

Monocytes, 109/L 0.39�0.12 0.51�0.17* 0.53�0.16*

Monocytes, % of WBC 6.84�1.84 7.28�1.89 6.48�1.50

Data are expressed as mean�SD. eGFR indicates estimated glomerular filtration rate; HCM, hypertrophic cardiomyopathy; WBC, white blood cells.
*P<0.05, **P<0.01, ***P<0.001, vs controls, †P<0.05 vs T1≥470 ms.
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Gene Expression of Matrix Proteins and
Chemokine Receptors on Cultured Cells
Expression of collagen and vimentin on the remaining adherent
cells in the culture plate after 13 days’ culture was upregu-
lated in patients with diffuse fibrosis compared with controls
(P<0.05, Figure 4A and 4B). Fibronectin expression was also
upregulated in patients with diffuse fibrosis compared to those
without diffuse fibrosis or controls (P<0.05, Figure 4C). There
was no significant difference among groups for expression of
the chemokine receptor CXCR4 (Figure 4D). Notably, CCR7
was very weakly expressed in these cells (data not shown).

Plasma Cytokines and Chemokines Mediating
Fibrocyte Trafficking and Differentiation
Plasma SDF-1 was significantly elevated in HCM patients with
diffuse fibrosis compared with those without diffuse fibrosis

or controls (P<0.05, Figure 5A), and was inversely correlated
with postcontrast myocardial T1 time (r=�0.33, P=0.03).
There were no significant differences among groups for
plasma levels of SLC, MCP-1, IFN-c, IL-12, SAP, IL-4, IL-13,
and TGF-b (Figure 5A and 5B).

Discussion
Myocardial fibrosis is a hallmark of cardiovascular disease;
however its pathophysiology has not been fully understood.
Fibrocytes have been linked to various fibrotic disorders,19–21

but they have not been explored in patients with myocardial
fibrosis. The main aim of this study was to investigate whether
fibrocytes were increased in HCM patients with diffuse
myocardial fibrosis. CMR postcontrast myocardial T1 time,
an emerging technique to detect and quantify diffuse
myocardial fibrosis, was used to separate HCM patients into
2 subgroups (T1<470 ms or T1≥470 ms as likely or unlikely

Table 2. CMR and Echocardiography Data

CMR Data Control (20) T1≥470 (21) T1<470 (16)

T1 times (ms), excluding LGE 568.5�49.2 540.9�68.1 434.8�28.9***, ††

T1 times (ms), including LGE 568.5�49.2 529.2�76.7 427.2�30.6***, ††

T1 times (ms, corrected values) 550�47.5 519.2�75.4 417.2�32.9***, ††

Blood T1 times, ms 306�21.5 308.1�32.5 299.9�24.2

Septal thickness, mm 8.3�1.6 18.9�6.2*** 18.7�3.6***

Lateral wall thickness, mm 7.8�1.2 8.4�1.9 8.5�2.1

Septal/lateral wall thickness 1.06�0.09 2.29�0.54*** 2.29�0.49***

LV mass index, g/BSA 51.4�8.9 86.6�37.8** 104.4�31.5***

LV ejection fraction, % 64.2�4.6 68.1�6.2 70�8.6

Presence of LGE, % NA 85.7 87.5

Quantity of LGE (% of LV) mass NA 5.6�7.8 5.3�6.7

Echocardiography data Control (18) T1≥470 (13) T1<470 (14)

Left atrial volume indexed, mL/m2 27.6�8.9 40.8�9.0** 46.8�16.9***

E/A ratio 1.38�0.36 1.11�0.35 1.41�0.39†

Deceleration time, ms 182.1�27.0 188�45.7 232.5�47.1*

Septal e’, cm/s 10.6�2.9 6.3�1.6*** 6.1�1.9***

Lateral e’, cm/s 13.7�3.5 8.8�2.8** 8.2�3.5***

Mean e’, cm/s 11.9�3.0 7.5�1.9*** 7�2.5***

Septal E/e’ 8.5�2.6 11.9�3.9 14.3�5.6**

Lateral E/e’ 6.3�1.9 8.7�2.8 11.8�6.1**

Mean E/e’ 7.8�2.6 10.6�3.0 13.1�5.3**

Resting LVOT gradient, mm Hg 5.2�1.2 32�43.8* 36.2�45.9*

Data are expressed as mean�SD. BSA indicates body surface area; CMR, cardiac magnetic resonance; LGE: late gadolinium enhancement; LV, left ventricular; E/A, the ratio of the early (E)
to late (A) ventricular filling velocities; E/e0 , the ratio of the early mitral filling velocity (E) to early diastolic mitral annular velocity (e0); LVOT, left ventricular outflow tract; T1 times (corrected
values), T1 times were normalized to a matched state (time postcontrast administration=20 minutes, eGFR=90 mL/min per 1.73 m2) to account for the potential effects of glomerular
filtration rate, time delay postcontrast administration, and contrast agent relaxivity on gadolinium pharmacokinetics.
*P<0.05, **P<0.01, ***P<0.001, vs controls, †P<0.05, ††P<0.001, vs T1≥470 ms.

DOI: 10.1161/JAHA.113.000270 Journal of the American Heart Association 6

Postcontrast Myocardial T1 Times and Fibrocytes Fang et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



to have diffuse myocardial fibrosis, respectively). We found
that postcontrast myocardial T1 time was inversely correlated
with E/e’, an index for diastolic dysfunction. Patients with
diffuse fibrosis had a significantly higher yield of fibrocytes
from PBMC culture, as indicated by a higher percentage of
CD45+/collagen I+ fibrocytes and upregulated gene expres-
sion of matrix proteins, as compared to those without diffuse
fibrosis or controls. Furthermore, fibrocytes derived from
PBMCs were inversely correlated with postcontrast myocar-
dial T1 time and septal, lateral, and mean e’, indicating a link
between cultured fibrocytes and the extent of diffuse fibrosis
and diastolic dysfunction. In addition, plasma SDF was
elevated in HCM patients with diffuse fibrosis. However,
HCM patients had a lower percentage of circulating fibrocytes
compared to controls. Circulating PINP and PIIINP did not
increase in patients with diffuse fibrosis. Taken together,
patients with diffuse myocardial fibrosis as assessed by
postcontrast myocardial T1 time show elevated plasma SDF
and an enhanced ability of PBMCs to differentiate into
fibrocytes, suggesting that increased fibrocyte trafficking and
differentiation may contribute to the pathogenesis of diffuse
myocardial fibrosis in HCM.

Previous clinical studies have shown increased fibrocytes
in patients with burns, asthma, systemic sclerosis, and
idiopathic pulmonary fibrosis.23,32–34 Two recent papers also
reported accumulation of fibrocytes in mouse models of

myocardial fibrosis.25,26 Chu et al found that mice with
chronic heart failure had greater collagen staining of their
myocardium compared to controls, and that 20% of collagen
I+ cells were fibrocytes.25 Sopel et al also found increased
CD133+/a-SMA+ fibrocytes in myocardial sections of mice
with angiotensin II-induced myocardial fibrosis.26 Our study is
the first to associate fibrocytes with myocardial fibrosis in
humans. After culturing adherent PBMCs for 13 days, we
found significantly increased CD45+/collagen I+ fibrocytes in
patients with diffuse fibrosis. This was supported by an
increase in gene expression of matrix proteins (collagen I,
vimentin, and fibronectin) of cultured cells, as it is well
established that fibrocytes express matrix proteins.17,35
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Figure 1. Correlation between postcontrast myocardial T1 times
and mean E/e’ and circulating markers of collagen turnover. A, T1
time (measured by CMR) was inversely correlated with mean E/e’
(measured by echocardiograph), r=�0.57, P<0.001. B, Circulating
markers of collagen turnover. Data were expressed as mean�SEM.
CMR indicates cardiac magnetic resonance; PINP, aminoterminal
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Figure 2. Measurement of circulating fibrocytes. A, Representative
flow cytometric analysis of circulating fibrocytes. (a) Total cells
acquired; (b) CD45+ cells; (c) Isotype control for collagen I and CD34
set on CD45+ cells; (d) Positive staining for collagen I and CD34 set
on CD45+ cells; B, Circulating fibrocytes in patients with postcon-
trast myocardial T1<470 ms (n=16), patients with T1≥470 ms
(n=21), and healthy controls (Ctrl, n=20). (a) The percentage of
fibrocytes relative to white blood cells (WBC, i.e. CD45+); (b) the
concentration of fibrocytes per microliter of blood. Data were
expressed as mean�SEM (standard error of the mean). *P<0.05.
APC indicates allophycocyanin; FITC, fluorescein isothiocyanate; FSC,
forward scatter; PE, phycoerythrin; SSC, side scatter.
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Furthermore, the proportion of fibrocytes differentiated from
PBMCs was inversely correlated with postcontrast myocardial
T1 time, but not with LGE.

In contrast to fibrocytes derived from PBMCs, the fibrocyte
number in the peripheral blood was not increased in patients
with diffuse fibrosis, which may be due to increased migration
of circulating fibrocytes into the myocardium in these
patients. SDF-1/CXCR4 axis plays a particularly important
role in fibrocyte migration.31,36 In this study, plasma SDF-1
was elevated in patients with diffuse fibrosis and inversely
correlated with postcontrast myocardial T1 time. This sug-
gests that trafficking of fibrocytes from circulation into the
myocardium could be increased in HCM patients with diffuse
fibrosis. Chu et al25 also reported elevated plasma SDF-1 in

patients with heart failure, and a diffuse increase in the
expression of myocardial SDF-1 in mice with heart failure.
They further demonstrated that cardiomyocytes secreted
SDF-1.25 Thus, increased plasma SDF-1, likely resulting from
stimulated myocardium, promotes fibrocytes to infiltrate into
the myocardium, subsequently contributing to myocardial
fibrosis. Previous studies showed that blockade of SDF
reduced infiltrating fibrocytes in mouse models of lung
fibrosis.31 Further studies are needed to investigate whether
blockade of SDF could also attenuate myocardial fibrosis in
experimental models through inhibiting recruitment of fibro-
cytes into the myocardium.

A previous study37 reported that some healthy individuals
had lower numbers of fibrocytes produced by PBMCs
compared with others, and that adding conditioned medium
from PBMC with high yield of fibrocytes into PBMCs with low
yield of fibrocytes did not increase the fibrocyte number,
indicating that the low yield of fibrocytes developed from
PBMCs in some individuals may be due to intrinsic properties
of their monocytes. In the present study, we did not observe
significant differences in chemokines/cytokines mediating
fibrocyte differentiation, which suggests that increased fibro-
cytes after PBMC culture may be due to an intrinsic
predisposition of monocytes to differentiate into fibrocytes.
These monocytes may be “preprogrammed” to adopt the
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hypertrophic cardiomyopathy; PBMCs, peripheral blood mononuclear
cells; SEM, standard error of the mean.
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fibrocyte phenotype, perhaps through genetic or epigenetic
changes in progenitor cells, rather than relying purely on
external influences.

Gai et al27 proposed a method to normalize postcontrast
myocardial T1 times for GFR and time delay postcontrast
administration to allow for comparison of T1 times between
different patients. In this study, we also calculated corrected
T1 times for all the subjects (Table 2) according to their
method. The findings of the study are similar whether we use
directly measured T1 times or corrected T1 times. We find a
similar inverse correlation between corrected T1 times and the
proportion of fibrocytes derived from PBMC culture (r=�0.39,
P=0.02). We used directly measured T1 times throughout the
text because correction of T1 times is a relatively newly
proposed method that may require further validation before
being used as the only form in which T1 data is presented.

The present study has several limitations. First, post-
contrast myocardial T1 times are also affected by other
factors that may expand the extracellular matrix, so T1 times
are not specific for diffuse myocardial fibrosis. Second, the

sample size of the present study is relatively small, so we did
not adjust for multiple factors when we assessed the
association between fibrocytes and T1 times. Some of the
tests may also have failed to reach statistical significance due
to low power. Therefore, larger sample sizes would be needed
for future studies.

In conclusion, HCM patients with diffuse fibrosis as
assessed by postcontrast myocardial T1 time have elevated
plasma SDF and an enhanced ability of PBMCs to differentiate
into fibrocytes, suggesting that fibrocytes may contribute to
the pathogenesis of diffuse myocardial fibrosis in HCM. Future
studies need to be conducted to investigate whether inhibi-
tion of fibrocyte trafficking or differentiation attenuates
diffuse myocardial fibrosis.
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