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Purpose: To measure native T1 values, a marker of diffuse fibrosis, by using cardiac MRI (CMR) in young adults born prematurely.
Materials and Methods: This secondary analysis of a prospective cohort study included young adults born moderately to extremely preterm
and age-matched, term-born participants. CMR was performed with a 3.0-T imager that included cine imaging for the quantification
of left ventricular (LV) and right ventricular (RV) volumes and function and native saturation recovery T1 mapping for the assessment
of diffuse myocardial fibrosis. Values between preterm and term were compared by using the Student t test. Associations between T1
values and other variables were analyzed by using linear regression and multivariate regression.
Results: Of the 50 young-adult participants, 32 were born preterm (mean age, 25.8 years 6 4.2 [SD]; 23 women) and 18 were born

at term (mean age, 26.2 years 6 5.4; 10 women). Native T1 values were significantly higher in participants born preterm than in
participants born at term (1477 msec 6 77 vs 1423 msec 6 71, respectively; unadjusted P = .0019). Native T1 values appeared to be
positively associated with indexed LV end-diastolic and end-systolic volumes (β = 2.1, standard error = 0.7 and β = 3.8, standard error
= 1.2, respectively), the RV end-diastolic volume index (β = 1.3, standard error = 0.6), and the LV mass index (β = 2.5, standard error =
0.9). Higher T1 values may be associated with reduced cardiac systolic strain measures and diastolic strain measures. Five-minute Apgar
scores were inversely associated with native T1 values.

Conclusion: Young adults born moderately to extremely preterm exhibited significantly higher native T1 values than age-matched, term-

born young adults.
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reterm birth affects roughly one in 10 live births globally. With improving neonatal care practices, the majority of individuals born preterm now survive. As a result,
the potential for long-term complications is increasingly
recognized (1). Several studies evaluating the late cardiac
effects of premature birth have found reduced biventricular
chamber volumes in the preterm heart across the lifespan
(2,3). A meta-analysis of studies from infancy through
adulthood revealed the recovery of left ventricular (LV)
contractile performance measures, including ejection fraction (EF), yet diastolic dysfunction persists (2). Among
children and young adults diagnosed with heart failure,
those born preterm are overrepresented, with a 17-fold increased risk being shown among those born at less than
28 weeks’ gestation (4). The risk for ischemic heart disease
also appears elevated (5), although the oldest generation of
extreme preterm birth (,28 weeks’ gestation) survivors is

only now reaching 30–40 years of age, suggesting it may be
too early to draw formal conclusions about cardiovascular
disease risk in this highest-risk population.
Although prior studies have identified persistent diastolic dysfunction and increased risk of heart failure in
adolescents and adults born prematurely, the presence of
diffuse cardiac fibrosis and its association with cardiac function and neonatal conditions are not as well established.
Cardiac MRI (CMR) can help characterize the changes in
myocardial tissue in a variety of pathologic conditions. Interstitial fibrosis affects the longitudinal proton relaxation
times following a preparation pulse and can be quantified
by using T1 mapping sequences (6). This is distinct from
the use of late gadolinium enhancement sequences to help
detect areas of replacement fibrosis due to the accumulation of gadolinium-based contrast agents in areas of fibrosis
(7). Native T1 values, obtained without the administration

This copy is for personal use only. To order printed copies, contact reprints@rsna.org

Diffuse Myocardial Fibrosis at Cardiac MRI in Young Adults Born Prematurely

Abbreviations
CMR = cardiac MRI, EDV = end-diastolic volume, EF = ejection
fraction, ESV = end-systolic volume, FDR = false discovery rate,
GCS = global circumferential strain, GLS = global longitudinal
strain, GRS = global radial strain, LV = left ventricle, PFDR-adjusted =
Hochberg FDR–adjusted P value, Punadjusted = unadjusted P value,
RV = right ventricle, SV = stroke volume, T1LV = mean native T1
value for the entire mid-LV section, T1septum = mean T1 value for a
1-cm2 region of interest in the septum

Summary
Young adults born moderately to extremely preterm exhibited
significantly higher native T1 values than age-matched, term-born
participants, suggesting that diffuse myocardial fibrosis may be present in adults born prematurely and may be associated with adverse
cardiac function.

Key Points
n

n

Significantly higher native T1 values were observed in young
adults born prematurely (mean native T1 value for the entire
mid–left ventricular section [T1LV], 1477.4 msec 6 76.8; mean
T1 value for a 1-cm2 region of interest in the septum [T1septum],
1487.0 msec 6 67.4; P = .019 and .003, respectively) compared
with term-born participants (T1LV,1423.5 msec 6 70.6; T1septum,
1412.2 msec 6 80.7).
Increased T1 values in young adults born prematurely were associated with abnormal contractile function.

Keywords
MRI, Cardiac, Heart, Left Ventricle, Cardiomyopathies

the local population with the verification of a gestational
age less than or equal to 32 weeks from neonatal records.
A comparison cohort of age-matched, young-adult participants born at full term was recruited from the general public.
Participants were free of known respiratory and cardiovascular disease. All participants did not smoke. Demographic
measures collected included sex, age, current height, weight,
average systolic and diastolic blood pressure, birth weight
(in grams), and gestational age (in weeks).
For the participants born preterm, neonatal records were
reviewed for the following: gestational age (in weeks); birth
weight (in grams); 1-minute and 5-minute Apgar scores
(0–10); days on mechanical ventilation, continuous positive airway pressure, and supplemental oxygen; days in the
neonatal intensive care unit; the administration of maternal
steroids and the presence of maternal preeclampsia (yes or
no); the diagnosis of bronchopulmonary dysplasia (yes or
no); the administration of neonatal steroids, surfactant, or
total parenteral nutrition (yes or no); and the type of feeding during infancy (formula, breast milk, or both). This is
a secondary analysis of data acquired prospectively between
2016 and 2020 (3).
The trial was registered with the United States National Library of Medicine (ClinicalTrials.gov identifier:
NCT03245723).

Materials and Methods

CMR Image Acquisition
Non–contrast-enhanced CMR was performed with a 3.0-T
combined PET/MR imager (GE Signa PET/MR Discovery
750 W; GE Healthcare) (3). Native T1 mapping was assessed
by using a single, short-axis, mid-LV section with a singlepoint saturation recovery sequence (saturation method using adaptive recovery times for T1 mapping [SMART1Map;
GE Healthcare]) (10,11). Parameters for T1 mapping were
3.1-msec repetition time, 1.0-msec echo time, 350 3 350–
mm2 field of view, 1.4 3 1.4–mm2 in-plane spatial resolution, and 7-mm section thickness. Right ventricular (RV)
and LV size and function were assessed with multiplanar,
cineangiographic, prospectively gated, balanced steady-state
free precession imaging performed during end expiration.
Parameters for the cineangiographic, balanced steady-state
free precession were 3.1-msec repetition time, 1.1-msec
echo time, array spatial sensitivity encoding technique factor = two; 2350 3 350–mm2 field of view, 1.4 3 1.4–mm2
in-plane spatial resolution, and 7-mm section thickness.

Participants
This cross-sectional cohort study was approved by the University of Wisconsin–Madison Institutional Review Board and
was in compliance with the Health Insurance Portability and
Accountability Act. Prior to all studies, participants gave written informed consent. Young-adult (18 years) participants
born preterm were recruited from the Newborn Lung Project
(9), a cohort of infants born at less than or equal to 32 weeks’
gestation between 1988 and 1991 in Wisconsin or Iowa with
very low birth weight (,1500 g) and who were followed prospectively at the University of Wisconsin–Madison, or from

CMR Image Analysis
Analysis of ventricular volumes, EF, mass, and native T1
values was performed by a single reader with more than 10
years of CMR experience (C.J.F.) and by using commercially available software (cvi42, version 5.11.2; Circle Cardiovascular Imaging). T1 values were calculated by using a
three-parameter fit, taking the mean native T1 value for the
entire mid-LV section (T1LV) and the mean T1 value for a
1-cm2 region of interest in the septum (T1septum) of the same
mid-LV section. For the LV, end-diastolic volume (EDV),
end-systolic volume (ESV), stroke volume (SV), EF, cardiac

of intravenous contrast agents, are specific to the tissues being
analyzed. T1 mapping is increasingly used to measure the severity and extent of diffuse interstitial fibrosis in a variety of diseases
that affect the heart, including cardiomyopathies, amyloidosis,
myocarditis, pulmonary hypertension, and heart failure with
preserved EF (8).
The primary aim of this study was to compare native T1
values derived at CMR, a marker of diffuse interstitial fibrosis, in young adults born extremely preterm (32 weeks’ gestation) with those in age-matched, term-born control participants. Our primary hypothesis was that native T1 values
are elevated in young adults born preterm. Secondary, exploratory aims of this study were to investigate the relationships
between myocardial T1 values and measures of cardiac function and neonatal circumstances.
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Table 1: Participant Demographics

Parameter
Sex
M
F
Age (y)
Mean
Median
Height (cm)
Mean
Median
Weight (kg)
Mean
Median
BMI (kg/m2)
Mean
Median
Average systolic BP (mm
Hg)
Mean
Median
Birth weight (g)
Mean
Median
Gestational age (wk)
Mean
Median

Term

Preterm

Punadjusted

8 (44)
10 (56)

9 (28)
23 (72)

26.2 (5.4)
26.5 (19–41)

25.8 (4.2)
28 (19–31)

172.4 (9.8)
172.5 (152–194)

166.2 (6.9)
166 (154–178)

67.8 (12.6)
69.3 (35.2–87.1)

74.3 (24.4)
65.3 (47.9–158.8)

22.8 (3.8)
23.3 (11.1–29)

26.8 (8.6)
24.2 (17.8–59.8)

114.3 (9.5)
111.5 (102–133.5)

115.4 (11.9)
116 (96–143)

3396.7 (572.5)
3474.5 (2466–4536)

1225.4 (397)
1225 (510–2360)

39.8 (1)
40 (37–42)

29.2 (2.5)
29 (24–34)

PFDR-adjusted

.39

.77

.77

.77

.02

.15

.23

.77

.03

.03

.72

.77

,.001

,.001

…

…

Note.—For means and medians, data in parentheses are SDs and ranges, respectively. Data for sex are presented as counts with percentages
in parentheses. P values are based on the t test or on the x2 statistic. BMI = body mass index, BP = blood pressure, PFDR-adjusted = Hochberg
false discovery rate–adjusted P value, Punadjusted = unadjusted P value.

output, and mass were calculated. For the RV, EDV, ESV,
SV, EF, and cardiac output were calculated. EDV, ESV, SV,
cardiac output, and mass were indexed to body surface area
calculated by using the Mosteller method.
Myocardial strain analysis was performed by a single
reader (G.P.B.) with 5 years of CMR experience and by using commercially available software (Segment, version 2.2
R6423 strain analysis module; http://segment.heiberg.se)
(12). Peak global longitudinal strain (GLS), global circumferential strain (GCS), and peak global radial strain (GRS)
and corresponding peak global systolic strain and diastolic
strain rates were calculated for the LV. Peak GLS and GCS
strain and systolic strain and diastolic strain rates were calculated for the RV.
Statistical Analysis
All measurements were tested for normality by using the
Shapiro-Wilk test. Mean differences in T1 values between
participants born at term and participants born preterm
were compared by using the Student t test with equal variance. Secondary volumetric and strain measures were compared for mean differences between participants born at
term and participants born preterm by using the Student
Radiology: Cardiothoracic Imaging Volume 4: Number 3—2022
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t test; adjusted P values were calculated by using Hochberg
methods to control for false discovery rate (FDR) (Hochberg
FDR–adjusted P value [PFDR-adjusted]) (13). Other cardiac associations were assessed by using multiple linear regression
of structural and functional cardiac measures modeled on
T1 values adjusted for term or preterm status and adjusted
for FDR. The effect of preterm birth versus term birth on
T1 measures was tested by using a multivariate regression
model adjusting for current age, sex, body mass index, and
systolic blood pressure.
In participants born preterm, associations between T1
values and neonatal measures were evaluated by using linear
regressions for continuous measures and adjusted for FDR.
In addition, we investigated the effects of birth measures
on current T1 values in a multivariate regression model,
including gestational age, birth weight, the Apgar score at
5 minutes, and any ventilation (continuous positive airway
pressure or mechanical) used.
The significance level was determined a priori at the .05
level, and all tests were two-tailed. Data are presented as
means 6 SDs or as medians and ranges, unless otherwise
noted. P values presented for secondary volumetric and
strain measures were adjusted for FDR.
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Results
Participant Characteristics
Participant demographics are summarized in Table 1. Briefly,
the preterm cohort consisted of 23 women and nine men
aged 26 years 6 4, and the term
cohort consisted of 10 women
and eight men aged 26 years
6 5 (P = .75). For the preterm
cohort, the gestational age was
29.2 weeks 6 2.5, and the birth
weight was 1225.4 g 6 397.

LV and RV Structure and Function
LV and RV structure and function parameters for participants
born at term and participants born preterm are summarized in
Table 3. Of note, indexed LV EDV, LV mass, RV EDV, and RV
ESV were generally lower in young adults born preterm. For the

Native T1 Mapping
Native T1 mapping imaging
(Fig 1) was successfully performed in all participants born
preterm (n = 32) and in all but
two participants born at term (n
= 16). In two participants born
at term, native T1 mapping was
1: Cardiac MR native T1 mapping images in adults born (A) term and (B) preterm. Native T1 values were
not included because CMR was Figure
measured in a midventricular section with global left ventricular (LV) values recorded as a mean native T1 value for the entire
performed with a different MR mid-LV section (T1LV) and as a mean T1 value for a 1-cm2 region of interest in the septum (dotted line). RV = right ventricle.
imager (n = 1) or because banding artifacts precluded quantification of T1 values (n = 1). Native T1 values were
higher in participants born preterm (Fig 2, Table
2). T1LV and T1septum values were 1477.4 msec 6
76.8 and 1487.0 msec 6 67.4 in participants
born preterm, respectively, and were 1423.5 msec
6 70.6 (P = .02) and 1412.2 msec 6 80.7 (P =
.003) in participants born at term, respectively. We
found no evidence of a difference in mean native
T1 values between men and women.
In multivariate models adjusting for current
age, sex, body mass index, and systolic blood
pressure, participants born preterm had higher
mean T1 values than did participants born at
term; participants born preterm demonstrated
T1LV and T1septum values of 58.3 msec (P = .02) Figure 2: Box and whisker plots of native T1 values in young adults born at term (black circles)
and young adults born preterm (red squares). (A) T1LV and (B) T1septum values were significantly
and 73.4 msec (P = .004), respectively (Tables higher in participants born preterm (mean ± SD, 1477.4
msec ± 76.8 and 1487 msec ± 67.4,
E1, E2 [supplement]).
respectively) than in participants born at term (mean ± SD, 1423.5 msec ± 70.6 and 1412.2 msec
± 80.7; P = .02 and .003, respectively). T1LV = mean native T1 value for the entire mid-LV section,
T1septum = mean T1 value for a 1-cm2 region of interest in the septum.

Table 2: Cardiac MRI T1 Characteristics

Term
Parameter
T1LV (msec)
T1septum (msec)

Mean
1423.5 (70.6)
1412.2 (80.7)

Median
1444 (1249–1537)
1415.4 (1240.4–
1530.9)

Preterm
Mean

Median

1477.4 (76.8)
1487 (67.4)

1459 (1333–1677)
1458.7 (1362.4–
1615.8)

P Value*
.02
.003

Note.—For means and medians, data in parentheses are SDs and ranges, respectively. T1LV = mean native T1 value for the entire mid–left
ventricular section, T1septum = mean T1 value for a 1-cm2 region of interest in the septum.
*P values are based on the t test statistic.
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Table 3: Cardiac MRI Volume and Strain Characteristics

Term
Parameter

Mean

Preterm

Median

HR (beats/min)
LV EF (%)
LV EDVI (mL/m2)
LV ESVI (mL/m2)
LV SVI (mL/m2)
LV cardiac index (mL/min/m2)

72.6 (22.5)
64.1 (6.4)
89 (17.9)
32.2 (10)
56.8 (10.8)
4110.3
(1483.3)
56 (15.4)
LV mass index (g/m2)
RV EF (%)
62.2 (7.8)
92.6 (22.8)
RV EDVI (mL/m2)
36.1 (15.4)
RV ESVI (mL/m2)
56.5 (10.2)
RV SVI (mL/m2)
2
RV cardiac index (mL/min/m ) 4083.2
(1414.6)
LV peak GRS (%)
23.4 (9.1)
LV peak GCS (%)
−16.2 (2.7)
LV peak GLS (%)
−11.4 (2.9)
RV peak GCS (%)
−8.1 (1.8)
RV peak GLS (%)
−11.9 (3.4)
95.2 (41.3)
LV peak systolic GRS rate
(sec−1)
−103.4 (52.5)
LV peak diastolic GRS rate
(sec−1)
−77.2 (15.7)
LV peak systolic GCS rate
(sec−1)
68 (18.7)
LV peak diastolic GCS rate
(sec−1)
−42.5 (12.1)
LV peak systolic GLS rate
(sec−1)
26.6 (10.6)
LV peak diastolic GLS rate
(sec−1)
−39 (13.2)
RV peak systolic GCS rate
(sec−1)
33.2 (12.8)
RV peak diastolic GCS rate
(sec−1)
−51.7 (15.8)
RV peak systolic GLS rate
(sec−1)
31.9 (20.2)
RV peak diastolic GLS rate
(sec−1)

Mean

69.5 (45.9 to 148)
64.2 (53.1 to 75.7)
85.5 (62.9 to 130.1)
29.3 (18.1 to 51.5)
55.5 (43 to 84.1)
3534.8 (2658.3 to
8553.5)
52.1 (35.3 to 87.2)
64.4 (49.6 to 74)
87.6 (65 to 147.2)
31.8 (19.7 to 69.4)
55.4 (43.8 to 82.5)
3448.1 (2760.2 to
8303.2)
20.3 (11 to 44.6)
−15.8 (−20.4 to −11.8)
−11.7 (−15.3 to −7.1)
−8.3 (−12.6 to −5.1)
−11.9 (−17.6 to −6.7)
88.7 (36.9 to 217)

Median

69.1 (10.8)
64.7 (7)
79.1 (10.8)
27.9 (7.1)
51.2 (7.6)
3537.7 (754.7)

67.5 (52.8 to 98.2)
65.8 (42.3 to 74.5)
77.9 (53.5 to 98.9)
26.7 (16.1 to 45)
50.8 (33 to 65.4)
3418.1 (2042.3 to
5172.5)
47.4 (8)
45.9 (32.8 to 61.6)
65.5 (7.1)
66.1 (46.9 to 77.1)
78.2 (12.3)
76.1 (50.6 to 102.3)
27.3 (8.1)
26.9 (12.7 to 45.4)
50.9 (7.7)
50.9 (34.1 to 64.3)
3514.8 (755.5) 3550.5 (2109.4 to
5381.9)
27.1 (9.5)
25.2 (13 to 52.9)
−17.9 (3.3)
−19 (−23.6 to −9.5)
−13.7 (2.5)
−13.2 (−18.9 to −8.9)
−10.6 (2.6)
−10.3 (−17.1 to −6.2)
−13 (3.8)
−13 (−19 to −4.3)
108.1 (41.4) 96.4 (46.1 to 236.7)

Punadjusted PFDR-adjusted
.53
.75
.04
.12
.06
.14

.75
.75
.75
.75
.75
.75

.04
.14
.02
.03
.05
.13

.75
.75
.53
.75
.75
.75

.19
.06
.009
,.001
.30
.30

.75
.75
.24
.006
.75
.75

−99.2 (−249.2 to −39.8) −117.1 (59.2) −103.1 (−289.8 to
.41
−26.5)
−79.9 (−111.6 to −51.9) −81.5 (17.1) −84.5 (−123.1 to −35.7) .38

.75

71.9 (36.6 to 107.4)

70.3 (19.4)

69.3 (17.9 to 110.5)

.68

.75

−45 (−59.8 to −17.8)

−50.7 (11.3)

−48.9 (−85.5 to −33.2)

.03

.63

27.9 (9.4 to 43.4)

31.3 (7.3)

31.1 (10.6 to 40.6)

.11

.75

−35.1 (−67.3 to −16.6)

−47.8 (14.3)

−45.1 (−91.8 to −28.4)

.04

.75

32.1 (3.1 to 53.1)

41.2 (13.5)

40.3 (13.4 to 76)

.046

.75

−50.8 (−87 to −26.5)

−57.7 (14.5)

−58.8 (−82.9 to −27.5)

.2

.75

32.1 (−20.1 to 75.8)

41.1 (15)

42.3 (10.3 to 73.9)

.11

.75

.75

Note.—For means and medians, data in parentheses are SDs and ranges, respectively. P values are based on the t test statistic. EDVI = enddiastolic volume index, EF = ejection fraction, ESVI = end-systolic volume index, FDR = false discovery rate, GCS = global circumferential
strain, GLS = global longitudinal strain, GRS = global radial strain, HR = heart rate, LV = left ventricle, PFDR-adjusted = Hochberg FDR–adjusted P value, Punadjusted = unadjusted P value, RV = right ventricle, SVI = stroke volume index.

LV, peak GLS and peak systolic GLS rate were of greater magnitude in participants born preterm than in participants born
at term (−13.7% 6 2.5 and −50.7 sec−1 6 11.3 compared with
−11.4% 6 2.9 [unadjusted P value (Punadjusted) = .009, PFDR-adjusted
= .24] and −42.5 sec−1 6 12.1 [Punadjusted = .03, PFDR-adjusted = .63],
respectively). For the RV, peak GCS and peak systolic and diastolic
GCS rate were generally of greater magnitude in participants born
Radiology: Cardiothoracic Imaging Volume 4: Number 3—2022
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preterm than in participants born at term (−10.6% 6 2.6, −47.8
sec−1 6 14.1, and 41.2 sec−1 6 13.5 compared with −8.1% 6 1.8
[Punadjusted , .001, PFDR-adjusted = .006], −39 sec−1 6 13.2 [Punadjusted
= .04, PFDR-adjusted = .75], and 33.2 sec−1 6 12.8 [Punadjusted = .046,
PFDR-adjusted = .75], respectively). Following FDR adjustment for
multiple testing, the RV peak GCS was found to be significantly
different between term and preterm groups.
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Table 4: Linear Regression Slope Estimates of Cardiac MRI T1LV and T1septum with Volume and Strain Parameters

T1LV
Parameter
HR
LV EF
LV EDVI
LV ESVI
LV SVI
LV cardiac index
LV mass index
RV EF
RV EDVI
RV ESVI
RV SVI
RV cardiac index
LV peak GRS
LV peak GCS
LV peak GLS
RV peak GCS
RV peak GLS
LV peak systolic GRS rate
LV peak diastolic GRS rate
LV peak systolic GCS rate
LV peak diastolic GCS rate
LV peak systolic GLS rate
LV peak diastolic GLS rate
RV peak systolic GCS rate
RV peak diastolic GCS rate
RV peak systolic GLS rate
RV peak diastolic GLS rate

Estimate
−0.466
−2.88
2.086
3.85
1.65
0.00221
2.474
−2.19
1.306
1.831
1.81
0.00262
−2.52
7.28
2.1
5.11
0.509
−0.694
0.394
1.224
−1.405
0.0759
−0.96
0.894
−1.849
0.273
−0.101

T1septum

PFDRStd. Error t Value Pr (.|t|) adjusted
0.683
1.56
0.742
1.21
1.22
0.01023
0.928
1.47
0.626
0.941
1.24
0.01056
1.12
3.40
4.0
4.63
2.935
0.246
0.185
0.638
0.538
0.9061
1.21
0.782
0.786
0.722
0.612

−0.68
−1.85
2.81
3.19
1.35
0.22
2.67
−1.5
2.09
1.95
1.46
0.25
−2.25
2.14
0.52
1.1
0.17
−2.82
2.13
1.92
−2.61
0.08
-0.8
1.14
−2.35
0.38
−0.16

.5
.07
.007
.003
.18
.83
.01
.14
.04
.06
.15
.81
.03
.04
.60
.28
.86
.007
.04
.06
.01
.93
.43
.26
.02
.71
.87

.93
.93
.18
.07
.93
.93
.25
.93
.77
.93
.93
.93
.62
.74
.93
.93
.93
.18
.74
.93
.28
.93
.93
.93
.51
.93
.93

Estimate
−0.217
−0.0188
1.560
1.60
2.35
0.00821
1.249
0.534
0.909
0.526
2.51
0.00924
−1.93
3.37
−1.04
5.48
−0.0565
−0.503
0.305
0.391
−0.755
−0.715
0.216
0.713
−1.521
−0.103
0.598

Std. Error
0.663
1.5642
0.743
1.27
1.15
0.00983
0.948
1.450
0.620
0.945
1.17
0.01013
1.11
3.42
4.19
4.47
3.0700
0.247
0.183
0.639
0.547
0.941
1.269
0.760
0.773
0.755
0.633

t Value Pr (.|t|) PFDR-adjusted
−0.33
−0.01
2.1
1.26
2.03
0.83
1.32
0.37
1.47
0.56
2.15
0.91
−1.74
0.99
−0.25
1.23
−0.02
−2.04
1.67
0.61
−1.38
−0.76
0.17
0.94
−1.97
−0.14
0.95

.74
.99
.04
.21
.048
.41
.19
.71
.15
.58
.04
.37
.09
.33
.81
.23
.99
.047
.10
.54
.17
.45
.87
.35
.06
.89
.35

.99
.99
.99
.99
.99
.99
.99
.99
.99
.99
.99
.99
.99
.99
.99
.99
.99
.99
.99
.99
.99
.99
.99
.99
.99
.99
.99

Note.—EDVI = end-diastolic volume index, EF = ejection fraction, ESVI = end-systolic volume index, FDR = false discovery rate, GCS =
global circumferential strain, GLS = global longitudinal strain, GRS = global radial strain, HR = heart rate, LV = left ventricle, PFDR-adjusted =
Hochberg FDR–adjusted P value, Pr = unadjusted P value for t from linear regression, RV = right ventricle, Std. = standard, SVI = stroke
volume index, T1LV = mean native T1 value for the entire mid-LV section, T1septum = mean T1 value for a 1-cm2 region of interest in the
septum.

Cardiac Function and Native T1 Mapping Associations
Associations among CMR parameters and T1LV and T1septum
values, adjusting for preterm status, are summarized in Table
4. After adjusting for multiple tests, no CMR parameters were
significantly associated. Higher T1LV values appeared to be associated with a higher LV EDV index (b = 2.1, standard error =
0.7, PFDR-adjusted = .18), ESV index (b = 3.8, standard error = 1.2,
PFDR-adjusted = .07), mass index (b = 2.5, standard error = 0.9,
PFDR-adjusted = .25), and RV EDV index (b = 2.1, standard error
= 0.7, PFDR-adjusted = .77). Higher T1septum values were observed
with a higher LV EDV index (b = .06, standard error = 0.03,
PFDR-adjusted = .99), SV index (b = .04, standard error = 0.02,
PFDR-adjusted = .99), and RV SV index (b = .04, standard error =
0.02, PFDR-adjusted = .99). In four participants born preterm with
T1LV values greater than 2 SDs above the mean T1LV values in
6

participants born at term, the LV EF appeared lower than in
those with T1LV values within 2 SDs of the mean T1LV values in
participants born at term (LV EF of 57.8% 6 13.1 vs 65.7%
6 5.4, respectively; P = .03). In three participants with T1septum
values greater than 2 SDs above the mean T1septum values in
participants born at term, we found no evidence of a difference
in the LV EF relative to those with T1septum values within 2 SDs
of the values of participants born at term (LV EF of 65.6% 6
8.4 vs 64.6% 6 7.0, respectively; P = .99).
Higher T1LV values were observed with a lower-magnitude
LV peak GRS (b = −2.5, standard error = 1.1, PFDR-adjusted = .62)
and GCS (b = 7.3, standard error = 3.4, PFDR-adjusted = .74), peak
systolic and diastolic GRS rate (b = −.7, standard error = 0.2,
PFDR-adjusted = .18 and b = .4, standard error = 0.2, PFDR-adjusted = .74,
respectively), peak diastolic GCS rate (b = −1.4, standard error =
rcti.rsna.org
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0.5, PFDR-adjusted = .28), and RV peak diastolic GCS rate (b = −1.8,
standard error = 0.8, PFDR-adjusted = .51). Higher T1septum values appeared to be associated with a lower-magnitude LV peak systolic
GRS rate (b = −.2, standard error = 0.08, PFDR-adjusted = .99).
Neonatal Variables and Native T1 Mapping Associations
With regard to neonatal variables in participants born preterm
(Table 5), the strongest association was between T1LV values
and Apgar scores at 5 minutes, with lower Apgar scores being
associated with higher T1 values, but no neonatal values were
associated with T1LV values following adjustment for FDR.
Weaker or no associations were present between native T1LV
values and T1septum values and other neonatal variables. Of the
31 participants with known ventilation use at birth, only seven
(23%) did not require continuous positive airway pressure or
mechanical ventilation.
In multivariate models investigating the association of birth
measures and T1 values, Apgar score remained the most highly
associated with T1 values, with each unit increase in an Apgar
score being associated with a reduction in the T1 value (P = .003
for T1LV and P = .03 for T1septum; Tables E3, E4 [supplement]).
Gestational age, birth weight, and use of ventilation were not
associated with T1 values.

Discussion
In this study, we found that native T1 values derived at CMR
were higher in adults born prematurely (T1LV, 1477.4 msec 6
76.8 and T1septum, 1487.0 msec 6 67.4) than in age-matched,
term-birth participants (T1LV, 1423.5 msec 6 70.6; P = .02
and T1septum, 1412.2 msec 6 80.7; P = .003). Higher native
T1 values appeared associated with larger LV and RV volumes,
greater LV mass, and abnormal LV and RV strain values. Of
the various neonatal variables recorded in the preterm adults,
5-minute Apgar scores showed the strongest association with
T1 values.
The saturation recovery T1 mapping sequence used in this
study, SMART1Map, measures the true T1 value and is less
sensitive to imaging and physiologic parameters (11,14,15). As
a result, SMART1Map native T1 values are longer than those
obtained by using a modified Look-Locker inversion recovery
sequence (10,14–16). The native T1 values in the control participants of this study, 1423 msec 6 70, are within the same
range as those reported by Ferry et al (15), 1447 msec 6 45,
who used the same single-point saturation recovery T1 mapping
sequence at 3 T.
We found elevated T1 values, which are suggestive of diffuse
myocardial interstitial fibrosis, in adults born prematurely in our
study. This corroborates findings of late gadolinium enhancement on images in young adults born preterm in a prior study
(17). Because our study was conducted at a single time point in
young adults, it is not possible to determine whether myocardial
fibrosis is present from infancy or develops over time in those
born preterm. In a preclinical study of lambs born at 90% of full
gestation, increased collagen deposition was present in the heart
at 9 weeks’ corrected postnatal age (18), but this did not persist
into adulthood (19). In another preclinical study of rodents born
preterm, cardiac fibrosis developed approximately 4 weeks after
Radiology: Cardiothoracic Imaging Volume 4: Number 3—2022
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hyperoxia exposure (20). Although T2-weighted imaging or T2
mapping could have helped confirm that elevated T1 values
in our study were due to diffuse interstitial fibrosis rather than
myocardial edema, preclinical studies have not suggested that
myocardial edema is present late after preterm birth.
After adjusting for multiple comparisons, only peak GCS
showed a strong difference between participants born preterm
and participants born at term. Because of the relatively weak univariate relationships between T1 values and the other variables,
we did not pursue any other modeling with multivariable regression. Similarly, we did not perform additional comparisons between T1 values and other CMR markers of diastolic function,
such as atrial size, transmitral flow, myocardial velocities, or pulmonary venous flow. The observation of higher T1 values with
a larger EDV index in our study suggests there may be remodeling with increased extracellular matrix formation in the heart of
those born prematurely, which is similar to what has been reported in dilated cardiomyopathy (21,22). The apparent inverse
association between elevated T1 values and abnormal strain and
strain rate indexes is consistent with previous studies documenting an association between fibrosis and myocardial strain indexes
in cardiac disease (23–27). The findings in our study suggest that
diffuse myocardial interstitial fibrosis in young adults born prematurely may contribute to perturbed diastolic function, which
is a common finding in young adults born preterm (2). Without
performing endomyocardial biopsy, it is not possible to confirm
this finding, and longitudinal studies in preterm individuals are
needed to determine the evolution of elevated T1 values and
whether baseline T1 values predict adverse outcomes as they do
in patients with dilated cardiomyopathy (28).
Interestingly, we observed a possible association between
5-minute Apgar scores and T1 values, with higher T1 values occurring in participants born with lower Apgar scores. Of the five
components of the Apgar score (color, heart rate, reflexes, muscle
tone, and respiration), several reflect cardiac function and are
reduced in infants with cardiac depression at births requiring
resuscitation efforts. Low Apgar scores can predict short-term
prognosis and the need for more cardiopulmonary resuscitation
in the first 6–8 hours of life (29) and may predict a higher risk
for respiratory morbidity after preterm birth in childhood (30).
The prediction of late cardiac morbidity has not been described.
Intriguingly, other metrics of more severe postnatal illness, such
as the duration of ventilator or oxygen support, did not correlate
with the degree of diffuse cardiac fibrosis in our study. Larger
multicenter studies should be able to better address the effect
of preterm birth and neonatal resuscitation on the relationship
between T1 values and cardiac function in this population.
This study had several limitations. First, the relatively small
size of the cohort likely contributed to the low number of significant associations. Many of the original participants in the
Newborn Lung Project cohort, recruited from 1988 to 1991,
have been lost to follow-up. However, we have not observed any
differences in characteristics of participants born preterm from
the original Newborn Lung Project cohort and those recruited
de novo for this study. In addition, the absence of imaging after the administration of intravenous gadolinium-based contrast
agents did not allow us to assess areas of replacement fibrosis or
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33.75
40.43

−27.40
8.58

−0.81
0.21

0.8

0.24

1.88

0.84

0.2

-0.56
−2.04
−2.67

0.67

0.53

0.11
0.06
0.66
0.13
0.74
1.72
0.77

.42
.83

.43

.81

.07

.41

.84

.58
.05
.01

.52

.6

.91
.95
.52
.9
.46
.1
.45

Pr (.|t|)

.61

.43

.81

.07

.41

.84

.58
.05
.01

.52

.6

.91
.95
.52
.9
.46
.1
.45

Punadjusted

.95

.95

.95

.95

.95

.95

.95
.88
.23

.95

.95

.95
.95
.95
.95
.95
.95
.95

−14.70
2.81

47.6

8.45

46.0

21.8

−12.5

10.9
−7.21
−11.99

57.5

−11.1

0.175
0.00559
0.0926
−0.448
0.146
0.129
0.072

PFDR-adjusted Estimate

29.31
35.11

34.7

34.06

25.8

26.4

29.3

26.5
5.12
6.72

71.4

27.0

4.848
0.03136
1.0270
2.488
0.950
0.129
0.475

Std. Error

−0.50
0.08

1.37

0.25

1.78

0.83

−0.43

0.41
−1.41
−1.78

0.81

−0.41

0.04
0.18
0.09
−0.18
0.15
1
0.15

t Value

.62
.94

.18

.81

.09

.42

.67

.68
.17
.09

.44

.68

.97
.86
.93
.86
.88
.32
.88

Pr (.|t|)

T1septum

.84

.18

.81

.09

.42

.67

.68
.17
.09

.44

.68

.97
.86
.93
.86
.88
.32
.88

Punadjusted

.97

.97

.97

.97

.97

.97

.97
.97
.97

.97

.97

.97
.97
.97
.97
.97
.97
.97

PFDR-adjusted

Note.—P values are based on the analysis of variance F test. BPD = bronchopulmonary dysplasia, CPAP = continuous positive airway pressure, FDR = false discovery rate, NICU = neonatal
intensive care unit, P FDR-adjusted = Hochberg FDR–adjusted P value, Pr = Punadjusted for t from linear regression, Punadjusted = unadjusted P value, PDA = patent ductus arteriosus, Std. = standard,
T1LV = mean native T1 value for the entire mid-LV section, T1septum = mean T1 value for a 1-cm2 region of interest in the septum, TPN = total parenteral nutrition.

43.8

30.4

25.6

35.0

34.25

6.95

39.71

30.8
5.75
7.37

−17.4
−11.71
−19.68

9.47

94.6

63.1

29.7

31.4

16.7

56.0

5.524
0.03657
1.19
2.854
1.105
0.153
0.548

0.598
0.00216
0.78
0.365
0.821
0.263
0.420

Gestational age
Birth weight
Days on mechanical ventilation
Days on CPAP
Total ventilation days
Days on O2
Days in the NICU
Diagnosis of BPD (0 = no; 1 = yes)
Yes
PDA (0 = no; 1 = yes)
Yes
Neonatal sepsis (0 = no; 1 = yes)
Yes
One-minute Apgar score
Five-minute Apgar score
Preeclampsia (0 = no; 1 = yes)
Yes
Maternal steroids (0 = no; 1 = yes)
Yes
Surfactant administration (0 = no; 1 = yes)
Yes
Postnatal steroids (0 = no; 1 = yes)
Yes
TPN (0 = no; 1 = yes)
Yes
Food baby received (1 = formula; 2 = breast
milk; 3 = both)
Breast milk
Both

Std. Error t Value

Estimate

Parameter

T1LV

Table 5: Linear Regression Slope Estimates of Cardiac MRI T1LV and T1septum Values with Continuous Neonatal Measures among Participants Born Preterm

Diffuse Myocardial Fibrosis at Cardiac MRI in Young Adults Born Prematurely
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calculate extracellular volume. Without longitudinal data, it is
not possible to determine whether the elevated native T1 values
are constant or whether they change over time. Although very
high temporal resolution is required to accurately measure strain
rates, particularly systolic strain rates, we observed significant differences in LV peak diastolic GLS rate and RV peak systolic and
diastolic GCS rates. Future studies using echography or higher
temporal resolution strain imaging are necessary to confirm the
presence of abnormal strain rates in those born preterm.
In conclusion, young adults born moderately to extremely
preterm (32 weeks’ gestation) demonstrated evidence of diffuse interstitial myocardial fibrosis based on CMR native T1
mapping. The diffuse fibrosis may be associated with cardiac
chamber size and function, providing additional evidence of a
distinct cardiomyopathy associated with premature birth. In our
analysis, lower 5-minute Apgar scores appeared to be most associated with higher native T1 values. Young adults born prematurely, particularly those with lower Apgar scores, warrant close
follow-up to monitor for adverse cardiovascular outcomes.
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