European Heart Journal — Cardiovascular Imaging (2016) 17, 981-990
EUROPEAN doi:10.1093/ehjci/jev217
SOCIETY OF
CARDHOLOGY ®

Cardiac morphology and function reference
values derived from a large subset of healthy young
Caucasian adults by magnetic resonance imaging

Florent Le Ven', Karine Bibeau', Elianne De Larochelliére!, Helena Tizé6n-Marcos',
Stéphanie Deneault-Bissonnette!, Philippe Pibarot!, Christian F. Deschepper?,
and Eric Larose'*

"Centre de Recherche de llnstitut Universitaire de Cardiologie et de Pneumologie de Québec (CRIUCPQ), and Faculté de Médecine, Université Laval, 2725 Chemin Ste-Foy,
Québec City, QC, Canada G1V 4G5; and 2Institut de Recherches Cliniques de Montréal (IRCM), Montréal, QC, Canada

Received 16 March 2015; accepted dfter revision 9 August 2015; online publish-ahead-of-print 9 September 2015

Aims Assessment of cardiac anatomy and function by cardiovascular magnetic resonance (CMR) is accurate and reproducible
and is commonly performed to clarify borderline results obtained by other techniques. Normal reference values are
lacking in a large sample of young healthy adults. As CMR is increasingly solicited to discriminate normality from equivo-
cal disease in this population, we sought to determine reliable reference values.

Methods A sample of 434 Caucasian adults aged 26 + 4 years (45% male) without cardiovascular disease or risk factors (includ-

and results ing obesity and smoking) underwent CMR. Blood pressure, electrocardiogram, and plasma markers (lipid profile, fasting
glucose, troponin, and Nt-pro-BNP) were within normal limits and typical of a low-cardiometabolic-risk profile. End-
diastolic (ED), end-systolic (ES), and stroke volumes were greater in men for left and right atria and ventricles. Left ven-
tricular (LV) mass was higher in men. ED wall thickness of all segments was greater in men, whereas ES wall thickening
(segmental function) was similar in both genders. After normalization to body surface area, all gender differences
remained. Left and right ventricular volumes were lower, and left atrial volumes were higher in older individuals. In

contrast, LV mass was not associated with age.

Conclusion This is the first large database of reference ranges for ventricular and atrial functions, volumes, and mass in young
Caucasian men and women devoid of cardiovascular disease and risk factors. These data will contribute to improving
the accuracy of CMR interpretation for clinical and research applications.

Keywords normal values ® mass e volume e systolic function e wall thickness/thickening

e which were gathered in a recent review.'® However, sample sizes

Introduction 8 P

are often limited, and data focused on young adults are scarce.

Measurement of cardiac anatomy and assessment of heart function
are among the most important clinical tasks in cardiology in order to
distinguish between health and disease, and to determine accurate
risk stratification and therapy.

Cardiovascular magnetic resonance (CMR) is precise and highly
reproducible and has now become the gold standard for cardiac
morphology and heart function. Several groups have previously
presented CMR reference values for healthy people using fast gra-
dient echo or steady-state free precession (SSFP) sequences,' ™'

Precise morphologic measures in this range of ages are essential,
especially in the context of most acquired cardiac diseases, but
also in milder forms of congenital heart disease that might not
have been diagnosed during infancy (such as atrial septal defects
or compaction disorders for instance), where only subtle changes
in anatomy and function may occur in early stages. In most stud-
ies, ‘healthy’ status was defined loosely on clinical examination
and electrocardiogram (ECG) and did not exclude smoking or
obesity.
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The aims of the current study are to (1) establish comprehensive,
accurate, gender-specific CMR reference values for young healthy
Caucasian men and women in whom cardiovascular disease and
risk factors were specifically excluded and (2) evaluate if age, gender,
and body surface area (BSA) have influence on these parameters
during early years of adulthood.

Material and methods

Study population

We prospectively recruited 434 Caucasian adults (196 men and 238
women) at the Quebec Heart and Lung Institute through phone,
email, and word-of-mouth invitation (Figure 7). Eligibility criteria

were age between 18 and 35 years (although CMR was performed
in 3 at 36 years because of 1-month delay from consent to imaging),
at least 3 out of 4 grandparents who were Caucasian and North
American-born, and apparent good health defined by the absence of
known congenital or acquired cardiovascular disease, hypertension,
dyslipidemia, diabetes or renal, hepatic, haematologic, and systemic in-
flammatory disorders. Exclusion criteria were smoking (>1 cigarette/
day), BMI >30, pregnancy or breastfeeding within the past year, ab-
normal 12-lead ECG, elevated fasting glucose, abnormal plasma lipid
profile (total, LDL-, or HDL-cholesterol, or triglycerides), elevated
troponins or N-terminal pro-b-type natriuretic peptide (Nt-pro-BNP),
and contra-indications to CMR. We also excluded those with exercise
habits significantly beyond average for the population (sustained >5 h
of aerobic exercise per week) because of known effects on cardiac
morphology.

Inclusion criteria at screening:
-age between 18 and 36 years, and

inflammatory disorders

Exclusion criteria at screening:
-smoking (=1 cigarette/day), or

-contra-indications to CMR, or

Total Participants Having Signed Consent for Study:

-at least 3 out of 4 grandparents were Caucasian and North American-born, and
-apparent good health defined by the absence of known congenital or acquired cardiovascular
disease, hypertension, dyslipidemia, diabetes or renal, hepatic, hematologic, and systemic

-BMI =30 based on self-reported height/weight, or
-pregnancy or breastfeeding within the past year as self-reported, or

-exercise habits significantly beyond average for the population (sustained >5 hours of aerobic
exercise per week) because of known effects on cardiac morphology

Total Participants Excluded for Newly
Discovered Claustrophobia during CMR:

1

Total Participants Excluded

After Morphometrics, ECG,

Blood Analysis, and CMR:
54

Reasons for exclusion:

-previously unrecognized obesity (BMI =30): 35
-previously unrecognized pregnancy: 1
-elevated blood pressure: 1

-abnormal 12-lead ECG: 11

-elevated fasting blood glucose: 1

-abnormal plasma lipid profile: 1

-gross congenital anomalies on CMR: 4

Total Participants
Included in Study:

Figure | Flow chart detailing consented participants with inclusion/exclusion criteria and reasons for exclusion.
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CMR images were evaluated for gross congenital anomalies to ex-
clude previously unknown congenital cardiac conditions. The institu-
tional Ethics Committee approved the study, and all patients provided
written informed consent.

CMR acquisition protocol

Imaging was performed with a 1.5-Tesla Philips Achieva scanner operat-
ing release 2.6 level 3 (Philips Healthcare, Best, The Netherlands). Cine
imaging of cardiac morphology and function was performed by SSFP
technique at 30 phases per cardiac cycle in held end expiration; 8—14
contiguous parallel short-axis (8 mm thickness, 0 mm gap) and 3 radial
long-axis planes were performed covering the entire cardiac volume.
Typical parameters included TR/TE 3.17/1.58 ms, flip angle 60°, and
number of excitations of 1, yielding an in-plane spatial resolution
of 1.6 x 2 mm and a mean temporal resolution of 33 ms.

CMR image analysis

Image analysis was performed offline in a core laboratory using a standar-
dized approach by trained technicians [4 technicians with a total experi-
ence of 15 years (2—4 years each) dedicated reading in the laboratory]
supervised by an experienced cardiologist (E.L.) following the American
Heart Association (AHA) 17-segment model (cmr* version 3.4.1, Circle
Vascular Imaging, Canada)."” Cardiac volumes and function measure-
ments were performed as previously described by our group and others,
using the contiguous short-axis multi-slice acquisition with delineation of
atria/ventricles confirmed in matched long-axis planes.*'®~° Participants
did not undergo gadolinium contrast injection.

Ventricles
For ventricular volume analysis, the endocardial border was semi-
automatically determined on the left ventricle (LV) for all 30 phases

Figure 2 Detailed contouring of the four cardiac chambers in contiguous SSFP short-axis slices at end-diastole (A) and end-systole (B). Red: LV
endocardial border, green: LV epicardial border, purple: LV papillary muscle border, yellow: RV endocardial border, orange: LA endocardial bor-

der, blue: RA endocardial border.
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Figure 2 (Continued).

of the cardiac cycle and the cardiac phases that demonstrated the largest
and smallest ventricular cavity volumes were defined as end-diastole
(ED) and end-systole (ES), respectively (Figure 2). For the LV, the endo-
cardial border was defined as the boundary between the myocardium
and ventricular blood pool, from the most apical to the most basal slice.
Manual correction of automated LV endocardial border and papillary
muscles tracing was performed when necessary. Papillary muscles
were included when measuring mass (equivalent to weighting the LV)
and excluded when measuring volumes (equivalent to blood pool tech-
niques).?>?! At the base of the heart, careful differentiation of ventricle
from the atrium and aorta/pulmonary artery relied on examination of
matching long-axis planes. If the basal slice contained both ventricular
and atrial wall, the contours were drawn up to the junction of the atrium
and the ventricle and the appropriate volume attributed to the ventricle.
Similarly, if the aortic valve appeared in the basal slice, blood volume up
to the aortic valve was included in the LV volume. For the right ventricle
(RV), endocardial border was manually traced both in ED and ES from

the most apical to the most basal slice. Trabeculations and moderator
band of the RV were ignored, and a smooth endocardial border was
drawn. The moderator band was included in blood pool.?® In basal
slices, the RV outflow tract was accounted for in the RV volume, with
a particular attention paid to include only the portion of volume below
the level of the pulmonary valve.

For LV mass measurement, the epicardial border was semi-
automatically traced followed by manual correction to follow the mid-
dle of the chemical shift artefact line when necessary.*® Epicardial fat was
excluded from the epicardial border.

The LV and RV ED volumes (LV-EDV, RV-EDV), ES volumes (LV-ESV,
RV-ESV), stroke volumes (LV-SV, RV-SV), ejection fraction (LV-EF,
RV-EF), and LV mass were computed using Simpson’s rule. The LV-EDV,
RV-EDV, LV-ESV, RV-ESV, and LV mass were normalized to BSA calcu-
lated by the Dubois formula.?* Segmental wall thickness was measured at
ED by the centreline method (mean of 20—30 chords/segment), follow-
ing the AHA 17-segment model definition. Segmental systolic wall
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thickening (segmental function) was defined for each individual segment
as the difference between wall thickness at ED and thickness at ES (wall
thickening) divided by wall thickness at ED to provide per cent thicken-
ing. As is customary, segment 17 (apex) was excluded from functional
analysis. We uncovered high intra/inter-observers variability for RV
mass in our preliminary analysis and elected not to report such unreli-
able measurements.

Atria

Atria images were obtained during the same acquisition as ventricles
(full coverage of the cardiac silhouette in short axis); hence, slice thick-
ness and gap were the same. In order to better discriminate between

atria and ventricles, the long-axis planes were used to place a boundary
at the level of the atrio-ventricular valve annulus. LA and RA endocardial
borders were manually traced in atrial ED and ES phases on contiguous
short-axis slices as detailed previously, ED referring to the atrial diastole
(maximum volume). The atrial appendage was included in the total LA
and RA volumes, but the pulmonary veins were excluded. Volumes
were calculated from Simpson’s rule.??

Statistical analysis

Continuous variables were tested for normality by the Shapiro—Wilk
test and reported as means + SDs. Categorical variables were ex-
pressed as a percentage and compared with the x* test. Gender

Table | Population characteristics
Total (n = 434) Men (n = 196) Women (n = 238) P-value
Age (years) (range 18—36) 262 + 45 26.7 + 4.3 258 + 4.6 0.03
Height (cm) 171+9 178 + 6 165+ 6 <0.001
Weight (kg) 67.0 + 124 75.7 £ 104 59.8 + 8.8 <0.001
BSA (m?) 18+ 0.2 19 4+ 0.1 1.7 £ 01 <0.001
Body mass index (kg/m?) 229 +29 239+28 220+ 27 <0.001
Heart rate (bmp) 61+ 10 58+9 63+ 10 <0.001
Systolic BP (mmHg) 116 + 10 12249 111 +9 <0.001
Diastolic BP (mmHg) 72+8 73+7 70+ 8 <0.001
Nt-pro-BNP (pmol/L) 385 + 227 370 + 181 396 + 256 NS
Fasting glucose (mmol/L) 46+ 04 47 +04 44+ 04 <0.001
Total cholesterol (mmol/L) 44408 444 0.8 45408 NS
Triglycerides (mmol/L) 09 +04 09 +04 09 + 04 NS
HDL-C (mmol/L) 1.6+ 04 13403 1.8+ 04 <0.001
LDL-C (mmol/L) 24407 2.6 +0.7 23407 <0.001
Total cholesterol/HDL-C ratio 30+08 34409 27+ 06 <0.001
Data are presented as means + SD. P-value is for t-test between genders.
BP, blood pressure; Nt-pro-BNP, N-terminal pro-b-type natriuretic peptide; NS, non-significant.
Table 2 Global left ventricle parameters
Men Women P-value
Mean+SD Sth 95th Mean+SD Sth 95th
Absolute values
LV-EDV (mL) 172 4+ 30 128 226 128 + 18 101 159 <0.001
LV-ESV (mL) 61+ 15 39 88 43+9 29 60 <0.001
LV-SV (mL) 112+ 19 80 147 84 + 13 63 105 <0.001
LV-EF (%) 65+5 56 74 65+5 58 74 NS
LV mass (g) 125+ 25 85 175 82+ 15 59 108 <0.001
LV mass/EDV (g/mL) 0.73 + 0.12 0.56 0.92 0.64 + 0.10 0.49 0.80 <0.001
Normalized to BSA
LV-EDV/BSA (mL/m?) 89 +13 70 112 77 64 92 <0.001
LV-ESV/BSA (mL/m?) 31+7 20 44 26 + 18 34 <0.001
LV-SV/BSA (mL/m?) 58+ 8 43 73 51+ 6 39 63 <0.001
LV mass/BSA (g/m?) 64 + 11 47 84 49+8 36 64 <0.001

Data are presented as means + SD (5th and 95th percentiles). P-value is for t-test between genders.

NS, non-significant.
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differences were compared using Student’s t-tests. Differences between
basal, mid-ventricular, and apical LV thickness and thickening were
assessed using one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test. Intra- and inter-observer agreement (on 50 and
25 patients, respectively) was evaluated by absolute intraclass correl-
ation coefficient (ICC) and by the Bland—Altman method. Association
between morphological parameters indexed to BSA and age was as-
sessed with linear regressions. All multivariable linear regression ana-
lyses included age, gender, and BSA. Statistical analyses were
performed with Stata 13.0 (StataCorp LP, College Station, TX, USA).
Statistical significance was set at P < 0.05.

Results

Characteristics of the population

The mean age of the 434 young adults (45% male) was 26.2 + 4.5
years. The sample characteristics are presented in Table 1.

Ventricle volumes, function, and mass

The values for LV volumes, function, and mass are presented in
Table 2. LV-EDV, LV-ESV and LV-SV values were lower for women
than men. LV-EF was similar in both sexes. LV mass was greater in
men than in women. After normalizing to BSA, volumes and mass
were still greater in men. LV wall thickness and thickening are pre-
sented in Figure 3 and Table 3. LV wall thickness was less in women
than men (Figure 3 and Table 3). Mean values for systolic wall thick-
ening (segmental function) were 56 + 17% for basal segments,
72 + 19% for mid-ventricular segments, and 78 + 34% for apical
segments, with no difference between genders. When progressing
from the base to the apex, there was a gradual decrease in the thick-
ness of myocardial segments, along with a gradual increase in systolic
wall thickening (ANOVA P < 0.01, Table 3).

The values for RV volumes and function are reported in Table 4.
Similarly to LV parameters, the values for RV-EDV, RV-ESV and
RV-SV were lower for women than men. RV-EF was identical between
genders. Volumes remained greater in men after normalizing to BSA.

In multivariable analysis, gender and BSA were independently as-
sociated with LV and RV parameters (P < 0.001), except for LV-EF
and RV-EF. Age was found to have an independent influence on
most ventricular measurements (all P < 0.002), except for LV-
and RV-SV, and LV mass. The associations with age remained signifi-
cant even after adjustment for systolic, diastolic, or mean arterial
pressure levels. In further analysis taking into account gender, age
was no longer independently associated with LV- and RV-EDV,
RV-ESV, and RV-EF in women. Evolution of LV- and RV-EDV (nor-
malized to BSA) with age is illustrated for men and women in
Figure 4.

Atrial volumes and function

The values for LA and RA volumes and function are presented in Ta-
bles 5 and 6, respectively. Men had greater LA- and RA-EDV,
RA-ESV, and RA-SV than women. However, the values for LA-
and RA-EF were lower in men compared with women. After BSA
normalization, LA- and RA-EDV, and RA-ESV remained significantly
greater in men than women.

In multivariable analysis, BSA was independently associated with
all atrial parameters (all P < 0.01), except for LA-EF. Gender was

Figure 3 Segmental left ventricular wall thickness at end-
diastole for men (A) and women (B). Thickness is reported per
standardized AHA segment in mm (bold) with 5th and 95th per-
centile limits (beneath in brackets). Basal slice: I, anterior; Il, ante-
roseptal; Ill, inferoseptal; IV, inferior; V, inferolateral; VI,
anterolateral. Mid-cavity slice: VII, anterior; VI, anteroseptal; IX,
inferoseptal; X, inferior; Xl, inferolateral; XlI, anterolateral. Apical
slice: XllI, anterior; X1V, septal; XV, inferior; XVI, lateral.

independently associated with LA-EF (P < 0.03) as well as RA-EDV
and RA-ESV (P < 0.01) but not with LA volumes. Age was found to
have an independent influence on LA parameters (P < 0.01), except
for LA-EF. The associations with age remained significant even after
adjustment for systolic, diastolic, or mean arterial pressure levels.
Evolution of LA-EDV and RA-EDV (normalized to BSA) with age
is illustrated for men and women in Figure 4. Age was not independ-
ently associated with any RA parameter.

Intra- and inter-observer variabilities

Intra-observer agreement by ICC was 0.98 for LV-EDV (mean dif-
ference 2.5 mL, limits of agreement —0.7 to 5.6 mL), 0.96 for
RV-EDV (2.3 mL, —3.4 to 8.1 mL), 0.95 for LA-EDV (0.7 mL,
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Table 3 Segmental left ventricle end-diastolic wall thickness and end-systolic wall thickening (function)

Men Women P-value
Mo iSD .............. s o5 Mo i o e Gseh
End-diastolic thickness: absolute values
Basal (mm) 77 +12 6.0 9.6 63+ 09 4.8 7.8 <0.001
Mid (mm) 7.0 + 1.1% 54 8.8 5.7+ 0.8* 44 7.2 <0.001
Apical (mm) 59 + 1.1 43 7.9 49 +08% 35 6.3 <0.001
End-diastolic thickness: normalized to BSA
Basal (mm/m?) 4.0 + 0.6 31 5.0 39+ 06 29 49 <0.01
Mid (mm/m?) 3.6 + 0.6* 2.8 4.6 3.5+ 0.6* 2.6 4.4 <0.01
Apical (mm/m?) 3.1+ 05" 2.3 41 3.0 + 0.5% 2.1 39 <0.01
End-systolic thickening
Basal (%) 56 + 18 33 90 57 +17 30 86 NS
Mid (%) 71+ 18%* 47 105 73 + 20* 45 113 NS
Apical (%) 80 + 32+ 35 131 76 + 34* 30 136 NS
Data are presented as means + SD (5th and 95th percentiles). P-value is for t-test between genders.
NS, non-significant.
*P < 0.05 vs. basal segments.
8P < 0.05 vs. mid segments.
Table 4 RV parameters
Men Women P-value
Mo i T s o5t Mo i T o oseh
Absolute values
RV-EDV (mL) 196 + 36 143 264 141 + 24 106 185 <0.001
RV-ESV (mL) 75+ 19 47 108 54 +13 36 76 <0.001
RV-SV (mL) 121+ 26 80 169 87+ 18 58 119 <0.001
RV-EF (%) 62+7 49 72 62+7 50 71 NS
RV-EDV/LV-EDV 1.14 + 0.12 0.96 1.35 1.10 + 0.10 0.88 1.29 <0.001
Normalized to BSA
RV-EDV/BSA (mL/m?) 101 + 16 78 133 85+ 12 68 104 <0.001
RV-ESV/BSA (mL/m?) 39+9 26 56 32+7 23 45 <0.001
RV-SV/BSA (mL/m?) 62+ 12 43 80 53+9 38 67 <0.001

Data are presented as means + SD (5th and 95th percentiles). P-value is for t-test between genders.

NS, non-significant.

—2.1to 4.3 mL), and 0.94 for RA-EDV (0.8 mL, —1.7 to 4.8 mL), all
P < 0.001. Inter-observer agreement was 0.93 for LV-EDV (4.2 mL,
—8.5 to 16.8 mL), 0.92 for RV-EDV (6.5 mL, —14.8 to 24.6 mL),
0.89 for LA-EDV (4.3 mL, —5.1 to 14.1 mL), and 0.90 for RA-EDV
(3.8 mL, —3.2 to 10.8 mL), all P < 0.01.

Discussion

Several groups have worked to establish reference values using the
SSFP technique.*>*""13~1% We observed some differences between
our findings and those from Maceira et al., which are currently widely
employed as a clinical standard.”"" In the current study, we delineated
the endocardium by semi-automated circular contouring with

inclusion of trabeculations in ventricular volumes. This method is re-
ported to be more reproducible than manual delineation of trabecu-
lations but results in reduced LV mass and increased LV volumes.”*
This may explain why we observe lower LV mass in both genders
and higher volumes in men of our sample in comparison with Maceira
et al. who used a semi-automated method that included portions of
trabeculations. Nevertheless, we identify lower LV volumes in wo-
men, even after normalization to BSA. We also measure greater
RV volumes in both genders, no doubt due to the inclusion of trabe-
culations and the moderator band in the blood pool in order to re-
duce variability. The differences between our findings and those of
Maceira et al. are particularly pronounced when comparing limit va-
lues, which are more useful in clinical practice than are mean values.
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Figure 4 Evolution of end-diastolic chamber volumes with age for young adult men and women. Linear regressions with 95% confidence inter-
vals of volumes normalized to BSA for LV-EDV (A), RV-EDV (B), LA-EDV (C), and RA-EDV (D).

Table 5 Left atrium parameters

Absolute values
LA-EDV (mL)
LA-ESV (mL)
LA-SV (mL)
LA-EF (%)
Normalized to BSA
LA-EDV/BSA (mL/m?)
LA-ESV/BSA (mL/m?)
LA-SV/BSA (mL/m?)

Men

Mean i SD ............. 5 th ............ 95th
79 +19 53 114
3249 19 49
47 + 13 27 71
59+8 45 70
41 + 28 56
17 + 10 24
24+ 6 15 34

Women P-value
Mean i SD ............. 5 th ............ 95th

64 + 14 42 88 <0.001
24 +7 15 37 <0.001
39+10 24 56 <0.001
61+7 49 72 <0.001
38 + 27 51 <0.001
15+ 4 9 22 <0.001
24 +5 15 32 NS

Data are presented as means + SD (5th and 95th percentiles). P-value is for t-test between genders.

NS, non-significant.
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Table 6 Right atrium parameters

Men
Mo i BT G ke
Absolute values
RA-EDV (mL) 108 + 26 71
RA-ESV (mL) 50 +17 25
RA-SV (mL) 58 + 16 32
RA-EF (%) 54 +10 37
Normalized to BSA
RA-EDV/BSA (mL/m?) 56 +12 37
RA-ESV/BSA (mL/m?) 26 +8 14
RA-SV/BSA (mL/m?) 30+8 17

78
39
42

Women P-value
Mean i SD ............. 5 th ............ 95th

80 + 17 52 1M <0.001
33+ 11 18 53 <0.001
47 + 12 28 68 <0.001
59+9 42 75 <0.001
48 + 34 63 <0.001
20 + 12 31 <0.001
28 17 39 <0.01

Data are presented as means + SD (5th and 95th percentiles). P-value is for t-test between genders.

One of the main advantages of our study is that the large size of
our cohort allowed us to describe limit values using the 5th and 95th
percentiles. Due to the smaller size of prior cohorts, previous stud-
ies described limit values on the basis of descriptions or graphic re-
presentations of 95% confidence interval to the mean. However, the
latter methods may be misleading, since they actually reflect the re-
liability of the mean’s estimation rather than the true range of values,
and are strongly dependent on sample size.

We observed greater variability in atrial measurements compared
with ventricles. This is undoubtedly related to the difficulty in iden-
tifying a definite border between the connections of pulmonary ar-
teries and vena cava to the atria, adding two extra difficulties to
delineating the RA and four extra difficulties to delineating the LA.

Influence of body size and ethnicity

In addition to the impact of a greater sample size, discrepancies
compared with previous studies may be explained by the exclusive
presence of Caucasian individuals having at least three out of four
North American-born grandparents. Indeed, most previous studies
have not taken into account ethnic origins, while ethnicity influences
BSA.” itself a strong independent predictor of ventricular volumes
and mass.”"" Furthermore, genetic factors may induce significant
variability in cardiac morphology independent of BSA.22 Thus,
ethnicity should be taken into account when reporting and develop-
ing normal reference values.

Influence of sex status

Although previous studies have described higher ventricular mass
and volumes in men compared with women, these differences did
not always persist after normalization to BSA.*>*" Similar discrep-
ancies have been reported for atria as well.>® As described in recent

large scale CMR studies, "%’

our data are consistent with the pres-
ence of sex-related differences, even after adjustment for age and
BSA (with the exception of the LA). As previously reported by
Dawson et al.,28 we also observe differences in ED wall thickness
in men vs. women, even after normalization to BSA. Thus, the great-
er LV mass observed in men is not exclusively explained by larger

ventricle volume. However, gender dimorphism disappears when

considering systolic wall thickening, where segmental function re-
mains comparable in women vs. men, contrary to what was previ-
ously reported by Ubachs et al.*’

Influence of age

Our results indicate that age is independently associated with all LV and
RV volumes, with the exception of SV. These findings are consistent
with the majority of previous studies,>>¢?113 even if the age range
of our population was narrow. Although age is no longer independently
associated with LV-EDV, RV-EDV, and RV-EF when examining women
only, we cannot discount the possibility that such sex-specific differ-
ences in the effect of age may result from either a lack of statistical
power in this narrow range of ages or by the overriding influence of
BSA. In contrast to volume measurements, LV mass is not associated
with age in our sample. Of note, results from previous studies were
not always consistent, as some have reported that age had either

no 11530 or minimal influence'*2

on LV mass, whereas others
found a relationship variably limited to either women® or men.®
We also observed that LA volume was associated with age, even
after adjustment for gender and BSA. These results are consistent
with previous observations,** including in children and adoles-
cents,> but to our knowledge, this is the first time that this associ-

ation is described in young adult women and men.

Strengths and limitations

Normality was defined by the absence of cardiovascular disease, and
for the first time major risk factors including smoking and obesity.
However, normality has no absolute definition, and despite our
best efforts, there is no fail-safe method to ensure exclusion of all vo-
lunteers with mild subclinical disease. A second relative limitation is
that it is not possible to extend our results to populations other
than Caucasians, and similar studies should be performed for each
specific ethnic group. By the same token, this may constitute one
of the greatest strengths of our work since variability related to eth-
nicity was strongly reduced. Our results are derived from a young
adult cohort and cannot be recommended for older individuals. Final-
ly, the subjects were invited to participate through phone, email, and
word of mouth, which is expected to bias towards a healthy sample.
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Conclusion

This study, the largest to date, provides sex-specific normal refer-
ence values for both left and right ventricular and atrial volumes,
LV mass, and functions in healthy young Caucasian adults by SSFP
CMR. As CMR is increasingly solicited to discriminate normality
from equivocal disease in young otherwise healthy adults, such reli-
able reference values should prove valuable to better define the lim-
its of normality for research and clinical practice alike.
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