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INTRODUCTION
The clinical outcome in subjects with Marfan syndrome (MFS) 
is largely determined by the prevalence or prevention of type 
A ascending aorta dissection. Since the introduction of the 
Bentall procedure in 1968, the prognosis in patients suffering 
from MFS has improved significantly.1,2 The incidence of type 
A dissection is mainly related to the diameter of the aortic root, 
and the widest aortic diameters are associated with the highest 
risk for type A dissection.3,4

Of note, to diagnose aortic root dilatation, it is essential to 
have clearly defined normal values of aortic diameters. These 
normal values were first established by Roman and colleagues 
in 1989 and were based on data derived from 135 adult sub-
jects. The proposed equation for adults relates to body surface 
area (BSA) and consists of two formulas for calculating nor-
mal aortic sinus diameters, respectively, in subjects between 
20 and 40 years, and in those older than 40 years, whereas it 
suggests a linear correlation between the aortic diameter and 
BSA.5 A dilated aortic root is defined as a Z-score ≥2.0, which 
corresponds with a diameter ≥2.0 SD above normal (also see 
Methods section). More recently, however, Devereux et al.6 pro-
posed two new equations (one corrects for BSA, the other cor-
rects for body height) for the calculation of the normal values 

of aortic root diameters.7 These equations are derived from a 
much larger population consisting of more than 1,200 subjects, 
and in addition to BSA or height, they also take into account 
age and gender.

Of note, the recently revised criteria for the diagnosis of MFS 
have given more weight to aortic root dilation, considering a 
dilated aortic root defined as an aortic sinus diameter with a 
Z-score ≥2.0 as one of the most important characteristics for 
making the diagnosis of MFS.8 The decision to include the 
Z-score in the diagnostic criteria for MFS not only gives more 
weight to aortic root dilation but also to the calculation of the 
Z-score itself.

Yet there is debate about whether normal values of the aortic 
root can be extrapolated linearly (as in the classic Z score for-
mulas from Roman et al.5) or whether any aortic sinus diameter 
≥40 mm should be considered dilated.9 Furthermore, due to the 
substantial increase in prevalence of obesity in our modern soci-
ety, the effect of weight gain on Z-scores should be evaluated, 
because body weight (via BSA) is an important parameter in 
the calculation of normal values in the classic equation. Finally, 
the equation by Roman et al.5 discriminates between subjects 
younger than 40 years and those older than 40 years, which 
may have important consequences when evaluating aortic root 
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diameters in subjects around their 40th birthday. Therefore, we 
analyzed the Z-scores based on the different equations in our 
Marfan patients’ registry and compared the impact of obesity, 
age, and absolute diameter on the different Z-scores.

MATeRIALs AND MeTHODs
Patients
All studied patients were included between January 1987 and 
April 2011 in our ongoing registry and were referred by gen-
eral practitioners and/or cardiologists to our university hospi-
tal and seen by our specialized Marfan outpatient clinic team. 
This team consists of cardiologists, clinical geneticists, and 
ophthalmologists and adheres to standard follow-up protocols 
including an annual echocardiogram. For analyses, we used all 
visits, first as well as follow-up visits, of these patients between 
January 1987 and April 2011.

echocardiography
In addition to standard images, echocardiographic evalua-
tion included measurements of the diameters at the levels of 

the aortic valve annulus, the sinuses of Valsalva, the sinotubu-
lar junction, and ascending aorta from leading edge to leading 
edge in the parasternal long axis view. Measurements were per-
formed end-diastolic, and the average of three measurements 
was used for Z-score calculation.

Calculations and equations
On the basis of sinus diameters measured as described above, 
different Z-scores were measured for comparison:

 Z1 (Cornell Z-score by Roman et al.5):
 In subjects aged 20–40: mean predicted aortic root 

diameter (AR) (cm) for BSA = 0.97 + 1.12*BSA
 Z = (measured root diameter – predicted AR)/SD with 

an SD of 0.24 cm
 In subjects aged >40: mean predicted AR (cm) for BSA 

= 1.92 + 0.74 × BSA
 Z = (measured root diameter – predicted AR)/SD with 

an SD of 0.37 cm
 Z2 (new Z-score normalized for BSA by Devereux et al.6):

 Mean predicted AR (cm) for BSA = 2.423 + (age × 
0.009) + (BSA × 0.461) − (sex × 0.267)

 Z = (measured diameter – predicted AR)/SD with an 
SD of 0.261 cm

 Sex: male = 1, female = 2
 Z3  (new Z-score normalized for height by Devereux et al.6):  

 Mean predicted AR (cm) for length = 1.519 + (age × 
0.010) + (H × 0.10) − (sex × 0.247)

 Z = (measured diameter – predicted AR)/SD with an 
SD of 0.215 cm

 Sex: male = 1, female = 2
 BSA according to Du Bois and Du Bois10:
 BSA (m²) = (0.007184 × H)0.725 × (W)0.425

 H = height in cm, W = weight in kg.

statistical analyses
Data are presented as median with intraquartile ranges for 
nonnormally distributed variables and means ± SD for all 
other continuous variables. The Kolmogorov–Smirnov test 
was used to test distribution. The two-tailed independent 
Student’s t-test was used for testing normally distributed 
parameters, and the Mann–Whitney U-test was applied for 
nonnormally distributed parameters. Statistical analyses were 
conducted with the use of SPSS software, version 19 (SPSS, 
Chicago, IL).

ResULTs
Between January 1987 and April 2011, 260 adult patients with 
MFS were seen at least annually by protocol in our outpatient 
clinic. Baseline characteristics of all patients at their first adult 
visit are depicted in Table 1. Mean age at first presentation 
was 30 (±12 SD) years, 122 subjects were female (47%), and 
mean body mass index (BMI) at first visit was 21.6 (±4.3 SD) 
kg/m2. During follow-up, 215 patients remained free of events, 
33 patients underwent aortic surgery, and 12 patients died (of 
which 8 patients died from an identified noncardiac cause). 

Table 1 Baseline characteristics on first presentation at the 
outpatient clinic 
Characteristic N = 260

Demographic characteristic

 Female gender (%) 122 (47%)

 Age (years) 30 (±12)

 Height (cm) 186 (±12)

 Weight (kg) 75 (±16)

 Body surface area (m2) 1.93 (±0.37)

 Body mass index (kg/m2) 21.6 (±4.3)

 Lens luxation at first presentation (%) 127 (49%)

 β-Blocker therapy at first presentation (%) 89 (34%)

Echocardiographic characteristic

 Mitral valve prolapse (%) 88 (34%)

 Aortic annulus diameter (mm) 24 (±3.6)

 Aortic sinus diameter (mm) 41 (±9.8)

 Ascending aorta diameter (mm) 32 (±6.3)

 Z1 score 2.83 (1.16–4.34)

 Z2 score 2.78 (1.45–4.29)

 Z3 score 2.75 (1.18–4.75)

Data are presented as mean (±SD) or median (IQR).

IQR, interquartile range.

Table 2 Evaluation of aortic sinus measurements ≥40 mm 
and their correlation with a Z-score <2.0 according to the 
three equations 

Measurements
Patients  
involved

Total 2,674 260 patients

Diameter ≥40 mm 985 (36.8%)

Diameter ≥40 mm and Z1 score <2.0 109 (11.0%) 35 patients

Diameter ≥40 mm and Z2 score <2.0 37 (3.8%) 13 patients

Diameter ≥40 mm and Z3 score <2.0 24 (2.4%) 11 patients
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After patients had undergone aortic root surgery, they were 
excluded from further study, which resulted in 2,674 echocar-
diograms of aortic root diameters free of surgery.

Aorta sinus diameter >40 mm
In 985 of the 2,674 measurements, an aortic sinus diameter 
≥40 mm was found. According to the Z1 equation, this was 
associated with a Z1 score <2.0 in 109 measurements, which 
were derived from 35 different patients, i.e., 11.0% of the diam-
eters ≥40 mm or 13.5% of all included patients. According to the 
Z2 and Z3 equations, an aortic sinus diameter ≥40 mm resulted 

in a Z-score <2.0 in only 37 (3.8%) measurements (obtained in 
13 different patients) and 24 (2.4%) measurements (obtained 
in 11 different patients), respectively. Results are also depicted 
in Table 2.

Age
During follow-up, 40 patients passed the age threshold of 40 
years. When comparing the aortic sinus measurements in 
these patients before and after turning 40 years of age, median 
sinus diameters increased from 42.0 mm (37.3–44.8 intra-
quartile range) to 42.5 mm (39.0–45.0 interquartile range), but 
the change was not significant. When calculating matching 
Z-scores, Z1 scores before and after turning 40 decreased sig-
nificantly from Z1 = 3.60 to Z1 = 2.17 (P < 0.01). In 16 (40%) 
patients, this resulted in a decrease in Z1 score ≥2.0 to a Z1 
score <2.0. In contrast, Z2 and Z3 scores increased slightly but 
not significantly (Z2 from 3.04 to 3.27 and Z3 from 3.39 to 3.55; 
P = not significant for both) (Figure 1a–c).

BMI and obesity
Baseline characteristics and aortic root measurements in the 
cohorts leading to the establishment of the Z1 formulas were 
collected around 1988, whereas data from the Z2/Z3 cohort 
were collected around 2009–2010.5,7 According to the data 
from the National Health and Nutrition Examination Survey, 
during the time period between the measurements of the Z1 
and Z2/Z3 cohort, the mean weight of male and female inhab-
itants of the United States increased from 82.3 and 69.5 kg, 
respectively, to 88.3 kg (+6.0 kg) and 74.7 kg (+5.2 kg), whereas 
mean height only slightly increased from 175.4 cm (males) and 
161.8 cm (females) to 176.3 cm (males; + 0.9 cm) and 162.2 cm 
(+0.4 cm).11,12 To study the effects of these obesity trends on aor-
tic root evaluation, we compared the effect of the hypothetical 
addition of 5.0 kg body weight on the different Z-scores.

In 1,569 of the 2,674 aortic root measurements, weight and 
height data were both documented in the same session. In 
453 (28.8%) of these measurements, a Z1 score <2.0 was com-
puted, whereas in 373 (23.7%) measurements, a Z2 score <2.0 
was calculated. The addition of 5.0 kg to the measured body 
weight leads to a significant increase in BSA from 2.02 to 2.07 

Figure 1 Trends in absolute aortic root diameters and Z-scores in subjects 
just before and after turning 40, using the (a) Z1, (b) Z2, or (c) Z3 equation. 
NS, not significant.
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m² (P < 0.01) paralleled by a significant decrease in median Z1 
scores (from 2.97 to 2.72; P < 0.01) and Z2 scores (from 3.08 
to 2.97; P < 0.01). Furthermore, the number of measurements 
resulting in a Z1 score <2.0 increased by 70 measurements from 
453 (28.8%) to 523 (33.3%) measurements and the measure-
ments leading to a Z2 score <2.0 increased from 373 (23.7%) to 
420 (26.8%) measurements. Of note, given that weight is not a 
parameter in the Z3 equation, changes in body weight will not 
affect the Z3 equation.

Second, in 218 patients, BMI data were available at the 
moment of their baseline echocardiogram. We divided this pop-
ulation into two groups: a nonobese group A with a BMI <25 kg/
m² (n = 176) and an obese group B with a BMI ≥25 kg/m² (n 
= 42) at their first visit. Of note, when we compared different 
Z-scores between these two groups, we found that the median 
Z1 scores different significantly between the two groups (Z1 = 
3.00 in group A and Z1 = 1.78 in group B; P = 0.012) whereas 
the Z2 score (Z2 = 2.82 in group A, Z2 = 2.47 in group B; P = 
0.52) and the Z3 score (Z3 = 2.72 in group A, Z2 = 3.12 in group 
B; P = 0.32) did not. These results are also depicted in Figure 2.

DIsCUssION
In this study, we compared and analyzed the clinical relevance 
of the implementation of three different Z-scores for the assess-
ment of diameters of the ascending aorta in an established 
Marfan population. Evaluation of the performance of different 
Z-score calculation with clinically relevant parameters, such as 
age around 40 years, obesity, and aortic diameters >40 mm, sug-
gest that in comparison with the classic Z1 score as published 
in 1989 by Roman and coworkers,5 the new Z2 and, in particu-
lar, the new Z3 score6 seem to better reflect clinical experiences 
and expectancies. This is of importance because recently the 
criteria for the diagnosis of MFS have been revised with a more 
important role for the diameter of the aortic sinus in confirm-
ing or rejecting the diagnosis in subjects suspected of having 
the syndrome.8

The classic Z1 score assumes and extrapolates a linear asso-
ciation between BSA and aortic sinus diameter. Several studies 
focusing on this issue performed in individuals with BSA or 
body height > the 95th percentile question a linear relationship 
between aortic root diameter and BSA or body height in these 
larger subjects,13,14 because they found a threshold of 40 mm as 
an absolute maximum for a normal human aortic root diam-
eter. On the basis of these data and our findings, Radonic et 
al.9 advocate also to consider an aortic root diameter >40 mm 
as abnormal, even when the Z-score <2.0. Of note, we found 
that the Z2 and Z3 scores only computed a Z-score <2.0 in 3.8% 
(Z2) and 2.4% (Z3) of our aortic sinus measurements exceed-
ing 40 mm, , whereas the Z1 score still calculated a Z-score <2.0 
in 11.8% of our sinus diameter measurements >40 mm. The 
implementation of the Z2 or Z3 equation might anticipate the 
notion that any human aortic root diameter >40 mm should be 
considered abnormal.

Second, we studied the influence of turning 40 years of age on 
the three equations, because the classic Z1 score has this age as 

a cutoff for a switch in formulas. We demonstrated that turning 
40 significantly decreased the Z1 score (and not the Z2 or Z3 
score) in our patients. This analysis clearly shows that in this 
age group, it is important to realize that the different age-based 
formulas that constitute the Z1 equation differ substantially and 
that Z1 scores in the age group around 40 years must be inter-
preted with caution. When applying the Z1 score in this age 
group, the whole clinical picture should be taken into account 
(e.g., absolute diameter, gender, body weight) in order to draw 
the correct conclusion rather than only interpreting the Z1 
score. In our population, the first presentation was at a mean 
age of 30 years (±12 SD); it should be noted that this is not an 
infrequent clinical situation.

Finally, we analyzed the effect of the progressive increase in 
body weight that has occurred during the decades between the 
establishment of the Z1 and Z2/Z3 formulas on the calcula-
tion of normal values of aortic root diameters. We found that 
especially the Z1 score is largely influenced by the subject’s 
body weight, which may even result in falsely lower Z-scores. 
Of note, the Z3 score, which correlates with body height rather 
than BSA, is least influenced by an increase of weight or BMI. 
This correlates with the clinical judgment that an obese yet 
small individual may not have the same “normal” aortic root 
diameter as a slim but tall subject. Because we seem to be facing 
an “epidemic” of obesity, the implementation of the Z3 score 
may be a solution to cope with this phenomenon.

In conclusion, our data suggest that the classic Z1 scores are 
inferior to the newer Z2 and Z3 scores in the evaluation of aor-
tic root diameters in the diagnostic workup for MFS. In partic-
ular, the Z3 score, which corrects aortic sinus diameter for body 
height rather than BSA, seems an excellent tool in evaluating 
aortic root measurements for this purpose.
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