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Abstract

Reliable methods for measuring the thoracic aorta are
critical for determining treatment strategies in aneu-
rysmal disease. Z-scores are a pragmatic alternative to
raw diameter sizes commonly used in adult medicine.
They are particularly valuable in the pediatric popu-
lation, who undergo rapid changes in physical devel-
opment. The advantage of the Z-score is its inclusion
of body surface area (BSA) in determining whether an
aorta is within normal size limits. Therefore, Z-scores
allow us to determine whether true pathology exists,
which can be challenging in growing children. In ad-
dition, Z-scores allow for thoughtful interpretation of
aortic size in different genders, ethnicities, and geo-
graphical regions. Despite the advantages of using
Z-scores, there are limitations. These include intra-
and inter-observer bias, measurement error, and vari-
ations between alternative Z-score nomograms and
BSA equations. Furthermore, it is unclear how Z-scores
change in the normal population over time, which is
essential when interpreting serial values. Guidelines
for measuring aortic parameters have been developed
by the American Society of Echocardiography Pediat-
ric and Congenital Heart Disease Council, which may
reduce measurement bias when calculating Z-scores
for the aortic root. In addition, web-based Z-score
calculators have been developed to aid in efficient Z-
score calculations. Despite these advances, clinicians
must be mindful of the limitations of Z-scores, espe-
cially when used to demonstrate beneficial treatment
effect. This review looks to unravel the mystery of the
Z-score, with a focus on the thoracic aorta. Here, we

will discuss how Z-scores are calculated and the limita-
tions of their use.
Copyright © 2016 Science International Corp.
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Introduction

Z-scores are a means of expressing the deviation
of a given anatomic or physical measurement from a
size- or age-specific population mean. Z-scores can
be applied to echocardiographic measurements,
height, weight, and blood pressure, and thus may as-
sistin clinical assessment and decision-making [1].

In diseases that affect the aortic diameter, serial
diameter measurements of the aortic root are use-
ful for monitoring disease progression. Z-scores of
the aorta diameter are also useful aids in diagnosis
and determination of therapeutic effects. The use of
Z-scores facilitates the detection of pathological in-
creases in aortic root diameter above that expected
due to normal growth, which appears as an increased
Z-score over time [2]. We discuss Z-scores in detail in
the attached audio-visual presentation.

Centiles (also called percentiles) are a common al-
ternative to Z-scores. They are easy to interpret and
have been used to monitor development in pediat-
rics, including aortic root dilatation. However, centiles
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are less sensitive to changes in the aortic root diam-
eter, particularly at the extremes [2]. For example, if a
hypothetical patient (with a body surface area (BSA)
of 1.87 m? has an aortic root that increases from
3.56 to 3.69 cm (1.3 mm difference), the percentile
increases from the 99th to 99.7th%. This difference
sounds small, but it corresponds to a Z-score increase
of +2.33 to +2.75, which is a more visually obvious
difference. Z-scores therefore can quantify growth
status outside of the percentile ranges [3]. Z-scores
also allow: (i) a standardized measure allowing com-
parison across different ages, genders, and measures
and (ii) a continuous variable allowing generation of
summary statistics such as mean and SD.

In adult practice, Z-scores are less commonly used.
Instead, aortic root diameter is often reported with
respect to a single “normal range.” However, this ap-
proach is inaccurate in growing children because the
normal range of measurements will be impacted by
patient size and age. Therefore, the interpretation of
these measurements during childhood presents a
unique challenge, specifically in determining whether
a given measurement is within the expected range.
One approach to the description of clinical and echoc-
ardiographic variables is to express measurements in
terms of Z-scores. In current practice, there is a lack of
understanding of how Z-scores are calculated and in-
terpreted. Here, we review the literature on Z-scores,
focusing on application in thoracic aortic aneurysms.

What is a Z-Score?

The Z-score describes how many standard devi-
ations a given measurement lies above or below a
size- or age-specific population mean (Figure 1) [2].
Z-scores are calculated as follows: (1)

= (M

where x = the observed measurement, u = the ex-
pected measurement (population mean), and o =the
population standard deviation (adapted from [2]).

A Z-score above the population mean will have a
positive value, whereas a Z-score below the popu-
lation mean will have a negative value. The greater
the deviation of the Z-score from zero (in a positive

Figure 1. A schematic diagram depicting the relationship be-
tween Z-scores and centiles, where the parameter is normally
distrubuted.? At extreme values, (>3 standard deviations from
the mean), the centile remains fairly constant, but the Z-score
remains sensitive to changes in measurements. Included with
permission from Chubb et al. [2].

or negative direction), the greater the magnitude of
deviation from the mean [2]. A value that is 2 stan-
dard deviations above the mean (the 97.7th percen-
tile) will have a Z-score of +2.0. Z-scores make clinical
interpretation simple because of the mean of 0 and
normal range of -2.0 to +2.0. A change in Z-score val-
ue over time is interpreted as a change in the size of
the cardiovascular structure beyond what would be
expected from the normal growth of that person [4].

For a Z-score to be calculated, the mean and stan-
dard deviation for that body structure (e.g., aortic root
diameter) must be determined in the population. The
mean and standard deviation have been calculated
in many individual studies of varying sample sizes.
These are empiric observations that are not “written
in stone,” but rather vary somewhat among different
studies. The individual studies can be used to gen-
erate nomograms [5]. This is achieved by selecting a
cohort of individuals and calculating their BSA based
on one of the available BSA equations. A parameter
of interest (e.g., aortic root diameter) is then recorded
for each individual, allowing generation of a scat-
terplot (Figure 2A) and calculation and plotting of a
regression equation and confidence intervals. This
scatterplot can then be transformed into a nomogram
(Figure 2B), allowing one to determine the Z-score for
an individual patient given their BSA and parameter
of interest (e.g., aortic root diameter) [5].
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Figure 2. Panel A. Scatterplot of individual patient data illustrating the relationship between body surface area and diameter of the
Sinuses of Valsalva. Solid line = regression equation; dashed line = confidence Intervals. Panel B. Nomogram generated from the scat-
terplot in Panel A for determining individual Z-score according to body surface area and diameter of the Sinuses of Valsalva. Included

with permission from Daubeney et al. [5].

Calculation of Z-scores

There are a number of web-based calculation
tools for Z-score measurement. The largest is http://
zscore.chboston.org, having collected baseline data
over the past 12 years, while www.parameterz.com
offers Z-score measurements based on a large num-
ber of smaller individual publications. There is also a
Z-score calculator available on the Marfan Founda-
tion website (www.marfan.org/dx/zscore) to aid in
the detection of a dilated aortic root in an individu-
al with suspected or confirmed Marfan Syndrome.
Recently, the Cardio Z App for the iPad/iPhone was
made available, revolutionizing the ease with which
Z-scores can be calculated in the clinical environment.
Z-score values representing the size of the aorta can
be determined from the aortic annulus, sinuses of
Valsalva, sinotubular junction, and ascending aorta.

BSA has been found to be more useful than age,
height, or weight alone for the accurate measure-
ment of the size of different cardiovascular structures
[6]. There are a number of different formulas that
have been established for the measurement of BSA.
The most commonly used formulas include: Haycock,
Du Bois, Boyd, Gehan and George, and Mosteller. The
Haycock formula [7] (BSA (m?) = weight (kg)®®7® x
height (cm)®3%%* x 0.024265) has been recognized
as the most accurate method of calculating BSA [8].
This formula was generated from only 81 subjects,

including a variety of ages (infants to adults) and
ethnic groups (Black, Hispanic, and White). Because
BSA is used in determining the normal distribution
of aortic sizes for different ages and body sizes, varia-
tions and uncertainties in BSA calculations can have a
major impact on the accuracy of Z-scores.

Limitations

Z-scores have significant advantages to alternative
methods of measuring aortic diameter, especially in
the pediatric population. However, sources of limita-
tions include measurement error, validity of nomo-
grams, inconsistent use of BSA equations (at different
ages in a child’s development), and our uncertainty of
the natural history of Z-scores. These limitations may
significantly influence Z-score values and may falsely
indicate changes in the size of a structure where true
variability does not exist.

There are several formulas available for calculating
BSA, which have marked discrepancies in the values
they produce and therefore are limited in their accu-
racy. Furthermore, the validity of the studies used to
develop these formulas may be questionable. Often,
the studies utilize small sample sizes and do not indi-
cate which patient demographic they represent (see
Table 1 for a comparison of the most widely used BSA
formulas). In addition, many BSA equations tend to
over- or underestimate BSA in certain populations.
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Table 1. List of established formulas for measuring body surface area (BSA).

) Sample Age Gender o
Formula Equation Size (Years) (F:M) Main Limitation(s)
Banerjee  BSA | =weight .. x 15 18-44 0% Small sample size. Only relevant to
(1955) em?) (ko™ Indian population. Inaccurate in SE Asian
[16] height(mm x 74.66 population [23].
Boyd BSA, . =weight, .. x 197 Unclear* Unclear* BSA overestimated if: infant, short, obese.
(1935) m*) . kg) BSA underestimated if: tall, thin [14, 24, 25].
height ., x 0017827 Study demographics unclear.
Du Bois BSA , =height . x 9 Not stated  Not BSA underestimated if: infant/child, obese
(1916) fem?) (em)™ stated [8, 14, 26, 271. Significant patient hetero-
vveight@)m x 71.84 geneity. Study demographics unclear.
Nutritional status of study sample is
unrepresentative.
Gehan BSA , =00235 x height_, s x 401 Infants Not BSA overestimated if: short, obese. BSA
(1970) m?) (em™ -Adults stated underestimated if: tall, thin, increasing body
vveight(@om6 size [14, 24, 26]. Study demographics un-
clear. Inaccurate in SE Asian population [23].
Haycock  BSA , =weight .. x 81 ELBW in- Not BSA overestimated if: infant, short, obese.
(1978) [7] (m) kg™ fants -adults acces- BSA underestimated if: tall, thin, increas-
height(cm)m%‘, x 0.024265 sible ing body size [24, 27, 28]. Inaccurate in SE
Asian population [23].
Jones BSA , =0335 + 002 x weight 28 3.1-105 46% Small sample size. Only 4 males included.
(1994) m®) b Narrow age range.
[29]
Meban BSA . = 64954 x 79 11-42 weeks Not Only pathological human fetuses studied.
(1983) fem?) gestation  stated
[30] (1,000 x weight,, )*** x height, o
Mosteller - - 0 NA NA BSA overestimated if: short, obese [26].
(1987) BSA = \/(he'ght<cm> x weighty,) BSA underestimated if: infant, tall, thin, low
(31] 3,600 body size [14, 24, 32]. Less accurate simpli-
fication of the Gehan equation.
Shuter BSA . =949 x (weight,, x 0441) x 42 Not stated  Not Small sample size. Patient demographics
(2000) em®) ko stated  unavailable.
33] (height,.,, x 0.655)
Yu (2003)  BSA ., =(0.015925 x 3951 20-91 54% No subjects under 20 years of age. Formula
[28] em™) only validated in Chinese individuals.

height,,, x weight,,)"

Whole body scanning method does not
take into account overlapping and shading
body parts [23].

*Chapter of book unavailable to determine age range and gender.
BSA=body surface area; ELBW = extremely low birth weight; SE = South East.

Therefore, clinicians must be mindful of which BSA
formula is used when interpreting Z-scores. Further-
more, it is important to be consistent in the choice
of Z-score calculator, while also being aware that the
accuracy of the specific BSA equation utilized in each
Z-score calculation will be affected by changes in
body mass and age. The user must keep in mind these

limitations in the evidence base of Z-scores.

Z-scores are usually calculated using BSA; however,
a weight-only equation also exists for the calculation
of BSA (BSA = 0.1023 (weight °%)) [9]. This may be a
more convenient tool, but it lacks the valuable adjust-
ment for height in patients, which is a sensitive factor
to consider when assessing the aortic diameter.
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The introduction of web-based Z-score calcu-
lators, such as http://www.parameterz.com, has
revolutionized the ease with which we can calculate
Z-scores in the clinical environment. However, these
Z-score calculating programs stratify their data using
geographically-specific nomograms. Such geographi-
cal studies are not available worldwide, and therefore
care must be taken to ensure the most accurate geo-
graphical region is used for analysis. One must also re-
member that these nomograms do not take ethnic di-
versity into account. Despite recent efforts to improve
the accuracy of nomograms, there are still numerical
and interpretative uncertainties [4, 10-13]. Such no-
mograms may produce widely different Z-score val-
ues. This is because many nomograms utilize a small
sample size, with an underrepresentation of infor-
mation across age groups (particularly neonates and
premature infants) [14]. There is a lack of complete in-
formation on certain cardiovascular structures and ra-
cial and gender differences in the literature [14-16]. In
addition, the use of formalin-fixed pathological speci-
mens to determine base data for nomogramsis limited
by their availability and may significantly underesti-
mate the dimensions of cardiac structures in vivo, thus
producing inappropriate clinical tools [17, 18].

To maintain statistical confidence in Z-scores with
extreme values, nomograms must adequately rep-
resent the heteroscedasticity (change in variance)
across body sizes of individuals [2]. Inappropriate av-
eraging of variance may lead to under- or overestima-
tion of Z-score values for children at the extremes of
body size [2]. In addition, obesity may skew Z-score
data and therefore produce measurement bias when
interpreting Z-scores. This is a particular problem in
patients with cardiovascular disease. Consequently,
an obese patient’s Z-score may be an underestima-
tion of the true value. Dallaire et al. [1] explored this
problem and suggested that the use of multivariable
models with weight and height as independent pre-
dictors of Z-scores should be explored to reduce this
potential pitfall. Van Kimmenade et al. [19] concluded
that, because we are facing an obesity epidemic,
the use of Z-scores that correlate with height rather
than BSA/weight may be more accurate in evaluating
aortic root measurements in those with Marfan Syn-
drome.

Measurement error can be a significant limiting fac-

tor when determining the validity of Z-scores; there-
fore, technicians must take consistent measurements
of the aortic diameter to minimize observer bias.
There are clear guidelines from the American Society
of Echocardiography Pediatric and Congenital Heart
Disease Council regarding accurate measurement of
the proximal aorta (Table 2) [8] While pediatric mea-
surements are made in systole, adult measurements
are made in diastole, which can give significantly
different measurements. Care must be taken when
interpreting Z-scores recorded before the implemen-
tation of the 2010 guidelines. Before the advent of
these guidelines, discrepancies in inclusion of ves-
sel wall thickness, axis of measurements, and stage
of the cardiac cycle provided important sources of
marked variability. Furthermore, dilatations of the
aorta are not homogeneous, and therefore a single
measurement may not represent the true scale of the
pathology [20]. These factors may contribute to in-
tra- and inter-observer bias and affect the reliability
of earlier studies [14]. Even small changes in aortic di-
ameter can represent significant disease progression
in Z-score calculations. Together, these factors may
lead to inappropriate treatment strategies such as
lifelong medical therapy, which can expose patients
to unnecessary side effects and financial burden, or
high risk surgical interventions.

Furthermore, data on the non-pathological nat-
ural history of Z-scores is limited. Should the aortic
Z-score remain identical in a normal or aneurysmal
child from infancy to young adulthood? We simply
do not know. Currently, randomized controlled trials
(RCTs) investigating aneurysmal pathology rely on
Z-score changes as a measure of therapeutic effica-
cy [21, 22]. The natural history of Z-scores in normal
and pathological states remains largely unknown,

Table 2. Guidelines from the American Society of Echocardiog-
raphy Pediatric and Congenital Heart Disease Council regarding
accurate measurement of the aortic root [8].

Guidelines for the Measurement of the Proximal Aorta

1. Measurements are made in systole, at maximum
expansion.

2. Measurements are the intraluminal dimension (also known
as inner-ed).

3. Vascular measurements are made perpendicular to the
long axis of the vessel.
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therefore limiting the meaningful interpretation of
Z-scores.

Z-scores are commonly used in pediatric settings
to evaluate the diameter of the ascending aorta and
aortic root. However, raw values of aortic root sizes
are usually calculated in adults. The rationale for this
is that height stabilizes in adulthood and is unlikely
to change over time. However, this is inaccurate, es-
pecially in elderly patients who lose height from their
young adult maximum. In addition, there is a huge
variability in size among the population, which sug-
gests that gender and height may be significant con-
founding factors when interpreting aortic root values
in these patients.

Knowing these limitations, careful interpretation
of Z-scores in relation to patients and recognition of
information gaps in the literature are essential to im-
prove the clinical interpretation of Z-scores.

Conclusion

In light of the evidence base, Z-scores are a con-
venient tool for diagnosing and monitoring cardio-
vascular disease. In addition, they are widely used in
RCTs to determine treatment efficacy in aortic aneu-
rysmal disease.

However, there are some notable limitations to the
use of Z-scores. All varieties of BSA calculation directly
and substantially impact aortic Z-score determina-
tion. Some of these limitations can be overcome by
calculating Z-scores using consistent and general-
izable nomograms. This may require consistent use
of specific Z-score nomograms to accurately reflect
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