Modified z-scores in the CDC growth charts
Data quality assessment on anthropometry data:

When analyzing childhood body size measures, it is often necessary to identify very extreme
values. These extreme values are often considered to be biologically implausible values (BIVs).
While these extreme values may represent errors in data entry or measurement, they may simply

represent correctly recorded values that are very high or low [1,2].

Z-scores (or standard deviation (SD) scores) are widely used in anthropometry to quantify a
measurement's distance from the mean. For example, a measurement that is 1.645 SDs from the
mean (z-score of 1.645) would be at the 95" percentile of a normal (0,1) distribution; 95% of the

distribution would be less than this measurement.

The following text describes the calculation of z-scores and ‘'modified z-scores' in the CDC
growth charts for BMI values. Similar procedures were used to derive the z-scores and modified

z-scores for weight and height.

CDC growth charts and the LMS method

The CDC growth charts contain ten smoothed percentile (between the 3/ and 97" of BMI for 24
to 240 month-old children and adolescents [3]. These smoothed estimates were then used to
derive lambda (L, the power transformation to achieve normality), mu (M, mean or median), and
sigma (S, coefficient of variation) parameters for Cole's LMS method [4,5]. Estimates of these 3
parameters allow the BMI of any children to be expressed as a z-score (BMIz) and percentile

relative to children of the same sex and age in the CDC growth charts.

However, the approach used in the CDC growth charts to estimate these 3 parameters differs
substantially from that proposed by Cole [6,7]. In the CDC method, the LMS parameters for
BMI were derived from the equations for 10 smoothed percentiles, whereas the original method

derived these parameters from the entire population.

To calculate the z-score for any BMI value with the LMS method, the following formula [8] is



used

L
BMIz = [(%) - 1] + (L X S) (Equation 1)

Values for the L, M, and S are available on the CDC website for each sex and month of age.

Values for the exponent, 'L' in equation #1 are negative at all ages and range from — 3.4 to — 1.0.

Limitations of LMS-based z-scores

The LMS power transformation required to achieve normality constrains the maximum z-score
obtainable at a given sex and age, making the LMS-derived z-scores ill-suited for identifying
extreme values. No matter the BMI value, the maximum possible z-score for a given sex/age is
(1) / (L x S). This occurs because as BMI becomes very large relative to M, (BMI + M) in

equation #1 approaches 0 as L is less than —1 at all ages. Given a very large BMI, the maximum

obtainable z-score depends largely on the values of L and S, not on BMI.

Consider a 200-month-old (16 years, 8 months) girl with a BMI of 33 kg/m?. The LMS
parameters for this sex/age are L = —2.18, M =20.76, and S = 0.148. Substituting these values

into equation #1 gives,

33.0

BMlz = [(20.76

—-2.18
) —1] + (=218 x 0.148)

=-0.636/-0.323
= 1.97 (or the 97.6' percentile)

Now, suppose that this BMI was incorrectly entered as 333 kg/m?. Her BMIz would then be
calculated as 3.1, a value close to the theoretical maximum z-score for this sex/age. This 300
kg/m? difference (33 vs. 333) between the 2 BMIs corresponds to only a 1.1 SD difference (1.97
vs. 3.08) between the 2 BMIz values. In addition to limiting the maximum z-score obtainable at

any sex/age, the LMS transformation results in mapping a wide range of very high BMIs into a


http://www.cdc.gov/growthcharts/percentile_data_files.htm
http://www.cdc.gov/growthcharts/percentile_data_files.htm.
http://www.cdc.gov/growthcharts/percentile_data_files.htm.

narrow range of high z-scores.

This precludes the use of the LMS z-scores to identify values that may be data errors. Therefore,

modified z-scores were introduced to address this limitation.

Calculation of modified z-scores in the CDC growth charts

The SAS program for the CDC growth charts calculates these modified z-scores, and the

following text explains the details of these calculations. In these modified z-scores, the BMI of a
child is expressed relative to the median BMI in units of % of the distance between the median
BMI and the BMI that has a z-score value of +2 or -2 SDs. The first example shows the
calculation of the modified z-score for the 200-month-old girl with a BMI of 333 kg/m?.

First, one would calculate the BMI values associated with z-scores of 0 and 2 to obtain the
distance used to calculate the modified z-score. The formula to calculate the BMI corresponding

to any z-score is

BMI =M x [1+ LSz]® /% (Equation 2)

in which 'Z' represents the z-score of interest. A z-score of 0 is simply the median at that sex/age,

and in this case, the BMI is 20.76 kg/m?. Whenz=0,L x S x zis 0.

The BMI calculation for a z-score of 2 uses the L, M. and S values. For this 200-month-old girl,
L=-2.18, M=20.76, and S = 0.148. The BMI associated with a z-score of +2.0 would then be

(from equation #2):
20.76 x [1 + (—2.18 x 0.148 x 2.0)] 46 = 33.40 kg/m?.

One-half of the distance between a z-scores of 0 and +2 is (33.40 — 20.76) / 2 = 6.32 kg/m? ; this

1s the SD distance used in the calculation of the modified z-score.


http://www.cdc.gov/nccdphp/dnpao/growthcharts/resources/sas.htm
http://www.cdc.gov/growthcharts/percentile_data_files.htm

The distance of the observed BMI (333 kg/m?) from the median BMI is expressed relative to this

6.34 kg/m? distance to yield the value of the modified z-score:
(333 -20.76) + 6.32 =49.2 SDs

The use of modified z-scores identifies this value as very extreme (modified z-score of 49.2),

whereas its LMS z-score was not (z = 3.1)

The second example shows the calculation of the modified z-score for a 200-month-old girl with
a BMI below the median. The first step is to calculated the BMI value at =2 SDs using the L, M,

and S parameters:

20.76 x [1 + (—2.18 x 0.148 x —2.0)] 46 = 16.52 kg/m’.

If this girl had a BMI of 12, the modified BMIz value would then be

(12.0 — 20.76) + (0.5 * (20.76 — 16.52)) = —4.1

In a program, both positive and negative values of modified BMIz can be calculated with the
following steps:

If BMI> M, SD distance = 0.5 * (M * (1 + L*S*2) * (1/L)) - M)

If BMI <M, SD distance =0.5* (M —((M * (1 + L*S * (-2)) * (1/L))))

The modified BMIz would then be calculated as (BMI — M) + SD_distance

Additional information

This modified z-score approach in the SAS program is somewhat similar to those used in the

development of the 1977 NCHS/WHO growth charts [9] and in the WHO reference standards



[10]. The extrapolation in the WHO standards, however, was based on the distance between 2

SD and 3 SD rather than on 'z of the distance between 0 and 2 z-scores (CDC method).

Based on these modified z-scores, extreme values of weight, height and BMI are flagged as BIVs

and the cut points for these flags are explained in the SAS program for the CDC growth charts.

These flagged values may represent data errors and should be further examined if possible.

However, it should be realized that extreme values are not necessarily data errors. For example,
15 2- to 19-year-olds examined in NHANES from 1999-2000 through 2017-2018 had a modified
BMIz > 8. The highest modified BMIz value was 11.4 SDs, corresponding to a 3-year-old boy

with a BMI of 31.6 kg/m?.


http://www.cdc.gov/nccdphp/dnpao/growthcharts/resources/sas.htm
https://wwwn.cdc.gov/nchs/nhanes/Default.aspx
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