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ABSTRACT

Objectives: To develop age- and sex-specific RBC
reference intervals using the National Health and
Nutrition Examination Survey (NHANES) 1999 to 2012,
a large nationally representative, population-based, cross-
sectional database (n = 44,328 ).

Methods: Comprehensive medical data were used

to define a “healthy” population. Reference intervals

for RBC count, hemoglobin, hematocrit, mean cell
hemoglobin, mean cell hemoglobin concentration, mean
cell volume, and red cell distribution width were computed
using piecewise regression, an evidence-based statistical
procedure that identifies breakpoints.

Results: The derived reference intervals were sex specific,
unlike many current standards, and more precise for
individuals of different ages, especially for children,
adolescents, and elderly individuals, as additional
breakpoints were detected for these groups. Suggested
reference values for hematocrit and hemoglobin of older
adult males were substantially lower than current values.

Conclusions: The reference intervals provided here, based
on a large, nationally representative healthy population,
contribute to the ongoing transition to precision medicine.

RBC laboratory values are among the most import-
ant clinical laboratory tests used by health care providers
for diagnosing diseases, monitoring various medical con-
ditions, and assessing nutritional status." Anemia, which
is diagnosed with data from the CBC, is a global health
problem affecting about 25% of the population world-
wide, with highest prevalence among preschool-aged
children and pregnant women.” In a survey of female US
Army personnel, the prevalence of iron deficiency ane-
mia immediately following basic combat training has
been reported to be about 21%, with higher prevalence
among Hispanic and African-American military person-
nel than among white military personnel.” Anemia is typ-
ically identified by the presence of low hemoglobin levels;
however, other CBC measures, in particular RBC param-
eters, are surrogate measures of iron availability and are
essential for optimal classification, monitoring, and man-
agement of anemia.”” Measures collected as part of the
CBC parameters are also used as a screening tool for a
wide range of conditions and diseases, including infec-
tion, inflammation, neoplasia, and systemic disease and
are also markers for specific types of leukemia.”®

RBC reference intervals determine the upper and
lower limits for normal test results and are typically
defined as 95% (£2.5% upper and lower limits) of the
measured values from a healthy population. They provide
baseline values that are used to interpret clinical labora-
tory test results and for diagnosis and disease manage-
ment.”” RBC parameters vary with demographic factors
such as age, sex, race/ethnicity, and lifestyle factors such
as smoking.'""" Existing reference values are derived from
a broad range of sources, including published research,
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individual laboratory studies, manufacturers’ studies, and
convenience samples of various populations.'” According
to the Clinical Laboratory Standards Institute (CLSI)
guidelines, reference interval values can be developed
based on as few as 120 healthy reference individuals, a
minimal requirement to achieve statistical significance."
A critical issue for establishment of valid reference val-
ues is collection of data from a well-defined “healthy”
population. However, there is no universal definition of
“healthy,”'"” and comprehensive, systematic data defining
an individual’s health status may not be available in clin-
ical databases. Furthermore, because demographic and
lifestyle factors like age, sex, race/ethnicity, and smoking
habits affect RBC values, larger sample sizes and stratifi-
cation of the population studied may be required.

The National Health and Nutrition Examination
Survey (NHANES) is a continuous, very large, nation-
ally representative, population-based, cross-sectional
survey conducted by the Centers for Disease Control and
Prevention (CDC) to monitor health and dietary status of
Americans."* Because NHANES surveys are conducted
using the same state-of-the-art techniques and standard-
ized procedures, extremely large data sets (>60,000) can
be obtained by combining multiple years of data. To date,
only a limited number of studies have used NHANES
data to derive reference intervals. Data from NHANES
IIT (1988-1994) were used to derive CBC reference inter-
vals by age, sex, and race/ethnicity.'’ However, these are
based on data collected over 25 years ago and should be
updated given changes in the US population, including
its race/ethnic composition and average body mass index
(BMI) as well as changes in laboratory methods.

Various approaches have been used to determine
reference intervals. Piecewise regression, also called seg-
mented or spline regression, is a form of regression anal-
ysis that fits multiple linear models across the full range
of a variable. It is an objective procedure to determine
inflection points in a variable of interest and is used to
find breakpoints that are values above or below which
statistical differences are present. The technique of piece-
wise regression was explicitly designed to detect dis-
continuities in data. Piecewise regression formally tests
whether there is a nonlinearity in continuous data and
whether an abrupt transition explains the nonlinearity."”
This method is appropriate for development of reference
values because it is an objective statistical procedure fre-
quently used to identify breakpoints in variables of inter-
est. The piecewise technique has been used in nutrition
research to demonstrate nonlinear relationships between
BMI and mortality and also between calcium intake
and bone mineral density using NHANES III data.'®"”
This technique is also used by the CDC to adjust certain
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NHANES outcome variables (specifically laboratory
measures) when assessment methodologies have changed
or drifted over time."

We hypothesized piecewise regression could be used
to analyze pooled NHANES survey data to develop
age-appropriate RBC reference intervals. The very large
sample size (n = >60,000) in NHANES from years 1999
to 2012 allowed us to fit models by year of age within and
across both sexes. We concomitantly used the comprehen-
sive health data in NHANES to ensure we were studying
a “healthy” population.

Materials and Methods

Study Population

Data from seven NHANES cycles (1999-2000, 2001-
2002, 2003-2004, 2005-2006, 2007-2008, 2009-2010, and
2011-2012) were extracted for the current analysis. The
study participants were free-living children (age 1-19 years,
n = 30,545) and adults (age 20-79 years, n = 34,922) who
participated in the seven NHANES cycles and had com-
plete RBC results. Volunteers were excluded from anal-
ysis if they reported the following medical conditions:
anemia, coronary heart failure, coronary heart disease,
angina, acute myocardial infarction, cancer, gout, emphy-
sema, hepatic disease, celiac disease, stroke, thyroid con-
dition, hepatitis C or HIV, or those taking daily aspirin
(data for aspirin use were available in NHANES for 1999-
2002 and 2011-2012 therefore subjects who used aspirin
could only be excluded from these three cycles) or hema-
tologic prescription drugs (ie, erythropoiesis-stimulating
agents [erythropoietin, epoetin alfa, darbepoetin alfa] and
colony-stimulating agents [filgrastim])."* Pregnant or lac-
tating females and volunteers who had donated blood in
the last 3 months were also excluded.' FTable 18 provides
the number of volunteers eliminated for each exclusion
condition. A total of 6,714 children aged 1 to 19 years
and 14,425 adults aged 20 to 79 years were excluded from
the analysis for reported health conditions or use of drugs
that could alter RBC levels. The final total number of
“healthy” participants included in the analysis was 23,831
children aged 1 to 19 years and 20,497 adults aged 20
to 79 years. All participants or proxies provided written
informed consent, and the Research Ethics Review Board
at the National Center for Health Statistics approved the
survey protocol.

Hematologic Measurements

Blood samples were collected in anticoagu-
lant-treated vacuum tubes and analyzed in duplicate
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ITable 10
Exclusion Criteria and the Number of Subjects Excluded”

Children Aged 1-19 Years

Adults Aged 20-79 Years

Exclusion Criteria Number Excluded Total Excluded Number Excluded Total Excluded
None or incomplete CBC 5,981 5,981 3,223 3,223
Pregnancy 181 6,147 1,351 4,422
Lactation 35 6,180 252 4,645
Anemia 433 6,526 1,305 5,656
Coronary heart failure 0 6,526 947 6,383
Coronary heart disease 0 6,526 1,198 7097
Angina 0 6,526 902 7437
Acute myocardial infarction 0 6,526 1,272 7795
Cancer 0 6,526 2,637 9,641
Gout 0 6,526 669 10,005
Emphysema 0 6,526 651 10,269
Liver condition 0 6,526 1,200 11,034
Celiac disease 7 6,531 27 11,062
Stroke 0 6,531 1,098 11,460
Thyroid condition 0 6,531 2,561 12,897
Hepatitis C 8 6,539 641 13,198
HIV 3 6,542 116 13,269
Daily aspirin use 0 6,542 1,754 13,987
Hematologic prescription drug use” 0 6,542 21 13,989
Donated blood 180 6,714 573 14,425
Total before exclusions 30,545 34,922
Total excluded 6,714 14,425
Total after exclusions 23,831 20,497

“Data from National Health and Nutrition Examination Survey 1999 to 2012.

"Including erythropoiesis stimulating agents (erythropoietin, epoetin alfa, darbepoetin alfa) and colony stimulating agents (filgrastim).

on a Beckman Coulter (Brea, CA) MAXM instrument.
Standard Beckman Coulter procedures for calibrating,
counting, and sizing, including automatic diluting and
mixing for sample processing, and a single beam pho-
tometer for hemoglobinometry, were used. RBC count
and hemoglobin were measured directly; hematocrit,
mean cell hemoglobin (MCH), and mean cell hemo-
globin concentration (MCHC) were computed; and
mean cell volume (MCV) and red cell distribution width
(RDW) were derived from their histograms. Detailed
specimen collection and processing instructions, as
well as quality control measures used, are provided
in the NHANES Laboratory/Medical Technologists
Procedures Manual."”

Statistical Measures

Analyses were conducted using SAS 9.4 (SAS
Institute, Cary, NC) and SUDAAN release 11.0
(Research Triangle Institute, Research Triangle Park,
NC) using primary sampling units and strata to
account for the complex sampling plan of NHANES.
Appropriate sample weights were used to adjust for over-
sampling of selected groups and survey nonresponse
as recommended in NHANES analytical guidelines.”
Initially, means and percentiles of hematologic vari-
ables were created using SAS PROC SURVEYMEANS
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with default options; this procedure uses a nonparamet-
ric estimation approach. Piecewise regression was then
used to determine breakpoints across ages and define
population subgroups.” Significant breakpoints were
identified when the stepwise regression analysis detected
a discontinuity at the P < .01 level. A brief descrip-
tion of the piecewise regression procedure follows. In
adults suppose f(x) is a function on [20,79] (the adult
age ranges), which is initially assumed constant across
the 5-year intervals [20,25], [26,30], [31,35], [36.40], ...,
[71,75], [76,79].

The following independent variables for a regression
were created:

X1=1forx>20

X2 = 1for x> 26and 0 otherwise
X3 = 1for x> 31and 0 otherwise
X4 = 1for x> 36 and 0 otherwise

X12 = 1for x> 76 and 0 otherwise.

Any step function on [20,79] that is constant on the subin-
tervals [20,25], [26,30], ..., [76,79] may be defined as a lin-
ear combination of the functions X1, X2, ..., X12 defined
above. Then to fit a step function constant on the inter-
vals [20,25], [26,30], ..., [76,79] to a dependent variable
(2.5th and 97.5th percentiles of hematologic parameters)

© American Society for Clinical Pathology
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IFigure 10 Actual and predicted (computed via piecewise regression) mean, lower reference limit (2.5th percentile values) and
upper reference limit (97.5th percentile values) for RBC counts in male (A) and female (C) children and male (B) and female

(D) adults.

at integer ages 20 to 79, one can regress the percentiles
of hematologic parameters on the independent variables
(age groupings) X1, X2, ..., X12. This regression was per-
formed with the 12 x-variables X1-X12 using SAS PROC
REG with “selection = stepwise,” “slentry = .01,” and
“slstay = .01” (P < .01) and weights equal to the number
of subjects used to estimate the cutoff for each age. This
weight approximates the relative values of the inverse
of the variance for each of the estimated cutoffs. As an
example,

iff(x): 2.5 for 20 <x <35
and = 6.0 for 36 <x <75
and = 8.0 for 76 <x <79

then f(x) = 2.5*X1+3.5%*X4+2.0*X12.

In the same manner, any function constant on the above
intervals can be written as:

b1*X14+b2*X2+...+b12*X12

© American Society for Clinical Pathology

where bl-bl2 are regression coefficients. These bl-b12
coefficients are estimated in the regression eliminating
those that are not statistically significant and the signifi-
cant coefficients identify the breakpoints. In children, age
groups were defined as each year of age.

The particular regression fit chosen is the best least
squares fit for the dependent values using stepwise
regression and leaving out those x variables that are
not statistically significant. The weights are used in the
regression to take into account that the estimates of the
dependent variable cutoffs have different standard errors
at the different ages and assume the relative variances are
proportional to the inverse sample sizes for the estimates
at each age.

The percentages of the population below and above
existing (current) and the piecewise regression-derived
reference intervals were estimated using age- and sex-
specific cutoff values. The current reference intervals
(cutoff points) for RBC count, hemoglobin, hematocrit,
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BFigure 10 (cont) Also for hemoglobin levels in male (E) and female (G) children and male (F) and female (H) adults. Data from
National Health and Nutrition Examination Survey 1999 to 2012 (supplemental data). *Significant breakpoint detected using

piecewise regression, P< .01.

MCYV, and RDW were obtained from the Mayo Clinic
website in November 2016.”'

Results

BFigure 10 displays the mean, lower reference limit
(LRL, 2.5th percentile), and upper reference limit (URL,
97.5th percentile) of RBC count for children and adults and
the results of the piecewise regression analyses (predicted
parameters). The piecewise regression analysis demon-
strated an age-related increase in both LRL and URL val-
ues for male children with six separate reference intervals (ie,
1-6, 7-11, 12-12, 13-15, 16-16, 17-19 years of age). However,
for female children, both LRL and URL values decreased
with age and yielded only three reference intervals (ie,
1-14, 15-15, 16-19 years of age) WTable 20 and supplemental
data (all supplemental materials can be found at American
Journal of Clinical Pathology online in downloadable Excel
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spreadsheets). Among male adults, both LRL and URL
significantly decreased with age with four separate refer-
ence intervals detected (ie, 20-35, 36-50, 51-60, 61-79 years
of age). For adult females, the reference interval did not
change with age ITable 30 and supplemental data.

Figure 1 also displays sex-specific pediatric and
adult reference intervals for hemoglobin. In the piece-
wise regression analysis, the reference interval values
increased with age for male and female children (for
female children the LRL increased for those up to age
14 years and decreased for individuals 15-19 years)
and decreased with age among male adults. For female
adults, the LRL decreased for 31 to 50 years of age and
then increased for 51 to 79 years of age but the URL
increased slightly. However, there were fewer break-
points for male adults than for female adults and chil-
dren (Table 2 and Table 3 and supplemental data). The
LRL of hemoglobin for older males (aged 56-79) was

© American Society for Clinical Pathology



AJCP | ORIGINAL ARTICLE

ITable 20
Current and Piecewise Regression-Derived Reference Intervals (Lower Reference Limit 2.5th Percentile Value and Upper Reference
Limit 97.5th Percentile Value) for Children Aged 1 to 19 Years®

Piecewise
Regression-Derived
Age,y Current Reference Intervals’ Age, y Reference Intervals
RBC count, million cells/pL
Male 0.5-1 3.70-6.00 1-6 3.95-5.31
2 4.10-5.10 7-11 4.06-5.31
3-5 4.10-5.30 12-12 4.06-5.72
6-11 4.20-5.10 13-15 4.32-5.72
12-15 4.40-5.50 16-16 4.32-5.88
17-19 4.48-5.88
Female 0.5-1 3.70-6.00 1-14 3.94-5.24
2 4.10-5.10 15-15 3.94-5.15
3-5 4.10-5.20 16-19 3.78-5.15
6-11 4.10-5.30
12-15 4.10-5.20
Hemoglobin, g/dL
Male 0.5-1 10.56-13.5 1-2 10.5-14.2
2 11.0-14.0 3-5 11.2-14.2
3-5 11.0-14.5 6-6 11.7-14.2
6-11 12.0-14.0 7-1 11.7-15.3
12-15 12.8-16.0 12-12 12.1-15.3
13-13 12.1-16.6
14-15 12.8-16.6
16-19 13.4-174
Female 0.5-1 10.5-13.5 1-3 10.7-14.1
2 11.0-14.0 4-4 11.2-14.1
3-5 11.8-14.7 5-6 11.2-14.6
6-11 12.0-14.5 7-8 11.6-14.6
12-15 12.2-14.8 9-14 11.6-15.2
15-19 11.0-15.2
Hematocrit, %
Male 0.5-1 33.0-40.0 1-4 31.8-41.3
2 33.0-42.0 5-5 34.3-41.3
35 33.0-43.0 6-12 34.3-44.8
6-11 35.8-42.4 13-14 36.5-48.6
12-15 37.3-473 15-15 39.2-48.6
16-19 39.2-50.8
Female 0.5-1 33.0-40.0 1-3 31.6-41.6
2 33.0-42.0 4-4 32.7-41.6
3-5 35.0-44.0 5-5 32.7-42.9
6-11 35.7-43.0 6-8 34.3-42.9
12-15 36.3-43.4 9-14 34.3-44.7
15-19 32.9-44.7
Mean cell volume, fL
Male 0.5-6 74.0-89.0 1-2 68.0-86.9
6-11 76.5-90.6 3-8 74.7-89.7
12-15 81.4-91.9 9-12 74.7-90.9
13-13 74.7-93.8
14-15 779-93.8
16-19 779-95.7
Female 0.5-6 74.0-89.0 1-2 68.6-87.0
6-11 78.5-90.4 34 75.3-89.2
12-15 79.9-92.3 5-1 75.3-91.2
12-16 75.3-94.8
17-19 75.3-96.6
Mean cell hemoglobin, pg®
Male 1-2 22.5-29.8
3-6 25.0-31.2
7-13 25.0-31.6
14-14 25.0-32.2
15-15 26.1-32.2
16-19 26.1-32.9
(continued)
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ITable 20 (cont)

Piecewise
Regression-Derived

Age,y Current Reference Intervals” Age, y Reference Intervals
Female 1-2 22.3-30.3
3-3 25.0-30.3
4-1 25.0-31.6
12-19 25.0-32.9
Mean cell hemoglobin concentration, g/dL®
Male 1-12 32.5-36.0
13-19 32.5-35.7
Female 1-19 32.4-35.9
Red cell distribution width, %
Male <2 Not established 1-2 11.4-16.3
2 12.0-14.5 3-19 11.4-14.0
3-5 12.0-14.0
6-11 12.0-14.0
12-15 11.6-13.8
Female <2 Not established 1-2 11.2-16.3
2 12.0-14.5 3-12 11.2-13.8
3-5 12.0-14.0 13-19 11.2-15.3
6-11 11.6-13.4
12-15 11.2-13.5

“Data from National Health and Nutrition Examination Survey 1999 to 2012 (supplemental data).

"Values from Mayo Clinic.”'
“Current reference intervals are not provided by Mayo Clinic.”'

12.4 g/dL, lower than the current reference value, which
is 13.5 g/dL.”

The sex-specific pediatric and adult reference inter-
vals for hematocrit obtained via piecewise regression
analysis are provided in EFigure 20, Table 2 and Table 3,
and supplemental data. The reference interval values
generally increased with age for both male and female
children except for female children aged 15 to 19 years
where the LRL decreased. The reference values for adult
males and females had three and two breakpoints, respec-
tively. The male URL did not change with age but the
LRL decreased with age and was substantially lower for
males aged 71 to 79. The female LRL and URL increased
with age.

The age- and sex-specific reference intervals for MCV
and MCH increased with age for both children and adults
except for the LRL for MCH, which decreased in male
adults at age 76 to 79 years (Figure 2 and WFigure 3N,
Table 2 and Table 3, and supplemental data). For MCHC,
the reference interval decreased slightly at age 13 years for
male children but did not change with age for female chil-
dren, and in male and female adults changes did not occur
until ages 56 and 61 years, respectively (Figure 3, Table 2
and Table 3, and supplemental data). The sex-specific
reference intervals for RDW decreased with age for both
male and female children (but increased at age 13 years)
but increased with age for both male and female adults
(NFigure 41, Table 2 and Table 3, and supplemental data).

134 AmJ Clin Pathol 2019;151:128-142
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ETable 41 provides estimates of the NHANES 1999
to 2012 population below and above the reference inter-
vals (eg, a higher percentage indicates more of the pop-
ulation falls outside reference values). When comparing
the piecewise regression-derived and current reference
intervals, there was generally less than a 5% difference
in the population above or below the reference inter-
vals. However, there was a greater than 5% difference in
the population below the piecewise regression-derived
and current LRL for RDW (for both sexes combined,
male and female children, and adults), for hemato-
crit (for both sexes combined and female children), for
MCV (for male children), and for hemoglobin (female
adults), and above URL for hemoglobin (for both sexes
combined and male children) and for MCV (for male
adults). For many of these variables, more than 10% of
the NHANES population was outside the current refer-
ence intervals (Table 4).

Discussion

Piecewise regression analyses conducted using the
NHANES 1999 to 2012 data yielded two or more age-de-
pendent pediatric and adult reference intervals for mul-
tiple RBC parameters. The reference intervals derived
were sex specific and more precise for individuals of
different ages than current pediatric and adult reference

© American Society for Clinical Pathology
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ITable 30
Current and Piecewise Regression-Derived Reference Intervals (Lower Reference Limit 2.5th Percentile Value and Upper Reference
Limit 97.5th Percentile Value) for Adults Aged 20-79 Years®

Piecewise
Regression-Derived
Variable Age,y Current Reference Intervals® Age,y Reference Intervals
RBC count, million cells/pL
Male Adults 4.32-5.72 20-35 4.42-5.82
36-50 4.23-5.82
51-60 4.23-5.69
61-79 3.90-5.69
Female Adults 3.90-5.03 20-79 3.72-5.20
Hemoglobin, g/dL
Male Adults 13.5-175 20-35 13.5-175
36-55 13.5-17.3
56-79 12.4-17.3
Female Adults 12.0-15.5 20-25 11.1-15.4
26-30 11.1-15.2
31-40 10.6-15.2
41-45 10.6-15.5
46-50 10.6-15.9
51-79 11.4-15.9
Hematocrit, %
Male Adults 38.8-50.0 20-35 40.2-51.0
36-60 38.8-51.0
61-70 37.0-51.0
71-79 35.0-51.0
Female Adults 34.9-44.5 20-45 32.56-45.2
46-50 32.5-46.8
51-79 34.2-46.8
Mean cell volume, fL
Male Adults 81.2-95.1 20-50 81.2-97.3
51-79 81.2-100.0
Female Adults 81.6-98.3 20-40 75.9-974
41-55 71.6-99.2
56-79 79.7-99.2
Mean cell hemoglobin, pg®
Male 20-35 271-33.4
36-50 27.1-34.0
51-75 271-34.5
76-79 24.8-34.5
Female 20-40 24.7-33.7
41-79 24.7-34.3
Mean cell hemoglobin concentration, g/dL°®
Male 20-55 32.4-36.0
56-79 32.4-35.7
Female 20-60 32.1-35.8
61-79 32.1-35.6
Red cell distribution width, %
Male Adults 11.8-15.6 20-45 11.3-13.8
46-50 11.5-13.8
51-70 11.5-14.8
71-79 11.7-14.8
Female Adults 11.9-15.5 20-45 11.3-15.6
46-79 11.4-15.6

“Data from National Health and Nutrition Examination Survey 1999 to 2012 (supplemental data).
"Values from Mayo Clinic.”'
“Current reference intervals are not provided by Mayo Clinic.”

intervals. For most variables, similar proportions of  older children. As expected from a biological growth
the population were outside the current and piecewise  and development perspective, there were definite break-
regression-derived reference intervals. Piecewise regres-  points around onset of puberty in reference intervals
sion-derived pediatric reference intervals are age depen-  for all the RBC parameters, yielding different refer-
dent and yield different sets of values for younger and  ence interval values for children and adolescents, unlike
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IFigure 20 Actual and predicted (computed via piecewise regression) mean, lower reference limit (2.5th percentile values) and
upper reference limit (97.5th percentile values) for hematocrit in male (A) and female (C) children and male (B) and female (D)

adults.

current reference values. The piecewise regression anal-
ysis of the NHANES dataset also yielded separate RBC
count, hematocrit, hemoglobin, MCV, MCH, MCHC,
and RDW pediatric reference intervals for male and
female children, unlike current standards; however, sta-
tistical breakpoints identified by piecewise regression
are not necessarily biologically relevant.

Typically, current adult reference intervals are a
single set of values for all adults, while the piecewise
regression derived values generally provided separate
reference interval values for young and older adults.
Although not every statistical breakpoint identified
by piecewise regression may be biologically relevant,
in some cases the differences are substantial and may
have clinical implications, which should be determined
by additional research. For example, for a male aged
56 to 79 years, the piecewise regression derived LRL
for hemoglobin was 12.4 g/dL, but the current refer-
ence values are not age based and the LRL for all adult

136 AmJ Clin Pathol 2019;151:128-142
DOI: 10.1093/ajcp/aqy116

malesis 13.5 g/dL. For another key hematologic param-
eter, hematocrit, there was also a difference in older
males compared to their younger peers. In males aged
71 to 79 years, the LRL derived by piecewise regression
was 35.0% while the current LRL is not age based and
is 38.8%. LRLs are generally more critical and clini-
cally relevant, but in some cases exceeding URLs can
suggest the presence of discase states. Age-related dif-
ferences in several hematologic parameters were also
reported in large studies conducted with Canadian and
Italian populations, and both indicate there are age-re-
lated declines in hematologic status.”>*’ Although lower
LRLs for hemoglobin and hematocrit in older males
are suggested by piecewise regression, before adopting
these reference values, research should be conducted
to ensure these new reference intervals represent val-
ues expected for healthy individuals of this age and do
not result in missed diagnoses of various diseases or
compromised function. Because NHANES includes

© American Society for Clinical Pathology
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IFigure 20 (cont) Also for mean cell volume levels in male (E) and female (G) children and male (F) and female (H) adults. Data
from National Health and Nutrition Examination Survey 1999 to 2012 (supplemental data). *Significant breakpoint detected

using piecewise regression, P < .01.

comprehensive data on the physical and mental health
of participants, it could be used for such studies.

By definition, reference intervals should include
95% of the population. However, more than 10% of
the pediatric and adult NHANES population were out-
side the respective current reference intervals for RDW.
Although RDW values vary based on instrumentation
and method of calculation,” our findings are consist-
ent with others that report age and sex differences in
RDWZS,Zé

Current reference intervals are derived from a wide
variety of sources including published studies, patient
data, individual laboratory studies, manufacturer’s
recommendations, or medical staff recommendations
and are based on small and not necessarily nation-
ally representative population samples.'” Reference
intervals based on published data or manufacturer
information sheets can be outdated and/or nonrepre-
sentative of a broader population. Patient data, while

© American Society for Clinical Pathology

readily obtained, may not be representative of healthy
individuals and, as a consequence, may be inaccurate.
Additionally, there is the possibility of variation in
hematology methods, especially with regard to diag-
nostic sensitivity and specificity across studies. Adult
reference intervals are validated using internal labora-
tory data in most cases, but pediatric reference inter-
vals are usually adopted from external sources without
internal validation."”

In the United States, efforts to harmonize reference
intervals are far behind programs in the United Kingdom,
the Nordic region, and Australasia.”” As such, local labo-
ratories are left on their own to establish appropriate ref-
erence intervals for their institution. Given the difficulty
determining reference intervals, most local laboratories
primarily use reference intervals taken from textbooks or
other literature and ignore potential differences related
to instrumentation bias.”** While these textbook inter-
vals are a start, they often lack data on the population
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IFigure 30 Actual and predicted (computed via piecewise regression) mean, lower reference limit (2.5th percentile values) and
upper reference limit (97.5th percentile values) for mean cell hemoglobin (MCH) in male (A) and female (€) children and male

(B) and female (D) adults.

from which they were derived and usually are based on
a single instrument/methodology. The data presented
here are based on a very large nationally representative
population and therefore provide very accurate estimates
of reference intervals. However, given the use of a sin-
gle instrument platform (Beckman Coulter MAXM),
local laboratories still need to verify the intervals pub-
lished in this manuscript are transferrable to their plat-
form and population. In addition to following guidelines
provided by the CLSI" to verify a published interval, in
combination with mining local datasets, a local labora-
tory can also effectively use the intervals suggested here.”

It is recommended that reference intervals be devel-
oped based on a minimum of 120 healthy reference sub-
jects.”” However, “healthy” is difficult to define, and there
is considerable variation between laboratories in crite-
ria used to define “healthy.” The NHANES surveys are
designed to assess the health and nutritional status of the
US population using validated, standardized, state-of-
the-art sample collection and analysis techniques. We used

138 AmJ Clin Pathol 2019;151:128-142
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precise, detailed criteria to exclude NHANES participants
with medical conditions and select “healthy” participants
for analysis (Table 1). As we excluded over 21,000 sub-
jects (nearly 22% of the NHANES pediatric population
and 41% of the adult population) for self-reported health
issues it is unlikely any unhealthy individuals remaining
in our sample substantially affected our findings. The
large sample size of NHANES provided a high degree of
statistical power in determining age- and sex-specific par-
titions in reference intervals. A recent study using adult
NHANES data from 2011 to 2012 (n = 3,077) compared
reference intervals across ethnic subgroups but did not
evaluate differences between different age groups.”’

Use of appropriate statistical techniques is crit-
ical for developing reference intervals. Simple non-
parametric as well as parametric methods with suitable
transformation (eg, logarithmic, power, or some other
function) were recommended by CLSI."” Hoffman devel-
oped a statistical technique to indirectly derive refer-
ence intervals from database values based on specified

© American Society for Clinical Pathology
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BFigure 30 (cont) Also for mean cell hemoglobin concentration (MCHC) in male (E) and female (G) children and male (F) and
female (H) adults. Data from National Health and Nutrition Examination Survey 1999 to 2012 (supplemental data).
*Significant breakpoint detected using piecewise regression, P< .01.

mathematical assumptions.” It was suggested Hoffmann’s
indirect method, which uses Chauvenet criteria to identify
and exclude outliers, is a robust statistical approach.” We
used piecewise regression to objectively identify statisti-
cally significant breakpoints in RBC parameters across
age and sex groups. This approach, which is a formal
statistical procedure for standardized identification of
breakpoints for different age/sex groups, may be pref-
erable to less quantitative procedures, especially when
applied to well-defined subpopulations. This technique
has been used to objectively demonstrate the nonlinear
relationship between calcium intake and bone mineral
density,'” between BMI and mortality,'° and more recently
between sedentary behavior and mortality.”> While other
procedures for curve fitting may provide a better overall
fit of the raw data, piecewise regression was chosen for
this study because it objectively identifies breakpoints
and, as a result, provides greater specificity.

Limitations of our study include possible bias
from use of self-reported health information to define
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a “healthy” population. There is also the possibility
of analytical drift over the 14 years of NHANES data
used, but standardized laboratory procedures are con-
sistently used in NHANES and if necessary values are
adjusted for any change over time. It should also be
noted that the new reference values presented may only
be relevant when the same analytical procedures used
by NHANES are employed. We compared our refer-
ence ranges to that used by the Mayo Clinic in late
2016, and recently the Mayo Clinic updated their refer-
ence values to include ranges for more age/sex groups,
consistent with our findings. In addition, the large
sample size provided by NHANES could yield small
but statistically significant differences that may not
be of biological significance. It should also be noted
that data presented for closely related parameters, like
hematocrit and hemoglobin, sometimes have different
breakpoints for the same population. An explanation
for such differences is not readily apparent but may
be due to a variety of factors, such as differences in
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ITable 41

Percent of Population Below and Above the Age- and Sex-Specific Reference Values for Children and Adults®

Estimated % Population
Below the Lower Value of
Reference Interval

Estimated % Population
Above the Upper Value of
Reference Interval

Piecewise Piecewise
Variables Sex Current Regression-Derived Difference Current Regression-Derived Difference
Children, age 1-19y
RBC count Combined 6.85 2.42 -4.43 4.44 2.58 -1.86
Male 6.82 2.50 -4.32 6.46 2.55 -3.91
Female 6.89 2.33 —-4.55 2.25 2.62 0.36
Hemoglobin Combined 5.48 2.21 -3.27 8.77 3.1 -5.65
Male 4.16 2.29 -1.87 11.46 3.22 -8.24
Female 6.91 2.13 -4.79 5.86 2.99 -2.87
Hematocrit Combined 8.87 2.51 -6.35 5.44 2.72 -2.72
Male 6.60 2.43 -4.17 6.00 2.95 -3.06
Female 11.32 2.59 -8.72 4.82 2.48 -2.35
Mean cell volume Combined 6.60 2.43 -4.17 4.43 2.73 -1.71
Male 750 2.45 -5.05 3.46 2.69 -0.77
Female 5.63 2.42 -3.22 5.49 2.77 -2.72
Mean cell hemoglobin Combined 2.47 2.95
Male 2.45 2.90
Female 2.49 3.01
Mean cell hemoglobin Combined 2.22 2.78
concentration Male 2.09 2.82
Female 2.36 2.73
Red cell distribution Combined 15.08 2.02 -13.07 4.29 2.59 -1.70
width Male 15.42 1.53 -13.88 3.59 2.57 -1.02
Female 14.73 2.54 -12.19 5.04 2.61 -2.43
Adults, age 20-79 y
RBC count Combined 4.93 2.54 -2.39 5.03 2.70 -2.32
Male 3.26 2.57 -0.69 3.89 2.73 -1.16
Female 6.65 2.51 -4.14 6.20 2.68 -3.52
Hemoglobin Combined 5.15 2.26 -2.89 2.41 3.08 0.67
Male 2.90 2.16 -0.75 1.86 3.37 1.50
Female 746 2.37 -5.10 2.97 2.78 -0.19
Hematocrit Combined 4.31 2.46 -1.86 5.76 2.73 -3.04
Male 2.19 2.35 0.17 5.35 2.81 -2.54
Female 6.50 2.57 -3.94 6.19 2.64 -3.65
Mean cell volume Combined 4.80 2.54 -2.26 6.51 2.63 -3.88
Male 2.45 2.52 0.07 10.39 2.71 -7.68
Female 722 2.56 -4.66 2.52 2.55 -0.03
Mean cell hemoglobin Combined 2.61 2.51
Male 2.63 2.54
Female 2.59 2.48
Mean cell hemoglobin Combined 2.35 2.97
concentration Male 2.25 2.88
Female 2.46 3.07
Red cell distribution Combined 10.95 2.05 -8.90 1.59 2.63 1.04
width Male 10.07 2.07 -799 0.52 2.57 2.05
Female 11.86 2.03 -9.83 2.69 2.69 0.00

“Data from National Health and Nutrition Examination Survey 1999 to 2012.

variability and precision of the assays for the param-
eters in question. A major strength of our study is
the use of a large nationally representative popula-
tion-based sample, use of numerous variables to help
define a “healthy” population, and the use of piecewise
regression to develop objectively/statistically defined
breakpoints. Additionally, to ensure transparency and

140 AmJ Clin Pathol2019;151:128-142
DOI: 10.1093/ajcp/aqy116

expedite their use, the data presented here are provided
in the supplemental data.

Future research should evaluate whether separate
reference ranges are necessary for other well-defined
groups (ie, by race/ethnicity), and for those living in spe-
cific geographic regions of the US, such as high altitude
environments. In the future, when the computational

© American Society for Clinical Pathology
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IFigure 401 Actual and predicted (computed via piecewise regression) mean, lower reference limit (2.5th percentile values)
and upper reference limit (97.5th percentile values) for red cell distribution width (RDW) in male (A) and female (C) children
and male (B) and female (D) adults. Data from National Health and Nutrition Examination Survey 1999 to 2012 (supplemental
data). *Significant breakpoint detected using piecewise regression, P< .01.

infrastructure for personalized medicine exists, custom-
ized reference ranges for very specific subsets of individ-
uals (eg, age, sex, race/ethnicity, and/or other defining
specific characteristic), could be provided.
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