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Background: Sputum eosinophil percentages are a strong
predictor of airway inflammation and exacerbations and aid
asthma management, whereas sputum neutrophil percentages
indicate a different severe asthma phenotype that is potentially
less responsive to TH2-targeted therapy. Variables, such as blood
eosinophil counts, total IgE levels, fraction of exhaled nitric oxide
(FENO) levels, or FEV1 percent predicted, might predict airway
eosinophil percentages, whereas age, FEV1 percent predicted, or
blood neutrophil counts might predict sputum neutrophil
percentages. Availability and ease of measurement are useful
characteristics, but accuracy in predicting airway eosinophil and
neutrophil percentages either individually or combined is not
established.
Objectives: We sought to determine whether blood eosinophil
counts, FENO levels, and IgE levels accurately predict sputum
eosinophil percentages and whether age, FEV1 percent
predicted, and blood neutrophil counts accurately predict
sputum neutrophil percentages.
Methods: Subjects in the Wake Forest Severe Asthma Research
Program (n5 328) were characterized by blood and sputum cell
counts, health care use, lung function, FENO levels, and IgE
levels. Multiple analytic techniques were used.
Results: Despite significant association with sputum eosinophil
percentages, blood eosinophil counts, FENO levels, and total IgE
levels did not accurately predict sputum eosinophil percentages,
and combinations of these variables did not improve prediction.
Age, FEV1 percent predicted, and blood neutrophil counts were
similarly unsatisfactory for the prediction of sputum neutrophil
percentages. Factor analysis and stepwise selection found FENO

levels, IgE levels, and FEV1 percent predicted, but not blood
eosinophil counts, correctly predicted 69% of sputum eosinophil
percentages of less than 2% or 2% and greater. Likewise, age,
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asthma duration, and blood neutrophil counts correctly
predicted 64% of sputum neutrophil percentages of less than
40% or 40% and greater. A model to predict both sputum
eosinophil and neutrophil percentages accurately assigned only
41% of samples.
Conclusion: Despite statistically significant associations, FENO

levels, IgE levels, blood eosinophil and neutrophil counts, FEV1

percent predicted, and age are poor surrogates, both separately
and combined, for accurately predicting sputum eosinophil and
neutrophil percentages. (J Allergy Clin Immunol 2013;nnn:nnn-
nnn.)

Key words: Asthma phenotypes, sputum eosinophils and neutro-
phils, inflammatory biomarker surrogates, TH2 biomarkers, fraction
of exhaled nitric oxide

All levels of asthma severity show evidence of airway inflam-
mation, with both eosinophils and neutrophils contributing to this
pathology.1-5 We recently reported that asthmatic patients with
both increased sputum eosinophil and neutrophil percentages
had the lowest lung function, worse asthma control, and increased
symptoms and health care requirements.6 Although induced spu-
tum eosinophilic or neutrophilic phenotypes have been shown to
predict asthma exacerbations7-9 and responsiveness to corticoste-
roids or corticosteroid reduction with anti–IL-5 therapy,3,10-12

sputum induction and processing is technically difficult and not
readily available in most clinical settings. Clearly, readily acces-
sible biomarkers that accurately predict airway inflammation are
needed for managing difficult-to-treat asthma and to serve as
response end points in clinical trials testing and registering new
biologic therapies for asthma. Thus more accessible biomarkers
are used as surrogates for sputum inflammatory cell measure-
ments in clinical studies without first establishing their accuracy
across the full range of asthma or severity subphenotypes.13,14

Eosinophils are a primary cellular component in studies that focus
on airway inflammation in asthma. Fraction of exhaled nitric oxide
(FENO), blood eosinophil numbers, FEV1 percent predicted, and IgE
levels have been suggested as potential predictive biomarkers for
sputum eosinophil or bronchial mucosal eosinophil numbers.13-20

However, other studies raise questions regarding the accuracy of
these biomarker associations with sputum eosinophil percent-
ages5,21-23 and their clinical usefulness in predicting asthma exacer-
bations.24 The association of FENO levels with sputum eosinophil
percentages hasbeenmorewidely examined, but cut points to predict
sputum eosinophil percentages vary extensively and are confounded
by exposure to tobacco smoke and inhaled corticosteroid (ICS) ther-
apy.16,18,20,25 Moreover, some studies have reported small numbers
of subjects or did not evaluate subjects across the entire spectrum
of asthma severity, restricting their clinical predictive value.

Fewer asthma studies have focused on sputum neutrophil
percentages,26-28 although this granulocyte is implicated in patients
1
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with severe asthma29-32 and associated with reduced FEV1,
26 irre-

versible airflow obstruction,32 and loss of control by rapid with-
drawal of ICSs.11 Increased neutrophil numbers, reduced FEV1

levels and irreversible airflow obstruction are generally thought
to characterize chronic obstructive pulmonary disease, but in-
creasing evidence has identified these characteristics in subgroups
of patients with severe asthma.26,32,33Moreover, synergy between
airway sensitization, IL-17–induced neutrophil numbers, and on-
going TH2 responses supports a causal role for neutrophils in air-
way hyperresponsiveness.34,35 A recent report suggested that
asthmatic patients can be stratified based on both neutrophil and
eosinophil counts in blood.36 Thus previous studies and our re-
port6 support the importance and need to assess both sputum
eosinophil and neutrophil percentages associated with abnormal-
ities in lung function, exacerbations, and more severe asthma.

Because of inconsistencies and lack of information for poten-
tial surrogate markers for both sputum eosinophil and neutrophil
percentages, we analyzed the accuracy of biomarkers that might
be associated with sputum eosinophils and neutrophils, individ-
ually and in combination, to predict sputum granulocytic inflam-
mation in a large, comprehensively characterized cohort of
subjects with a broad spectrum of asthma severities. Our hypoth-
eses were that variables associated with TH2 inflammation, FENO
levels, IgE levels, and blood eosinophil counts should accurately
predict sputum eosinophil percentages, whereas age, reduced
FEV1 levels, and blood neutrophil counts should accurately pre-
dict sputum neutrophil percentages.We also examinedmore com-
plex models to predict both sputum eosinophil and neutrophil
percentages. The comprehensive approach of considering both
eosinophilic and neutrophilic inflammation in the context of other
biomarkers is a novel approach with important implications for
understanding interrelationships among these biomarkers.
METHODS
Subjects with mild-to-severe asthma were comprehensively characterized

according to the Severe Asthma Research Program (SARP) phenotype

protocol at Wake Forest School of Medicine, as previously described.37

Briefly, nonsmoking subjects (<5 pack years) who met American Thoracic

Society criteria for the diagnosis of asthma (enriched for severe asthma) pro-

vided informed consent (Wake Forest Institutional Review Board–approved

protocol, BG01-425). Evaluation included spirometry, bronchodilator revers-

ibility and bronchial responsiveness to methacholine (bronchial hyperrespon-

siveness), allergen skin prick tests, total serum IgE measurement, blood

collection, exhaled nitric oxide measurement, sputum induction,6 and admin-

istration of questionnaires that characterized asthma symptoms, quality of life,

medications, and health care use.33,37
Subjects
SARP subjects had severe asthma (n 5 71), as defined by the American

Thoracic Society Workshop on Refractory Asthma,38 or nonsevere asthma

(n5 257; ie, asthmatic patients not meeting severe asthma criteria and classi-

fied as having mild asthmawith FEV1 of >_80% of predicted value or moderate
asthmawith FEV1 of <80%of predicted value).33,37 A portion of these subjects

were studied in our report of subject stratification by sputum granulocyte and

inflammatory protein levels (previous data overlap with current data shown in

Tables E1 and E2 in this article’s Online Repository at www.jacionline.org).6

Demographics and clinical characteristics for allWake Forest subjects with

sputum samplesmatched those previously reported for subjects from all SARP

sites (Table I).37

Sputum induction and processing
The sputum induction method was adopted from the National Heart, Lung,

and Blood Institute’s Asthma Clinical Research Network.39 Sputum was pro-

cessed immediately, and cell cytospin preparations were stained for differen-

tial counts. The sputum cell differential counts were adequate for further

analyses (ie, <80% squamous6,39) from 254 of the 328 subjects with sputum

samples. Previous studies have considered sputum eosinophil levels of 1%

to 3% as representing an eosinophilic phenotype3,9,40,41 and sputum neutrophil

levels as high as 61% as a neutrophilic phenotype.3,5,40 Many factors contrib-

ute to variable neutrophil percentages, including age, air pollution, environ-

mental endotoxin levels, different induction procedures, and exercise.42,43

In this and our previous study,6 we used sputum eosinophil counts of 2%

and greater and neutrophil counts of 40% and greater as cut points because

our cohort of subjects with severe asthma6 had median values of 1.7% eosin-

ophils and 39% neutrophils, which correspond to reports for asthmatic sub-

jects of similar age and smoke exposure (additional Methods and Results

are provided in this article’s Online Repository at www.jacionline.org).18,26,41

Statistics
Demographic and biomarker data are presented asmeans6SDs ormedians

(25% to 75% quartiles) for continuous variables and as percent positive values

for categorical variables. Measures not meeting the Kolmogorov-Smirnov test

for normal distributionwere transformed to log or square root values. A zero in

cell differentials was replaced with a value half of the lowest value observed

before log transformation.16 Continuous variables were tested by using para-

metric or nonparametric tests with SAS 9.2 (SAS Institute, Cary, NC) or Sig-

mastat 3.1 (SyStat Software, San Jose, Calif) software. Analyses with a

significant difference were further explored by using post hoc pairwise tests

(Tukey). Categorical variables were analyzed with x2 tests.

Initial analyses considered potential TH2 biomarker variables reported for

association with sputum eosinophil counts (ie, FENO levels, IgE levels, and

blood eosinophil counts)13-20 and variables reported for association with spu-

tum neutrophil counts (ie, age, FEV1 percent predicted, and blood neutrophil

counts).26,27,32 Receiver operating characteristic (ROC) curve analyses (sensi-

tivity, specificity, area under the curve [AUC], accuracy, and positive predic-

tive value) tested individual or combined biomarker prediction of sputum

eosinophil or neutrophil percentages. ROC analyses provide information to

determine optimal models for potential biomarker predictors as binary classi-

fiers, comparing the true-positive rate with the false-positive rate. An ROC

AUC of 0.5 indicates inability of a biomarker to predict a subject’s correct

classification. Factor analysis with 19 or 20 variables (see the Results section

in the Online Repository) confirmed those variables associated with sputum

eosinophil or neutrophil percentages. These variables were included in step-

wise selection and discriminant analysis for prediction of combined sputum

eosinophil counts of less than 2% or 2% and greater and sputum neutrophil

counts of less than 40% or 40% and greater or each granulocyte separately.

Variables with a P value of less than .05 were accepted as significant.
RESULTS

Subjects’ demographics
There were significant differences in lung function, broncho-

dilator reversibility, symptoms, and health care use for subjects
with severe asthma compared with those with mild and moderate
asthma (Table I). Age and duration of asthma were increased in
subjects with more severe asthma, but there were no differences
in atopic measures, including total serum IgE levels, frequency
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TABLE I. Subjects’ demographics*

Mild asthma (n 5 134) Moderate asthma (n 5 123) Severe asthma (n 5 71) P value

Sex (% female) 80 64 58 .001

Age (y) 33 6 11 39 6 14 45 6 12 <.0001

Age at onset (y) 14 6 13 17 6 16 20 6 17 .20

Duration (y) 18 6 12 23 6 14 25 6 17 .015

Baseline FEV1 (% predicted) 93 6 9 66 6 12 66 6 23 <.0001

Baseline FVC (% predicted) 100 6 10 79 6 14 77 6 20 <.0001

FEV1/FVC ratio 0.79 6 0.06 0.69 6 0.1 0.67 6 0.12 <.0001

Maximum FEV1 (% predicted) 103 6 8 81 6 12 78 6 21 <.0001

FEV1 (% reversibility to 2 puffs b-agonist) 12 6 11 23 6 22 19 6 17 <.0001

Log PC20 (geometric mean) 1.32 (n 5 128)� 0.79 (n 5 98)� 0.87 (n 5 42)� .047

FENO (ppb) 42 6 48 38 6 33 36 6 38 .43

No. of positive skin test results 4.1 6 2.8 4.0 6 2.9 3.7 6 3.4 .37

Blood eosinophil count (K/mL) 0.24 6 0.19 0.27 6 0.2 0.26 6 0.19 .52

Blood neutrophil counts (K/mL) 3.7 6 0.002 3.6 6 0.001 4.1 6 0.001 .10

IgE (IU/mL), geometric mean 115 107 100 .9

Frequency of wheezing� 65/17/18 51/23/26 51/17/32 .080

Frequency of nighttime symptoms� 68/16/16 64/13/23 49/20/31 .055

Health care use in past year (%)
>_1 Urgent health care visit for asthma 30 32 51 .009

Emergency department visits 15 18 39 <.0001

Hospitalized for asthma 2 6 17 <.0001

Health care use ever (%)

Daily b-agonist use 30 40 49 .019

Symptoms worse if corticosteroid reduced 36 36 86 <.0001

Emergency department visits 56 66 77 .01

Hospitalized for asthma 27 37 56 <.0001

Hospitalized in ICU 6 11 23 .002

ICU, Intensive care unit.

*Data are presented as means 6 SDs, medians (25% to 75% quartiles), or percentage positive response. P values meeting significance are shown in boldface.

�Subjects with FEV1 of less than 50% of predicted value did not undergo methacholine challenge.

�Three categories, left to right, indicate percentage of positive response for ‘‘never to less than 2 times/week,’’ ‘‘more than 2 times/week but less than 1 time/day,’’ and ‘‘daily.’’
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of positive skin test results, number of positive skin test results,
serum eosinophil counts, or FENO levels.

Subjects with mild, moderate, or severe asthma did not have
substantial differences in sputum cell counts (Table II). However,
as previously demonstrated,6 subjects stratified by combined spu-
tum eosinophil counts of less than 2% or 2% and greater and neu-
trophil counts of less than 40% or 40% and greater had significant
differences in lung function, atopic measures, and health care use
(see Table E1). Analyses for contribution by combined eosino-
phils and neutrophils or each granulocyte individually to the
observed differences were assessed (see Table E2). The results
confirm that sputum eosinophil and neutrophil percentages,
both combined and individually, were significantly associated
with asthma severity characteristics, including reduced lung func-
tion and increased health care use (in contrast to stratification by
blood granulocytes; see Tables E3 and E4 in this article’s Online
Repository at www.jacionline.org).

Distribution of sputum granulocytes by potential

biomarker predictors
Sputum eosinophil percentages were significantly associated

with blood eosinophil counts (R 5 0.191, P 5 .002) and FENO
levels (R 5 0.321, P < .001; Fig 1) but were widespread across
the range of blood eosinophil counts and FENO levels, and the R
values were low (<0.5), although significant. Subjects with mild,
moderate, or severe asthma were distributed throughout, agreeing
with the lack of difference in sputum eosinophil percentages
among these asthma severity groups (Table II). Youden index cut
points for blood eosinophil counts (300/mL) and FENO levels (30
ppb;maximum sensitivity and specificity derived fromROC curve
analyses in the section below)weregraphedwith the sputumeosin-
ophil percentage cut points of less than 2% or 2% and greater. De-
spite significant positive associations between these biomarkers,
many subjects with sputum eosinophil counts of 2% and greater
would be misclassified by criteria requiring blood eosinophil
counts of 300/mL and greater (false-negative rate, 41%) or FENO
LEVELS of 30 ppb and greater (false-negative rate, 35%), and like-
wise,many subjects with sputumeosinophil counts of less than 2%
would also be misclassified based on the same blood eosinophil
count and FENO level criteria (false positive rate, 35% and 33%, re-
spectively). Therefore both subjects with higher or lower sputum
eosinophil percentages would be misclassified by the surrogate
biomarkers of blood eosinophil counts or FENO levels.

Similarly, sputum neutrophil percentages (Fig 2) were positively
associated with age (R5 0.40, P <.001) and negatively associated
with baseline prebronchodilator FEV1 percent predicted (R5 0.16,
P5.013) butwerebroadly spread across age andFEV1 percent pre-
dicted ranges, and the R values were low (<0.5), although

http://www.jacionline.org


TABLE II. Sputum differential cell counts for subjects stratified by asthma severity*

Mild asthma (n 5 105) Moderate asthma (n 5 96) Severe asthma (n 5 53) P value

Total cell count (3 106/mL) 1.96 (1.2-3.4) 2.3 (1.4-3.6) 2.1 (1.3-4.7) .28

WBC count (3 106/mL) 1.05 (0.50-2.15) 1.25 (0.65-2.46) 1.47 (0.55-2.75) .32

WBC (%) 60 (38-83) 70 (41-81) 63 (46-82) .95

Bronchial epithelium (%) 2 (1-4.3) 4 (1-9) 3 (1-8.3) .02

Squamous epithelium (%) 37 (14-59) 26 (14-49) 26 (13-49) .42

Macrophages (%) 57 6 2.6 50 6 2.6 46 6 3.7 .028

Lymphocytes (%) 1.4 (0.58-2.80) 1.3 (0.60-2.90) 1.5 (0.40-2.85) 1.0

Neutrophils (%) 33.7 (13-59) 39 (22-63) 47 (23-68) .057

Eosinophils (%) 0.7 (0.2-3.3) 1.5 (0.4-4.8) 1.9 (0.3-5) .10

*Data are presented as medians (25% to 75% quartiles). P values meeting significance are shown in boldface. WBC, White blood cell.

A

B

FIG 1. Subject distribution by sputum eosinophil percentages and blood

eosinophil counts per microliter (A) or FENO levels (in ppb; B) for subjects

with mild, moderate, and severe asthma. Sputum eosinophil percentages

of greater than 2% and blood eosinophil counts of less than 300/mL (Fig

1, A) or sputum eosinophil percentages of greater than 2% and FENO levels

of less than 30 ppb (Fig 1, B) are false-negative predictions (indicated by

crosshatched areas). Sputum eosinophil percentages of less than 2% and

blood eosinophil counts of greater than 300/mL (Fig 1, A) or sputum eosin-

ophil percentages of less than 2% and FENO levels of greater than 30 ppb

(Fig 1, B) are false-positive predictions (indicated by shaded areas).

A

B

FIG 2. Subject distribution by sputum neutrophil percentages of less than

40% or 40% and greater and age (A) and FEV1 percent predicted (B) for

subjects with mild, moderate, and severe asthma. Sputum neutrophil per-

centages of 40% and greater are indicated by crosshatched areas for false-

negative prediction by age less than 40 years and by FEV1 percent predicted

greater than 90%. Sputum neutrophil percentages of less than 40% are in-

dicated by shaded areas for false-positive prediction by age greater than 40

years and FEV1 percent predicted less than 90%.
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significant. Subjects with mild, moderate, or severe asthma were
distributed throughout the age range, but only subjects with severe
asthmawere spread across the FEV1 percent predicted range (mild
and moderate asthma were classified by baseline FEV1 of >_80%
and <80% of predicted value, respectively). Youden index cut
points for age (40 years) and FEV1 percent predicted (90%) were
graphed with the neutrophil percentage cut points of less than
40%or 40% and greater. As observed for sputum eosinophil counts
above, many subjects with sputum neutrophil counts of 40% and
greater would be misclassified as having counts of less than 40%
(false-negative rate, 41% for age and 45% for FEV1 percent pre-
dicted), whereas others with actual sputum neutrophil percentage
of less than 40% would be misclassified as having percentages of
40% and greater (false-positive rate, 27% for age and 38% for
FEV1 percent predicted at respective Youden cut points). As ob-
served with sputum eosinophil percentages, both subjects with
higher or lower sputum neutrophil percentages would bemisclassi-
fiedby the surrogatebiomarkers of age andFEV1percent predicted.
ROC curves for predicting sputum eosinophil

counts of less than 2% or 2% and greater and

predicting sputum neutrophil counts of less than

40% or 40% and greater
ROC analyses to predict sputum eosinophil and neutrophil

percentages were performed to determine optimum cut points,



A

B

FIG 3. ROC curves for blood eosinophil counts, FENO levels, or IgE levels in-

dividually to predict sputum eosinophil percentages of less than 2% or 2%

and greater (A) or for age, FEV1 percent predicted, or blood neutrophil

counts to predict sputum neutrophil percentages of less than 40% or 40%

and greater (B). AUCs were similar for all subjects (Table III).
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accuracy, and positive predictive values. The ROC curves for
blood eosinophil counts, FENO levels, or IgE levels for predicting
sputum eosinophil percentages of less than 2% or 2% and greater
and for age, FEV1 percent predicted, and blood neutrophil counts
for predicting sputum neutrophil percentages of less than 40% or
40% and greater are presented in Fig 3, respectively. Although
statistically significant, the AUC shows fair-to-poor accuracy
and positive predictive values (summarized in Table III).

Additional ROC analyses were performed to determine whether
alternative criteria improved prediction of sputum eosinophil
counts, such as to predict sputum eosinophil counts of less than
3% or 3% and greater or to predict eosinophil percentages of less
than 2% or 2% and greater in subjects with severe asthma only (a
group only receiving high-dose inhaled or oral corticosteroids) or
only in subjects without ICS treatment to examine potential
confounding by corticosteroid exposure. The results for each of
these were nearly identical to ROC curves for predicting sputum
eosinophil percentages of less than 2% or 2% and greater, with
minimal or no improvement in sensitivity, specificity, and accuracy
(Table III and see Figs E1-E3 in this article’s Online Repository at
www.jacionline.org).

Combinations of variables, as previously suggested14 and
used,13,41 were examined for improved prediction of sputum
eosinophil percentages.TheROCcurve of blood eosinophil counts
in combinationwith a FENO level of 30 ppb and greater or with IgE
levels of 100 IU/mL and greater showed no enhancement in AUCs
or accuracy for combined variables over blood eosinophil counts
alone (Table III), nor was the combination of FENO levels, either
with blood eosinophil counts of 300/mL and greater or IgE levels
of 100 IU/mL and greater, superior to FENO levels alone (Table III).

Likewise, combining lower reversibility (<15%) with FEV1

percent predicted to examine whether a characteristic of more
fixed airflow obstruction better predicted sputum neutrophil
counts of less than 40% or 40% and greater did not provide any
improvement (Table III).
Factor analysis variables associated with sputum

eosinophil and neutrophil counts
Todeterminewhether other variablesmight better predict sputum

eosinophil and neutrophil percentages, factor analysis was per-
formed for 19 variables, including sex, age, asthma duration, race,
lung function (baseline prebronchodilator FEV1 percent predicted,
FVC percent predicted, and FEV1/FVC ratio), TH2-associated var-
iables (FENO and IgE levels), and measures of exacerbations (emer-
gency department visits, hospitalizations, and intensive care unit
admission, see Table E5). A separate factor analysis including cor-
ticosteroid use (20 variables) did not differ, nor was corticosteroid
use associated with either sputum eosinophil or neutrophil percent-
ages. Similarly, adding maximum FEV1 percentage reversibility to
the factor analysis did not alter thosevariables associatedwith either
sputum eosinophil or neutrophil percentages.

Sputum eosinophil percentages showed associations with FENO
and blood eosinophil counts, whereas sputum neutrophil percent-
ages showed associations with age and asthma duration. These 4
variables and 1 to 2 variables from each factor group (body mass
index, sex, race, IgE level, blood neutrophil count, and baseline
FEV1 percent predicted) were included in stepwise discriminate
analysis to predict combined sputum eosinophil and neutrophil
percentages. FENO levels (P <.001), age (P <.001), and blood neu-
trophil counts (P 5 .04) were significant for predicting the 4
sputum subgroups of (1) eosinophil count of 2% and greater
plus neutrophil count of 40% and greater, (2) eosinophil count
of 2% and greater plus neutrophil count of less than 40%, (3) eo-
sinophil count of less than 2% plus neutrophil count of 40% and
greater, and (4) eosinophil count of less than 2% plus neutrophil
count of less than 40% (see Fig E4 in this article’s Online Repos-
itory at www.jacionline.org). However, only 41% of sputum sam-
ples were correctly assigned to the 4 sputum groups.

FENO levels (P < .001), baseline FEV1 percent predicted (P 5
.018), and IgE levels (P5 .034) were significant for predicting spu-
tum eosinophil percentages of less than 2% or 2% and greater (Fig
4). Sixty-nine percent of subjects were correctly assigned to the
groups with less than 2% or 2% and greater sputum eosinophil per-
centages. Although identified by means of factor analysis, blood
eosinophil countswere not significant in stepwise discriminant anal-
ysis for predictionof sputumeosinophilpercentages.Moreover, sub-
jects stratified based on blood eosinophil counts (see Table E2) had
smaller differences in lung function and asthma symptoms and no
significant differences in measures of health care use.

Age (P<.001), absolute blood neutrophil counts (P5.007), and
asthmaduration (P5.03)were significant for prediction of sputum
neutrophil percentages of less than 40%or40%andgreater (Fig 5).
Sixty-four percent of subjects were correctly assigned to the
groups with less than 40% or 40% and greater sputum neutrophil
percentages. Although FEV1 percent predicted was significant
for negative association with sputum neutrophil percentages, as
observed here and in previous reports,26,32 this variable was
more strongly associated with sputum eosinophil percentages.
DISCUSSION
Sputum eosinophilia and neutrophilia are characteristics of

bronchial inflammation in asthmatic patients, reflect underlying
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TABLE III. Summary ROC curve analyses

Youden

J index Cut point Sensitivity Specificity Accuracy

Positive

predictive

value AUC P value

To predict sputum eosinophil percentages of <2% or >_2%

Blood eosinophil count (n 5 254)* 0.237 300 59% 65% 63% 50% 0.66 <.001

FENO level (n 5 238) 0.323 30 ppb 65% 67% 66% 54% 0.72 <.001

IgE level (n 5 243) 0.277 120 66% 61% 63% 51% 0.64 .037

Blood eosinophil count 1 FENO level (n 5 107) 0.121 400 45% 67% 55% 62% 0.58 .24

Blood eosinophil count 1 IgE level (n 5 144) 0.215 300 66% 55% 60% 57% 0.63 .04

FENO level 1 blood eosinophil count (n 5 103) 0.302 35 ppb 73% 58% 65% 63% 0.69 .003

FENO level 1 IgE level (n 5 136) 0.216 30 ppb 69% 53% 60% 56% 0.66 .003

To predict sputum neutrophil percentages <40% or >_40%

Age (n 5 254) 0.318 40 yr 59% 73% 67% 64% 0.71 <.001

Blood neutrophil count (n 5 254) 0.132 3000 77% 37% 55% 50% 0.60 .006

FEV1 % predicted (n 5 254) 0.164 90% 55% 62% 58% 63% 0.56 .049

FEV1 % predicted1 maximum FEV1 reversal <15% (n 5 159) 0.191 90% 52% 67% 59% 64% 0.60 .048

To predict sputum eosinophil percentages <3% or >_3%

Blood eosinophil count (n 5 238) 0.292 300 63% 66% 65% 47% 0.69 <.001

FENO level (n 5 238) 0.287 30 ppb 65% 64% 64% 46% 0.71 <.001

To predict severe sputum eosinophil percentages <2% or >_2%

Blood eosinophil count (n 5 53) 0.418 300 63% 79% 72% 71% 0.75 .004

FENO level (n 5 49) 0.378 30 ppb 61% 77% 69% 70% 0.77 .014

To predict no ICS sputum eosinophil percentages <2% or >_2%

Blood eosinophil count (n 5 92) 0.243 200 82% 42% 54% 38% 0.62 .13

FENO level (n 5 85) 0.346 40 ppb 63% 72% 69% 47% 0.74 .002

P values meeting significance are shown in boldface.

*Number of subjects is provided in parentheses.

FIG 4. Three-dimensional distribution of subjects’ FENO levels, IgE levels,

and FEV1 percent predicted for those with less than 2% sputum eosinophil

counts (solid circles) or 2% and greater sputum eosinophil counts (open cir-
cles). Subjects with less than 2% sputum eosinophil percentages are shifted

to the left, with lower FENO levels and higher FEV1 percent predicted,

whereas subjects with 2% and greater sputum eosinophil percentages

are shifted to the right, with higher FENO levels, although not necessarily

lower FEV1 percent predicted.

FIG 5. Three-dimensional distribution of subjects’ age, asthma duration,

and blood neutrophil counts for thosewith sputumneutrophil counts of less

than 40% (solid circles) or 40% and greater (open circles). Subjects with less

than 40% sputum neutrophil percentages are shifted left, with younger age,

shorter asthma duration, and lower blood neutrophil counts, whereas sub-

jects with 40% and greater neutrophil percentages are shifted to the right,

with older age, longer asthmaduration, andhigher blood neutrophil counts.
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airway pathology, and are useful in predicting responses to
therapeutic interventions.3,7-12 Investigators have explored alter-
native biomarkers as surrogates because of the time-intensive
and technically demanding methods for sputum induction, pro-
cessing, and analysis in clinical settings. The potential usefulness
of readily available predictive biomarkers for sputum eosinophils
and neutrophils includes not only the management of difficult-to-
treat asthma but also serve as important end points for clinical
trials and subsequent registration of new biologic therapies for
asthma that target specific airway inflammation. However, before
using surrogate biomarkers, whether individually or combined,
sensitivity, specificity, and accuracy of prediction compared
with actual sputum counts must be demonstrated across the full
range of asthma severity or shown to be applicable to specific
asthma subphenotypes only.

Readily accessible biomarkers, including blood eosinophil
counts, FENO levels, and total serum IgE levels, are associated
with sputum eosinophil percentages,13-20 whereas age and
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FEV1 percent predicted are associated with sputum neutrophil
percentages.26,32 Despite these reported associations, the accur-
acy of a biomarker to predict sputum cell percentages requires
specific demonstration in individual asthmatic subjects. In gen-
eral, eosinophilic rather than neutrophilic sputum inflammation
has been more frequently investigated. The National Heart,
Lung, and Blood Institute’s SARP reported that 495 subjects strat-
ified by asthma severity and FENO levels of less than 35 ppb or 35
ppb and greater showed differences in sputum eosinophil percent-
ages.25 In a separate study of 546 asthmatic subjects, FENO levels
were significantly correlated with total IgE levels and blood and
sputum eosinophil counts.19 Moreover, anti-IgE therapy reduces
not only IgE levels but also FENO levels and blood and sputum eo-
sinophil counts,44 suggesting interactions between these TH2 bio-
markers. However, neither the Dweik et al25 nor Gruchalla et al19

studies addressed the accuracy of FENO levels, IgE levels, or blood
eosinophil counts to predict sputum cell percentages in individual
subjects. McGrath et al41 examined a subpopulation with mild-to-
moderate asthma and showed ROC analyses for blood eosinophil
percentages (n 5 361) and FENO levels (n 5 756) to predict spu-
tum eosinophil percentages of less than 2% or 2% and greater.
These results had 72% sensitivity and 69% specificity at a blood
eosinophil count of 220/mL and 64% sensitivity and 73% specific-
ity at a FENO level of 20 ppb. Although accuracy values were not
given, the AUCs (0.77 and 0.72, respectively) are similar to those
we report, although at the slightly higher cut points observed in
our cohort of subjects, which included subjects with more severe
asthma. A recent study on serum periostin levels in 59 subjects
with corticosteroid-refractory asthma reported AUCs for FENO
levels of 0.79, blood eosinophil counts of 0.71, and IgE levels
of 0.62 but did not provide ROC accuracy predicting a ‘‘compos-
ite’’ eosinophil variable (tissue and sputum)5; these values are
similar to the AUCs reported here for these individual biomarkers.
Other studies raise concerns regarding the specificity and clinical
utility of the association between FENO levels and airway eosino-
phil percentages.21-24

Studies in small groups of asthmatic subjects have reported
different conclusions regarding the correlation of FENO levels and
eosinophil numbers in either sputum or bronchial biopsy speci-
mens.5,15,21-23,46 The differences among these studies might be
due to the small numbers of subjects, differences in asthma
severity, possible effects of varying doses of corticosteroid ther-
apy,23,26 or confounding by exposure to tobacco smoke.16,20,47 In
addition, widely varying thresholds are proposed for FENO levels,
from 8.3 ppb to nearly 10-fold higher at 73 ppb.16,18,20,46,48

SARP subjects were nonsmokers and therefore unaffected by
smoking. ROC curve analyses for FENO prediction of eosinophil
percentages of less than 2% or 2% and greater in subgroups of
subjects with severe asthma only, all of whom were receiving
high-dose corticosteroids, or in subjects without corticosteroid
treatment were equivalent to ROC analyses in the full SARP co-
hort of subjects with mild-to-severe asthma, suggesting that
asthma severity and treatment with corticosteroids minimally af-
fected FENO prediction of sputum eosinophil percentages. Fur-
thermore, corticosteroid use was not associated with either
sputum eosinophil or neutrophil percentages in factor analysis,
supporting a small effect of continuous corticosteroid use on spu-
tum eosinophil or neutrophil percentages. Even without these
confounding effects, FENO measurement had only 66% accuracy
and a 54% positive predictive value for sputum eosinophil per-
centages, which is little better than random chance.
In the present report factor analysis and stepwise discriminate
analysis were used to determine which variables were signifi-
cantly associated with sputum eosinophil and neutrophil percent-
ages: FENO levels, IgE levels, and FEV1 percent predicted were
identified for sputum eosinophil percentages, and age, asthma du-
ration, and blood neutrophil counts were identified for sputum
neutrophil percentages. Nevertheless, these combined variables
were less successful (only 41% correct) for predicting 4 sputum
granulocytic groups than for predicting 2 groups, either less
than 2% or 2% and greater eosinophil counts (69% correct) or
less than 40% or 40% and greater neutrophil percentages (64%
correct). These results confirm the similarly weak values for ac-
curacy (range, 54% to 72%) observed in ROC curve analyses ei-
ther for single or combinations of surrogate biomarkers.

Inflammatory phenotype groups in asthmatic subjects distin-
guished by blood eosinophil counts either with36 or without17

neutrophil counts have been investigated and recently used in a
clinical trial.13 In the study with lebrikizumab, subjects were ini-
tially characterized for TH2 phenotypes based on combined blood
eosinophil counts and IgE levels. The combined blood eosinophil
count plus IgE level stratification scheme was derived from
IL-13–responsive gene expression levels (periostin, serpin B2,
and CLCA1) in a study of 42 asthmatic subjects.49 Subsequent
stratification by less than or greater than median levels of serum
periostin performed better than blood eosinophil counts plus
IgE levels in predicting the response to anti–IL-13 treatment.
Nevertheless, stratification by less than or greater than the median
FENO level performed equally well as stratification by serum peri-
ostin level. In a separate study in subjects with corticosteroid-
refractory asthma, FENO levels correlated equally as well as serum
periostin levels with sputum eosinophil percentages and better
than periostin levels with tissue and blood eosinophil counts.45

Our results indicate that blood eosinophil counts, although asso-
ciated with TH2 inflammatory parameters, are poor predictors of
sputum eosinophilic inflammation, lung function, and health care
use. The fact that blood eosinophils transmigrate quickly into
tissue in response to localized inflammation suggests that associ-
ation of blood eosinophil counts with airway inflammation might
be transient50 and, as observed here, lacking strong positive cor-
relation.Measurements ofmultiple biomarkers, including sputum
cells, serum proteins (eg, periostin), and other biochemical
markers, should be examined in future studies to determine the
best approach for characterizing asthma severity, health care
use, and responses to biologic therapies.

Despite FENO levels predicting change in FEV1, as well as peri-
ostin levels, to anti–IL-13 therapy,13 the use of FENO levels to
guide treatment in asthmatic subjects has produced conflicting re-
sults.24,51-53 In contrast, trials using sputum eosinophil percent-
ages to guide treatment and predict asthma control have
reported more positive results.7-9,12,24,54 Trials focused on neutro-
phils formanagement in subjectswith refractory asthma haveused
antibiotics with mixed effectiveness,55-57 but a recent trial of a
CXCR2 antagonist in subjects with severe asthma successfully re-
duced sputum neutrophil counts andmild asthma exacerbations.58

We confirm that increased sputum eosinophil and neutrophil per-
centages are both associated with increased frequency of asthma
exacerbations and health care use, whichmight have a pathophys-
iologic basis when both TH2 eosinophilic and TH17 neutrophilic
airway inflammation34,35 coexist in asthmatic subjects.

In conclusion, this study confirms associations of FENO levels,
IgE levels, and blood eosinophil counts with sputum eosinophil
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percentages and age, FEV1 percent predicted, and blood neutro-
phil counts with sputum neutrophil percentages. However, the
results of this study clearly demonstrate the poor accuracy and
ability of these biomarkers, alone or in combination, to predict
sputum eosinophil and neutrophil percentages in individual sub-
jects across the spectrum of asthma severity. Accuracy was not
improved by restriction to specific asthma subgroups. These are
important observations, particularly for studies relying on surro-
gate biomarkers of airway inflammation, because without direct
assessment of induced sputum, subjects with asthma will be mis-
classified. At present, assessment of sputum eosinophil plus neu-
trophil percentages appears to be the best minimally invasive
indicator of airway inflammation and is significantly correlated
with asthma severity and health care use. Further investigation
of novel biomarkers (eg, periostin),13,59,60 panels of serum pro-
teins, or allergen reactivity profiles,61 might provide relevant phe-
notypes that reflect inflammatory cells in the airways.

We thank Jeffrey Krings, RN, and Regina Smith, clinical coordinators, for

their essential contributions.

Key messages

d Blood eosinophil counts, FENO levels, FEV1 percent pre-
dicted, or IgE levels, alone or in combination, lack suffi-
cient sensitivity and specificity for accurately predicting
sputum eosinophil percentages in asthmatic subjects or
serving as reliable biomarkers of more severe asthma, ex-
acerbations, or health care use.

d Similarly, age, FEV1 percent predicted, and blood neutro-
phil counts, alone or in combination, lack sufficient sensi-
tivity and specificity for accurately predicting sputum
neutrophil percentages.
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Rationale for selection of sputum eosinophil count

and neutrophil count cut points
Previous studies have considered sputum eosinophil percentages of 1% or

greater to3%as representing an eosinophilic phenotypeE1-E3 and sputumneutro-

phil percentages as high as 61%E1,E3,E4 as representing neutrophilic phenotype;

in this and a previous studyE5we used sputum eosinophil percentages of 2% and

greater and neutrophil percentages of 40% and greater as cut points that repre-

sented the equivalent medians for sputum eosinophil percentages (1.7%) and

neutrophil percentages (39%) in subjects with severe asthma.E5 Our selection

of the neutrophil percentage cut point considered previous reports, including

confounders. Balbi et alE6 stated that the normal range for sputum neutrophil

counts ‘‘remains amatter for evaluation’’ becausemany factors influence neutro-

phil inflammation in the airways, including age, air pollution, environmental en-

dotoxin levels, genetics, and evenvariable sputum inductionmethods (eg, length

of induction andvariable hypotonic saline concentrations). Inaddition,moderate

exercise might significantly increase neutrophil percentages in healthy and asth-

matic subjects.E7 Although others have reported neutrophil percentages greater

than ourmedian of 39%, asthmatic subjects in former studies have included sub-

stantial numbers of current smokers or exsmokers (range, 25% to50%of a group

witha>_10packyearhistory).E8,E9Exposure to tobacco smokehas been shown to

increase sputum neutrophil percentagesE10,E11 to greater than the levels in non-

smokers, andneutrophil-associatedmarkers apparently donot decrease, evenaf-

ter 6 months smoking cessation.E12 Being a nonsmoker was an inclusion

criterion in our study. Moreover, studies reporting sputum neutrophil percent-

ages increased to greater than our 40% cut point examined subject groups

with mean or median ages of 50 years or greater in addition to smoke exposur-

e.E9,E13 Sputum neutrophil percentages increase in both healthy and asthmatic

subjects with age,E14-E16 which might contribute to the higher neutrophil per-

centages designated as neutrophilic in other studies. Themedian sputumneutro-

phil percentage previously for our severe cohort was 39% (interquartile range,

16% to 62%),E5 which is comparable with reports with similar age groups and

smoke exposure in asthmatic subjects.E14-E20 Finally, we considered the effect

of corticosteroidsE14,E21 on sputum eosinophil and neutrophil percentages in

our group of asthmatic subjects. As reported previouslyE5 and currently ob-

served in factor analysis, corticosteroid use was not associated with either spu-

tumeosinophil or neutrophil percentages anddidnot result in significant sputum

eosinophil or neutrophil percentage differenceswhen subjectswere stratified by

corticosteroid use (P5.12 for eosinophil percentages andP5.37 for neutrophil

percentages). Therefore we considered less than 2% or 2% and greater eosino-

phil percentages and less than 40%or40%andgreater neutrophil percentages to

be reasonable cut points for stratification of our subjects with asthma by using

sputum granulocytic inflammation.

RESULTS

Subject stratification by sputum or blood

inflammatory cell counts
We have previously reported on differences between subjects

stratified into 4 groups by sputum granulocyte counts.E5 The subject
group with combined increased eosinophil and neutrophil percent-
ages had the lowest lung function, worse asthma control, and in-
creased health care requirements. Those findings were confirmed
by the expanded data set of subjects with adequate sputum samples
(n5 254) in this report (Table E1). Analyses of primary importance
for the combination of sputum eosinophil and neutrophil percent-
ages or eosinophil percentages or neutrophil percentages individu-
ally to the differences in lung function and health care use were
determined for subjects stratified based on both sputum eosinophil
percentages and neutrophil percentages (4 groups), eosinophil per-
centages (2 groups), or sputum neutrophil percentages (2 groups).
Incomparisons betweenmodels, 4 groups versus2groups, either eo-
sinophil or neutrophil percentages were examined (Table E2). The
results confirm that both eosinophilic and neutrophilic inflammation
associatewith the loss of lung function and increasedhealth careuse.
Stratification by blood eosinophil and blood

neutrophil counts
Inflammatory phenotype groups have been distinguished based

on blood eosinophil and neutrophil countsE22; therefore subjects
were stratified based on blood eosinophil counts (<300/mL or
>300/mL, Youden J cut point from ROC analysis) to investigate
whether this proposed surrogate for sputum eosinophils distin-
guished groups with greater health care use, exacerbations, and
severity (Table E3). Although there were significant differences
in methacholine bronchial hyperresponsiveness (log PC20),
FENO levels, and IgE levels and small but significant differences
in FEV1 percent predicted and FEV1/FVC ratio, therewere no dif-
ferences in any variable related to overall asthma health care use
or frequency and severity of exacerbations. Adding blood neutro-
phil counts (<4000/mL or >4000/mL; midpoint selected between
calculated Youden J cut point [3000/mL] and a previously re-
ported [5000/mL] cut pointE22) to the stratification scheme did
not improve the ability of blood granulocyte differentials to pre-
dict asthma severity or any distinctions in health care require-
ments (Table E4). Race, which was not significant for blood
eosinophil counts of less than 300/mL or 300/mL and greater, be-
came significant with additional stratification by blood neutrophil
counts (P 5 .004). The substantially lower frequency of African
American subjects with increased blood neutrophil counts
(>_4000/mL) combined with increased blood eosinophil counts
contrasts with the lack of any difference for race in subjects strat-
ified based on sputum granulocyte percentages (Table E1).
Additional ROC analyses
Others have reported on the use of FENO measurement to pre-

dict sputum eosinophil percentages of 3% and greater, with a de-
rived FENO level of 41 ppb and greater (65% sensitivity and 79%
specificity) selective for sputum eosinophilia.E23 Therefore ROC
curves were generated for FENO levels or blood eosinophil counts
to predict sputum eosinophil percentages of less than 3% or 3%
and greater (FENO level: AUC, 0.71 [P < .0001]; blood eosinophil
counts: AUC, 0.69 [P < .0001]; Fig E1). The results were nearly
identical to ROC curves for predicting sputum eosinophil percent-
ages of less than 2% or 2% and greater (Fig 3, A, and see the print
Results section) with only minimal improvement for blood eosin-
ophil counts and no improvement for FENO levels. Accuracy
slightly improved for blood eosinophil counts but not for FENO
levels; positive predictive value decreased for both (Table III).

In addition, ROC curve analyses were performed for FENOmea-
surement or blood eosinophil count prediction of sputum eosino-
phil percentages of less than 2%or 2%and greater in subjects with
severe asthma only (Fig E2). This smaller subgroup, all receiving
high-dose inhaled or oral corticosteroids, had the same FENO level
and blood eosinophil count cut points (30 ppb and 300/mL,
respectively) as those for the full range of asthma severity. Blood
eosinophil count had an AUC of 0.75 (P 5 .004), and for the cut
point of 300/mL and greater, there was a sensitivity of 63%, spec-
ificity of 79%, accuracy of 0.72, and positive predictive value of
0.71. FENO level had anAUCof 0.77 (P5.014), and for a threshold
of 30 ppb and greater, therewas a sensitivity of 61%, specificity of
77%, accuracy of 0.69, and positive predictivevalue of 0.70.How-
ever, for both blood eosinophil counts and FENO levels, there were
substantial false-negative rates (38% and 39%, respectively),
which indicate more than a third of subjects with severe asthma
with 2% and greater eosinophil percentages would be
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misclassified based on blood eosinophil counts or FENO levels.
These findings are consistent with the lack of association between
FENO levels and sputum eosinophil percentages observed in sub-
jects with severe or prednisolone-dependent asthma.E24,E25

Finally, to test whether ICSs limited the utility of FENO level
or blood eosinophil count prediction of sputum eosinophil per-
centages of less than 2% or 2% and greater,E14,E17,E21 ROC
curves for these biomarkers were examined in subjects with non-
severe asthma without ICS treatment (Fig E3). Blood eosinophil
counts had an AUC of 0.62 (P5 .13), and for a cut point of 200/
mL and greater, there was a sensitivity of 82%, specificity of
42%, accuracy of 0.54, and positive predictive value of 0.38.
FENO levels had an AUC of 0.74 (P 5 .0024), and for a cut point
of 40 ppb and greater, there was a sensitivity of 63%, specificity
of 72%, accuracy of 0.69, and positive predictive value of 0.47.
These analyses differed very little in AUC and accuracy com-
pared with the ROC curve analyses for all subjects, both
untreated and ICS treated, and compared with the ROC curve
analyses for subjects with severe asthma, all receiving high-
dose ICSs or oral corticosteroids (Table III). Positive predictive
value was decreased, which might be due to the smaller number
of subjects. Nevertheless, these data suggest that long-term high-
dose ICS treatment does not substantially alter prediction of spu-
tum eosinophil percentages in the larger population based on
FENO levels and blood eosinophil counts.

Factor analysis to determine variables associated

with sputum granulocytes
Factor analysis to determine which variables were associated

with sputum granulocytes included standard variables, such as
age, sex, race, asthma duration, body mass index, lung function
(baseline prebronchodilator FEV1 percent predicted, FVC
percent predicted, and FEV1/FVC ratio), TH2-associated varia-
bles (FENO and IgE levels), and measures of exacerbations (emer-
gency department visits, hospitalizations, and intensive care unit
admission selected from Table E1). The results of factor analysis
with 19 variables are shown in Table E5. A separate factor anal-
ysis that included corticosteroid use to test for its effect (20 vari-
ables)E14,E17,E21,E26 did not substantially differ in results from
those obtained for the 19 variables, nor was corticosteroid use
associated with either sputum eosinophil or neutrophil percent-
ages. Similarly, adding maximum FEV1 percentage reversibility
to the factor analysis did not alter those variables associated
with either sputum eosinophil or neutrophil percentages. A final
selected group of 10 variables (boldface text in Table E5) were
used for stepwise discriminate analysis.

FENO levels (P < .001), age (P < .001), and blood neutrophil
counts (P5 .04) were significant for predicting combined eosino-
phil and neutrophil percentages in 4 sputum groups: (1) eosinophil
percentage of 2% and greater plus neutrophil percentage of 40%
and greater, (2) eosinophil percentage of 2% and greater plus neu-
trophil percentage of less than 40%, (3) eosinophil percentage of
less than 2% plus neutrophil percentage of 40% and greater, or
(4) eosinophil percentage of less than 2% plus neutrophil percent-
age of less than 40% by using stepwise discriminate analysis (Fig
E4). However, only 41% of sputum samples were correctly as-
signed to the 4 sputum groups. Stepwise discriminant analysis cor-
rectly assigned 69% of subjects in predicting 2 sputum groups
(ie, eosinophil counts of <2% or >_2%) and 64% of subjects in pre-
dicting 2 sputum groups (ie, neutrophil counts of <40% or >_40%).
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FIG E1. ROC curve for FENO levels (A, left) or blood eosinophil counts

(B, right) to predict sputum eosinophil percentages of less than 3% or 3%

and greater. FENO level had an AUC of 0.71 (P < .0001). Blood eosinophil

count had an AUC of 0.69 (P < .0001). These results were nearly identical

to the curves for predicting sputum eosinophil percentages of less than

2% and 2% or greater.
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FIG E2. ROC curve for FENO levels (A, left) or blood eosinophil counts

(B, right) to predict sputum eosinophil percentages of less than 2% or 2%

and greater in subjects with severe asthma. The FENO level AUC was

0.773 (P 5 .01), and the blood eosinophil count AUC was 0.756 (P 5 .004).

These are slightly better results than for subjects with asthma of all sever-

ities, but false-negative rates (38% and 39%, respectively) indicate misclas-

sification of more than one third of the subjects with severe asthma as

having sputum eosinophil percentages of less than 2%.
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FIG E3. ROC curve for FENO levels (A, left) or blood eosinophil counts

(B, right) to predict sputum eosinophil counts of less than 2% or 2% and

greater in subjects with nonsevere asthma without ICS treatment. FENO

level had an AUC of 0.738 (P 5 .0024), and blood eosinophil count had an

AUC of 0.618 (P 5 .13). These results suggest that ICSs do not confound

FENO level or blood eosinophil count prediction of sputum eosinophil per-

centages in the larger population treated and untreated with ICSs.
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FIG E4. Subject distribution for FENO levels, age, and blood neutrophil counts as sputum eosinophil percent-

age of 2% and greater plus neutrophil percentage of 40% and greater (solid circles, A), sputum eosinophil

percentage of 2% and greater plus neutrophil percentage of less than 40% (open circles, B), sputum eosin-

ophil percentage of less than 2% plus neutrophil percentage of 40% and greater (inverted red triangles, C),
and sputum eosinophil percentage of less than 2% plus neutrophil percentage of less than 40% (upright
green triangles, D). Generally, subjects with neutrophil percentage of 40% and greater with or without eo-

sinophil percentages of greater than 2% were mainly older than 40 years, whereas subjects with sputum

eosinophil percentages of greater than 2% plus neutrophil percentages of less than 40% were younger

than 40 years, but subjects with eosinophil percentages of less than 2% plus neutrophil percentages of

less than 40% were broadly distributed overall.
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TABLE E1. Subjects stratified by sputum eosinophil plus neutrophil percentages*

Eosinophil count

<2% 1 neutrophil

count <40%

Eosinophil count

<2% 1 neutrophil

count >_40%

Eosinophil count

>_2% 1 neutrophil

count <40%

Eosinophil count

>_2% 1 neutrophil

count >_40% P value

No. 82 77 57 38

Sex (% female) 73 70 67 63 .68

Race (%), white/African American/other 57/34/9 65/34/1 53/40/7 50/45/5 .36

Age at asthma onset (y) 16 6 15 17 6 16 15 6 14 20 6 15 .28

Asthma duration (y) 18 6 12 26 6 16 18 6 11 24 6 15 .002

Baseline predrug FEV1 (% predicted) 83 6 18 78 6 16 76 6 18 71 6 20 .013

Baseline predrug FVC (% predicted) 92 6 15 85 6 15 90 6 17 82 6 18 .005

Baseline predrug FEV1/FVC ratio 0.75 6 0.1 0.75 6 0.1 0.7 6 0.1 0.69 6 0.1 .006

Log PC20 to methacholine (geometric mean)� 1.15 (n 5 75) 1.35 (n 5 66) 0.78 (n 5 46) 0.42 (n 5 26) .016

No. of positive skin test results 3.9 6 3.0 3.6 6 2.9 4.0 6 3.0 4.7 6 3.0 .27

Blood eosinophil count (K/mL) 0.24 6 0.22 0.21 6 0.13 0.34 6 0.22 0.32 6 0.22 .0002

FENO level (ppb) 25 6 2 19 6 2 48 6 3 34 6 2 <.001

IgE level (IU/mL), geometric mean 100 63 158.5 158.5 .0006

Frequency of wheezing (%)� 61/20/19 65/17/18 53/19/28 34/26/40 .065

Nighttime symptoms (%)� 65/14/21 67/16/17 49/28/23 58/13/29 .207

Health care use in past year (%)
>_1 Urgent health care visits for asthma in past year 31 40 23 61 .002

Emergency department visits 16 21 18 41 .027

Hospitalized for asthma 4 5 9 16 .099

Health care use ever (%)

Daily use of b-agonist 24 34 54 47 .002

Symptoms worse if corticosteroids reduced 48 45 44 70 .047

Emergency department visits 52 70 67 82 .011

Hospitalized for asthma 26 38 42 57 .010

Hospitalized in ICU 7 10 21 22 .040

ICU, Intensive care unit.

*Data are presented as means 6 SDs, medians (25% to 75% quartiles), or percentage positive response. P values meeting Bonferroni correction are shown in boldface.

�Subjects with FEV1 of less than 50% of predicted value did not undergo methacholine challenge.

�Three categories, left to right, indicate percentage positive response for ‘‘never to less than 2 times/week,’’ ‘‘greater than 2 times/week but less than 1 time/day,’’ and ‘‘daily.’’
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TABLE E2. Comparison of P values for differences in variables based on stratification by sputum eosinophil percentages (2 groups), sputum neutrophil percentages (2

groups), both sputum eosinophil and neutrophil percentages (4 groups), and between models (4 groups vs 2 groups, either eosinophil percentages or neutrophil

percentages)

P value, eosinophil

percentages

P value, neutrophil

percentages

P value, eosinophil and

neutrophil percentages

P value diff, (eosinophil plus

neutrophil percentages vs

eosinophil percentages)

P value diff, (eosinophil plus

neutrophil percentages vs

neutrophil percentages) Comment

Baseline predrug FEV1 (% predicted) .0076 .048 .0024 .026 .004 Both

Baseline predrug FVC (% predicted) .49 .0003 .0010 .0003 .31 Neutrophil percentages

Baseline predrug FEV1/FVC ratio .00024 .98 .0012 .78 .0002 Eosinophil percentages

Log PC20 methacholine .0068 .93 .024 .71 .006 Eosinophil percentages

No. of positive skin test results .16 .85 .37 .78 .16 Neither

Blood eosinophil counts (K/mL) 5.28 3 1025 .18 .0002 .30 7.85 3 1025 Eosinophil percentages

FENO levels (ppb) 4.67 3 1028 .005 1.21 3 1028 .0099 8.96 3 1028 Both

Log IgE levels (IU/mL) .008 .076 .009 .12 .013 Eosinophil percentages

Daily use of b-agonist (% positive response) .0004 .8 .0015 .57 .0003 Eosinophil percentages

Asthma symptoms worsen if corticosteroids

reduced (% positive response)

.22 .26 .22 .22 .18 Neither

Emergency department visits ever (%) .061 .0096 .0044 .0057 .034 Both

Emergency department visits in past year (%) .13 .038 .028 .026 .08 Neutrophil percentages
>_1 Urgent health care visits for asthma in past

year (%)

.62 .0018 .0058 .0015 .45 Neutrophil percentages

Hospitalized for asthma ever (%) .0096 .061 .0044 .033 .005 Both

Hospitalized for asthma in past year (%) .037 .37 .065 .27 .03 Eosinophil percentages

Hospitalized in ICU ever (%) .0063 .8 .021 .61 .0006 Eosinophil percentages

ICU, Intensive care unit.
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TABLE E3. Stratification of subjects based on blood eosinophil counts of less than 300/mL or 300/mL and greater*

Blood eosinophil

counts <300/mL

Blood eosinophil

counts >_300/mL P value

No. 194 134

Sex (% female) 73 64 .11

Race, white/African American/other (%) 56/39/5 58/37/5 .95

Age at asthma onset (y) 16 6 15 17 6 16 .88

Asthma duration (y) 21 6 15 22 6 13 .38

Baseline predrug FEV1 (% predicted) 79 6 19 74 6 20 .01

Baseline predrug FVC (% predicted) 88 6 16 86 6 19 .12

Baseline predrug FEV1/FVC ratio 0.74 6 0.1 0.71 6 0.1 .002

Log PC20 to methacholine, geometric mean 1.41 (n 5 163)� 0.65 (n 5 105)� .0003

No. of positive skin test results 3.6 6 2.9 4.5 6 2.9 .015

IgE (IU/mL), geometric mean 79 159 .0002

FENO (ppb) 30 6 32.6 52.9 6 47.1 <.0001

Frequency of wheezing� 49/27/24 62/14/24 .011

Frequency of nighttime symptoms� 64/18/18 61/14/24 .34

Health care use in past year (%)
>_1 Urgent health care visits for asthma 35 35 1

Emergency department visits 20 23 .58

Hospitalized for asthma 6 8 .65

Health care use ever (%)

Daily use of b-agonist 36 40 .49

Symptoms worse if corticosteroids reduced 46 48 .82

Emergency department visits 62 67 .48

Hospitalized for asthma 34 41 .24

Hospitalized in ICU 9 15 .11

ICU, Intensive care unit.

*Data are presented as means 6 SDs, medians (25% to 75% quartiles), or percentage positive response. P values meeting significance are shown in boldface.

�Subjects with FEV1 of less than 50% of predicted value did not undergo methacholine challenge.

�Three categories, left to right, indicate percentage positive response for ‘‘never to less than 2 times/week,’’ ‘‘greater than 2 times/week but less than 1 time/day,’’ and ‘‘daily.’’
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TABLE E4. Subjects stratified by blood eosinophil plus neutrophil counts*

Eosinophil count

<300/mL 1 neutrophil

count <4000/mL

Eosinophil count

<300/mL 1 neutrophil

count >_4000/mL

Eosinophil count

>_300/mL 1 neutrophil

count <4000/mL

Eosinophil count

>_300/mL 1 neutrophil

count >_4000/mL P value

No. 109 85 65 69

Sex (% female) 69 78 55 72 .032

Race, white/African American/other (%) 52/46/2 61/29/10 48/49/3 68/25/7 .004

Age at asthma onset (y) 17 6 15 16 6 14 17 6 16 17 6 16 .95

Asthma duration (y) 20 6 14 23 6 16 19 6 13 24 6 13 .13

Baseline predrug FEV1 (% predicted) 79 6 19 79 6 19 74 6 21 74 6 20 .080

Baseline predrug FVC (% predicted) 88 6 16 88 6 17 87 6 19 85 6 20 .38

Baseline predrug FEV1/FVC ratio 0.73 6 0.12 0.74 6 0.1 0.7 6 0.09 0.71 6 0.11 .013

Log PC20 methacholine (geometric mean)� 1.38 (n 5 91) 1.45 (n 5 72) 0.65 (n 5 52) 0.65 (n 5 53) .004

No. of positive skin test results 3.6 6 3.0 3.7 6 2.9 4.8 6 2.8 4.2 6 3.0 .054

Sputum eosinophil counts (%) 2.9 6 6.2 3.2 6 8.8 6.4 6 11.4 6.7 6 10.2 .0003

FENO levels (ppb) 23 6 2 19 6 2 46 6 2 33 6 2 <.001

IgE levels (IU/mL), geometric mean 79.4 79.4 200 126 .0004

Frequency of wheezing (%)� 64/15/21 59/13/28 48/28/24 51/26/23 .102

Frequency of nighttime symptoms (%)� 69/14/17 52/15/33 63/18/19 65/17/18 .132

Health care use in the past year (%)
>_1 Urgent health care visits for asthma 32 39 35 35 .84

Emergency department visits 17 25 23 23 .49

Hospitalized for asthma 6 5 5 10 .54

Health care use ever (%)

Daily use of b-agonist 31 36 38 42 .87

Symptoms worse if corticosteroids reduced 42 52 45 51 .52

Emergency department visits 63 61 65 68 .84

Hospitalized for asthma 37 31 40 42 .51

Hospitalized in ICU 9 8 16 15 .37

ICU, Intensive care unit.

*Data are presented as means 6 SDs, medians (25% to 75% quartiles), or percentage positive response. P values meeting Bonferroni correction are shown in boldface.

�Subjects with FEV1 of less than 50% of predicted value did not undergo methacholine challenge.

�Three categories, left to right, indicate percentage positive response for ‘‘never to less than 2 times/week,’’ ‘‘greater than 2 times/week but less than 1 time/day,’’ and ‘‘daily.’’
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TABLE E5. Factor analysis for selected variables

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6

Age 218 79 1 227 9 5

Asthma duration 27 66 13 24 24 214

BMI 213 25 26 210 215 73

Sex 61 15 18 225 7 17

Race background 1 238 27 12 21 211

Number of positive skin test results 217 22 21 80 16 22

Baseline FEV1 (% predicted) 86 223 225 11 28 218

Baseline FVC 61 236 216 37 22 229

Baseline FEV1/FVC ratio 73 212 221 225 212 9

Blood eosinophil counts 210 0 26 18 68 10

Blood neutrophil counts 10 11 219 4 8 74

Sputum eosinophil counts (%) 3 3 10 22 72 0

Sputum neutrophil counts (%) 24 63 7 14 223 12

Feno levels 24 230 13 21 61 229

IgE levels 1 7 33 63 0 0

b-Agonist use 212 223 52 5 18 17

Emergency department visit 25 30 49 0 25 25

Ever hospital stay for breathing 211 21 76 1 1 29

Ever ICU for asthma 219 27 72 19 5 28

Values are multiplied by 100 and rounded to the nearest integer. Boldface type indicates a value of greater than 0.4. Variables in boldface were selected for stepwise discriminate

analysis.

BMI, Body mass index; ICU, intensive care unit.
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