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Acronyms and Abbreviations

ACT: Asthma Control Test

ANOVA: Analysis of variance

ATAQ-Control: Pediatric Asthma Therapy Assessmeunéglionnaire, Control Domain
C-ACT: Childhood Asthma Control Test

CASI: Composite Asthma Severity Index

FEV1: Forced expiratory volume in the first second
FVC: Forced vital capacity

ICS: Inhaled corticosteroid

LABA: Long-acting beta agonist

LRA: Leukotriene receptor antagonist

MSD: Maximum symptom day

pp: Percent predicted

SABA: Short-acting beta agonist

Capsule Summary
The maximum symptom day, a primary outcome of irgigrasthma research for almost two decadesydid

measure that consistently relates to asthma caatibis predictive of clinically relevant asthmalpaints.



To the Editor —

The maximum symptom day (MSD) is a composite measfiasthma symptomatology that integrates
three questions related to daytime and nighttinttenaa symptoms. It is the largest value of the nunolbelays in
the prior two weeks that a participant reportscdygh, wheezing, or shortness of breath, (2) sloaetidities due
to these symptoms, or (3) nocturnal awakening dubdse symptoms. Originally defined in the piviNational
Cooperative Inner City Asthma Study, the MSD hasnbesed as a primary endpoint in numerous studieser-
city asthma (some of which are collected underi@ed of the Supplemental Material). Surprisinglyce the first
publication citing this outcome almost twenty yeag®, it has never been validated(1).

The standardization of outcomes is important indemting comparable and reproducible research. A
necessary requirement is the use of outcomes #vat lbeen contextually validated. Because this baperformed
for the MSD, it was classified as a “emerging” hg 2010 NIH/AHRQ Asthma Outcomes Workshop, wheye it
core use in asthma research was not supportedtiédwilievidence reviews have criticized outcomahsas the
MSD on this basis(2, 3).

Because a large body of research relies on the MSBalidation is important, not only to support
inferences in these past and future studies, buottaladdress the disparity that arises by theifiziation of, and
reliance on, an unvalidated outcome for researthinviminority populations. The unintended consegedn that
the strength of evidence from these studies, whiehspecifically aimed at understanding and intengupon
asthma within especially vulnerable populationsy tm@ downgraded, stifling development and dissetiunaf
effective interventions.

Our objective was to assess the reliability, validiesponsiveness, and predictive characterisfitise
maximum symptom day. We analyzed the Mouse AlleagahAsthma Intervention Trial, a parallel-design
randomized clinical trial testing a pest managenmetvention for allergic asthma(4). 350 particigarecruited
from Baltimore, Maryland and Boston, Massachuseése followed every three months for one year (5
encounters). Outcomes recorded at each encoustedéd the MSD, days of rescue inhaler use in tho pwo
weeks, unanticipated asthma-related healthcatieaiidn and oral steroid use in the prior 3 monéms] the
Childhood Asthma Control Test (C-ACT, ages 5-113thina Control Test (ACT, ages 12-17), and Pediatric

Asthma Therapy Assessment Questionnaire-Contrab&ii (ATAQ-Control)(5). Pre-bronchodilator spirdnye



for FEV,pp and FEV/FVC was also performed. Spirometry and ACT/C-ACdr&vonly measured at baseline, 6,
and 9 months.

Full details on methodology (section A) and papieit characteristics (Table S1) are included in the
Supplemental Material. Internal consistency religbivas assessed by Cronbact’at all visits. These ranged from
0.74-0.82, indicating satisfactory reliability (Tlats2). The MSD was equal to all three of its cibmsht symptom
responses in 39.5% of instances and to two oftfe®tresponses in 19.1% of instances. OtherwieeyiD was
determined by the global symptoms response in 27sf8ved activity in 9.8%, and nocturnal wakeningti2% of
instances. Test-retest reliability was assessdtidintraclass correlation coefficient (ICC) amamdjviduals who
had stable control on the ACT/C-ACT. This was (hg&#wveen the baseline and 6-month visit (n=111)a&8
between the 6-month and 12-month visit (n=120)eotihg moderate test-retest reliability.

Criterion validity was demonstrated by identifyisignificant Spearman’s correlations between MSD and
ACT/C-ACT scores, ATAQ-Control scores, and daysesicue inhaler use at all visits (Table 1). Absolaean
correlation with ACT score was 0.71, C-ACT scoresWab2, ATAQ-Control score was 0.53, and rescualertuse
was 0.62. Low correlations between MSD and spiramparameters were only evident at 6- and 12-molitic
visits.

Discriminant validity was confirmed by comparing B$listributions using Wilcoxon rank-sum tests
between groups expected to have meaningful diftesein asthma symptoms. At all visits, high MS sty
identified participants who had poor control on ACIACT and ATAQ-Control scores, an asthma-relatade
care visit, corticosteroid need, and rescue inhaed (Table S3).

Responsiveness was confirmed by two approaches, Elinical trajectories of asthma control were
defined by ACT/C-ACT. Using ANOVA, we found thatetMSD distributions differed among these strata; th
MSD decreased in those with improved control amtgased in those with worsened control (Table Sd3ond,
change in MSD was significantly correlated to chesim ATAQ-Control score and days of rescue inhaser
between all adjoining visits (Table S5). There weoeconsistent correlations between change in Mi&Dchange
in FEV;1pp and FEV/FVC.

Predictive validity was confirmed by demonstratsignificant associations between MSD and risk oft@c
healthcare or corticosteroid need in the followdgonths. A one-day increase in MSD was associaittda 4%

increase in risk of an acute care encounter (RR, 5% CI 1.02-1.06; p<0.01, Figure 1) and a 3%sase in risk



of oral steroid utilization (RR 1.03, 95% CI 1.0D0%; p=0.02, Figure S1). There was no evidenceooflmearity
in the association between MSD and either outcome.

Finally, we performed an exploratory analysis asiegsthe correlation of spirometry to ACT/C-ACT and
ATAQ-Control scores. Similar to the MSD, we foundl to low correlations with FENpp and FEV/FVC (Table
S6). No measures were consistently responsiveaoggs in spirometry (Table S7).

Our results support the maximum symptom day adid &sthma outcome within minority populations. In
this dual-center interventional trial of inner-ciigthma, the MSD was a reliable and responsive unedsat
consistently correlated with markers of asthmambnincreases in MSD were associated with increaisi of
subsequent asthma-related acute healthcare utitizand use of corticosteroids, without floor oiling effects.

Development of patient-reported outcomes that antextually meaningful are valuable for understagdi
the impact of diseases specific to under-repredemtéisproportionately burdened populations. Thisspecially
true of urban asthma, which is associated with rsgneptomatic, uncontrolled disease, driven by fékors that
are unique to these environments. However, if suthomes are not validated, future public healtpants of
studies that utilize them are fundamentally wealefdis study addresses this disparity which héstexk for the
MSD for nearly two decades.

The MSD is simple to collect, easy to understand,iatrinsically meaningful. Community asthma
stakeholders endorse symptom outcomes like the BkSDore patient-centered and interpretable(6). The
Composite Asthma Severity Index, the only othetrimaent developed in an inner-city population, irlgs
symptoms with medication parameters, lung functiord exacerbations, necessarily diminishing theoimance of
symptoms within the overall instrument(7). Additadhy, the MSD’s moderate correlation to the othatignt-
reported outcomes in MAAIT suggests that it captuneique information not fully represented by thetfer
measures. The MSD therefore represents a valuabfmat to be independently determined, especialtyials
that do not actively modify participant medications

There are two opportunities for further study. &itise moderate test-retest reliability at six nfsnnay
have been influenced by the long time interval,clihive note is substantially longer than the foumtelve week
spans reported for other asthma questionnairesn8eprovider assessment of asthma control wasailaale from

this study, which would be an additionally informvatcriterion.



It is notable that the MSD, ACT/C-ACT, and ATAQ-Qoul were all poorly correlated to lung function.
This finding is compatible with literature repogjiimconsistent relationships between spirometrysymdptoms in
children, and it underscores its complementaryevadupediatric asthma.

In conclusion, the maximum symptom day is a reéabtsponsive, and valid measure of asthma
symptomatology that is consistently correlated wittier measures of asthma control among innempcipulations.
Our results strengthen the level of evidence distuthat have utilized this outcome and suppsrtdntinued use

in observational and interventional trials of incély asthma.
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TABLE AND FIGURE LEGEND

Table 1. Internal consistency reliability and aibe validity

Criterion Validity
Reliability | Spearman Correlation Between MSD and Cri
Encounter Cronbach’s | C-ACT | ACT ATAQ- | SABA FEV1pp | FEV1/F
o Contro Days VC
Baseline 0.74 -0.51 -0.68 0.35 0.50 -6.13 -0.1F |
3 Mont 0.81 ALY 0.6C_[0.62_ NN
6 Month 0.82 056 | 059
e o oo
on .82 -0.4¢ -0.6¢ . .64 -0.2C° -0.
Average 0.79 -0.52 -0.71 0.53 0.62 -0.18 -0.21

All cells are statistically significant at a p-vak0.001 unless noted otherwise.
& not statistically significant (p-value>0.05)

® p-value<0.05

Figure 1 Legend. Risk of acute care encounter lisaguent 3 months by maximum symptom days
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Section A. Methods
Sudy Design

The Mouse Allergen and Asthma Intervention TrialXMT) is a parallel-design randomized clinical tria
testing an integrated home pest management intieowerersus education alone for reduction of astbymaptoms.
Participants were aged 5-18, had persistent asthintbywere mouse-sensitized. Recruitment occurced the
metropolitan areas of Baltimore, Maryland and Bostdassachusetts, between 2010 and 2014. Fullgletali
including the study protocol, have been reportsdwhere(1). Participants were followed every timeaths for
one year, with clinic visits occurring at baselifeand 12 months, and telephone calls occurrirdgeatd 9 months.
For participants aged 5-11, the caregiver was timegpy respondent; for those aged 12-17, the ppait was the
primary respondent.

Data Collection and Study Instruments

The maximum symptom day (MSD) was recorded atradbanters. This was the largest value of the
number of days in the prior two weeks that theipi@dnt had (1) cough, wheezing, or shortness eéttr, (2)
slowed activities due to asthma symptoms; or (&furonal awakening due to cough, wheezing, or skegmof
breath(2). The MSD, therefore, ranged from 0-14h\Wwigher numbers indicating worse asthma symptology.

The Asthma Control Test (ACT) and Childhood Asth@utrol Test (C-ACT) was administered to
participants aged 12-17 and 5-11, respectivelgaah clinic visit. The ACT is participant-completaad ranges
from 5-25, with higher numbers indicating bettethasa control(3). The minimally important differen@dID) is 3
points(4). The C-ACT is completed by both the carergand participant and ranges from 0-27, withhieignumbers
indicating better asthma control(5). The minimafhportant difference is 2 points(6). In both instrents, a score
<19 is reflective of poor control.

The control domain of the Pediatric Asthma TherApgessment Questionnaire (ATAQ-Control) was
recorded at all encounters(7). The ATAQ-Controlgesfrom 0-7, with higher numbers indicating woasthma
control, and has been validated in those ages 81X (score>4 is reflective of poor control, based on analysat
suggested strong associations between this ramgesiof asthma exacerbation. A minimally impottdiiference
has not been established for this instrument.

Spirometry was obtained at each clinic visit acoagdo American Thoracic Society standards(9). Pre-
bronchodilator FEYand FVC were recorded, from which the ratio of FEEYC was calculated. Percent predicted
values were derived from equations developed bykiiaon and colleagues(10). Consequently, only te$oi
participants older than eight years of age arertedo

Finally, healthcare utilization and rescue inhalee information were obtained at each encounter.
Participants reported whether they had an acuteaartact (an unanticipated physician visit, emecge
department visit, or hospitalization) for asthmaha prior 3 months, need for an oral corticostkinithe prior 3
months, and number of days they needed use otaegd@shaler in the prior 2 weeks.

Analytic Approach

Internal consistency reliability was assessed lmn8ach’so, with satisfactory reliability defined at
>0.7(11). Test-retest reliability was assessedbyiritraclass correlation coefficient (ICC), calted among those
with stable asthma control, defined as individwelt® had ACT or C-ACT scores that were within 1 MiDeach
other at adjoining visits. Two 6-month ICCs wer¢edmined, between baseline to 6 months and bet@&derni 2
months. Moderate test-retest reliability was defias an ICC between 0.5 to 0.75(12). We were urtalgstimate
3-month ICCs by comparison against ATAQ-ControltresMID for this instrument has not been determine



Criterion validity was assessed by calculating &pea correlation coefficients between MSD and ACT
score (age 12-17), C-ACT score (age 5-11), ATAQ+@®rscore, number of days in the last two weeksnela
rescue inhaler was needed, pre-bronchodilator Fig&rtent predicted, and pre-bronchodilator FEEVC ratio.

Discriminant validity was assessed by comparing Migfributions between groups that would be
expected to have clinically meaningful differengeasthma symptoms. Participants were separatétl)ipresence
of poor asthma control as assessed by ACT/C-ACT(2nATAQ-Control scores, by (3) having an acuteeca
contact or (4) needing to use oral corticosteroidbe prior 3 months, and by (5) needing to usesaue inhaler in
the prior 2 weeks. MSD distributions between thgreeips were compared by non-parametric WilcoxoR-saam
tests.

Responsiveness was assessed by comparing cha@bitetween encounters with change in other
measures of asthma control. Two approaches wetk Bsst, participants were categorized as havimgroved,
stable, or worsened asthma control on the bast& &ID change in ACT/C-ACT score. Change in MSD betw
these three trajectories were compared by ANOVAo08d, Spearman correlation coefficients were catedl
between change in MSD and (1) change in ATAQ-Cdsizore, (2) change in number of days of rescualértuse
in the prior 2 weeks, (3) change in FEV1 perceertimted, and (4) change in FEWVC ratio.

Predictive validity was assessed by determiningads®ciation between MSD and risk of acute care
contact and oral corticosteroid use in the follagvgymonths, based on retrospective report at theegjuent visit.
The association was fit by generalized estimatiopgations to account for the longitudinal naturéhef data(13).
MSD was parameterized as a continuous term aftermaing that there was no departure from lingaritits
association with the outcomes (no floor or ceil@ifgcts within this cohort). Because the outcomeseveommon,
risk ratios rather than odds ratios were producéd(1

Analyses were performed in Stata 13 (StataCorple@elStation, Texas). A two-tailed p-value of Ovds
used to determine statistical significance. Thestuas approved by the institutional review boafithe Johns
Hopkins University School of Medicine, Boston Chéd’s Hospital, and Columbia University School obRc
Health. Written informed consent was obtained figarents and assent was obtained from all partitspan



Section B. Result Tables

Table S1. Participant characteristics, n=350

Demographic characteristics, no.
Age (years), mean+SD 9.8+3.2
Male gender 218 (62)
African-American rac 278 (79
Hispanic ethnicity 75 (21)
Annual household income
<30,000 232 (66)
30,000-50,000 57 (16)
>50,000 31(9)
Refused or unknow 30 (9
Asthma medication characteristics, no. (%)
Use of controlle 309 (88
Treatment step
SABA only 38 (12)
Low-dose ICS or LRA 61 (19)
Low-dose ICS + LABA, or 49 (15)
medium-dose ICS
Medium-dose ICS + LABA 16 (5)
High-dose ICS + LABA 162 (50)
Asthma characteristics, median (IQR)
Maximum symptom de 3 (C-7)
Days of rescue inhaler use/2 weeks 3 (1-8)
Asthma control scales
ACT score 19 (16-22)
C-ACT score 19 (16-21)
ATAQ-Control score 5 (3-6)
Event in prior 3 months, no. (%)
Acute care need due to asthma | 234 (67)
Use of oral corticosteroids 165 (47)
Pre-bronchodilator spirometry, meanz”
FEV; percent predicted 88+17
FVC percent predicte 98+1F
FEV,/FVC ratio 0.78+0.09

ACT=Asthma Control Test, ATAQ-Control=Pediatric Asta Therapy Assessment Questionnaire-Control Dgrftain
ACT=Childhood Asthma Control Test, ICS=Inhaled mm$teroid, LABA=Long-acting beta agonist, LRA=Leaikene receptor
antagonist, SABA=Short-acting beta agonist

#Based on the Composite Asthma Severity Index, n=326

®reported for ages8, n=305



Table S2. Internal consistency reliability andemithin validity

Criterion Validity

Reliability | Spearman Correlation Between MSD and Criteria (n)
Encounter Cronbach’s | C-ACT | ACT ATAQ- | SABA FEVipp | FEV1/F

o Contro Days VC
Baseline 0.74 -0.51 -0.68 0.35 0.50 -6.13| -0.1F
3 Montr 0.81 Al lnay 0.6¢ 0.64
6 Montt 0.82 -0.7¢ | 0.5¢ 0.5¢
9 Month 0.74 LImnmimnunnmmy 0.60 0.74
12 Montt 0.82 -0.4¢ -0.6¢ 0.5€ 0.64 -0.2C° -0.3C
Average 0.79 -0.52 -0.71 0.53 0.62 -0.18 -0.21

All cells are statistically significant at a p-vak0.001 unless noted otherwise.
& not statistically significant (p-value>0.05)

® p-value<0.05

Table S3. Discriminant validity: Difference in M3y presence or absence of clinical factors atisitsv

Absence of Factor Presence of Factar
Factor Visit N MSD, N MSD, p-value
median (IQR) median (IQR)
Poor control on ACT/C-ACT Baseline | 147 | 1 (0-3) 199| 4 (2-10) <0.001
6 Mo. 18¢ | 0 (C-2) 132 | 4 (2-7.5 <0.001
12 Mo. | 193 | 0(0-2) 113] 4 (2-12) <0.001
Poor control on ATAQ-Control Baseline | 123 | 1 (0-3) 277| 4 (2-8) <0.001
3 Mo. 201 | 1(0-3) 142| 4 (3-8) <0.001
6 Mo. 203 | 0(0-2) 121| 4 (2-8) <0.001
9 Mo. 201 | 0(C-3) 12F | 4 (310 <0.001
12 Mo. | 196 | 0(0-3) 110, 4 (2-8) <0.001
Need for acuteare in prior 3 montt Baseline | 11€ | 2 (C-4) 234 | 3(1-8) <0.001
3 Mo. 248 | 2 (0-4) 98 3(1-7) <0.001
6 Mo. 223 | 1(0-4) 101| 3(0-7) <0.001
9 Mo. 23¢ | 2(C-3) 87 4 (2-14) <0.001
12 Mo. | 224 | 1(0-3) 84 4 (1-8.5) <0.001
Need for oral steroids in prior 3 inths Baseline | 185 | 2 (C-5) 165 | 3(1-8) 0.00¢
3 Mo. 264 | 2(0-4) 82 3(1-7) <0.001
6 Mo. 246 | 1(0-4) 78 3.5(1-7) 0.005
9 Mo. 24¢ | 2 (C-3) 77 3(2-7) 0.002
12 Mo. | 254 | 1(0-4) 54 | 4(1-10) <0.00]
Need for rescue inhaler in prior 2 we Baseline | 83 0 (C-3) 267 | 3(1-7) <0.001
3 Mo. 104 | 0(0-2) 240 3 (2-7) <0.001
6 Mo. 115 | 0(0-2) 209 3(1-6) <0.001
9 Mo. 107 | 0 (C-0) 77 3(27) <0.001
12 Mo. | 107 | 0(0-1) 54 | 3(1-7) <0.001




Table S4. Comparison of change in MSD across chamgsthma control as defined by ACT/C-ATT

Worsene No Chang Improvec
Comparison n AMSD n AMSD n AMSD p-value
6 Mo. vs. Baselin 5¢ 2.244.% 111 | -0.9£3.¢ 14z | -2.6+4.¢ | <0.00]
12 Mo. vs. 6 Mo. 79 1.8+4.7 120 -0.1+34 89 -0.8+4, <0.001

aChange in asthma control defined as at least 1 béifveen visits, for ACE3, for C-ACT>2

Table S5. Responsiveness

Spearman Correlation BetweAMSD andACriteria Measures

Comparison AATAQ- | ASABA
Control Days

3 Mo. vs. Baselin 0.3

6 Mo. vs. 3 Mo.

6 Mo. vs. Baselin

9 Mo. vs. 6 Mc

12 Mo. vs. 9 Mo.

12 Mo. vs. 6 Mc

All cells are statistically S|gn|f|cant at a p-vakO. 001 unless noted otherwise.
& Not statistically significant (p-value>0.05)

®p=0.03
Table S6. Correlation between composite measurastbfna control and spirometry
Measure Visit FEV1pp | p-value| FEV1/| p-value
FVC
ACT Baseline | 0.09 0.44 0.03 0.77

6 Mo. 0.29 0.01 0.25 0.03

12 Mo. 0.20 0.07 0.03 0.82

C-ACT Baseline | 0.1C 0.2¢ 0.1¢ 0.0¢

6 Mo. 0.06 0.55 | 022 0.03

12 Mo. 0.19 0.06 0.44 <0.01

ATAQ-Contro | Baseline | -0.11 0.12 -0.16 0.02

6 Mo. -0.09 0.25 -0.11 0.13

12 Mo. -0.18 0.02 -0.16 0.04
MSD Baseline | -0.13 0.07 -0.11 0.12

6 Mo. -0.20 0.01 -0.23 <0.01

12 Mo. -0.20 0.01 -0.30 <0.01

#Reported for ages8, maximum symptom day included for comparisongdedlivalues are statistically significant at p<0.05

Table S7. Correlation between change in compositasnres of asthma control and change in spirofnetry

Measure Comparison AFEV1pp | p-value /AF';ECVl p-value
ACT 6 Mo. vs. Baseline | 0.26 0.03 0.24 0.051
12 Mo. vs. 6 Mc 0.1C 0.4C 0.0F 0.7
C-ACT 6 Mo. vs. Baseline 0.12 0.24 0.10 0.30
12 Mo. vs. 6 Mc 0.04 0.7t 0.0¢ 0.4:
ATAQ-Control | 6 Mo. vs. Baseline -0.01 0.89 -0.04| 6@.
12 Mo. vs. 6 Mo. 0.13 0.10 0.00 0.99
MSD 6 Mo. vs. Baselin -0.1: 0.0¢ -0.16 0.03
12 Mo. vs. 6 Mo. -0.06 0.46 -0.08 0.30

#Maximum symptom day included for comparison, boldallies are statistically significant at p<0.05
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Busse WW, Morgan WJ, Gergen PJ, Mitchell HE, G&nLiu AH, et al. Randomized trial of omalizumalmtja
IgE) for asthma in inner-city children. New Eng\Aéd. 2011;364(11):1005-15.

Lu KD, Breysse PN, Diette GB, Curtin-Brosnan J, &6, D'ann LW, et al. Being overweight increases
susceptibility to indoor pollutants among urbaridfgin with asthma. J Allergy Clin Immunol.
2013;131(4):1017-23.

Matsui EC, Perzanowski M, Peng RD, Wise RA, BaM#raley S, Newman M, et al. Effect of an integrgtedt
management intervention on asthma symptoms amongeregensitized children and adolescents with asthma
a randomized clinical trial. JAMA. 2017;317(10):10936.

Morgan WJ, Crain EF, Gruchalla RS, O'Connor GT t&atM, Evans Il R, et al. Results of a home-based
environmental intervention among urban childrerhvaisthma. New Engl J Med. 2004;351(11):1068-80.

Pongracic JA, O'connor GT, Muilenberg ML, Vaughn@ld DR, Kattan M, et al. Differential effects afitdoor
versus indoor fungal spores on asthma morbiditgrier-city children. J Allergy Clin Immunol.
2010;125(3):593-9.

Sheehan WJ, Permaul P, Petty CR, Coull BA, Baxi Gaffin JM, et al. Association between allergenaspe in
inner-city schools and asthma morbidity among sttsle]AMA Pediatr. 2017;171(1):31-8.

Szefler SJ, Mitchell H, Sorkness CA, Gergen PJ,Go@nor G, Morgan WJ, et al. Management of asthasad on
exhaled nitric oxide in addition to guideline-basexhtment for inner-city adolescents and youndtada
randomised controlled trial. Lancet. 2008;372(96U3)5-72..
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