
Enterovirus D68 (EV-D68) causes epidemics of 
asthma-like respiratory disease and clusters of 

cases of the paralytic polio-like disease known as 
acute flaccid myelitis (AFM) (1). During summer/fall 
seasonal peaks, EV-D68 substantially strains health-
care resources with unexpected surges in emergen-
cy department (ED) visits, hospitalizations, and the 
need for intensive care unit (ICU)–level respiratory 
support for children (2,3). Detecting EV-D68–associ-
ated AFM cases relies on timely, targeted outreach 
to ensure prompt diagnosis, appropriate specimen 
collection and testing, and reporting to public health 
authorities (4). However, because of the inability of 

clinically available diagnostics to differentiate rhino-
viruses from enteroviruses and the lack of widespread 
availability of EV-D68–specific testing, recognition of 
waves of EV-D68 infections is often delayed and the 
associated burden of disease remains substantially 
underdetected (5,6). Surveillance for EV-D68 is essen-
tial for early warning systems to guide responses to 
future waves of respiratory disease and AFM.

Although discovered in 1962 (7), EV-D68 was 
rarely detected before clusters of respiratory disease 
were reported in Europe, Asia, and the United States 
during 2008–2010 (8). In 2014, the largest and most 
widespread EV-D68 outbreak to date was reported in 
North America and Europe (3,9). During 2014–2018, 
a biennial pattern of circulation in the summer/fall 
was observed in the United States and Europe; the 
numbers of reported AFM cases increased with suc-
cessive outbreaks (10–12). That biennial circulation 
pattern was disrupted during the COVID-19 pan-
demic; no substantial circulation was detected in the 
United States in 2020–2021, most likely because of the 
nonpharmaceutical interventions that were directed 
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Surveillance for emerging pathogens is critical for devel-
oping early warning systems to guide preparedness ef-
forts for future outbreaks of associated disease. To better 
define the epidemiology and burden of associated respira-
tory disease and acute flaccid myelitis (AFM), as well as 
to provide actionable data for public health interventions, 
we developed a multimodal surveillance program in Colo-
rado, USA, for enterovirus D68 (EV-D68). Timely local, 
state, and national public health outreach was possible 
because prospective syndromic surveillance for AFM and 

asthma-like respiratory illness, prospective clinical labora-
tory surveillance for EV-D68 among children hospitalized 
with respiratory illness, and retrospective wastewater sur-
veillance led to early detection of the 2022 outbreak of 
EV-D68 among Colorado children. The lessons learned 
from developing the individual layers of this multimodal 
surveillance program and how they complemented and 
informed the other layers of surveillance for EV-D68 and 
AFM could be applied to other emerging pathogens and 
their associated diseases.
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at curbing the spread of SARS CoV-2 (13). Model-
ing the growth of the population susceptible to EV-
D68 during that period of limited activity suggested 
the potential for a larger outbreak when circulation  
returned (14).

After outbreaks in 2014 (15), 2016 (16), and 2018 
(17), we established a multimodal surveillance pro-
gram in Colorado for EV-D68 and AFM to better 
define their epidemiology and disease burden and 
to guide preparedness efforts (Figure 1). Our pro-
gram included prospective syndromic surveillance 
for AFM and asthma-like respiratory disease, pro-
spective EV-D68 clinical laboratory surveillance, and 
retrospective wastewater surveillance. The lessons 
learned from development and implementation of 
this multimodal surveillance system during the EV-
D68 outbreak in 2022 (18) carry valuable implications 
for preparedness efforts for EV-D68 and other emerg-
ing pathogens.

Methods

AFM Syndromic Surveillance
AFM is a reportable condition statewide in Colorado 
as part of Centers for Disease Control and Preven-
tion (CDC) nationwide AFM surveillance efforts (4). 

Healthcare providers are required to report suspected 
AFM cases to the Colorado State Department of Pub-
lic Health and Environment (CDPHE) within 4 calen-
dar days. Because there are no laboratory criteria for 
reporting AFM cases, syndromic criteria for reporting 
to public health authorities include any patient with 
new onset of focal limb weakness and magnetic reso-
nance images (MRI) showing a spinal cord lesion with 
at least some gray matter involvement spanning >1 
vertebral segments (19). CDPHE follows the Council 
of State and Territorial Epidemiologists guidance for 
AFM case ascertainment. Medical records and MRIs 
collected by CDPHE are ultimately classified by the 
CDC AFM neurology panel as confirmed, probable, 
or suspected in accordance with Council of State and 
Territorial Epidemiologists criteria.

EV-D68 Respiratory Syndromic Surveillance
Beginning in 2018, we conducted ongoing near–real-
time syndromic surveillance of asthma-like respirato-
ry illness at Children’s Hospital Colorado (CHCO), a 
444-bed quaternary care pediatric hospital in Aurora, 
Colorado; the hospital catchment area encompassed 
children in the Denver metropolitan area. Whereas 
upper and lower respiratory tract infection rates 
fluctuate with the circulation of many respiratory  
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Figure 1. Multimodal surveillance model for enterovirus D68 in Colorado, USA. AFM, acute flaccid myelitis; EV, enterovirus; RV, rhinovirus.
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viruses, a surge in cases of asthma-like illness was 
specifically noted to coincide with the large EV-D68 
outbreak in Colorado in 2014 (2); thus, medically at-
tended asthma-like illness rates were subsequently 
tracked for syndromic surveillance of EV-D68 respi-
ratory illness. A de-identified dataset of weekly ED 
visits with a principal billing diagnosis code of asth-
ma (code J45.XXX from the International Classifica-
tion of Diseases, 10th Revision, Clinical Modification) 
from CHCO was collected, and total weekly ED vis-
its served as a denominator. We chose the diagnosis 
codes to reflect visits associated with an asthma ex-
acerbation or asthma-like episode of wheezing that 
could be associated with EV-D68. To develop and 
determine the baseline for the forecast model, we 
obtained an identical retrospective dataset for the 3 
years before the target surveillance year. From those 
retrospective data, we generated expected counts of 
weekly ED visits, indirectly standardized by age and 
sex. We then calculated a standardized morbidity rate 
for each week by dividing the observed asthma ED 
visits by the expected count. Our EV-D68 syndromic 
surveillance system consists of 2 components: a time 
series forecast model to predict the expected number 
of asthma ED visits each week and a cumulative sum 
chart procedure to serve as an alarm to identify po-
tential temporal clusters of elevated weekly asthma 
ED visits (Appendix, https://wwwnc.cdc.gov/EID/
article/30/3/23-1223-App1.pdf).

Clinical Laboratory Surveillance
Clinical laboratory surveillance for EV-D68 respira-
tory illness was conducted during June–November 
2022 among children at CHCO for whom residual 
respiratory specimens were positive for the entero-
virus/rhinovirus target on the BioFire Respiratory 
Pathogen Panel 2.1 (BioFire Diagnostics, https://
www.biofiredx.com). We selected specimens from 
hospitalized patients with enterovirus/rhinovirus 
respiratory disease and tested them by using an EV-
D68–specific reverse transcription PCR (Appendix). 
We initially used a primer-probe set designed to tar-
get the 2014 B1 strain, in use at CHCO since 2015, for 
clinical surveillance testing during June–August of 
2022. In August 2022, the PCR protocol was updated 
with primer and probe sequences designed to detect 
the predominantly circulating strain (subclade B3), as 
well as previously circulating strains, and used for all 
clinical laboratory surveillance testing (20).

Wastewater Surveillance
We used the digital droplet PCR at the CDPHE lab-
oratory to quantify EV-D68 virus concentration in 

wastewater samples collected twice weekly during 
June–December 2022. We used the updated PCR 
primer-probe set targeting EV-D68 subclade B3 noted 
above (Appendix). We included 3 sewersheds in the 
Denver metropolitan area in this analysis, referred to 
as utilities A, B, and C, which overlap with Adams, 
Arapahoe, Denver, and Jefferson Counties.

To examine the geospatial overlap in EV-D68 clin-
ical laboratory case detections and detection of EV-
D68 in wastewater, we linked residential postal (ZIP) 
codes of clinical cases to ZIP Code Tabulated Areas 
(ZCTAs) and conducted a descriptive analysis of the 
time and spatial relationship between positive clinical 
and wastewater detection of EV-D68. Our tabulation 
of positive EV-D68 clinical tests for the 3 select Den-
ver metro area sewersheds where wastewater sam-
ples were collected (utilities A, B, and C) was based 
on the spatial overlap of the sewershed boundary 
and ZCTA boundary. To estimate allocation of cases 
to sewershed areas without exact address geolocation 
data, we split case counts among the sewershed ar-
eas (e.g., for a case from a ZCTA that overlapped 2 
sewershed areas, we assigned a case value of 0.5 to 
each area). We used descriptive statistics to compare 
trends among the different layers of the surveillance 
system (Appendix).

Results
On August 14, 2022, the Colorado syndromic surveil-
lance system for EV-D68 respiratory illness generated 
an alarm signal because the cumulative sum output 
exceeded the threshold for statistical significance 
during August 14–September 24, 2023 (Figure 2). 
That alarm signal coincided with an observed uptick 
in overall CHCO ED visits, hospital ward and ICU 
admissions, and enterovirus/rhinovirus detections 
from clinical testing of respiratory specimens. In 
August 2022, an updated primer-probe set designed 
against subclade B3 viruses detected EV-D68 in 5 re-
spiratory specimens that the 2014 clade B1-targeted 
primer-probe set failed to detect (20,21). On the basis 
of those results, we converted all EV-D68 surveillance 
to the updated primer-probe set for all samples test-
ed. Overall, EV-D68 detections were noted at low lev-
els as early as June 19, 2022, increasing substantially 
the week of August 7, 2022, to a peak positivity rate 
of 78.6% in selected enterovirus/rhinovirus samples 
collected during the week of August 21, 2022. In total, 
529 enterovirus/rhinovirus–positive clinical speci-
mens were tested during June 15–November 3, 2022, 
and 121 (22.9%) were positive for EV-D68 (Figure 2).

After clinical laboratory surveillance confirmed 
EV-D68 as the cause of the enterovirus/rhinovirus 
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spike in respiratory illness in Colorado, CHCO, CD-
PHE, and CDC coordinated local, state, and national 
public health responses. On September 1, 2022, CD-
PHE issued a statewide Colorado Health Alert Net-
work message about EV-D68 circulation in Colorado, 
which contained education on AFM and reporting 
requirements. CHCO leadership activated a plan 
for emergency surge staffing and hospital bed avail-
ability for the expected increase in respiratory illness 
case volumes. On September 2, 2022, they released 
systemwide communications alerting providers of 
the EV-D68 outbreak and potential for AFM cases to 
follow. Early identification of the outbreak enabled 
advanced purchasing before the peak of the surge 
to help secure the CHCO supply chain for pediatric 
formulations of asthma medications and respiratory 

support supplies, which subsequently became a na-
tionwide shortage. On September 9, 2022, after being 
alerted of increases in asthma-like illnesses and detec-
tion of sustained EV-D68 circulation by CDPHE and 
the CDC New Vaccine Surveillance Network sites, 
CDC released a nationwide Health Alert Network 
about severe respiratory illnesses associated with en-
terovirus/rhinovirus infections, including EV-D68 
(22). In addition, a “Dear Provider” letter was mailed 
on September 20, 2022, to Colorado medical provid-
ers describing signs and symptoms of AFM and pro-
viding diagnosis and management recommendations 
and reporting requirements.

By late September 2022, EV-D68 respiratory syn-
dromic surveillance showed decreasing levels of asth-
ma-like illness cases in the CHCO ED, and clinical 
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Figure 2. Multimodal surveillance during EV-D68 outbreak in Colorado, USA, 2022. A) Multimodal EV-D68 syndromic, clinical laboratory, 
and wastewater surveillance. To simplify the presentation of the temporal relationship between clinical positivity rates and the signal in 
wastewater, the viral concentrations of EV-D68 for the 3 utilities in this study are aggregated. B) Syndromic surveillance for asthma-like 
respiratory disease. C) Clinical laboratory surveillance for EV-D68 respiratory disease at CHCO. D) Wastewater surveillance for EV-D68 
by wastewater utility service area. To generate the line presented in the graph, the concentration values for the 3 utilities were added 
together and averaged (mean) by sample collection date. The sample collection dates and cadence were uniform over time across 
all 3 utilities. The data are an estimation of the overall viral signal from the adjacent sewershed areas within the Denver metropolitan 
region (panel D; Appendix Figure 1, https://wwwnc.cdc.gov/EID/article/30/3/23-1223-App1.pdf). AFM, acute flaccid myelitis; CDC, 
Centers for Disease Control and Prevention; CHCO, Children’s Hospital Colorado; CHPHE, Colorado Department of Public Health and 
Environment; EV, enterovirus; HAN, Health Alert Network; RV, rhinovirus.
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laboratory surveillance showed decreasing EV-D68 
detection rates. The syndromic alarm signal de-acti-
vated, and observed rates returned to expected levels 
by mid-November in conjunction with EV-D68 clini-
cal laboratory detections decreasing below 10%. The 
syndromic alarm period coincided with the increased 
EV-D68 circulation, and the alarm signal disappeared 
when the EV-D68 outbreak waned, even with a con-
current dramatic increase in CHCO ED visits and 
admissions resulting from a subsequent and overlap-
ping, early, and large surge in respiratory syncytial 
virus bronchiolitis cases (Appendix Figure 2) (23).

Despite the substantial EV-D68 respiratory ill-
ness outbreak in Colorado and throughout the 
United States in 2022, the number of AFM cases was 
fewer than would be expected based on increases 
reported during previous years with substantial EV-
D68 circulation. During 2022, CDC classified 4 sus-
pected AFM cases that were reported in Colorado 
as confirmed or probable cases. In comparison, CDC 
confirmed 17 AFM cases in Colorado in 2018 and 11 
in 2014 during peak years. Similarly, nationwide in 
the United States, 44 cases of AFM were confirmed 
in 24 states in 2022, compared with 238 in 42 states in 
2018, 153 in 29 states in 2016, and 120 in 34 states in 
2014, during peak years correlating with substantial 
EV-D68 circulation (24).

After the 2022 outbreak, CDPHE retrospectively 
tested wastewater for EV-D68 by using 117 samples 
from 3 facilities dating back to June 1, 2022, which 
were banked as part of the CDPHE Wastewater 
Surveillance Program. EV-D68 was first detected in 
wastewater on July 5, 2022, shortly after it was ini-
tially detected by clinical laboratory surveillance on 
June 19, 2022. Quantification and preliminary trend 
analysis of wastewater detection demonstrated an in-
creasing trend in all 3 sampled sewersheds on July 

18, 2022, nearly 1 month before the EV-D68 syndrome 
surveillance alarm was triggered. A similar temporal 
pattern followed the EV-D68 respiratory syndromic 
and clinical laboratory surveillance signals by 1–2 
weeks (Figure 2) with geospatial and temporal corre-
lation of ZCTA-level clinical laboratory EV-D68 case 
detections and detection of EV-D68 in wastewater 
from the corresponding sewersheds (Figures 3,4). 

Discussion
We implemented a multimodal surveillance system 
in Colorado for EV-D68 and AFM, which promptly 
and accurately detected the large EV-D68 outbreak in 
the fall of 2022, enabling actionable, real-time surge 
planning and effective public health messaging. Each 
layer of surveillance independently provided unique 
insights into pathogen emergence, disease associa-
tions and burden, and community circulation; inter-
dependently, the multiple layers of surveillance com-
plemented each other with the potential to optimize 
performance and minimize limitations of the other 
layers in real-time in the future.

Rare, but severe, complications of emerging 
infectious diseases are often and appropriately the 
first to be recognized as public health priorities and 
therefore are typically the initial targets of surveil-
lance to provide information about their epidemiolo-
gy, etiology, and disease burden. The case definition 
for AFM was promptly constructed after the initial 
outbreak was reported in Colorado in 2014 (25). Sub-
sequent national syndromic surveillance by CDC 
has been ongoing since that time; however, the reli-
ance on astute clinicians to recognize, diagnose, and 
report suspected cases leads to continued case un-
derascertainment (19). Substantial public health out-
reach efforts, including education campaigns (26), 
establishment of guidelines (4,27), and activation  
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Figure 3. Temporal and geospatial correlation between clinical laboratory confirmed EV-D68 cases and wastewater detections, 
Colorado, USA, 2022. Cumulative positive EV-D68 clinical cases for June–November 2022 are shown by ZIP Code Tabulated Area 
overlaying Denver metropolitan area sewersheds. Data source: Children’s Hospital Colorado. EV, enterovirus; WWTP, wastewater 
treatment plant.
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of local and state public health authorities and labo-
ratories, have been used to improve recognition, 
reporting, and testing of AFM cases to support sur-
veillance efforts. Through this pathogen-agnostic 
surveillance, EV-D68 was identified as the predomi-
nant pathogen driving the seasonal, biennial surges 
in AFM in the United States (28).

After a causal association was established (29,30), 
public health outreach efforts were focused on timely, 
targeted AFM education tied to periods of local EV-
D68 circulation. Colorado enacted an enhanced AFM 
outreach program, which included local, state, and 
national notifications of EV-D68 circulation (18) and 
targeted provider outreach to heighten awareness of 
AFM during the 2022 outbreak. A large AFM spike 
was not detected in Colorado or the United States 
in 2022, which was the first time since 2014 that in-
creased EV-D68 detection was not associated with in-
creased AFM cases. Although much remains to be in-
vestigated with regard to the virologic, immunologic, 
and epidemiologic reasons behind that decoupling, 
the enhanced AFM surveillance enacted in Colorado 
was essential for establishing with confidence that the 
paucity of AFM reports during this period was most 
likely caused by a true lack of increased AFM cases 
in the community and not by a lack of recognition or 
failure to report.

In addition to syndromic surveillance for rare, se-
vere complications, syndromic surveillance for more 
common presentations of an emerging pathogen can 
be used to signal outbreaks and improve knowledge 
of disease burden, especially for pathogens for which 
widespread testing is not available. During the 2014 
outbreak, EV-D68–specific diagnostic testing was 
available only at CDC on enterovirus/rhinovirus–
positive specimens from ICU-level patients with re-
spiratory disease. Retrospectively, we established 
that syndromic surveillance of resource use for chil-
dren with asthma-like respiratory diseases provided a  

better estimate of disease burden (2), which was used 
in an early warning system that sent an alarm as the 
first sign of an impending outbreak in 2022. Because 
of continued, limited, and selective sampling and test-
ing for EV-D68, syndromic surveillance for asthma-
like illness still provides the best estimate of EV-D68 
disease burden. In 2022, that signal was also shown to 
specifically track with EV-D68, because it did not gen-
erate an alarm signal during the subsequent waves of 
respiratory syncytial virus, SARS-CoV-2, or influenza 
virus (Appendix Figure 2).

Clinical laboratory surveillance adds key insights 
into correlating syndromic signals with specific patho-
gens; however, it is reliant on test availability and 
performance. Although the enterovirus/rhinovirus 
signal from clinical testing is a useful early indicator, 
if this signal is used alone, EV-D68 epidemics can be 
misattributed to annual fall back-to-school rhinovirus 
resurgences. Detecting EV-D68 through clinical labo-
ratory surveillance enabled early identification of the 
2022 outbreak in Colorado compared with other cen-
ters in the United States, where difficulty interpret-
ing the source of the enterovirus/rhinovirus spike on 
clinical platforms contributed to delayed recognition 
of the outbreak cause (J. Newland, PedsID ListServ, 
pers. comm, August 2022).

Until an EV-D68-specific target is included on 
commercial clinical testing platforms, the additional 
step of performing EV-D68–specific PCR on entero-
virus/rhinovirus–positive specimens is necessary for 
clinical laboratory surveillance to confirm EV-D68 as 
the source of a respiratory disease outbreak as well as 
to detect lower level circulation that would not meet 
the alarm threshold of syndromic surveillance.

A key limitation of pathogen-specific PCR testing 
for newly emerging and constantly evolving RNA 
viruses is that primers must be matched to current-
ly circulating strains to ensure adequate sensitivity. 
The lack of detection of the 2022 EV-D68 B3 strain by 
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Figure 4. Temporal and geospatial correlation between clinical laboratory confirmed EV-D68 cases and wastewater detections, 
Colorado, USA, June–December 2022. Data source: Children’s Hospital Colorado. EV, enterovirus; WW, wastewater.
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primers directed at the 2014 B1 strain demonstrated 
the value of the layers of syndromic surveillance in 
our multimodal system, because a syndromic signal 
that is not accompanied by PCR detection can alert 
clinical and public health laboratories to investigate, 
validate, and update primer-probe sets for detecting 
actively circulating strains. That iterative modifica-
tion interdependently informed by our layered mul-
timodal surveillance model enabled us to confirm 
that EV-D68 was the source of the 2022 respiratory 
outbreak and to assess the burden of disease among 
hospitalized children.

Wastewater surveillance and sequencing was ini-
tially developed for polio eradication, but scientific 
advancement has accelerated during the COVID-19 
pandemic (31), serving as proof-of-principle of its 
public health utility for emerging pathogens, such 
as EV-D68 (32,33). Although our wastewater surveil-
lance for EV-D68 was conducted retrospectively af-
ter the 2022 outbreak, we found direct temporal and 
geospatial correlation with our clinical laboratory 
surveillance from ZIP codes of hospitalized children 
with EV-D68 to validate this approach. Wastewater 
detections temporally preceded our syndromic sur-
veillance alarm signal by 1–2 weeks, demonstrating 
future potential, if performed in real-time, to serve 
as the earliest warning of community circulation to 
detect an impending outbreak at the local level and 
could be expanded to track regional, national, or in-
ternational spread.

EV-D68 is thought to be primarily transmitted 
and shed in respiratory secretions; fecal shedding is 
less common because most strains are acid-labile and 
degrade in the gastrointestinal tract (7). Our study is 
consistent with other published studies (34,35) that 
have demonstrated that even pathogens that are pre-
dominantly shed other than in feces, such as EV-D68, 
can still be detected and tracked through wastewater 
because of the high sensitivity of that method. Our 
study confirms that wastewater surveillance devel-
oped for poliovirus can be extended to EV-D68 and 
in the future probably beyond to other known and 
emerging enteroviruses associated with AFM. A key 
limitation to that approach is that enteroviruses, and 
many other pathogens, can be asymptomatically shed 
in feces and circulate among the community without 
causing substantial disease (36,37). That limitation 
can be overcome by the multimodal nature of our 
surveillance model by comparing detected strains in 
wastewater with those from clinical laboratory sur-
veillance on specimens collected from patients with 
clinically relevant disease to verify that wastewater 
pathogen signals are of public health importance.

Last, a future component of multimodal surveil-
lance being developed is the use of immunologic 
surveillance to assess the underlying immunologic 
background for an emerging pathogen. As a patho-
gen emerges, or reemerges, it is important to know 
the levels of prior exposure and immunity that may 
protect against future infection and affect transmis-
sion dynamics to inform epidemiologic models and 
predict future circulation patterns (38). Serosurveys 
to determine age-based seroprevalence can also help 
assess duration of maternal immunity, timing of pri-
mary exposure, and durability of humoral immu-
nity (39), although they can be affected by antibody 
cross-reactivity (40). Those efforts are currently under 
way for EV-D68 through the PREMISE EV-D68 pilot 
study, which serves as proof-of-principle for an im-
munologic surveillance approach to pandemic pre-
paredness to expedite preemptive development of 
countermeasures, such as monoclonal antibodies and 
vaccine candidates (14).

The multimodal surveillance system piloted for 
EV-D68 in Colorado is the culmination of several 
stepwise surveillance efforts implemented over the 
previous 8 years, which come with limitations. Differ-
ences in implementation timing, particularly the pro-
spective versus retrospective nature, limit the ability 
to assess actionable effects of each layer. Differences 
in catchment between surveillance layers may influ-
ence correlation between signals. Our pilot surveil-
lance program focused on 1 pathogen in 1 geographic 
region during 1 outbreak year; the model should be 
studied for other pathogens across broader regions in 
a prospective longitudinal manner to determine gen-
eralizability. Last, surveillance is meant to be action-
able, but delay from signal detection to public health 
intervention diminishes potential effect and is a po-
tential target for improvement.

Together, the layers of multimodal surveillance 
enacted in Colorado for EV-D68 rapidly detected the 
2022 EV-D68 outbreak and enabled preparedness ef-
forts for an effective local, state, and national response 
while creating the potential for more advanced future 
preparedness efforts. Actionable surveillance results 
enabled surge planning by hospital administration 
to increase staffing, hospital bed availability, and the 
supply chain for critical medications and also alerted 
providers to a potential influx of patients and pro-
vided recommendations to improve case recognition 
and clinical management. Although AFM cases were 
rare during the EV-D68 outbreak in 2022, our surveil-
lance also demonstrates usefulness as an early warn-
ing system to trigger public health outreach efforts to 
enhance readiness to respond to future outbreaks of 
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enteroviruses associated with AFM. Our multimodal 
approach, extending from surveillance for rare, severe 
complications to more common disease presentations 
and community circulation and immunity, demon-
strates the value of investing in surveillance to inform 
preparedness to respond to the uncertainty that lies 
ahead with EV-D68 and other emerging pathogens.
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Appendix 

Supplemental Methods 

Syndromic Surveillance for EV-D68 Respiratory Disease 

Our syndromic surveillance for EV-D68 respiratory disease consists of two components: 

a time series forecast model to predict the number of asthma ED visits each week, and a CUSUM 

chart procedure to serve as an alarm function to identify potential temporal clusters of elevated 

weekly asthma ED visits (1–3). The dependent variable in the forecast model is the square root 

of the weekly SMR, which transforms the outcome variable into an approximately normally-

distributed random variable. We model this outcome variable during each week using a dynamic 

harmonic regression model with two Fourier components to account for seasonal trends and a 

first-order autoregressive model (ARIMA (1, 0, 0) errors) to model the smooth non-seasonal 

trend over time (4). The forecast model is estimated using the previous 3 years of data and out-

of-sample predictions are made for the subsequent calendar year. The weekly forecast of asthma 

ED visits is obtained from the model by transforming the predicted outcome back to the SMR 

scale and multiplying the predicted SMR by the observed total number of ED visits for the target 

surveillance week. Within-sample residuals and out-of-sample forecast errors were evaluated for 

normality using the Shapiro-Wilks test, for constant variance over time using the Box-Ljung test, 

and for serial autocorrelation using plots of the autocorrelation function (ACF) and partial 

autocorrelation function (PACF). Dynamic harmonic regression is widely used in epidemiology 

and biostatistics to investigate seasonal patterns in disease occurrence (4–7). 

https://doi.org/10.3201/eid3003.231223
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We compare the observed weekly asthma cases to the model-based forecast by applying a 

Gaussian CUSUM statistic to the predicted outcome of the forecast model during the target 

surveillance week. The CUSUM statistic is a widely used surveillance technique for monitoring 

temporal processes (3). It is calculated by taking the cumulative sum of the standardized 

residuals of the forecast model and accounting for a downward drift parameter. The drift 

parameter can be viewed as the minimum change in the temporal process we are interested in 

detecting, and the value of the drift parameter is typically set to one-half the expected change or 

can be adjusted empirically (3,8). We calibrated the downward drift parameter by examining the 

standardized residuals of the forecast model during a previous asthma EV-D68 event in 

September 2014. During this event, the observed standardized residual was 6.68. Thus, we 

selected a value of 3.34 for the default drift parameter. However, since this event represented an 

unprecedented jump in asthma cases, we also monitor changes with the drift parameter set to 2.5 

and 1.5, to serve as a medium and high sensitivity variant to the default settings. Values of the 

standardized residuals of the forecast model in excess of the drift parameter are cumulated by the 

CUSUM statistic. We designate our asthma surveillance model as statistically out of control if 

the CUSUM statistic is ≥3 standard residuals; however, in practice we monitor all CUSUM 

output in excess of 1 standard residual. 

Clinical Laboratory Surveillance 

EV-D68 surveillance testing on selected rhinovirus/enterovirus-positive specimens from 

2015 through August of 2022 was performed as previously described (9,10). In August of 2022, 

surveillance testing was converted to an updated protocol using a primer-probe set designed to 

detect subclade B3 as well as previously circulating strains (11). Briefly, specimens selected for 

surveillance testing were spiked with Exogenous Internal Positive Control DNA (ThermoFisher, 

Waltham, MA, USA) and subjected to total nucleic acid extraction on the Qiagen EZ1 Advanced 

XL platform using the Virus 2.0 Mini Kit (Qiagen, Hilden, Germany). cDNA synthesis was 

performed using TaqMan Reverse Transcription Reagents with a MgCl2 final reaction 

concentration of 4 mM (ThermoFisher, Waltham, MA, USA) on ABI Veriti Thermal Cycler 

(ThermoFisher, Waltham, MA, USA). PCR reaction components were as follows: qScript XLT 

One-step RT-qPCR ToughMix®, Low Rox (Quantabio, Beverly, MA, USA), primers and probes 

at a final reaction concentration of 250 nM, and internal positive control primers and probe 

(ThermoFisher, Waltham, MA, USA). Real-time PCR cycling conditions were 45°C x 10 
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minutes, 95°C x 10 minutes, followed by 45 cycles of: 95°C x 15 seconds and 60°C x 1 minute. 

A CT value less-than 40 was considered positive for the EV-D68 target. A sample was 

considered negative if the EV-D68 target was not detected with a CT value less than 40 and the 

internal positive control CT value was less than 35. A sample was considered invalid if there was 

no amplification of the EV-D68 (Appendix Table 1). 

Wastewater Surveillance 

Extracted wastewater RNA for this study was provided by our collaborators at Colorado 

State University. The same EV-D68 quantitative PCR primer and probe design described above 

for clinical samples used to produce an amplicon of 94bps. Primer and probe concentrations and 

thermocycling conditions were modified for digital PCR on the Qiagen Qiacuity Eight® 

Instrument (Qiagen, Hilden, Germany) and analyzed using the instrument software. Briefly, 

primers and probes were used at a final reaction concentration of 500nM and 250 nM, 

respectively, and 10µl of extracted RNA was added per 40µl reaction using the Qiagen One-Step 

RT-PCR® Kit per manufacturers’ guidance. De-identified clinical respiratory specimens 

previously confirmed to be positive for EV-D68 provided by Children’s Hospital Colorado were 

used as a PCR positive control for this assay. A volume of 10µl of ddH2O spiked into the PCR 

mastermix was used as a negative control for the PCR assay and only results where the NTC 

showed no amplification were considered. Digital PCR cycling conditions were 95°C x 10 

minutes, 55°C x 5 minutes, followed by 45 cycles of: 95°C x 45 seconds and 55°C x 15 seconds, 

and a final 35°C for 1 min step. 

Qiacuity instrument output is reported in copies/µl of the reaction volume. This output 

was converted to original sample concentrations by accounting for dilution of extract RNA in the 

PCR reaction, the concentration factors for Innovaprep concentration of 40mL of sample to 

~400ul of eluate (100x) and RNA was then extracted using the Qiagen QiaAmp Kit paired with 

silica columns (Epoch Biosciences) eluted in ddH2O (2.3x) and scaled to copies/L of original 

wastewater influent for reporting. The extracted total nucleic acid integrity and concentration of 

each processed sample was not assessed. 

All wastewater samples were collected by a 24-hour composite autosampler and were 

retrospectively assessed for EV-D68 in singleton using minimal leftover extracted RNA or 

concentrate frozen from SARS-CoV-2 detection testing processing. Samples were spiked with 
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known quantities of bovine coronavirus (BCoV) as a recovery quality control metric. High level 

inhibition was absent from any samples tested, with 32.51+/−1.61% BCoV recovery across all 

three utilities during the study period. Limit of detection on the Qiacuity instrument for this assay 

was three positive partitions per well and limit of quantification was set at 4,000 copies/L of the 

EV-D68 target region based on absolute quantified copies/uL obtained using a 10-fold dilution 

series of de-identified Children’s Hospital of Colorado confirmed EV-D68 clinical specimen 

spiked into ddH2O run in triplicate with acceptable performance criteria defined as the lowest 

average absolute quantification at which the calculated relative standard deviation was <20%. In 

silico assessment of specificity was previously published (11) for this assay and was further 

assessed for this study using the NCBI primer BLAST and BLASTn online tool with no 

reasonable off-target detection concerns being identified. 

Biobanked wastewater samples underwent Innovaprep concentration and were stored as 

eluate at −70°C for 3–9 months, depending on the sample collection date. All samples were 

thawed and treated uniformly and compared relative to each other by utility and sample 

collection date. 

Given the lack of a standard viral concentration threshold to determine significant EV-

D68 wastewater prevalence, a Bayesian Structural Time Series and Linear Model approach was 

employed to assess trends in EV-D68 concentration in wastewater over time to inform public 

health response. This approach was adapted from the current CDC National Wastewater 

Surveillance System guidance for assessing wastewater trends and parallels the approach used to 

determine trends in the viral concentration of SARS CoV-2 in Colorado. A trend category is 

determined based on the model fit for each sample. A 21-day window is used to determine the 

trend category for each sample; there must be at least five samples within this 21-day period to 

reliably determine the trend category for each individual sample. When the slope of the trend is 

greater than 0 and the p-value is <0.05, the trend is classified as increasing; when the slope is 

less than 0 and the p-value is <0.05, the trend is classified as decreasing; when the p-value is 

>0.05, the trend is classified as a plateau. 
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Appendix Table 1. Enterovirus D68 (EV-D68) primer and probe sequences 
Description Sequence 5′ to 3′ Reference 
EV-D68 Forward Primer ACT GAA CCA GAR GAA GCY A 

 
Ikuse 2021 

 
EV-D68 Reverse Primer 1 AAA GCT GCT CTA CTG AGA A 

 
Ikuse 2021 

 
EV-D68 Reverse Primer 2 AAG GCT GCC CTG CTR AGA A 

 
 

EV-D68 Probe /56-FAM/TC GCA CAG T/ZEN/N ATA AAY CAR CAY GG/3IABkFQ/ 
 

Ikuse 2021 

 

 

Appendix Figure 1. Detailed wastewater surveillance for EV-D68 from three wastewater utility service 

areas in the Denver metropolitan region and clinical laboratory surveillance for EV-D68 at Children’s 

Hospital Colorado. Clinical laboratory surveillance for EV-D68 among children with EV/RV respiratory 
disease at Children’s Hospital Colorado (solid line, L y-axis) and box plots for overall wastewater 

detections (R y-axis) from three utilities, sampled twice weekly, are displayed as data points per week of 

collection. This supplemental figure is used to display the individual data points and error bars to add 

additional detail to the data displayed in Figure 2A and 2D. 

https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34432489&dopt=Abstract
https://doi.org/10.1128/JCM.01151-21
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Appendix Figure 2. Clinical respiratory pathogen panel detections of influenza A and B, respiratory 

syncytial virus and SARS CoV-2 at Children’s Hospital Colorado. Number of detections of influenza A, 

influenza B, respiratory syncytial virus and SARS-CoV-2 on respiratory pathogen panel testing at 
Childrens Hospital Colorado (colored lines) with alarm period from syndromic surveillance of asthma-like 

respiratory disease (shaded area). 


