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Objectives: Pertussis can cause life-threatening illness in infants.
Data regarding neurodevelopment after pertussis remain scant.
The aim of this study was to assess cognitive development of
infants with critical pertussis 1 year after PICU discharge.
Design: Prospective cohort study.
Setting: Eight hospitals comprising the Eunice Kennedy Shriver
National Institute for Child Health and Human Development Collaborative Pediatric Critical Care Research Network and 18 additional sites across the United States.
Patients: Eligible patients had laboratory confirmation of pertussis infection, were less than 1 year old, and were admitted to the
PICU for at least 24 hours.
Interventions: The Mullen Scales of Early Learning was administered at a 1-year follow-up visit. Functional status was determined
by examination and parental interview.
Measurements and Main Results: Of 196 eligible patients, 111
(57%) completed the Mullen Scales of Early Learning. The mean
scores for visual reception, receptive language, and expressive language domains were significantly lower than the norms
(p < 0.001), but not fine and gross motor domains. Forty-one
patients (37%) had abnormal scores in at least one domain and
10 (9%) had an Early Learning Composite score 2 or more sds
below the population norms. Older age (p < 0.003) and Hispanic ethnicity (p < 0.008) were associated with lower mean
Early Learning Composite score, but presenting symptoms and
PICU course were not.
Conclusions: Infants who survive critical pertussis often have neurodevelopmental deficits. These infants may benefit from routine neurodevelopmental screening. (Pediatr Crit Care Med 2018; 19:89–97)
Key Words: child development; intensive care; neurologic
complications; outcome assessment; pertussis

P

ertussis outbreaks, with over 28,000 cases in 2014, occur
in the United States despite high vaccine rates (1). Critical pertussis, defined as infections with sufficient severity to merit PICU admission, primarily affects infants less than
3 months old and is associated with hospital mortality rates
ranging between 5.5% and 14% (2–5). Factors associated with
mortality include pulmonary hypertension and hyperleukocytosis (5, 6). Acute neurologic complications of critical pertussis
include seizures and encephalopathy.
Long-term outcome data for infants with critical pertussis are scant. A few small series reported neurodevelopmental
problems including lower IQ scores, developmental delay, seizures, and school performance problems; these were associated
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with lymphocytosis, apnea, seizures, and encephalopathy during the acute illness (2, 7, 8). Other studies, however, have not
found cognitive impairment, even in children with acute neurologic complications during the acute illness (9, 10).
The Mullen Scales of Early Learning (MSEL) was a developed as specific measure of early development for c hildren ages
birth to 68 months (11). The test was designed for administration by professionals who have experience working with infants
and has a short administration time. Interscorer reliability coefficients range from 0.91 to 0.99 (11). The MSEL assesses multiple domains of cognitive and motor functions, making it useful
for conditions which may have differential effects on development. The MSEL has good internal validity and has been used
in infant follow-up studies including premature infants and
children with c ongenital heart disease (11–17).
The aim of this study was to assess cognitive development
of infants with critical pertussis 1 year after PICU discharge.
The cohort consisted of those infants with laboratory-confirmed pertussis hospitalized in a PICU from 2008 to 2013 as
part of a prospective cohort study conducted by the Eunice
Kennedy Shriver National Institute of Child Health and Human
Development (NICHD) Collaborative Pediatric Critical Care
Research Network (CPCCRN). We hypothesized that these
infants were at risk for lower developmental scores compared
with age-adjusted normalized scores.

METHODS
The study was conducted at seven sites (one site had two hospitals) in the NICHD CPCCRN network and 18 additional
PICUs across the United States. Details of screening, enrollment, patient inclusion, and the acute illness have been published (5), and the study protocol is available (http://www.
cpccrn.org/documents/PertussisProtocolVersion4.0109Aug12.
pdf). Briefly, children 0–18 years were enrolled if they had
laboratory-confirmed evidence of pertussis infection (polymerase chain reaction [PCR] and/or positive culture) and were
hospitalized in the PICU for at least 24 hours or died. Patients
were enrolled from June 2008 to May 2013. For analyses of the
1-year outcomes, additional inclusion criteria were age less
than 1 year when hospitalized and completion of the MSEL
at 1 year after PICU discharge. The protocol was approved by
the institutional review board at each participating institution,
and written parental consent was obtained prior to enrollment.
Clinical data were collected through chart abstraction and
parental and staff interviews. Data included demographics,
prematurity, pertussis vaccinations, chronic conditions, illness history, and aspects of the PICU course including apnea,
bradycardia, seizures, cardiac arrest, CNS hemorrhage, pulmonary hypertension, extracorporeal membrane oxygenation
(ECMO) use, and WBC count. Severity of illness was assessed
using the Pediatric Risk of Mortality III score (18). Functional
status of feeding, arousal, communication, motor strength,
and motor tone and use of anticonvulsants were assessed on
PICU discharge and at the 1-year follow-up visit. Clinical and
laboratory data were collected from admission until PICU discharge, 28 days, or death, whichever occurred earlier.
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including any variable with p value of less than 0.15 in univariCognitive development was assessed with the MSEL 1 year
after PICU discharge. The MSEL evaluates gross motor, fine able analyses. A sensitivity analysis was conducted excluding
motor, visual reception, and receptive and expressive language non-English speaking patients. A significance level of 0.05 was
based on a nationally representative sample of U.S. children. used for all analyses. Analyses were performed in SAS version
Raw scores from each scale are converted to a T-score based on 9.4 (SAS Institute, Cary, NC).
the patient’s age and have a population mean of 50 and a sd
of 10 (11). A summary measure termed as the Early Learning
Composite score is derived from the visual reception, fine RESULTS
A total of 225 patients with critical pertussis were enrolled based
motor, receptive language, and expressive language T scores and
on their PICU admission and positive culture or PCR. The
has mean of 100 and a sd of 15. Scores that were 2 sds or more
below the mean were defined as abnormal. The patient’s chron- enrollment diagram is shown in Figure 1. Nineteen patients
died, 17 during the acute hospitalization, and two prior to the
ologic age used for MSEL testing was adjusted for those who
1-year follow-up (one from blunt force trauma and one from
were premature at birth (n = 24) as described in MSEL adminrespiratory syncytial viral pneumonitis). Seven patients were
istration instructions (11). The MSEL was administered in
person by trained neuropsychologists, developmental pediatri- greater than 1 year old on enrollment, parental permission was
cians, developmental psychologists, or neurologists. The MSEL withdrawn in three, and 85 were lost to follow-up or did not
complete the MSEL. Of the 111 patients who completed the
is available only in English. Twenty-five MSELs were administered by a bilingual examiner (24 Spanish, one other language), MSEL, two had a cardiac arrest, one had CNS hemorrhage,
and three with an interpreter (two Spanish, one other language) four had pulmonary hypertension, and three received ECMO
during the acute hospitalization.
when the parent did not speak English (n = 28).
Patient demographics and clinical information are shown in
We descriptively characterized the acute illness and initial
Table
1. There were no statistically significant differences between
PICU course for all patients eligible for 1-year follow-up and
those
lost to follow-up and those who completed the MSEL. Of
compared those who completed the MSEL with those who did
those
who
completed the MSEL, 86% were less than 3 months old
not. Continuous data were summarized as median and interon
presentation,
23% had a history of prematurity, and 19% had
quartile range (25 and 75th percentiles). Associations between
received
one
or
more
vaccinations. Apnea occurred in 60%, brademographic and clinical variables and whether or not followdycardia
in
69%,
seizures
in 7%, 35% received mechanical ventilaup was completed were evaluated using the Pearson chi-square
tion,
and
7%
received
a
therapy
to reduce their WBC count.
or Fisher exact test for categorical variables and the Wilcoxon
The
functional
status
at
PICU
discharge and 1 year after
rank-sum test for continuous variables.
discharge
are
shown
in
Table
2
for
feeding, arousal, commuWe evaluated change in functional assessment status (from
nication,
and
motor
assessments.
There
were no statistically
PICU discharge to one year) using the McNemar test for paired
significant
differences
in
PICU
discharge
assessments
in those
data. MSEL scale T scores were summarized graphically using a
box-and-whisker plot, and the observed mean scores were com- with and without 1-year follow-up. For the MSEL cohort at
pared with the population mean (from the normative sample) PICU discharge, 35% of patients were receiving some or all of
using a one-sample t test. The Early Learning Composite score
their feeds from a nasogastric, nasojejunal, or gastrostomy tube.
was summarized overall and within demographic and clinical Very few patients (< 5%) had dysfunction in the other areas of
subgroups as mean ± sd. The
overall mean was compared
with the population mean
using a one-sample t test.
Univariable associations with
the Early Learning Composite
outcome were evaluated based
on t test or analysis of variance for categorical variables
and simple linear regression
for continuous measures.
Clinical events that occurred
in fewer than five patients
were not included in the univariable analyses including
cardiac arrest, evidence of a
CNS hemorrhage, pulmonary
hypertension, and ECMO use.
A multivariable linear regression model was constructed
Figure 1. Enrollment and follow-up flow diagram. MSEL = Mullen Scales of Early Learning.
Pediatric Critical Care Medicine
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TABLE 1.

Demographic and Clinical Data

Clinical Characteristics

Lost to Follow-Up, n = 85

MSEL Completed, n = 111

p

Demographics, n (%)
Age < 3 mo at PICU admission

70 (82)

96 (86)

0.43

Female

43 (51)

66 (59)

0.22

Race

0.10

   Black or African American

14 (16)

13 (12)

  White

48 (56)

81 (73)

  Other

8 (9)

7 (6)

15(18)

10 (9)

Hispanic ethnicity

48 (57)

57 (52)

0.50

Prematurity (< 37 wk gestation)

21 (25)

25 (23)

0.69

Pertussis vaccinations

21 (25)

21 (19)

0.33

Chronic medical condition

19 (22)

16 (14)

0.15

History of apnea

55 (65)

61 (55)

0.17

5 (6)

6 (5)

1.00

25 (29)

36 (32)

0.65

   Recorded as unknown

History of seizures
History of bradycardia
PICU course
Pediatric Risk of Mortality III score, median (IQR)

0 (0–3)

0 (0–3)

0.67

WBC (× 10 /uL), median (IQR)

23 (15–36)

22 (16–34)

0.60

Apnea, n (%)

48 (56)

67 (60)

0.58

Seizure, n (%)

5 (6)

8 (7)

0.71

Bradycardia, n (%)

52 (61)

77 (69)

0.23

Mechanical ventilation, n (%)

35 (41)

39 (35)

0.39

Exchange transfusion or leukopheresis, n (%)

4 (5)

8 (7)

0.47

PICU length of stay, median (IQR)

6 (3–12)

6 (3–12)

0.99

3

IQR = interquartile range.

functional assessment. By the 1-year follow-up, 98% of patients
were feeding without a device, but a significantly larger numbers
were demonstrating decreased communication function (p =
0.002). Four percent (n = 4) were receiving anticonvulsants on
PICU discharge compared with less than 1% (n = 1) at 1-year
follow-up. Hearing assessments were performed after hospital
discharge in 26 patients of which 24 were judged as normal.
The Mullen domain scores obtained at 1-year follow-up
are shown in Figure 2. The mean scores for visual reception,
receptive language, and expressive language domains were
significantly lower than the norms (p < 0.001), but the motor
domains were not. Forty one patients (37%) had abnormal
scores (≤ 2 sds below the mean) in at least one domain. The
most common area of impairment was in one of the two language development domains. Twenty-three patients (21%) had
expressive language delay and 16 (14%) had delays in the receptive language domain. The Mullen Early Learning Composite
Score is shown in Figure 3. Consistent with the impairment
in the domain scores, the composite score was significantly
92
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lower than the norm (mean 90.3 ± 16.8; p < 0.001). The range
of composite scores was 49–134 with 10 patients (9%) having
a composite score 2 or more sds below the population mean.
Table 3 shows the univariable associations of the demographic and clinical factors with the Mullen Early Learning
Composite score. Older age (3–11 mo), Hispanic or Latino
ethnicity, and previous pertussis vaccinations were significantly associated with decreased performance. Because age
and documented pertussis vaccinations were highly collinear, we included age but not vaccination in the multivariable
model as this was the stronger predictor. Otherwise, the multivariable model included all variables in Table 3 with p value
of less than 0.15 from univariable analyses. In this model, only
older age (p = 0.003) and Hispanic ethnicity (p = 0.008) were
significantly associated with decreased Mullen Early Learning
Composite scores when corrected for these covariates.
We performed a sensitivity analysis by repeating the analysis after excluding the 28 patients whose families did not speak
English. The mean scores for scores for visual reception, receptive
February 2018 • Volume 19 • Number 2
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TABLE 2.

Functional Status at PICU Discharge and at 1-Year Follow-Up

Functional Domains

PICU Discharge,
(n = 110)a, n (%)

Status at 1 Yr,
(n = 110)a, n (%)

Feeding assessment

< 0.001

Oral feeding only

72 (65)

108 (98)

Oral plus tube feeding (NG, NJ, or gastrostomy)

15 (14)

0 (0)

NG, NJ, or gastrostomy tube feeding only

23 (21)

2 (2)

Arousal assessment
Awake, alert, or looks to clapping
Arouses but does not localize sound

0.56
108 (98)

109 (99)

2 (2)

1 (1)

Communication assessment
Age-appropriate vocalization, facial expressiveness, gestures
Decreased vocalization or nonverbal interaction

0.002
106 (96)

92 (84)

4 (4)

18 (16)

Motor strength assessment
Normal activity for age

0.08
109 (99)

106 (96)

Asymmetric limb activity or withdrawal to stimulation

1 (1)

4 (4)

Withdraws from pain

0 (0)

0 (0)

Motor tone assessment
Normal tone for age
Increased or decreased tone for age

p
(PICU d/c Vs 1 Yr)b

0.56
107 (97)

108 (98)

3 (3)

2 (2)

NG = nasogastric, NJ = nasojejunal.
a
One patient had incomplete 1 yr data and is not included.
b
p value based on McNemar test for paired data (normal vs abnormal).

language, and expressive language domains were still significantly lower than the norms (p ≤ 0.001). On univariable analysis,
older age, Hispanic ethnicity, and previous pertussis vaccinations
remained significantly associated with decreased Mullen Early
Learning Composite scores (p < 0.05) as seen in Supplemental
Table 1 (Supplemental Digital Content 1, http://links.lww.com/
PCC/A548). In a revised multivariable model that included
age, sex, ethnicity, and history of bradycardia, only older age
(p = 0.02) and ethnicity (p = 0.04) remained significantly associated with lower Mullen Early Learning composite scores.

DISCUSSION
In this report of the developmental status of 111 survivors of
critical pertussis, 37% of patients had abnormal MSEL scores
in at least one domain, and 9% had an Early Learning Composite score 2 or more sds below the population norm 1 year after
PICU discharge. The results of testing can be described as an
age equivalent (i.e., the age at which the child’s raw score is the
median score) (11). For example, a 15-month-old child who has
an expressive language score 2 sds below the norm has the age
equivalent performance of 10–11 months old in that domain and
gross motor domain the equivalent age would be 12–13 months.
The most frequent abnormal scores occurred in the language
domains, and communication was the most frequent abnormal
functional assessment. Survivors of critical pertussis who were
Pediatric Critical Care Medicine

3–12 months old when they presented had worse neurodevelopmental outcomes than those who were 0–3 months old. Clinical
factors such as presenting symptoms, occurrence of pulmonary
hypertension or shock, and peripheral WBC counts were not
associated with worse neurodevelopmental scores.
The frequency of neurodevelopmental dysfunction in this
cohort of patients with critical pertussis is comparable with that
reported in critically ill patients with sepsis or meningoencephalitis (19–21). Although this study did not investigate the pathophysiologic processes associated with neurodevelopment dysfunction,
clinical pertussis often includes inflammation as well as other
processes more specific to pertussis including primary injury
from pertussis toxin or other neurotoxins (22, 23), hypoxia, hemorrhage, and vascular occlusion. In two case series, MRI studies
have demonstrated the occurrence of acute demyelination in pertussis (24, 25). In the United States, seizures are reported in 2.2%
of patients hospitalized with pertussis (26) and in 4–18 % with
critical pertussis (4–6, 9). Acute seizures have been associated with
mortality and an increased occurrence rate of epilepsy (5, 6, 8).
Older infants were at higher risk for lower MSEL scores.
Older infants may have had a single dose of pertussis vaccine
which appears to reduce the risk of death, hospitalization, and
pneumonia but not encephalopathy and seizures during the
acute hospitalization (27) and may not protect against longterm neurodevelopmental problems.
www.pccmjournal.org
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problems identified through
medical record review (2). All of
the patients were abnormal during the acute illness. A composite outcome that included death
and respiratory disability as well
as neurologic disability was used
to test for possible associations.
Additionally, if formal developmental testing was not used,
more subtle forms of dysfunction may not have been detected.
The second case-control study
compared patients with apnea
or seizures to patients with
uncomplicated pertussis who
may not have required critical
care (7). In this cohort, 48% of
the patients with complicated
pertussis required remedial
help during school compared
Figure 2. Mullen domain scores. Box-and-whisker plots show summary statistics as minimum (with outliers
depicted by filled circles), 25th percentile, median, 75th percentile, maximum, and mean (+).The T-score is a
with 20% without complicated
standardized score with a population mean of 50 and sd of 10. The scores for visual reception, receptive and
pertussis. A case series for 14
expressive language (p < 0.001) but not motor were significantly lower than the population norms.
patients with acute seizure or
encephalopathy did not find any
Previously identified associations of mortality including pulabnormalities on long-term follow-up, but formal developmental
monary hypertension, shock, or elevated WBC count were not
testing was not performed (9). Our data suggest that a significant
associated with the developmental outcome in this cohort. This
proportion of patients with critical pertussis regardless of specific
contrasts with previously reported associations of seizures and symptoms appear to be at risk for neurodevelopmental problems
apnea with developmental outcomes (2, 7). The difference may
which may only be evident with formal screening.
be due to differences in study design. In a retrospective study
Our follow-up assessments were completed after only 1 year
of critical pertussis, 10% of survivors had neurodevelopmental
in infants, so further developmental problems could present or
some problems may resolve. For
instance, most patients no longer required artificial feeding
methods at the 1-year follow-up
visit while communication dysfunction was more frequently
recognized. We speculate that
this is due to recovery from critical illness and/or ability to recognize dysfunction rather than
pertussis illness. Longitudinal
developmental studies of critically ill patients have shown
changes in the incidence and
types of abnormalities. For
example, in patients with
repaired transposition of the
great arteries, the incidence of
detected developmental abnormalities was substantially higher
at school age compared with age
Figure 3. Distribution of the Mullen Early Learning Composite Score. The early learning composite is derived
1–5 years (28, 29). Determining
from the four cognitive scales (fine motor, visual reception, receptive language, and expressive language) and is
the frequency and length of
normalized to have a mean of 100 and a sd of 15. The mean observed in the study cohort is significantly differdevelopmental
surveillance
ent from the population mean (p < 0.001).
94
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TABLE 3. Univariable Associations With
Mullen Early Learning Composite Score
Mullen Early Learning
Composite Score (1)
Clinical Characteristics

Mean ± sd

TABLE 3. (Continued). Univariable
Associations With Mullen Early Learning
Composite Score
Mullen Early Learning
Composite Score (1)

p
Clinical Characteristics

Demographics
Chronologic age at PICU
admission (mo)

Mean ± sd

p

PICU course

0.003

0.44

92.1 ± 16.1

Pediatric Risk of Mortality III score,
correlation (r)

–0.075

  < 3
  3–11

78.4 ± 16.9

WBC (× 103/uL), correlation (r)

–0.13

0.20

Sex

Apnea

0.08

0.69

  Female

92.5 ± 16.9

  Yes

90.8 ± 16.6

  Male

86.9 ± 16.4

  No

89.5 ± 17.4

Race

Seizure

0.75

0.13

   Black or African American

88.8 ± 15.8

  Yes

81.5 ± 18.2

  White

91.2 ± 15.8

  No

90.9 ± 16.6

  Other

87.4 ± 18.1

Ethnicity

0.004

   Hispanic or Latino

86.1 ± 15.4

   Not Hispanic or Latino

95.3 ± 17.3

Prematurity (< 37 wk gestation)
92.4 ± 17.1

  No

89.6 ± 16.8

Pertussis vaccinations
  No

81.3 ± 16.0

  No

90.7 ± 17.2

History of apnea

0.83

  Yes

90.6 ± 18.1

  No

89.9 ± 15.3

History of seizures

0.31

  Yes

83.5 ± 19.6

  No

90.6 ± 16.7

History of bradycardia

0.11

  Yes

93.9 ± 18.6

  No

88.5 ± 15.8
(Continued)

after pertussis and other major pediatric critical illness remains a
research need. The lack of factors associated with developmental
dysfunction suggests that all survivors of critical pertussis should
undergo neurodevelopmental surveillance and screening.
Pediatric Critical Care Medicine

  No

91.8 ± 17.5
0.26

  Yes

87.8 ± 16.3

  No

91.6 ± 17.1

  Yes

81.1 ± 12.5

  No

91.0 ± 17.0

0.11

Data are mean ± sd except for the Pediatric Risk of Mortality III score,
correlation III scores and WBC counts, which are Pearson correlations (r).

0.50
87.6 ± 14.6

89.6 ± 16.6

a

92.3 ± 16.4

  Yes

  Yes

Exchange transfusion or leukopheresis
0.006

Chronic medical condition

0.52

Mechanical ventilation
0.47

  Yes

  Yes

Bradycardia

Hispanic ethnicity, which has been associated with mortality in some pertussis studies and decreased functional status
after sepsis, was associated with lower MSEL scores (19, 27, 30).
The association is likely multifactorial. Although the MSEL
has been used in non-English speaking populations, we found
lower scores in the language domains which may reflect the
effects of using translated materials and interpreters (31–34).
Alternatively, true language delays are seen in multilingual
children when compared with monolingual children, which
may also explain lower scores (34, 35). Finally, there may be
cultural or socioeconomic factors accounting for the association. The MSEL was chosen for its ease of administration in
a multicenter study, short administration time, and ability
to assess multiple domains in the age range. Other common
tests of infant development such as the Bayley Scales of Infant
and Toddler Development and the Battelle Development
Inventory are likewise not validated in non-English speakers.
Although language differences may account for the association
of Hispanic ethnicity and lower MSEL scores, the results from
univariable and multivariable analysis were not substantially
changed after excluding non-English speaking patients.
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There are some limitations to this study. First, a substantial portion of patients were lost to follow-up over the 1 year.
However, demographics, illness course, nor discharge assessments appeared to be different between the groups. Second, we
did not collect information regarding other confounding variables such as exposure to sedative medications in the PICU or
parental socioeconomic status; therefore, we could not adjust
for this in our associations with outcome. Additionally, it is not
possible to separate the effects of pertussis from general critical
illness. Third, the lack of association with clinical features may
have been, in part, due to inadequate power. For example, only
four patients tested 1 year after PICU discharge had pulmonary hypertension and two had a cardiac arrest.
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CONCLUSIONS
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In this prospective cohort study of critical pertussis, over one
third of survivors had significantly abnormal neurodevelopmental scores in one or more domains. Neither illness characteristics nor PICU course was associated with lower developmental
scores. Our results suggest that all survivors of critical pertussis
like survivors of sepsis and other major critical illness may benefit from routine neurodevelopmental screening.
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