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Abstract

Children under 4 years of age have the highest incidence of traumatic brain injury (TBI) among the non-elderly and may

be at high risk of poor developmental outcomes. We prospectively enrolled a cohort of children injured before 31 months

old with TBI or orthopedic injury (OI), from 2013 to 2015 at two pediatric level 1 trauma centers to study very young

children’s developmental outcomes after injury. We used Ages & Stages-3 and Ages & Stages: Social-Emotional

screening tools to measure children’s development at pre-injury and 3 and 12 months post-injury. The cohort included 123

children with TBI categorized as mild (n = 48), complicated-mild or moderate (n = 54), and severe (n = 21) and 45 children

with OI. Generalized linear models examined effects of injury severity and age at injury controlling for pre-injury ratings.

Children with mild or complicated-mild/moderate TBI generally remained on developmental track. Compared to OI,

children with severe TBI tended to have a negative developmental trajectory with decrements in communication (-7.07;

95% confidence interval [CI], -13.7, -0.48), gross motor (-15.2; 95% CI, -21.1, -9.19), problem solving (-11.6; 95% CI,

-17.9, -5.29), personal-social (-16.8; 95% CI, -22.8, -10.8), and social-emotional (21.0; 95% CI, 7.32, 34.7) domains 12

months post-injury. Developmental effects from TBI differed by age at injury: Infants had more difficulties than older

children in communication and problem-solving domains. Despite low developmental scores in 28% of the cohort, only

5% were receiving Early Childhood Intervention (ECI) services 12 months after injury. Early age at injury is a vulner-

ability factor after TBI. Young age and severe injury should prompt evaluation for ECI.
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Introduction

Children 0–4 years of age have the highest incidence of

traumatic brain injury (TBI) among the non-elderly with over

300,000 emergency department (ED) visits, 9250 hospitalizations,

and 760 deaths, annually.1 Infants and toddlers may be particularly

vulnerable to the consequence of TBI because the infant brain is in

a phase of rapid development during which it may be particularly

susceptible to disruption by injury.2 Although term infants are born

with the main white matter connections formed, the infant brain is

actively undergoing intense fiber myelination, synapse formation,

and pruning, which slows as infants become toddlers.3 Myelination

and refinement of white matter is linked to gains in motor, cogni-

tive, and socioemotional functioning.4 Poor outcomes of TBI sus-

tained in early childhood may be explained, in part, by the timing of

injury in a period of rapid brain and behavioral development.5–7

Identification of periods of vulnerability to the effects of TBI is

crucial to promote awareness of appropriate referral for rehabili-

tation and school-based services.

Developmental consequences of TBI are shaped by injury and

child characteristics and family social ecology.8 Injury severity,

age at injury, time post-injury, and pre-existing reserve from factors

such as pre-maturity may affect the trajectory of recovery and

eventual level of skill acquisition.5,9,10 Despite the high incidence

of TBI in infants and toddlers, very few studies have assessed risks

and tracked developmental trajectories. The few studies including

infants and toddlers have been limited by small sample sizes and/or

lack of an injury comparison group.7,11,12 Despite these limitations,

findings suggest that infants and pre-schoolers with moderate-

severe TBI have long-term decrements in intellectual, academic,

adaptive behavior, social, and some areas of attention compared to

typically developing children.7,11–15 Approximately half of severe

TBI in infants is attributed to abusive injury, which may have worse

outcomes than unintentional injury.15–17 Very young children with
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mild TBI have outcomes similar to typically developing compari-

son groups, although subtle changes in verbal IQ, theory of mind,

and post-concussive symptoms have been reported.18–20 The social

environment, including socioeconomic status, family functioning,

and parenting styles, is known to impact recovery in older children,

with more favorable outcomes associated with positive home envi-

ronments.21,22 However, the influence of these factors on outcomes

of infants and pre-schoolers is largely unknown.

Our aim was to examine the impact of injury severity and age at

injury on the development of infants and pre-schoolers in the first

year after TBI. Secondarily, we explored differences in the rela-

tionships between time post-injury and outcomes among these

groups. We hypothesized that higher injury severity, younger age at

injury, and adverse family environment would negatively impact

children’s recovery and ongoing acquisition of developmental

skills.

Methods

Patient population

Patients were children from birth to <31 months of age recruited

from two level 1 pediatric trauma centers: Primary Children’s

Hospital (PCH) in Salt Lake City, Utah, and the University of Texas

Health Science Center at Houston (UTHealth)/Children’s Mem-

orial Hermann Hospital. These children are a subset of a larger

cohort of children recruited up to age 15 years.23 This young age

group is reported separately to allow similar developmental out-

come measures and represent children eligible for early childhood

intervention (ECI) services. Children were recruited from January

2013 through September 2015 if they had sustained either a TBI or

an orthopedic injury (OI). Abusive head trauma (AHT) is included

in the TBI group. English- and Spanish-speaking children and

families were recruited and asked for consent in person while in the

ED or hospital or were contacted by telephone after review of ED

logs (UTHealth) and returned consent forms by mail. Children with

severe developmental delay, psychiatric diagnoses, or very pre-

term birth (<32 weeks) that would preclude understanding whether

changes in development could be attributed to the injury were ex-

cluded. Institutional review board approval was obtained from both

the University of Utah and UTHealth.

Definitions

TBI group. TBI was defined according to the Centers for

Disease Control and Prevention (CDC) 2002 report as an injury to

the head with observed or reported decreased level of consciousness,

amnesia, and/or neuropsychological abnormality or diagnosed in-

tracranial lesion.24 For children <2 years of age, neuropsychological

abnormality included irritability, vomiting, or lethargy. TBI severity

was measured using the lowest ED pediatric Glasgow Coma Scale

(GCS)25 and was divided into mild, moderate, and severe categories.

Mild TBI was defined according to CDC and World Health Orga-

nization definitions as a GCS ‡13 upon presentation to healthcare

with a GCS of 15 at discharge or after 24 h if hospitalized, and one or

more focal signs including a period of transient confusion, loss of

consciousness for 30 min or less, and/or transient neurological ab-

normalities.26,27 Mild TBI was subclassified as complicated mild

based on the presence of an intracranial hemorrhage diagnosed on

computed tomography (CT) scan.28 Children with skull fracture and

no underlying parenchymal hemorrhage were classified as mild TBI.

Moderate TBI was categorized as a GCS of 9–12. Severe TBI was

categorized as a GCS of 3–8. For children who had received heavy

sedation and/or muscle relaxants precluding evaluation, a score of 3T

was assigned. Abusive injury was categorized by each institution’s

child abuse team. Child abuse team consultation notes were reviewed

both at the time of injury and after the medical workup was com-

pleted. Injury mechanism was adjudicated by the investigators if no

conclusion was reported in the medical record.

Comparison group. Children with an upper or lower-

extremity long-bone fracture and no evidence of TBI were recruited

contemporaneously with the TBI group. OI comparisons isolate the

effect of TBI from the effect of being injured and account for

unmeasured pre-injury differences between injured versus unin-

jured children. Injury severity was measured with the Abbreviated

Injury Scale (AIS).29 To insure even distribution of children with

OI and different levels of TBI severity, families were recruited

sequentially until the target number was attained for each subgroup.

Data sources

Parents retrospectively completed surveys of family demo-

graphics, family functioning and social support, and child out-

comes as soon as possible after injury. Demographic information

included family composition, self-identified race and ethnicity,

income category, parental education, employment, and health in-

surance status. Parents were asked to recall their child’s pre-injury

functioning right before injury. Follow-up assessments were col-

lected at 3 and 12 months. English-speaking families completed

assessments in person, online, or by telephone. Bilingual study

coordinators interviewed Spanish-speaking families in person or by

telephone.

Medical records were abstracted for clinical and injury mecha-

nism data by trained study coordinators using standardized data

abstraction forms. A hierarchy of sources was established before

data abstraction for cases in which multiple people recorded in-

formation in the medical record. The hierarchy was as follows:

trauma surgeon, ED attending, trauma fellow, ED fellow, nurse,

and resident. Trauma registrars assigned AIS scores. CT scans were

performed at the treating clinician’s discretion and were read by

pediatric neuroradiologists at each site.

Measures

Outcomes. Ages & Stages Questionnaire-3 (ASQ-3) as-

sesses communication, gross motor, fine motor, problem-solving,

and personal-social skills in children ages 1–60 months. Higher

scores indicate more-advanced development. Children are cate-

gorized as appropriate, need to monitor (‡1 standard deviation

[SD] and <2 SDs below the mean), and need to assess (‡2 SDs

below the mean corresponding to £2nd percentile).30 Ages &

Stages Questionnaire: Social-Emotional (ASQ:SE) measures se-

ven developmental and behavioral characteristics, including self-

regulation, compliance, communication, adaptive functioning,

autonomy, affect, and interaction with others in ages 3–66 months.31

ASQ:SE is scored against an age-normed risk threshold. Higher

scores indicate more problems. Sensitivity and specificity are fa-

vorable for identifying children who need evaluation for the ASQ

(0.86 and 0.85) and ASQ:SE (0.81 and 0.83). ASQ and ASQ:SE are

parent-reported measures available in both English and Spanish.32

Specifically in the 2- to 12-month age range, ASQ is 91.3% accurate

at correctly identifying children not at risk for developmental delay

and 84.6% accurate at correctly identifying children at risk for de-

velopmental delay when compared to the Bayley Scales of Infant

Development. Test-test reliability is good for parent report (0.91) as
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is inter-rater reliability (0.92).30 The Spanish language version of

ASQ-3 is validated.33

Family environment covariates. Pre-injury family function

was assessed over the past 6 months using the McMaster Family

Assessment Device (FAD)–General Functioning Scale.34 FAD

includes 12 items scored 1–4, with higher scores representing

worse functioning. The Social Capital Index provides a total score

measuring a person’s connection to their community, including

perceptions of personal, family, neighborhood, and spiritual com-

munity support, with higher scores representing more support.35

Family income relative to federal poverty level was calculated

using self-reported income category and family size. Families re-

ported receipt of ECI at 3 and 12 months.

Statistical analysis

All children with evaluable outcomes pre-injury and either the

3- or 12-month time point were included in the analysis. Because

of small numbers of children with moderate TBI, the moderate and

complicated-mild groups were combined for modeling based on

previous studies showing similar outcomes.28 Generalized linear

mixed models, with a subject-level random effect, and allowing for

different residual variances for each time point, were fit for each

outcome using R (R Foundation for Statistical Computing) and the

gls function from the nlme package.36,37 Our strategy was to de-

velop an explanatory multi-variate model for each outcome that

addressed the hypotheses that earlier age at injury and higher in-

jury severity would lead to worse outcomes. Additionally, we

wished to identify other variables potentially important to very

young children’s outcomes that had been identified in studies of

older children.

We used the following approach to construct multi-variable

models for each outcome. First, we created a reference model that

included a priori identified covariates to address our hypotheses.

Theses covariates included the following: injury group (OI refer-

ence), time post-injury (centered at 12 months), and age at injury

(continuous, centered at mean); clinical covariates known to affect

outcome in very young children (pre-maturity and abusive injury);

and covariates needed because of the study structure (study site and

pre-injury scores). All two- and three-way interactions among in-

jury group, time post-injury, and age at injury with likelihood ratio

p value <0.15 were also included in the reference model for that

outcome. Because sample size was not adequate to include all

potentially relevant covariates, candidate covariates selected a

priori that have been important to studies of older children were

individually screened for inclusion using the reference model.

These covariates included child demographics: sex, race/ethnicity,

and previous diagnosis of health or behavioral problem; family

demographics: income relative to poverty level, parent education,

parent employment, parent marital status, and parent preferred

language; and family functioning and Social Capital Index. Can-

didate covariates were retained if p < 0.15. Finally, in order to

achieve a parsimonious model, a ‘‘full model’’ including all ref-

erence model variables and candidate covariates from the screening

step was iteratively reduced by removal of covariates with p > 0.1.

Reference model variables were retained in the final model re-

gardless of significance. Statistical significance was evaluated at

the 0.05 level. All tests were two-tailed. Finally, we created figures

displaying interaction terms using categorized age and time for ease

of interpretation.

Results

Consent was provided for 195 children injured before 31 months of

age. Of those, 184 (94%) completed the pre-injury assessment; 168

(91%) with a pre-injury assessment completed either a 3- or 12-month

assessment; the latter group comprises the cohort. Of the 168 chil-

dren, 152 (90%) completed all follow-up assessments, whereas 9

(5%) completed only the 3-month and 7 (4%) completed only the 12-

month assessment (Fig. 1). Parents completed the pre-injury inter-

view a median of 7 days (interquartile range [IQR], 3, 13) after injury.

The study cohort consists of 48 (29%) children with mild TBI, 45

(27%) with complicated mild TBI, 9 (5%) with moderate TBI, and 21

(12%) with severe TBI. There are 45 (27%) children with OI. Overall,

the cohort was composed of poor (37% under the poverty level),

working (85% employed), and two-parent (66% married) families.

The sample was diverse, with 51% non-Hispanic Caucasian and 31%

FIG. 1. Flow diagram of cohort recruitment. TBI traumatic brain injury.
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Hispanic. Most families completed assessments by the Web (65%)

and in the English language (86%; Table 1).

Enrollment was similar by site; however, more children with

severe TBI were enrolled in Utah because of differences in Child

and Family Services’ decisions regarding enrollment of abused

children. Injury groups had similar proportions of child sex, pre-

maturity (32–36 weeks gestational age), race/ethnicity, preferred

language, parent employment, and respondent education. Of the

16 pre-mature children, 9 (56%) were born at 36 weeks. Pre-injury

ratings of family environment covariates were similar between

injury groups. Demographic and family environment variables

did not differ in severely injured children with AHT and other

injury mechanisms.

Falls were the most frequent injury mechanism (n = 124; 74%)

and the primary injury mechanism for the OI (87%), mild TBI

(83%), and complicated mild TBI (84%) groups. AHT was the most

frequent injury mechanism for children with severe TBI (52%).

Most children with TBI had an isolated TBI (Table 2).

Pre-injury, 47 (28%) children were in the assess range on one

or more ASQ-3 domains. Pre-injury ratings on the ASQ-3 and

ASQ:SE did not differ between children with OI and TBI. Com-

paring only children with severe TBI to children with OI showed

that more children with severe TBI had pre-injury ASQ-3 com-

munication (24% vs. 2%; p = 0.01) and problem-solving (33% vs.

7%; p = 0.009) scores in the assess range. Both pre-maturity (odds

ratio [OR], 3.2; 95% confidence interval [CI], 1.1, 10.2) and child

abuse (OR, 2.7; 95% CI, 0.98, 7.5) were associated with at least one

score in the assess range on pre-injury ASQ after adjustment for

child sex, poverty, and Social Capital Index.

Injury severity and time post-injury

Children with mild and complicated mild/moderate TBI re-

mained largely on their developmental track on the ASQ-3 and

ASQ:SE. Figure 2 displays unadjusted mean scores of the ASQ-3

and ASQ:SE at pre-injury and 3 and 12 months by injury type and

Table 1. Child and Family Characteristics by Injury Severity and Type

Mild TBI
(N = 48)

Complicated mild
TBI (N = 45)

Moderate TBI
(N = 9)

Severe TBI
(N = 21)

TBI Overall
(N = 123)

Orthopedic
(N = 45)

Characteristic n % n % n % n % n % n %

Enrollment site
Utah 19 (40) 23 (51) 6 (67) 16 (76) 64 (52) 25 (56)
Texas 29 (60) 22 (49) 3 (33) 5 (24) 59 (48) 20 (44)

Response by web 30 (63) 31 (69) 5 (56) 15 (71) 81 (66) 29 (64)
Preferred language

English 40 (83) 40 (89) 7 (78) 20 (95) 107 (87) 37 (82)
Spanish 8 (17) 5 (11) 2 (22) 1 (5) 16 (13) 8 (18)

Age at injury (months)a: mean – SD 13.0 – 9.0 8.9 –(8.3) 17.0 – 7.1 12.0 – 10.2 11.6 – 9.0 20.2 – 7.5
Child sex: boy 26 (54) 21 (47) 7 (78) 14 (67) 68 (55) 27 (60)

Prematurea (<37 weeks) 4 (8) 6 (13) 1 (11) 1 (5) 12 (10) 4 (9)
Gestational age in weeks: range 34, 36 34, 36 36, 36 36, 36 34, 36 32, 36

Child race:
American Indian or Alaska Native 0 (0) 2 (4) 0 (0) 0 (0) 2 (2) 0 (0)
Asian 0 (0) 1 (2) 1 (11) 0 (0) 2 (2) 2 (4)
Black of African American 9 (19) 3 (7) 1 (11) 1 (5) 14 (11) 3 (7)
Native Hawaiian or other Pacific Islander 2 (4) 0 (0) 0 (0) 0 (0) 2 (2) 0 (0)
Caucasian 36 (75) 34 (76) 5 (56) 13 (65) 88 (72) 38 (84)
Mixed 1 (2) 5 (11) 2 (22) 6 (30) 14 (11) 2 (4)

Child ethnicity: Hispanic/Latino 16 (33) 12 (27) 2 (25) 6 (32) 36 (30) 14 (32)
Child with diagnosed health or behavioral

problem (school or MD)
2 (4) 0 (0) 1 (11) 1 (5) 4 (3) 3 (7)

Respondent sex: female 40 (83) 36 (80) 8 (89) 16 (76) 100 (81) 38 (84)
Married: yes 26 (55) 29 (69) 6 (67) 14 (67) 75 (63) 33 (73)
Either caregiver employed 40 (85) 38 (86) 8 (89) 17 (81) 103 (85) 38 (84)
Respondent education

Less than high school 8 (17) 5 (11) 2 (22) 2 (10) 17 (14) 9 (20)
High school 11 (23) 18 (40) 4 (44) 4 (19) 37 (30) 8 (18)
Vocational/some college 20 (42) 11 (24) 1 (11) 10 (48) 42 (34) 13 (29)
Bachelor’s degree or higher 9 (19) 11 (24) 2 (22) 5 (24) 27 (22) 15 (33)

Income at or below poverty level 18 (41) 13 (32) 5 (62) 3 (16) 39 (35) 18 (42)
Insurance type

None 4 (8) 3 (7) 0 (0) 1 (5) 8 (7) 0 (0)
Medicaid/CHIP 24 (50) 26 (58) 5 (56) 11 (52) 66 (54) 23 (51)
Commercial/private/military 20 (42) 16 (36) 4 (44) 9 (43) 49 (40) 22 (49)

McMaster FAD: mean – SD 1.4 – 0.4 1.5 – 0.5 1.5 – 0.4 1.4 – 0.5 1.4 – 0.4 1.4 – 0.5
Social Capital Index: mean – SD 3.6 – 1.1 3.4 – 1.3 3.0 – 1.3 3.9 – 1.0 3.5 – 1.2 3.5 – 1.2

SD, standard deviation; MD, medical doctor; CHIP, Children’s Health Insurance Program; FAD, Family Assessment Device; TBI, traumatic brain
injury.
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severity. Supplementary Figure 1 (see online supplementary mate-

rial at http://www.liebertpub.com) displays the ASQ-3 and ASQ:SE

scores at each time point excluding children with an abuse mecha-

nism of injury. Patterns of scores are similar with and without those

children injured by abuse. The pattern shown by the unadjusted

scores remains similar after scores are adjusted for pre-injury rat-

ings, AHT, and other model covariates seen in Table 3. AHT was

included to ensure that associations of outcomes with age were not

confounded by abuse as a mechanism of injury.

Sixty percent of children with severe TBI were in the assess

range of at least one domain of the ASQ. Children with severe TBI

had significant decrements in ASQ-3 communication, gross mo-

tor, problem-solving, personal-social, and social-emotional do-

mains. For example, in the gross motor domain, the OI group had

an average gross motor score of 53.0 at 12 months post-injury

(intercept). The severe TBI group was 15.2 points (95% CI, -21.1,

-9.9) lower than the OI group at 12 months post-injury after

adjusting for pre-injury score and all other covariates. An inter-

action between TBI severity and time post-injury showed that the

severe TBI group worsened by 0.77 points per month (95% CI,

-1.54, -0.01) between the 3- and 12-month time points compared

to the OI group, as shown in Figure 3. On the ASQ:SE, the severe

group, on average, scored 21.0 points higher (worse) after ad-

justment for model covariates.

Age at injury

Age at injury interacted with time post-injury for ASQ com-

munication, gross motor, and problem-solving domains. Figure 4

displays raw mean scores of age groups over time for these out-

comes. Table 3 shows that ASQ communication scores were in-

creased at the 1-year follow-up by 0.32 points for every 1-month

increase in age at injury. The time by injury age interaction term

shows that over time, on average, a 1-month increase in age was

associated with a 0.04-point (95% CI, 0.01, 0.06) increase in score;

however, because the slope for time is negative (-0.19; 95% CI,

-0.43, 0.06), the average slope was negative for younger children,

indicating worsening outcomes over time and positive for older

children indicating improving outcomes over time. Figure 5 helps to

visualize the interaction of age at injury (categorized) with time post-

injury in the modeled results, which take the children’s pre-injury

scores into account. Consistent with the model results, Figure 5 shows

Table 2. Injury Information by Injury Severity and Type

Mild TBI
(N = 48)

Complicated mild TBI
(N = 45)

Moderate TBI
(N = 9)

Severe TBI
(N = 21)

All TBI
(N = 123)

Orthopedic injury
(N = 45)

Injury severity/type n % n % n % n % n % n %

Admission type
ED/OBS only 34 (71) 7 (16) 1 (11) 0 (0) 42 (34) 31 (69)
Hospital, not PICU 13 (27) 23 (51) 0 (0) 0 (0) 36 (29) 14 (31)
PICU 1 (2) 15 (33) 8 (89) 21 (100) 45 (37) 0 (0)

Transport mode
Ambulance 25 (52) 24 (53) 5 (56) 0 (0) 54 (44) 18 (40)
Air transport 6 (12) 11 (24) 4 (44) 21 (100) 42 (34) 0 (0)
Private vehicle 17 (35) 10 (22) 0 (0) 0 (0) 27 (22) 27 (60)

Injury mechanism
Assault/child abuse 2 (4) 5 (11) 3 (33) 11 (52) 21 (17) 1 (2)
Fall 40 (83) 38 (84) 4 (44) 3 (14) 85 (69) 39 (87)
Motorized vehicle 3 (6) 1 (2) 0 (0) 4 (19) 8 (7) 0 (0)
Pedestrian/bicycle 0 (0) 0 (0) 2 (22) 1 (5) 3 (2) 2 (4)
Struck by or against 2 (4) 0 (0) 0 (0) 0 (0) 2 (2) 2 (4)
Other 1 (2) 1 (2) 0 (0) 2 (10) 4 (3) 1 (2)

Which extremity was
fractured?
Arm — — — — — 22 (49)
Leg — — — — — 22 (49)
Both — — — — — 1 (2)

Head imaging in ED 46 (96) 45 (100) 9 (100) 21 (100) 121 (98) —

Median (IQR)

Glasgow Coma Scale
ED lowest post-

resuscitation
15 (15, 15) 15 (15, 15) 11 (10, 11) 3 (3, 6) — —

ED motor score 6 (6, 6) 6 (6, 6) 5 (5, 5) 1 (1, 4) — —

Injury severity score 4 (1, 6) 9 (8, 10) 16 (10, 24) 20 (16, 25) 9 (4, 16) 5 (4, 9)
Abbreviated injury score

Head and neck 2 (1, 2) 3 (2, 3) 3 (2, 4) 4 (3, 4) 3 (2, 3) 0 (0, 0)
Maximum excluding

head
0 (0, 1) 0 (0, 1) 1 (1, 2) 1 (0, 2) 0 (0, 1) 2 (2, 3)

ED, emergency department; OBS, observation unit; PICU, pediatric intensive care unit; TBI, traumatic brain injury; IQR, interquartile range.
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that children in the youngest three age groups (0 to <6, 6 to <12

months, and 12 to <24) have decreasing scores in communica-

tion from 3 to 12 months, whereas children in the 24- to 31-

month age group improved. Results for problem solving were

similar: The youngest two age groups had decreasing scores, and

the two older groups improved. Gross motor scores were sig-

nificantly reduced in the two youngest groups at 3 months, but

improved between 3 and 12 months. Age at injury was signifi-

cantly associated with the ASQ:SE, with worse scores in older

children. Age effects were consistent in strength and direction

when premature children were excluded from the models (data

not shown).

Injury mechanism and family covariates

Children with AHT as the injury mechanism had worse scores

in ASQ-3 communication, gross motor, and personal-social skills

domains in the adjusted analysis. Poverty was associated with

both ASQ-3 problem-solving and personal-social scales. Relative

to a child whose family was at the federal poverty level, a child

from a family at 5 times above the poverty level had a 6.8-point

higher score on problem-solving and 5.2-point higher personal-

social score. Children living with married parents scored 8.7

points lower (better) on the ASQ:SE compared to children with

single or unmarried parents.

FIG. 2. Raw mean scores of ASQ:3 domains and ASQ:SE by injury severity over time with standard errors. ASQ-3, Ages & Stages-3;
ASQ:SE, Ages & Stages: Social-Emotional.
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Early childhood intervention services

At 12 months post-injury, 25% of children were in the monitor

and 28% in the assess range on one or more ASQ-3 scales. Few

families reported ECI services at 3 (n = 9; 6%) or 12 months (n = 8;

5%) post-injury. Most children (n = 7) receiving services at 12

months were in the moderate or severe TBI groups.

Discussion

Our data demonstrate that key risk factors for adverse outcomes

1 year after injury include injury sustained in infancy and severe

TBI. Understanding which young children with TBI are at risk for

developmental deficits is important given that ECI services are

known to be helpful, but are not always considered or mandated for

children with TBI.38

After controlling for the effects of pre-injury functioning, pre-

term birth, AHT, and other covariates, younger age at injury was

associated with impairments in core outcomes. On the ASQ-3

communication and problem-solving outcomes, children <6

months of age failed to make gains at a developmentally appro-

priate rate, resulting in a progressively larger deficit between their

scores and those of their peers over the first year post-injury. Chil-

dren in the 6- to <12-month age group also failed to make gains in

communication. In gross motor skills, these two youngest groups of

children scored lower than their older peers at the 3-month follow-

up time point, but had made gains at the 12-month follow-up. These

FIG. 3. Interaction of injury severity with time since injury for ASQ:3 fine motor, gross motor, and problem-solving domains with
standard errors. ASQ-3, Ages & Stages-3; TBI traumatic brain injury.

FIG. 4. Raw mean scores of ASQ:3 communication, gross motor and problem-solving by age group with standard errors. ASQ-3,
Ages & Stages-3.
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findings extend those of pre-school– and school-aged children,

where younger age at injury negatively affected the trajectory of

children’s development and subsequent cognitive and academic

performance.6,7,39

The overall good outcomes of infants and toddlers with mild,

complicated mild/moderate TBI are reassuring. These children, on

average, remained developmentally on track, comparable to chil-

dren with OI. This finding is consistent with an earlier study of

children with mild TBI preceding 30 months of age in whom IQ and

behavior 2 years after injury were similar to typically developing

children.11 Bellerose and colleagues found that whereas children

with mild TBI injured between 18 and 60 months of age scored

similarly to children with OI and uninjured children on tests of

intelligence and adaptive behavior, they scored more poorly when

asked to think about another person’s desires (theory of mind).18

This suggests that children with mild TBI may have subtle pre-

injury differences or post-injury changes not reflected on the

ASQ:SE or ASQ:3 personal-social skills.

Children with severe TBI have a global injury reflected in dec-

rements across ASQ-3 and ASQ:SE scales, including increasing

relative deficits in gross motor skills over time. Children with AHT

represented approximately half of those with severe TBI consistent

with previous studies.16 This group had increased difficulties in

communication, gross motor, and personal-social outcomes com-

pared to children injured by other mechanisms, even after adjusting

for family environment. This result is similar to other reports of

children’s development after abusive TBI.15,17,40 In spite of their

low level of functioning and poor prognosis, less than one third of

children in the severe injury group received ECI services. These

rates are low, given that 60% of children with severe TBI scored in

the assess range, with developmental scores below the third per-

centile, at the 12-month follow-up. Rehabilitative services improve

outcomes of young children with abusive and non-abusive severe

TBI.41 Physicians may not consider ECI for TBI, although it is

routine for infants with congenital disorders and pre-maturity.

Additionally, funding challenges for ECI have limited its avail-

ability for some children, resulting in substantial unmet service

needs.42 Failure to receive ECI likely reflects a gap in the contin-

uum of care from acute hospitalization to outpatient community-

based rehabilitation services. Additionally, failure to receive ECI

may contribute to gaps in subsequent educational service delivery

given that ECI is a pipeline for referring pre-school–aged children

to public school intervention programs.

Lower levels of pre-injury functioning contributed to poor out-

comes. A high percentage of children with TBI scored below-

expected levels in one or more ASQ-3 domains pre-injury. Our

findings are similar to the lower scores noted on several pre-injury

ASQ:SE scales in infants and toddlers with mild TBI.43 Ascer-

tainment of pre-injury levels of functioning is important to allow

discrimination of post-injury changes and identify children at high

risk for post-injury developmental difficulties.

Poverty, social capital, and family function were important for

specific ASQ domains. However, family environment was not as

important to outcomes as observed in an older cohort where social

capital and family income were important across cognitive and

behavioral domains.23 It is possible that the effects of family en-

vironment are more pronounced in older children or will emerge in

this very young cohort over time. Very young children also have a

very broad range of normal development; therefore, it is possible

that we were unable to detect the effects of family environment on

outcome with precision.

Results of this study should be viewed in light of its limitations.

ASQ-3 and ASQ:SE are screening tools that use parent report.

These tools are used widely by general pediatricians, useful to

follow children longitudinally, accurate from parent report, corre-

late highly with results of individualized assessments, and cover the

main developmental tasks required by infants and children. How-

ever, they may not detect subtle problems that children may have

after a mild TBI. Thus, whereas it is reassuring that children with

mild and complicated mild/moderate TBI remain developmentally

on track, we cannot say that these children will have no conse-

quence of their injury. Imaging was not used to further classify

injury severity beyond differentiating mild and complicated mild

TBI; therefore, we were unable to assess extent of parenchymal

FIG. 5. Interaction of age at injury with time post-injury for ASQ:3 communication, gross motor, and problem-solving with standard
errors. ASQ-3, Ages & Stages-3.
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injury among moderate and severe injury types. It is possible for

children within GCS levels and age groups to have differing se-

verity of physical injury to the brain, which may have affected

outcomes.

The number of children with moderate TBI was very small. We

chose to group them with complicated mild TBI for analysis as in

previous studies.28 However, grouping moderate and complicated

mild TBI may obscure outcome differences.

Strengths of the study include the sample size, documentation of

pre-injury development, injury comparison group, consideration of

demographic and family environment factors that impact out-

comes, and a longitudinal design allowing evaluation of age, injury

characteristics, and time on the trajectory of developmental out-

comes.

Conclusion

Severe TBI sustained during the most rapid phase of brain de-

velopment has serious adverse consequences for children’s devel-

opmental outcomes and places them at high risk for later problems.

Clinical implications of this work include that a wait-and-see ap-

proach for consideration of ECI for infants with TBI and infants

and toddlers who sustain a severe TBI should not be taken. These

groups should be followed closely for their subsequent develop-

ment and referred for ECI promptly if problems are detected.
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