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Abstract 

Given the reported negative consequences of sport related concussion (SRC), establishing the 

validity of concussion management tools is essential if they are used to determine the severity of 

concussion, track recovery or decline, implement effective interventions, and assist in return-to-

play decision making. Previous research has found cognitive and symptoms differences on 

ImPACT, the most widely used SRC assessment measure, between monolingual and bilingual 

student athletes. Before further investigation of these differences can occur, measurement 

invariance of ImPACT must be established to ensure that differences are not attributable to 

measurement error. The current study has two aims: 1) to replicate a four-factor model recently 

identified using subtest scores of ImPACT on baseline and post-concussion assessments in 

monolingual English-Speaking athletes and bilingual English- and Spanish-speaking athletes and 

2) to establish measurement invariance across groups at both baseline and at post-concussion. 

Participants included high school athletes who were administered the ImPACT for baseline 

assessment and following suspected concussion. Baseline assessments included 7,948 

monolingual English-speaking athletes and 7,938 bilingual English and Spanish speaking 

athletes, and post-concussion assessments included 562 monolingual and 558 bilingual athletes.  

The monolingual and bilingual groups were matched on age, sex, and sport type at baseline 

assessment and at post-concussion assessment. Confirmatory factor analysis (CFA) was used to 

test a number of competing models to determine if the four-factor model provided the best fit of 

the data. Eighteen independent test scores selected from ImPACT cognitive tests were used in 

the CFAs. Multigroup CFA was used to examine invariance of the best fitting model. Results 

from CFAs indicated that the four-factor model provided the best fit in all samples. The four 

factors in the model included Visual Memory, Visual Reaction Time, Verbal Memory, and 
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Working Memory. Additionally, residual invariance, the strictest level of invariance, was 

achieved at baseline and post-concussion across groups. The current results provide strong 

support for measurement invariance for a four-factor model of cognitive abilities estimated from 

ImPACT test scores. The results further suggest that any differences between monolingual 

English-speaking and bilingual Spanish- and English- speaking athletes reported in ImPACT 

studies are not caused by measurement error but may reflect real group differences. The reasons 

for these differences remain unclear. Given the increase in bilingual individuals in the United 

States, and among high school athletics, future research should investigate other forms of error 

such as item bias and predictive validity to further understand if group differences reflect real 

differences between these athletes.  
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Chapter 1 – Literature Review 

Over the past two decades, there has been an increased awareness of the potential 

negative consequences of sport related concussion (SRC) which has prompted the development 

of numerous methods to determine the severity of concussion, effective interventions, and assist 

in return-to-play decision making (McCrea et al., 2017; McCrory et al., 2017). Given the steady 

increase in sport engagement in high school athletics, with approximately eight million high 

school athletes in the United States (The National Federation of State High School Associations, 

2019), and a consequent increase in concussion rate over the years (Kerr et al., 2019; Lincoln et 

al. 2011), development of valid measures to assess SRC is vital for this group of athletes. 

Recently, differences in cognitive and symptom scores between monolingual and bilingual 

groups have been reported at baseline concussion testing (Becker et al., 2022) although the 

reason for these differences remains unclear. Considering the increasing diversity among high 

school athletes including language differences, assessment tools for concussion management 

must be cross-culturally validated to ensure proper management of SRC. Moreover, exploring 

and establishing measurement invariance across diverse populations in commonly used tools is 

integral in assuring that differences in test scores between groups do not simply result from 

measurement bias or other factors.  The present study uses multigroup confirmatory factor 

analysis with invariance analyses to determine whether the latent structure of cognitive abilities 

is invariant among monolingual English speaking and bilingual Spanish-English speaking high 

school athletes on baseline and post-concussion cognitive test scores from one of the most 

commonly used computerized concussion management tools, Immediate Post-Concussion 

Assessment and Cognitive Testing Battery (ImPACT; Lovell, 2020).  
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Overview of Sported-Related Concussion 

According to the Concussion in Sport Group (CISG) consensus statement (2017), sport-

related concussion (SRC) is defined as, “a traumatic brain injury induced by biomechanical 

forces” that can be caused by “a direct blow to the head, face, neck, or elsewhere on the body 

with an impulsive force transmitted to the head” (p. 2). SRC is a form of mild traumatic brain 

injury. Its effects are present in the absence of structural change in the brain when standard 

neuroimaging studies (e.g., computerized tomography or magnetic resonance imaging) are 

examined, reflecting a more functional injury (McCrory et al., 2017).  

SRC risk has been associated with a number of factors including sport, sex, and 

neurodevelopmental history. Various descriptive epidemiologic studies over the last two decades 

have consistently found the highest concussion rates in American football (Lincoln, et al., 2011; 

Kerr et al., 2019; O’Connor et al., 2017), with higher rates in games rather than practice (Marar 

et al., 2012; Zuckerman et al., 2015). Overall, males have been reported to have more SRC given 

their participation in collision sports such as football, but in gender-comparable sports such as 

soccer, higher concussion rates have been consistently evidenced in girls than in boys (Kerr et 

al., 2019; Lincoln et al., 2011; Marar et al., 2012; O’Connor et al., 2017). Additionally, 

individuals with neurodevelopmental disorders (e.g., attention deficit hyperactivity disorder) are 

more likely to report a history of concussion or sustain a SRC than athletes without a 

neurodevelopmental history (Iaccarino et al., 2018; Iverson et al., 2016; Nelson et al., 2016).  

Several reviews have documented a myriad of cognitive, neurologic, and psychological 

health concerns secondary to SRC in the acute and chronic phases post-injury in youth (Alosco 

& Stern, 2019; Covassin et al., 2017), collegiate athletes (Rice et al., 2018), and retired athletes 

(Cunningham et al., 2020; Manley et al., 2017). While findings have been mixed, disruptions in 
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various cognitive processes have been observed immediately following SRC including 

impairments in attention (Moore et al., 2015), memory (Covassin et al., 2013), cognitive 

flexibility (McGowan et al., 2018, Howell et al., 2013), reaction time (Covassin et al., 2013), 

processing speed (Gardner et al., 2010; Shuttleworth-Rdwards & Radloff, 2008), and inhibitory 

control (McGowen et al., 2019, Moore et al., 2015). These disruptions typically resolve within 

five to seven days (Belanger & Vanderploeg, 2005; McCrea et al., 2003), but lingering cognitive 

deficits after the acute phase have also been documented (Howell et al., 2013; Iverson et al., 

2017; McGowan et al., 2019). Psychological health concerns such as symptoms of depression 

and anxiety have also been linked to SRC in elite, professional (Rice et al., 2018) and youth 

athletes (Covassin et al., 2017). Finally, predictors for post-concussion outcome have been 

explored including the effects of repetitive head injuries and concussions (Alosco & Stern, 2019; 

Covassin et al., 2013; McAllister & McCrea, 2017) and pre-injury characteristics such as race 

(Holmes et al., 2016; Kontos et al., 2010), age (Covassin et al., 2012, Field et al., 2003), sex 

(Covassin et al., 2012), and psychiatric comorbidities (see Iverson et al., 2020 for review). 

Although many of these factors have shown to variably influence outcomes across studies, 

greater initial symptom severity following injury appears to be the most consistent predictor of 

slow recovery (see Iverson et al., 2017 for review). 

Given the significant amount of attention SRC has received over the years, concussion 

management has evolved over the last two decades. Protocol has shifted from the rest and 

recuperate mindset to current protocols including pre-season (i.e., baseline) and post-concussion 

cognitive assessments, thorough clinical and neuropsychological evaluations when warranted, 

and focused interventions to make return to play decisions (McKeithan et al., 2019). Given that 

many of the approaches that were historically used to identify brain injury are often impractical 
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for diagnosing acute SRC, screening measures that can be administered for immediate 

assessment following suspected SRC on the sideline or shortly thereafter are commonly used and 

are an integral part of concussion management. These screening measures involve the 

assessment of a range of clinical domains including clinical symptoms (e.g., somatic, cognitive, 

emotional), physical signs (e.g., loss of consciousness, balance impairment), cognitive 

impairment (e.g., slowed reaction times), neurobehavioral features (e.g., irritability), and 

sleep/wake disturbance (McCrory et al., 2017). One of the most widely used screening measures 

is the ImPACT, which is used to assesses cognitive abilities as well as symptoms at pre- and 

post-concussion (Lovell, 2021). Given the need to inform clinical decision making and return-to-

play determinations in SRC, it is crucial to ensure that concussion assessment tools like the 

ImPACT are well-validated and psychometrically sound.  

ImPACT 

The ImPACT (Lovell, 2020) is a brief computerized test of cognitive abilities that has 

demonstrated high sensitivity and specificity for detecting concussion and monitoring recovery 

(Schatz & Sandel, 2013). It includes a demographic, academic, and health history questionnaire, 

a post-concussion symptom scale (PCSS), and a series of cognitive tests. Performance on the 

cognitive tests is determined using five composite scores, including four that are purported to 

assess cognitive abilities sensitive to concussion (Verbal Memory, Visual Memory, Visual Motor 

Speed, and Reaction Time) and one that is used to evaluate test validity (Impulse Control) 

(Lovell, 2020; pp.16). Some studies indicate the composite scores have adequate test-retest 

reliability (Elbin et al., 2011; Schatz, 2010) while others suggest otherwise (Broglio et al., 2007; 

Bruce et al., 2014).  The test manual indicates that “the composite scores were derived logically 

rather than through factor analysis” (Lovell, 2020; pp.21). A number of concerns have been 
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raised regarding their use, including evidence suggesting that the composite scores may not 

adequately represent the latent structure of the individual ImPACT test scores, and that they 

show differential effects based on linguistic factors (Maietta et al., 2021). 

Latent Structure 

Regarding latent structure, some factor analytic studies of the ImPACT composite scores 

indicate that the latent structure is best represented by two, rather than five constructs (Iverson et 

al., 2005; Schatz & Maerlender, 2013; Gerrard et al., 2017; Echemendia et al., 2020; Masterson 

et al., 2019). In these studies, the logically derived composite scores (i.e., Verbal Memory, 

Visual Memory, Visual Motor Speed, and Reaction Time), rather than individual test scores were 

used in the analyses. Iverson and colleagues (2005) were the first to identify a two-factor model 

and their results were subsequently supported in a large-scale study by Schatz and Maerlender 

(2013). Schatz and Maerlender (2013) utilized exploratory factor analysis (EFA) of the ImPACT 

core composites in 21,357 middle school, high school, and collegiate athletes at baseline and 560 

athletes at post-concussion. In both samples, Verbal Memory and Visual Memory composite 

scores formed a “Memory” factor and Visual Motor Speed and Reaction Time scores formed a 

“Speed” factor. This two-factor model was consistent in other EFA studies of the composite 

scores across multiple samples including a broader sample of high school athletes with less 

stringent exclusion criteria (Gerrard et al., 2017) and concussed NHL players (Echemendia et al., 

2020). This two-factor model has also been supported by studies utilizing confirmatory factor 

analysis (CFA) of the composite scores (Masterson, et al., 2019; Maietta et al., 2021) and has 

been shown to have higher test-retest reliability (Brett et al., 2018; Schatz & Maerlender, 2013) 

as well as higher sensitivity and specificity than the ImPACT composite scores alone (Schatz & 

Maerlender, 2013). Given the evidence of a two-factor model as representing the underlying 



   6 

factor structure of ImPACT composite test scores, the most recent ImPACT 4 manual now 

includes a Two-Factor score comprised of a Memory component and Speed component in 

addition to the Composite Scores for interpretation (Lovell, 2021, pp. 14-17).  

However, exploratory and confirmatory factor analyses of ImPACT subtest scores (rather 

than the composites scores) indicate a more complex latent structure, suggesting that the two-

factor model is not an optimal representation of the latent structure of the ImPACT scores (Allen 

& Gfeller, 2011; Maietta et al., 2021). Allen and Gfeller (2011) used EFA to analyze the 

ImPACT subtest scores that contribute to the composite scores and identified a five-factor model 

that was not consistent with the existing composite scores including: Forced Choice Efficiency, 

Verbal and Visual Memory, Inhibitory Cognitive Abilities, Visual Processing Abilities and a 

factor with only one loading from the Color Match Total Commissions score. Most recently, 

utilizing EFA of all the subtest scores, Maietta et al. (2021) identified an 18 variable four-factor 

model (i.e., Visual Memory, Visual Reaction Time, Verbal Memory, and Working Memory) in 

18,046 high school athletes with valid baseline tests. This four-factor model was subsequently 

confirmed using CFA as the best fitting model in an independent cross-validation sample of 

18,045 high school athletes. Maietta et al. (2021) also examined the two-factor model which had 

good fit when composite scores were entered into the analyses but did not provide good fit when 

subtest scores were examined. Similarly, a five-factor model was specified that corresponded to 

the logically derived composite scores and it also provided a poor fit, suggesting that the 

currently used composite scores are not factorially pure, raising questions about the validity of 

factors that are identified using composite rather than individual test scores. Given these 

considerations, Maietta et al. (2021) concluded that a four-factor model provided the best fit. 

This was the first study that utilized CFA to identify the latent structure of the ImPACT 
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cognitive subtest scores (rather than composite scores) and suggests that ImPACT cognitive tests 

may be best interpreted based on four factor analytically derived scores rather than the two or 

five composite scores reported in the test manual.   

Cultural and Linguistic Influence on ImPACT 

Validity concerns have also been raised about the five ImPACT composites because of 

differences in performance that have been reported based on language-related factors. The 

influence of various linguistic characteristics on baseline neurocognitive performance has been 

documented in several studies using the ImPACT composite scores and have revealed mixed 

findings. While some studies have found no differences across groups of varying language 

abilities (Tsushima et al., 2017), others have reported differences in all core composite scores 

(Jones et al., 2014; Ott et al., 2014), two or more composite scores (Becker et al., 2021; Bruce et 

al., 2014; Echemendia et al., 2020; Jones et al., 2014; Karr et al., 2020; Lehman Blake et al., 

2015; Ott et al., 2014; Vartiainen et al., 2019), or one composite score (Jones et al., 2014; 

Iverson et al., 2021; Wallace et al., 2021).  

Specifically, overall equivalence on ImPACT baseline composite scores was found in 

native English and non-native English-speaking athletes in Hawaii who took the test in English 

(Tsushima et al., 2017). Researchers concluded that the use of US neurocognitive normative data 

(i.e., English) may be appropriate to use in this sample when baseline data are not available. In 

contrast, various Spanish-English language comparisons have revealed differences across several 

studies. Jones et al. (2014) found significant differences in native English and native Spanish 

speakers on all ImPACT core composite scores and total symptom score. However, when 

corrected for education, differences remained in Visual Motor Speed, Reaction Time, and Visual 

Memory in those with a high school education and without the ability to speak a second 
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language, but in the college-educated group, the only difference was in Visual Motor Speed. 

They concluded that while education seems to minimize group differences, it does not account 

for all the differences in composite scores. Ott et al., (2014) also found that English-speaking 

athletes outperformed Spanish-speaking peers on all four ImPACT core composites with the 

greatest difference in Visual Motor Speed and Reaction Time and also indicated lower Total 

Symptom scores than Spanish-speaking athletes tested in Spanish. Furthermore, Spanish- 

speaking athletes who took the test in Spanish performed worse than Spanish-speaking athletes 

who took the test in English in Verbal Memory, Visual Motor Speed, and Reaction Time. This 

was one of the first studies that examined Spanish-English bilingual individuals taking the test in 

Spanish or in English (Ott et al., 2014). Using a within-subject design, Lehman Blake et al. 

(2015) also found cognitive test score differences (i.e., Verbal Memory and Visual Motor Speed) 

but no symptom reporting difference when comparing the performance of 58 bilingual Spanish-

English speaking individuals who each took the ImPACT in both languages. They concluded that 

valid interpretations are unlikely when comparing performance on Spanish language versions to 

English norms. Karr et al., (2020) found that athletes tested in Spanish performed lower on 

Visual Motor Speed and Reaction time and had higher total symptom score compared to athletes 

tested in English who were matched on age, gender, health, and academic history. Most recently, 

Becker et al. (2021) compared baseline ImPACT assessments for monolingual English-Speaking 

athletes tested in English, bilingual English-Spanish speaking athletes tested in English, and 

bilingual and monolingual English-Spanish speaking athletes tested in Spanish. Consistent with 

prior research, the monolingual English-Speaking athletes tested in English outperformed all 

other groups on Visual Motor Speed and Reaction Time scores. 
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Aside from Spanish-English language comparisons in the United States, other language-

based comparisons have also revealed differences across groups. Bruce et al., (2014) examined 

1-year test-retest reliability of ImPACT in a multilingual sample of professional hockey players 

and found significant variability in test-retest reliability among different language versions 

including English, French, Czech, and Swedish. Related, Vartiainen et al. (2019) found that 

Finnish professional male ice hockey players’ performance on Visual Motor Speed and Reaction 

Time composites differed from the previously published English and Czech language samples 

(Bruce et al., 2014). On a slight variation of ImPACT, ImPACT quick test (ImPACT QT; Lovell, 

2017), Wallace et al. (2021) found poorer performance on Motor Speed in Zambian football 

players compared to North American normative data and most recently, Iverson et al. (2021) 

found that boys tested in Mandarin performed significantly higher than boys tested in English on 

Visual Motor Speed.   

Although ImPACT can be administered in 21 languages, there are few published 

language-specific normative data that are used for comparison for non-English administrations 

(Echemendia et al., 2020, Tsushima et al., 2018, Vartiainen et al., 2019). To our knowledge, 

there are also no published factor analytic studies of the ImPACT cognitive scores with a focus 

on a diverse sample across language or language abilities despite the evidence of possible 

influence or bias. Language effects appear variable, though patterns of Visual Motor Speed and 

Reaction Time differences are notable, and appear to demonstrate some influence on ImPACT at 

baseline.  

Measurement Invariance 

Before conducting cross-cultural comparative research, measurement invariance should 

be examined to ensure that the testing procedures used are assessing similar constructs across 



   10 

cultural groups (Boer et al., 2018). Measurement invariance is defined as “whether or not, under 

different conditions of observing and studying phenomena, measurement operations yield 

measures of the same attribute” (Horn & McArdle, 1992, p.117). Establishing measurement 

invariance helps ensure that differences across conditions (e.g., language) are meaningful by 

demonstrating that groups differences are not the result of lack of test invariance across different 

groups. Previous studies have demonstrated the potential consequences of assuming 

measurement invariance rather than testing it, by finding artificial interactions effects between 

constructs (Chen, 2008). Put another way, meaningful interpretations about group differences 

cannot be made until measurement invariance is established.  

There are four different levels of invariance that are generally discussed in cross cultural 

research (e.g., Milfont & Fischer 2010). Functional equivalence refers to whether or not the 

construct of interest has the same psychological meaning across cultures. This level of 

equivalence is not tested statistically but rather through theoretical analysis, or other qualitative 

research. Thus, the first level of invariance that can be statistically tested is configural 

invariance. Configural invariance is met if factor loadings are all in the same direction across 

groups – if the same items load on the same latent variables across groups - meaning the same 

observed variables or items can be used to measure the theoretical construct. Configural 

invariance is recognized as the lowest or weakest level. If this level is not met, the assessment 

cannot be assumed to be measuring the same construct across groups (Horn & McArdle, 1992). 

The next level, metric invariance, is met if the factor loadings are identical across groups. For 

this level to be met, the measurement units are the same across groups and thus, comparisons of 

correlations and patterns of means can be made. Scalar invariance is met when the measurement 

scale has the same intercept across groups. This level of invariance must be established to 
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directly compare latent means (van de Vijver & Leung, 1997). Finally, the most difficult form of 

invariance to achieve is residual invariance. Residual invariance means that the sum of specific 

variance and error variance is similar across groups. Meeting this strict level of invariance 

suggest that the scale measures the same underlying construct between groups with an equal 

degree of accuracy. 

While there are various ways to test for invariance in cross-cultural studies, multigroup 

confirmatory factor (MGCFA) procedures are the most frequently used approach (Chen, 2008; 

Milfont & Fischer, 2010). In MGCFA, different models with different constraints are tested and 

compared with each other in a multistep approach to provide a rigorous test of configural, metric, 

and scalar invariance. While this theory driven, confirmatory approach has the ability to detect 

different biases and establish equivalence, the model restrictions have also been criticized for 

being too strict for cross-cultural research (Lubke & Muthen, 2004; van de Shoot et al., 2013). 

Specifically, scalar invariance has been difficult to achieve in prior studies (Boer et al., 2018). 

However, it is also important to recognize that scalar invariance is not always necessary if the 

goal is comparing associations of variables across cultural contexts (i.e., metric invariance). 

Thus, when full measurement invariance is not achieved, partial measurement invariance has 

been recognized as an alternative and requires only a subset of parameters to be invariant, 

allowing the other subset to vary across cultures (Byrne et al., 1989).  

Measurement Invariance Analyses of ImPACT  

Until the invariance of the ImPACT latent structure across language-based groups has 

been established, differences (or lack of differences) in ImPACT performance for language-

based groups cannot be determined. None of current studies have utilized measurement 

invariance analyses to better understand equivalence between groups on the latent structure of 
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the assessment tool itself, which may account for inconsistent findings across studies and 

language groups. In fact, performance differences on ImPACT baseline assessments have been 

documented based on several other factors including age (Covassin, Elbin, Harris, et al., 2012), 

gender (Cottle et al., 2017; Covassin, Elbin, Harris, et al., 2012), race (Houck et al., 2018; 

Kontos et al., 2010; Wallace et al., 2018), neurodevelopmental history (Cottle et al., 2017; Elbin 

et al., 2013), depression (Covassin, Elbin, Larson, et al., 2012), socioeconomic status (Houck et 

al., 2018), and motivation (Rabinowitz et al., 2015), but to our knowledge, there are no studies of 

measurement invariance across any groups on the cognitive tests.  

To date, the only study that has examined measurement invariance is of the symptom 

scale that is included in ImPACT (i.e., PCSS) in a recent study by Karr and Iverson (2020) where 

they found partial-to-full invariance for each model at baseline across demographic (e.g., age, 

sport type) and health history groups (e.g., history of concussion, neurodevelopmental 

diagnoses). While testing for measurement invariance across groups is a logical prerequisite to 

conducting meaningful cross-group comparisons, few cross-cultural studies, not limited to 

ImPACT or concussion management tools, have incorporated this step in their methodology 

(Vandenberg & Lance, 2000; Boer et al., 2018). In the current investigation, we aim to 1) 

determine an optimal factor structure for the ImPACT at baseline and post-concussion 

assessments among monolingual English-speaking and bilingual English- and Spanish-speaking 

high school athletes and 2) examine the measurement invariance in these two groups. This will 

be the first study to investigate invariance in the latent structure of the ImPACT cognitive test 

scores. 
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Chapter 2-The Present Study 

This study aimed to strengthen interpretations of cross-cultural comparative research 

relevant to SRC. Based on the literature, the following aims and hypotheses were made.  

Specific Aim and Hypothesis 1 

 There have been no factor analytic studies of the ImPACT cognitive test scores in 

bilingual Spanish-English speaking athletes and recent research suggests that the currently used 

two- and five-composite scores do not represent the latent structure of the scores. Thus, the first 

aim of this study was to determine an optimal factor structure for ImPACT baseline and post-

concussion assessment among monolingual English-speaking and bilingual English- and 

Spanish-speaking high school athletes. Specifically, we conducted a CFA for the four-factor 

model (Visual Memory, Visual Reaction Time, Verbal Memory, and Working Memory; Maietta 

et al., 2021) and other competing models (i.e., one-factor, two-factor, and three-factor) to 

evaluate model fit at baseline and at post-concussion.  

 It was hypothesized that the four-factor model of ImPACT cognitive test scores would 

provide best fit in baseline and post-concussion assessments of monolingual English-speaking 

and bilingual English- and Spanish-speaking athletes at baseline. 

Specific Aim and Hypothesis 2 

Language-based group differences in ImPACT cognitive performance have been reported 

across various language-related factors (e.g., language of administration, native versus non-

native language, bilingualism). However, group differences may result from variances in latent 

structure attributable to language. Thus, the second aim of the present study was to examine 

measurement invariance of ImPACT cognitive test scores between monolingual English-
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speaking and bilingual English- and Spanish-speaking high school athletes. Specifically, 

configural, metric, scalar, and residual levels of invariance were assessed through MGCFA.  

It was hypothesized that the MGCFA would indicate strict (i.e., residual) measurement 

invariance across monolingual English-speaking and bilingual English- and Spanish-speaking 

athletes at baseline and post-concussion assessments.  
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Chapter 3-Method 

Participants 

Participants consisted of two samples of athletes selected from a larger database of 

athletes from a southwestern state who completed ImPACT Version 2.0 and 2.1 between 2008 

and 2020. The first sample included athletes with valid baseline assessments and the second 

sample included athletes with post-concussion assessments. Both samples consisted of bilingual 

Spanish/English speakers and case-matched monolingual English speakers. Demographic 

information for the two samples are presented in Table 1.  

The monolingual sample met the following criteria: age 13 to 19, completed a valid 

baseline (indicated by ImPACT software validity indicators) or post-concussion assessment in 

English, and endorsed English as their only language on the demographic questionnaire. The 

bilingual group met the same criteria but endorsed English and Spanish for their first or second 

language on the ImPACT demographic questionnaire. For athletes with multiple baselines, their 

initial valid baseline assessment was included. Athletes in the baseline sample were also 

excluded if they had a history of concussion. For athletes with multiple post-concussion 

assessments, their initial post-concussion assessment from their first injury was included. 

Participants were excluded if they had a self-reported history of Autism, ADHD, learning 

disability or self-reported treatment history of epilepsy or seizures, brain surgery, meningitis, 

psychiatric disorders or substance/alcohol use. Athletes were also excluded if they had patterns 

of scores that indicate non-responsiveness (e.g., scores of zero on reaction time and total 

correct/incorrect).  

As the number of monolingual athletes was substantially larger than the number of 

bilingual athletes, for both samples (baseline and post-concussion), monolingual athletes were 
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randomly selected to match the bilingual athletes on age, sex, and sport category (e.g., contact-

collision, contact-non-collision, limited contact, and non-contact; Brett & Solomon, 2017; Rice, 

2008; Montalvo et al., 2019). Random case-matching was conducted in R using the Matchit 

package (Ho et al., 2011). A detailed description of inclusion and exclusion criteria is shown in 

Figure 1.  

All bilingual athletes who met study criteria were included in the final baseline and post-

concussion samples. The final baseline sample consisted of 7948 monolingual athletes and 7938 

bilingual athletes. The post-concussion sample consisted of 562 monolingual athletes and 558 

bilingual athletes. As seen from Table 1, the groups were closely matched on age, sex and sport, 

indicating that the matching procedure was successful and limiting the influence that these 

demographic variables might have on MGCFA and invariance results.  

Measures 

ImPACT 

ImPACT (Lovell, 2020) is a brief computerized neurocognitive test that is widely used 

for sport concussion assessment and management. It includes a demographic, academic, and 

health history questionnaire, a symptom scale (i.e., PCSS), and a series of cognitive tests. The six 

cognitive subtest scores form five composite scores: Verbal Memory, Visual Memory, Visual 

Motor Speed, Reaction Time, and Impulse Control. Previous psychometric research has 

demonstrated 91.4% sensitivity and 69.1% specificity for the subscales (Schatz & Sandel, 2013) 

and 80% sensitivity and 62% specificity for the composites (Schatz & Maerlender, 2013). 

Research regarding the reliability of ImPACT have revealed inconsistent findings with some 

studies reporting adequate reliability for the composite scores with test-retest intraclass 

correlation coefficients between .62 and .85 (Elbin et al., 2011) and others reporting poor to 
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adequate intraclass correlation coefficients between .22 to .81 across a one-year time period 

(Bruce et al., 2014). Convergent validity has been generally supported while predictive and 

discriminant has been less conclusive (Alsalaheen et al., 2016). 

The current study will focus on the following cognitive subtest scores that make up the 

recently identified four-factor structure (Maietta et al., 2021); they are listed here in order of 

subtest: Word Memory — Hits (Immediate), Correct Distractors (Immediate), Hits (Delay), 

Correct Distractors (Delay); Design Memory —Correct Distractors (Immediate), Hits (Delay), 

Correct Distractors (Delay); X’s and O’s — Total Correct (Memory), Total Correct 

(Interference), Average Correct Reaction Time (Interference), Average Incorrect Reaction Time 

(Interference); Symbol Match —  Total Correct Reaction Time (Visible), Total Correct (Hidden), 

Total Correct Reaction Time (Hidden); Color Match — Average Correct Reaction Time; Three 

Letters — Total Sequence Correct, Average Time to First Click, and Average Counted Correctly. 

Procedures 

ImPACT was administered to high school athletes as part of routine concussion 

management protocols at the beginning of the sport season and then again after an athlete 

sustained a concussion during sport-participation. When possible, athletes were tested within 72-

hours after sustaining a concussion. Baseline ImPACT was typically administered in a group 

setting by personnel who were trained in proper administration procedures (e.g., distraction-free 

testing environment, standardized instructions, etc.). This study utilized de-identified archival 

data which was deemed exempt by the local social/behavioral institutional review board for 

protection of human subjects. 
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Statistical Plan and Approach 

Data Screening 

Data screening was conducted in R version 4.0.3. First, cases with zeros on multiple 

scores within a subtest were flagged as missing data and removed from the dataset. Second, 

univariate and multivariate outliers were addressed in each sample (i.e., baseline and post-

concussion). A case was considered a univariate outlier if a value was 3.29 standard deviations 

away from the mean on each variable (Tabachnick & Fidell, 2013). Once univariate outliers were 

identified, those cases were assigned a raw score one unit larger or smaller than the next most 

extreme score in the distribution in order to reduce their impact (Tabachnick & Fidell, 2013). If 

more than 1% of the data was identified as an outlier, the raw score replacement was conducted 

in a way to maintain the general distribution of the data. For example, for anything greater than a 

z-score of ±3.29, the score was changed to be one unit further than the last extreme score. For 

anything greater than a z-score of ±4, the score was changed one more half unit to maintain the 

order. Multivariate outliers were identified using Mahalanobis distance and influence values (i.e., 

Cook’s distance). Third, normality was assessed through examination of histograms and values 

of skewness and kurtosis. Fourth, multicollinearity was assessed through examining a correlation 

matrix as well as high variable inflation factor (VIF) values. Finally, group differences in age, 

sex, sport type, and language group, were explored using chi-square tests of independence and 

ANOVAs. 

Data Analyses  

Confirmatory factor analysis (CFA) was conducted in R version 4.0.3 using the ‘lavaan’ 

(Rosseel, 2012) and ‘semTools’ (Jorgensen et al., 2018) packages. The four-factor model by 

Maietta et al., (2021) was investigated for the bilingual baseline sample, monolingual baseline 
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sample, bilingual post-concussion sample, and monolingual post-concussion sample using the 

maximum likelihood estimation with robust standard errors (MLR; Satorra & Bentler, 2001).). 

The factors included Visual Memory, Visual Reaction Time, Verbal Memory, and Working 

Memory. Competing models based on prior empirical and theoretical evidence were also 

explored including a one-factor model that served as an informed baseline model, testing the 

assumption that the latent structure of ImPACT test scores might best be accounted for by a 

single or global factor. More complex models must improve fit over this informed baseline 

model to be considered parsimonious. Based on the previous literature that has identified 

Memory and Speed constructs using exploratory and confirmatory factor analysis, and have 

suggested use of these two factors rather than 4 or 5 composite scores as improving test-retest 

reliability of ImPACT’s scores (Schatz & Maerlender, 2013), a two-factor Memory and Speed 

model was also examined. An alternate two-factor (Verbal and Visual) model was also included 

given the visual and verbal nature of the subtests included in the ImPACT and the well 

documented differences in cognitive processing of verbal and nonverbal information. Finally, a 

three-factor model was examined that drew a distinction between long term memory and short 

term/working memory by combining the visual and verbal memory factors into a long term 

memory factors, while retaining the working memory factor and visual reaction time factors as 

separate factors. These models are presented in Table 2.  Overall model fit was determined using 

the following fit indices: comparative fit index (CFI; Bentler, 1990), Tucker-Lewis index (TLI; 

Tucker & Lewis, 1973), root-mean-square error of approximation (RMSEA; Browne & Cudeck, 

1993), standardized root-mean-square residual (SRMR; Hu & Bentler, 1999). According to 

cutoffs established by Hu and Bentler (1999) and Schreiber et al. (2006), fit indices are 

considered satisfactory when CFI and TLI > .90 and superior when CFI and TLI > .95. SRMR 
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and RMSEA values less than .08 represent acceptable fit while values less than .06 represent 

superior fit (Schreiber et al., 2006). Given the sensitivity of chi-square statistics in larger sample 

sizes, chi-square was only used for descriptive purposes and were not used to examine model fit 

(Meade et al., 2008; Tabachnick & Fidell, 2013).  

MGCFA was conducted on the optimal ImPACT cognitive structure to assess 

measurement invariance between the monolingual and bilingual groups at baseline and at post-

concussion. Through increasingly restrictive MGCFAs, configural, metric, scalar, and residual 

levels of invariance were assessed. Specifically, we first tested configural invariance and 

assessed the pattern of loadings across groups. Next, we tested metric invariance, which requires 

factor loadings to be the same across groups. Then, we tested scalar invariance, which requires 

the intercepts to be invariant across groups. Finally, we tested residual invariance, which requires 

the factor loadings, intercepts, and residuals to be the same across groups. Significant reductions 

in model fit at any of these sequential steps suggest that the model is variant across groups. The 

primary indicators of variance and cut-offs that were used are ∆CFI ≤ -0.01, and ∆RMSEA ≤ 

0.015 (Chen, 2007). While ∆ χ2 is often used to assess measurement invariance, it was not used 

given its sensitivity to large sample sizes (Meade et al., 2008).  
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Chapter 4- Results 

Confirmatory Factor Analysis of ImPACT 

Descriptive statistics for the ImPACT test scores are presented in Table 3 for the baseline 

and post-concussion samples. The goodness-of-fit statistics for the CFAs that examined the 

competing factor structures of ImPACT are presented in Table 4 for each group. For every group 

(i.e., baseline monolingual, baseline bilingual, post-concussion monolingual, post-concussion 

bilingual), the four-factor model had better fit than all other competing models (∆CFI > .01). 

However, the four-factor model only met the cutoffs on two of the four goodness-of-fit indices, 

thus, we aimed to improve the model fit by re-evaluating the variables theoretically and 

examining the modification indices. 

 Through theoretical exploration of each observed variable in the four-factor model and 

examination of modification indices, the residual variances were allowed to correlate for the 

following pairs of variables: Word Memory – Hits (Immediate) with Hits (Delay), Design 

Memory – Correct Distractors (Immediate) with Correct Distractors (Delay), Word Memory – 

Correct Distractors (Immediate) with Correct Distractors (Delay), Three Letters – Average Time 

to First Click with Average Counted Correctly, X’s and O’s – Average Correct Reaction Time 

(Interference) with Total Correct Interference and with Average Incorrect Reaction Time 

(Interference), and Symbol Match – Average Reaction Time (Visible) with Average Reaction 

Time (Hidden). Given that these pairs of variables are each part of the same respective subtests, 

it made logical sense to add these parameters and allow the rest of the model to remain the same. 

 As seen in the Table 5, CFA results of the modified four-factor model indicated adequate 

to superior fit and met criteria for all four goodness-of-fit indices in both of the baseline and 

post-concussion samples. The baseline models for monolingual and bilingual athletes are 
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presented in Figures 2 and 3, respectively, along with factor loadings, inter-item correlations, and 

inter-factor correlations. Similarly, the post-concussion models for monolingual and bilingual 

athletes are presented in Figures 4 and 5, respectively, along with factor loadings, inter-item 

correlations and inter-factor correlations as well. The modified 4-factor model was retained as 

the configural model to test measurement invariance for monolingual and bilingual groups at 

baseline and at post-concussion.  

Measurement invariance analyses  

 Multigroup confirmatory factor analysis (MGCFA) was conducted using the modified 

four-factor, 18-variable model by language group at baseline and at post-concussion. The results 

of measurement invariance testing across the groups are presented in Table 6. For the baseline 

comparisons (i.e., bilingual baseline group to monolingual baseline group) and the post-

concussion comparisons (i.e., bilingual post-concussion group to monolingual post-concussion 

group), measurement invariance was established at all four levels of testing. As seen in the Table 

6, ∆CFI and ∆RMSEA were nonsignificant in all instances, suggesting that the overall fit of the 

four-factor structure is consistent between monolingual to bilingual samples at baseline and post-

concussion. Metric invariance was achieved with adequate fit indices suggesting that the factor 

loadings are consistent between the monolingual and bilingual samples. Scalar invariance was 

also found with adequate fit indices, suggesting that the item intercepts are consistent between 

the monolingual and bilingual samples at baseline and post-concussion. Finally, residual 

invariance was supported with adequate to superior fit indices at baseline, and adequate fit 

indices at post-concussion. This suggests that the item residuals are equivalent across 

monolingual and bilingual groups at baseline and at post-concussion. As such, measurement 
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invariance of the modified four-factor, 18- variable model was supported at the strict level at 

baseline and at post-concussion for the monolingual and bilingual groups. 
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Chapter 5-Discussion 

 The current study examined the factor structure of the ImPACT, a computerized 

assessment of cognitive abilities for concussion management, in monolingual English-Speaking 

and bilingual English- and Spanish-speaking high school athletes. Models evaluated included an 

18-variable four-factor model (i.e., Visual Memory, Visual Reaction Time, Verbal Memory, and 

Working Memory; Maietta et al., 2021), one-factor baseline model, two-factor model (Speed and 

Memory), alternative two-factor model (Visual and Verbal), and three-factor model (Memory, 

Visual Reaction Time, Working Memory). These models were empirically evaluated to 

determine how well they fit the structure of cognitive data collected at preseason baseline 

assessment and following assessment for suspected concussion. They were further evaluated to 

determine whether the models were consistent and comparable (i.e., established measurement 

invariance) across monolingual English-speaking and bilingual English- and Spanish-speaking 

high school athletes assessed at baseline and at post-concussion. 

Factor Structure of ImPACT  

 The current results indicated a four-factor model provided the best fit of ImPACT 

cognitive test scores at baseline and post-concussion assessments when compared to the other 

competing models that were examined. This four-factor model was hypothesized to be the best 

fitting model based on recent findings which initially identified the model utilizing EFA and 

subsequently confirmed it using CFA in a large sample of valid baseline assessments of high 

school athletes (Maietta et al., 2021). Unlike other studies that have utilized CFA to identify a 

two-factor (i.e., Speed and Memory) model (Masterson, et al., 2019; Maietta et al., 2021), the 

four-factor model identified by Maietta et al. (2021) and identified in this study utilized 18 

subtest scores. Subtest scores are preferable to composite scores for examining ImPACT latent 
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structure for a number of reasons, including that use of composite scores artificially limits the 

number of factors that can be identified to two, which may obscure its more complex latent 

structure. Consistent with previous studies that have examined ImPACT factor structures using 

the subtest scores, one-factor, two-factor, and three-factor models provided poorer fit than the 

four-factor model, confirming that a more complex model is needed to estimate the latent 

structure of ImPACT test scores at baseline and post-concussion (Maietta et al., 2021, Allen & 

Gfeller, 2011).  

Interestingly, in the current baseline and post-concussion samples, while the goodness of 

fit statistics indicated that the four-factor model was the best model evaluated, some of the fit 

statistics for this model fell below cutoffs for adequate fit. Given that the four-factor model had 

overall better fit than the other models, post-hoc model modification was conducted on the four-

factor model by reconsideration of the theoretical basis for assigning subtest scores to factors and 

examination of the modification indices. A modified four-factor baseline model with added paths 

between subtest scores of Design Memory, X’s and O’s, Word Memory, Three Letters, and 

Symbol Match indicated adequate to superior model fit across groups. The added paths paired 

scores from the same subtests, but were determined to be unique (e.g., immediate vs. delayed 

scores), and thus, were retained in the model with added paths, rather than being removed from 

the model completely. This approach allowed the four-factor model to be specified in a manner 

that retained the latent constructs present in the original model. These same modifications were 

applied to the post-concussion assessment and resulted in adequate model fit across groups. 

In addition to replicating the four-factor model at baseline, this was the first study to 

examine the four-factor model on ImPACT assessments administered after suspected 

concussion. Other studies that have examined the factor structure of ImPACT assessments after 
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suspected concussion have utilized EFA (Iverson, 2005; Echemendia et al., 2020) and CFA 

(Masterson, et al., 2019) using the composites scores only to identify the two-factor model. 

Given that the four-factor solution identified several key domains that are frequently disrupted 

post-SRC including working memory, processing speed, and memory (Belanger & Vanderploeg, 

2005; Howell et al., 2013; McGowan et al., 2019), and that less complex models were clearly 

inferior to the four-factor model, the four-factor model better reflects that latent structure of 

cognitive abilities post-injury compared to the two-factor model.  Notably, while the goodness of 

fit statistics indicated the four-factor model provide adequate fit for all groups, it appeared to 

provide a somewhat better fit on baseline assessments compared to post-concussion assessments. 

Measurement Invariance of ImPACT Cognitive Subtests 

 Multigroup confirmatory factor analysis was performed on the modified four-factor 

model by language group at baseline and at post-concussion assessment and achieved all levels 

of invariance including residual invariance, the most difficult form of invariance to attain. This 

indicates that the residuals associated with each latent variable, factor loadings, and intercepts 

are equal across language groups at baseline and post-concussion assessments. As such, any 

differences between monolingual English-speaking and bilingual Spanish- and English- speaking 

athletes may be due to group differences rather than measurement issues.  

 This study provides a meaningful contribution to the growing body of literature on 

concussion assessment tools as this is the first study to examine measurement invariance of the 

cognitive variables on ImPACT. Furthermore, it is the first study to examine measurement 

invariance between bilingual and monolingual athletes on any concussion assessment measure. 

Previous related studies have examined measurement invariance on ImPACT symptom scale 

(i.e., PCSS) and have found partial-to-full invariance across gender, age, sport type, 
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neurodevelopmental history, and psychiatric treatment groups at baseline and partial invariance 

from pre-injury to post-injury assessments (Karr et al., 2021). However, language-related 

variables (e.g., language of administration, bilingualism) were not included. Given the reported 

differences across these language-related variables in performance on cognitive scores at 

baseline assessment (Becker et al., 2021; Jones et al., 2014; Karr et al., 2020; Lehman Blake et 

al., 2015; Ott et al., 2014), it is necessary to assure that these differences in test scores between 

groups do not simply result from measurement error or other factors. This study provides a 

foundation to enable meaningful group comparisons between ImPACT performance at baseline 

and after suspected injury across monolingual English and bilingual Spanish- and English-

speaking athletes. 

Limitations and Future Directions 

 There are a number of limitations to note in the present study. All demographic and 

health history information were based on self-report (e.g., ADHD, prior concussions, treatment 

history). Additionally, athletes indicated whether they were monolingual or bilingual by 

endorsing items “Native language” and “Second language,” which provide no specific 

information regarding language proficiency and are open to interpretation. Bilingualism is a 

multifaceted concept given the range of proficiency levels (e.g., balanced, mixed, receptive 

bilingualism), processes of language acquisition (e.g., single or simultaneous), developmental 

considerations (early or late), and other characteristics unique to an individual’s language ability 

(e.g., socioeconomic status, parental education). While the current results suggest that 

differences reported between monolingual and bilingual athletes are not the result of 

measurement variance, future studies are needed to more comprehensively assess language 

proficiency including variables such as vocabulary knowledge, fluency, and spoken context, to 
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determine associations between these variables and group differences. Additionally, the use of an 

archival database allowed for the large sample sizes required for our statistical analyses, 

however, limited our ability to gather sociodemographic information that can be related to 

language use and cognitive performance. 

 All concussions were only suspected based on the use of a post-injury ImPACT 

assessment by athletic trainers or other trained personnel. The diagnosis of this suspected 

concussion could not be verified based on the information that was available (e.g., a review of 

clinical signs of concussion or injury characteristics). A more stringent inclusion criteria such as 

having taken at least two post-concussion follow-up assessments (i.e., not cleared to return to 

play at the acute post-concussion assessment and requiring a subsequent follow-up) could be 

applied in future retrospective studies examining post-concussion assessments.  

 The current study examined monolingual English-speakers and Spanish and English-

speaking bilingual athletes. The English- and Spanish-speaking bilingual individuals in this study 

chose to take the ImPACT in English rather than in Spanish and, thus, may include a specific 

subset of individuals with strong English fluency or preference. Additionally, we only examined 

English- and Spanish-speaking bilingual athletes, so the findings may not generalize to bilingual 

individuals who speak languages other than Spanish and English. Future studies should include 

athletes who speak other languages to better understand the possible effects of bilingualism on 

cognitive processing and test performance, as well as other non-English speaking monolingual 

groups, such as Spanish-speaking athletes. 

A longitudinal examination of measure invariance from baseline to post-concussion 

assessment was not conducted in this study because it would have limited sample size. 

Demonstrating that the factor structure of ImPACT is invariant from baseline to post-concussion 
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assessment in the same individuals would provide further support for the longitudinal invariance 

of ImPACT latent structure.  

Implications 

From a clinical perspective, the current results suggest that factor scores of ImPACT may 

be interpreted as assessing similar cognitive abilities for monolingual and bilingual athletes on 

baseline and post-concussion assessments, despite differences in overall performance levels 

observed in previous studies (Becker et al., 2022; Jones et al., 2014; Karr et al., Ott et al., 2014). 

However, the reasons for these differences are unclear and were not directly examined in the 

current study. Future investigations of validity examining subtests using item-response theory 

(IRT) to determine the degree of differential item functioning could further establish the 

presence or absence of possible item (or subtest score) bias. Similarly, investigations of 

predictive validity to evaluate any bias in prediction, a crucial aspect of a concussion 

management measure, could be done using simple regression. While there may be more to 

investigate, current findings ensure that reflected differences are not a result of measurement 

error and gives more confidence that they may reflect real differences in group performance that 

can be used to inform decisions about concussion severity, recovery, and return-to-play. 

 In addition to bias as a factor contributing to group differences, these observed 

differences could result from other factor such as socioeconomic factors, cultural factors, 

educational experiences, and parent education. Similarly, differences could reflect differences in 

cognitive processing between individuals who are monolingual and bilingual. For example, a 

phenomenon sometimes referred to as the bilingual advantage indicates that bilingual 

individuals outperform monolingual individuals on tasks that require cognitive control 

(Biaylystok et al., 2009, Paap et al., 2014). Other studies report that slowed naming speed 
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(Gollan et al., 2007) and more interference in lexical decision tasks (Fabbro et al., 2000) are 

observed in bilingual individuals. Given the toll that inhibitory control may take at acute post-

concussion (McGowen et al., 2019, Moore et al., 2015), bilingualism could serve as a protective 

mechanism for post-concussion outcome and recovery. On the other hand, it could also be that 

bilingual individuals are affected more globally post-concussion due to the inhibitory control 

being the most affected, and thus diminishing compensatory strategies that might be otherwise 

present (Ratiu & Azuma, 2017). These research findings highlight the complexity of factors that 

may contribute to the observed differences in cognitive performance between monolingual and 

bilingual individuals on ImPACT and should be considered in future studies. 

 In summary, the current investigation builds upon recent work in the area of cultural and 

language-based variation in post-concussion outcomes, the use of the four-factor structure of the 

ImPACT cognitive scores, and the application of advanced statistical techniques in testing 

measurement invariance. Results suggest that factor scores of ImPACT may be interpreted as 

assessing similar cognitive abilities for monolingual English-speaking and bilingual English- and 

Spanish-speaking athletes on baseline and post-concussion assessments. Additional research is 

necessary to explain the growing evidence suggesting differences in cognitive and symptoms 

scores between these monolingual and bilingual athletes.  
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Appendix A: Tables 
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Table 1  

Demographics for Baseline and Post-Concussion Samples.  

 Baseline  Post-Concussion 

Variable 
Monolingual    Bilingual  Monolingual  Bilingual 
Mean (SD) / 
Frequency 

  
Mean (SD) / 
Frequency 

 Mean (SD) / 
Frequency 

 
Mean (SD) / 
Frequency 

Age (years) 14.87(1.10)  14.87 (1.09)  15.56 (1.18)  15.53(1.17) 
Education (grade) 8.86 (1.34)  9.01 (1.36)  9.44 (1.23)  9.48(1.40) 

Gender (% female) 45.1%  45.0%  43.1%  43.0% 

Sport        
Contact/Collision  19.8%  19.9%  39.9%  39.6% 

Contact/Non-Collision  51.3%  51.2%  41.6%  41.6% 

Limited contact  14.7%  14.7%  7.7%  7.7% 

Non-contact  13.0%  13.0%  2.0%  1.8% 

Missing sport category 1.2%  1.2%  8.9%  9.3% 
Note. Baseline monolingual sample n = 7948. Baseline bilingual sample n=7938.  
Post-concussion monolingual sample n = 562. Post-concussion bilingual sample n = 558.  
Sport categories are based on previous literature (Brett & Solomon, 2017; Rice, 2008). 
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Table 2 
 
Models used for Confirmatory Factor Analyses. 
Subtest Scores 1 2 2-Alt 3 4 * 
DM Correct Distractors (Immediate) General MEM VIS MEM VIS MEM 
DM Correct Distractors (Delay) General MEM VIS MEM VIS MEM 
DM Hits (Delay) General MEM VIS MEM VIS MEM 
SM Total Correct (Visible) General MEM VIS MEM VIS MEM 
XO Total Correct (Memory) General MEM VIS MEM VIS MEM 
XO Average Correct RT (Interference) General SPEED VIS VIS RT VIS RT 
XO Total Correct (Interference) General SPEED VIS VIS RT VIS RT 
XO Average Incorrect RT (Interference) General SPEED VIS VIS RT VIS RT 
SM Average Correct RT (Visible) General SPEED VIS VIS RT VIS RT 
SM Average Correct RT (Hidden) General SPEED VIS VIS RT VIS RT 
WM Correct Distractors (Delay) General MEM VERB MEM VERB MEM 
WM Hits (Delay) General MEM VERB MEM VERB MEM 
WM Hits (Immediate) General MEM VERB MEM VERB MEM 
WM Correct Distractors General MEM VERB MEM VERB MEM 
TL Average Counted Correctly General SPEED VERB WRK MEM WRK MEM 
TL Average Time to First Click General SPEED VERB WRK MEM WRK MEM 
CM Average Correct RT General SPEED VERB WRK MEM WRK MEM 
TL Total Sequence Correct General MEM VERB WRK MEM WRK MEM 

Note.  DM = Design Memory; SM = Symbol Match; XO = X's and O's; WM = Word Memory; TL = Three Letters; CM = Color 
Match; RT = reaction time; *Maietta et al., (2021) 
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Table 3.  
 
Descriptive statistics for ImPACT subtest scores at baseline and post-concussion assessment. 
  Baseline   Post-Concussion 

 Monolingual  Bilingual  Monolingual  Bilingual 
Variable Mean (SD)  Mean (SD)  Mean (SD)  Mean (SD) 
Design Memory        

Correct Distractors (Immediate) 9.16 (2.36)  8.96 (2.39)  8.85 (2.42)  8.74 (2.48) 
Correct Distractors (Delay) 8.40 (2.54)  8.26 (2.51)  8.21 (2.37)  8.08 (2.42) 
Hits (Delay) 9.73 (1.68)  9.61 (1.7)  8.99 (1.94)  9.03 (1.87) 

Symbol Match        
Total Correct (Visible) 6.16 (2.03)  6.16 (2.01)  6.10 (2.03)  6.20 (2.01) 
Average Correct Reaction Time (Visible) 1.65 (0.45)  1.71 (0.48)  1.72 (0.53)  1.72 (0.5) 
Average Correct Reaction Time (Hidden) 1.63 (0.52)  1.71 (0.56)  1.67 (0.54)  1.72 (0.57) 

X’s and O’s        
Total Correct (Memory) 8.17 (2.26)  7.96 (2.27)  7.91 (2.45)  7.81 (2.39) 
Average Correct Reaction Time (Interference) 0.53 (0.07)  0.54 (0.07)  0.56 (0.13)  0.55 (0.11) 
Total Correct (Interference) 110 (8.23)  109 (8.17)  107.11 (12.76)  107.74 (12.03) 
Average Incorrect Reaction Time (Interference) 0.44 (0.12)  0.45 (0.14)  0.47 (0.18)  0.46 (0.18) 

Word Memory        
Correct Distractors (Delay) 11 (1.36)  10.9 (1.35)  10.12 (2.01)  10.13 (2.05) 
Hits (Delay) 10.6 (1.38)  10.6 (1.4)  9.95 (1.92)  10.15 (1.7) 
Hits (Immediate) 11.6 (0.65)  11.6 (0.65)  11.01 (1.39)  11.15 (1.22) 
Correct Distractors 11.7 (0.63)  11.7 (0.64)  10.97 (1.7)  10.97 (1.72) 

Three Letters        
Average Counted Correctly 14.40 (4.06)  13.00 (3.97)  14.64 (4.24)  13.86 (4.25) 
Average Time to First Click 2.39 (0.68)  2.57 (0.77)  2.32 (0.63)  2.39 (0.67) 
Total Sequence Correct 4.01 (0.96)   3.94 (0.97)   3.75 (1.29)   3.82 (1.27) 

Color Match        
Average Correct Reaction Time 0.80 (0.13)  0.83 (0.13)  0.84 (0.17)  0.83 (0.15) 
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Table 4. 
Goodness-of-fit Statistics for ImPACT factor models outlined in Table 2. 

Model Sample χ2 (df) CFI TLI SRMR RMSEA [90% CI] 
1-Factor      

 BL 
Monolingual 15847.33(135)* 0.547 0.486 0.121 .127[.125-.129] 

 BL Bilingual 15327.63(135)* 0.562 0.504 0.118 .124[.122-.125] 
 PC 

Monolingual 1487.31(135)* 0.663 0.619 0.102 .141[.134-.147] 
 PC Bilingual 1527.50(135)* 0.651 0.604 0.108 .141[.134-.147] 

2-Factor      
 BL 

Monolingual 7193.55(134)* 0.798 0.769 0.072 .085[.084-.087] 
 BL Bilingual 7345.02(134)* 0.794 0.765 0.072 .085[.083-.087] 
 PC 

Monolingual 858.34(134)* 0.819 0.794 0.071 .103[.097-.110] 
 PC Bilingual 926.27(134)* 0.802 0.774 0.073 .106[.100-.113] 

2-Alternative Factor      

 
BL 
Monolingual 14151.96(134)* 0.599 0.542 0.116 .120[.118-.122] 

 BL Bilingual 14022.71(134)* 0.606 0.550 0.113 .118[.116-.119] 

 
PC 
Monolingual 1301.09(134)* 0.707 0.666 0.108 .132[.125-.138] 

 PC Bilingual 1363.07(134)* 0.695 0.652 0.110 .132[.126-.138] 
3-Factor      

 
BL 
Monolingual 5718.39(132)* 0.841 0.816 0.063 .076[.074-.078] 

 BL Bilingual 6189.62(132)* 0.829 0.802 0.065 .078[.076-.080] 

 
PC 
Monolingual 909.87(132)* 0.807 0.777 0.076 .108[.101-.114] 

 PC Bilingual 975.05(132)* 0.793 0.760 0.078 .110[.103-.116] 
4-Factor      

 
BL 
Monolingual 3838.17(129)* 0.895 0.876 0.055 .063[.061-.064] 

 BL Bilingual 4100.83(129)* 0.889 0.868 0.056 .064[.062-.065] 

 
PC 
Monolingual 777.58(129)* 0.842 0.812 0.089 .099[.092-.105] 

 PC Bilingual 817.32(129)* 0.833 0.802 0.081 .100[.093-.106] 

Note. Baseline monolingual sample n = 7948. BL bilingual sample n = 7938. PC monolingual 
sample n = 562. PC bilingual sample n = 558. BL = Baseline; PC = Post-concussion; CFI = 
comparative fit index. TLI = Tucker-Lewis index. SRMR = standardized root mean-square 
residual. RMSEA = root mean-square error of approximation. 90% CI = root mean-square error 
of approximation 90% confidence interval. * p < .001.  
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Table 5. 
 
Goodness-of-fit Statistics for Modified 4-Factor Model. 

Sample χ2 (df) CFI TLI SRMR RMSEA [90% CI] 
Baseline      

Monolingual 1846.40(122)* 0.952 0.939 0.037 .044[.042-.044] 
Bilingual 1932.15(122)* 0.949 0.937 0.038 .044[.042-.046] 

Post-Concussion      
Monolingual 389.81(122)* 0.936 0.919 0.055 .065[.057-.072] 
Bilingual 406.74(122)* 0.930 0.913 0.057 .066[.059-.073] 

Note. Baseline monolingual sample n = 7948. Baseline bilingual sample n = 7938.  
Post-concussion monolingual sample n = 562. Post-concussion bilingual sample n = 558. BL = 
Baseline; PC = Post-concussion; CFI = comparative fit index. TLI = Tucker-Lewis index. SRMR 
= standardized root mean-square residual. RMSEA = root mean-square error of approximation. 
90% CI = root mean-square error of approximation 90% confidence interval. * p < .0001. 
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Table 6. 
 
Measurement Invariance Analysis for the ImPACT modified 4-Factor model at baseline and at post-concussion across language 
group. 

Model χ2 (df) ∆χ2 CFI ∆CFI TLI SRMR ∆SRMR RMSEA ∆RMSEA 

Baseline Comparison (Monolingual to Bilingual) 

Configural 3777.47(244)* -- 0.951 -- 0.938 0.036 -- 0.044 -- 

Metric 3802.47(258)* 46.41 (14)*** 0.950 -0.001 0.941 0.036 0.000 0.043 -0.001 

Scalar 4119.18(272)* 323.60 (14)*** 0.946 -0.004 0.939 0.037 0.001 0.044 0.001 

Residual 4394.08 (290)* 274.00 (18)*** 0.940 -0.006 0.936 0.041 0.004 0.044 0.000 

Post-Concussion Comparison (Monolingual to Bilingual) 

Configural 796.37 (244)* -- 0.933 -- 0.916 0.053 -- 0.065 -- 

Metric 826.18(258)* 35.00 (14)** 0.929 -0.004 0.916 0.061 0.008 0.065 0.000 

Scalar 855.62(272)* 28.01 (14)* 0.928 -0.001 0.919 0.062 0.001 0.064 -0.001 

Residual 840.81(290)* 13.47 (18) 0.929 0.001 0.925 0.064 0.002 0.062 -0.002 

Note. ∆χ2 = change in χ2. CFI = comparative fit index. ∆CFI = change in CFI. TLI = Tucker-Lewis index. SRMR = 
standardized root mean-square residual. ∆SRMR = change in SRMR. RMSEA = root mean-square error of 
approximation. ∆RMSEA = change in RMSEA. 
*** p < .001. ** p < .01. *p < .05 
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Appendix B: Figures 
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Figure 1. 

Flow Diagram Depicting Participant Selection  

 

Note. *Matched by Age, Gender, and sport type 

  

Valid initial baseline assessments OR initial post-concussion assessment (n = 41,801)

Bilingual (n = 7,938)Monolingual (n = 7,948)

Baseline Bilingual (n = 8,001)

Available monolingual baselines 
for matching* (n = 29,874)

Case-control study (n = 16,002)

Excluded (n = 73,682)
� Non-English administration (n = 494)
� Missing data on language ability history (n = 7,968)
� Missing data on medical history (n = 3,868)
� Endorsed exclusionary medical criteria (n = 5,987) 
� Missing neurodevelopmental history (n = 19,048) 
� Endorsed neurodevelopmental history (n = 6,552)
� Invalid baselines (n = 4,053)
� Non-responsive pattern of performance (n = 1,181)
� Subsequent baselines (n = 17,192)
� Concussion history at baseline (n = 4,063)
� Follow-up or subsequent concussion assessments (n = 4,410)

ImPACT Assessments
(n = 116,624)

Post-Concussion Bilingual (n = 567)

Available monolingual post-concussion 
for matching* (n = 3,359)

Bilingual (n = 558)Monolingual (n = 562)

Case-control study (n = 1,134)

Excluded multivariate outliers 
(n = 116)

Excluded multivariate outliers 
(n = 14)
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Figure 2. 

Modified 4-Factor model for ImPACT in Monolingual Athletes at Baseline.  

 

 

Note.  DM = Design Memory; SM = Symbol Match; XO = X's and O's; WM = Word Memory;  
TL = Three Letters; CM = Color Match; Interf. = interference; RT = reaction time. 
  

Visual 
Memory

Visual 
Reaction 

Time

Verbal 
Memory

XO-Avg Incorrect RT (Interf.)

DM-Correct Distractors (Delay) 

DM-Hits (Delay) 

XO-Avg Correct RT (Interf.)

SM-Total Correct (Hidden)

XO-Total Correct (Memory)

XO-Total Correct (Interf.)

SM-Total Correct RT (Visible)

SM-Total Correct RT (Hidden)

WM-Hits (Delay)

DM-Correct Distractors

WM-Correct Distractors (Delay)

Working 
Memory CM-Avg Correct RT

TL-Avg Time to First Click

TL-Total Sequence Correct

WM-Hits

WM-Correct Distractors

TL-Avg Counted Correctly

.67

.63

.53

.41

.40

.86

-.87

.50

.32

.24

.62

.49

.43

.45

.59

-.41

-.61

.26

-.36

.43

-.24

-.83

.73

.57

.46

-.46

.07

.19

.20 .28

-.40



   41 

Figure 3. 

Modified 4-Factor model for ImPACT in Bilingual Athletes at Baseline.  

 

Note.  DM = Design Memory; SM = Symbol Match; XO = X's and O's; WM = Word Memory;  
TL = Three Letters; CM = Color Match; Interf. = interference; RT = reaction time. 
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Figure 4. 

Modified 4-Factor model for ImPACT in Monolingual Athletes at Post-Concussion. 
 

 
 
Note.  DM = Design Memory; SM = Symbol Match; XO = X's and O's; WM = Word Memory;  
TL = Three Letters; CM = Color Match; Interf. = interference; RT = reaction time. 
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Figure 5. 
 
Modified 4-Factor model for ImPACT in Bilingual Athletes at Post-Concussion. 
 
 

 
 

Note.  DM = Design Memory; SM = Symbol Match; XO = X's and O's; WM = Word Memory;  
TL = Three Letters; CM = Color Match; Interf. = interference; RT = reaction 
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