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Background: Many US Military Service Members (SMs) newly diagnosed with mild Traumatic Brain Injury (mTBI) may exhibit a range of symptoms and comorbidities, making for a complex patient profile that challenges clinicians and healthcare administrators. This study used clustering techniques to determine if conditions co-occurred as clusters among those newly injured with mTBI and up to one year post-injury.

Methods: We measured the co-occurrence of 41 conditions among SMs diagnosed with mTBI within the acute phase, one or three months post-mTBI diagnosis, and chronic phase, one year post-mTBI diagnosis. Conditions were identified from the literature, clinical subject matter experts, and mTBI care guidelines. The presence of conditions were based on medical encounters recorded within the military health care data system. Through a two-step approach, we identified clusters. Principal component analysis (PCA) determined the optimal number of clusters, and hierarchical cluster analyses (HCA) identified the composition of clusters. Further, we explored how the composition of these clusters changed over time.

Results: Of the 42,018 SMs with mTBI, 23,478 (55.9%) had at least one condition of interest one-month post-injury, 26,831 (63.9%) three months post-injury, and 29,860 (71.1%) one year post injury. Across these three periods, six clusters were identified. One cluster included vision, cognitive, ear, and sleep disorders that occurred one month, three months, and one year post-injury. Another subgroup included psychological conditions such as anxiety, depression, PTSD, and other emotional symptoms that co-occurred in the acute and chronic phases post-injury. Nausea and vomiting symptoms clustered with cervicogenic symptoms one month post-injury, but later shifted to other clusters. Vestibular disorders clustered with sleep disorders and headache disorders one-month post-injury and included numbness and neuropathic pain one year post-injury. Substance abuse symptoms, alcohol disorders, and suicidal attempt clustered one year post-injury in a fifth cluster. Speech disorders co-occurred with headache disorders one month and one year post-injury to form a sixth cluster.

Conclusion: PCA and HCA identified six distinct subgroups among newly diagnosed mTBI patients during the acute and chronic phases post-injury. These subgroups may help clinicians better understand the complex profile of SMs newly diagnosed with mTBI.
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Introduction

Traumatic Brain Injury (TBI) is a significant public health burden for members of the US military, affecting nearly 450,000 Service Members (SMs) since 2000 (1). TBI is defined as being a “bump, blow, or jolt to the head or a penetrating head injury that disrupts the normal function of the brain.” The US Department of Defense (DoD) considers this injury as one of the “invisible wounds of war” and a signature injury of troops returning from Afghanistan and Iraq (2). Mild TBI (mTBI), also known as a concussion, accounts for over 80% of TBI diagnoses among SMs (1).

MTBI patients may exhibit a wide range of symptoms and comorbidities, presenting a complex patient profile. For example, some mTBI patients may experience a sleep disorder, cognitive sequelae, or hearing impairments at the time of injury (3–7), or months following their injury (6, 8, 9). These patients may experience multiple conditions simultaneously (7, 10). The presentation of these conditions was not clinically consistent and varied across individual TBI patients (11, 12). Some symptoms and comorbidities were more prevalent in the acute stages of the injury, while others become more apparent during the chronic phases (6, 13). Due to the heterogeneity of conditions presented among mTBI patients, clinicians were often perplexed on how to create treatment plans and health administrators faced challenges in allocating clinical resources (14, 15). To provide insights that help administer care and facilitate recovery for mTBI patients, researchers have examined the extent particular symptoms and comorbidities co–occured within TBI that may indicate a pattern or a cluster (14, 16–18).

One method to explore patterns of co–occurring symptoms and comorbidities is cluster analyses. Cluster analysis is a data–driven method that reveals hidden patterns and can identify complex relationships among multiple conditions that might otherwise remain undiscovered by routine clinical observation (19). One type of cluster analysis, hierarchical cluster analysis (HCA), has been used in the fields of cancer research, Parkinson's disease research, and other health conditions to identify homogenous patient subgroups based on symptom prevalence or severity (20–23). As a classification tool to group conditions, the objective of HCA is to identify homogeneous subgroups by minimizing within–group variation and maximizing between–group variation. Clusters can be determined based on a priori clinical assumptions about relationships among conditions (e.g., nausea and vomiting) or by statistical analyses, the latter of which are obtained from large datasets (19).

Few studies have explored clusters among TBI patients. Existing studies have examined clusters among combat troops, veterans, and athletes. These studies enrolled a small sample from a clinic's population or other non-representative samples (14, 15, 18, 24). While the composition of these clusters varied, TBI–related clusters frequently included psychiatric disorders, vestibular symptoms, ocular symptoms, cognitive symptoms, and headache disorders (14, 17, 18). Sleep and neck disorders were modifiers associated with some of these clusters (14, 15).

We were interested in exploring how symptoms and comorbidities co–occured among a cohort of SMs diagnosed with their first recorded mTBI in an observational clinical setting. Our aim was to determine clusters of symptoms and comorbidities that occurred during the acute phase, one and three months after the initial mTBI diagnosis, and during the chronic phase, defined as within one year of initial mTBI diagnosis. We believe that a data–driven approach to group mTBI patients into clusters based on the presence of other symptoms and comorbidities may have immediate implications in the practice of mTBI care. These subgroups can support the development and delivery of care through the creation of patient profiles that promote early clinical intervention and strategies for tailored patient treatment.



Methods


mTBI cohort

We identified 42,018 SMs diagnosed with their first recorded mTBI within the military health system between October 1, 2016 and October 30, 2019, using two approaches. For patients whose first recorded mTBI diagnosis was before June 2018, we used registry data from the Department of Defense's Armed Forces Health Surveillance Division (AFHSD). For patients with an initial TBI diagnosis after June 2018, we used data from the Military Health System Data Repository (MDR) to identify the patient's first recorded TBI ambulatory encounter or hospital admission. This combined method was the most comprehensive approach for identifying incident mTBI cases for the period of interest. For patients identified within the MDR, a washout period of six months was used to ensure patients had no prior TBI medical encounter or admission. Both approaches used the International Classification of Diseases, 10th edition, Clinical Modification (ICD−10–CM) codes based on the official Department of Defense (DoD) TBI case definition to identify incident TBI cases which is the date of the first hospitalization or outpatient medical encounter that includes a defining diagnosis of TBI coded in the military healthcare system. SMs were considered an incident case once per lifetime (25). It should be noted, however, that while the DoD has defined the incident TBI case definition, subsequent TBI events were not specifically identified or distinguished from the incident TBI event within the DoD health system (26). Among the 42,018 mTBI diagnosed SMs, 12,158 (28.9%) did not have any of our selected conditions and were excluded. This study examined clusters among the 29,860 mTBI patients who had at least one of our selected conditions within one year of the initial TBI diagnoses date. Additional details on our study methods are published elsewhere (6).



Data sources and medical encounters

We analyzed four data sources within the MDR of the military healthcare system to identify patients diagnosed with our conditions of interest. The Comprehensive Ambulatory Patient Record contains 10 diagnostic fields to capture ambulatory care within military treatment facilities, and the Standard Inpatient Data Record contains 20 diagnostic fields to capture inpatient healthcare data in military treatment facilities. TRICARE Encounter Data–Institutional and TRICARE Encounter Data Non-Institutional each contain 25 diagnostic fields that capture care received outside of the military treatment facilities including ambulatory care, inpatient consultations, and care at the emergency department in civilian or veteran's administration facilities. SMs with an incident TBI in the deployed setting were excluded due to poor electronic healthcare record coding in the deployed setting.

We extracted patients' medical encounters from the initial mTBI diagnoses to one year after, if the data were available. Encounters from October 1, 2016 through March 16, 2020 were evaluated for this cohort. Visits that occurred up to one months and three months post–mTBI were considered to have occurred during the acute phase and compared to encounters that occurred during the chronic phase, visits that occurred up to one year post–mTBI.



TBI–related conditions

Forty–one symptoms and comorbidities of interest were identified through three sources: (1) A focused literature review; (2) a review of the DoD Traumatic Brain Injury Center of Excellence (TBICoE) clinical care guidelines; and (3) consultation with subject matter experts within the DoD and Veterans Affairs. The focused literature review included relevant published literature using PubMed and Google Scholar (Supplemental References). We also reviewed TBI–related clinical care guidelines that identified TBI–related comorbidities and symptoms and the corresponding ICD−10–CM codes. A list of identified conditions was further reviewed and endorsed by a group of clinical subject matter experts within the TBICoE including a Neurosurgeon, Physiatrist, Nurse Practitioners and expert Physical therapist, among others. TBICoE is a congressionally mandated collaboration of the DoD and Veterans Affairs to promote state–of–the–science care from point–of–injury to reintegration for SMs and veterans with brain injury. In the event diagnostic codes were associated with multiple conditions of interest, the ICD−10–CM coding guidance of 2018 was consulted (27) and each diagnostic code was assigned to a single condition. Table 2 lists the conditions and their associated ICD−10–CM codes. Because we explored how specific TBI symptoms and comorbidities co–occur, for ease of reading, we refer to these symptoms and comorbidities as “conditions.”



Time periods and cluster analysis

We were interested in exploring the co–occurrence of conditions within the SMs during the acute mTBI phase, within one and three months of the incident TBI diagnosis, and during the chronic phase, within one year of the initial TBI diagnosis. These time periods were chosen because mTBI patients often follow–up with providers over several months within the military healthcare system. Some conditions were either not recorded during the first recorded TBI diagnosis or manifested several months after. To assess how conditions manifest among mTBI patients and cluster over time, these three time periods were chosen for this analysis.

Principal component analysis (PCA) and HCA were used to identify clusters among our mTBI cohort. This allows for a two–step process to determine a reasonable limit of clusters. Each condition was flagged for each patient through a dummy variable. Using PCA, we created a scree plot, a plot of the eigenvalues against the corresponding number of conditions, and determined the optimal number of clusters by a distinct change of the slope. HCA grouped conditions together based on the Euclidean distance between conditions. The agglomerative approach was used, which begins with treating each condition as its own group and then combines the conditions into consecutively larger clusters based on their co–occurrence. Proximity between subgroups of conditions was measured using Ward's method by which clusters were joined by minimizing the total within–cluster error sum of squares. Ward's method was chosen because it is sensitive to outliers and is effective when identifying clusters compared with other intergroup proximity measures. The resulting clusters were illustrated with dendrograms which showed the progression of how conditions merged from one solution to the next. Scree plots and dendrograms were created for each time period: one, three months, and one year post–mTBI diagnoses. The data were analyzed using SAS 9.4 (SAS Institute, Cary, NC) and the bump chart to depict changing clusters were shown using R (https://www.R-project.org).




Results

We identified 42,018 SMs diagnosed with their first recorded mTBI between October 1, 2016 and October 30, 2019. Of those newly injured, 23,478 SMs (55.9%) had at least one TBI–related condition at one–month following mTBI, increasing to 26,831 (63.9%) at three months following–mTBI, and 29,860 (71.1%) one year following–mTBI.. The majority of our patients were white, male, active duty SMs. Over 35 percent of mTBI patients were between 18 and 24 years old across the time periods. Enlisted personnel, whether Junior or Senior, were the most common ranks and the Army accounted for nearly two–thirds of patients (Table 1).


TABLE 1 Demographic characteristics across time for mTBI patients.
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Cervicogenic headache symptoms, such as those characterized by head pain, pain radiating along the forehead, afflicted over 37% of our cohort across time. PTSD occurred among one–third of our mTBI patient population, and other cognitive disorders afflicted over one–quarter of our mTBI cohort (Table 2). Insomnia, sleep apnea symptoms, dizziness, anxiety disorders, and organic sleep related movement disorders affected over one–fifth of our mTBI population within one year of the initial diagnoses.


TABLE 2 Prevalence and description of conditions across time for mTBI patients.
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Across the three time periods, six clusters were identified using the scree plots and dendrograms. In the first month of mTBI diagnosis, the six identified clusters were broken into: (1) Symptoms associated with substance abuse, epilepsy, neck disorders, phobia disorders, and psychosis; (2) ear, headache, and speech disorders; (3) Nausea and vomiting symptoms and cervicogenic headache symptoms; (4) headache, sleep, and vestibular disorders and numbness; (5) Alcohol and psychological disorders, and (6) cognitive, sleep, and visual disorders (Figure 1).


[image: Figure 1]
FIGURE 1
 Dendrogram of condition clusters among mTBI patients one month–mTBI.


Within three months of the first recorded mTBI diagnosis, the composition of these cluster changed. Hyperacusis, post–traumatic headache, and speech disorders formed one cluster; vestibular symptoms, cluster headache, neck disorders, and phobia disorders combined into another cluster. Symptoms related to substance abuse, nausea and vomiting, epilepsy and psychosis formed a separate cluster. Disorders associated with headache combined with numbness and sleep disturbances formed a fourth cluster. Sleep disorders not due to substance issues, alcohol disorder symptoms, and psychiatric disorders formed a fifth cluster; conditions associated with cognitive, sleep, visual, and emotional disorders clustered into a sixth group (Figure 2).


[image: Figure 2]
FIGURE 2
 Dendrogram of condition clusters among mTBI patients three month–mTBI.


Within one year of mTBI diagnoses, the composition of the clusters changed further. Cluster headache and drug induced headache formed a singular cluster. Hyperacusis symptoms, headache conditions, neck disorders, and speech disorders formed another cluster. Symptoms associated with fatigue, vestibular disorders, numbness, neuropathic pain, and different sleep disorders combined into a separate cluster. Several disorders associated with cognitive function, sleep, the ear, headaches, and emotional disorders were grouped together in a single symptom cluster one year post–mTBI. Psychiatric disorders including anxiety, depression, PTSD, behavioral disorders, support group problems and other emotional disorders were grouped together. Symptoms associated with alcohol disorders, substance abuse, epilepsy, and other psychological conditions formed the sixth cluster (Figure 3).


[image: Figure 3]
FIGURE 3
 Dendrogram of condition clusters among mTBI patients one year–mTBI.


In Figure 4, we show the movement of conditions into different clusters across time. Fatigue, dizziness, and other cognitive disorders remain in the same cluster; sleep disorders, ear disorders and visual disorders were clustered together across time. Speech disorders co–occurred with headache symptoms over time. Alcohol disorders was clustered with psychosocial conditions including anxiety, depression, and problems with support group, which relate to problems with support groups including family. Substance abuse symptoms were associated with nerve (neuropathic) and neck disorders but were later clustered with psychosis, epilepsy, suicide attempt, and nausea and vomiting, one year after the incident mTBI diagnoses.
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FIGURE 4
 Changing composition of clusters one month, three months, and one year m-TBI.




Discussion

This study shows that among the 41 conditions examined in this cohort of mTBI patients, cervicogenic headaches, PTSD, and other cognitive deficits were some of the most common conditions affecting SMs diagnosed with mTBI. Several conditions clustered together both within the initial phase of SMs' members care, as well as during later periods in their care. Conditions associated with vision, ear including tinnitus and other hearing disorders, and several conditions associated with sleep disorders (e.g., sleep apnea, insomnia, and sleep related movement disorders) and cognitive disorders were in the same cluster in the acute and chronic phases post–mTBI. Anxiety, depression, PTSD, support group problems, and other emotional symptoms were clustered together across time. Conditions associated with speech disorders clustered together with different types of headaches within one month post–mTBI diagnoses and one year post–mTBI diagnoses. Substance abuse symptoms co–occurred with symptoms of suicidal attempt in the later phases, in addition to psychosis, phobia, and epilepsy symptoms. However, other conditions shifted to different clusters overs time, notably nausea and vomiting symptoms and cervicogenic headache symptoms. Symptoms that shifted to different cluster subgroups may reflect that across time, mTBI patients manifested different overlapping conditions from the initial phase of their diagnosis to the later phases of the diagnosis. The composition of these clusters and how they changed over time could be the result of how conditions co–occured within mTBI patients. Based on this analysis, it seems many mTBI patients will experience several disparate psychological issues simultaneously. Our research, which found that conditions associated with speech disorders clustered together with headache symptoms aligns with research showing that mTBI patients experiencing post–traumatic headache experience changes in speech (28). The clustering of visual disorders, ear disorders, cognitive, and sleep disorders may have occurred because of the physiological nature of mTBI.

The resulting clusters in this study differed somewhat from those found by other investigators. This may be due to a number of reasons, including differences in comorbidities and symptoms evaluated, differences in study timeframes, statistical clustering methods employed as well as differences in study population. Studies by Kontos et al. (14) and Lumba–Brown et al. (15) reported five subtypes of mTBI: cognitive, ocular–motor, headache/migraine, vestibular, and anxiety/mood, and two associated conditions: cervical strain and sleep disturbances. Kontos et al. (14) conducted a study that determined the primary concussion profiles among 236 athletes diagnosed with an mTBI up to 90 days post–injury. However, the study also found that many athletes presented a primary profile (e.g. vestibular) combined with a secondary profile (e.g., migraine and ocular symptoms). Of note, the Kontos study excluded patients with epilepsy, seizure disorder, and major psychiatric disorder. In contrast, our study looked at the cluster configurations post–injury using observational data from a unified electronic health record system over a longer period of time and included some of these conditions. Baille et al. (17) found four clusters among troops diagnosed with mTBI during combat: psychiatric disorders, cognitive group, mixed profile cluster, and group that recovered. The primary measures for this study were the neurobehavioral symptom inventory and PTSD checklists (17). In comparison, we flagged conditions based on diagnosis codes within the electronic health record, and only 4 percent of newly identified SMs with mTBI were considered to be deployment–related during the study's time period (29), indicating the majority of mTBIs were caused by non–combat related events. In a large study of veterans, Pugh et al. (30) identified five comorbidity phenotypes among mTBI patients using latent class analysis, another data–driven method for identifying clusters. This study identified the following phenotypes: a moderately healthy group who had a low probability of back pain, other pain, mental health, and sensory conditions; a mental health group which includes PTSD, depression, substance abuse disorders; a moderately healthy and decline group which included those conditions in the moderate healthy group but also individuals who demonstrated significant decline by the fifth year of follow–up including higher probabilities of mental health diagnoses, post–concussion symptoms, or pain; the polytrauma phenotype had high probabilities of mental health disorders, post–concussion symptoms, and pain; and the polytrauma and improvement phenotype that had similar characteristics to the polytrauma phenotype but reduced probabilities of pain, post–concussive symptoms, and mental health conditions by the fifth year of follow–up. In contrast to the 21 conditions examined by Pugh et al. (30), our study examined 41 conditions and limited follow–up to one year following mTBI diagnosis. While the Pugh et al. study used a different conceptualization of clusters, our study at one–month following mTBI diagnosis also identified similar clusters, including one cluster consisting of PTSD, substance abuse, depression and anxiety disorders. Additionally, our analyses were restricted to SMs with mTBI who had at least one condition of interest. When including the entire cohort of mTBI SMs diagnosed with their first recorded mTBI, 28.9 percent did not have any of the conditions of interest. This group may parallel the “moderately healthy group” identified by Pugh et al. (30) in their clustering analysis.

Furthermore, in contrast to other published literature on TBI–related clustering, there were several advantages in using electronic healthcare record (EHR) data, as done in our study. We were able to follow mTBI patients longitudinally and represent the changes in the presence of symptoms and conditions over time. While this study was not meant to assess causality between TBI and any condition or symptom examined, it was intended to capture the complexity of the mTBI patient seeking care, including all comorbidities and symptoms that may accompany patient in an encounter with the provider. Since EHR data is derived from medical providers, this data is generally considered more accurate than patient self–report, particularly in longitudinal analyses (31, 32). Additionally, since our data represents all SMs diagnosed with their first recorded mTBI during the study period our identified clusters represent one possibility of grouping mTBI patients seeking care across the military health system (32) While we recognize the difficulty of assigning mTBI patients to a single cluster given the variability of the mTBI patient experience and often overlapping conditions (14, 16, 18), clustering analyses could be a first step to classifying mTBI patients, providing information to clinicians that can assist with case conceptualization and treatment planning. Additional research is needed to develop algorithms that permit a more nuanced, individualized understanding of patients with mTBI. This analysis can be an important initial step toward helping clinicians classify patients, develop clinical profiles, and plan treatments.



Limitations

As with any studying using electronic health records, limitations are present. Surveillance bias, whereby clinicians trained specifically to look for specific symptoms associated with TBI, may increase the prevalence of select conditions. This bias is particularly relevant post–mTBI diagnoses as patients return for follow–up care, increasing the likelihood for other conditions to be identified. Further, certain conditions must meet diagnostic criteria and though they may be present in the acute phase, they may not diagnosed until the chronic phase. For example, according to clinical guideline, symptoms of circadian rhythm sleep–wake disorder must occur for at least three months before being diagnosed (33). Because we were dealing with active duty military SMs, some symptoms such as alcohol and substance abuse disorders and mental health disorders (31, 34) may be underreported because of the stigma and repercussions associated with reporting these conditions to clinicians. Since we restricted our analyses to medical encounters from October 2016 through March 2020, we may have artificially excluded medical encounters for mTBI patients whose first recorded diagnosis occurred during the latter part of the study period.

We also cannot determine if multiple concussions occurred within our mTBI population during the follow–up periods, which could impact the composition of clusters. The official DoD definition of capturing an incident TBI diagnosis was based on a SM not having any TBI diagnosis in their medical record. However, in the military healthcare system, coding of TBI care and coding of a repeat TBI is often the same; thus, researchers cannot rely on medical coding to capture a repeat TBI event for fear of overestimation. It is possible that some patients within our mTBI cohort may have experienced multiple concussions during the follow–up period, which could impact the configuration of clusters over time.

In addition, because we limited our analysis to exploring conditions after the first recorded mTBI diagnosis, this study did not determine if conditions that occurred before the injury re–emerged. It is possible that some conditions that were present before the mTBI event reappeared and were more likely to occur after the date of injury. More research would need to be conducted to determine if SMs diagnosed with conditions before their mTBI diagnosis were more likely to see those same conditions after their mTBI, which could impact the composition of clusters post–diagnosis.

Further, the data sources analyzed in the MDR is a large healthcare dataset used not only to capture diagnoses, but also healthcare utilization and billing. Due to variations in coding protocol and practices by site and by provider, conditions may be over or underrepresented in the data. ICD−10–CM codes, the primary indicator of symptoms used in this study, were subject to errors in coding from data entry and patients can be misclassified due to misdiagnoses or miscoding by the provider due to different coding practices and protocols (32, 35). Further, the accuracy of ICD−10–CM diagnostic codes varies by condition (32, 35, 36). Clinicians may be frustrated from entering coding data with search queries that result in a large number of results leading to underreporting of some comorbidities. This study is limited to those conditions with their own specific ICD−10–CM codes and to the number of allowable diagnostic codes that can be entered within each data system. Though ICD−10–CM codes may underestimate specific conditions, they still serve as an effective indicator for monitoring trends (37). Despite these drawbacks, the benefits to using the MDR outweighs its limitations for these analyses (38). Finally, while hierarchical clustering methodology could yield new insights into patterns of symptoms and comorbidities associated with mTBI, the methods that exist in selecting the number of subgroups is highly subjective.



Implications for future research

Injuries to the brain can have a wide variation on condition presentation and impact patients differently in the short and long term. Our research shows six clusters associated with mTBI. These clusters can be considered as six different patient profiles to help providers anticipate the manifestation of overlapping conditions of their mTBI patients over time. Furthermore, clusters vary from the initial phase of mTBI diagnosis than the later phase of mTBI care. Hierarchical clustering is a data driven method of identifying clusters and can assist providers with better treatment planning for their patients. Monitoring clusters associated with mTBI within the US military population is an important way to recognize the complexity of mTBI patients, to design interventions including treatment planning, education, and reassurance for the patient, and to improve our understanding of how these overlapping conditions impact TBI care and recovery.
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