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ENGLISH SUMMARY 

 
Chronic traumatic encephalopathy (CTE) is a serious neurodegenerative disorder which has been associated 

with a history of exposure to repetitive head impacts (RHI). Next-of-kin information clinically characterized 

CTE as a progressive impairment in mood and behavior along with a decline in cognitive and motor function. 

Contact-sport athletes are at increased risk. To date, CTE can only be diagnosed postmortem. Histologically, it 

is characterized by deposition of hyperphosphorylated tau in the depth of the sulci. Among the macroscopic 

pathologic findings is subcortical volume loss, including atrophy of the thalamus, a central subcortical structure 

involved in multiple cortex-controlled pathways. Risk and modulating factors of CTE other than exposure to 

RHI are largely unknown. However, recent data suggest that in particular the developing brain has a high 

vulnerability to RHI. In fact, younger age at first exposure (AFE) to contact-sports correlated not only with 

more neuropsychiatric symptoms later in life and microstructural white matter alterations, but also with earlier 

symptom onset in CTE in postmortem studies. Therefore, AFE to contact-sports should be evaluated as a 

possible risk factor for CTE, especially considering the large number of youth athletes participating in contact-

sports today.  

Neuroimaging has enabled researchers to gain insight into sequelae of RHI in vivo. In particular, analyses of 

global and regional brain volumes have shed light on inter-individual volumetric differences and age-dependent 

volumetric changes in contrast to pathologic forms of brain atrophy. Especially advanced magnetic resonance 

imaging (MRI) techniques have made it possible to study and quantify even subtle of the aforementioned 

changes. Before automated segmentation software was available, brain global and regional volumes had to be 

derived manually. In fact, until today manual tracing is considered to be the gold standard for calculating brain 

volumes in research studies. However, manually segmenting a brain based on an MRI scan is time consuming. 

Given the large datasets studies to date often involve, automatic segmentation programs pose promising and 

more time-efficient alternatives to manual tracing. A software routinely applied in this context to automatically 

segment the brain is FreeSurfer. While time efficiency is a major advantage of automatic segmentation software, 

the same or at least greatly similar anatomical accuracy and especially reliability compared with manual tracing 

is demanded. Surprisingly, only a small number of studies have tested FreeSurfer’s reliability in comparison to 

manual tracing. Results from these studies remain mixed. Especially in subjects with significant volumetric 

divergence from the norm or with anatomical anomalies, FreeSurfer has shown weaknesses and significantly 

differing results from manual tracing. This is of particular note, as volumetric analyses play a major role in the 

research of RHI and possible CTE which is associated with characteristic cortical and subcortical atrophy 

patterns and anatomical variances.  

In light of the above, the goal of the work presented in this thesis is to explore the accuracy of FreeSurfer 

compared with manual tracing and to investigate the association between thalamic volumes and AFE to 

American Football in a sample of symptomatic former professional American Football players at risk of CTE.  
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Publication A: The purpose of this study was to compare volumetric results by FreeSurfer 5.3 with manual 

tracing in a sample at risk of CTE. The results were compared in terms of anatomical accuracy, distinction 

between players and a control group, and associations with clinical measures. 

A unique sample of eighty-six symptomatic former professional football players with a minimum of two years 

of participation in the National Football League (NFL) as well as twenty-two age-matched healthy controls 

without a history of contact-sports or brain trauma were included. Volumes of eleven brain regions often 

affected in previous studies of RHI were derived: bilateral corpus callosum, cingulate gyrus, amygdala, 

hippocampus, amygdala-hippocampal complex, and lateral ventricles. Volumes were obtained by both, 

automated segmentation and manual correction of the FreeSurfer labels. 

Inter-observer-reliability showed good to excellent results. The correlations of the lateral ventricles and the 

corpus callosum were excellent between automatically and manually derived volumes. The results for the 

amygdala, hippocampus, and cingulate gyrus, however, were more divergent. The differences were significant 

in terms of distinction between groups and correlations with clinical measures. Differences between football 

players and controls were found in 8 of 11 manually-corrected regions versus only 4 of 11 regions without 

manual edit. Among the football players, the correlation between brain regional volumes and clinical measures 

led to different results for manual correction versus automated segmentation. The results suggest that amygdala, 

hippocampus, and cingulate gyrus should be manually edited prior to data analysis in a sample at risk of CTE. 

Better results were obtained if amygdala and hippocampus were combined as amygdala-hippocampal complex 

which should be considered in studies of RHI and where it is in line with the research question. 

 

Publication B: The goal of this project was to explore the association between AFE to American Football and 

thalamic volumes in a sample of former professional football players at risk of CTE. We also investigated the 

association between total years of playing football and thalamic volumes as well as the association with clinical 

measures. 

Thalamic volumes from the same eighty-six retired professional football players from publication A were 

derived with FreeSurfer 5.3. This study showed an association between thalamic volumes and total duration of 

playing football indicating that the longer athletes played football, the smaller their thalamic volumes. Further, 

this is the first study showing an association between subcortical gray matter volume and AFE to contact-sports. 

Right thalamic volume was associated with AFE, even when adjusting for total years of play. Thus, the younger 

athletes were when they started playing, the smaller their right thalamic volume. Importantly, the effect of AFE 

on thalamic volume was almost twice the one of total years of play. This result indicates that RHI may have an 

especially strong impact on the developing brain potentially due to interference with critical periods of brain 

development and maturation. More mood and behavioral symptoms as well as worse performance in visual 

memory was linked to thalamic volume in this cohort at risk of CTE. The findings suggest that symptoms 

associated with CTE may be related to decreased thalamic volume. However, without postmortem analysis, it 

is not possible to determine whether or not the findings of this study are specifically linked to CTE.  
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DEUTSCHE ZUSAMMENFASSUNG 

 

Die Chronisch Traumatische Enzephalopathie (CTE) ist eine schwere neurodegenerative Erkrankung, die mit 

wiederholten Kopferschütterungen assoziiert ist. Klinisch zeichnet sie sich durch progressive kognitive und 

motorische Einschränkungen sowie Stimmungs- und Verhaltensauffälligkeiten aus. Kontaktsportathleten sind 

eine der größten bekannten Risikogruppen. Bis heute kann die Diagnose einer CTE nur postmortal erfolgen. 

Pathognomonisch sind Läsionen mit hyperphosphoryliertem Tau in den Tiefen der Sulci. Zum typischen 

makroskopisch-pathologischen Erscheinungsbild zählen subcorticale Volumenreduktionen, unter anderem des 

Thalamus, einer zentralen subcortikalen Struktur, die in zahlreiche cortical gesteuerte Prozesse involviert ist. 

Ergebnisse einer Studie unter professionellen Kampfsportathleten haben zudem eine Verbindung zwischen 

Reduktion des Thalamusvolumens und Exposition gegenüber Kopferschütterungen in vivo gezeigt. Neben 

Kopferschütterungen sind weitere, die Erkrankung beeinflussende und Risikofaktoren weitestgehend 

unbekannt. Neuere Daten zeigen, dass insbesondere das sich noch in der Entwicklung befindende Gehirn eine 

erhöhte Vulnerabilität gegenüber Kopferschütterungen aufweist. Daher sollte das Startalter von 

Kontaktsportathleten als möglicher Risikofaktor für CTE untersucht werden, vor allem vor dem Hintergrund 

der großen Anzahl Kinder und Jugendlicher, die aktuell Kontaktsportarten betreiben. 

Der Einsatz von Neuroimaging hat Wissenschaftlern Einblicke in Folgeschäden von Kopferschütterungen in 

vivo ermöglicht. Insbesondere Volumenanalysen erlauben die Unterscheidung von interindividuellen 

Normvarianten und altersassoziierten Veränderungen vom Übergang ins Pathologische. Besonders moderne 

Techniken der Magnetresonanztomographie (MRT) machen es möglich, diese z.T. kleinsten Veränderungen zu 

quantifizieren. Bevor es automatisierte Segmentierungssoftware gab, mussten Hirnvolumina manuell extrahiert 

werden. Tatsächlich ist die manuelle Volumenextraktion nach wie vor der Goldstandard in wissenschaftlichen 

MRT-basierten Volumenanalysen. Jedoch ist die manuelle Segmentierung sehr zeitaufwendig. Insbesondere 

aufgrund der großen Datensätze, die wissenschaftliche Studien heutzutage in der Regel umfassen, stellen 

automatisierte Segmentierungssoftwares eine vielversprechende und zeiteffizientere Alternative dar. Eine 

Software, die in diesem Zusammenhang routinemäßig zum Einsatz kommt, ist FreeSurfer. Während jedoch 

Zeiteffizienz ein großer Vorteil der automatisierten Segmentierung ist, so ist doch die anatomische Genauigkeit 

und die Reliabilität Voraussetzung für deren Einsatz. Überraschenderweise haben bislang nur wenige Studien 

FreeSurfers Reliabilität im Vergleich zur manuellen Segmentierung untersucht und sind hierbei zu 

unterschiedlichen Ergebnissen gelangt. Vor allem bei Probanden mit großen volumetrischen Abweichungen 

von der Norm oder strukturellen anatomischen Anomalien hat FreeSurfer Schwächen und signifikant 

abweichende Ergebnisse von der manuellen Segmentierung gezeigt. Dies gilt es vor allem deshalb zu beachten, 

da Volumenanalysen insbesondere bei der Erforschung der Folgen von Kopferschütterungen und potentiellen 

Fällen von CTE eine wichtige Rolle spielen, die typischerweise charakteristische corticale und subcorticale 

Atrophiemuster und anatomische Anomalien aufweisen. 

Aus dem oben Genannten ergeben sich die Ziele der im Folgenden vorgestellten Studien. Es soll zunächst die 

Genauigkeit von FreeSurfer in einer Kohorte symptomatischer, ehemaliger professioneller American Football 
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Spieler untersucht werden, die eine Risikopopulation für CTE darstellen. Darauffolgend wird der 

Zusammenhang zwischen Thalamusvolumen und Startalter im Kontaktsport in derselben Kohorte analysiert.  

 

Publikation A: Das Ziel dieser Studie war es FreeSurfer 5.3 mit manueller Nachbearbeitung der Segmentierung 

bei Volumenanalysen in einer Risikopopulation für CTE zu vergleichen. Die Ergebnisse wurden hinsichtlich 

der anatomischen Genauigkeit, der Unterscheidung zwischen American Football Spielern und 

Kontrollprobanden sowie der Korrelation mit klinischen Parametern verglichen.  

Eine weltweit einzigartige Kohorte aus 86 symptomatischen, ehemaligen American Football Spielern mit 

mindestens zwei Jahren Erfahrung in der NFL sowie 22 Kontrollprobanden ohne Schädel-Hirn-Trauma oder 

Teilnahme an Kontaktsportarten in der Anamnese wurden eingeschlossen. Die jeweils bilateralen Volumina 

von elf Hirnstrukturen wurden extrahiert, ausgewählt anhand vorheriger Studien zu Kopferschütterungen: 

Corpus callosum, Gyrus cinguli, Amygdala, Hippocampus, Amygdala-Hippocampus-Komplex und die 

Seitenventrikel. Die Volumina wurden jeweils einmal voll automatisch mithilfe von FreeSurfer 5.3 extrahiert 

und ein zweites Mal einer manuellen Nachbearbeitung unterzogen.  

Die Übereinstimmungsrate bei der manuellen Nachbearbeitung war gut bis ausgezeichnet in dieser Studie. Die 

Übereinstimmung von automatischer Segmentierung und manueller Nachbearbeitung war hervorragend für 

Corpus callosum und Seitenventrikel, nicht jedoch für Amygdala, Hippocampus und Gyrus cinguli. Die 

Unterschiede waren signifikant hinsichtlich der folgenden Gruppenanalysen sowie Korrelationen mit klinischen 

Parametern. Es wurden Gruppenunterschiede in 8 von 11 manuell nachbearbeiteten Hirnstrukturen gefunden, 

jedoch nur in 4 von 11 automatisch segmentierten Hirnstrukturen. Die Korrelationen zwischen Volumina und 

klinischen Parametern innerhalb der Athletengruppe zeigte für manuelle und automatisch segmentierte 

Volumina verschiedene Ergebnisse. Die Ergebnisse sprechen dafür, dass Amygdala, Hippocampus und Gyrus 

cinguli in Risikopopulationen für CTE vor weiteren Analysen einer manuellen Nachbearbeitung unterzogen 

werden sollten. Zudem wurde eine bessere Übereinstimmung erzielt, wenn Amygdala und Hippocampus als 

Amygdala-Hippocampus-Komplex zusammengefasst wurden, was in zukünftigen Studien zu 

Kopferschütterungen und wo es die wissenschaftliche Fragestellung erlaubt, berücksichtigt werden sollte. 

 

Publikation B: Das Ziel dieser Studie war es, den Zusammenhang zwischen dem Startalter des Kontaktsports 

und dem Thalamusvolumen zu untersuchen. Zudem wurden die Thalamusvolumina mit der Gesamtspielzeit in 

Jahren sowie den Leistungen in diversen neuropsychologischen Tests in Zusammenhang gesetzt.  

Es wurden die Thalamusvolumina derselben 86 ehemaligen professionellen American Football Spieler aus 

Publikation A mithilfe von FreeSurfer 5.3 extrahiert. Es zeigte sich ein Zusammenhang zwischen der 

Gesamtspielzeit in Jahren und den Thalamusvolumina, insofern als dass je länger die Athleten insgesamt 

American Football gespielt hatten, desto kleiner deren Volumina. Dies ist darüber hinaus die erste Studie, die 

einen Zusammenhang zwischen Startalter des Kontaktsports und subcorticalem Volumen der grauen Substanz 

gezeigt hat.  Das Volumen des rechten Thalamus korrelierte mit dem Alter, in dem erstmals American Football 

gespielt worden war, auch dann, wenn für die Gesamtspielzeit in Jahren statistisch kontrolliert wurde. Je früher 
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die Athleten American Football gespielt hatten, desto kleiner ihr rechter Thalamus. Dabei ist hervorzuheben, 

dass der Effekt des Alters zu Beginn der Exposition auf das Thalamusvolumen fast doppelt so stark war wie der 

der Gesamtspielzeit in Jahren. Die Ergebnisse können so interpretiert werden, dass wiederholte 

Kopferschütterungen eine besonders starke Auswirkung auf das Gehirn von Kindern oder Jugendlichen haben 

könnten, möglicherweise aufgrund von Wechselwirkungen mit cerebralen Reifungsprozessen. Zudem 

korrelierten in dieser Studie stärker ausgeprägte Stimmungs- und Verhaltensauffälligkeiten und Defizite des 

visuellen Gedächtnisses mit dem Thalamusvolumen. Die Ergebnisse sprechen dafür, dass die für CTE typischen 

Symptome einen Zusammenhang mit dem Thalamusvolumen zeigen. Es bleibt jedoch zu klären, ob die 

Ergebnisse tatsächlich mit CTE assoziiert sind, da dies ohne postmortem Untersuchung zum aktuellen Zeitpunkt 

nicht möglich ist. 
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1. INTRODUCTION 

1.1 Chronic Traumatic Encephalopathy 

1.1.1 Overview 

CTE is a severe neurodegenerative disorder linked to a history with repetitive head trauma.
1-3

 CTE was clinically 

first described 1928 by US pathologist Harrison Martland who observed and described neurologic sequelae in 

boxers.
4
 Later on, the condition was referred to as “punch drunk syndrome” and “dementia pugilistica”.

5
 The 

name “chronic traumatic encephalopathy” was first introduced in 1949 when it became clear that the symptoms 

formerly described by Martland were not limited to consequences of boxing.
6
 In fact, until today, CTE has most 

often been described in former contact-sport athletes, such as American Football players.
7-10

 Further, CTE has 

been found following other forms of RHI such as blast events in military service, physical abuse, autistic patients 

with head banging behavior, and epileptic seizures.
2,11-15

  

CTE has severe consequences for patients and relatives. 
16

 While CTE until now has most often been diagnosed 

in former professional contact-sport athletes, more recent evidence has shown that also amateur contact-sport 

athletes may be affected.
17

 Therefore, in spite of currently unknown incidence and prevalence of CTE 
3
, possibly 

millions are at risk. Further, considering these potentially large patient numbers, CTE may also pose a serious 

economic burden when considering the costs for dementias other than Alzheimer’s Disease in the USA at 73 

billion US Dollars annually.
18

  

 

1.1.2 Pathology and diagnosis  

To date, CTE can only be diagnosed at postmortem neuropathological examination.
2,19

 CTE is a tauopathy and 

shows a distinctive neuropathological pattern which was addressed in the first National Institute on Neurological 

Disorders and Stroke (NINDS) / National Institute of Biomedical Imaging and Bioengineering (NIBIB) 

consensus meeting  to establish diagnostic criteria for CTE.
20

 Based on these criteria, required pathognomonic 

finding is a lesion related to aggregates of hyperphosphorylated tau (p-tau) in neurons and astrocytes close to 

small vessels at the depths of the sulci.
20

 McKee et al. described four stages of CTE.
19

 In early stages, CTE 

presents as a cortical disease. The perivascular lesions usually first appear in the frontal and temporal lobes, less 

often in the parietal lobe. In later stages, cortical lesions become more frequent and may spread over the entire 

cortex. Further, at this stage, also subcortical structures become affected.
19

 P-tau lesions may then be present in 

the mid-temporal lobe, especially in the entorhinal cortex, amygdala, and hippocampus.
3
 In later stages, there 

are additional non-p-tau related pathologies. Common macroscopic features observed include enlargement of 

the third ventricle, cavum septum pellucidum, as well as mammillary body and thalamic volume loss.
3,21

 Finally, 

global brain atrophy has been described in later stages.
3
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Fig. 1 The four neuropathologically defined stages of CTE from McKee et al.
22

. 

 

 

1.1.3 Possible neurodegenerative cascade 

Tau’s function in the healthy is well known, namely stabilizing microtubules in the axons of neurons.
23

 The 

mechanism of tau becoming pathologic, however, is not well understood. Tau protein has two conformations, 

physiologic trans- and pathologic cis-p-tau.
24

 In the healthy, the prolyl-isomerase-Pin1 protects against 

tauopathy by converting p-tau from cis- to trans-isomer.
24

 Recent studies using antibodies specifically designed 

to either bind to cis- or trans-conformation of p-tau suggest that the cis-conformation of tau protein may initiate 

the neurodegenerative cascade in CTE.
24,25

 Findings from brain trauma in mice have shown that hours after 

impact or neuronal stress, neurons particularly produce cis-p-tau.
25

 Over the course of time, cis-p-tau spreads 

over the cortex, and later to other regions of the brain, inducing apoptosis, and thereby eventually leading to 

atrophy and neurodegeneration.
25

  

 

1.1.4 Clinical presentation 

While the definite diagnosis of CTE can only be made after death, conclusions about clinical signs and course 

of the disease are drawn from retrospective analyses and interviews with relatives.  

CTE is a severe disorder with increasing impairment in everyday life. Four domains of symptoms have been 

reported: CTE may present with progressive mood, behavioral, cognitive, and motor decline.
21,26,27

 Symptom 

onset in CTE seems to become apparent 8 to 10 years after the end of exposure to RHI often after  a symptom-

free phase.
2,3

 Clinical presentation in CTE varies and shows a large overlap with other psychiatric and 

neurodegenerative disorders.
28

 Stern et al. described two stages of clinical presentation, an early and a late 
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onset.
16

 The early manifestation of CTE (mean age of symptom onset: 35 years) first presents with mood and 

behavioral symptoms, such as verbal and physical violence, loss of control, impulsivity, and paranoia. Over the 

course of the disease, these “early-onset” patients additionally develop cognitive symptoms. Patients with a late 

onset of CTE (mean age of symptom onset: 60 years) first present with cognitive symptoms, such as deficits in 

memory and executive functioning as well as attention problems. These “late-onset” patients may develop mood 

and behavioral symptoms with progress of the disease.
16

 Approximately 45% of all patients suffering from CTE 

have dementia.
16

 Further, patients may develop impaired motor function, such as parkinsonism, dysarthria, 

dysphagia, and problems in coordination.
3
 

 

1.1.5 Approaches for diagnosis in vivo 

One of the biggest obstacles on the way to a better understanding of CTE is the current lack of a diagnosis in 

vivo. So far, four different clinical approaches have been proposed to establish diagnostic criteria for CTE in 

the living.
9,29-31

 Jordan et al. were the first to introduce possible diagnostic guidelines based on symptom 

presentation.
29

 They differentiate four types of clinical diagnoses: definite, probable, possible, and improbable 

CTE. The aim of these diagnostic criteria is to predict underlying CTE pathology with the diagnosis “definite 

CTE” still being limited for postmortem.
29

 Victoroff et al. and Montenigro et al. focus on grouping and ranking 

sets of symptoms.
9,31

 Montenigro et al. introduced the term “traumatic encephalopathy syndrome (TES)” for 

clinical diagnosis, emphasizing the difference between the definite neuropathological diagnosis of CTE and the 

introduced clinical guidelines for TES.
9
 The latest clinical diagnostic criteria have been introduced by Reams 

and colleagues.
30

 In analogy with previous diagnostic criteria, there is no category of a definite diagnosis of 

CTE which still is being reserved for neuropathologic examination.
30

  

Although these are important first steps, the use of these guidelines is not established in clinical settings and 

their specificity remains to be elucidated.
21

  These symptom-based approaches show a great overlap with other 

neurodegenerative diseases
21

 and may postpone diagnoses to more advanced stages of the disease where patients 

are more likely to present with higher symptom loads. The use of neuroimaging techniques to the contrary, 

provides a reproducible and objective method to investigate brain structural sequelae in those at risk of CTE.
32,33

 

MRI has been shown sensitive to even subtle alterations after RHI
34,35

, forgoes without radiation, and is widely 

available. Identifying imaging markers of CTE using MRI would vastly promote our understanding of the 

disease. First, an imaging marker would allow a diagnosis in vivo and in early stages.
32

 Second, earlier and 

definite diagnosis in the living would lead to more targeted clinical trials by including only those who suffer 

from CTE. Third, intervention and treatment options could be elaborated and tested more precisely. 

Subsequently, this would allow identification of possible risk factors, prediction of the course of the disease, 

evaluation of the efficacy of treatment and interventions, and, ultimately, protection of those who are at risk.   
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1.1.6 Subcortical gray matter in RHI and CTE 

Atrophy of subcortical gray matter structures has been reported in neuropathologically confirmed cases of 

CTE.
19

 Depending on the stage of CTE, this may include the amygdala, hippocampus, cingulate gyrus, and the 

thalamus.
19

 The postmortem evidence of focal atrophy highlights the importance of volumetric analyses in vivo. 

In fact, brain regional volume reduction has been reported in living contact-sport athletes who were exposed to 

RHI. For example, volume reduction of the hippocampus has been reported among boxers, mixed martial arts 

fighters as well as American Football players
36-38

 whereas volume reduction of the amygdala has been observed 

in a previous study among professional fighters
36,37

. In another project which is not part of this thesis, I analyzed 

limbic system structure volumes in a sample of former professional football players at risk of CTE as well as 

age-matched healthy controls.
39

 In fact, the same football players who were introduced in the two publications 

of this dissertation were included. The volumes of hippocampus, amygdala, and cingulate gyrus were compared 

between football players and controls who had no prior brain trauma or contact-sport experience. Results from 

this study showed reduced volumes of amygdala, hippocampus, and cingulate gyrus in former NFL players 

compared with controls.
39

 Moreover, we showed that lower volumes of hippocampus and cingulate gyrus were 

associated with worse executive function and visual memory among the players’ group.
39

 The findings are in 

line with the literature and suggest that the integrity of limbic system structures may be affected through 

potential neurodegenerative processes associated with RHI and that alterations of limbic system structures are 

associated with symptoms typical of CTE.  

In spite of these results, and while thalamic atrophy has been reported in neuropathologically confirmed cases 

of CTE, analyses of the thalamus in living athletes are still sparse. The thalamus is a central subcortical structure 

which is involved in multiple cortex-controlled pathways and has been described as the “gateway to 

consciousness”
40

. Anatomically, the thalamus (thalamus dorsalis) consists of several subregions or nuclear 

complexes.
41

 Thalamic nuclei can be classified in different ways. One possibility is to divide them according to 

functional classes.
42

 Five different classes have been described: intralaminar and reticular nuclei for nociception 

and arousal, effector nuclei associated with motor function, sensory nuclei involved in all major thalamic 

domains, limbic nuclei for mood/behavior, and associative nuclei involved in cognition.
42

 To date, only Bernick 

and colleagues investigated the association between thalamic volume and exposure to RHI in the living.
36,37,43

 

They included a sample of professional boxers and mixed martial arts fighters and found a reduction of thalamic 

volumes with every fight and with total years of fighting.
36,43

 Whether or not thalamic volumes show an 

association with RHI in American Football, where players are equipped with helmets and head accelerations 

are reported to be lower than in fighting
44,45

 was analyzed and discussed in publication B. 

 

1.1.7 Risk factors  

CTE has most often been reported in former professional contact-sport athletes such as American Football 

players who were exposed to RHI.
7-9

 To date, a history of exposure to RHI is presumed to be one of the most 

important risk factors for developing CTE.
1,3,32,46

 RHI refer to multiple, periodically recurring impacts to the 

head. An impact is a hit to the head that may or may not result in immediate symptoms.
35

 Impacts that lead to 
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acute symptoms such as headache, nausea, dizziness, insomnia, postural instability, phono- and photophobia, 

blurred vision, fatigue, concentration, and memory problems are referred to as concussive impacts.
47

 Impacts 

that do not lead to acute symptoms are often called subconcussive impacts. Subconcussive impacts are far more 

common than concussive impacts.
35

 There is evidence that especially the repetitive character of head impacts 

may have adverse effects on the brain.
27,35

 However, not everyone who was exposed to RHI develops CTE 

suggesting that exposure to RHI alone is not sufficient for the pathogenesis of CTE.
3,48,49

 Additional risk factors 

likely influence the susceptibility to RHI and support the development of CTE. Identifying these factors is one 

of the key questions in CTE research.
8
 In the following, two possible risk factors will be discussed.  

 

Total years of play 

It has been shown that the total impact burden plays an important role in the susceptibility for developing 

CTE.
26,50,51

 Importantly, both concussive as well as subconcussive head impacts (cumulatively RHI) need to be 

taken into consideration when considering the total impact burden based on a paper that reported that 16% of 

neuropathologically confirmed cases of CTE had no history of a concussion.
52

 It is methodically challenging to 

quantify the total amount of RHI an athlete has been exposed to.
53

 There are different ways to account for 

exposure to RHI in prospective study designs. Contact-sport athletes may be equipped with helmet 

accelerometers or head hits could be counted by video surveillance of trainings and matches. The vast majority 

of CTE studies until today, however, have retrospective study designs which rely on next-of-kin information or 

self-report
26,54

 making the report of each hit to the head practically impossible. Among contact-sport athletes a 

possibility to account for the two aforementioned issues is to use the total years the athlete has actively 

participated in his field of sport as a measure of exposure. In the context of retrospective study designs, the use 

of total years as a variable poses the advantage of feasibility by being a realistically ascertainable number. In 

two previous postmortem studies, McKee and colleagues not only showed that longer duration of playing 

football increased the odds of CTE but also that it was associated with more severe neuropathologic stages.
19,51

 

Importantly, an in vivo study among collegiate football players showed an inverse association between total 

years of play and left hippocampal volume.
38

 The study indicated that the longer athletes had played football 

the smaller their left hippocampus.
38

 A possible link between thalamic volume and total years of play was 

investigated in publication B.  

 

Age at first exposure  

Compared with the total impact burden mentioned above, the age at first exposure (AFE) is reflective of another 

aspect of exposure to RHI. In terms of contact sports, it is the age when an athlete started playing. For a long 

time, the general opinion was that children tend to recover quicker from brain trauma than adults due to greater 

neuroplasticity of the immature brain.
55

 More recent data, however, casted doubts on this theory. In fact, more 

recent studies suggest that children seem to be more prone to a complicated course after brain trauma compared 

with adults.
56-61

 In fact, younger age has been described as a risk factor for prolonged post-concussive 

recovery.
61,62

 Further, younger age was associated with worse outcome and persistent structural alterations in 
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the brain following head trauma.
38,60,63

 Despite this evidence, only four previous studies investigated AFE to 

RHI. Two of these studies investigated the association between neuropsychiatric symptoms and AFE in a cohort 

of living athletes. They showed that younger AFE was associated with more later-life impairment in executive 

function and memory as well as more apathy, depression, and dysregulation of behavior.
50,64

 The only previous 

imaging study on AFE in living athletes showed that younger AFE was associated with alterations in the corpus 

callosum.
65

 More importantly, a recent study by Alosco and colleagues among neuropathologically confirmed 

cases of CTE showed that younger AFE to contact sports was associated with earlier symptom onset in CTE.
66

 

The higher vulnerability to head trauma of the immature brain may be closely linked to periods of brain 

development during childhood and adolescence.
67,68

 A more detailed discussion of possible background theories 

for greater susceptibility of the developing brain is given in publication B. 

Moreover, in previous studies further risk factors have been proposed and investigated including position 

played
69

, beta-amyloid pathology
70

, management of previous concussions, concomitant psychiatric or 

neurologic diseases, substance abuse, obesity, age, cognitive reserve
26,48,71,72

, as well as biological parameters 

in particular APOE-ε4 genotype
14,73-75

.  

 

1.1.8 Treatment and prevention 

A causal treatment for CTE is currently not available. There have been tests in rodent models on inhibition of 

glycogen-synthase-kinase-3.
76

 This enzyme has shown to be a promoter of apoptosis and an inhibitor of 

neuroprotective cascades and is blocked by other enzymes after traumatic brain injury. Stimulating this blockage 

may lead to enforcement of the neuroprotective cascade and therefore protect against sequelae of head trauma.
76

 

Further, an antibody against cis-p-tau which was suggested to be a key initiator of the neuropathological cascade 

after RHI was introduced by Kondo and colleagues.
25

 Although these are important first steps, the search for 

treatment options of CTE is still in its infancy. In the long run, more research is needed to gain a complete 

picture and better understanding of etiology, pathogenesis, and modulating factors of CTE.   
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2. METHODOLOGICAL CONSIDERATIONS 

2.1 Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) enables to image soft tissues of the body. The underlying physical principle 

of MRI is nuclear magnetic resonance (NMR).
77

 
1H atoms have a spin and therefore NMR property. Spin axes 

of the atoms usually point randomly into different directions making the sum of all magnetic moments in a spin 

system, or net magnetization, very small. During an MRI session, a strong magnetic field (B0) is created in the 

scanner and aligns the protons’ spin axes to the external magnetic field direction. Due to their angular 

momentum the nuclei rotate or process around the B0 axis. The velocity of rotation around B0 is called Larmor 

frequency.
77

 

The nuclei can be excited by application of another radiofrequency magnetic field B1 perpendicular to B0. 

During application of B1, the nuclei absorb energy. With the end of the B1 pulse nuclei relax again. The 

longitudinal relaxation is called the T1-relaxation. The time constant T1 describes the duration of the 

longitudinal relaxation until 63% of the protons have returned to equilibrium state following an excitement.
78

 

Depending on the type of tissue, returning times to B0 equilibrium state vary between protons. For example, 

protons in fat quickly return to B0 while protons in water or cerebro-spinal fluid (CSF) slowly return, making 

fat appear bright and water or CSF dark on a T1-weighted image.
78

 At the same time of the longitudinal 

relaxation, protons de-phase from their transverse precession which is called transverse relaxation or T2-

relaxation. The time constant that describes the transverse relaxation is referred to as T2.
78

 In general, T1-

weighted images generate a good contrast between gray and white matter which is why T1-weighted images 

are widely used to investigate the morphology and anatomy of the brain.
79

 The protons’ energy release can be 

detected by scanner coils and displayed as the “free-induction decay (FID)”.
78

 The images can be generated on 

the basis of the FID and through a mathematical function known as Fourier transform.
78

  

 

2.2 Quantification of Brain Regional Volumes 

The calculation of brain regional volumes on the basis of a subject’s MRI scan plays an essential role in studying 

the effects of RHI. Numerous previous studies investigating sequelae of RHI have reported brain regional 

volume reduction (e.g.,
38,39,80

). The importance of volumetric studies is further emphasized by focal brain 

atrophy found in confirmed cases of CTE.
3
 Theoretically, to calculate the volume of a defined region of interest 

(ROI) in a subject’s MRI scan, it is necessary to select all to the ROI corresponding voxels in each slice of the 

MRI scan. Various information is taken into consideration when selecting the voxels and defining the ROI 

manually, including overall position in the brain, anatomic landmarks, position relative to adjacent structures, 

and image intensities.
81

 Having selected all corresponding voxels in each slice of the scan, the surface area can 

be calculated and multiplied by the slice thickness in order to obtain the brain regional volume. Until today, 

manual tracing is considered to be the gold standard for extracting brain volumes.
82

 A major disadvantage of 

this manual technique, however, is its feasibility. Imaging studies to date mostly involve large number of 

subjects. Labelling some or all anatomical structures of the brain in one MRI scan may take up to a week for a 
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trained anatomist.
81

 Therefore, the use of automated tools for whole brain segmentation is common in 

neuroimaging studies. A tool routinely used to investigate brain regional volumes and also used in the studies 

introduced here is the open-access software FreeSurfer (http://surfer.nmr.mgh.harvard.edu; Athinoula A. 

Martinos Center for Biomedical Imaging, Charlestown, MA, USA).  

 

2.3 FreeSurfer 

2.3.1 Overview 

FreeSurfer is a software designed to analyze MRI data and is well known for segmenting the brain into 

standardized ROIs. Its essential tools include surface- and volume-based analyses, investigation of cortical 

thickness, reconstruction of the white matter surface, as well as subsegmentation of the hippocampus.
83

 The 

volume-based analysis stream enables to calculate subcortical and cortical volumes and was used in both 

original articles introduced in this dissertation. A detailed description of the volume-based analysis stream 

including its mathematical and technical background is provided in 
81,84

. A brief description of the steps 

comprising the pipeline is provided below.  

 

2.3.2 Pre-Processing 

The structural T1-weighted images are skull-stripped with the aid of a brain mask. A motion correction and 

transformation to Talairach space is performed.
85-87

 Further, an initial volumetric labelling is performed and 

the images are corrected for intensity variations.
81,88,89

  

 

2.3.3 Label Construction and Assignment 

For the final parcellation various information is taken into account, that is, intensities and spatial information 

including local relationships between neighboring voxels and structures.
81,84

 For the following steps an atlas is 

used containing probabilistic information, e.g. on intensities of anatomical classes and locations.
81

 The 

probabilistic atlas is created on the basis of a training set which was labelled manually. One of the key features 

of the probabilistic atlas is that coordinates have anatomical meaning as opposed to coordinates in raw images 

which vary by subject-dependent parameters such as position of the head in the scanner.
81

 For each voxel the 

intensity is measured locally and a label is allocated through the probabilistic atlas.
81

 The use of intensity 

information alone is not possible given the great overlap between different structures and tissue type (e.g., gray 

and white matter overlap by more than 12%).
81

 Next, for each voxel specific probabilities are calculated. First, 

the likelihood that a voxel appears at a certain location in the probabilistic atlas is calculated. Second, the local 

relationships between different anatomic structures are accounted for in terms of the probability that a certain 

label is assigned to a certain voxel considering the labels assigned to its neighboring voxels.
81

 This way, it is 

possible to integrate local anatomic information into the parcellation such as the “posterior amygdala is 

frequently superior to anterior hippocampus, but never inferior to it”
81

. 

For the whole brain segmentation process all information described above is incorporated. An interim 

segmentation is computed by matching each voxel to the label for which the likelihood is greatest. The 
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neighborhood function is used to re-evaluate the probabilities for each voxel and label which leads to a re-

segmentation based on the new probabilities. The re-evaluation/re-segmentation process stops and the final 

parcellation is obtained once the probabilities for each voxel and assigned label stay the same.
81,84

  

 

Fig. 2 Results of FreeSurfer processing stream.  

 

2.3.4 Possible limitations  

FreeSurfer is routinely used in neuroimaging studies. It has enabled researchers to segment even large datasets 

in reasonable amounts of time and has yielded insight into various forms of neuropathology, including sequelae 

of RHI (e.g., 
90-95

). Whenever using automated segmentation tools to subsegment datasets, the results should be 

validated in terms of anatomical accuracy. However, common standard in research studies is to not perform 

visual quality assessments but to rely on the automated segmentation results.
96

 Whether or not FreeSurfer can 

be applied unrestrictedly and accurately without manual editing to all forms of neuropathology still remains to 

be elucidated. The training set used by FreeSurfer to create its subcortical atlas consists of 30 healthy brains and 

11 brains with diagnosed dementia 
97

 which may possibly affect the segmentation results. Given its common 

use in imaging studies to date, only a surprisingly small number of studies have compared FreeSurfer with the 

gold standard manual tracing.
82,98-133

 Even less studies have compared the segmentation technique in context 

with clinical symptoms.
104,107

 Importantly, several of these studies have shown aberrant results when comparing 

automated with manual segmentation.
98,99,101-104,106,107,109,111-113,116,117,119-124,126-128,130,131,133

 Most of these studies 

investigated segmentation results of the hippocampus.
82,98,100-113,116-118,120,121,123,126-129,131,133

  To a lesser extent, 

also other anatomical structures have been analyzed, including the temporal lobe and amygdala, basal ganglia, 

thalamus, parts of the white matter, the insular and frontal cortex, as well as the lateral 

ventricles.
82,98,99,107,110,114,115,118-120,122,124,125,128,130,132

 Significant discrepancies were reported for several structures 

and in particular for the hippocampus.
98,99,101-104,106,107,109,111-113,116,117,119-124,126-128,130,131,133

  Especially in subjects 

with advanced forms of atrophy or anatomical anomalies, FreeSurfer has shown significantly differing results 

compared with the gold standard manual tracing.
103,117,121,123

 This is of particular note given the frequent use of 

FreeSurfer in samples with expected focal or global brain atrophy, such as in samples at risk of CTE. 
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Additionally, it remains unclear how accurate FreeSurfer performs in segmenting anatomical structures other 

than the named above.  

 

2.4 Neurobehavioral assessment 

In the following two studies a neurobehavioral testing battery was administered to the subjects. The raw test 

results were converted to standard scores controlled for sex, age, and education.
134

 Next, test results were 

grouped to four factor scores based on principal component analysis: mood and behavior, attention/psychomotor 

speed, visual and verbal memory.
134

 The tests included are briefly described below. 

 

Table 1. Neuropsychological testing battery 

Mood and Behavior  

Apathy Evaluation Scale The Apathy Evaluation Scale is an 18-item scale 

used to quantify and characterize different levels 

of apathy in adults. It is not syndrome-specific 

and can be used in various disorders.
135

  

 

Beck Depression Inventory II 

 

The Beck Depression Inventory II is a 21-item 

instrument to assess the severity of depression in 

adults. The subject is presented 21 symptoms of 

depression and has to choose between four 

different options to answer best how he felt in the 

preceding two weeks.
136

 

 

Beck Hopelessness Scale 

 

The Beck Hopelessness Scale is a 20-item 

true/false scale to measure hopelessness in adults. 

137
 

 

Barratt Impulsivity Scale 

 

The Barratt Impulsivity Scale is a 30-item 

questionnaire to assess a subject’s impulsiveness. 

The items display impulsive/non-impulsive 

behavior rated on a four-point scale. 
138

 

 

Behavior Rating Inventory  

of Executive Functioning – Adult Version 

The Behavior Rating Inventory of Executive 

Functioning – Adult Version is a 75-item 

measure used to assess an adult’s self-report on 

executive function and self-regulation. It is not 
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syndrome-specific and can be used in a variety of 

disorders.
139

 

 

Center for Epidemiologic Studies –  

Depression Scale 

 

The Center for Epidemiologic Studies – 

Depression Scale is a 20-item screening test on 

depressive symptoms based on the DSM-V 

definition of a major depressive episode.
140

  

 

Hamilton Depression Rating Scale 

 

The Hamilton Depression Rating Scale is a 21-

item rating scale designed to assess the severity 

of depression in an interview with only the first 

17 items being scored.
141

 

 

Brown-Goodwin Lifetime History 

of Aggression 

 

The Brown-Goodwin Lifetime History of 

Aggression is an 11-item scale with each item 

measuring different aspects of aggressive 

behavior. In the original version each item is 

rated on a 4-point scale.
142

 

 

Modified Scale for Suicidal Ideation The Modified Scale for Suicidal Ideation is an 

18-item scale designed to assess the presence or 

absence of suicidal intention and categorizes 

suicidal ideation and desire from low to severe.
143

 

 

Buss Durkee Inventory 

 

The Buss Durkee Inventory is a 75-item scale 

used to assess hostility and aggression with a 

true/false answer design.
144

 

 

 

 

Attention/Psychomotor Speed  

Controlled Oral Word Association Test The Controlled Oral Word Association Test is 

designed to assess verbal fluency. The number of 

words starting with “C”, “L”, or “F” an adult can 

produce in one minute of time are counted. At the 

end of minute one, the procedure is repeated with 
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the next letter, thus, taking three minutes in 

total.
145

  

 

Delis-Kaplan Executive Function System Color 

Word Interference Test  

 

The Delis-Kaplan Executive Function System 

Color-Word Interference Test is a measure to 

assess executive functioning in children through 

adults 8-89 years. It consists of four parts: word 

reading, color naming, inhibition, and 

inhibition/switching.
146 

 

Trail Making Test 

 

The Trail Making Test is a measure designed to 

assess visual attention. It consists of two parts: 

The subject has to connect numbers in ascending 

order distributed on a piece of paper, in the 

second part numbers and letters have to be 

connected in ascending order. Results are 

displayed as the number of seconds needed to 

fulfill the task.
147

  

 

Wechsler Adult Intelligence Scale – Revised The Wechsler Adult Intelligence Scale – Revised 

is designed to measure intelligence in 

adolescents, starting at age 16, and adults. It 

consists of 11 subtests in total, thereby 6 verbal 

subtests and 5 non-verbal subtests. A verbal-, 

performance-, and full IQ score can be 

obtained.
148

  

 

 

Verbal Memory  

Neuropsychological Assessment Battery – Story 

Learning 

The Neuropsychological Assessment Battery – 

Story Learning was designed to assess verbal 

memory. The subject is told a five-sentence story. 

There are early as well as delayed recall trials. 

Content as well as wording are accounted for in 

the scoring.
149
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Neuropsychological Assessment Battery – List 

Learning 

 

The Neuropsychological Assessment Battery – 

List Learning is used to assess verbal episodic 

memory. The subject is presented 12 words 

groupable into 3 different semantic categories. 

First, the subject has to recall as many words as 

possible in three trials. Then different, partially 

overlapping words are presented that the subject 

has to recall. Afterwards, the subject again has to 

recall the words which were presented at first.
149 

 

 

Visual Memory  

Boston Qualitative Scoring System (BQSS) for 

the Rey-Osterrieth Complex Figure 

The Rey-Osterrieth Complex Figure is used to 

assess visuospatial skills and memory. A 

complex figure consisting of various elements is 

presented to the subject. First, the subject has to 

copy the figure. Next, there is a short recall trial 

followed by a long recall trial after 30 minutes. 

The BQSS thereby provides a qualitative 

assessment of executive skills while producing 

the figure. 
150

 

 
 

 
 

 

 
 

 

 
 

 



 - 28 - 

3. RESEARCH QUESTIONS AND HYPOTHESES  

The goal of this dissertation is to evaluate gray matter alterations in a sample of symptomatic former 

professional football players who were exposed to RHI and are at risk of CTE.  

In order to address this goal, we chose to conduct volumetric analyses of regional gray matter volumes given 

the evidence of brain regional volume loss in living athletes as well as neuropathologically confirmed cases of 

CTE.
3,20,35

 As mentioned previously, there are different possibilities to calculate brain regional volumes. Still, 

the gold standard in research studies is to derive regional volumes manually, however, the number of studies 

that actually perform manual tracing is sparse. This is due to the time effort and expertise needed for this method. 

In fact, FreeSurfer has shown promising results in volumetric studies of RHI as well as other forms of 

neuropathology.
83,90-93

 However, to date, only a surprisingly small number of studies have investigated 

FreeSurfer’s reliability and anatomical precision in comparison to manual tracing.
82,98-133

 In fact, numerous of 

these studies reported volumetric or anatomical inaccuracies of FreeSurfer.
98,99,101-104,106,107,109,111-113,116,117,119-

124,126-128,130,131,133
 To what extent this may influence associations with neurobehavioral features is even less 

known.
104,107

 More importantly, inaccuracies of FreeSurfer were more pronounced when subjects with high 

volumetric divergence from the norm or anatomical anomalies were analyzed.
103,117,121,123

 To our knowledge, no 

previous study to date has evaluated FreeSurfer’s reliability in comparison to manual editing of the results in a 

sample exposed to RHI and at risk of CTE. Further, while the majority of previous studies have investigated the 

hippocampus, the precision and reliability of FreeSurfer in labelling other anatomical structures of interest in 

studies of RHI, such as amygdala, cingulate gyrus, corpus callosum, or the lateral ventricles remains even less 

clear.  

Finding a diagnostic marker for CTE in the living is one of the main aims of current CTE research. Therefore, 

precise volumetric analyses among living athletes are particularly important given the neuropathologic evidence 

of subcortical atrophy described in CTE. In a previous study which is not part of this thesis I analyzed volumetric 

differences of amygdala, hippocampus, and cingulate gyrus among living athletes compared with controls 

without prior brain trauma. Compared with controls we found reduced volumes among the players group and 

we further showed that reduced volumes of hippocampus and cingulate gyrus were associated with worse 

neurobehavioral function. As highlighted previously, the thalamus is a central subcortical structure involved in 

multiple neuronal networks and functions. Despite its important anatomical function and evidence from 

confirmed postmortem cases of CTE, to date, only Bernick and colleagues investigated the association between 

exposure to RHI and thalamic volume in vivo.
36,37,43

 They included a sample of professional boxers and mixed 

martial arts fighters found a reduction of thalamic volumes with every fight and with total years of fighting.
36,43

 

Although head accelerations in professional football are commonly lower than in professional fighting
44,45

 we 

hypothesized to see a similar effect in a sample of former professional American Football players.  

To date, exposure to RHI is the most important risk factor for CTE.
1-3

 However, to gain a better picture of CTE 

and in the long run protect those at risk, identifying further possible risk factors is crucial. There has been a shift 

in the field towards the theory that the immature brain has a higher vulnerability towards brain trauma.
38,60,61

 In 

line with this, three previous in vivo studies as well as one postmortem study suggested AFE to contact sports 
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as a possible risk factor for CTE.
50,64-66

 Moreover, younger AFE to contact sports has been linked to earlier 

symptom onset of CTE in neuropathologically confirmed cases.
66

 

Therefore, in the following presented studies, we intended to 

1) Evaluate the accuracy of FreeSurfer and compare the results with manually edited volumes 

2) Apply FreeSurfer to derive thalamic volumes and explore the association between measures of exposure to 

RHI, in particular AFE to American Football, 

in a sample of symptomatic former professional football players who were exposed to RHI routinely during 

their career and are at risk of CTE.  
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4. PUBLICATION A 

4.1 Background 

The original article A with the title “Automated Versus Manual Segmentation of Brain Region Volumes in 

Former Football Players” was published in April 2018 in Neuroimage: Clinical (IF: 3.94; citations: 9). In this 

study we investigated whether or not the automated segmentation of 11 brain regions often shown to be affected 

in studies of RHI can be used reliably without manual correction in a sample of symptomatic former professional 

football players and age-matched controls without a history of brain trauma. In order to further integrate the 

results in a clinical context, we also explored the associations between volumes and neurobehavioral measures 

among the players’ group.  

4.2 Methods 

Eighty-six former professional football players (mean age = 55.2 ± 8.0 years) and 22 control subjects (mean 

age = 57.0 ± 6.6 years) were included in this study. The inclusion criteria for former professional football players 

were: male, 40-69 years of age, at least 12 years of organized football experience with a minimum of 2 years of 

play in the NFL, self-reported deficits in cognition, mood, and behavior at least 6 months prior to study start. 

The inclusion criteria for the control subjects were: male and no reported history of participation in organized 

contact-sports or traumatic brain injury. For all subjects T1-weighted images were acquired on a 3T scanner 

(Verio, Siemens Healthcare, Erlangen, Germany) and automated FreeSurfer 5.3 segmentation and manual 

correction of the following 11 brain regions were obtained: bilateral corpus callosum, cingulate gyrus, 

amygdala, hippocampus, amygdala-hippocampal complex, and lateral ventricles. Manual correction of the 

FreeSurfer labels was done by three trained individuals under the supervision of a neuroanatomist and a 

radiologist, respectively. Further, two individuals randomly chose 10 label maps to edit to evaluate inter-

observer reliability. Automated segmentation and manually-corrected volumes were compared using an 

intraclass correlation coefficient (ICC). Mood and behavior, attention/psychomotor speed, and visual and verbal 

memory were tested with a neuropsychological testing battery. All statistical analyses were done with Statistical 

Analysis System (SAS version 9.4; SAS Institute Inc., North Carolina, USA). Mixed effects regression models 

were computed for between-group mean volume comparisons and to correlate former football player regional 

brain volumes with neurobehavioral test results. Written informed consent was obtained from all participants 

prior to enrollment. 

4.3 Results 

The inter-observer reliability was good to excellent among all brain regions (ICC range: 0.723 to 0.990). Further, 

in this study the ICC was high between automated and manually corrected volumes of the corpus callosum 

(0.911), lateral ventricles (right 0.980, left 0.967), and amygdala-hippocampal complex (right 0.713, left 0.731). 

Automated segmentation volumes of the cingulate gyrus (right 0.639, left 0.351) as well as amygdala (right -

0.170, left -0.090) and hippocampus (right 0.539, left 0.637) when delineated separately demonstrated low 

correlation with manually corrected volumes. In general, the mean volume differences between the two groups 

were greater when comparing the manually corrected volumes than the automatically segmented volumes. 
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Statistically significant differences between the former football players and controls were found in 8 of 11 

manually corrected regions versus only 4 of 11 segmented regions without manual edit (see Table 2). There 

was no concordance among the correlations between the manually edited and segmented brain regions without 

manual edit and neurobehavioral test results. Among the former professional football players there were 3 

statistically significant correlations between brain regional volumes and neurobehavioral factors with the 

automatically segmented volumes, however, 3 different brain regions and neurobehavioral factors correlated if 

the manually edited volumes were used (manual correction: cingulate gyrus and attention/psychomotor speed 

(left: p = 0.003; right: p = 0.005); left ventricle and visual memory (p = 0.047); automated: left amygdala (p = 

0.036), left hippocampus (p = 0.036), and left amygdala-hippocampus-complex (p = 0.014) and visual memory).  

 

Table 2. Mean differences of volume between NFL players and controls in mL
3 (p) adapted from

 
Publication A,
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Region Manual Correction Automated  
Corpus callosum 121.96 (0.265) 129.98 (0.285) 

Left amygdala 176.22 (0.005) 159.07 (0.001) 

Right amygdala 157.43 (0.012) 165.63 (0.018) 

Left hippocampus 158.44 (0.024) 207.12 (0.087) 

Right hippocampus 146.09 (0.032) 86.03 (0.535) 

Left amygdala-hippocampal 

complex 

315.43 (0.031) 366.19 (0.007) 

Right amygdala-hippocampal 

complex 

300.88 (0.031) 251.67 (0.045) 

Left cingulate gyrus 575.01 (0.036) 286.12 (0.535) 

Right cingulate gyrus 475.28 (0.032) 80.14 (0.827) 

Left ventricle 2300.38 (0.155) 1138.77 (0.474) 

Right ventricle  2619.67 (0.118) 1382.15 (0.376) 

 

4.4 Discussion 

The automated segmentation performed with FreeSurfer 5.3 shows excellent correlations between manually 

edited volumes of the corpus callosum and the lateral ventricles and the segmented volumes without manual 

correction. However, results from correlations between manually edited volumes of amygdala, hippocampus, 

and cingulate gyrus and segmented volumes without editing appeared to be weaker. Moreover, the associations 

between brain regional volumes and neurobehavioral factors in this sample of former professional football 

players have pointed entirely different results when using the automatically segmented volumes and the 

manually corrected volumes. When computing group comparisons, more differences were identified when using 

the manually corrected volumes than the automatically derived ones possibly due to greater regard to inter-

individual differences when no atlas was used.  Findings from this study suggest that the cingulate gyrus should 

undergo manual correction prior to data analysis, however, the literature on manual segmentation results for the 

cingulate gyrus is very sparse.
152

 Therefore, future studies are needed to confirm this result. The finding that 

FreeSurfer performs less accurate on segmenting the hippocampus and amygdala compared with manual tracing 

is in line with the literature.
98,99,101-104,106,107,109,111-113,116-118,120,121,123,126-128,131,133

 In particular, the majority of 

studies that have investigated the two structures have shown an overestimation of volumes compared with 
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manual tracing.
99,104,109,111-113,116,120,126-128,131

 A possible reason for this segmentation inaccuracy of these medial 

temporal lobe structures may be partial volume effects that lead to inclusion of more voxels in automated 

segementation.
128

 Another reason may be that the contrast between the two structures on a T1-weighted image 

is not optimized for this question. Delineation is further aggravated by the fact that there may be inter-individual 

shape or volumetric differences depending on several circumstances including the neuropathology or age-group 

studied. In fact, evidence exists that T2-weighted imaging of the hippocampus outperforms T1-weighted 

imaging especially in rating stages of hippocampal atrophy.
153,154

 Better matches of results were achieved in this 

study when amygdala and hippocampus volumes were included as an amygdala-hippocampal complex. The 

combination may mitigate the previously mentioned issues; however, it should be taken into consideration that 

amygdala and hippocampus are associated with two independent memory systems.
155

 While the hippocampus 

has a major functional role in episodic memory, the amygdala is majorly specialized in processing emotional 

memories and conditioning of fear.
155

 Still, episodic memory storage may be influenced by emotional 

perceptions and, thus, amygdala and hippocampal-dependent memories may be influenced by each other.
155

 

Therefore, findings from this study indicate that amygdala and hippocampus may be analyzed as amygdala-

hippocampal complex or should undergo manual correction prior to data analysis depending on the research 

question.  

The results of this study may not be generalizable to other versions of FreeSurfer. Also, the findings may not 

be transferrable to studies of shape or volume overlap. The results were obtained in a sample of symptomatic 

former professional football players who were exposed to RHI; therefore, the findings may not transfer to 

studies of different pathologies.  

4.5 Contribution 

This study is part of my work I conducted during one year at the Psychiatry Neuroimaging Laboratory in Boston, 

USA, at this worldwide unique dataset. My contribution to this study consisted of the following: 

1. Data analysis and interpretation together with the first author.  

2. Critical review of the manuscript. 
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A B S T R A C T

Objectives: To determine whether or not automated FreeSurfer segmentation of brain regions considered im-
portant in repetitive head trauma can be analyzed accurately without manual correction.
Materials and methods: 3 T MR neuroimaging was performed with automated FreeSurfer segmentation and
manual correction of 11 brain regions in former National Football League (NFL) players with neurobehavioral
symptoms and in control subjects. Automated segmentation and manually-corrected volumes were compared
using an intraclass correlation coefficient (ICC). Linear mixed effects regression models were also used to esti-
mate between-group mean volume comparisons and to correlate former NFL player brain volumes with neu-
robehavioral factors.
Results: Eighty-six former NFL players (55.2 ± 8.0 years) and 22 control subjects (57.0 ± 6.6 years) were
evaluated. ICC was highly correlated between automated and manually-corrected corpus callosum volumes
(0.911), lateral ventricular volumes (right 0.980, left 0.967), and amygdala-hippocampal complex volumes
(right 0.713, left 0.731), but less correlated when amygdalae (right −0.170, left−0.090) and hippocampi (right
0.539, left 0.637) volumes were separately delineated and also less correlated for cingulate gyri volumes (right
0.639, left 0.351). Statistically significant differences between former NFL player and controls were identified in
8 of 11 regions with manual correction but in only 4 of 11 regions without such correction. Within NFL players,
manually corrected brain volumes were significantly associated with 3 neurobehavioral factors, but a different
set of 3 brain regions and neurobehavioral factor correlations was observed for brain region volumes segmented
without manual correction.
Conclusions: Automated FreeSurfer segmentation of the corpus callosum, lateral ventricles, and amygdala-hip-
pocampus complex may be appropriate for analysis without manual correction. However, FreeSurfer segmen-
tation of the amygdala, hippocampus, and cingulate gyrus need further manual correction prior to performing
group comparisons and correlations with neurobehavioral measures.
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1. Introduction

Analysis of brain regional volumes has yielded insight into the pa-
thology and pathophysiology of a variety of neurological and psychia-
tric diseases including Alzheimer's disease (see reviews by Kantarci and
Jack, 2003 and Busatto et al., 2008), schizophrenia (see metaanalysis
by Olabi et al., 2011 and reviews by Hulshoff Pol and Kahn, 2008 and
Shenton et al., 2010), post-traumatic stress disorder (see reviews by
Ahmed-Leitao et al., 2016 and Milani et al., 2017), mild traumatic brain
injury (see reviews by Shenton et al., 2012 and Mu et al., 2017) and
repetitive head trauma (see reviews by Ng et al., 2014 and Koerte et al.,
2015), to name just a few. Accurate and precise volumetric measure-
ments are essential for both reliability and reproducibility. Given the
time-consuming nature of manual segmentation, automated segmen-
tation techniques are critical for studies involving large imaging data-
sets. Moreover, to be useful in the clinical setting, automated segmen-
tation techniques are also critical given that time-consuming manual
segmentation by a radiologist for interpretation is not feasible. How-
ever, in addition to segmenting the brain in a short period of time,
automated segmentation must also provide levels of accuracy and
precision that yield results similar to those obtained with manual seg-
mentation, which is currently the gold standard.

Although some automated segmentation algorithms have shown
potentially promising results (see review by Dill et al., 2015), many
often provide suboptimal results (e.g. de Flores et al., 2015; González-
Villà et al., 2016; Grimm et al., 2015; Haller et al., 2016; Næss-Schmidt
et al., 2016; Schoemaker et al., 2016) and there is thus ongoing re-
search to develop better algorithms (Akhondi-Asl et al., 2011; Inglese
et al., 2015; Mendrik et al., 2015).

Neuroimaging volumetry studies routinely utilize freely-available
automated segmentation tools such as FreeSurfer (http://surfer.nmr.
mgh.harvard.edu; Athinoula A. Martinos Center for Biomedical
Imaging, Massachusetts General Hospital, Charlestown, MA, USA).
Some studies of FreeSurfer have shown deficiencies in automated seg-
mentation of the cerebral cortex (Makris et al., 2008), hippocampus
(Cherbuin et al., 2009; de Flores et al., 2015; Grimm et al., 2015; Morey
et al., 2009; Wenger et al., 2014), and amygdala (Grimm et al., 2015;
Morey et al., 2009; Schoemaker et al., 2016), but data regarding the
accuracy and precision of FreeSurfer is not readily available for other
important and frequently studied regions including the cingulate gyrus,
corpus callosum, and lateral ventricles, all areas important in the in-
vestigation of repetitive head trauma. Moreover, there are no published
data that demonstrate whether study outcome measures are concordant
or discordant when using automated segmentation as compared to
manual segmentation.

Volumetric analysis of the brain is particularly important in in-
dividuals with exposure to repetitive head trauma as there is evidence
that repetitive head impacts may result in regional brain atrophy
(Bernick et al., 2015; Goddeyne et al., 2015; Laurent et al., 2010;
McKee et al., 2009). Players of American football have a particularly
high exposure to repetitive head impacts. For example, college Amer-
ican football players sustain a median of 420 head impacts per season
and some players sustain over 2400 head impacts per season, as mea-
sured by accelerometers (Crisco et al., 2011).

The aim of this study was to determine whether or not FreeSurfer
automated segmentation can be used reliably, without the need for
manual brain volume editing, in studies of repetitive head impact that
investigated the volumes of the cingulate cortex (left and right), corpus
callosum, amygdala (left and right), hippocampus (left and right),
amygdala-hippocampal complex (left and right), and lateral ventricles
(left and right) in retired National Football Players (NFL) and same
aged controls without history of contact sports or brain injury.

2. Methods

This study utilized data from the Diagnosing and Evaluating

Traumatic Encephalopathy using Clinical Tests (DETECT) study, funded
by the National Institutes of Health (NIH). The DETECT study details
have been described in prior publications (Alosco et al., 2016, 2017;
Stamm et al., 2015; Stern et al., 2016). All study procedures were ap-
proved by the Boston University Medical Center Institutional Review
Board and all neuroimaging procedures were approved by the Partners
Institutional Review Board. All subjects provided written, informed
consent.

2.1. Participants and procedure

There were two cohorts in the DETECT study: former NFL players
with at least 12 years of organized football experience, at least 2 years
of active participation in the NFL, and self-reported declines in cogni-
tion, mood, and behavior within 6months of study commencement;
and control subjects with no reported history of participation in orga-
nized contact sports or traumatic brain injury. All subjects were male,
aged 40 to 69 years, spoke English as their first language, had no con-
traindication to MR imaging or lumbar puncture, and no history or
diagnosis of central nervous system (CNS) disease.

Of the 96 enrolled former NFL player subjects, 10 were excluded
due to inadequate or absent neuroimaging data, resulting in a final
sample size of 86 former NFL players (age: 55.2 ± 8.0 years). Of these
86 subjects, complete neurobehavioral testing results were available for
a total of 76 subjects. Neuroimaging data was available for all 28
control group subjects, 3 of whom were excluded due to image quality
and 3 more were excluded due to subsequently identified CNS disease,
contact sport participation, or history of mild traumatic brain injury,
resulting in a final sample size of 22 control subjects (age:
57.0 ± 6.6 years).

All subjects were evaluated according to the DETECT neurobeha-
vioral and neuroimaging protocol, including neuroimaging, structured
psychiatric interview, and neuropsychological testing.

2.2. MRI data acquisition

DETECT neuroimaging was performed at Brigham and Women's
Hospital on a 3-Tesla MRI system (Verio, Siemens Healthcare, Erlangen,
Germany) with a 32-channel head array and the Syngo MR-B17 soft-
ware suite. Only the T1-weighted magnetization prepared rapid gra-
dient echo (TR=1800ms, TI= 1100ms, TE=3.36ms, voxel
size= 1×1×1mm, acquisition matrix= 256×256, flip angle= 7°)
sequence was used for this study.

2.3. Image processing

All T1-weighted images were visually inspected for quality. Brain
masks of each subject were generated by FreeSurfer 5.3 (http://surfer.
nmr.mgh.harvard.edu; Athinoula A. Martinos Center for Biomedical
Imaging, Charlestown, MA, USA) and corrected manually. Each brain
was segmented using T1-weighted images and FreeSurfer 5.3. This
process yielded label maps of deep gray matter, white matter, and CSF
structures (including the hippocampus, amygdala, corpus callosum, and
lateral ventricles). This process also yielded parcellation label maps of
the cerebral cortex (including the cingulate gyrus) based on gyral and
sulcal structures. The FreeSurfer option for utilizing T2 or FLAIR image
contrast to improve pial surface estimations along CSF borders was not
used for this study. Estimated total intracranial volumes were also
calculated using the automated FreeSurfer method (Buckner et al.,
2004).

FreeSurfer segmentation and parcellation maps were then loaded
into the Editor module of Slicer 4.5.0 (http://www.slicer.org, Surgical
Planning Laboratory, Brigham and Women's Hospital, Boston,
Massachusetts, USA) (Fedorov et al., 2012) and overlayed on the
aligned T1-weighted images with image interpolation turned off.

Following written directions based on the below-described
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approaches for each region, two trained raters manually corrected the
image label maps of the amygdala, hippocampus, corpus callosum, and
cingulate gyrus. One rater corrected approximately two-thirds of the
cases while the second rater corrected the remainder. All cases were
then reviewed by a single neuroanatomist for accuracy. A third trained
rater manually corrected the image label maps of the lateral ventricles
and a radiologist reviewed the corrected lateral ventricle label maps for
accuracy. All investigators and raters were blind to group membership
at the time of segmentation and review by a trained expert.

To evaluate inter-observer reliability, a fourth trained rater, fol-
lowing the same written directions, corrected the FreeSurfer image
label maps of the amygdala, hippocampus, corpus callosum, and cin-
gulate gyrus in 10 randomly chosen subjects, while a radiologist cor-
rected the FreeSurfer image label maps of the lateral ventricles in 10
randomly chosen subjects. A neuroanatomist reviewed the label maps
corrected by the trained raters. These individuals were blind to the
previously corrected label maps and to group membership at the time of
segmentation.

2.3.1. Amygdala and hippocampus
Amygdala and hippocampus volumes were manually corrected

based on an approach described by Gurvits et al., 1996. Label maps
were corrected on coronal slices, from anterior to posterior, using sa-
gittal slices for verification. Close attention was given to the anterior
portion of the amygdala at the height of the frontotemporal junction as
these parts were variably included by FreeSurfer. The posterior
boundary of the amygdala was defined as the last coronal slice before
the appearance of the mammillary bodies. The anterior border of the
hippocampus was defined as the image slice where the mammillary
bodies first appeared. The posterior boundary of the hippocampus was
defined as the coronal slice where the crus of the fornix was last seen.
The amygdala and hippocampus were defined and strictly separate
volume entities and therefore volume overlap between the structures
was not allowed.

Although the hippocampus and amygdala are typically evaluated
independently, the posterior aspect of the amygdala partially overlaps
anatomically with the hippocampal head (Kiernan, 2012) and the
boundary between the structures is generally not visible below the level
of the temporal horn (Chera et al., 2009). As such, the amygdala-hip-
pocampal complex was evaluated as an additional variable by adding
the volumes of the two regions together for the purpose of analyzing
hypothesized FreeSurfer imprecision in discriminating the boundary of
these regions.

2.3.2. Cingulate gyrus
The cingulate gyrus was defined as the gyrus superior to the corpus

callosum, identified primarily on sagittal images (Wible et al., 1997).
The medial aspect of the cingulate gyrus was confirmed on sagittal
images by identifying the callosomarginal fissure on a paramidsagittal
slice. Then, working from medial to lateral on sagittal images, and using
coronal images for verification, voxels extending to the corpus cal-
losum, paracingulate gyrus, or beyond the rostrum of the corpus cal-
losum into Brodmann's Area 25 were excluded.

2.3.3. Corpus callosum
Given high contrast between the high T1 signal of the corpus cal-

losum relative to surrounding tissues, most borders of the corpus cal-
losum were obvious. As drawn by FreeSurfer, the corpus callosum label
maps were confined to the 5 most midline sagittal slices.

2.3.4. Lateral ventricles
Given high contrast between the low T1 signal of the ventricles and

surrounding brain, most borders of the lateral ventricles were obvious.
Working superiorly to inferiorly on the axial images, and using the
coronal and sagittal images for confirmation, separate volumes were
drawn for the right and left lateral ventricles, respectively. When the

septum pellucidum was not clearly visible, a midline strip of 1 voxel in
width was not assigned to either ventricle to ensure separation of the
volumes. The volumes were terminated at the foramina of Monro and
choroid plexus was excluded. Any voxels identified by FreeSurfer as
lateral ventricle but extending into the foramina of Monro, third ven-
tricle, or ambient cisterns were removed.

2.4. Neurobehavioral measures

As part of the DETECT protocol, data from the following neurobe-
havioral tests and self-report measures were converted to age-, gender-,
and education-standardized scores and grouped into four factor scores,
based on principal component analyses (Alosco et al., 2016). Mood and
Behavior included the following tests: Apathy Evaluation Scale, Beck
Depression Inventory II, Beck Hopelessness Scale, Barratt Impulsivity
Scale, Behavior Rating Inventory of Executive Functioning - Adult
Version, Center for Epidemiologic Studies - Depression Scale, Hamilton
Depression Rating Scale, and the Brown-Goodwin Lifetime History of
Aggression. Attention and Psychomotor Speed included: Controlled Oral
Word Association Test, Delis-Kaplan Executive Function System Color
Word Interference Test (inhibition/switching), Trail Making Test, and
the Wechsler Adult Intelligence Scale – Revised Digit Symbol test.
Verbal Memory included: Neuropsychological Assessment Battery (NAB)
Story Learning (phrase unit immediate and delayed recall), and NAB
List Learning (short and long delayed recall). Visual Memory included:
Boston Qualitative Scoring System for the Rey-Osterrieth Complex
Figure (immediate recall presence and accuracy and delayed recall
presence and accuracy).

2.5. Statistical analyses

Statistical Analysis System (SAS) software (SAS version 9.4; SAS
Institute Inc., North Carolina, USA) was used for all statistical analyses.
Significance was set at a p-value below 0.05.

2.5.1. Part 1: inter-observer reliability of manually-corrected volumes
Intraclass correlation coefficients (ICC) were calculated to compare

the two sets of manually-edited segmentation label map volumes for
each region. Levels of correlation as classically described by Cicchetti
(1994): low with a correlation coefficient below 0.40, fair from 0.40 to
0.59, good from 0.60 to 0.74, and excellent from 0.75 to 1.00.

2.5.2. Part 2: intraclass correlation of automated and manually-corrected
segmentation volumes

Intraclass correlations (ICC) were calculated to compare the auto-
mated and manually-corrected segmentation label map volumes for
each region. Scatter plots revealed a single outlier subject and that
subject was excluded from correlation analysis of the lateral ventricles.

2.5.3. Part 3: brain volume differences between former NFL players and
controls using automated segmentation with versus without manual
correction

Linear mixed effects regression models were used to estimate be-
tween-group volume comparisons (Former NFL Players vs Controls) for
the amygdalae, hippocampi, corpora callosa, cingulate gyri, and lateral
ventricles. Two regression models were used: 1) a regression model
with multivariate outcomes being the amygdalae, hippocampi, and
cingulate gyri; and 2) a regression model with multivariate outcomes
being the corpus callosum, amygdala-hippocampal complex, and lateral
ventricles. All models were controlled for age, body-mass index (BMI),
and estimated total intracranial volume (eTIV).

2.5.4. Part 4: association of former NFL player brain volumes with
neurobehavioral factors using automated segmentation with versus without
manual correction

A linear mixed-effects regression model was performed for all brain
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regions, excluding the lateral ventricles, to compare segmented brain
volumes with grouped neurobehavioral factors. A false discovery rate
adjustment was then calculated to account for multiple comparisons. A
separate linear regression model was performed for the lateral ven-
tricles due to the typical inverse relationship of lateral ventricle size
with brain volumes where ventricle size gets larger as brain par-
enchyma gets smaller with atrophy (Barron et al., 1976). The neuro-
behavioral factor models were controlled for age, BMI, eTIV, and years
of education.

3. Results

3.1. Part 1: inter-observer reliability of manually-corrected volumes

There was excellent inter-observer correlation for the corpus cal-
losum (ICC=0.956), left hippocampus (ICC=0.764), left and right
amygdala-hippocampal complex (ICC=0.863, 0.919), left and right
lateral ventricle (ICC= 0.990, 0.989), right amygdala (ICC= 0.887),
and right cingulate cortex (ICC=0.856). Good inter-observer correla-
tion was present in all other regions except for the left cingulate cortex
(ICC=0.574) (Table 1), however there was an outlier identified with
left cingulate cortex volumes measuring over 2 standard deviations
from the mean and if that outlier was removed then the ICC improved
to 0.723. Fair or poor inter-observer correlation was not present in any
region.

3.2. Part 2: intraclass correlation of automated and manually-corrected
segmentation volumes

The correlation coefficients were high between automated and
manually-corrected segmentation volumes for corpus callosum
(ICC=0.911) and right and left lateral ventricles (ICC= 0.977, 0.964).
Good correlation was demonstrated with the left and right hippo-
campus (ICC= 0.637, 0.539), left and right amygdala-hippocampal
complex (ICC=0.731, 0.713) and right cingulate cortex
(ICC=0.639). Lower correlation was demonstrated for the left and

right amygdala (ICC=−0.090, −0.170) and for the left cingulate
cortex (ICC=0.351) (Table 2). The correlation of automated and
manually-corrected volumes was better for the amygdala-hippocampal
complex than for either the amygdala or hippocampus alone, indicating
that FreeSurfer better estimates the volume of the amygdala-hippo-
campal complex than either structure independently.

3.3. Part 3: brain volume differences between former NFL players and
controls using automated segmentation with versus without manual
correction

There was generally a larger difference between the mean former
NFL player and mean control subject brain region volumes when using
manually-corrected volumes than when using uncorrected automated
segmentation volumes (Table 3), indicating that there is greater

Table 1
Intra-class correlation values of inter-observer reliability for manually-corrected
volumes.

)IC%59(CCInoigerniarB

Corpus callosum 0.956 (0.864–0.989) 

Left amygdala 0.715 (0.264–0.913) 

Left hippocampus 0.764 (0.345–0.926) 

Left amygdala-hippocampal complex 0.863 (0.576–0.959) 

Left cingulate cortexa )858.0–110.0(475.0

Left ventricle 0.990 (0.965–0.997) 

Right amygdala 0.887 (0.656–0.968) 

Right hippocampus 0.627 (0.104–0.881) 

Right amygdala-hippocampal complex 0.919 (0.741–0.977) 

Right cingulate cortex 0.856 (0.576–0.959) 

Right ventricle 0.989 (0.930–0.994) 

aA single outlier in the left cingulate cortex skews the results. Excluding the
outlier results in an ICC of 0.724 (0.230–0.919), which is comparable to the ICC
for the right cingulate gyrus.
CI= confidence interval.
Dark gray background= excellent correlation.
Light gray background= good correlation.
Levels of correlation as classically described by Cicchetti (1994): low with a
correlation coefficient below 0.40, fair from 0.40 to 0.59, good from 0.60 to 0.74,
and excellent from 0.75 to 1.00.

Table 2
Intra-class correlation values of manually-corrected versus automatically-gen-
erated volumes.

)IC%59(CCInoigerniarB

Corpus callosum 0.911 (0.871–0.937) 

Left amygdala 0.090 ( .0272–

0.098) 

Left hippocampus 0.637 (0.515–0.739) 

Left amygdala-hippocampal complex 0.731 (0.629–0.807) 

Left cingulate corte )405.0–571.0(153.0x

Left ventricle 0.967 (0.956–0.979) 

Right amygdala 0.170 ( 0.346–

0.017) 

Right hippocampus 0.539 (0.393–0.660) 

Right amygdala-hippocampal complex 0.713 (0.603–0.792) 

Right cingulate cortex 0.639 (0.515–0.739) 

Right ventricle 0.980 (0.971–0.986) 

Dark gray background= excellent correlation ICC full cohort.
Light gray background= good correlation ICC full cohort.
Levels of correlation as classically described by Cicchetti (1994): low with a
correlation coefficient below 0.40, fair from 0.40 to 0.59, good from 0.60 to
0.74, and excellent from 0.75 to 1.00.

Table 3
Brain volume comparisons of former NFL players and controls using automated seg-
mentation with versus without manual correction.

neewtebemulovfoecnereffidnaeMnoigeR
former NFL players and controls in mL3

(p)* 
With manual 
correction

Without manual 
correction

(69.121musollacsuproC 0.265) 129.98 (0.285) 

Left amygdala 176.22 (0.005) 159.07 (0.001) 

Left hippocampus 158.44 (0.024) 207.12 (0.087) 

Left amygdala-hippocampal complex 315.43 (0.031) 366.19 (0.007) 

Left cingulate cortex 575.01 (0.036) 286.12 (0.535) 

)474.0(77.8311)551.0(83.0032elcirtnevtfeL

Right amygdala 157.43 (0.012) 165.63 (0.018) 

Right hippocampus 146.09 (0.032) 86.03 (0.535) 

Right amygdala-hippocampal complex 300.88 (0.031) 251.67 (0.045) 

Right cingulate cortex 475.28 (0.032) 80.14 (0.827) 

)673.0(51.2831)811.0(76.9162elcirtnevthgiR

*p-Value adjusted for multiple comparisons except for corpus callosum and lateral ven-
tricles as those correlations were calculated in separate regression models.
Dark gray background= significant at p < 0.05.
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variance in the manually-corrected brain volumes, a finding that is
addressed in the discussion. There were also a larger number of sta-
tistically significant brain region volume differences between Former
NFL Players and Controls when using manually-corrected volumes than
when using uncorrected automated segmentation volumes (Table 3),
indicating that comparisons performed without manual correction of
brain volumes would not have identified all significant group differ-
ences in this study.

3.4. Part 4: association of former NFL player brain volumes with
neurobehavioral factors using automated segmentation with versus without
manual correction

No unedited or manually-corrected volumes were associated with
the Mood and Behavior factor score. The manually-edited volumes of
the cingulate cortex on the left and right were both associated with the
Attention and Psychomotor Speed factor score (left: effect
size= 31.053, p=0.003; right: effect size= 25.730, p=0.003), but
no unedited volumes were associated with this neurobehavioral factor.
No unedited or manually-corrected volumes were associated with the
Verbal Memory factor score. The manually-corrected volume of the left
ventricle was associated with the Visual Memory factor score (effect
size= 3.870, p=0.047), however this statistic would not likely hold
under multiple comparisons, while the unedited volumes of the left
amygdala, left hippocampus, and left amygdala-hippocampal complex
were also associated with the Visual Memory score (amygdala: effect
size= 0.798, p=0.036; hippocampus: effect size= 2.617, p=0.036;
amygdala-hippocampus complex: effect size= 4.147, p=0.014).
There was thus no concordance between which manually-corrected
volumes and which unedited volumes reached significance when cor-
relating volumes with neurobehavioral factors (Table 4).

4. Discussion

The aim of this study was to determine whether or not FreeSurfer
automated segmentation can be used accurately and reliably, without
the need for manual brain volume editing, in studies of repetitive head
impact that examine the cingulate cortex, corpus callosum, amygdala,
hippocampus, and/or lateral ventricles.

4.1. Corpus callosum and lateral ventricles

In this study, automated segmentation volumes of the lateral ven-
tricles and corpus callosum demonstrated excellent correlation with
manually-corrected volumes. In addition, group comparison statistical
inferences (i.e., whether or not volume differences between former NFL
players and controls reached statistical significance) were the same
whether using automated segmentation or manually-corrected lateral
ventricle volumes and corpus callosum volumes. Similarly, statistical
inferences when correlating former NFL player volumes with neuro-
behavioral scores were the same whether using automated segmenta-
tion or manually-corrected lateral ventricle volumes and corpus cal-
losum volumes.

The between-group mean volume differences measured with and
without manual correction are very similar for the corpus callosum. For
the lateral ventricles, there is a slightly larger difference in the mean
volumes when measured with and without manual correction.
However, the ranges of values are quite large and the difference re-
mains statistically insignificant. Moreover, the magnitude of the mean
volume differences between former NFL players and controls is driven
in part by the mixed effects model's correlation between the hemi-
spheres and the model's incorporation of and control for the con-
founders of intracranial volume and age. For example, the absolute raw
difference in size of the left lateral ventricle between former NFL
players and controls is 1663mL with manually corrected volumes and
736mL (0.02%) with automatically segmented volumes, compared to

2300mL and 1139mL as calculated with the mixed effects model. The
trend toward slightly higher differences measured with manual cor-
rection is described below in Section 4.3.

Post-mortem pathology studies have identified corpus callosum
abnormalities in multiple diseases with neurodegenerative and psy-
chiatric components including in schizophrenia (Bigelow et al., 1983;

Table 4
Association of former NFL Player brain volumes with neurobehavioral factors
using automated segmentation with versus without manual correction.

All p-values adjusted for multiple comparisons except for corpus callosum and
lateral ventricles as those correlations were calculated in separate regression
models.
Dark gray background= significant at p < 0.05.
Note: adjustments for multiple comparisons may lead to slightly different p-va-
lues in each study depending on the number of comparisons and the method of
adjustment.

J.P. Guenette et al. NeuroImage: Clinical 18 (2018) 888–896

892



Rosenthal and Bigelow, 1972), multiple sclerosis (Evangelou et al.,
2000), traumatic brain injury (Anderson and Bigler, 1994), and chronic
traumatic encephalopathy (McKee et al., 2013; Mez et al., 2017).
Neuroimaging studies have identified corpus callosum abnormalities in-
vivo in both traumatic brain injury (see reviews by Shenton et al., 2012
and Mu et al., 2017) and in repetitive head impacts (see reviews by Ng
et al., 2014 and Koerte et al., 2015), both of which are sustained by
American football players. Similarly, abnormal enlargement of the
lateral ventricles has been described in chronic traumatic encephalo-
pathy (McKee et al., 2013; Mez et al., 2017) and in other diseases that
have neurodegenerative features including multiple sclerosis (e.g.,
Turner et al., 2003), schizophrenia (e.g., Kempton et al., 2010), Alz-
heimer's disease (e.g., Nestor et al., 2008), and alcoholism (e.g., Fox
et al., 1976). Both corpus callosum volume and lateral ventricle volume
could therefore potentially serve as in-vivo biomarkers for neurode-
generative processes.

Given the excellent correlation of automated corpus callosum and
lateral ventricle segmentation volumes generated by FreeSurfer with
manually-corrected volumes, and the concordance of results when
using either automated or manually-corrected volumes in this study,
the corpus callosum and lateral ventricles can probably be reliably
segmented by FreeSurfer without the need for manual editing, at least
in large-scale studies.

4.2. Amygdala, hippocampus, and cingulate gyrus

In this study, automated segmentation volumes of the amygdala,
hippocampus, and cingulate gyrus demonstrated poorer correlation
with manually-corrected volumes than was the case for the corpus
callosum and the lateral ventricles. Furthermore, statistical inferences
differed when comparing volume differences between former NFL
players and controls and also when evaluating former NFL player vo-
lume correlations with neurobehavioral scores, depending on whether
automated segmentation or manually-corrected amygdala, hippo-
campus, and cingulate gyrus volumes were used. These findings are
corroborated by markedly discrepant mean volume differences and
estimated neurobehavioral score effect sizes in these brain regions,
particularly in the cingulate cortices, when using automated segmen-
tation as opposed to manually-corrected volumes.

The correlations of automated segmentation and manually-cor-
rected volumes of the amygdala and hippocampus were however,
somewhat improved when combined into a single amygdala-hippo-
campal complex volume. Moreover, the automated segmentation and
manually-corrected amygdala-hippocampal complex volumes yielded
the same statistical study results when comparing the volumes of
former NFL players and control subjects and yielded 7 concordant re-
sults out of 8 when evaluating the relationships of former NFL player
volumes with neurobehavioral scores. Similarly, the discrepancies be-
tween the mean volume differences and the estimated neurobehavioral
score effect sizes are smaller than those seen when evaluating the
amygdala and hippocampus as separate structures.

The amygdala, hippocampus, and cingulate gyrus are of great in-
terest in neuroimaging studies of repetitive head impacts (see reviews
by Ng et al., 2014 and Koerte et al., 2015), and mild traumatic brain
injury (see reviews by Shenton et al., 2012 and Mu et al., 2017). In
chronic traumatic encephalopathy, post-mortem studies have identified
deposition of hyperphosphorylated tau in the limbic system, particu-
larly in the amygdala and hippocampus but also to a lesser degree in the
cingulate gyrus (McKee et al., 2013; Mez et al., 2017; Omalu et al.,
2011). As with the corpus callosum and the lateral ventricle volumes,
the volumes of the amygdala, hippocampus, and cingulate gyrus could
thus potentially serve as in-vivo biomarkers for diseases with neuro-
degenerative features.

Mirroring the results of several other studies that demonstrated
correlation coefficients often substantially< 0.8, this study demon-
strates suboptimal correlation of automated segmentation volumes with

manually-corrected volumes of the amygdala and hippocampus
(Cherbuin et al., 2009; de Flores et al., 2015; Grimm et al., 2015; Morey
et al., 2009; Schoemaker et al., 2016; Wenger et al., 2014). This study
also demonstrates that, at least in this cohort of former professional
football players with history of exposure to repetitive head impacts,
failing to manually edit the amygdala and hippocampus volumes gen-
erated by FreeSurfer led to very different brain volume group com-
parison and neurobehavioral correlation study results. Automated
segmentation volumes of the amygdala, hippocampus, and cingulate
gyrus are thus not adequate for meaningful study on their own without
further manual editing.

Results are substantially improved, however, when the amygdala
and hippocampus volumes are combined into an amygdala-hippo-
campal complex. The combined amygdala-hippocampal complex can
thus possibly be segmented by FreeSurfer without the need for manual
editing for large-scale studies, provided appropriate quality control is
performed.

4.3. Technical considerations

There was greater variance in the sizes of the studied brain struc-
tures when the volumes were manually-edited, suggesting that the
method of segmentation employed by FreeSurfer, which uses an atlas
based approach on a training set to label the likely structural location of
each voxel (Fischl et al., 2004), may artificially improve precision. This
artificial precision may be related to the inherently normalizing process
of stretching a fixed image atlas to brains that differ from the atlas in
unique and variable ways that are better captured in the manual cor-
rection process. The results of a prior study, which showed that Free-
Surfer relatively overestimates the size of smaller hippocampi but not
larger hippocampi (Wenger et al., 2014), supports this hypothesis. Al-
though artificial precision could be expected to spuriously increase
statistical power, this study demonstrates more statistically significant
results with manually-edited volumes, a finding presumably due to
better accuracy achieved through the manual editing process because
the manual editing process allows for careful evaluation of deep brain
structure with low-contrast borders that may not be within the resol-
ving power of FreeSurfer. In addition, as previously described by
Wenger et al., 2014, manual segmentation and manual editing typically
follow rules that define the often unclear borders between amygdala
and the hippocampus and between the tail of the hippocampus and the
lateral ventricle whereas FreeSurfer tends to be more inclusive in these
areas (Fig. 1). Although Wenger et al. used a set of rules described by
Pruessner et al. (2000) and this study used a set of rules described by
Gurvits et al. (1996), this study replicates the qualitative results de-
scribed by Wenger et al.

4.4. Limitations

Just as there are significant differences between the results obtained
with FreeSurfer 5 and prior versions of FreeSurfer (Gronenschild et al.,
2012), the results of this paper may therefore not apply to other ver-
sions of FreeSurfer. Additionally, this study evaluated differences be-
tween measured volumes, but did not account for volume overlap or
shape and the results may not be translatable to volume overlap or
shape (Morey et al., 2009). The DETECT study also included only male
subjects and the results of this study may therefore not be generalizable
to female subjects. The DETECT study subjects were former professional
football players exposed to repetitive head impacts and the conclusions
drawn regarding the effect of using automated segmentation versus
manually-corrected volumes on group comparison and neurobehavioral
study results may not be translatable to studies of subjects with dif-
ferent pathologies. However, the conclusions drawn regarding auto-
mated segmentation and manually-corrected volume correlations are
likely generalizable. Although the data set for this study appears too
small to benefit from the multiple imputation statistical analysis
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method, which can reduce the number of label maps that require
manual correction (Chua et al., 2015), studies with larger data sets may
benefit from that approach. The image processing pipeline for this study
did not utilize the -T2pial or -FLAIRpial options to optimize pial surface
estimations. However, these options are typically useful when there is
dura within the brain mask that is not adequately removed with skull
stripping. In the utilized pipeline, each brain mask was reviewed and
manually edited if necessary, thus likely yielding more precise results
than the available automated FreeSurfer options.

5. Conclusions

Automated segmentation using FreeSurfer 5.3 yields excellent cor-
relation with manually-edited volumes of the corpus callosum and
lateral ventricles but suboptimal correlation for amygdala, hippo-
campus, and cingulate gyrus. In addition, using automated segmenta-
tion volumes leads to substantially different study results than using
manually-corrected volumes when correlating brain volumes with
neurobehavioral test scores in this cohort of former professional

football players. Study result concordance is improved when the
amygdala and hippocampus volumes are combined into an amygdala-
hippocampal complex. Automated FreeSurfer-derived segmentation
volumes of the corpus callosum and lateral ventricles, and amygdala-
hippocampus complex may therefore be suitable for analysis without
manual correction, provided appropriate quality control is performed.
However, automated FreeSurfer-derived segmentation volumes of the
amygdala, hippocampus, and cingulate gyrus should not be utilized for
analysis without manual correction until further refinements are made
to the FreeSurfer algorithm and appropriately tested.
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5. PUBLICATION B 

5.1 Background 

The original article B with the title “Age at First Exposure to Repetitive Head Impacts Is Associated with 

Smaller Thalamic Volumes in Former Professional American Football Players” was published in January 2018 

in the Journal of Neurotrauma (IF: 3.75, citations: 31). In this work we aimed to investigate the association 

between AFE to American Football and thalamic volumes in a sample of symptomatic former professional 

football players at risk of CTE. We also investigated the association between total years of playing football and 

thalamic volumes. To evaluate the results in a clinical context, we also explored the associations between 

thalamic volumes and neurobehavioral measures. 

5.2 Methods 

The same eighty-six symptomatic former professional football players (mean age = 54.9 ± 7.9 years) from 

publication A were included in this analysis. Thalamic volumes were derived using FreeSurfer 5.3 for every 

participant. Mood and behavior, attention/psychomotor speed, and visual and verbal memory were assessed in 

a comprehensive neurobehavioral testing battery. Further, measures of exposure, including total years of playing 

football and AFE of playing football, were compiled. All statistical analyses were performed with Statistical 

Analysis System (SAS version 9.4; SAS Institute Inc., North Carolina, USA). We investigated the association 

between thalamic volumes and total years of play and AFE as well as neurobehavioral test results using mixed 

effects regression models. Written informed consent was obtained from all participants prior to enrollment. 

5.3 Results 

The associations between thalamic volume and measures of exposure were statistically significant. Right and 

left thalamic volume negatively correlated with total years of play (left, p = 0.012; right, p = 0.03) indicating 

that the longer athletes played football, the smaller their thalamic volumes. In fact, the right thalamus was on 

average 38.6 mm
3
 and the left thalamus 53.2 mm

3
 smaller for every year of playing football. Further, right 

thalamic volume was associated with AFE, even when adjusting for total years of play (p = 0.014). This means 

that the younger the athlete’s age when he started playing football, the smaller his right thalamus. Importantly, 

the impact of AFE on right thalamic volume was almost twice the effect of total years of play with an average 

decrease of 64.9 mm
3 
for every year an athlete started playing earlier compared to a decrease of 38.6 mm

3 
for 

every year an athlete played longer. Moreover, there were statistically significant positive associations between 

left thalamic volume and visual memory (r = 0.28, p = 0.014) as well as right thalamic volume and mood and 

behavior (r = 0.34, p = 0.003). The smaller the left thalamic volume, the worse the performance in visual 

memory and the larger the right thalamic volume, the worse the mood and behavioral symptoms. 

5.4 Discussion 

Publication B investigated the association between thalamic volumes and measures of exposure, in particular 

AFE to American Football, and in a second step explored the association between thalamic volumes with 

neurobehavioral parameters.  
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The results showed that the more years athletes participated in football, the smaller their left and right thalamic 

volumes. A decrease in thalamic volumes has previously been reported in neuropathologically confirmed cases 

of CTE.
2
 Further, the results of this study are in line with findings in living athletes after concussion and 

exposure to RHI.
36,156

 The results are also in line with the study by Bernick et al. among active professional 

fighters.
36,37

 Although head accelerations sustained during professional boxing exceed those sustained during 

professional American Football
44,45

 we saw a similar association between the total impact burden and thalamic 

volumes.  

This is the first study showing that AFE to RHI in football affects subcortical gray matter volume. In our study 

younger AFE to football was related with smaller right thalamic volumes even after adjusting for total years of 

play. This is noteworthy because an earlier age for starting to play football could likely be linked to more years 

of play and thus have driven the results. In fact, the effect of AFE on right thalamic volume was almost double 

the effect of total years of play with a decrease of 64.9 mm
3
 for every year athletes had started playing earlier 

and a decrease of 38.6 mm
3
 for every year athletes had played longer. The finding is consistent with three 

previous studies on AFE in living athletes.
50,64-65

 They showed that younger AFE was associated with 

microstructural alterations in the corpus callosum and also linked to more severe cognitive and mood and 

behavioral impairment later in life.
50,64-65

 Our results suggest that RHI may have an especially strong impact on 

the developing brain potentially due to interference with critical periods of brain development and maturation 

as further discussed in publication B.  

Findings from this study also showed that symptoms associated with CTE may be related to thalamic volume. 

The thalamus is involved in a great number of essential brain functions and is also an important relay station 

for the cortex.
157

 Among the processes the thalamus is involved in are memory functions, the circadian rhythm, 

emotions, sensorimotor control, as well as processing of multiple forms of sensory input (such as taste, visual, 

and auditory information) before transmitting it to the cortex.
157

 In fact, in this study we showed that a larger 

right thalamic volume was related to worse mood and behavioral symptoms. This result is consistent with a 

finding among medication-naïve depressive patients and indicates that the players with larger thalamic volumes 

may not have undergone medical treatment for mood and behavioral symptoms.
158

 In this study we also found 

that smaller left thalamic volume was associated with worse visual memory performance which is in line with 

a previous study on severe traumatic brain injury.
159

 In fact, deficits in memory function are among the most 

commonly investigated dysfunctions after thalamic injury.
157

 A delay in visual memory tasks is one of the most 

common findings in thalamic damage and has, for example, often been described in patients with ischemic 

thalamic stroke.
157

  

Among the reasons for a thalamic volume decrease may be processes associated with RHI, such as 

microgliosis.
160

 As of today, brain global and regional atrophy as a result of neurodegenerative processes are 

not reversible. Therefore, treatment goal should be to maintain the status quo and prolong the progress of 

cognitive decline, e.g. by modifying environmental factors or offering psychotherapy.
157

  

As mentioned previously, the core goal in CTE research to date is to find a diagnostic marker in vivo. However, 

despite thalamic volume reduction has been reported in this sample at risk of CTE, several reasons exist why a 
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decrease in thalamic volume may not serve as a marker for early diagnosis of CTE in the living. First, although 

thalamic atrophy has been described in neuropathologically confirmed cases of CTE, it is not specific for CTE 

and has been described in other neuropathologies, such as schizophrenia
161

, multiple sclerosis
162

, or substance 

use disorder
163

. Moreover, thalamic atrophy was reported in advanced stages of neuropathologically confirmed 

cases of CTE, making it per se less attractive for an imaging marker. The goal would be to enable a diagnosis 

in an early stage of the disease with almost no or few symptoms due to hopefully established treatment options 

in the future. However, even at this point where there is no specific treatment an early diagnosis would enable 

physicians and patients to help modify environmental factors, offer psychotherapy, and elaborate therapies to 

maintain the status quo without or slower further decline in cognitive or mood and motor functions. Second, 

volumetric analyses using FreeSurfer are not established in clinical settings today. Future research should 

further investigate if the combined analysis of certain anatomical structures often shown affected in CTE is a 

promising option. Importantly, PET tau-imaging has shown encouraging results.
164

 Ultimately, although the 

participants we included in this study certainly are at risk of CTE, without postmortem analysis we cannot be 

sure if they really suffer from CTE or if their symptoms are a manifestation of different forms of pathology.  

Moreover, this study was conducted among an all-male sample. Future research should focus also on females 

given their rising number in sports and the initial evidence that the female brain may be more vulnerable to RHI 

compared with their male counterparts.
165

 Ultimately, prospective studies with a longitudinal study design 

should be conducted to better understand associations between exposure to RHI and related brain structural and 

functional changes. Longitudinal studies are also urgently needed to further elucidate the effect on the immature 

brain in order to implement adjustments in youth football policies and regulations accordingly. In this study the 

cross-sectional study design precluded a causal link between RHI and thalamic volume as well as AFE and 

thalamic volume. Further, without postmortem analysis it is not possible to determine whether or not our 

findings are specifically related to CTE or to other long-term consequences of RHI.  

5.5 Contribution 

During my research year at the Psychiatry Neuroimaging Laboratory in Boston, USA, I worked at this unique 

and state-of-the-art dataset. My contribution to this study consisted of the following: 

1. Data analysis and interpretation. 

2. Writing the manuscript. 

3. Presenting the results orally at IBIA World Congress on Brain Injury in New Orleans, USA, in 2017. 
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Abstract

Thalamic atrophy has been associated with exposure to repetitive head impacts (RHI) in professional fighters. The aim of

this study is to investigate whether or not age at first exposure (AFE) to RHI is associated with thalamic volume in

symptomatic former National Football League (NFL) players at risk for chronic traumatic encephalopathy (CTE). Eighty-

six symptomatic former NFL players (mean age = 54.9 – 7.9 years) were included. T1-weighted data were acquired on a

3T magnetic resonance imager, and thalamic volumes were derived using FreeSurfer. Mood and behavior, psychomotor

speed, and visual and verbal memory were assessed. The association between thalamic volume and AFE to playing

football and to number of years playing was calculated. Decreased thalamic volume was associated with more years of

play (left: p = 0.03; right: p = 0.03). Younger AFE was associated with decreased right thalamic volume ( p = 0.014). This

association remained significant after adjusting for total years of play. Decreased left thalamic volume was associated with

worse visual memory ( p = 0.014), whereas increased right thalamic volume was associated with fewer mood and behavior

symptoms ( p = 0.003). In our sample of symptomatic former NFL players at risk for CTE, total years of play and AFE

were associated with decreased thalamic volume. The effect of AFE on right thalamic volume was almost twice as strong

as the effect of total years of play. Our findings confirm previous reports of an association between thalamic volume and

exposure to RHI. They suggest further that younger AFE may result in smaller thalamic volume later in life.

Keywords: age at first exposure; chronic traumatic encephalopathy; repetitive head impacts; sports-related head injury;

thalamus

Introduction

American football accounts for a high exposure to repeti-

tive head impacts (RHI). During a single game, players

may experience as many as 86 head impacts.1 Chronic traumatic

encephalopathy (CTE) is a neurodegenerative disease that has been

associated with exposure to RHI.2–5 Moreover, most of the path-

ologically confirmed cases of CTE have had a history of exposure

to RHI, making RHI exposure a likely but not sufficient cause of

CTE (for review, see 6). Of further note, the clinical presentation of

1Psychiatry Neuroimaging Laboratory, Department of Psychiatry, Brigham and Women’s Hospital, Harvard Medical School, Boston, Massachusetts.
2Department of Child and Adolescent Psychiatry, Psychosomatic, and Psychotherapy, Ludwig-Maximilian-University, Munich, Germany.
3BU Alzheimer’s Disease and CTE Center, Boston University, Boston, Massachusetts.
4Departments of Neurology, Neurosurgery, and Anatomy & Neurobiology, Boston University School of Medicine, Boston, Massachusetts.
5Department of Biostatistics, Boston University School of Public Health, Boston, Massachusetts.
6Department of Kinesiology, University of Wisconsin, Madison, Madison, Wisconsin.
7Department of Psychology, University of Ottawa, Ottawa, Ontario, Canada.
8Department of Radiology, Brigham and Women’s Hospital, Harvard Medical School, Boston, Massachusetts.
9Interfaculty Initiative in Health Policy, Harvard University, Boston, Massachusetts.

10Data Coordinating Center, Boston University School of Public Health, Boston, Massachusetts.
11Center for Clinical Spectroscopy, Department of Radiology, Brigham and Women’s Hospital, Harvard Medical School, Boston, Massachusetts.
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CTE is not well understood.7–9 Next-of-kin interviews and medical

record reviews of deceased males with neuropathologically con-

firmed CTE suggest that CTE presents with impaired behavior

(e.g., impulsivity, physical and verbal aggression), mood (e.g.,

depression, apathy, and related symptoms), and cognition (e.g.,

memory and executive dysfunction, and eventual dementia).9 To

date, CTE can only be diagnosed post-mortem. Thus, the devel-

opment of biomarkers to support CTE diagnosis during life and the

identification of contributing risk factors for the development of

CTE are critical for early disease detection.8

In a study of neuropathologically confirmed cases of CTE in

former football players, there was a significant association between

total years playing and severity of post-mortem tau pathology.10 In

another study of living former National Football League (NFL)

players, greater estimated cumulative RHI exposure (based, in part,

on the total number of years played) was correlated with higher

levels of later-life plasma tau.11 A study of former high school and

college football players demonstrated a dose-response relationship

between estimated RHI exposure and risk of later-life impairments

in mood, behavior, and cognition.12

There is evidence that not only exposure to RHI but also younger

age at first exposure (AFE) may be an important risk factor for brain

alterations in symptomatic former NFL players.13,14 Stamm and

associates13,14 were the first to show the effect of AFE with playing

football. Younger AFE (i.e., less than age 12) was associated with

pronounced white matter alterations in the corpus callosum14 as

well as increased later-life cognitive impairment.13 This vulnera-

bility to RHI in children and adolescents may be linked closely to

critical periods of brain development.15,16 Despite the growing

concern about long-term consequences of early exposure to RHI,

however, 4.9 million youth athletes are participating currently in

football in the United States.17,18

The thalamus is a central subcortical structure involved in the

majority of cortex-controlled processes and pathways (for review

see 19). It is considered to be a key structure in cortical communi-

cation via nonreciprocal cortico-thalamo-cortical pathways,

thereby providing an important hub for a dense flow of information

between cortical areas.20–22 Its prominent and distinctive position

in the center of the brain along with strong connections to all parts

of the cortex, as well as to numerous subcortical networks,20 makes

it a particularly important structure. Regional brain atrophy has

been described in the thalamus and structures of the limbic system

in CTE.3,7,23 To date, however, only one study has investigated the

association between thalamic volume and exposure to RHI.24 In

that study, Bernick and colleagues24 examined 224 professional

fighters using magnetic resonance imaging (MRI) and neu-

ropsychological testing. Their results showed an association be-

tween decreased thalamic volume and two measures of exposure to

RHI; total number of professional fights and years of professional

fighting. In addition, the study reported an association between

slower processing speed and smaller thalamic volumes.24

To what extent these findings are generalizable to athletes ex-

posed to RHI while participating in contact sports other than pro-

fessional fighting remains to be elucidated. Because the thalamus

is a key structure in numerous functional networks,25 whether and

to what extent neurocognitive and behavioral function might be

associated with thalamic volume warrants further investigation. To

date, the relationship between RHI exposure, including the age

when exposure begins, and thalamic volume in former professional

football players has not been described. The age of first exposure is

of particular public health interest given that far more youth ath-

letes participate in football than those age 18 and older.18 This

study examined thalamic volume and its association with AFE,

total years of play, as well as associations with neurobehavioral

functioning, in symptomatic former professional football players.

Methods

This study was part of the Diagnosing and Evaluating Traumatic
Encephalopathy using Clinical Tests (DETECT) project, funded
by the National Institutes of Health (R01 NS 078337). The main
goal of this project is to develop biomarkers for the in vivo diag-
nosis of CTE. Details of this project and its protocol are described
elsewhere.11,14,26,27 The study and related procedures were ap-
proved by the Boston University Medical Center Institutional
Review Board and by the Partners Institutional Review Board.
Written informed consent was obtained from all participants before
enrollment.

Participants

Ninety-six former professional football players were included in
the DETECT project. Study participants met the following inclu-
sion criteria based on the DETECT study protocol: male, 40–69
years of age and a minimum of 12 years of organized football
experience with at least two years of active participation in the
NFL. Moreover, all participants had complaints of cognitive,
mood, and behavioral symptoms for at least six months before
participation, based on self-report. Potential participants with
contraindications for MRI or lumbar puncture, history or diagnosis
of any central nervous system disease, and English as a second
language were excluded.

As part of DETECT, participants underwent a comprehensive
assessment that included neurological as well as psychiatric ex-
amination, neuropsychological testing, standardized mood and
behavior questionnaires, neuroimaging, a lumbar puncture for ce-
rebrospinal fluid analysis, and genetic testing. The present study
examines only imaging data and neuropsychological and mood and
behavior measures.

Among the 96 enrolled subjects, 10 participants were excluded
because of missing T1-weighted MRI data or poor data quality.
Thus, a final sample size of 86 former NFL players was analyzed in
this study (mean age: 54.9 – 7.9 years). For 75 former NFL players,
both neurobehavioral and imaging data were available.

Exposure variables

The AFE and total years of play. The age participants
started playing organized tackle football and the total number of
years they played tackle football were reported. Both were treated
as continuous variables.

MRI data acquisition

All neuroimaging data were acquired on a 3-Tesla MRI Scanner
(Verio, Siemens Healthcare, Erlangen, Germany) with a 32-
channel head array and the Syngo MR-B17 software suite. We
acquired neuroimaging data on the 3-Tesla MRI Scanner with a
32-channel head array and the Syngo MR-B17 software suite.
T1-weighted images were acquired with a three dimensional
magnetization-prepared-rapid-gradient-echo sequence (MPRAGE):
repetition time (TR) = 1800 msec, echo time (TE) = 3.36 msec, voxel
size = 1 · 1 · 1 mm3, acquisition matrix = 256 · 256, flip angle = 7
degrees.

Image processing

Image data format was converted from DICOM to Nifti and
visually inspected for quality. T1-weighted images were aligned
and centered. Afterward, the T1-weighted images were automati-
cally segmented using FreeSurfer 5.3 (http://surfer.nmr.mgh.
harvard.edu/, Athinoula A. Martinos Center for Biomedical
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Imaging, Charlestown, MA) resulting in a segmentation of the deep
gray matter structures (including the thalamus) as well as a par-
cellation of the cortex.28–30 The quality of the obtained FreeSurfer
segmentation and parcellation was then visually assessed. An es-
timated total intracranial volume was automatically calculated for
each participant using FreeSurfer. Finally, bilateral thalamic vol-
ume was calculated based on the FreeSurfer label maps of the
thalamus in each hemisphere (Fig. 1).

Neurobehavioral outcomes: cognition,
mood, and behavior

A set of standardized assessments was administered to examine
cognitive function as well as mood and behavior.

Cognitive function. Participants completed the following
measures of cognition: Trail Making Test A and B (TMT)31; Digit
Symbol Coding from the Wechsler Adult Intelligence Scale -
Revised (WAIS-R)32; Digit Span from the WAIS – R32; Wisconsin
Card Sorting Test33; Animal Naming,30 Controlled Oral Word
Association Test (COWAT)34; Color-Word Interference Subtest
from the Delis-Kaplan Executive Function System (DKEFS)35;
Boston Qualitative Scoring System (BQSS) for the Rey-Osterrieth
Complex Figure (ROCF)36; and the Story Learning, List Learning,
Map Reading, and Naming Tests from the Neuropsychological
Assessment Battery (NAB).37 All tests were administered by a
trained research assistant under the supervision of a licensed clin-
ical neuropsychologist. All tests were double-scored by a second
trained research assistant.

Mood and behavior. The following self-report measures
were used to assess mood and behavior: Apathy Evaluation Scale
(AES),38 Barratt Impulsivity Scale (BIS-11),39 Beck Depression

Inventory II (BDI-II),40 Beck Hopelessness Scale (BHS),41 Beha-
vior Rating Inventory of Executive Functioning - Adult Version
(BRIEF-A),42 Brown-Goodwin Lifetime History of Aggression
(LHA),43 Center for Epidemiologic Studies - Depression Scale (CES-
D),44 and the Buss-Durkee Inventory.45 The Hamilton Depression
Rating Scale (HDRS)46 and the Modified Scale for Suicidal Idea-
tion47 were administered using a semi-structured interview by either a
licensed psychiatrist or clinical psychologist.

Raw data from the neurobehavioral measures were converted
to age-, gender-, and education-corrected standardized scores,
when available. Next, on the basis of conceptual and empirical
grounds, we generated four factor scores from the outcome mea-
sures using principal component analyses. Alosco and coworkers48

provide a detailed account of our method for creating these factors.
The factors and their constituent measures are as follows: Factor
1—Mood and Behavior: AES, BDI-II, BHS, BIS-11, BRIEF-A
Behavioral Regulation Index, CES-D, HDRS, LHA; Factor 2—
Attention and Psychomotor Speed: COWAT, DKEFS Color Word
Interference (Inhibition/Switching score), TMT A and B, and Digit
Symbol; Factor 3—Verbal Memory: NAB Story Learning (Phrase
Unit Immediate and Delayed Recall scores) and NAB List Learning
(Short and Long Delayed Recall scores); and Factor 4—Visual
Memory: BQSS (Immediate Presence and Accuracy, and Delayed
Presence and Accuracy scores).

Statistical analyses

We used Statistical Analysis System (SAS version 9.4; SAS
Institute Inc., North Carolina) for all statistical analyses. Results of
our inferential tests with a p value below 0.05 were reported as
statistically significant. Both the mixed effects regression analyses
exploring the relation between volume and exposure as well as the
analyses investigating the association between volume and neuro-
behavioral factor scores were controlled for age, body mass index
(BMI), and estimated total intracranial volume, adjusting for cor-
relation of bilateral regions of interest. Moreover, the analyses
exploring the relation between AFE and volume were adjusted for
total years of play. Therefore, all presented results account for the
positive relationship between AFE and total years of play.

To minimize variance, we employed a bootstrapping method.49

Specifically, we resampled 500 replicates with replacement, each
with a size equal to the original sample, and we reran the mixed
effect-regression model across all replicates. The resulting confi-
dence intervals were calculated using bias-adjustment correction.50

We used the Mahalanobis distance to identify any extreme obser-
vations, but no outliers were found. Further, the variance was not
found to increase with AFE. Similarly, we explored the associa-
tions between volume and the standardized neurobehavioral factor
scores using mixed-effects regression models for all 75 participants
with complete neurobehavioral and imaging data. We also com-
puted partial correlations, adjusting for age, BMI, estimated total
intracranial volume, and years of education.

Results

Table 1 summarizes the demographic and clinical characteristics

of the sample. Mean age was 54.9 (standard deviation [SD] = 7.9)

years. The AFE ranged from six to 17 years (mean: 11.8 years,

SD = 2.6). The number of total years played ranged from 12 to 26

years (mean: 18.4 years, SD = 3.4).

Right and left thalamic volume was negatively correlated with

total years of play (left, p = 0.012; right, p = 0.03; Table 2). The

longer the time athletes actively participated in football, the smaller

the thalamus. The right thalamus was on average 38.6 mm3 and the

left thalamus was on average 53.2 mm3 smaller for every year of

play. Right thalamic volume was associated with AFE after adjusting

for total years of play ( p = 0.014). Here, the younger the athlete’s age

FIG. 1. A three-dimensional reconstruction of the thalamus as
region of interest. The model was created from one randomly
selected person using the model maker module of Slicer 4.5.
Blue = thalamus. The model is shown from four different views on
a para-mid axial, sagittal, and coronal slice and is superimposed
on the individual T1-weighted image. The label map as basis for
the three-dimensional model was not modified for the image
creation.
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when he started playing tackle football, the smaller his thalamic

volume. In fact, AFE had a greater impact on thalamic volumes than

did total years of play. That is, for every year a participant started

playing earlier, the average decrease in thalamic volume was

64.9 mm3 (Fig. 2). In contrast, there was no significant association

between left thalamic volume and AFE ( p = 0.872).

The relationships between the neurobehavioral factor scores and

thalamic volume are presented in Table 3. A significant positive

correlation was found between left thalamic volume and visual

memory (r = 0.28, p = 0.0143). The smaller the left thalamus, the

worse the individual’s visual memory performance. Right thalamic

volume was positively associated with mood and behavior—i.e.,

the worse the mood and behavioral symptoms, the larger the right

thalamic volume (r = 0.34, p = 0.0029).

Discussion

The purpose of this study was to investigate the effect of ex-

posure to repetitive concussive and subconcussive head impacts on

thalamic volume, as well as the association between thalamic

volume and neurobehavioral function in a group of symptomatic

former professional football players, ages 40 to 69. Our results

show that the longer an athlete participated in football and the

younger he was when he began playing, the smaller the thalamic

volume. Of note, the effect of the AFE to tackle football on right

thalamic volume was almost twice as strong as the effect of total

years of play.

The reasons for this loss in thalamic volume remain uncertain,

although they might represent a manifestation of direct traumatic

brain injury-associated pathology (including diffuse axonal injury-

associated wallerian degeneration) or of neuroinflammatory and/or

neurodegenerative pathologies.51,52 Future studies are needed to

investigate these potential mechanisms further.

Thalamic volume and exposure to RHI

Volume reduction in the thalamus has been reported in a variety

of psychiatric and neurological disorders such as depression,53

schizophrenia,54 substance use disorder,55 and in prodromal and

later stages of Alzheimer disease.56,57 Decreased thalamic volume

has been reported in neuropathologically confirmed cases of CTE,

which, in turn, was associated with a history of exposure to RHI.3

Results from this study also confirm the literature on living athletes,

where there is an association between decreased thalamic volume

and concussion58 and exposure to RHI.24 More specifically, the

study by Bernick and associates24 of active professional fighters

suggests that exposure to more fights is associated with decreased

bilateral thalamic volumes. In fighters, thalamic volume decreased

Table 1. Demographic and Clinical Characteristics

Former professional
football players (n = 86)

Mean (SD)

Age 54.86 (7.91)
AFE 11.77 (2.60)
Total years of play 18.41 (3.42)
Years of education 16.43 (0.96)
Body mass index 32.91 (4.96)
No. of concussions* 123.10 (580.00)
No. times lost consciousness 4.49 (16.50)

SD, standard deviation; AFE, age at first exposure.
*Based on self-report following being given a modern definition of

concussion, as reported previously.78,79

Table 2. Thalamic Volumes and Exposure

Volume Exposure Mean Bias Lower bound Upper bound p value

Left thalamus Total years of play -53.2477 1.76261 -105.235 -7.80051 0.012
AFE adjusted for total years of play 55.4455 0.80439 -62.3679 141.501 0.872

Right thalamus Total years of play -38.5831 0.44464 -86.486 -0.2263 0.03
AFE adjusted for total years of play 64.9266 0.072667 2.2071 118.462 0.014

Bold indicates < 0.05.
AFE, age at first exposure.

FIG. 2. Displays significant associations between exposure
variables and right thalamic volume. (A) Association between age
at first exposure (AFE) to football adjusted for total years of play
and absolute right thalamic volume. (B) Relation between total
years of play and absolute right thalamic volume.
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by 0.4% (right) and 0.3% (left) with each fight.24 In a more recent

study from the same group, Banks and colleagues59 continued to

find a statistically significant relationship between greater exposure

and smaller thalamic volume. Moreover, apolipoprotein E geno-

type status did not impact this relationship.

Although linear head accelerations sustained during professional

football are lower (60g)60 than those sustained during boxing (71g)61

and although exposure to RHI may vary between player positions in

football,1 our results are consistent with the aforementioned study in

that exposure to RHI is associated with reduced thalamic volume.

More specifically, total years of playing football were associated with

a decrease in volume of 53.2 mm3 in the left and 38.6 mm3 in the right

thalamus, per year of RHI exposure.

Thalamic volume and AFE

This is the first study showing that AFE to RHI in tackle football

has an impact on subcortical gray matter volume. We found that

younger AFE to playing tackle football was associated with a

smaller right thalamic volume. In a previous study of the DETECT

sample, younger AFE was associated with structural alterations in

the corpus callosum.14 In another study, younger AFE was asso-

ciated with increased later-life cognitive impairment.13 These re-

sults suggest that RHI may have a greater impact on the developing

brain than on the mature brain.

Another study investigating AFE did not find significant results

between RHI and brain structural changes. This study, however,

examined brain structures that were not specific to developmental

trajectories, and half of the sample did not play any youth football

or played only one year of youth football.62 Previous studies have

also shown that age has a major influence on recovery from con-

cussion, with adolescents experiencing more severe63 and pro-

longed post-concussive deficits in visual and verbal memory63–65

compared with adults.

This vulnerability to brain injury may be linked closely to a

critical period of brain development and maturation during puberty.

In fact, adolescence is considered a key period for brain matura-

tion.16 Important processes for proper brain development occurring

during puberty are possibly selective and involve competitive

elimination processes.66,67 These processes include the downsizing

of synapses, gray matter volume, glucose use, and neurotransmitter

receptor densities.68 The exact functional significance of these

elimination patterns is unknown. They likely play a role in cortical

plasticity necessary for accommodating to environmental needs

that are crucial for brain maturation, however.66,67 Moreover, these

developmental processes do not occur uniformly.68,69 In fact,

maturation of the cerebral cortex seems to follow a hetero-chronic

pattern that shows regional variation.16,68–70 This means that age of

onset for these processes likely vary between brain structures, re-

sulting in a period of several years during adolescence in which the

brain may be particularly vulnerable to external insults.71

Earlier age for starting to play football could be linked possibly

to more years of play and thus have driven the results. It is therefore

noteworthy that the association between thalamic volume and AFE

remained significant when adjusting for total years of play. In fact,

the effect of AFE on right thalamic volume was almost double the

effect of total years of play with a decrease of 64.9 mm3 for every

year athletes had started playing earlier and a decrease of 38.6 mm3

for every year athletes had played longer. The significant associa-

tion between AFE and thalamic volume emphasizes that every year

of difference in AFE accounts for reduced thalamic volume later

in life.

Previous studies13,14 report AFE below age 12 to be significantly

associated with increased impairment and structural brain alter-

ations. The linear relationship found here, however, does not con-

tradict a threshold at a certain age as found in previous studies.13,14

This difference with previous results may be explained by the high

between-subject variability in thalamic volume, which decreases

power to detect significant thresholds at a certain age. It could also be

because of differing neurodevelopmental trajectories in the investi-

gated brain regions. For example, Brown and coworkers71 showed

that the thalamus increases in volume until the age of 17.8 years with

a plateau reached at around age 20, whereas another subcortical gray

matter structure, the hippocampus, already peaked by 14.2 years and

decreased in volume thereafter.71 These examples demonstrate the

importance of taking into account the developmental trajectory of the

structure and/or function being studied with regard to AFE.

Importantly, only the right thalamus seemed to be affected by

AFE. A possible explanation here is the difference in development

between the two hemispheres. The left hemisphere has a peak de-

velopmental time approximately between age three and six, whereas

the right hemisphere has a growth spurt between age eight and 10.72

The latter is much more likely to reflect interference in neurodeve-

lopmental processes as children begin playing football closer in age

to this growth spurt than to that of the left hemisphere (mean AFE

was 11.8 years in our study cohort).

Thalamic volume and neurobehavioral functioning

This study also revealed a significant association between de-

creased left thalamic volume and worse visual memory perfor-

mance. This observation is consistent with a previous report by

Konstantinou and colleagues73 who examined 17 male patients

after an average of 8.36 years of moderate to severe traumatic brain

injury. They used neuroimaging as well as a neuropsychological

testing battery to investigate the relation between structural brain

alterations and neurocognitive outcome measures. Smaller thalamic

volumes correlated with lower scores in visual memory, as assessed

Table 3. Thalamic Volumes and Neurobehavioral Factor Scores

Left Right

Partial
correlation t value p value

Partial
correlation t value p value

Factor 1: mood and behavior 0.14 1.23 0.2208 0.34 3.08 0.0029
Factor 2: attention/psychomotor speed -0.03 -0.22 0.8245 -0.04 -0.34 0.7321
Factor 3: verbal memory -0.19 -1.71 0.0912 -0.05 -0.4 0.6888
Factor 4: visual memory 0.28 2.51 0.0143 0.16 1.36 0.1777

Bold indicates < 0.05.
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with the ROCF (the same test used in our study), as well as with all

other neurocognitive measures. Thalamic pathology has also been

implicated in early memory loss in neurodegenerative disorders,

including Alzheimer’s disease.74 It is not clear, however, why there

was only a relationship between thalamic volume and visual but not

verbal memory.

Mood and behavior were positively correlated with right tha-

lamic volume, meaning that the larger the thalamic volume, the

worse the reported mood and behavioral symptoms. It is note-

worthy that larger right thalamic volume has been found in

medication-naı̈ve depressive patients75 and that a decrease in tha-

lamic volumes has been associated with successful antidepressant

treatment.76 Thus, our finding of an association between right

thalamic volume and worse mood and behavioral symptoms may

reflect the previously described relationship between thalamic

volume and depressive symptoms. Future studies are nonetheless

needed to further investigate this association.

Limitations

The cross-sectional study design precluded a more definitive

link between RHI and thalamic volume as well as the establishment

of causality between AFE and thalamic atrophy. Future studies

should include a longitudinal design to understand better RHI-

related brain changes as well as neurobehavioral changes. More-

over, future studies should investigate anatomical subsegments of

the thalamus separately. Another limitation of this study is the lack

of a comparison group of asymptomatic former professional foot-

ball players. Based on the study design that only symptomatic

former professional football players were included in DETECT, the

results presented here are not generalizable to asymptomatic former

professional football players or football players who did not com-

pete at a professional level.

A further limitation of our study is that our findings are not

generalizable to football players who did not compete at a profes-

sional level. The results may also not generalize to other groups

frequently exposed to RHI. Future studies should include asymp-

tomatic former professional football players as well as male and

female athletes participating in different levels of intensity and in

different contact sports. Finally, without post-mortem analysis, it is

not possible to determine whether or not our findings are specifi-

cally related to the tauopathy of CTE or to other long-term con-

sequences of RHI—e.g., among the reasons for a smaller thalamic

volume may be exposure to RHI (i.e., microgliosis77).

Conclusion

Younger AFE and duration of exposure to RHI are associated with

smaller thalamic volume in symptomatic former professional football

players, a population at increased risk for the development of CTE.

Smaller thalamic volume is also associated with worse performance

in visual memory tasks. Longitudinal studies are needed to confirm

these findings as well as to examine the association between neuro-

developmental processes and exposure to RHI.
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