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Abstract (English) 

Introduction:  Preserved executive functioning (EF) promotes superior daily functioning 

in the elderly and protects against dementia development. In this study, we sought to 

clarify the role of atrophy-corrected cortical grey matter (GM) volume as a potential brain 

reserve (BR) marker for EF in the elderly. 

Methods: In total, 206 pre-surgical subjects without any evidence for neuropsychiatric 

disorders (72.50 ± 4.95 years; mean MMSE score 28.50) from the BioCog cohort study 

(www.biocog.eu) were investigated. EF was assessed with Trail Making Test B (TMT B). 

Global/lobar GM volumes were acquired with T1 MP-RAGE using a 3.0 Tesla Siemens 

scanner with a 32-channel headcoil. The brain imaging software package FreeSurfer was 

used to quantify GM volumes of the frontal, temporal, occipital and parietal brain lobes. 

Adjusting for key covariates including a brain atrophy index, multiple regression analysis 

was used to study associations of MRI markers and TMT B.  

Results:  All lobar/global GM volumes significantly predicted the TMT B score 

independently of brain atrophy (ß = −0.201 to −0.275, p = 0.001–0.012). Atrophy-

corrected global GM volume was the most accurate predictor (ß = −0.275, p=0.001). 

Conclusion:  Our results indicate that atrophy-corrected GM volume as an archaeological 

estimate of maximal GM size in youth may serve as a future BR predictor for cognitive 

decline in the elderly. 
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Abstract (German) 

Einleitung:  Um im Alter einen normalen Tagesablauf gewährleisten zu können, ist vor 

allem der Erhalt exekutiver Funktionen (EF) grundlegend; diese scheinen zudem 

dementielle Entwicklungen vorhersagen zu können. Wir untersuchten die Assoziation 

zwischen atrophie-korrigierter grauer Substanz (GS), als Reserve für Gehirnkapazität, 

und dem Aufrechterhalten von EF im Alter.  

Material und Methoden:  Insgesamt wurden 206 präoperative Probanden ohne Anhalt 

für das Vorliegen neuropsychiatrischer Erkrankungen (72.50 ± 4.95 Jahre; 

durchschnittlicher MMSE Wert 28.50) im Rahmen der BioCog Kohortstudie 

(www.biocog.eu) untersucht. EF wurde primär beurteilt durch die Anwendung des Trail 

Making Test B (TMT B). Ein 3.0 Tesla Siemens Scanner mit einer 32-Kanal Kopfspule 

wurde zur Akquisition von T1 MP-RAGE Daten genutzt. Zur Bestimmung des globalen 

Volumens sowie der Volumina der GS der einzelnen Hirnlappen wurde die Software 

FreeSurfer angewendet. Mittels multipler linearer Regressionsanalysen, mit Korrektur für 

entscheidende Kovariaten, einschließlich eines Index für Hirnatrophie (Anteil von 

Hirnparenchym am intrakraniellen Volumen), wurden Volumina der GS mit dem TMT B 

assoziiert.  

Ergebnisse:  Alle Volumina der GS, insbesondere das Volumen der globalen GS, waren, 

unabhängig von der vorliegenden Hirnatrophie, signifikant mit dem TMT B assoziiert (ß = 

−0.201 bis −0.275, p = 0.001–0.012).  

Schlussfolgerung:  In künftigen Studien zur morphologischen Reservekapazität bei 

Älteren könnte das atrophie-korrigierte Volumen der GS, als eine Schätzung des 

maximalen Umfangs der GS in der Jugend, herangezogen werden und als Prädiktor für 

den Rückgang des kognitiven Vermögens dienen.  
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1. Introduction 

Executive functions are referred to as higher-order thinking processes such as flexible 

problem-solving and response inhibition that enable and drive goal-oriented behavior 

(Rabinovici, Stephens, & Possin, 2015). The idea that a specific brain lobe might be 

associated with executive functioning (EF) was of special interest for the first time in the 

mid-19th century. More precisely, on September 13, 1848. On this day a tamping rod was 

driven by the explosion of a dynamite charge through the left side of 25-year-old Phineas 

P. Gage’s (1823 – May 21, 1860) face and out the frontal portion of his cranium (Coolidge 

& Wynn, 2001). 

 
Fig. 1. a) "The strange yet instructive case of Mr Phineas Gage" (from www.onlinestorybank.com; 
March 22, 2014). b) Modelling the path of the tamping iron through the Phineas P. Gage skull and 
its effects on white matter structure (from van Horn, et al., 2012) 
 

Besides the fact that his left eye was irreparably damaged and a ptosis of his left-eyelid 

remained (see Fig. 1 a), Gage's physical abilities were only slightly affected, although a 

significant change in behavior was recognized (Harlow, 1993). While his physical and 

cognitive abilities stayed the same, Gage lost his well-developed ability of "executing all 

of his plans of operation" - the first documented case of a potential link between the frontal 

lobe and executive function (Coolidge & Wynn, 2001). In the last few decades, the 

number of investigations examining associations of cognitive performance with specific 

brain lobes has increased and several case reports and smaller lesion studies (most 

 

b a 
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lesions are due to neurological diseases or vascular infarctions) found that patients with 

frontal lobe damage have significant impairments of psychological activities, particularly 

impairments in EF  (Baddeley A. & Hitch G.J., 1974; Lurija, 1973; Stuss & Benson, 1986). 

Alexander Romanowitsch Lurija (1902 - 14.08.1977), a Russian neuropsychologist and a 

leading pioneer in the field of neuropsychology, was known for his extensive research 

concerning associations of the frontal lobes, especially the prefrontal cortices (PFC) 

(Coolidge & Wynn, 2001), with executive function (however, the term “executive function” 

comes from Lezak (1982)). In line with the findings of John Martyn Harlow (Gage's 

attending physician), Lurija noticed that patients with frontal lobe damage have significant 

impairments with respect to complex, purposive, and goal-directed actions and that his 

patients were unsuccessful in evaluating their failure of behavior, while, motor abilities 

and senses remained intact (Lurija, 1973).  

It is hypothesized that the brain is capable of minimizing clinical manifestations in the face 

of age-related cerebral effects or the present neuropathology (Bartrés-Faz & Arenaza-

Urquijo, 2011; Chen, et al., 2017). This concept is referred to as brain reserve (BR) and 

could be seen as analogous to cognitive reserve (CR), which states that patients with 

higher intelligence (IQ) or occupational attainment might have a functional advantage 

during late life (Stern, 2002) and thereby maintain the capability of performing cognitive 

tasks in the face of neurological disease with a subsequent loss of neuronal function 

(Stern, 2012). In recent decades, MRI (magnetic resonance imaging) acquisition has 

become increasingly available. Therefore using MRI as a biological measure of aging is 

very appealing. By applying structural and functional MRI analyses, several investigations 

confirmed the clinical observations of the association of the integrity of different brain 

lobes, and particularly the frontal lobe, with EF (Cardenas, et al., 2011; Dong, et al., 2015; 

Elderkin-Thompson, Ballmaier, Hellemann, Pham, & Kumar, 2008; Gunther, et al., 2012; 

Nee, Kastner, & Brown, 2011; Zhang, et al., 2011) as previously suggested by Harlow in 

the mid-19th century. Because age-related cognitive changes, and especially impaired 

EF, may lead to reduced activity and functioning in daily life, further research in this field 

is crucial (Drag & Bieliauskas, 2010; Salthouse, 2005; Salthouse, Atkinson, & Berish, 

2003). Furthermore, since impaired EF is found to precede memory decline in the course 

of dementia development (Johnson, Lui, & Yaffe, 2007), brain morphology associated 

with EF might serve as an early marker of neurodegenerative disease (Chen, et al., 2017). 

In his "frontal-lobe hypothesis of aging“, West (1996) postulated that the development of 

age-related changes in cognitive performance and behavior are determined by 
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dysfunction of the prefrontal cortex, which, in his opinion, is particularly sensitive to the 

aging process. Several investigations confirmed this hypothesis and found that a 

preserved superior level of EF is associated with superior daily functioning and aging well 

in both neuropsychologically healthy patients and patients with mild cognitive impairment 

(MCI) (Darby, Brickhouse, Wolk, & Dickerson, 2017; Puente, Lindbergh, & Miller, 2015; 

Schmitter-Edgecombe, Parsey, & Cook, 2011). In line with this hypothesis, Phillips, 

Henry, Jacobs, & Anderson (2008) demonstrated that the neuropsychological test 

performance of older adults is highly dependent on EF, which in turn is associated with 

prefrontal brain function. More recently, however, Bettcher, et al. (2016) reported findings 

contrary to the hypothesis of a particular association of the frontal lobe with EF. In their 

study of 202 community-dwelling older adults, Bettcher, et al. (2016) found that the frontal 

GM lobe volume and the GM volume of additional individual brain lobes do not 

independently predict executive function performance when statistically corrected for the 

global GM brain volume. Notably, van Horn, et al. (2012) used computed tomography 

image data of Gage’s skull in conjunction with modern anatomical MRI and diffusion 

imaging data to computationally simulate the passage of the iron through the skull. Aside 

from the reconstructed direct damage to the frontal cortex, the white matter connectivity 

of other brain areas was severely affected, which likely contributed significantly to the 

described behavioral changes (see Fig. 1 b). Bettcher, et al. (2016) and Cardenas, et al. 

(2011) observed that an atrophy of the anterior and superior regions of the corona radiata 

as well as the superior longitudinal fasciculus impair EF. Importantly, these studies predict 

EF by quantifying the different lobar GM volumes and the global GM volume in the elderly 

population without considering whether the maximal brain size in youth or GM atrophy 

during later life is more strongly associated with the cognitive domain of executive 

functions.  

We aimed to estimate the global and specific lobar GM volumes during youth by 

correcting GM volume for a brain atrophy index (i.e., the brain parenchymal fraction). The 

applied  brain atrophy index in turn is calculated by dividing the present brain parenchymal 

volume (includes GM and white matter [WM]) by the total intracranial volume (ICV). The 

brain atrophy index has been used to predict cognitive decline in dementia patients in 

prior studies (Callahan, Ramirez, Berezuk, Duchesne, & Black, 2015). However, applying 

atrophy-corrected lobar and global GM volume as the cortical BR marker to predict EF is, 

to our best knowledge, a novel strategy. Due to the correction of the individual GM volume 

for GM atrophy, this measure has the quality of a BR prediction marker even in the setting 
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of a cross-sectional study design with an imaging data collection in an advanced-age 

population. The neuropsychological assessment of EF was conducted by the Trail Making 

Test B (TMT B), which is commonly applied to assess the cognitive processes of flexibility 

and the ability to execute and modify a plan of action. 

With respect to the conflicting results reported in literature and the attempt to apply a 

novel concept of a cortical BR marker, we tested the alternative hypotheses:  

1) that the GM volumes of specific brain lobes, particularly the frontal lobe, and the 

global GM, when individually corrected for brain atrophy, are independently 

associated with executive function; and  

2) that no such atrophy-corrected specific brain lobe association with EF exists 

when corrected for global GM volume. 

 

2. Methodology 

2.1 Participants 

As part of an interim analysis, 206 neuropsychologically healthy adults aged between 65 

and 87 years were selected from the umbrella Biomarker Development for Postoperative 

Cognitive Impairment in the Elderly (BioCog) study conducted at the study center in Berlin 

(www.biocog.eu). The BioCog study is a prospective multicenter cohort study aiming to 

establish valid clinical, neuroimaging and molecular biomarkers panels for risk and clinical 

outcome prediction of postoperative delirium and postoperative cognitive deficits in 

elderly elective surgical patients (Winterer, et al., 2018). The inclusion criteria comprise 

male and female patients aged ≥ 65 years and of European descent (Caucasian) who will 

undergo elective surgery with an operative time ≥ 60 minutes (general and spinal 

anaesthesia) with an expected hospital treatment period of at least seven days. 

Participants with ≤ 23 points in the Mini-Mental-State-Examination (MMSE), a life-time 

history of neuropsychiatric disorders or addiction disorders during the past five years were 

excluded. All patients gave a written informed consent after receiving spoken and written 

information about the study. The study was approved by the local ethics committee and 

conducted according to the declaration of Helsinki. The baseline magnetic resonance 

imaging (218 MRI scans were available for this interim analysis from the patients from 

the clinical center of Berlin [N=291]) data acquisition together with clinical and 

neurocognitive assessments took place one day before surgery. Due to preterm finishing 

of the FreeSurfer processing pipeline in one case as well as 10 cases with gross 

anatomical aberrations seen while inspecting the post-processed images and the 



- 12 - 

 

withdrawal of consent by one patient after inclusion, 206 processed MRI scans were 

finally available for analysis. Out of 206 available MRI scans, EF data (TMT B score) were 

available for 174 subjects (for demographics see Table 1). 

 

Table 1. Cognitive and neuroimaging characteristics  of participants  
 

 
N Mean (SD) Range 

Demographics  
   

Age (years) 206 72.50 (4.95) 65-87 

Male Sex (%) 118 57.28 
 

    

Education  
   

ISCED 1997 Level 183 

2 A/B: 23.00 %  

3 A/B/C: 38.20 % 

4 A/B: 3.20 % 

5 A/B: 35.60 % 

 

Education (years) 166 13.02 (4.15) 6-24 
    

Executive Functions Measures  
   

TMT A (sec) 189 50.30 (19.21) 19-132 

TMT B (sec) 174 119.56 (51.01) 25-298 
    

Intelligence Test  
   

IQ score 121 114.07 (14.14) 70-143 
    

MMSE 206 28.50 (1.41) 24-30 
    

Neuroimaging Measures  
   

Total intracranial volume (mm3) 206 1.338.010 (203.127) 922.433-2.007.198 

Total brain parenchymal volume (mm3) 206 979.727 (101.958) 705.772-1.222.338 

Total cortical GM volume (mm3)a,b 206 310.639 (30.572) 233.497-394.180 

Frontal lobe GM volume (mm3)a 206 123.858 (12.543) 93.016-164.200 

Parietal lobe GM volume (mm3)b 206 85.802 (8.888) 66.548-111.093 

Temporal lobe GM volume (mm3) 206 61.794 (6.779) 45.140-80.615 

Occipital lobe GM volume (mm3) 206 39.185 (4.760) 28.485-52.202 
    

BPF (BPV/ICV) 206 0.742 (0.088) 0.53-0.99 

GMF (GMV/ICV) 206 0.235 (0.028) 0.16-0.30 
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__________________________________________________________________________ 

aExcluding primary motor cortex 
bExcluding sensory cortex 

__________________________________________________________________________ 

Key: BPF, Brain Parenchymal Fraction; BPV, Brain Parenchymal Volume; GM, Grey Matter; GMF, Grey 

Matter Fraction; GMV, Grey Matter Volume; ICV, Intracranial Volume; IQ, Intelligence Quotient; ISCED, 

International Standard Classification of Education; mm, millimeters; MMSE, Mini-Mental State 

Examination; SD, standard deviation; sec, seconds; TMT, Trail Making Test 

 

2.2 Measures 

2.2.1 Cognitive Assessments 

For the assessment of EF, the Trail Making Test (TMT A and TMT B) was applied pre-

operatively on the same day as the MRI investigation. During part A (visuoperceptual 

abilities), subjects were required to connect 25 randomly distributed numbers on a test 

sheet (see Fig. 2) in the correct order as quickly as possible.  

Part B (inhibition and set-shifting) presented the encircled numbers from 1 to 13 and the 

encircled letters from A to L randomly distributed on the test sheet (see Fig. 2). The 

subjects were required to draw lines sequentially connecting them by alternating between 

numbers and letters (1, A, 2, B, 3, C, etc.). The required amount of time represented the 

score of the test, and the faster these paper-and-pencil tests were completed, the better 

the cognitive function of the participant (Reitan, 1958). The primary dependent variable 

in this study is the required time to finish the TMT B. Literature regarding standard cut-off 

for the TMT is sparse due to the dependence on intelligence, visuomotor coordination 

and age (Spreen & Strauss, 1998; Tombaugh, 2004). In addition, a multiple-choice 

vocabulary test ("Mehrfachwahl-Wortschatz-Intelligenztest" [MWT-A]) was applied to 

Fig. 2. Trail Making Test. (from Kim, et al., 2014) 
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measure premorbid crystallized cognitive ability. In this test, the principle of single choice 

was applied, and each row contained one existing word and four fictive new constructions 

of words. In each row, the participants were asked to mark the word they considered to 

exist. In total, there were 37 rows and thus 37 correct words with increasing levels of 

difficulty. The total number of correctly marked rows was compared to a representative 

sample of German adults aged between 20 and 64 (n=1952) (Siegfried Lehrl, 2005). The 

derived Intelligence Quotient (IQ) score correlated fairly well with global IQ in healthy 

adults (S. Lehrl, Triebig, & Fischer, 1995). 

 

2.2.2 Education 

The educational level of the subjects was classified into one of seven categories, namely 

(0) pre-primary education, (1) primary education, (2) lower secondary education, (3) 

upper secondary education, (4) post-secondary education, (5) first tertiary education and 

(6) second-stage tertiary education, according to the International Standard Classification 

of Education (ISCED-1997). 

 

2.2.3 Structural Neuroimaging 

Identical neuroimaging protocols (using a 3.0 Tesla MRI with a 32-channel head coil, 

Siemens Magnetom Trio) applying standard operating procedures (SOP) were applied, 

including the implementation/validation of image-acquisition/processing techniques 

during the study set-up. These applied neuroimaging protocols were based on a set of 

parameters that were kept constant during the study. Structural imaging yielded whole-

head, high-resolution anatomical magnetic resonance images using a 3D T1-weighted 

magnetization-prepared rapid gradient-echo sequence (MP-RAGE) for studying cortical, 

hippocampal and NMB (nucleus Basalis of Meynert) volume as well as standard DTI (45 

directions) and T2-Flair. An axial-oblique 3D Fast Spoiled Gradient Recalled Echo 

(FSPGR) sequence for the T1-weighted sequence was applied (TR/TE = 2500/4.77 ms, 

α = 7°) with a field of view of 256 x 256 mm (1 x 1 mm in-plane resolution and 1 mm slice 

thickness). After acquisition, all MRI images were checked on pathological intracranial 

processes by a board-certified neuroradiologist.  
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2.2.3.1 FreeSurfer 

To process the T1 MP-RAGE structural MR images, the software FreeSurfer (version 

5.30) was used. This software package was chosen due to its fully automated pipeline 

and its free availability (http://surfer.nmr.mgh.harvard.edu) as well as its high test-retest 

reliability (Han, et al., 2006; Jovicich, et al., 2006). 

Fig. 3. Full processing stream of FreeSurfer for MRI data  
(from http://www.opensourceimaging.org/project/freesurfer/#; August 28, 2018) 

 

See Fig. 3 for the complete processing stream overview of the software FreeSurfer. In 

detail, the executed steps were motion correction, removal of non-brain tissue and 

automated Talairach transformation (Segonne, Pacheco, & Fischl, 2007). In addition, 

segmentation of the subcortical white matter and deep grey matter into structural volumes 

(Bruce Fischl, et al., 2002; Bruce Fischl, et al., 2004), intensity normalization (Sled, 

Zijdenbos, & Evans, 1998), tessellation of the grey matter into structural volumes (Bruce 

Fischl, et al., 2002; Bruce Fischl, et al., 2004), automated topology correction (Bruce 

Fischl, et al., 2002) and surface deformation (Dale, Fischl, & Sereno, 1999; B. Fischl & 

Dale, 2000) were conducted when processing the FreeSurfer pipeline. Since the visual 

inspection for the accuracy of spatial registration and grey/white matter (e.g., removal of 

skull and dura matter and accurate delineation of grey/white matter and pial surfaces) of 

all surfaces of each individual image was performed by one researcher (Markus 

Laubach), potentially differing inter-observer interpretations of the accuracy of processed 
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images was avoided. On one hand, it was necessary to check the accuracy of the 

alignment of the grey and white matter boundaries. On the other hand, the automated 

segmentation was inspected to accurately follow the subcortical intensity boundaries. For 

details about the visual inspecting process, please see Fig. 4. 

 
Fig. 4. Visual inspection of the post-processed images. a) White matter (yellow) and pial (red) 
surface on coronal view: To check the accuracy of the automated segmentation, the boundaries 
of the white matter, and the pial surface, all the coronal slices are controlled by scrolling in the 
coronal view from the most anterior part toward the most rostral part of the brain. b) Pial surface 
on a 3D-model: By visualizing the pial surface on a 3D-model, the accuracy of the latter is visually 
inspected. c) 3D-model of the smoothed white matter surface: The images showing the white 
matter boundaries are checked on irregularities which are indicated by hypointensities. 
Hypointensities appear in the form of white matter holes. 
 

Gyral labeling (see Fig. 3) was the last step of the FreeSurfer processing stream and was 

performed by applying the Desikan-Killiany atlas (Desikan, et al., 2006). By applying the 

b 

c 

a 
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Desikan-Killiany atlas, the pial surfaces were automatically given as inflated cortical 

representations (see Fig. 5).  

 

Fig. 5. Division of the cerebral hemispheres into 34 regions based on the Desikan-Killiany atlas 
(from Desikan et al., 2006). On the left side the pial and on the right side the inflated cortical 
representations are shown. The lateral view of the hemisphere is shown at the top, and the medial 
view of the hemisphere is depicted in the bottom row. 

These inflated cortical representations consisted of specific GM volumes that were 

automatically subdivided into 34 parcellations for each cerebral hemisphere. Then, the 

different GM volumes belonging to the 34 parcellations were extracted from FreeSurfer. 

Subsequently the different volumes of the parcellations were manually summed up with 

SPSS to estimate the frontal, temporal, occipital and parietal lobe GM volumes as well as 

the global GM volume. The occipital lobe consisted of the lingual, pericalcarine, cuneus, 

and lateral occipital grey matter volumes. The parietal lobe was calculated by summing 

up the posterior cingulate, inferior parietal, precuneus, superior parietal and 

supramarginal GM volumes. The frontal lobe was defined by the rostral middle frontal, 
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caudal middle frontal, inferior frontal (pars opercularis, pars triangularis, pars orbitalis), 

anterior cingulate (rostral anterior cingulate and caudal anterior cingulate), orbitofrontal 

(lateral orbitofrontal and medial orbitofrontal) and superior frontal GM volumes as well as 

the GM volume of the frontal pole. The cortical volumes involved with controlling motor 

action and receiving input from peripheral mechanoreceptors (the primary motor and the 

sensory cortex) were excluded due to the dexterity and somatosensory inaccuracy in 

respect to the conducted neuropsychological tests. 

 

2.2.3.2 Brain Parenchymal Fraction 

To correct for global cerebral atrophy, the estimated total intracranial volume (eTIV, aka 

ICV) and the total brain parenchymal volume (global GM volume plus total WM volume 

excluding ventricles) were calculated. Then, the cerebral atrophy index (i.e., the brain 

parenchymal fraction [BPF]) was derived by dividing the total brain parenchymal volume 

(BPV) by the total intracranial volume (ICV) (Callahan, et al., 2015; Rudick, Fisher, Lee, 

Simon, & Jacobs, 1999):  

�����	�����	ℎ���	���	����	(���� =
�����	�����	ℎ���	�����	(����

�����	�����	�����	(����
	 

During the statistical analyses, the BPF was applied as an independent variable to correct 

the different GM lobe volumes and the global GM volume for brain atrophy. 

 

2.3 Statistical analysis 

For statistical analyses, IBM SPSS Statistics (version 25) was used. Multiple linear 

regression analyses were mainly used in this study and aimed to evaluate medical data 

in respect to correlations between different variables. In general, the model of multiple 

linear regression analysis consists of a so-called dependent variable – EF in this study - 

and two or more independent variables that aim to explain the dependent variable. In 

total, two main sets of multiple linear regression analyses were executed: 1) Separate 

multiple linear regression analyses for each of the four brain lobes (GM volume) and the 

global GM volume as well as age, the BPF and sex as the independent variables and the 

TMT B score as the dependent variable. As a minor side analysis a multiple regression 

analysis including the global GM volume, age, BPF and sex as the independent variables 

was repeated analogously with the TMTDiff score (TMT B - TMT A) instead of the TMT B 

score as the dependent variable; 2) To adjust for global GM volume, the GM volume of 

each of the four lobes was divided by the global GM volume and the regression analyses, 
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with the TMT B scores as dependent variables repeated analogously. The critical value 

for significance was set to p<0.05. 

 

3. Results  

The included 206 non-demented elderly patients had a mean MMSE score of 28.50 points 

(range 24-30, SD 1.41) and a mean educational attainment of 13 years of education 

(range 6-24, SD 4.12). The different brain lobes and the global GM volume were 

negatively associated with the TMT B scores (see Table 2).  

 

Table 2. Associations of individual lobar and globa l GM volume, age, the BPF and 
sex with the score of the TMT B   

Independent Variable  Dependent 
variable 

Estimate  Standard 
error 

p-value  
     

Frontal GM volume (mm³) a TMT B -0.229 <0.001 0.006 

Age (years)  TMT B 0.191 0.804 0.014 
BPF (BPV/ICV) TMT B -0.151 45.641 0.056 
Sex (female)  TMT B -0.120 8.669 0.154      
     

Parietal GM volume (mm³) b TMT B -0.263 <0.001 0.002 

Age (years)  TMT B 0.199 0.792 0.009 
BPF (BPV/ICV) TMT B -0.158 45.340 0.045 
Sex (female)  TMT B -0.098 8.705 0.245      
     

Temporal GM volume (mm³)  TMT B -0.263 0.001 0.002 
Age (years)  TMT B 0.190 0.797 0.013 
BPF (BPV/ICV) TMT B -0.146 45.368 0.065 
Sex (female)  TMT B -0.095 8.805 0.270      
     

Occipital GM volume (mm³)  TMT B -0.201 0.001 0.012 
Age (years)  TMT B 0.209 0.799 0.007 
BPF (BPV/ICV) TMT B -0.124 46.220 0.121 
Sex (female)  TMT B -0.139 8.551 0.096      
     

Global GM volume (mm³) a,b TMT B -0.275 <0.001 0.001 
Age (years)  TMT B 0.187 0.796 0.015 
BPF (BPV/ICV) TMT B -0.146 45.261 0.063 
Sex (female)  TMT B -0.085 8.861 0.326 
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____________________________________________________________________________ 
a excluding primary motor cortex 
b excluding sensory cortex 

____________________________________________________________________________ 
The model consists of the different grey matter volumes, age, BPF, and sex entered as 
independent variables and the TMT B score (sec) as a dependent variable. Estimates are 
standardized regression coefficients of this model. The reference of the standardized regression 
coefficient of sex is female.  

Key: BPF, Brain Parenchymal Fraction; BPV, Brain Parenchymal Volume; GM, Grey Matter; ICV, 
Intracranial Volume; mm, millimeters; sec, seconds; TMT, Trail Making Test 
 

 

The negative estimate reported by a beta range of - 0.201 to - 0.275 indicates that an 

inferior performance of the TMT B tests is correlated with a smaller individual lobar as 

well as smaller global GM volume. An increase of one SD of the individual lobar or the 

global GM volume decreases the TMT B score by the amount of the standardized 

regression coefficient. The standardized coefficient (ß) of the global GM cortical volume 

of -0.275 (p=0.001) is shown to be most negatively related to the value of the TMT B test 

results in the prior described model and is thus, in the latter model, the most accurate 

predictor of EF. In other words, predicting EF in the elderly was in this study most 

accurately correlated with atrophy-corrected GM volume. Age as one of the additional 

independent variables also has significant explanatory power to predict TMT B 

performance. Increased age is associated with a higher TMT B score (ß=0.792-0.804, 

p=0.007-0.015). No sex-specific tendencies were observed (ß=-0.085 to -0.139, p=0.096-

0.326). Furthermore, we found that the TMT B - TMT A score was also accurately 

predicted by the global GM volume (ß=-0.269, p=0.002), although the association of the 

temporal GM volume with the TMTDIFF score was slightly more pronounced (ß=-0.284, 

p=0.001). In all of the conducted analyses, except for the regression analysis including 

the parietal lobe (p=0.045), the BPF itself did not significantly contribute to the prediction 

of EF measured by the TMT B (p=0.056-0.121). Overall, non-significant trends were 

observed. No statistically significant associations between the different brain lobes and 

EF were revealed by regressing EF on the adjusted GM volume (individual brain lobe 

volume divided by the global GM volume) (p=0.388-0.789). Thus, no significant 

associations between EF and the volume of a certain lobe independent of the total GM 

volume could be shown. 
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4. Discussion 
In this study, the structural associations of the frontal lobe, the parietal lobe, the temporal 

lobe, the occipital lobe and the global GM volume with EF measured by the 

neuropsychological Trail Making Tests A and B were investigated in a subgroup of 

participants of the BioCog study. We found that each individual brain lobe volume as well 

as the global GM volume is significantly associated with EF (i.e., a larger GM volume 

demonstrated superior TMT B performance). The total cortical GM volume was observed 

to be the major predictor for EF. These associations of different volumes of the brain 

lobes with EF are in line with several prior investigations (Cardenas, et al., 2011; Elderkin-

Thompson, et al., 2008; Zhang, et al., 2011). The GM volume was corrected for brain 

atrophy as part of the multiple regression analyses. The derived “corrected GM volume” 

can be considered an “archaeological” estimate of the maximal brain size in youth (Royle, 

et al., 2013). Accordingly, despite we adopted a cross-sectional study design, atrophy-

corrected global GM volume can be used as a predictor of EF in advanced aged subjects. 

The observed morphological advantage is in line with previous studies that show, for 

example, a larger ICV being able to protect against dementia development (Groot, et al., 

2017; Guo, Alexopoulos, Wagenpfeil, Kurz, & Perneczky, 2013; Negash, et al., 2013). 

The investigations of Cardenas, et al. (2011), Elderkin-Thompson, et al. (2008) and 

Zhang, et al. (2011) are limited due to an image processing approach accompanied by a 

compelling inter-interpreter variance and the lacking use of a software with high test-retest 

reliability with respect to quantify brain volumes accurately. By applying the software 

package FreeSurfer (version 5.10) as an image analysis suite Dong, et al. (2015) could 

overcome these limitations and show in a comparably large sample size of 813 

participants associations between grey matter volumes and cognitive performance. 

Superior performances in tests of EF were associated with greater GM frontal lobe 

volume (Dong, et al., 2015). However, due to the inclusion of patients younger than 70 

years of age and because of not excluding subjects with neurocognitive disorders (Dong, 

et al., 2015), the possibility of associating cortical volume with EF and comparing with our 

findings, is limited. Bettcher, et al. (2016) were the first to apply an image analyzing 

software accompanied with low inter-interpreter variance (FreeSurfer) and did not include 

participants with neurocognitive disorders in their study, which consisted of a large 

sample size investigating the associations of cortical volume with EF. In line with our 

findings, Bettcher, et al. (2016) revealed that in neuropsychologically healthy older adults, 

greater GM cortical volume of the four brain lobes as well as the total cortical brain volume 
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were associated with superior performances on tests for measuring EF. When statistically 

isolating the different lobar volumes from global cortical GM volume, in line with Bettcher, 

et al. (2016), we could not show an independent prediction of EF; thus, an isolated view 

on particular cortical brain lobe volumes might not be sufficient to show certain 

associations with EF. The significant impact of age on EF is in line with several prior 

investigations (Buckner, 2004; Cardenas, et al., 2011; Kennedy, et al., 2009; Raz, et al., 

2005; Walhovd, et al., 2005). This reflects the substantive effect of age on the observed 

relationship between the capacity of executive functions and specific lobar as well as 

global cortical volume. Considering the sample composition of a neuropsychologically 

healthy elderly population, the strong association of age with executive function is 

somewhat surprising. 

Because we found that the frontal lobe independent of global GM volume is not 

significantly associated with EF, future research should focus on in-depth investigations 

of the complementary brain structures. Lurija (1973) and Damasio (1994) found that the 

frontal lobes have abundant and reciprocal connections to the thalamus, basal ganglia 

and limbic system as well as the posterior portions of the cortex. This means that the 

frontal cortex might have greater access to other domains and functions of the brain than 

any other domain (Coolidge & Wynn, 2001). Furthermore, the presence of abundant white 

matter projections of the frontal lobe that are pivotal to the connectivity and cognitive 

function of the human brain, as shown by Spence (2005), should be further explored. 

Supplementary to focusing on only one metric (structural neuroimaging as in the present 

study), further investigations on cortico-cortical connectivity to assess the integrity of 

specific cognitive domains, the efficiency of network connections and synaptic 

complexities are needed (Alvarez & Emory, 2006; Carmichael, et al., 2012; Dong, et al., 

2015; Zelazo, Carter, Reznick, & Frye, 1997). For instance, Gupta, et al. (2015) observed 

that only 33% of variance in cognition can be attributed to brain volumetrics. In line with 

Gupta, et al. (2015), the adjusted R-squared values in our investigation, ranging from 

0.157 (occipital lobe) to 0.181 (parietal lobe and global GM volume), indicate that an 

essential part of residual variation between individuals in EF cannot be attributed to 

cortical GM volume (corrected for key predictors). In addition to the complex 

neuroimaging analyses, molecular and genetic markers derived from blood might provide 

microscopic measures of neuropathological activity and could serve as a complement to 

the macroscopic view provided by MRI (Carmichael, et al., 2012).  
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There are a few limitations regarding this investigation that are important to mention at 

this point. Across different brain tissues, the brain atrophy trajectories might be non-linear; 

for example, in people of advanced age, WM volume decline is more pronounced than 

GM volume decline (Royle, et al., 2013). Since there currently are no long-term data on 

changes in the grey/white matter ratio, this might impede the strategy of applying BPF for 

brain atrophy correction. Thus, BPF varies throughout an individual’s life-time (Vågberg, 

Granåsen, & Svenningsson, 2017) and no normative age-related values have been 

established so far. Furthermore, across the different brain regions, a non-uniform 

longitudinal loss of cortical GM volume was observed, which should be considered when 

applying a cross-sectional study design. The calculations of the different brain lobe 

volumes are dependent on the chosen post-processing method for brain volume 

quantification; thus, direct comparability of data between different studies in general and 

BPF in particular are impaired (Vågberg, et al., 2017). In addition, as the TMT was the 

only test applied to quantify EF, a detailed characterization of executive functions could 

not be achieved. Future investigations that aim to associate morphological markers with 

EF might want to use neuropsychological tests covering various EF domains, thereby 

reducing bias and more adequately validating the role of atrophy-corrected GM volume 

as a potential reserve marker for EF in late life.  

Nonetheless, by predicting EF in the elderly, we suggest for the first time that atrophy-

corrected global GM volume is a promising quantitative brain reserve marker. Because 

brain atrophy may serve as an early risk indicator, brain imaging might be beneficial for 

delivering diagnostic and prognostic information to patients in the process of individual, 

personalized medicine. 
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