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ABSTRACT 

Assessment in structural MRI like hippocampal volumetry and white matter 
lesion (WML) assessment is receiving widespread attention and recommen-
dation as important research and diagnostic tools. The aim in this thesis is to 
contribute to enhanced reliability and validity in structural MRI assessment.  

The hypothesis in Paper I was that long-term survivors of head and neck 
cancer with lowered quality of life had radiation induced damage to the 
hippocampus. The main hypothesis in Paper II was that patients with mild 
cognitive impairment subsequently converting to Alzheimer’s or vascular 
dementia had hippocampal atrophy. The main aim in Paper III was to explore 
reliability in three types of WML assessment methods. Manual hippocampal 
volumetry was used in Paper I and II. A visual assessment method, a manual 
segmentation with thresholding method, and an automatic volumetry method 
were used in Paper III.  

Low dose radiation gave no volumetrically discernible damage to the 
hippocampus. Other possible effects of such radiation on the brain remain to 
be explored. Left hippocampal atrophy predicted conversion to dementia, 
which confirms its usefulness as a biomarker. Low reliability for low and 
medium volumes in WML assessment in clinical samples implies a need of 
refined methodology and reliability analysis.  

Keywords: magnetic resonance imaging, hippocampal volumetry, white 
matter lesions, mild cognitive impairment, dementia, low dose radiation 
ISBN: 978-91-628-8610-3 

  



 

SAMMANFATTNING PÅ SVENSKA 

Bildkvalitet, bildfiltrering och metodologi är avgörande faktorer när man vill 

kvantifiera sjukliga eller behandlings-specifika förändringar med strukturell 

hjärnavbildning med magnetkamera. Premorbid individvariation kan ligga i 

samma storleksordning som förväntad förändring vilket då påkallar 

normaliseringsmetoder. Reliabilitet är en repeterbarhetsanalys och är en 

viktig utvärdering av kvantitativa magnetkamera-metoder och är i fokus för 

denna avhandling. 

Material från två studier ingår i avhandlingen. Den första artikeln analyserar 

sambandet mellan livskvalitet och hjärnpåverkan hos långtidsöverlevare vid 

strålbehandling av cancer i hals- och nackregionen, där 15 kontroller och 15 

patienter skannades med en 1.5 T magnetkamera. De två följande studerar 

patienter ur Gothenburg MCI (mild cognitive impairment) Study, där 

kognitiv störning och demensutveckling följs under flera år. Deltagarna i 

studien skannades med en 0.5 T magnetkamera i hippocampus-substudien 

(26 kontroller och 42 MCI-patienter) och med en 1.5 T magnetkamera i 

substudien av vitsubstanslesioner (white matter lesions, WML) (28 

kontroller och 124 patienter). Hippocampusvolumetri utfördes manuellt i de 

två första studierna och normaliserades med intrakraniell volym. WML 

mättes med tre metoder, Fazekas visuella skattning, en manuell 

segmenterings- och trösklingsmetod och en automatisk volumetrisk metod.  

Interbedömar-reliabiliteten för hippocampus-volumetrin ligger i intervallet 

Pearson’s r = 0.84-0.94 och intraklasskorrelationen ICC = 0.66-0.85 

(beroende på val av ICC-mått) med likartad reliabilitet i båda studierna. 

Långtidsöverlevare efter strålbehandling av cancer i hals- och nack-regionen 

visar inte några mätbara förändringar i hippocampusvolym i förhållande till 



en matchad kontrollgrupp. 

Hippocampusvolymen, särskilt på vänster sida, hos MCI patienter som 

senare progredierar till demens är mindre vid baslinjen än hos kontroller och 

stabila MCI patienter. 

I båda hippocampusstudierna var reliabiliteten hos ICV-skattningarna 

mycket hög. ICV-normaliseringen reducerade variansen med 46% och ökade 

avsevärt den diskriminativa förmågan hos de uppmätta 

hippocampusvolymerna. 

Mätning av vitsubstansförändringar i MCI-studien med tre olika typer av 

metoder visar acceptabel övergripande reliabilitet men låg reliabilitet för 

lägre volymer. Den manuella metoden visar ingen reliabilitet för låga 

volymer. Den bristande reliabiliteten kan härledas till bilddata från främre 

hjärndelar där intensitetsdistorsionen är som tydligast. 

Reliabiliteten för hippocampusvolumetrin är huvudsakligen likartad mellan 

studierna trots att bildkvaliteten är bättre i strålbehandlings-studien. Detta kan 

tolkas som att segmenteringsmetoden är robust. Resultaten av de manuella 

WML-mätningarna indikerar att reliabiliteten vid låga volymer av WML kan 

påverkas av intensitetsdistorsion och att en global reliabilitetsanalys kan 

behöva kompletteras med analyser av reliabiliteten avseende delar av 

materialet.
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Foreword 
 

This thesis starts with an Introduction containing an overview of structural 

neuro MRI assessment and some methodological problems involved that 

have a bearing on the presented studies. Then follows the Background to the 

three studies included in the thesis, two about hippocampal volumetry and 

one about white matter lesion (WML) measurement. In the Materials and 

methods section study settings and methods are summarized for the 

hippocampal volumetry studies and for the WML study. In the Results 

section the studies are summarized in a hippocampus and a WML passage, 

and starts with an overview of reliability results where the hippocampal 

studies are compared. In the Discussion interpretations and implications of 

the studies are summarized. In the Conclusion the major findings are 

summarized followed by a statement of intent concerning future directions.  

 

 



 

1 

1 INTRODUCTION 

1.1 Uses of MRI volumetry 
 

Quantitative assessment of brain structure volumes and pathological changes 

visible in magnetic resonance imaging (MRI) has two main purposes: 1) 

diagnosing and monitoring of diseases, and 2) to clarify treatment and 

intervention effects. MRI volumetry of brain structures, especially the 

hippocampus, has for example been used to detect pathological changes in 

Alzheimer’s disease (AD), mild cognitive disorder (MCI), temporal lobe 

epilepsy, schizophrenia, depression (where enlargement of hippocampus 

after electroconvulsive theraphy (ECT) treatment has also been seen), stress 

and Cushings syndrome (growth of hippocampus in recovery) and as a side 

effect of radiotherapy [1,2]. These diagnostic and monitoring possibilities 

have so far mostly been studied on a research basis. Diagnostic use in 

dementia can be expected to get more widespread in a near future judging 

from reports about AD diagnostic criteria [3,4]. These reports state that 

hippocampal volumetry and white matter lesion (WML) assessment are 

gaining acceptance as tools in standardizing dementia diagnostics. 

Hippocampal volumetry is also becoming recognized as an important 

biomarker for detecting AD treatment effects in clinical trials [5].  
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1.2 Refinement of methodological 
strategies 

 

Findings in structural MRI volume assessment of brain structures and 

pathologies do not always point in the same direction. For example, in a 

study of healthy aging by Sullivan et al. no significant decline could be found 

in the hippocampus, but rather in the temporal neocortex [6]. In a large study 

by Walhovd et al., consisting of five different samples, the hippocampus was 

in contrast found to have an accelerating atrophy in healthy aging [7]. 

Further, hippocampal atrophy is often found to be associated with dementia 

[8]. WML are often found to be associated with vascular or mixed dementia 

but not with dementia in general nor with AD [9,10]. However, in a recent 

study by Brickman et al. WML in the parietal lobe predicted time to incident 

AD but hippocampal volume did not [11].  

In the literature of structural MRI volume assessment various cases of 

discrepant results show a need for refined methodological strategies. This 

could for example be achieved by:  

1. Improvements in hardware and scanning protocols.  

2. Refined imaging quality; better preprocessing in the form of distortion 

filtering techniques and image intensity normalization.  

3. Controlling for irrelevant sources of anatomical variation. 

4. Improved and preferably validated and standardized segmentation 

methods.  
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5. Enhanced comparability between studies by better specification of 

participant selection criteria, sufficient methodological detail in study reports 

and compliance to methodological standardization efforts in study design.  

6. Refined power.  

 

1.2.1  Scanners and scanning protocols 
 

The influence of scanner vendor model, field strength and coil type 

differences was analyzed in a study by Kruggel et al. using the ADNI (The 

Alzheimer's Disease Neuroimaging Initiative) optimized MPRAGE 

sequence. They found that scanner hardware factors explained 30-50% of the 

variance of the studied variables [12]. The studied variables were signal to 

noise and grey/white matter contrast parameters as well as gross volumetric 

compartments. The scan/rescan variability for the compartments was about 

ten times higher when the subjects were rescanned in different scanner 

hardware. The recommendation hence was to include scanner hardware as a 

covariate when analyzing multicenter data. Similar conclusions are drawn in 

a study by Jovicich et al. that moreover found no significant change in 

variance of analyzed brain structures but a possible bias in mean volume 

differences after scanner upgrades [13]. In a study by Huppertz et al. inter 

scanner variability was found to be five times higher than intra scanner 

variability [14]. However, the choice of segmentation method has been found 

to give a larger contribution to variance than the choice of scan sequence 

[15]. As the three studies mentioned above were performed with different 

segmentation methods this may have given the largest contribution to the 

different (but coherent) figures concerning reproducibility errors. Hence the 
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best strategy for diminishing the tension between the ongoing technological 

development and the desire for comparability of studies may be to improve 

and standardize the segmentation methods. 

Even if standardization of segmentation methods is crucial the reliability of 

volumetric assessments must be improved by achievements in other areas 

too. The variability resulting from MR technical causes like noise and image 

intensity variation can to some extent be accounted for by noise reduction, 

intensity normalization methods (see below). 

 

1.2.2 Image quality: MRI intensity variation in 
normal tissue, aging and pathology  

 

A confounder in structural neuro MRI is varying tissue intensities within a 

single scan and between subjects. In conventional MRI the intensities are not 

solely determined by the physical properties corresponding to the voxel but 

also depend on hardware related effects as magnetic field inhomogeneities 

and possibly cross-talk between slices [16,17]. The impact of the mentioned 

variation can be reduced by post scan image intensity standardization and 

normalization. Another option is scanning techniques for minimizing 

intensity distortion e.g. [18,19] but the resulting overall image quality has 

been ranked inferior to conventional scanning [20,21]. Another factor 

limiting applicability is that the product sequence in today’s synthetic MRI, 

where intensities are closely correlated with physical properties [19], does not 

produce images with sufficient resolution for segmentation of e.g. temporal 

lobe substructures.  
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Only part of the intensity variation in structural brain MRI is due to hardware 

and imaging related errors. MRI relaxation times for both normal appearing 

white matter and WML vary throughout the brain [22], and between fiber 

tracts [23]. Although high iron content can be found in white matter due to 

the need of iron in myelin maintenance [24] the relaxation time variation in 

WML is mainly due to differences in myelinisation rather than in iron content 

[25]. In grey matter apparent transverse relaxation has been found to reflect 

differences in regional iron distribution [26].  

Grey and white matter contrast in MRI has been found to have a heritable 

component [27]. The contrast generally decrease with age and with certain 

pathologies, like Alzheimer’s disease (AD). The T2 relaxation times of both 

grey and white matter depend on age and localization but the largest cause of 

reduced contrast is the changes in white matter. Age affects the amount and 

structure of myelinisation, which reduces grey and white matter contrast. T2 

relaxation times have been found to generally increase during maturation and 

decrease in aging, but they follow different age trajectories in gray matter 

structures like hippocampus, amygdala and caudatus compared to callosal, 

orbitofrontal, temporal and occipital white matter [28]. Different white matter 

pathologies may produce changes of T2 relaxation times in the same range. 

In Oakden et al. [29], differences in T2 relaxation components in controls and 

probable AD were interpreted as indications of two types of WML where one 

type with very low myelin water fraction was found in all probable AD but 

only in less than half of the controls. 

The influence of age on image contrast between gray and white matter has 

been corrected for by general linear modeling (GLM) by Westlye et al. [30]. 

In their study an age related decline in contrast was observed in the frontal, 

temporal and parietal lobes. This study also found that adjusting for contrast 
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increased the sensitivity to AD for the cortical thickness estimates. 

Alzheimer’s disease is however itself associated with a more severe myelin 

reduction [31], and hippocampal degeneration has been found to be 

associated with contrast changes in temporal and limbic grey as well as in 

white matter [32]. These changes in contrast can be expected to blur the 

measurement of disease related volume changes. The entorhinal cortex is 

affected in the earliest stages of AD [33] and hence its thickness is a 

potentially important MRI biomarker. However, in the study by Westlye et 

al. the effect size was significantly reduced in entorhinal cortex after 

adjustment for the influence of age on image contrast [30], which may be due 

to a faulty adjustment of the increased disease related changes in image 

contrast.  

A useful intensity normalization procedure must not extinguish clinically or 

scientifically relevant differences. For example, age related changes in grey 

and white matter are often relevant to preserve in a further analysis in order 

to get an accurate estimate of age atrophy. An intensity normalization method 

that is widely used and publicly available is the N3 method [34]. N4ITK is a 

development of the N3 method and its source code is also publicly available 

[35]. Several other intensity normalization methods have been presented 

recently which claim to be improvements of the predecessors [36-38]. See 

also Future directions. 

 

1.2.3 Anatomical variability, aging and 
pathological variability  

 

Beside variations in image contrast, several dimensions of real variation over 

time and between different individuals must be considered and if possible 
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controlled for. The inter-individual variation in volume and shape of e.g. 

hippocampus is a confounder in manual segmentation and in atlas based 

transformations as used in some automatic procedures. Several studies have 

been dedicated to clarify different aspects of inter individual variation for 

example normal volume variation [39], ethnic brain morphology [40], infant 

brain growth rate [41,42], hemispherical differences related to handedness 

[43-45] and sulcal variability [46-48]. In the following paragraphs some 

sources of normal and pathological anatomical variation are described, 

starting with the normal spectrum.  

 

Hereditary and environmental variability  
 

A general hereditary influence on cortical thickness and surface area [49] 

may contribute to neuroanatomical variation but differences between 

hemispheres do not seem to be hereditary [50]. In a study by Eyler et al. high 

heritability for cortical surface area of the frontal lobe and low heritability for 

the temporal lobe were found [51]. 

It has been shown in a twin study that about half of the hippocampal volume 

variability is explained by heredity while the frontal lobe heritable 

component might be as high as 95% [52]. Brain derived neurotrophic factor 

(BDNF) plays an important role in synaptic plasticity and neurogenesis and 

maintenance of neurons. BDNF is heavily expressed in hippocampus and a 

polymorphism in the BDNF gene has been shown to affect hippocampal 

volume in terms of both mean and variance [53]. Some hereditary influence 

could be a secondary effect from hereditary influences on total brain volume 

(TBV). However, a recent meta analysis study found no BDNF genetical 
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influence on hippocampal volume but found a single-nucleotide 

polymorphism (SNP) (associated with the expression of the tescalcin (TESC) 

gene) influence on hippocampal volume regardless of intracranial volume 

(ICV), brain size or disease [54].  

As hippocampus is a highly plastic structure it is also affected by 

environmental factors e.g. learning [55].  

 

Sex differences 
 

Brain parenchymal volume differs between sexes with about 10 % but the 

difference decreases with age due to a somewhat larger age decline in males 

[7,56]. The hippocampal gender differences are smaller but the figures differ 

between studies, manually assessed volumes have shown a difference of 

about 3% [56] but automatic assessments have found a difference of nearly 

10% [7].  

 

Age-related atrophy and pathological changes of the brain  
 

Age-related changes in the brain are special in that the differentiation of 

normal and pathological changes is difficult already on the conceptual level 

[57]. However, in spite of some conflicting reports (see above) it can be 

stated with some confidence that certain common age-related changes are not 

caused by separately identifiable disease processes. While Sullivan et al. [6] 

found no significant age decline in hippocampal volume, an accelerating age 

effect has been found by both automatic [7] and manual volumetry [58]. 
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Subregional manual volumetry results by Malykhin et al. indicate that the 

posterior part of hippocampus might be more affected by age-related atrophy 

than the anterior part [59]. Taken together with indications of an anterior 

emotional and posterior cognitive dominance [60], this could mean relatively 

intact emotional processing in aging. However, a recent study found an 

association between anterior hippocampal atrophy and functional impairment 

in normal aging [61]. This study had a better field strength but Malykhin et 

al. may have used a more accurate segmentation protocol, which calls for 

further study of this issue.  

 

Disease related shape deviations 
 

Severe deviation from normal anatomical shape of e.g. hippocampus can 

occur as a delamination of cornu ammonis and gyrus dentatus in cases of 

marked atrophy or hydrocephalus. Although some demarcations between 

tissue and cerebrospinal fluid (CSF) can be more apparent, such pathological 

deviations from normal anatomy generally make the manual segmentation 

more difficult, and found volumes become much more difficult to interpret. 

These gross anatomical deviations can be expected to concern automatic atlas 

based segmentation methods even more than manual segmentation. In AD a 

slight rotation of the hippocampal head has been found [62] that might lead 

to similar problems. In the study by Adachi et al. the shape of the 

hippocampal body was found to be more rounded with increasing atrophy in 

AD [63], which is in accord with the post mortem MRI shape analysis in 

Dawe et al. [64].  
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Normalization  
 

Due to systematic gender differences and other normal inter-individual 

variance in total and regional brain volumes regional atrophy of e.g. 

hippocampus can hardly be assessed directly for diagnostic purposes except 

as volumetric change in longitudinal MRI studies. In cross-sectional studies 

some correction is usually motivated, especially in small studies where e.g. 

gender stratification is not feasible. Ideally the directly assessed volume 

should be related to premorbid volume. As a substitute, a correction is often 

done by normalizing the volume to intracranial volume (ICV). The rationale 

for this procedure is the strong correlation in healthy subjects between skull 

size and regional brain volumes, and the technique used is based either on a 

linear regression of regional volume on ICV or on a simpler assumption of 

proportionality. In studies with high quality data and highly reliable 

measurements it might be motivated in the future to take non-linearities into 

account in the regression [65]. The aim is to improve criterion validity [66], 

and the confounding effects of gender (and to some extent the normal age 

related volume variation) can be controlled by the normalization [56,67]. 

Assessment of other age-related or pathological changes such as white matter 

lesions (WML) is not necessarily affected by normal individual variation in 

the same way and normalization by estimated premorbid volume is here not 

clearly motivated. However, there are findings where patients with high brain 

reserve as estimated with ICV are more resistant to the cognitive effects of 

WML pathology [68,69].  

Total brain volume (TBV) has also been used for normalization of regional 

measurements and comparisons between this and ICV normalization have 

given conflicting results. In Jack et al. [70], ICV normalization resulted in the 
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most consistent reduction in variance but in Free et al. [71] the strongest 

correlation was found between TBV and hippocampal volume. Bigler et al. 

[72] found TBV normalized hippocampal volumes to give the best separation 

of controls and patients, while ICV normalized hippocampal volumes did not 

improve the classification over absolute volumes. Several other normalization 

methods have been proposed but only TBV, cranial area (CA) and ICV 

correlate with hippocampal volumes. 

The best way for normalization is mainly an open question but the pathology 

studied and cross sectional or longitudinal study design influence the choice. 

TBV normalization is problematic in pathologies where cerebral atrophy 

occurs. Also, the aging brain normally loses volume, while the intracranial 

vault does not, although a possible secular trend caused by changes in 

socioeconomic and nutritional conditions must be considered in cross-

sectional studies [73]. In comparison with the whole brain the hippocampus 

remains fairly intact in normal aging [6,74]. This speaks in favor of ICV 

normalization in studies of the hippocampus. A combination of TBV and 

ICV may be the best generalized method for normalization [75]. This is 

however more time consuming but a fully automated method would remove 

this obstacle.  

The result of an ICV normalization also depends on the method used to 

estimate ICV. A total ICV segmentation of all slices in a scan series is 

optimal but generally too time-consuming so many simpler estimates have 

been developed. Obenaus et al. [76] compares four simple head-size related 

measures and the most reliable one for normalization of pediatric 

hippocampal volumes was a measure of intracranial diameter developed in 

[77]. Ferguson et al. [78] uses intracranial area for one selected slice. In 

contrast Eritaia et al. [79] analyzes the accuracy and efficiency of ICV 
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segmentation tracing all variants of x equidistant 0.938 mm slices and finds 

that the correlation with a full segmentation soon rises to acceptable levels. 

The authors recommend every 10th slice as a rule of thumb and this 

recommendation has been followed in several studies. See also Further 

directions. 

 

1.2.4 Segmentation methods: validation and 
further development 

 

Validation of segmentation procedures 
 

Theoretically, reliability is an estimate of the agreement to the true score and 

intra-class correlation (ICC) estimates the ratio of true variance to (true 

variance plus error variance). The intra-class correlation between two ratings 

is often used as a reliability estimate in MR volumetry [80]. Different 

versions of ICC and their relevance will be discussed below in connection 

with Paper I. The true variance is the individual anatomical variation and 

error variance is the errors accumulated in the imaging and segmentation 

procedures. However, reliability studies can in practice only provide indirect 

evidence for the validity of a segmentation method. Although an unreliable 

method cannot be wholly accurate, perfect reliability does not imply that the 

method is free from systematic imaging or segmentation errors.  

To know the accuracy of a MR-segmentation of a brain structure the ideal 

would be to know the real demarcation. Available techniques for validation 

comprise post mortem MRI, other post mortem investigations, resected tissue 

in temporal lobectomy, MRI phantoms, comparisons with manual “golden 
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standards” and assessment of the predictive power of the method with respect 

to some biological variable, e.g. a clinical category or a biomarker (also 

referred to as criterion validity).  

In a study by Lee et al. hippocampi resected in temporal lobectomy was used 

for MRI validation [81]. Hippocampal MRI assessed volume was shown to 

correlate to neuronal count. In several studies it has also been foundthat MR 

volumetry of formalin fixed brains is a valid method through comparison 

with histological neuronal count [64,82]; and scan parameter guidelines for 

post mortem MRI of formalin fixed brains have been presented [83]. 

However, there are changes in shape, volume and MR signal intensities in 

post mortem tissue, which implies difficulties if one want to use it as a tool 

for validation of in vivo MR volumetry. In a study by Van Duijn et al. 

hypointensity artifacts related to formalin fixation were found to be 

indistinguishable from brain pathology [84]. 

Phantoms can be used for optimization of acquisition sequences [85], to 

identify scanner errors in multi site studies [86], for control of scanner drift 

[21] and for rater validation. Optimal voxel size has been studied in [87] 

where a simple phantom was used to compare voxel dimensions in 3D-MRI. 

It was concluded that voxels with both an isotropic shape and small volume 

give the best volumetric results. Similar results have been shown in [88]. 

Phantoms can further be used for intra- and inter-site comparisons [89]. For 

rater validation a phantom that is an accurate replica of a neuroanatomical 

region would be preferred. The difficulty lies in building a phantom with 

determinable volumetric compartments that has signal intensities comparable 

to both (e.g.) hippocampus and its environment. It is also possible to use 

digital phantoms for optimization and validation of post scan procedures 

[90]. 
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Evaluation of predictive performance 
 

Predictive performance can play an important role in the validation of 

segmentation methods. Several examples will be given below in the 

discussion of the hippocampal studies. In this introduction, only a certain 

methodological problem that has to do with the measurement of predictive 

power will be mentioned. It is important because advanced statistical 

methods for optimizing classification and prediction from multidimensional 

input data, e.g. MRI volumes together with biochemical and psychometric 

parameters, are becoming more and more common. 

Predictive performance is often evaluated by sensitivity and specificity, 

positive and negative predictive value and receiver operating characteristic 

(ROC) analysis. E.g. in Geremia et al. [91] a random forest classification 

showed a significant improvement compared to an earlier automatic method 

using multi-modal MRI in multiple sclerosis (MS). In Chincarini et al. [92] 

volumes of medial temporal lobe (MTL) structures and their intensity and 

textural features were classified in an analysis using a random forest classifier 

followed by a support vector machine (SVM) classifier resulting in a very 

high area under the curve AUC = 0.97. When evaluating several covariates 

logistic regression and other data mining analyses can be used. In a data 

mining comparison study of psychometric data in an MCI and AD sample, 

SVM showed the highest AUC (0.90) but low specificity. Somewhat 

paradoxically, for random forests and linear discriminant analysis the overall 

accuracy were considered higher with AUC = 0.73 and 0.72 respectively and 

acceptable sensitivity and specificity [93]. Hence, predictive performance 

evaluation may in turn need evaluation and guidelines. 
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Accuracy conditions for automatic and manual 
segmentation  
 

For enhanced accuracy in structural MRI all stages from the scanning to 

segmentation are important but in this dissertation the segmentation aspects is 

in focus. 

Automatic and manual segmentation are the both ends along a continuum of 

technical tools used for MR volumetry and thickness measures. The 

automatic method most frequently used today is FreeSurfer [94,95], which 

assesses about forty subvolumes of the whole brain. FreeSurfer uses a 

probabilistic atlas generated from manually segmented MR scans to execute 

the segmentation. FreeSurfer has been frequently used for neuroanatomical 

subregional volumetry and has been shown to be comparable in accuracy to 

manual labeling for many tasks [94,95], and to perform well compared to 

other automated segmentation tools [96]. FreeSurfer is available for 

download online (http://surfr.nmr.mgh.harvard.edu/). 

Manual segmentation is often regarded as too time-consuming but some of 

the available “automatic” methods including FreeSurfer may also be quite 

time-consuming due to a possible need of extensive manual editing for each 

patient.  

Automatic methods depend on manual ones in two ways. As a rule, they rely 

on manually segmented atlases. Also, the validation of an automatic method 

is often done by comparing with manual segmentation as a golden standard 

[97-99]. In order to get better automatic volumetry, and to further improve 

the softwares, the manual methods also need to be improved. The 

hippocampi have complex demarcations to the surrounding tissue in MR 

images and an accurate segmentation procedure puts pressure on reliability 
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for human raters. It is possible to enhance reliability at the expense of validity 

but all such strategies will decrease the quality of the evaluation of methods 

regardless of whether it is on automatic or manual. 

 

Improvements in manual segmentation 
 

Although one of the main goals of structural MRI research is to develop 

methods for clinical use, this does not mean that a clinical approach on all 

levels is the best way forward. High accuracy is a more important goal than 

speed when developing and evaluating methods sensitive for a certain 

pathology or change. Rather than directing the research towards ordinary 

clinical conditions from the beginning it is probably a better strategy to try to 

acquire all relevant knowledge about the task and then implement this 

knowledge in an accurate solution.  For example, to develop a segmentation 

protocol for hippocampal volumetry or regional or total WML volumetry it is 

important to evaluate anatomical and cytoarchitectural demarcations in 

modalities with more information. This could be done by neuropathological 

histology studies or by e.g. ex vivo long time high resolution scanning [100] 

and in vivo ultra high resolution by repeated acquisitions [101]. The results 

should then be taken into consideration in the regular MRI procedure.  

A segmentation protocol for standardized demarcation of e.g. hippocampus 

can be established by evaluating the reliability figures for candidate methods 

with different demarcation criteria [102]. However, excluding or including 

candidate subregions e.g. white matter structures like alveus or fimbria in the 

hippocampal region of interest is also a question of relevance for the studied 
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pathology. This means that etiological aspects as well as predictive 

performance evaluation must be considered.  

 

1.2.5 Comparability 
 

Methodological standardization 
 

It is often difficult or unfeasible to compare segmented volumes and 

statistical results between research centers due to technical and 

methodological differences. To enhance validity, an expanded cooperation 

between centers regarding standardization of scan parameters, anatomical 

demarcation criteria, segmentation technique and multirater segmenting has 

been requested [103,104]. Within ADNI, The Alzheimer's Disease 

Neuroimaging Initiative [105], optimized MRI protocols have been 

developed to enhance comparability between centers [21] and a survey of 

manual hippocampal volumetry protocols has been published in order to 

develop a standardized protocol [102]. ADNI standardized sets of MRI data 

can be downloaded and results and methods used for analysis of these data 

can be reported to ADNI for comparison [106]. Simulated MR images of 

brains are available at BrainWeb from McGill University and real data from 

several sources are found at the Internet Brain Segmentation Repository. 

They can all be processed and segmented for training, optimization or 

validation studies [107]. The availability of extensive standardized normative 

data may also to some extent reduce the need for large control groups in MR 

studies, see e.g. [108]. A possible drawback of standardization is however the 

continuous need of improvement in most aspects of neuroimaging research, 
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which makes it hard to settle definitions and other standardizations 

permanently.  

Another important task for enhanced comparability is reporting studies in 

sufficient detail and standardization guidelines has been proposed both for 

reliability [109] and diagnostic utility studies [110]. 

 

Patient selection, exclusion and classification 
 

In epidemiologic studies it has been found that women, persons with higher 

socioeconomic status, persons with higher education, married persons and 

employed persons are more likely to participate in a study but there is little 

evidence for a sampling bias due to the mentioned participant properties 

[111]. However, better health due to e.g. higher socioeconomic status implies 

a possible sampling bias, which calls for further studies on this issue 

including potential cultural differences. Beside these general and well-known 

issues there are some possible sources of bias that are more specific to 

structural MRI. A recent fMRI study of multiple sclerosis (MS) found an 

association between severity of disease and movement artifacts in the MR 

images. This association may be due to exhausted cerebral resources, fatigue 

and impaired motor control secondary to cognitive impairment [112]. This 

hypothesis is relevant for the impact of the exclusion of structural MRI scans 

with movement artifacts in studies of other patients with cognitive 

impairment. Movement artifacts add substantial uncertainty in the 

segmentations and this is the rationale for exclusion of scans with such 

artifacts. This kind of exclusion may however neglect a specific group of 

participants and differences in exclusion criteria may limit comparability and 

contribute to discrepant results between studies. 
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Further, there is also a possible ascertainment bias where verbally mediated 

cognitive tests may be more sensitive to selecting left hippocampal pathology 

[113]. Differences in reported prevalence of e.g. MCI would probably be 

decreased by standardization of operational definitions of MCI types [114] 

which would benefit the efforts to achieve comparable and perhaps more 

concordant overall results.  

 

1.2.6 Refined power (larger studies)  
 

Increased sample sizes will increase the probability of getting significant 

results but at a larger cost and slower study throughput. Power calculations 

are used to determine the sample size required for finding a clinically 

meaningful effect with sufficient probability. Hence, power calculations are 

important in study design when sample size can be fully controlled. In a 

study by Morra et al., a sample size of n = 40 was required to differentiate 

hippocampal volumes between AD patients and controls [115]. Ard et al 

[116] found that for longitudinal treatment trial studies in AD, the required 

sample size to detect a 25% reduction of the speed of progression was about 

n = 100. For an agent supposed to reduce the speed of the disease-specific 

atrophy with the same amount beyond projected age-related atrophy, the 

required sample size would be about four times higher.  

When planning a study it is important to account for measurement reliability 

in the power calculations; e.g. in a case with an ICC of 0.5 the required 

sample size will be doubled compared to the case with perfect reliability and 

with an ICC of 0.9 it will be up to 20 % higher [117]. Power is however not 

the only factor determining sample size. See Discussion. 
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2 PRESENTATION OF THE PAPERS 

 

This thesis is based on three papers. In two of the papers hippocampal 

volumetry is used and in the third different assessment methods for white 

matter lesions (WML) are compared. Olsson et al. [118] is a case-control 

study of hippocampal volumes in irradiation treated long-term survivors of 

head and neck cancer. Eckerström et al. [119] is a longitudinal study of 

hippocampal volumes in mild cognitive impairment (MCI) that was 

published in 2008. Olsson et al. [120] is a comparison of the reliability of 

three methods for WML estimation. There are considerable areas of overlap 

between the hippocampal and WML studies, which motivates presenting 

them together. The second hippocampal study and the WML paper both 

concern patients with mild cognitive disorder (MCI) and Alzheimer’s Disease 

(AD), and our group intends to use hippocampal and WML measurements 

together (also with other indicators) in composite diagnostic measures. 

Further, several methodological issues pertain to all three studies: especially 

segmentation difficulties because of intensity variations and other 

deficiencies of the MR images, and questions about how to measure 

reliability and how to interpret reliability figures.  
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2.1 Background 
 

2.1.1 Clinical background and aims  
 

Hippocampal studies 
 

Paper I (The low dose radiation study) 

Side effects of high dose radiation therapy directed to the CNS are a well-

known concern [121,122]. A plausible hypothesis is that some of these side 

effects are due to hippocampal damage. The hippocampus is regarded as a 

neurogenic region of the brain, with the presence of both precursor cells and 

a microenvironment suitable for production of new neurons [123]. The 

neurogenic cells are also known to be radiosensitive [124,125]. Children with 

a slowed cognitive development after treatment of medulloblastoma had a 

delayed development of their hippocampi [126,127]. Further, a post-mortem 

study on patients treated with chemotherapy and cranial irradiation, some 

with reported memory deficits showed profoundly reduced hippocampal 

neurogenesis [128]. These findings support the hypothesis that 

neurocognitive impairment after CNS-directed radiation therapy in childhood 

to some degree is due to a hampered hippocampal neurogenesis [128,129]. If 

this is so, it has high priority to shield the hippocampus even more than what 

is standardly done when radiation therapy to the CNS is given. 

Less is known about the effects on the brain of low radiation doses, which 

may result from treatment of cancer outside the CNS, although there is some 

clinical and laboratory evidence of such effects [130,131]. How the damage 

to hippocampal neurogenic cells at adult age could lead to cognitive and 

other impairments as well is not obvious. From a clinical point of view it is 
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urgent to determine if there are such effects and if so, what the mechanisms 

behind them are. Better shielding of hippocampus could be one solution to 

reduce symptoms also at lower doses. A finding of a low-dose effect could 

further lead to extended restrictions for X-ray investigations in the head and 

neck region.  

Radiotherapy to patients with cancer in the head-and-neck region will result 

in a low dose to the basal parts of the brain. In a recent study [132], fifteen 

long-term survivors of such treatment were identified and compared with 15 

controls matched for age, sex and BMI. Several quality of life dimensions 

were significantly compromised in patients compared to controls, which 

might be related to a negative effect on the CNS of the radiation therapy. The 

aim of Paper I was to investigate whether the lowered quality of life of the 

patients was associated with reduced hippocampal volumes. The material was 

also used for the development and validation of a new intracranial volume 

(ICV) estimation method (later used in the MCI study). The results of this 

validation are reported in this thesis but not in the paper.  

 

Paper II (The MCI study) 

The term mild cognitive impairment (MCI) describes a state where the 

cognitive functions are more impaired than would be expected from aging 

alone but not enough to be described as dementia. In dementia the cognitive 

functions are impaired to such a degree that it affects the daily living. Quite 

similar syndromes occur from various causes in younger age groups but the 

term MCI is almost exclusively used for impairments at older age (or as pre-

dementia at younger age). The etiology of MCI is multi-factorial and the 
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prognosis differs within the group [133,134]. Some MCI patients eventually 

convert to dementia, but many remain stable and some even improve. 

Before our study was carried out, cross-sectional volumetric MRI studies had 

found some evidence that the hippocampus is significantly smaller in MCI 

compared to controls and strong evidence that it is smaller in Alzheimer’s 

disease (AD) groups [2,135]. Longitudinal studies had also been performed 

to investigate if volumetry of various structures in the brain could predict 

which MCI subject would convert to AD. Hippocampal and entorhinal 

volumes had been shown to predict this conversion [2,136-140]. The majority 

of neuroimaging studies published in the field of MCI had focused on the 

development of AD, the most common form of dementia. Fewer papers 

studied vascular dementia, the second most common form of dementia [141]. 

Our study, which is part of the larger Gothenburg MCI study (see below), 

was the first in a series of cross-sectional and longitudinal investigations with 

structural MRI in subjects with MCI who either convert or do not convert to 

dementia at follow up. It was based on a subset of patients and controls that 

were scanned with a 0.5 T MRI scanner. Paper II tests the hypothesis that 

baseline hippocampal volumes in MCI patients can predict conversion (at the 

first follow-up) to dementia. We also address the following issues: 

asymmetries (left compared to right hippocampal volume), clinical subgroup 

differences (conversion to AD or non-AD), longitudinal volume changes and 

the usefulness of ICV normalization. 
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The white matter lesion study 
 

Paper III 

The white matter lesions (WML) study focuses on MCI and dementia. Some 

amount of WML is associated with normal aging but high WML load entails 

an increased risk for stroke, cognitive decline, dementia and death [142,143]. 

It is customary to use CT or MRI to detect WML, and WML are included 

among the diagnostic criteria for subcortical vascular dementia e.g. in 

accordance with [144]. In atrophy research, WML is also an important 

variable possibly confounding primarily gray matter volume in automatic 

segmentation methods [145]. WML are due to demyelinisation, axonal loss, 

gliosis and edema, and mainly affect information processing speed and 

executive function in cognition [146]. Studies by our group concerning the 

value of WML assessment in the diagnosis and prediction of dementia have 

been carried out and are ongoing; a paper co-authored by the author of this 

thesis shows that white matter lesion load correlates with low hippocampal 

volume [147]. 

Several issues concerning the diagnostic significance of WML are still 

unresolved. There are reports of regional WML or fiber tract integrity 

association with ischemic or non-ischemic etiology [148], specific domains 

of cognitive decline [149,150] and pathology [151,152] but other studies 

finds no point in separating WML subregions [153]. Wakefield [154] finds 

the predictive performance of total WML nearly as good as any regional 

WML assessment for the functional decline variables mobility, urinary 

incontinence severity, executive function and processing speed.  

Methodological differences (see next section) may explain a large part of 

these controversies and there is an urgent need for harmonized standards in 
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WML assessment [155,156]. As long as no consensus is established 

regarding WML properties or regions important for cognitive impairment of 

different etiologies, global WML assessment is still a major issue and visual 

rating scales, manual or automatic volumetry are the methodological types 

available. The aim of the present study was to assess the inter-rater and inter-

method reliability of three commonly used methods for such global 

assessment; their diagnostic power will be compared in a later paper (see 

Future directions).  

 

2.1.2 Methodological background 
 

Hippocampal volumetry 
 

The definition of hippocampus used here (cornu ammonis and gyrus 

dentatus) and hippocampal formation (cornu ammonis, gyrus dentatus, 

subiculum and often entorhinal cortex ) follows Duvernoy’s sectional 

anatomy of the hippocampus [157]. Volumetry of the whole hippocampus is 

often regarded as the best method for quantifying MR detectable pathologies 

in the hippocampus, at least at field strengths less than 3 T. Which 

segmentation methods to employ differ between centers, the pathology to be 

diagnosed, the field strength of the scanner and the preferred trade-off 

between accuracy and time consumption. The technical conditions regarding 

image resolution and contrast mainly depend on field strength: in 0.5–1.5 T 

MR images the demarcations are often adjusted to something in between the 

hippocampus and hippocampal formation definitions. This is because the 

0.5–1.5 T MR images normally lack demarcation information about the 

borders of the subiculum and its subregions.  In MR images from 3 T 
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scanners and higher it is possible to separate subregions of cornu ammonis 

(CA1–CA4) and gyrus dentatus in the hippocampus [158]. 

Earlier, the author of this thesis worked within a group that included 

researchers in biomedical engineering and that had as aim to develop a fully 

automatic method for hippocampal volumetry. After having reached some 

promising preliminary results [159-163] the group had to leave this research 

thread due to lack of funding. The work with an automatic method had then 

already involved the development of a new manual segmentation method that 

had been applied to several datasets. The measurements for low dose 

radiation study presented here as well as those for the m44 MRI study (see 

Future directions) were performed in 2004–2005 with the purpose to develop 

the automatic software. After 2006, the main focus for the author’s research 

instead became to further develop the manual method and to apply it to other 

clinical data in order to illuminate clinical problems. 

At an early stage our segmentation protocol used external demarcation 

criteria: the anterior commissure for the anterior limit, and the inferior and 

superior colliculi for the posterior limit of the hippocampus. This procedure 

makes the segmentation easier and as a rule results in better reliability, but it 

is not a valid measure of hippocampal volume. It is inapplicable to 

obliqueness like if the brain lies slightly diagonally in relation to the 

intracranial vault, or if the patient’s head is oblique in relation to the scanner 

orientation. The external anterior and posterior landmark method a priori 

misses a large part of the possibilities to detect hemispherical asymmetry. 

The left hippocampus generally occupies more coronal slices than the right 

hippocampus in females yet the right hippocampus is bigger [56]. Also, 

interindividual differences in the location of the hippocampi in relation to the 

mentioned external landmarks are clearly possible. This early method may 
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not have any application today but our comparison of it with the full 

segmentation may still be of some interest. These results are reported in the 

thesis but not in Paper I. 

In an earlier phase of the segmentation method the thin white matter alveus 

was excluded. Because of partial volumes effects and low resolution it is 

difficult to determine the thickness of this layer on 0.5–1.5 T MR images, and 

in Paper I and II the alveus is included in the hippocampal segmentation (see 

Figure 2, Paper II). 

The segmentation software was first called Hipposegm but the name of its 

recent versions is MIST (Medical Imaging Segmentation Tool). It was 

developed for manual, volumetric segmentation of brain structures – not only 

hippocampus and other MTL structures but also for example ICV and WML 

– from MRI data. Hipposegm, as used in Paper I and II, offered segmentation 

in coronal, sagittal and transversal views, adjustable interpolation methods, 

noise reduction and 3D visualizations. MIST adds segmentation of different 

views at multiple windows, reformatting of the image data, a capability to 

resize the visualization windows and to get the visualization size in accord 

with the actual size of the voxels, intensity adjustments, threshold 

segmentation and an optional random left/right display of the MR images 

[164]. MIST is developed in MATLAB and at the moment not for public use. 

 

White matter lesion assessment 
 

WML visible in MRI reflect demyelinisation, axonal loss, gliosis or edema 

however structural MRI comprises no lucid separation between these 

pathological substrates.  
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There are several visual rating methods for WML research purposes 

[165,166]. Among these the Fazekas visual rating [167,168] is frequently 

used in research and it has been shown to have good reliability compared to 

two other rating scales [166] but the results on its correlation to volumetric 

assessment diverge. For example, the Fazekas visual rating has shown the 

highest [165] and lowest [169] correlation to volumetric assessment 

compared to other visual rating scales.  

Manual volumetric assessments have shown higher reliability than visual 

rating scales [165,169] and would be valuable in clinical settings if made less 

labour-intensive. In Gouw et al. [170] visual rating of WML and WML 

volumetry had similar correlations to neuropsychological performance, but in 

Garrett et al. [171] a correlation to neuropsychological performance was only 

found using WML volumetry and not in visual WML rating. Several 

segmentation and thresholding techniques have been used to manually assess 

WML volume in the literature but one of the few techniques with a 

methodological description is reported in Gurol et al. [172] and implemented 

in the software MRIcron. 

Several automatic volumetry methods have been developed for WML 

classification [173-175]. FreeSurfer is one of these methods and contains 

automatic assessment of neuroanatomical subregions as well as WML 

hypointensity volumes. However, few publications have reported FreeSurfer 

WML volumes at all and only one study reports inter-method reliability 

figures [176]]. The latter study also reported that regional WML predicted 

executive dysfunction. One study found that total WML was significant for 

AD versus controls [177] and another found that total WML predicted 

functional decline almost as well as the best predicting regional WML 

regions [154]. 
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2.2 Materials and methods 
 

2.2.1 Study characteristics of the hippocampal 
volumetry studies 

 

The low dose radiation study (Paper I) 

In 2002, one hundred and one individuals treated for malignancies in the head 

and neck region were identified from the local database of the Department of 

Oncology at Sahlgrenska University Hospital in Gothenburg. They had 

received radiotherapy to the neck and base of the skull during 1992 to 1998 

due to cancer in the epipharynx or oropharynx. Out of these 101, fifteen 

patients (11 men and 4 women, mean age 56 years, range 31-65) with no sign 

of recurrence participated in a final endocrinological and radiological study. 

The process of selection that resulted in this reduction of study size is 

described in detail in [178] that also reports the endocrinological data. Fifteen 

healthy controls matched for age, sex and BMI were recruited. Relatives or 

close friends were prioritized as controls in order to adjust for social status. 

Patients and controls all underwent an MRI examination of the brain on a 

Philips Gyroscan Intera 1.5 T scanner. 

 

The MCI study (Paper II)  

The Gothenburg MCI study [134] is a clinically based longitudinal project 

that aims at identifying neurodegenerative, vascular and stress-related 

disorders prior to the development of dementia. At baseline patients and 

controls undergo investigations including neurological, psychiatric, cognitive 
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screening, neuropsychological testing, MRI, SPECT, EEG, sampling of 

blood and CSF. The subjects are classified according to the Global 

Deteroriation Scale (GDS) [179] where GDS 2–3 is MCI and GDS 4 mild 

dementia. At the biannual follow-ups, most of these investigations are 

repeated. MRI is done at the first (two-year) and the third (six-year) follow-

up. Somatic disorders of possible neurological and neuropsychiatric 

relevance are noted at each visit. Controls are recruited from other medical 

studies and organizations for senior citizens.  

Different MRI scanners have been used since the start of the study in 1999. A 

0.5 T magnet (Philips NT5) was used for the part of the study presented in 

Paper II. The subjects (n = 68) include 21 patients with MCI both at baseline 

and follow-up (stable MCI or MCI-s), 21 patients with MCI who converted 

to mild dementia at follow-up (converting MCI or MCI-c), and 26 controls. 

Of the MCI-c patients 13 converted to AD and 8 to non-AD dementia. The 

majority (n = 48) of the subjects were scanned twice with the 0.5 T scanner: 

MCI-c* (n = 14), MCI-s* (n = 15) and Controls* (n = 19).  

 

2.2.2 Methods used in the hippocampal studies 
 

MR-imaging 

Hippocampal segmentation was in both studies done on coronal slices 

scanned perpendicularly to the hippocampal principal axis. The following 

scan parameters were used. 
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Table 1. Scan parameters 

Study Radiation Mild cognitive impairment 
Scanner  Philips Gyroscan Intera 1.5T Philips NT 5 0.5T 

Orientation Coronal Coronal Axial Sagittal Coronal Axial Sagittal 
Slice thickness (mm) 2.4 3 2 5 1.5 1.5 4 
Spacing b. slices (mm) 1.2 3 2 6 1.5 1.5 4.4 
Acquisition sequence 3D T1 FFE  2D TR IR 2D T1 IR T2 W/TSE 3D T1 FFE 3D T1 FFE T2 TSE 

Repetition time (ms) 25 2150 2500 5830 30 30 4682 
Echo time (ms) 4.6 10 10 110 10 10 120 
Flip angle (°) 30 90 90 90 40 40 90 
Field of view (mm) 230 200 200 250 220 220 230 
Pixel spacing (mm) 0.45 0.39 0.39 0.98 0.86 0.86 0.45 
Matrix size 512x512 512x512 512x512 256x256 256x256 256x256 512x512 

 

Anatomical principles 

Following Jack et al. and Cook et al. [180,181], our segmentation protocol 

uses the hippocampal/uncal fissure as medial border, which means that only 

the part of subiculum contiguous with the hippocampus is included. In other 

segmentation protocols it is common to include the whole of subiculum in the 

hippocampal region and the volume estimate is then about 15% higher than 

estimates based on the Jack and Cook protocols. The white matter structure 

fimbria is the main output pathway from the hippocampus and it is excluded 

from the hippocampal region of interest. The thin white layer alveus is 

included because low resolution and partial volume effects make it difficult 

to demarcate from other parts of hippocampus on 0.5 T and 1.5 T scanners 

[182]. The alveus is a major pathway to CA1 from entorhinal cortex. Axons 

from CA1 through the alveus are also the main output from the hippocampus 

both to the pathway fimbria and to the subiculum. As mentioned above the 

whole hippocampus was segmented and external demarcation criteria for it 

were not used. 
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Software & hardware 

An earlier version of MIST (see above) called Hipposegm was used. The 

coronal slices were pen segmented on an interactive Wacom PL-400 or 

Cintiq LCD tablet screen.  

 

Internal landmark setting 

The segmentation consists of two parts: 1) Internal landmark setting done by 

point-wise cross setting in the sagittal view of the reformatted coronal image. 

2) Segmentation of the hippocampus in the coronal series done by continuous 

pen drawing and point-wise sampling.  

 

 

 

 

 

 
 

Figure 2. A1. Landmarks set in the reformatted sagittal slice of the 
hippocampal region. The yellow line in A1 shows the position of the coronal 
slice in A2. The red crosses are used for anterior and posterior limits and the 
green crosses are used for other limits.  
A2. Green landmarks transformed into the coronal view to guide the 
segmentation (red line) in the anterior hippocampal head.  
B1. Landmarks set in the reformatted sagittal slice of the hippocampal 
region. The yellow line shows the position of the coronal slice in B2. 
B2. Landmarks (crosses) transformed into the coronal view to guide the 
segmentation (red line) in the most difficult parts of the hippocampal tail. 

A2 A1 

B1 B2 
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Landmark crosses are placed in the sagittal view in order to guide the rater 

where the demarcation in the original coronal image is difficult to interpret 

(Figure 2, from Paper I.). The most difficult parts are the anterior part where 

the hippocampal head reveals no border to amygdala and the posterior parts 

in the hippocampal tail. A careful segmentation of the hippocampal tail is 

important because that a substantial volume of hippocampus is in the tail and 

its morphology differs by sex [56]. The landmark crosses are color coded by 

the rater to indicate differences in certainty about their correct position.  

 

Segmentation 

The segmentation of the hippocampus starts in the body, which is the easier 

part, and ends in the more difficult head and tail. Starting in the first slice of 

the body posterior to the hippocampal head the segmentations proceed to the 

last slice of the tail. Then the segmentation continues, with a glance of the 

starting slice in the body, from the first slice of the hippocampal head to the 

most anterior slice. 

The segmentation strategy for each particular slice is decided by balancing 

four aspects: 1) The hippocampal borders visible in the image, 2) The 

hippocampal borders in the images of contiguous slices, 3) The hippocampal 

borders shown in the most appropriate section in Duvernoy’s atlas [157], and 

4) The presence of landmark crosses in the slice.  

Frequent consultations of Duvernoy’s sectional anatomy of the hippocampus 

[157] and the segmenting guidelines elaborated by Pantel et al. [183,184], 

Cook et al., Jack et al. and Pruessner et al. [104,180,181] do facilitate a stable 

interpretation approach. In the recent survey [102] of segmentation protocols 

the protocol in Convit et al. [185] is the most similar to the hippocampus 
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segmentation protocol developed in our group but in our protocol a full 

segmentation of the hippocampal tail [56] is included. 

 

3D visualization  

After segmenting the whole hippocampus it is 3D visualized to check for 

deviations from curvature expectations. E.g. hippocampus should have a 

smooth curvature on the lateral side at the border between the hippocampus 

and the lateral ventricle. On the inferior side, the border between the 

hippocampus and the white matter of the parahippocampal gyrus should also 

be smooth. Discontinuities from the expectations regarding curvature could 

be a result of patient movements that results in every second slice 

displacement, and the rater must be open to this possibility. Unexpected 

discontinuities in curvature that most probably are the results of such obvious 

errors can then be adjusted for in the segmentations. 

 

Intracranial volume normalization by the three orthogonal 
slices method 

As mentioned in the section above on Normalization, several different 

estimates of ICV are in use ranging from simple distances via single slices to 

a subset of all slices in one direction. Using the images from the low dose 

radiation study for validation, a new method was developed based on the idea 

that three orthogonal images would capture most of the 3D shape of the 

intracranial cavity. The new method was not used in the radiation study 

(Paper I) since we there had access to a full ICV segmentation from the 

validation, but it was used in the MCI study (Paper II). Since only a summary 

is given in Paper II, the method is presented in detail here. 
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Using the Hipposegm software, the contours of the intracranial cavity are 

drawn in four slices (from three orthogonal scans) chosen in relation to 

landmarks where the area of the cavity cross-section can be expected to be 

maximal (Figure 3). Two slices (one on each side of the midline) are needed 

in the sagittal view in order to avoid the hemispheric sulcus and the falx 

cerebri; their mean area is used as the sagittal intracranial area.  

Figure 3. Coronal slice, one of the two sagittal slices and transversal slice 

used in the Orthogonal ICV method.  

The resulting three coronal, sagittal (mean of two) and transversal areas were 

denoted ICAcor, ICAsag and ICAtrans and were applied in the formula: 

 

(1) ICVell = 
4

3 !
(ICAcor * ICAsag * ICAtrans)  

 

The rationale of this is that the formula for the volume Vell of an ellipsoid 

with radii a, b and c respectively is: 

 

(2)  Vell = 4/3 * π * a * b * c  
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If three ellipses have radii (a, b), (b, c) and (a, c) respectively, the product P 

of their areas becomes 

 

(3)  P = π3 * a2 * b2 * c2  

 

and the square root of P is identical with the expression in (2) except for a 

scaling factor 
4
3 !

. Hence, using the simplifying assumption that ICAcor, 

ICAsag and ICAtrans are ellipses that pairwise share two diameters, (1) means 

approximating the intracranial cavity with an ellipsoid having its main axes 

parallel to the normals of the segmented slices.  

The relation between ICVell and “true” ICV was investigated in connection 

with the low dose radiation study. ICVell as assessed by two raters in the 30 

subjects was compared with the total intracranial volume (ICVtot) as 

calculated from full segmentations by the same raters, using sagittal slices 

with 6 mm spacing. As reported in the Results section below, ICC of both 

measures as well as their intercorrelation was very high. The linear regression 

equation relating ICVell and ICVtot was therefore used in the MCI study to get 

a final estimate of true ICV from ICVell. 

In both studies, we followed the normalization procedure described by Jack 

et al. [70]. This means calculating the regression of the left and right 

hippocampal volume on the ICV estimate that one uses (for simplicity 

abbreviated ICV in formula 4). The underlying assumption is that these 

regressions catch most of the variance in hippocampal volume due to 

differences in intracranial volume. In the MCI study we used the baseline 
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scan of the control subjects (n = 26) for the regressions. In the radiation 

study, the whole material was used. To get a normalized volume Vnorm from 

an absolute volume Vabs, the following formula was applied: 

 

(4)  Vnorm = Vabs - k * (ICV - Mean(ICV)) 

 

where k is the detected slope of the regression line (the regression 

coefficient) and Mean(ICV) refers to the mean estimated ICV in the whole 

material.  

Note that because a linear function of a linear function is another linear 

function, one may use ICVell as ICV in the normalizing formula (4).1 

Today it is common to use a direct proportionality formula for normalizing. 

However, the regression method accords better with the true relation between 

hippocampal and intracranial volumes. It does not produce spurious 

correlations between normalized volumes and ICV and may be more robust 

to measurement errors than the proportional method [75].  

Our method for ICV estimation will be compared with other alternatives in 

an ongoing study (see Further directions). 

                                                        
1 There are two inconsequential errors in Paper II concerning ICV. First, the formula 
for ICVell is misprinted on p. 52 (but the correct formula was used). Second, ICA 
calculations were done using the parameter pixel spacing instead of spacing between 
slices, which means that a scaling error was introduced in formula (4) (p. 37).  

However, for the reason just given the latter error does not affect the normalization in 
any way. 
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2.2.3 Study characteristics of the WML study 
 

From the Gothenburg mild cognitive impairment (MCI) study (see above), 

124 subjects between 40 and 86 years of age (Mean 65.6, SD 7.7 years) with 

subjective or objective cognitive impairment were recruited together with 28 

controls. Like in the hippocampus MCI substudy, subjects with a GDS 2 or 

GDS 3 score received an MCI classification. MCI subjects remaining in the 

GDS 2 to GDS 3 range at the first follow-up were classified as “MCI stable” 

while MCI subjects receiving a GDS 4 (mild dementia) or higher 

classification at follow-up were classified as “MCI converting”. Of the 128 

patients, 69 were MCI stable, 9 were MCI converting and 46 had dementia at 

baseline.  

2.2.4 Methods used in the WML study 
 

The three different types of WML assessment methods chosen in the present 

WML study consist of 1) visual rating, 2) manual segmentation and 

thresholding, and 3) automatic volumetry. Visual rating can be apprehended 

as an intermediate form between total WML and regional WML assessment 

in the sense that only the largest focal occasion of WML is rated. In contrast 

to the visual rating the volumetric methods compared can be used for total 

WML assessment as well as for voxel-based general linear model analysis of 

association with e.g. episodic memory and executive function as in Smith et 

al. [176]. Hence the visual rating can be considered narrower than the more 

versatile volumetric methods.  

The visual rating was performed with the Fazekas visual rating scale [167] 

with modifications as described below and in Paper III. The scale was chosen 

because of its simplicity and fastness. Manual segmentation and thresholding 
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was performed with the MRIcron software [172] and was done because it is 

commonly regarded as the golden standard. The method was adapted from 

Gurol et al. [172] and is one of few manual WML assessment methods 

reported in sufficient detail. A modification was deemed necessary to deal 

with the intensity inhomogeneites in the images (see below). The automatic 

method used was FreeSurfer [94,95] and it was chosen because of its 

common use for brain MRI parcellation together with the further need to 

validate its classification of WML.  

WML was measured on the first 1.5 T MR imaging acquisitions from a 

Siemens Symphony scanner in the Gothenburg MCI study between the years 

2005 and 2007. Axial T2 weighted images were used for the Fazekas rating, 

coronal FLAIR images were used in the MRIcron software and coronal T1 

weighted images were analyzed with the FreeSurfer package. All raters and 

operators were blinded for the identity and cognitive status of the subjects.  

Table 2. Scan parameters 

Study White matter lesion 
Scanner Siemens symphony 1.5T 

Orientation Coronal Axial Coronal 
Slice thickness (mm) 5 5 1 
Spacing between slices (mm) 5.5 6 1 
Acquisition sequence 2D FLAIR T2 2D TSE T1 3D MPR 
Repetition time (ms) 8780 5410 1610 
Echo time (ms) 112 104 2.38 
Flip angle (°) 150 150 15 
Field of view (mm) 230x187 230x187 250x203 
Pixel spacing (mm) 0.45x0.45  0.45x0.45 0.49x049 
Matrix size 512x416 512x416 512x416 
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Visual rating 

WML severity was rated using a modified Fazekas scale [167,168]. In 

accordance with the recommendations by Fazekas et al. periventricular WML 

and deep WML were not rated separately [186]. Further, in contrast to the 

original four-graded scale only three grades were used as in Inzitari et al. 

[168]. In the present study grade 1 therefore also included possible absence of 

WML. For each subject the slice with the largest WML occurrence visible 

was used to determine the WML load. The assessments were performed 

independently by two raters (JB and JE) who compared the images with the 

template images of different grades of WML given by [168]. The template 

images were in axial orientation. Metrical measurements were not used and 

only cerebral WML were included in the ratings.  

 

MRIcron 

Cerebral WML segmentation and intensity thresholding were performed on 

coronal 5 mm FLAIR images using the MRIcron software and the method 

described by Gurol et al. [172]. The segmentation method consists of an 

initial rough manual demarcation of WML followed by thresholding. In the 

present material, artifactual image intensity differences between slices and 

between series (using the same FLAIR sequence) were common and no 

automatic intensity normalization between patients was done. Instead the 

MRIcron grayscale mapping was used on a window setting containing all 

brain tissue in a certain slice (containing the quadrigeminal plate). Due to 

intensity inhomogeneities, the method adapted from Gurol et al. [172] 

required a modification towards a more WML specific manual segmentation. 

One rater (EO) demarcated 152 subjects, while a second rater (JB) 
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independently demarcated 27 randomly selected subjects for the 

determination of inter-rater reliability.  

 

FreeSurfer 

Hypointensity volumetrics determined as WML were estimated by an 

operator (NK) running the FreeSurfer analysis (stable release version 4.0.5). 

Manual edits were done by the operator (NK) to reduce inaccuracies in white 

and grey matter classification. The segmentation process has been described 

in detail elsewhere [94,95]. 

 

 

2.3 Results 
 

2.3.1 Methodological results of the hippocampal 
studies 

 

Validation of the method 
 

ICV segmentation and estimation: reliability  

The full ICV segmentations in the low dose radiation study had a raw 

correlation (Pearson’s r) of 0.987 between two raters (CE and EO). The 

interrater reliability in terms of ICC (two-way mixed model, average measure 
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reliability, absolute agreement) was 0.992. The mean value of the two raters’ 

full ICV estimates was used as the ICV measure in the study. 

The correlation (Pearson’s r) between two raters’ (AW and EO) ICV estimate 

from the four-slice method, ICVell, in the same material was 0,998. This 

estimate was not further used in the study. 

In the MCI study, the intrarater reliability for the ICV estimate ICVell (single 

measure absolute agreement ICC, based on data from 26 subjects) was 0.986. 

 

Hippocampal volumes: reliability and variance 

In the low dose radiation study, the correlation (Pearson’s r) between EO’s 

and CE’s final measurements of total hippocampal volumes was 0.854 and 

the intraclass correlation (ICC; two-way mixed model, single measure 

reliability, absolute agreement) was 0.764. Consistency ICC (two-way mixed 

model, single measure absolute agreement reliability) was 0.852. 

In the MCI study, the intrarater reliability for the hippocampal segmentation 

(based on 30 repeated segmentations by CE) was as follows: Pearson’s r = 

0.937, single measure absolute agreement ICC = 0.712. The interrater 

reliability (CE’s second segmentation vs EO’s segmentation of the same 30 

series) was: Pearson’ r = 0.935, single measure absolute agreement ICC = 

0.663.  

In the low dose radiation study, ICV normalization reduced the overall 

variance in total hippocampal volume with 46% (Paper I, Table 4). 
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External or internal landmarks: a comparison 

Measurements using external landmarks were done early in the low dose 

radiation study but were not reported in Paper I because of their low validity. 

The correlation (Pearson’s r) between EO’s full hippocampus segmentations 

and the segmentations using external landmarks was only 0.55 for right or 

left hippocampus taken separately. Using the external landmarks, the full 

volumes were cropped in order to allow a better comparison with the earlier 

volumes found using external landmarks. The correlations between the 

cropped volume and the old volumes were 0.87 for right hippocampus and 

0.91 for the left. The correlation of the remaining anterior or posterior 

volumes of the whole hippocampus with each other and with the old volumes 

(using external landmarks) were however all weakly negative. The number of 

hippocampal slices anterior to the anterior landmark and the number of slices 

posterior to the posterior landmark were also negatively correlated to each 

other. For a possible explanation of this see Discussion.  

 

2.3.2 Clinical results of the hippocampal studies 
 

The low dose radiation study 

We did not find any significant difference with respect to left, right or total 

hippocampal volume between patients and controls. The mean differences 

were all close to zero and the two-tailed 95% confidence interval for 

normalized total hippocampal volume does not include more than an 8% 

lower mean volume for the patients.  Normalizing eradicated the differences 

in absolute volumes between men and women. An expected age trend was 

found. For more results and numerical data, see Paper I.  
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The MCI study 

Hippocampal volumetry could predict conversion to dementia in both the AD 

and the non-AD subgroup of converters. Contrary to some earlier studies, it 

was found that left hippocampal volume had the best predictive power. Cut 

off points for individual discrimination were shown to be potentially useful. 

The converting MCI group had a significantly higher rate of hippocampal 

volume loss than the stable MCI group. For more results and numerical data, 

see Paper II. 

An interesting side finding emerged from the puzzling observation that the 

control group had a higher mean rate of hippocampal volume loss between 

the baseline and follow-up examinations than any of the patient groups. An 

inspection of the medical journals showed that the high mean volume loss 

was almost entirely explained by the data from a subgroup of six control 

subjects that experienced considerable medical and/or psychiatric problems, 

such a breast cancer or stroke, after their inclusion. Such problems were 

clearly overrepresented in the control group. The finding still remains to be 

followed up with a comprehensive analysis of the differences between the 

groups. 

 

2.3.3 Results of the WML study 
 

Regarding inter-rater reliability, the Spearman rho coefficient was 0.89 for 

the modified Fazekas visual rating scale and 0.60 for the manual MRIcron 

WML volumetry. The rho value was 0.65 for the inter-method correlation 

between FreeSurfer automatic WML volumetry and manual WML volumetry 

(Paper III, Table 3). No significant systematic differences between raters 
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were found for Fazekas visual rating or for MRIcron manual volumetry in the 

Wilcoxon matched pairs test. 

 

In order to evaluate reliabilities in the dense and the sparse parts of the data 

distribution (Paper III, Figure 2), respectively, the WML volumes were 

separated into tertiles (Table 3, below). For the aggregated lower two tertiles 

the Fazekas inter-rater reliability (Spearman’s rho) measured 0.65 and for the 

upper WML tertile 0.92; this difference was significant. The manual 

MRIcron inter-rater reliability was non-significant for the lower two tertiles, 

which make up about 10 percent of the whole volume range, but significant 

for the upper WML tertile with an inter-rater reliability of 0.94. When 

separating the lower aggregated WML tertiles into an anterior and a posterior 

part with respect to their location in the brain a significant reliability could be 

seen for the posterior part with a rho value of 0.56. There was still no 

significant reliability for the anterior part. For the inter-method reliability 

between the manual MRIcron volumetry and the automatic FreeSurfer 

volumetry the rho value was also lower, 0.38 in the lower aggregated tertiles 

than in the upper tertile, 0.74. 

Table 3. WML reliability 
 Kendall’s 

tau-b 
ICC       
all tertiles 

ICC 
below T3 

ICC        
in T3 

Rho       
all tertiles 

Rho 
below T3 

Rho        
in T3 

Inter-rater reliability        
Fazekas 0.88** 0.87** 0.65** 0.86** 0.89** 0.65** 0.92** 
Manual WML Total 0.45* 0.97** 0.19 0.95** 0.60** -0.03 0.94** 
Manual WML Anterior     0.63** 0.23 0.94** 
Manual WML Posterior     0.82** 0.56* 1.00** 

Inter-method reliability        

Manual WML vs 
Automatic WML 

0.48** 0.51** 0.14** 0.44** 0.65** 0.38** 0.74** 

* p<0.05 , **p<0.01  
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Bland-Altman (BA) plots were also used to illustrate the absolute volume 

inter-rater and inter-method differences. For the results see Paper III, 

especially Figure 1. 

The volumes found by FreeSurfer automatic volumetry differed significantly 

from those of the manual MRIcron volumetry. Almost all FreeSurfer 

volumes were lower than the corresponding manual MRIcron volumes (Paper 

III, Figure 1). A visual inspection of a number of scans revealed some 

possible explanations for this, but it could also be seen that FreeSurfer was 

more inclusive in some respects. Since the results of the visual inspection are 

tentative they are not reported in this section but only in the Discussion. 
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3 DISCUSSION 

 

3.1 Discussion of the hippocampal studies 
 

Reliability and validity 

The interrater reliability is similar in the two hippocampal studies in spite of 

differences in image quality, disease and rater experience. This can be 

interpreted as an indication of robustness in the segmentation method.  

The data from the material in the low dose radiation study clearly show that a 

hippocampal volumetry method based on external landmarks is defective. A 

segmentation protocol with easily discernible landmarks for anterior and 

posterior borders can be expected to enhance reliability figures but the 

accuracy may nevertheless be poor [80]. However, the zero or even negative 

correlations found between part-volumes in the segmentation of the whole 

hippocampus indicate that marked differences in the anterior/posterior 

location of the hippocampus in relation to the landmarks were present. If a 

hippocampus is for example translated forwards, the volume anterior to the 

anterior landmark grows but the volume behind the posterior landmark 

shrinks. At the same time, the correlation between the “old” volumes and the 

cropped “new” (full) volumes was high, indicating a high reliability of the 

measurements.  

The reliability of our full hippocampus segmentation method, as measured 

with absolute measure intraclass correlation in the MCI and low dose 

radiation studies, is not as high as one should desire. However, in both cases 
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there are known circumstances that lower the reliability. The method was 

being developed when the low dose radiation study was performed, and the 

second rater was relatively inexperienced when he segmented the radiation 

data. More importantly, there was a considerable systematic difference 

between the raters. Since the main conclusion of the paper is based on 

differences between study subjects, any systematic difference between raters 

should tend to cancel out in the calculations. In other words, consistency ICC 

or even simple correlation may be better measures of the relevant kind of 

reliability than absolute measurement ICC.  

One of the highest reported reliability figures in recent years is from the 

study by Malykhin [187], surprisingly inter-rater ICC was excellent but intra-

rater ICC was not. Intra-rater reliability can be expected to be higher than 

inter-rater reliability due to a smaller systematic bias between sessions for a 

rater than between raters. In our MCI study intra-rater reliability was 

marginally higher than inter-rater reliability. However, several studies report 

higher inter-rater than intra-rater reliability, which awaits an explanation 

[102]. 

In the MCI study, the material chosen for the reliability calculations included 

the baseline and follow-up scans of 14 patients who progressed to dementia. 

For both studies, the lack of really high reliability is to a considerable extent 

compensated by the agreement with external criteria (predictive power or 

criterion validity, see next section). 

The reliability of our method for estimating ICV is excellent, and so is its 

correlation with a total segmentation. Its accuracy compared to other manual 

and automatic methods (cf. above) is an open issue that is being investigated 

in an ongoing study (see Future directions).  
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Power and sample size: some general considerations 

Power calculations (see Introduction, section 6) are recommended before 

starting a scientific study in order to determine a suitable sample size, but no 

formal calculation was performed for any of the two hippocampal studies. 

However, there are other considerations determining sample size. At times 

where a limited but clinically important sample is available it can be wrong 

not to investigate it, especially if the study does not have any negative 

consequences for the involved subjects. In the case of Paper II, all available 

0.5 T patient data from a large dataset of already performed MR 

investigations were used. Since the study got significant results its power 

does not matter for the interpretation of the results [188].  

It is always more difficult to evaluate a study with a negative main finding 

and if its power is low the finding could very well be due to chance. 

Although retrospective power calculations should be avoided [188], the 

sample size in Paper I is arguably low. The sample size was to a large degree 

due to the strict exclusion criteria used, which ought to have considerably 

reduced true (as opposed to methodological) variability. The careful 

matching of patients and controls also probably improved power by lowering 

variability. Consistency ICC turned out to be close to excellent in spite of the 

second rater’s relative inexperience. The best argument that the negative 

main result is not due to chance is, however, the significant and expected 

findings concerning sex, age and laterality. These findings show the criterion 

validity of the method, i.e. its agreement with external measures. The same 

set of findings in the MCI hippocampus study (Paper II) also strengthen the 

probability that the main result of that study is valid. 
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Clinical significance 

In paper I the main finding was that no difference in hippocampal volume 

was found between the low dose irradiated group and the control group. 

Hence the reduced quality of life in the patient group was probably not due to 

a substantial volumetric reduction in hippocampal volume. Other possible 

kinds of damage to the hippocampus were not investigated. Yet another low 

dose radiation induced damage explaining the reduced quality of life might 

be leukoencephalopathy, mediated by damage to carotid artery or intracranial 

vessels [189]. Finally, psychogenetic mechanisms cannot be excluded, but 

findings from other cancer research tell against such an explanation; see 

[178] for a full discussion of this.  

In paper II the main finding was that left hippocampal volume best predicts 

which MCI patients will subsequently convert to dementia. This seems to be 

the typical pattern in AD but with subsequently reduced left right 

hippocampal differences in disease progression [190]. MCI patients 

converting to non-AD dementia also had significantly smaller left 

hippocampal volumes than the stable MCI patients. Altogether the left 

hippocampus may be an early predictor of dementia regardless of dementia 

type.  

Volumetry of the hippocampus together with volumetry of other MTL 

structures and/or other biomarkers has a potential to become a sensitive 

detector of the initial and intermediate neuropathological stages of 

Alzheimer’s disease. In a study from our group, hippocampal volumetry 

together with other biomarkers has been shown to be a more sensitive 

predictor than the biomarkers alone [191]. According to Devanand et al. 

entorhinal and hippocampal volumetry both contribute to the prediction of 

dementia in MCI patients [139]. Entorhinal but not hippocampal volumes 
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have in two studies been found to differ significantly between controls and 

MCI subjects, but both entorhinal and hippocampal volumes differed 

between MCI and AD patients [192,193]. This indicates entorhinal volumetry 

as an earlier biomarker than hippocampal volumetry which is in agreement 

with the Braak stages of the major pathogenesis in AD [33]. In a recent study 

right entorhinal cortical thickness assessment was found to be the best single 

predictor of MCI to AD conversion among neurochemical, psychometric and 

imaging biomarkers [194]. 

 

3.2 Discussion of the WML study 
 

Reliability 

Conventional inter-rater reliabilities as measured with Spearman’s rho were 

acceptable for the Fazekas rating and the manual MRIcron volumetry. The 

inter-method reliability for the manual MRIcron and automatic FreeSurfer 

methods was also acceptable. It is common to evaluate reliability in WML 

research with intraclass correlation (ICC) with excellent results e.g. in Gao et 

al. and Smith et al. [165,176]. However, it is misleading to use such an 

analysis in a data structure where the distribution is skewed, with very sparse 

data points in the upper third of the volume range, as was the case with WML 

in the present sample. While showing an excellent reliability for the whole 

sample, like previous studies, the ICC in the lower aggregated tertiles for the 

manual method was non-significant (Table 3 in Paper III). The density of low 

burden WML (Figure 2, Paper III) probably represents a very common 

clinical distribution and reliability analysis must under these conditions be 

performed and interpreted with caution. 
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The finding in the present study of lower reliability in the Fazekas rating with 

lower WML burden is congruent with the finding by Wardlaw et al. [195] 

where cohorts with lower WML burden showed lower reliability. The higher 

reliability for high WML burden has been considered as a ceiling effect but 

there might as well be floor effects in visual rating [196]. Presumed ceiling 

and floor effects do not disqualify visual rating as a candidate for clinical use 

but such effects would in general lower the usefulness for WML research, 

e.g. the possibility to find valid correlations with psychometrics. 

The non-significant Spearman correlation in the aggregated lower tertiles 

between manual MRIcron volumetry raters could possibly be due to the high 

density of data affecting the rank order of the ratings. It is unclear if the high 

Spearman correlation for high burden WML implies an overestimation of the 

reliability due to the sparse data density (leading to less error with ranked 

data) or if there really was a higher reliability as the BA plot of fractional 

differences seems to imply (Figure 3 in Paper III, right). In our opinion the 

low reliability in low burden WML is most probably not due to the 

combination of high density of data and the nature of the Spearman 

correlation. Rather it may be a real rater- and inter-method variation as is 

visible in the BA plots, which seem to indicate an increased variation in the 

lowest quarter of the volume range.  

 

Intensity variations 

The higher rater variation in low WML may be due to difficulties in the 

handling of intensity distortion affecting the thresholding step in the manual 

volumetry. Intensity inhomogeneities in MR images and variation in 

grayscale level between scan series result in inconsistent classifications of 

hyperintensities that in turn introduce measurement errors in the manual 



 

53 

WML assessment. In order to assess WML volumes as accurately as possible 

under conditions with varying intensity levels through the image slices of a 

subject, a methodology was chosen where the thresholding was adjusted as a 

compromise to best fit the visible WML volume through all image slices of a 

subject’s brain. Since the localization and extent of WML vary, the accuracy 

of the thresholding can be expected to be decreased by these intensity 

distortions. A particular shift in grayscale level was observed in the anterior 

part of all FLAIR image series (Paper III, Figure 4), which may be due to 

gradient eddy currents or cross talk between 2D FLAIR slices [16,17]. The 

unreliability for low WML seems to emanate mainly from the anterior half of 

the image data and the intensity shift in the anterior part may well be a reason 

for more complex considerations in the thresholding of low WML burden 

cases. For higher WML volumes the thresholding step in general only affects 

the amount of WML selected, but for lower volumes the thresholding more 

often affected the presence or absence of WML in a slice. The thresholding at 

higher WML volumes could therefore be expected to be more 

straightforward. In short, increased complexity in the thresholding may be the 

main cause of an increased rater variation for low WML volumes. 

 

Differences between FreeSurfer and manual volumetry 

The FreeSurfer suite includes intensity normalization steps which to some 

extent will limit intensity distortion but that also may extinguish some of the 

hypointensities. Further, the T1 MR sequence used for the FreeSurfer 

volumetry does in general have lower WML definition and somewhat smaller 

areas of WML hypointensities compared to the hyperintensities in the FLAIR 

sequence. A visual inspection of the T1 weighted images and the FreeSurfer 

segmentations confirmed that the substantial deviations between the 
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volumetric methods in the detection of WML, in various locations might 

mainly be due to the lower definition in the T1 weighted images. The 

FreeSurfer segmentation often omitted large amounts of deep WML seen in 

the FLAIR images (Paper III, Figure 5) and on a few occasions classified 

sulcal cortical voxels as WML. Occasionally FreeSurfer also detected more 

WML in the periventricular region than visible in the T1 weighted images. 

Compared to WML seen in FLAIR images the amount of WML found by 

FreeSurfer still was lower even in the periventricular regions. The T1 

weighted MR images in Paper III, Figures 5 and 6 are examples showing that 

the noise level makes the detection of punctate WML a difficult task, 

nevertheless FreeSurfer detects several punctate WML patches in this region. 

The single punctate WML patch in the FLAIR slice in Figure 6 is hardly 

visible in the T1 slice and it conceivable that no punctuate WML patch in this 

location is detected in FreeSurfer. In some cases FreeSurfer detected small 

punctate WML not detected in the manual volumetry (Figure 6 middle row), 

but often it detected less punctate WML than the manual volumetry (Figure 6 

lower row). Hence FreeSurfer seems to detect punctate WML in a somewhat 

random way. In short, the FreeSurfer volumetry generally detects less WML, 

which is likely due to a combination of the method, the characteristics of 

WML and the visibility of WML in T1-weighted images, and leads to larger 

differences between the methods when measuring larger WML volumes 

(Paper III, Figure 1). 
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4 CONCLUSIONS 

Among the various sources of variation and differences in structural MRI 

assessment some known systematic differences could be used to confirm an 

interpretation of the result that low dose radiation gave no volumetrically 

discernible damage to the hippocampus. 

Hippocampal atrophy is present in a variety of diseases and hippocampal 

volumetry can be apprehended as an unspecific disease marker. Especially 

left hippocampus seems to be an early dementia biomarker but with the 

largest effect size in AD.  

If ICV is estimated with a reliable and valid method, ICV normalization can 

greatly reduce overall volumetric variance and contribute significantly to the 

discrimination between groups. 

WML assessment in clinical samples stands in need of refined methodology 

and reliability analysis. Intraclass correlation should not be used in strongly 

skewed samples and the kind of ICC used should always be fully specified. 
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5 FUTURE DIRECTIONS 
The author intends to further develop the methods for hippocampal volumetry and 
WML estimation in cooperation with several groups of researchers. Within the 
Gothenburg MCI study three upcoming substudies, lead by the author of the thesis, 
are under progress. One of these substudies are almost completed (Study 1) and a 
pilot study has been performed in yet another (Study 3). In collaboration with other 
research groups a number of studies (Studies 4-7) are ongoing. In these, 
hippocampus and MTL volumetry are part of the design. One of these studies (Study 
4) is also near completion. After describing all separate ongoing or planned studies 
below, a section will follow that summarizes some methodological developments 
involved in them. 

Study 1: The diagnostic value of WML estimation methods in 
suspected dementia 

The WML estimation methods discussed in this thesis have been related to the 
different diagnostic groups involved in the sample and their discriminative power 
compared. The results from this comparison are planned to be published in a follow-
up article to the one presented here (Paper III). 

Study 2: Optimizing manual WML volumetry 

Diffusion tensor imaging is a promising tool for WML assessment but is not a 
universal solution. The study of Zhan et al. of non-demented elderly, indicates 
difficulties for diffusion imaging to detect pathological tissue with high lesion 
severity as assessed by FLAIR WML intensities. This finding is congruent with the 
proposal of Zhang et al. to use multimodal MRI assessment for improved differential 
dementia diagnoses [197] and the suggestion by Cherubini et al. [23] that DTI and 
T2* relaxation together would better characterize myelin structure in white matter 
[23]. In the light of this and the fact that DTI is not always available it is important to 
optimize the methods for WML assessment on structural MRI. The planned study 
will involve updating MIST with an intensity normalization algorithm and algorithms 
for evaluating WML of different kinds and at different locations. The work will be 
done in cooperation with Niklas Klasson.  

Study 3: MTL volumetry in 1.5T MR images of MCI patients 

The MCI hippocampus study will continue with manual hippocampal volumetry on 
1.5 T MR data from more than 200 patients and controls. The material overlaps with 
that of the WML study presented in this thesis.  The volumetric study of these MR 
data will also explore other structures in the medial temporal lobe. A pilot study of 
the transentorhinal cortex volumetry has recently been performed on 48 subjects (20 
patients and 28 controls).  
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Study 4: The m44 hippocampus study 

m44 is an epidemiological and longitudinal study of 141 men born in 1944, focusing 
on the metabolic syndrome, which has a possible connection with chronic stress. 
From the m44 subjects, two smaller groups (n = 17 and n = 20) were selected from 
the lowest and the highest quartile, regarding serum testosterone levels, respectively. 
All participants from the two smaller groups underwent an MRI examination of the 
brain on a Philips Gyroscan Intera 1.5 T scanner. The hippocampi have been 
segmented and preliminary analyses have been performed. 

Study 5: The physical training study 

MRI (3 T) images from around 80 healthy 12-year-old school children, half of whom 
received extra physical training in school, are being analyzed using FreeSurfer. ICV 
has been manually segmented using MIST. MTL segmentation will also be 
performed with our custom software. The main study hypothesis is that the group 
with extra training will have larger hippocampi. The study will also offer a 
possibility to compare an automatic and a manual method. It is done in cooperation 
with the Center for Brain Repair at Sahlgrenska Academy. 

Study 6: The child brain tumor study 

A longitudinal study of hippocampal volume changes in children treated for brain 
tumors with or without radiation therapy is ongoing since two years and until now, 
data from around 50 patients and comprising over 200 scan occasions have been 
collected. The main hypothesis to be tested in the study is that the hippocampal 
growth curves in children who have received radiation therapy, especially children 
who received a high radiation dose to the hippocampus, are shifted significantly 
downwards compared to children who have only received chemotherapy, and even 
more compared to normal children [108]. Shielding techniques in radiotherapy and 
proton therapy will be developed in the near future and hippocampal volumetry can 
be used to evaluate the effects. The study is done in cooperation with the section for 
Pediatric Oncology at Sahlgrenska Academy.  

Study 7: The CogThyr study 

In this study, which is ongoing since around one year, 50 women with newly 
discovered Graves’ disease will be scanned with structural MRI of the hippocampus, 
whole brain and orbitae. Scans are done before, during (only orbital scans) and after 
treatment. Fifty matched healthy controls will be included. The subjects also undergo 
neuropsychological testing and neuropsychiatric interviews. The MRI results will be 
analyzed using FreeSurfer and our custom software. The main aim of the study is to 
investigate the causes of remaining cognitive symptoms after completed therapy and 
the main hypothesis is that women with worse cognitive symptoms will have lower 
hippocampal volumes. Another aim is to find MRI criteria of incipient TAO (thyroid 
associated ophtalmopathy). The study is done in cooperation with the Department for 
Endocrinology at Sahlgrenska Academy. 
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Beside these 7 studies, the optimization of ICV segmentation methodology is the 
topic of an ongoing series of studies headed by Niklas Klasson. Our custom method 
for ICV estimation will be further evaluated as part of this study. 

 

Methodological developments involved in the ongoing and 
planned studies 

Developments of WML methodology 

We plan to develop a new integrated method based on our custom software MIST. 
Intensity normalization will be included and several alternative algorithms for this 
(cf. above) will be tested, since normal inter- and intra-individual differences in true 
MRI white matter intensity must not be leveled out. We also intend to develop an 
algorithm for scoring and evaluating different kinds and locations of WML. The 
motivation for this is that different kinds of WML probably have very different 
diagnostic significance. The work will be done together with Niklas Klasson.  

Developments in manual MTL volumetry 

In MIST we have recently implemented a procedure developed by Taylor et al. [198] 
for measuring the volume of the transentorhinal cortex, which is one of the regions 
affected in the earliest stages of AD. 

We use ICV normalization in connection with hippocampal volumetry and the results 
of the ICV studies mentioned above will be integrated with future versions of MIST.  

Comparisons of manual and automatic volumetry 

In all ongoing or planned volumetric studies except the volumetric m44 study, 
FreeSurfer is used alongside with manual volumetry. The primary motive for this is 
to pick up possible changes in other structures than MTL subregions. Changes seen 
with FreeSurfer can then be verified using manual segmentation with MIST. Our use 
of FreeSurfer also offers an opportunity for systematic comparisons between it and 
the manual method. Such a comparison is already being performed by Niklas 
Klasson concerning ICV segmentation but it will be extended to hippocampal 
volumetry as well. This will be an especially exciting task in the physical exercise 
and child brain tumor studies since it is not known with certainty how well 
FreeSurfer performs in children. At the moment the default statistical atlas used by 
the FreeSurfer algorithm stems from MRI segmentations on adults. Since a child 
atlas is not used one might suspect that the segmentations by FreeSurfer will not be 
to be as good as manual volumetry and even worse than in adult materials, but this is 
yet to find out. Also, it is not well known how the method performs when the brain is 
grossly damaged. 
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