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  Abstract
   Background:  White matter lesions (WMLs) are a common finding in patients with dementia. 
This study investigates the relationship between WMLs, hyperphosphorylated tau (P-tau) in 
cerebrospinal fluid (CSF) and apolipoprotein E (APOE) ε4 genotype in prodromal Alzheimer’s 
disease (AD).  Methods:  Baseline levels of tau, P-tau and β-amyloid 1–42 in CSF, the presence 
of WMLs in the brain, and the APOE genotype were ascertained in 159 patients with mild cog-
nitive impairment (MCI) and 38 cognitively healthy controls.  Results:  After 5.7 years, 58 pa-
tients had developed AD. In this group, patients with normal levels of CSF P-tau had higher 
levels of WMLs in the parietal regions than those with pathological P-tau levels (p < 0.05). 
Also, patients without APOE ε4 alleles had more WMLs in the parietal lobes than those with 
at least one allele (p < 0.05). MCI patients with pathological P-tau levels and parietal WMLs 
showed a greater risk of developing AD than those with just one of the two pathological pa-
rameters.  Conclusions:  We suggest that WMLs in parietal lobes and tau pathology likely have 
independent but synergistic effects on the reduction of the cognitive reserve capacity of the 
brain. In patients with a more low-grade AD pathology, WMLs in the parietal lobes might in-
crease the risk of developing dementia.   Copyright © 2013 S. Karger AG, Basel
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  Introduction

  Dementia is a condition that causes great personal tragedy as well as one which has a 
major economic impact on society as a whole  [1, 2] . The number of people affected is likely 
to double every 20 years  [3] , making better diagnostic methods and treatments a growing 
concern. While the latter decades of life in general are characterized by cognitive decline, 
measurable at a population level, individual trajectories are very diverse. Some people 
progress to dementia, while others barely show any change at all  [4] .

  Alzheimer’s disease (AD), the most common cause of dementia  [5] , is a heterogeneous 
condition, most likely consisting of a family of related, but different, aetiologies. The clinical 
course of AD varies from a slow deterioration, spanning decades, to aggressive forms, anni-
hilating cognition within a few years. Neuropathological hallmarks of AD are senile plaques 
containing β-amyloid (Aβ) and neurofibrillary tangles containing hyperphosphorylated tau 
(P-tau). Notable risk factors for AD are age, carrying the ε4 allele of the apolipoprotein E 
(APOE) gene and factors related to the reserve capacity of the brain, such as education and 
vascular risk factors  [6] .

  The most common early symptom of AD is a reduction of episodic memory. At this stage 
patients usually meet the criteria of ‘mild cognitive impairment’ (MCI). This is a heteroge-
neous syndrome, wherein 30–60% have prodromal AD while the rest have a stable form of 
memory impairment or are in the early stages of another type of dementia, such as vascular 
dementia (VaD)  [7] . So far there is no reliable way to predict the fate for individual patients 
with MCI.

  White matter lesions (WMLs), which can be detected using both magnetic resonance 
imaging (MRI) and computer tomography (CT), are common in older populations. A few 
studies have shown that WMLs in people with MCI increase the risk of future dementia  [8, 9] , 
but others contradict this finding  [10, 11] . While previous studies have investigated the role 
of WMLs in full-blown dementia due to AD  [12, 13] , less is known about how these changes 
affect patients with milder memory complaints.

  In this study we investigate the relationship between AD pathology, represented by cere-
brospinal fluid (CSF) P-tau and β-amyloid 1–42 (Aβ42), the presence of APOE ε4 alleles, and 
the prevalence of WMLs in patients who progress from MCI to AD.

  Material and Methods

  Patients with AD, MCI and Cognitively Healthy Controls
  This study was performed at the Memory Clinic of Skåne University Hospital in Malmö. 

CSF samples were obtained from 38 cognitively healthy controls and 166 individuals seeking 
healthcare for milder memory complaints who were diagnosed as suffering from MCI. At the 
clinical baseline visit, physicians with a special interest in cognitive disorders performed a 
thorough physical, neurological and psychiatric examination, as well as a clinical interview 
focusing on cognitive symptoms and performance in the activities of daily living. Cognitive 
tests, analysis of APOE genotype, and CT or MRI of the brain were performed. Patients with a 
clinical syndrome of MCI were followed clinically for an average period of 5.7 years (range: 
3.0–9.6). Of the 166 patients with MCI, 7 had to be excluded from further study due to missing 
CT scans.

  Patients with MCI at baseline had to fulfil the criteria advocated by Petersen  [7] , including: 
(1) memory complaint, preferably corroborated by an informant; (2) objective memory 
impairment adjusted for age and education, as judged by the physician; (3) preservation of 
general cognitive functioning, as determined by the clinician’s judgment based on a struc-
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tured interview with the patient and a Mini-Mental Status Examination (MMSE) score greater 
than or equal to 24; (4) zero or minimal impairment of daily life activities, and (5) not fulfilling 
the DSM-III-R criteria of dementia  [14] . Patients with other causes of cognitive impairment, 
such as subdural haematoma, brain tumour, CNS infection, schizophrenia, major depressive 
episode and current alcohol abuse were not included.

  MCI patients who received a diagnosis of AD during clinical follow-up were required to 
meet the DSM-III-R criteria for dementia  [14]  and the criteria for probable AD defined by 
NINCDS-ADRDA  [15] . Subjects who during follow-up were diagnosed as having VaD fulfilled 
the DSM-III-R criteria for dementia and the requirements for probable VaD by NINDS-AIREN 
 [16] . VaD of the subcortical type was diagnosed according to the recommendations by Erkin-
juntti et al.  [17] . The consensus criteria by McKeith et al.  [18]  were used when diagnosing 
dementia with Lewy bodies.

  The control population consisted of healthy elderly volunteers who were recruited from 
Malmö, Sweden. Inclusion criteria were (1) absence of memory complaints or any other 
cognitive symptoms, (2) preservation of general cognitive functioning, and (3) no active 
neurological or psychiatric disease. The clinical diagnosis for each patient was reviewed by a 
consensus group of three medical doctors (J.H., L.M. and O.H.) with a special interest in 
cognitive disorders. The Regional Ethics Committee in Lund, Sweden, approved the study and 
the patients and/or their relatives gave their informed consent (for research).

  Analysis of Baseline CSF
  CSF was collected in polypropylene tubes, stored at –80   °   C and analysed after the clinical 

follow-up of the study was completed. The procedure followed The Alzheimer’s Association 
flow chart for LP and CSF sample processing  [19] . The levels of Aβ42, tau and tau phosphory-
lated at Thr181 (P-tau) were determined using xMAP technology as previously described  [20] .

  Assessment of WMLs
  All WMLs were assessed by S.P. with a protocol developed by Wahlund et al.  [21]  (Age-

Related White Matter Changes scale, ARWMC). This scale was developed for rating both MRI 
and CT images, with high agreement between the modalities  [21] . Twenty-two subjects were 
examined with MRI using a 1.5-tesla scanner from Siemens, and the other subjects were 
examined with noncontrast CT using different CT scanners. The flair sequences of the MRI 
images were used for rating the WMLs. S.P. was blinded to the follow-up diagnoses. The 
WMLs were assessed separately in the left and right frontal regions, the basal ganglia and the 
occipital-parietal regions – hereafter referred to as the parietal region since most WMLs
were located there. Temporal lesions were not rated since this is a very rare location for 
WMLs and therefore unsuitable for statistical analysis  [22] . The lesions were graded from 0 
to 3 points: 0 = no lesions or lesions <5 mm, 1 = presence of lesion  ≥ 5 mm, 2 = lesions beginning 
to aggregate, and 3 = confluent lesions involving almost the entire region. Lesions (infarcts) 
in the basal ganglia were rated slightly different: 0 points = no lesions, 1 = one lesion of at least 
2 mm, 2 = more than one lesion, and 3 = confluent lesions.

  The mean intrarater reliability based on 20 randomized patients was κ = 0.86, indicating 
excellent agreement according to Altman  [23] . Interrater reliability with a co-developer of
the ARWMC scale and exact definitions of the assessed regions have been described previ-
ously  [24] .

  Statistical Analyses
  The statistical analyses were made with IBM SPSS for Macintosh, version 19.0.0 (IBM 

Corp., Somers, N.Y., USA). To compare demographic and CSF baseline data between groups, a 
nonparametric Kruskal-Wallis test was performed followed by a Mann-Whitney U test for 
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continuous variables. Pearson’s χ 2  test was used for dichotomous variables. The Spearman 
correlation coefficient was used for bivariate correlation analyses.

  We added up WMLs in the frontal lobes, parietal lobes and basal ganglia, respectively, 
disregarding very slight periventricular white matter changes (<5 mm) in the frontal lobes 
since these are a very common finding in healthy elderly and should, according to the ARWMC 
scale, not be considered a WML  [21] . We considered P-tau greater than 51 ng/ml and Aβ42 
less than 209 ng/l to be pathological, according to cutoffs established in previous work  [20] . 
To compare the presence of WMLs between individuals with pathological and nonpatho-
logical CSF levels of P-tau, as well as between individuals with and without at least one APOE 
ε4, a Mann-Whitney test was performed for each brain region. A Kaplan-Meier estimate, 
together with Cox regression, adjusted for age and gender, were used for investigating the 
probability of conversion from MCI to AD in four groups.

  Results

  We studied the remaining 159 patients with MCI at baseline, as well as 38 cognitively 
healthy controls who all had undergone successful CSF analysis of P-tau and a CT or MRI of 
the brain. After an average period of 5.7 years (3.0–9.6), 75 of the patients with MCI (47%) at 
baseline were still cognitively stable. Fifty-eight patients (36%) progressed to dementia due 
to AD, with or without an addition of vascular pathology. Twenty-six patients (24%) devel - 
oped other types of dementia, such as VaD (n = 17), dementia with Lewy bodies (n = 4), 
progressive supranuclear palsy (n = 3), semantic dementia (n = 1) and normal pressure 
hydrocephalus (n = 1).

  Table 1.   Demograpic data, with CSF levels of P-tau and WML assessments

 Controls  Stable MCI  Prodromal AD  MCI-other 

 Females/males 27/11 39/36 40/18e, d 10/16a 

 Age, years 77   ±   8 69   ±   7b 76   ±   7c, e 73   ±   7c 

 Carrier of APOE ε4 10 (26) 33 (44) 44 (76)b, d, e 12 (46) 
 MMSE score at baseline  28.3   ±   1.8  28.2   ±   1.3  26.1   ±   1.6b, d, e  27.0   ±   1.9a, c 

 CSF P-tau, ng/ml 31   ±   17 30   ±   15 52   ±   22b, d, f 30   ±   12 
 CSF tau, ng/ml 91   ±   49 80   ±   48 141   ±   68b, d, f 80   ±   38 
 CSF Aβ, ng/ml 265   ±   74 252   ±   61 154   ±   55b, d, f 226   ±   77 
 Left frontal WMLs  0.34   ±   0.63  0.36   ±   0.63  0.62   ±   0.77c  0.96   ±   1.1a, c 

 Right frontal WMLs  0.29   ±   0.52  0.39   ±   0.72  0.59   ±   0.75  0.96   ±   1.1a, c 

 Left parietal WMLs  0.21   ±   0.62  0.31   ±   0.66  0.53   ±   0.75a, c  0.88   ±   1.2a, c 

 Right parietal WMLs  0.32   ±   0.62  0.29   ±   0.63  0.59   ±   0.82c  0.96   ±   1.1a, d 

 Sum frontal WMLs  0.63   ±   1.2  0.75   ±   1.3 1.2   ±   1.5 1.9   ±   2.1a, c 

 Sum parietal WMLs  0.53   ±   1.2 0.6   ±   1.3 1.1   ±   1.5a, c 1.8   ±   2.3a, c 

 Total sum frontoparietal WMLs 1.2   ±   2.0 1.3   ±   2.4 2.3   ±   2.7a, c 3.8   ±   4.0a, c 

 Left basal ganglia infarcts  0.08   ±   0.27  0.16   ±   0.37  0.17   ±   0.48e  0.58   ±   0.81b, c 

 Right basal ganglia infarcts  0.05   ±   0.23  0.18   ±   0.51  0.26   ±   0.58  0.19   ±   0.40 
 Sum basal ganglia infarcts  0.13   ±   0.34  0.34   ±   0.73  0.45   ±   0.88e  0.77   ±   0.95a, c 

 Total sum WMLs (including BG) 1.3   ±   2.0 1.6   ±   2.7 2.8   ±   3.0a, d 4.5   ±   4.4a, d 

  Data are means ± SD or number (%). Stable MCI = MCI patients with stable cognitive functions during
a follow-up period of 3.0   –   9.6 years; prodromal AD = MCI patients who developed AD during follow-up;
WML = white matter lesions in subcortical brain matter; BG = basal ganglia. a p < 0.05, b p < 0.005 vs. controls;
c p < 0.05, d p < 0.005 stable MCI; e p < 0.05, f p < 0.005 vs. MCI-other. Correction for multiple analyses has not 
been performed.  
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  The demographic data, CSF P-tau, CSF tau, CSF Aβ and assessment of WMLs of all included 
subjects are shown in  table 1 . Among the patients with MCI at baseline who later developed 
dementia due to AD (prodromal AD), the frequency of APOE ε4 carriers was significantly 
higher, the MMSE score at baseline was significantly lower, the CSF levels of tau and P-tau 
were significantly higher and the CSF levels of Aβ42 were significantly lower when compared 
to healthy controls, cognitively stable MCI patients or patients with MCI who developed 
another type of dementia than AD ( table 1 ). Moreover, the patients with prodromal AD 
exhibited increased levels of WMLs in the parietal areas when compared to controls and 
cognitively stable MCI ( table 1 ). Patients who developed other types of dementia, mainly VaD, 
showed significantly more WMLs in all analysed brain regions, as would be expected ( table 1 ).

  Pathological WMLs and CSF Biomarkers in Prodromal AD
  In the group with prodromal AD patients, 45% had visible white matter changes ( ≥ 1 

point on the ARWMC scale) and 46% had pathological levels of P-tau in CSF (defined as P-tau 
>51 ng/l  [20] ), while 90% had pathological levels of Aβ42 in CSF (defined as Aβ42 <209 ng/l 
 [20] ). This means the vast majority of patients with prodromal AD showed Aβ pathology, but 
only a subset had white matter changes or increased P-tau levels. We therefore studied the 
relationship between P-tau levels and white matter changes in this patient group.

  In the group with prodromal AD, we found the CSF levels of P-tau to be significantly lower 
in patients who exhibited WMLs in the parietal lobes when compared to patients with 
prodromal AD who had no WMLs in these brain regions (p < 0.008;  fig. 1 a). No significant 
differences in CSF P-tau levels were found in prodromal AD cases with WMLs in the frontal 
lobes or vascular lesions in the basal ganglia ( fig. 1 b, c). Similarly, prodromal AD patients with 
normal P-tau levels had more WMLs in the parietal lobes than cases with pathological levels 
of P-tau (p < 0.05;  fig. 2 a). Also, patients who had no APOE ε4 alleles showed a larger preva-
lence of WMLs in the parietal lobes compared to those with one or two APOE ε4 alleles (p < 
0.05;  fig. 2 b).

  Prediction of AD in Subjects with MCI at Baseline
  Next, we studied the associations between CSF P-tau, WMLs and future development of 

AD in the whole cohort with MCI at baseline.  Figure 3  shows the Kaplan-Meier estimates of 

  Fig. 1.  CSF levels of P-tau in prodromal AD patients with or without WMLs. The P-tau levels are significantly 
lower in patients with WMLs in the parietal lobes ( a ), but not in patients with WMLs in the frontal lobes ( b ) 
or in patients with infarctions in the basal ganglia ( c ). Error bars represent ±1 SE.
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  Fig. 2.   a  There are significantly more WMLs in the parietal lobes, shown as a mean sum, in prodromal AD 
patients without pathological levels of P-tau, defined as P-tau >51 ng/l.  b  There are also more WMLs in the 
parietal lobes in patients carrying no APOE ε4 allele. Error bars represent ±1 SE.

  Fig. 3.  Kaplan-Meier estimates of the rate of progression to AD in subjects with MCI in relation to the levels 
of CSF P-tau and/or presence of WMLs in the parietal lobes at baseline. MCI cases with both pathological lev-
els of P-tau and/or WMLs in the parietal lobes at baseline progress more rapidly towards AD. One individual 
was removed from this analysis due to missing data regarding levels of P-tau.
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the probability of conversion to AD in MCI subjects with either (1) normal P-tau and no 
parietal WMLs, (2) normal P-tau and the presence of parietal WMLs, (3) pathological P-tau 
and no parietal WMLs, and (4) both pathological P-tau and the presence of parietal WMLs. 
MCI patients with both pathological P-tau and parietal WMLs at baseline had a substantially 
increased risk of future AD, with a hazard ratio of 10.3 (95% CI: 4.0–26.4, p < 0.001), when 
compared to those with normal P-tau levels and no parietal WMLs at baseline ( table 2 ;  fig. 3 ).

  Discussion

  In our study, patients who seek healthcare with milder memory complaints show less tau 
pathology when they also exhibit WMLs in the parietal lobes. The added effect of WMLs in the 
parietal regions seems to lower the threshold for AD-like symptoms to appear.

  We used CSF levels of P-tau as a biochemical marker of AD pathology in the brain. Neuro-
pathological studies, as well as PET imaging studies, suggest that altered metabolism of Aβ 
and the formation of senile plaque occur many years before the onset of symptoms in AD  [25] . 
However, these changes do not correlate well with the severity of the disease  [26, 27] . In 
contrast, the amount of tau-containing neurofibrillary tangles seems to be associated with the 
stage of cognitive decline throughout the course of the disease  [28–31] . While the level of 
regular tau in CSF is a rather general marker for neuronal damage, the levels of P-tau seem to 
reflect the phosphorylation state of tau in the brain, and thus the formation of pathological 
tangles  [32] .

  Earlier work has firmly established the value of CSF biomarkers in predicting conversion 
from MCI to AD  [33–36] . These results were later confirmed in a study by our group  [20] , and 
this evidence is generally considered to be convincing. Our study focuses on the synergistic 
effects between two different biomarkers and suggests the assessment of WMLs to be valu-
able in predicting the course of disease for at least a subset of AD patients.

  Neuropathological studies have shown that a relatively large subgroup of AD patients 
also have vascular pathology  [37, 38] . A few of them have also shown that the addition of 
vascular lesions to AD pathology seems to worsen the clinical symptoms of the disease in 
populations comprised of already demented individuals  [12, 13, 39] . Several of them have 
described findings consistent with our results, i.e. that AD patients with vascular lesions often 
exhibit less extensive tau pathology. However, these studies were conducted on already 
demented individuals who were at different stages of the disease. We studied patients who 
started out at the same cognitive level, the MCI stage.

  Table 2.  Cox proportional hazards regression models examining the relation between baseline P-tau and 
WMLs, and the risk of converting to AD in patients with MCI

 Unadjusted hazard ratio 
  (95% CI) 

 Adjusted hazard ratio 
  (95% CI)1 

 Normal P-tau and no parietal WMLs 1.0 (reference)  1.0 (reference) 
 Normal P-tau and presence of parietal WMLs 3.2 (1.5   –   6.6)b  2.3 (1.1   –   4.8)a 

 Pathological P-tau and no parietal WMLs 7.0 (3.4   –   14.3)c  4.9 (2.4   –   10.2)c 

 Both pathological P-tau and presence of parietal WMLs  10.3 (4.0   –   26.4)c  6.6 (2.5   –   17.6)c 

 All data were collected at baseline. a p < 0.05; b p = 0.002; c p < 0.0001. 1 Adjusted (if applicable) for the 
baseline demographic variables: age, sex and APOE ε4 carrier status. 
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  In our material, patients with prodromal AD and normal levels of CSF P-tau exhibited 
higher levels of WMLs in parietal regions than those with pathological P-tau levels. This indi-
cates that different types of pathology, affecting temporal and parietal brain regions, may 
result in a clinical presentation of early AD. We also found more WMLs in parietal regions at 
baseline in individuals not carrying any APOE ε4 allele, suggesting that in the absence of this 
risk factor the added burden of WMLs is needed to develop cognitive symptoms. Earlier 
studies have demonstrated an increase of WMLs in patients with AD as the disease progress -
 es  [40, 41] . Our data ( fig. 3 ) takes this one step further, suggesting that individuals with
both pathological P-tau and parietal WMLs at baseline exhibit a more rapid progression 
towards AD.

  Maruyama et al.  [42]  compared CSF tau levels and WMLs between stable MCI patients 
and MCI patients who converted to AD. They found the stable MCI group to be characterized 
by lower levels of tau and a higher grade of periventricular WMLs, while the AD-converted 
group showed increased levels of CSF tau and low grades of periventricular WMLs. They did 
not investigate the relationship between tau and WMLs in the group who converted to AD 
alone. Nevertheless, their data seems to suggest the same as ours: patients with WMLs may 
develop memory complaints in the absence of tau pathology. While they suggest tau pathology 
and WMLs comprise two different pathways to a clinical syndrome of cognitive impairment, 
our study suggests these two pathways may also have synergistic effects on the development 
of dementia. In addition, Grambaite and Stenset  [43] , using diffusion tensor imaging, found 
memory difficulties in MCI patients without tau pathology in CSF to be related with disrupted 
white matter diffusivity and radial diffusivity. 

  While an impaired episodic memory is the most common presenting symptom at the 
stage of MCI, the addition of symptoms arising from a dysfunction in the parietal lobes, such 
as dysphasia, dyscalculia, dyspraxia and visiospatial problems, usually characterizes the tran-
sition to AD dementia. Among our prodromal AD patients, we only found an inverse rela-
tionship between CSF P-tau and APOE ε4 carriership when we looked at WML load in the 
parietal lobes. Gootjes et al.  [44]  found something similar when investigating the regional 
distribution of WMLs in AD and healthy aging. Their findings show significantly more WMLs 
per brain volume in the parietal and occipital lobes of AD patients. We suggest WMLs in 
parietal and occipital lobes might lead to cognitive deficiencies in their own right, contrib-
uting to a clinical presentation of AD.

  Only 45% of our prodromal AD patients showed pathological levels of CSF P-tau, while 
90% had pathological levels of CSF Aβ42. Changes of the latter, in individuals with normal 
P-tau, seemingly are not enough to cause symptoms on its own. Indeed, Aβ42 levels have been 
shown to change in CSF years before the onset of actual symptoms  [25, 45] . In our material, 
prodromal AD patients with pathological levels of Aβ42, but normal levels of P-tau, seem to 
need the added burden of white matter changes in order to develop cognitive difficulties.

  Brain reserve and cognitive reserve refer to an individual’s capacity for buffering brain 
pathology. It is a hypothetical concept proposed to account for the discrepancy between the 
degree of observed brain damage, or pathology, and its clinical manifestations  [46, 47] . Clin-
icopathological studies have shown that many elderly people with quite extensive patho-
logical AD-related lesions in the brain do not clinically manifest cognitive impairment, 
suggesting that structural and functional compensations could buffer the effects of neuropa-
thology  [48] . While the term ‘brain reserve’ is commonly used to describe structural factors, 
such as brain size and neuronal count, the term ‘cognitive reserve’ denotes more functional 
buffering factors, such as efficient cognitive processes and better compensatory processes 
 [46] . The reserve can be viewed as the sum of the lifetime input of factors, some offering 
protection and some increasing vulnerability  [49] . Many factors might erode this reserve. 
Each factor might not cause symptoms on its own, but together they push the individual over 
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the threshold. Our study shows that the addition of WMLs in the parietal regions might 
amplify the impact of AD pathology, advancing the onset of cognitive symptoms and short-
ening the time to dementia.

  In conclusion, our findings support the hypothesis that AD is a syndrome, likely caused 
by many types of interacting pathologies. Based on our results, we suggest that WMLs in the 
parietal lobes reduce the reserve capacity of the brain, making it harder for an individual to 
compensate for other conditions targeting neurons, such as AD-related pathology. This might 
be valuable information for the clinician faced with the difficult task of foreseeing the future 
for patients with mild memory complaints and could provide insights into the causes of AD.
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