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Objective: The apolipoprotein E (APOE) ε4 allele is the main genetic risk factor for dementia and Alzheimer's disease (AD), but the underlying mechanism for the increased risk is not well understood. Cerebral small vessel disease (SVD) is prevalent among patients with cognitive impairment and is thought to play an important role in the pathophysiology of dementia. We aimed to investigate the association between the APOE ε genotype and magnetic resonance imaging (MRI) markers of SVD in a memory clinic population.

Material and Methods: This is a cross-sectional study with a total of 520 patients undergoing dementia investigation, including an MRI brain scan and APOE genotyping in all patients enrolled, and cerebrospinal fluid (CSF) analysis for routine AD biomarkers in 399 patients. MR images were assessed for markers of SVD: cerebral microbleeds (CMBs), cortical superficial siderosis, intracerebral hemorrhage, white matter hyperintensities, lacunar infarcts, and enlarged perivascular spaces.

Results: Apolipoprotein E carriers with AD had a higher number of CMBs when looking at all brain regions and lobar brain regions (p < 0.001). A lower number of CMBs were seen in APOE ε2 (p < 0.05), ε3 and ε3/3 carriers (p < 0.001) when looking at all brain regions. A higher number of CMBs in deep and infratentorial regions were seen in APOE ε2 and ε3 (p < 0.05). In APOE ε4/4 carriers, CMBs, cortical superficial siderosis, white matter hyperintensities, and enlarged perivascular spaces were associated with lower levels of CSF amyloid β (Aβ) 42 in the whole cohort, and in individuals with AD and mild cognitive impairment (p < 0.05).

Conclusion: Apolipoprotein E ε4 is associated with MRI markers of SVD related to amyloid pathology, specifically CMBs and Aβ42 plaque formation in the brain, as reflected by decreased CSF Aβ42 levels, whereas APOE ε3 and ε2 are associated with the markers of hypertensive arteriopathy, as reflected by the association with CMBs in deep and infratentorial brain regions.
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INTRODUCTION

Cerebral microbleeds (CMBs), cortical superficial siderosis, white matter hyperintensities, enlarged perivascular spaces, and lacunar infarcts are all seen as markers of small vessel disease (SVD) on magnetic resonance imaging (MRI) (Feldman et al., 2008; Doubal et al., 2010; Braun and Schreiber, 2013; Charidimou et al., 2013). CMBs have been specifically hypothesized to play an important role in the Alzheimer's pathophysiology (Cordonnier and van der Flier, 2011), are common in a memory clinic population (Cordonnier et al., 2006), and can be seen as a hypointense dots on hemosiderin sensitive MRI sequences and histopathologically as foci of hemosiderin deposits in the brain parenchyma (Werring et al., 2010). The main causes of CMBs are hypertensive arteriopathy, causing deep and infratentorial CMBs, and cerebral amyloid angiopathy, causing lobar CMBs (Werring, 2011). The topography of CMBs may thus help in understanding the underlying pathology. Cortical superficial siderosis is a subpial deposition of hemosiderin and has been linked to cerebral amyloid angiopathy (Feldman et al., 2008). White matter hyperintensities are seen as hyperintensities on T2-weighted and fluid attenuated inversion recovery (FLAIR) MRI sequences and are thought to be an expression of chronic white matter hypoperfusion (Brun and Englund, 1986; Pantoni, 2010). White matter hyperintensities have shown to predict the rate of cognitive decline in patients with Alzheimer's disease (AD) (Brickman et al., 2008). Enlarged perivascular spaces (EPVS) are perivascular cavities, which are fluid filled invaginations of the subarachnoid space, surrounding the penetrating vessels as they pass along and penetrate the subarachnoid space through the brain parenchyma (Braffman et al., 1988; Doubal et al., 2010).

All the abovementioned markers are demonstrated in patients with dementia (Werring, 2011; Zonneveld et al., 2014). MRI markers of SVD have shown to be especially prevalent in patients with vascular dementia and AD, and in AD, almost all patients are thought to suffer from cerebral amyloid angiopathy (Jellinger, 2002; Smith and Greenberg, 2009; Shams et al., 2014). However, although SVD MRI markers have been suggested to play an important role in dementia, their respective roles in dementia pathophysiology still remain unclear (Roher et al., 2003; Cordonnier and van der Flier, 2011).

The apolipoprotein E (APOE) allele is of importance in the development of sporadic and late AD (Verghese et al., 2011). The risk of AD in APOE allele carriers has been reported in the following order: ε4>ε3>ε2. Heterozygous or homozygous carriers for the APOE ε4 allele have an increased risk for late onset AD by 3- or 12-fold, respectively (Verghese et al., 2011). In the world of SVD, the ε4 allele is a risk factor for cerebral amyloid angiopathy and predisposes to intracerebral hemorrhage (Greenberg et al., 1995; Verghese et al., 2011; Schilling et al., 2013). Nevertheless, the role of the APOE ε4 allele in SVD and dementia is still not well understood.

We aimed to increase the understanding of SVD and APOE genotype in dementia by studying a large memory clinic population, focusing on groups with a clinical continuum of increasing AD pathology, from subjective cognitive impairment (SCI) to mild cognitive impairment (MCI) and AD. We hypothesized that ε4 carriers, in contrast to ε3 and ε2 carriers, would have accentuated markers of SVD related with cerebral amyloid angiopathy, especially patients with AD.



MATERIALS AND METHODS


Study Population

This study is part of the Karolinska Imaging Dementia Study (KIDS), a memory clinic based cross-sectional study on SVD in cognitive impairment. In total, 521 consecutive patients were enrolled, and all patients had been undergoing dementia investigation with accompanying APOE allele analysis and MRI scans at the memory clinic and radiology department, Karolinska University Hospital, between 01/01/2006 and 01/01/2012. Exclusion criteria for all patients were insufficient scan quality on the MRI and a history of traumatic brain injury. In our study, one patient was excluded due to poor scan quality on MRI, leading to a final cohort of 520 patients with 5 different diagnostic categories. The diagnostic category, “Other Disorders” (n = 38), was, however, discarded due to the heterogeneous nature of this group of patients, which limited statistical analysis. The diagnosis was set based on the ICD-10 criteria by an experienced memory clinic team consisting of geriatricians, neuropsychologists, neurophysiologists, and neuroradiologists after the entire clinical picture had been considered. The ICD-10 code used for MCI was G31.84. SCI was used as a diagnosis when the patients had subjective symptoms without objective clinical findings, using ICD code Z03.3. Patient demographics have been outlined in Table 1 and a flow diagram of the participants enrolled in the study can be seen in Figure 1. The presence of hypertension, hyperlipidemia, and diabetes were determined based on self-report/prior medical diagnosis and treatment for patients.


Table 1. Baseline demographics.
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FIGURE 1. Flow diagram of the participants enrolled in the study. Among the 520 participants included in the analysis, 399 participants had cerebrospinal fluid (CSF) analysis for routine Alzheimer's disease (AD) biomarkers.


Informed consent was obtained for all patients according to the Declaration of Helsinki, and ethical approval was obtained from the regional ethical board in Stockholm, Sweden.



MRI Protocol

Patients were scanned on three MRI scanners (Siemens Medical Systems, Erlangen, Germany) at the radiology department, Karolinska University Hospital, Huddinge. Axial SWI and/or T2* sequences, as well as conventional MRI sequences, such as T1, T2, FLAIR (axial), and diffusion- weighted imaging (DWI), were obtained for all patients. Patients were randomly assigned to the different MRI scanners based on clinical availability, as well as the T2* and SWI sequences. Furthermore, 155 patients were scanned on the 1.5T Siemens Magnetom Symphony, 212 patients on the 1.5T Siemens Magnetom Avanto, 153 patients were scanned on the Siemens Magnetom Trio 3.0T. In the whole cohort, the distribution of patients scanned on the 3T and with SWI sequences included were as follow: AD (3T: 27% and SWI: 19%), MCI (3T: 32% and SWI: 16%), SCI (3T: 28% and SWI: 17%), VaD (3T: 27% and SWI: 18%), and other dementias (3T: 32% and SWI: 24%).



Image Analysis

All MRI images were jointly analyzed by a senior consultant neuroradiologist and an MD/PhD student with 3 years of training and experience in neuroradiology at the time of rating, with both being fully blinded to all patient data during rating.

CMBs were rated on axial T2* and/or SWI according to the microbleed anatomical rating scale (Gregoire et al., 2009), with minor modifications to ensure increased accuracy of CMBs ratings as outlined previously (Shams et al., 2014). Modifications of the rating scale were as follows: CMBs were not rated as probable, and to reduce the number of CMB mimics, hypointensities in the globus pallidus, which may represent calcifications or physiologic iron deposits, were not rated, and similarly, images in which patients had a deep venous anomaly in the vicinity of CMBs were not rated as deep venous anomalies increase the risk of adjacent cavernomas, which can mimic a CMBs. Last, hemorrhagic sensitive sequences were analyzed together with T2-weighted images to better distinguish between vessels and flow voids, which also may mimic CMBs (Shams et al., 2014).

White matter hyperintensities were rated on axial FLAIR images according to the Fazekas scale (0 = none or single, 1 = punctate, 2 = early confluating, and 3 = confluating) (Fazekas et al., 1987) and the age-related white matter changes scale (Wahlund et al., 2001) (0 = none, 1 = punctate, 2 = early confluating, and 3 = confluating. Rated in the following brain regions: infratentorial, parieto-occipital, frontal, temporal, and the basal ganglia.). EPVSs were rated on an axial T2 according to the enlarged perivascular rating scale (0 = none, 1 = 1–10, 2 = 11–20, 3 = 21–40, and 4 = >40) (Maclullich et al., 2004; Doubal et al., 2010). EPVSs were defined as <3 mm in size and thus distinguished from lacunar infarctions that were defined as 3–15 mm in size, with cerebrospinal fluid (CSF) signal on FLAIR, T2 and T1. Cortical superficial siderosis was defined as a linear gyriform pattern of hypointense signal on T2* and/or SWI (Feldman et al., 2008; Vernooij et al., 2009).



CSF Analysis

Cerebrospinal fluid samples were obtained by lumbar puncture in a total of 399 patients and collected in 10 ml polypropylene tubes at the department of clinical chemistry, Karolinska University Hospital, Huddinge. All CSF samples were centrifuged within 2 h, at 1,900 g for 10 min and then frozen until analysis. A small amount of CSF was used for routine analysis of total cells, total protein, and glucose levels. Biomarkers were measured with a sandwich type enzyme linked immunosorbent assay; amyloid β 42 (Aβ42) was measured with Innotest β-Amyloid (1–42), total tau (T-tau) with Innotest hTau-Ag, and tau phosphorylated at threonine 181 (P-tau) with Innotest Phospho-tau(181P) (Innogenetics, Ghent, Belgium). The unit used for biomarkers is ng/L. Corresponding blood samples were collected at the same visit as the lumbar puncture to quantify CSF/serum albumin ratios (Tibbling et al., 1977). The team involved in CSF and blood analysis were unaware of the dementia diagnosis and MRI images.



APOE Genotyping

The APOE genotyping was performed on all patients (n = 520) on coded genomic DNA samples. All analyses were performed at the department of clinical chemistry, Karolinska University Hospital. The team involved in the genotype analysis were unaware of the dementia diagnosis and the neuroimaging data.



Statistics

Generalized linear models were used to determine the association between APOE genotype and MRI markers of SVD. Multiple binary logistic regression analyses were performed with the APOE genotype as an independent variable and dichotomized MRI markers as dependent variables. The APOE genotype was stratified into ε2 (such as, ε2/2, ε2/3, and ε2/4 alleles) and ε4 (ε4/4, ε4/3, and ε2/4 alleles). Separate analysis was done for ε4/4 when effect sizes were sufficient. APOE ε3/3 was used as a reference for all APOE genotypes in our regression models. White matter hyperintensities were dichotomized by separating high scores (2 and 3) from low scores (0 and 1) on the rating scales. Similarly, EPVSs were dichotomized by separating high scores (3 and 4) from low scores (0, 1, and 2) as per the enlarged perivascular scale. Multiple CMBs were defined as having more than 1 CMBs. Negative binomial regression analysis was performed to assess the association between APOE genotype and CMB topography. The number of CMBs in the different topographies was used as a dependent variable and the APOE genotype as an independent variable. Ordinal regression models were used with age related white matter changes and enlarged perivascular scores in different locations as dependent variables and the APOE genotype as an independent variable. All the above models were adjusted for age, gender, hypertension, hyperlipidemia, diabetes, and MRI field strength (and CMB sequence in the negative binomial regression analysis) due to the statistical significance of these markers in multivariable regression models. Linear regression models were used to study the cumulative effect of the presence of APOE ε4/4 or ε3/3 and the MRI marker in focus, on CSF biomarkers. Log transformed CSF biomarkers were put as dependent variables. The presence of APOE homozygote carriership and MRI marker was defined as a separate independent variable, and other independent adjusting variables in the model were: APOE genotype in focus, MRI marker of interest, age, gender, hypertension, hyperlipidemia, diabetes, dementia diagnosis, and MRI field strength. Due to the larger group size, statistical testing was focused on AD, MCI, and SCI. SPSS was used for the statistical analysis and p < 0.05 was set as the threshold of significance.




RESULTS

Patient demographics are presented in Table 1 and imaging markers of SVD analyzed can be seen in Figure 2. In the whole cohort, APOE ε4, ε4/4, and ε2 carriers showed a higher number of CMBs (p < 0.05). A higher number of lacunar infarcts were seen in APOE ε4/4 carriers with MCI (p = 0.01) and APOE ε2 carriers with SCI (p = 0.01). Table 2 shows the odds ratios (ORs) for the SVD markers on MRI depending on the APOE genotype. Only two patients with SCI had APOE ε2/2 and both had the lowest dichotomized white matter hyperintensity and enlarged perivascular score, had no CMBs, large or lacunar infarctions, intracerebral hemorrhage, or cortical superficial siderosis.


[image: Figure 2]
FIGURE 2. Markers of small vessel disease on MRI. (1) Disseminated superficial siderosis on T2*. (2) Cerebral microbleeds (CMBs), as well as white matter hyperintensities on T2*. (3) Enlarged perivascular spaces (EPVS) in the basal ganglia on T2. (4) EPVS in the centrum semiovale on T2 and intracerebral macrohemorrhage with local atrophy in the left parietal lobe.



Table 2. Odds ratios (ORs) and 95% confidence interval (CI) for markers of small vessel disease by APOE alleles.
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APOE Alleles and Cerebral Microbleeds

The association between the APOE allele and the number of MRI markers of SVD can be seen in Table 3.


Table 3. Regression coefficients for number/score of MRI markers by APOE alleles.
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APOE ε4

In the whole cohort, APOE ε4 and ε4/4 carriers showed a higher number of CMBs, especially in lobar brain regions (p < 0.001). A separate analysis of each brain lobe in ε4 and ε4/4 carriers showed a significantly higher number of CMBs (p < 0.001). Patients with AD and MCI who were APOE ε4 carriers had a higher number of CMBs in the lobar brain region. Patients with SCI who were APOE ε4 carriers had a higher number of CMBs in lobar, deep, infratentorial, and occipital brain regions (p < 0.05).



APOE ε2 and ε3

The ε2, ε3, and ε3/3 carriers had a lower number of CMBs (p < 0.001). Topographical analysis showed that CMBs were lower in the brain lobes in ε2 and ε3/3 carriers, lower in the occipital lobe in ε2, ε3, and ε3/3 carriers, and lower in the parietal lobe in ε3 and ε3/3 carriers (p < 0.001). The number of CMBs in deep and infratentorial regions were higher in APOE ε2 and ε3 carriers (p < 0.05). This pattern was also seen when looking into the separate diagnostic groups. Patients with AD or MCI who were ε3 carriers had a lower number of CMBs in lobar regions (p < 0.001).




APOE Alleles, MRI Markers of SVD, and CSF Biomarkers

Table 4 shows the relationship between CSF biomarkers and SVD markers in APOE carriers.


Table 4. The APOE genotype, MRI markers, and associations with CSF biomarkers.
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APOE ε4

In the whole cohort, there was a negative association between the level of CSF Aβ42 and the number of CMBs, white matter hyperintensities, lacunar infarcts, enlarged perivascular spaces, and cortical superficial siderosis in APOE ε4/4 carriers (p < 0.001). This held true in AD as well as MCI. In the whole cohort, an association was seen in APOE ε4/4 carriers with the higher levels of CSF P-Tau and a higher enlarged perivascular space score (p < 0.05). APOE ε4/4 carriers with MCI demonstrated an association between higher T-tau and P-tau levels with lacunar infarctions and higher T-tau with CMBs (p < 0.05).



APOE ε3

Apolipoprotein E ε3/3 carriers showed lower levels of CSF T-tau and P-tau with increasing white matter hyperintensity (p < 0.05). In APOE ε3/3, a lower level of P-tau was observed with white matter hyperintensity (p < 0.05). APOE ε3/3 carriers with SCI showed a higher CSF Aβ42 concentration with CMBs and EPVSs (p < 0.05).




APOE Alleles and MRI Markers of SVD in Vascular Dementia

All patients with vascular dementia were APOE ε3 carriers (7 patients homozygous for the ε3 allele and 4 patients being heterozygous for the ε3 allele). Comparing these two groups, we found that among ε3 carriers, 2/4 had CMBs, 3/4 had high white matter hyperintensity score, 2/4 had high enlarged perivascular space score, 3/4 had lacunar infarcts, 2/4 had a large infarction, no one had intracerebral hemorrhage, and 1/4 had cortical superficial siderosis. In patients homozygous for the ε3 allele, 3/7 had CMBs, 3/7 had high white matter hyperintensity score, 2/7 had high enlarged perivascular space score, 6/7 had lacunar infarcts, 3/7 had large infarcts, 1/7 had a large bleeding, and no one had siderosis.




DISCUSSION

We show that APOE ε4 carriers have more pronounced SVD MRI markers associated with amyloid pathology, whereas ε3 and ε2 carriers demonstrate MRI markers related with hypertensive arteriopathy. CSF profiles with the presence of SVD in APOE ε4 carriers indicate the importance of SVD in the clinical continuum of AD pathology, from MCI to AD.

Previous studies investigating markers of SVD and APOE genotype in dementia are scarce. In healthy populations, a higher number of lobar CMBs with the APOE ε4 allele, compared with carriers of ε3/3, have been seen (Poels et al., 2012), in line with our results. The association between possession of the APOE ε4 or ε2 genotype and lobar CMBs has also been shown in a stroke population (Kim et al., 2013). However, in the Framingham study, no relationship between the APOE allele and CMBs was found (Jeerakathil et al., 2004).

White matter hyperintensities, studied in general populations, have been shown to increase with APOE ε4, ε4/4, and ε2 (Schilling et al., 2013). Increased white matter hyperintensity volume in the parietal lobe has been shown to predict incident AD and increased parietal white matter hyperintensity volume has been shown to be linked with APOE ε4 (Brickman et al., 2012, 2014). We demonstrated an association between APOE ε2 and higher white matter hyperintensity burden in frontal brain regions. No other relationships between white matter hyperintensity burden, globally or in different brain regions, and the APOE genotype was found. No relationship between APOE and lacunar infarcts has been shown (Kim et al., 2013).

To the best of our knowledge, EPVSs and APOE genotype in dementia have not been investigated previously. Cortical superficial siderosis has been reported to be associated with a APOE ε4 in a memory clinic population (Zonneveld et al., 2014), but this was not demonstrated in our cohort. Intracerebral hemorrhage has been associated with APOE ε4 (Brickman et al., 2014), however, no such relationship was seen in our cohort.

The association between SVD with APOE ε2 are of special interest, as APOE ε2, in contrast to the ε4 allele, is considered to be a protective allele with lower risk of AD related neurodegeneration (Suri et al., 2013). The presence of the APOE ε2 allele has been shown to decrease the risk for AD by a factor of 4 (Corder et al., 1994; Suri et al., 2013). When looking at the APOE ε2 allele, we could see a lower number of lobar CMBs, and a higher number of deep and infratentorial CMBs. The pattern of CMBs seen in APOE ε2 carriers support that deep and infratentorial CMBs are of a different pathogenesis than lobar CMBs, and presumably have little implication in the pathophysiology of AD. However, the positive association between cortical superficial siderosis with APOE ε2, but not APOE ε4, shown in a study in cerebral amyloid angiopathy patients is interesting and may suggest that the underlying pathophysiologic mechanism giving rise to cortical superficial siderosis differs from that giving rise to CMBs in cerebral amyloid angiopathy (Shoamanesh et al., 2014). Moreover, a higher white matter hyperintensity burden was seen in frontal and infratentorial brain regions, in the whole cohort and MCI, respectively, with APOE ε2. A higher number of lacunar infarcts were seen in APOE ε2 carriers in SCI. Our results imply that APOE ε2 is associated with hypertensive arteriopathy, as reflected through the association with deep and infratentorial CMBs, white matter hyperintensity, and lacunar infarcts, and thus hypertensive arteriopathy may cause cortical superficial siderosis and in part explain the increased association of siderosis with APOE ε2.

The APOE genotype, imaging markers of SVD (such as, CMBs, white matter hyperintensities, and lacunar infarcts), and CSF biomarkers in dementia have previously been investigated and have shown lower CSF Aβ42 levels with the presence of CMBs and white matter hyperintensities in APOE ε4 carriers, reflecting increased deposition of Aβ42 in the brain parenchyma (Shoamanesh et al., 2014).

We included additional markers of SVD and demonstrated decreased Aβ42 levels with all included SVD markers in APOE ε4/4 carriers. Moreover, we found higher T-tau and P-tau levels with some SVD markers in APOE ε4/4 carriers in patients with MCI, reflecting the importance of SVD markers in an early stage of dementia, possibly contributing to the dementia pathophysiology. As this relationship was only seen in MCI, it may imply that SVD markers in the early stages of dementia contribute to neuronal damage and facilitates the formation of neurofibrillary tangles as represented by T-tau and P-tau, respectively, ultimately contributing to the final picture of AD. Further on, this implies that the pathophysiology of dementia may partly be mediated through SVD. Patients with SCI and APOE ε4, however, demonstrated minor association between CSF biomarkers and SVD markers, although tendencies toward lower Aβ42 levels with EPVSs and white matter hyperintensities were seen. This may be explained by the fact that SCI represents a heterogeneous group of individuals with cognitive complaints, and that only heterozygous carriers for the ε4 allele were analyzed due to the scarcity of homozygous ε4 carriers in SCI.

To further investigate our hypothesis on the importance of SVD in the early stages of dementia, prospective, longitudinal studies on patients with SCI and MCI should be conducted to see if patients with SVD develop dementia more rapidly.

The stratification of SVD markers in hypertensive arteriopathy with APOE ε3 and ε2, and an amyloid-based pattern with the APOE ε4 genotype, is of interest. In our cohort, all patients with vascular dementia were ε3 carriers and had an overweight of vascular SVD markers, with high baseline CSF Aβ42 levels. However, the synergism between vascular and amyloid pathology, and their overlap in MRI SVD expression is of importance to keep in mind. Amyloid has been shown to impair vessel function and lead to small vessel ischemia (Kester et al., 2014), which may lead to the development of markers caused by vascular pathology, such as lacunar infarctions, cerebral microinfarcts, and white matter hyperintensities. Furthermore, the association of APOE ε2 with markers of hypertensive arteriopathy may not be direct, but rather due to the fact that APOE ε2 carriers tend to have a lower amyloid burden and thus require a greater severity of hypertensive SVD for cognitive impairment to develop. The same alternate explanation may hold true for APOE ε3 carriers, where an association with hypertensive arteriopathy was seen.

The strengths of our study include a large cohort, with patients undergoing thorough dementia investigation as well as neuroradiological analysis. Limitations include a small cohort size when analyzing the separate diagnostic groups, such as vascular dementia, and analyses were excluded if effect sizes in the separate diagnoses were too small. Another limitation is that the dementia diagnosis was set after considering both the clinical and radiological picture, which may have affected the final designation of diagnosis.

In conclusion, our study emphasizes the possible importance of SVD in a continuum of cognitive impairment. APOE ε4 is mainly associated with markers of the amyloid pathology, whereas APOE ε3 and ε2 demonstrate associations with hypertensive arteriopathy.
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